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In 1903, Von Tappeiner and Jesionek [1] showed the efficacy of light treatment together
with a photosensitizer and oxygen, which is so-called “photodynamic action”. Medically,
photodynamic therapy (PDT) application is now extensively used, and PDT has been
exploited to treat various oncological and non-oncological human diseases.

This editorial provides an up-to-date brief review of “Photodynamic therapy” ap-
pearing in biomedicine and some recent studies related to this therapy. We summarize
the various contributions highlighting new analytic approaches and updates related to
photodynamic therapy. The editorial is dedicated to concise updates on general or specific
arguments regarding the utility of photodynamic therapy.

Review of General Arguments

About tumors: since the rate of survival for subjects with tumors like glioblastoma
multiforme (GBM) greater risk malignancy is below a year, clinical outcomes of patients
with GBM who received PDT may be improved through the use of nanomedicine. The
review by Kim and Lee summarizes the utility of clinical PDT applications of nanomedicine
for the management of GBM (for more information, see [2]). Matsuoka et al., reviewed the
role of PDT for the management of early stage malignant lung tumors. Recently, a near-
infrared photoimmunotherapy (NIR-PIT) has been developed for the treatment of recurrent
head and neck malignancies due to its specificity and efficacy. In this review, NIR-PIT is
introduced, and its potential therapeutic utilities for thoracic cancers are elaborated (for
more details, see [3]).

About SARS-CoV-2: Balhaddad et al., discuss the current efforts and limitations on
utilizing biophotonic approaches to prevent the transmission of SARS-CoV-2 in dental care
and provide relevant information regarding the intricacies and complexities of infection
control in dental care (for more details, see [4]).

On chronic wounds: since wound healing process involves a complex interplay and
organization of different cells and biomolecules and any modification with these extremely
organized events may cause prolonged or excessive healing, Grandi et al., elucidated the
cellular mechanisms described, upon therapy with 5-aminovuleinic acid (ALA)-PDT, in
chronic wounds, that may be linked with social isolation and high costs (for more details,
see [5]).

Research Articles of Specific Topics

About the studies on transplantation: Lin et al., explore the possibility of far-infrared
(FIR) in preventing orthotopic allograft transplantation (OAT) using an aorta graft from
PVG/Seac to ACI/NKyo rats, and human endothelial progenitor cells (EPC). The authors
reported that FIR treatment decreased vasculopathy in OAT-recipient ACI/NKyo rats, as
well as the immune responses mediated by the spleen and the release of serum inflamma-
tory markers. Higher mobilization and circulating EPC levels related to vessel repair in
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OAT-recipient ACI/NKyo rats were seen. In vitro studies showed that this process may
be related to the blockade of the Smad2-Slug signaling axis of endothelial mesenchymal
transition. The authors proposed that FIR therapy can be considered a potential strategy to
mitigate chronic rejection-induced vasculopathy (for more details, see [6]).

About the studies on periodontal treatments: Solarte et al., evaluated the antimicro-
bial effect and cytotoxicity of PDT with indocyanine green with visible light and water-
filtered infrared A in patients with chronic periodontitis. Almost all bacterial pathogens
were eliminated as well as significant differences were found in the subgingival biofilms.
The authors propose this photodynamic therapy as an adjuvant to periodontal treatments
(see [7] for additional details).Tisler et al., assessed the effect of PDT to improve the bond
strength of full ceramic restorations. Their investigation demonstrates that the bacterial
number was decreased from colonized marked tooth exteriors, manifesting with a rise in
the bond strength following the PDT treatment. The authors indicate that PDT treatment
before the final adhesive cementation of ceramic restorations may be an optimistic strategy
compared to conventional practice (for more information, see [8]).

About the studies on tumors: Cacaccio et al., studied the efficacy of PDT with a
non-radioactive sensitizer (PS) in tumors derived from lung cancer patients in mice models.
The in vitro and in vivo efficacy was also evaluated in combination with doxorubicin, and
long-term tumor response was significantly increased. The authors propose that the iodi-
nated PS is efficient for the treatment of lung tumors (for additional information, see [9]).
Lamy et al., studied if the use of hexaminolevulinate and blue light cystoscopy in an
orthotopic rat model of bladder cancer may have therapeutic efficacy by modulation of
a tumor-specific immune response and measured if its delivery in combination with a
checkpoint inhibitor may enhance any effects observed. Positive anti-tumor effect was
related to the timing of the process with a localization of CD3+ and CD8+ cells at long
term: the effect was increased when delivered in combination with intravesical anti-PD-L1
(for more information, see [10]). Klimenko et al., describe the activity of (3S,4S)-14-Ethyl-
9-(hydroxymethyl)−4,8,13,18-tetramethyl-20-oxo-3-phorbinepropanoic acid (ETPA) as a
crucial metabolite of the North Pacific brittle stars Ophiura sarsii in a mouse model of
glioblastoma. Intravenous ETPA administered in addition with a targeted red laser ir-
radiation induced strong necrotic ablation of glioblastoma. The authors propose ETPA
as a natural product-based photodynamic drug (for more information, see [11]). Pevna
et al., measured the efficacy of hypericin-mediated PDT in U87 MG cells human GBM
cells subjected to the treatment with rotenone that influence their metabolic activity. This
treatment stimulates autophagy and increases the anticancer efficacy and leads to apoptosis.
This seems to decrease the damage in surrounding normal tissues when hypericin-PDT
is utilized for in vivo tumor treatments (For more information, see [12]). Vasilev et al.,
demonstrate that tetramethylrhodamine methyl ester (TMRM), which is a fluorescent dye
to evaluate mitochondrial potential, may be utilized as a photosensitizer to select GBM
cells. The results show that PDT with TMRM and low-intensity green light stimulated mi-
tochondrial damage and led to GBM cell death, but not cultured rat astrocytes. The authors
propose that TMRM as a mitochondrially targeted photosensitizer may be considered for
preclinical or clinical studies (for more information, see [13]). Chiang et al., attempted to
make the processes associated with PDT-mediated chloride intracellular channel (CLIC4)
inhibition in human melanoma A375 cells and in human breast cancer MDA-MB-231
cells clear. The findings show the increase of the release and enzymatic effects of DNA
methyltransferase 1 (DNMT1), the hypermethylation in the CLIC4 promoter region and the
involvement of P53 in the higher DNMT1 release in PDT-treated cells. The authors propose
that CLIC4 suppression induced by PDT is modulated by DNMT1-mediated hyperme-
thylation and revolves around p53, which suggests a coordinated process for regulating
CLIC4 release in tumorigenesis (for more information, see [14]). Magalhaes et al., assessed
the heavy-atom effect (HEA) as a mechanism for anticancer activity to coelenterazine
derivatives, a chemiluminescent molecule widespread in marine organisms. The study
findings suggest the use of HEA facilitates these molecules to manifest readily available triplet
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states in a chemiluminescent reaction stimulated by a tumor marker, but the potency of the
anticancer activity is determined by the tumor type. The authors propose that the utilization
of the HEA to marine coelenterazine may be an optimistic strategy for the development of
new tumor-selective sensitizers for light-free PDT (for more information, see [15]).

About the studies on the efficacy of photosensitizers: Desgranges et al., studied a
series of amphiphilic protoporphyrin derivatives since protoporphyrin IX (PpIX), is limited
in clinical PDT by relative insolubility in watery and the possibility to self-aggregate. The
findings demonstrate the therapeutic potency of these new PpIX because some of them
demonstrated a higher photodynamic activity compared to the parent PpIX (for more infor-
mation, see [16]). Mantareva et al., present the efficacy of a new sensitizer with peripheral
positions of methylpiridoxy substitution groups (pPdPc and ZnPcMe) on Gram-negative
bacteria Aeromonas hydrophila, antibiotic-resistant and sensitive strains. The photoinacti-
vation demonstrated a complete activity with 8 μM pPdPc for antibiotic-sensitive strain
and with 5 μM ZnPcMe for both antibiotic-resistant and sensitive strains. These results
suggest that the uptakes and photoinactivation efficacy of the applied phthalocyanines are
not related to the drug sensitivity of both strains (for more information, see [17]). In a study
by Ramachandran et al., TiO2 NPs and TiO2 conjugated with N-GQDs/TiO2 NCs were syn-
thetized via microwave-assisted synthesis and two-pot hydrothermal method, respectively.
Upon the photo-activation with near-infrared (NIR) light, the nanocomposites elaborated
reactive oxygen species (ROS), which caused more significant mitochondria-associated
apoptotic cell death in human breast cancer MDA-MB-231 cells than in human foreskin
fibroblast HS27 cells. The authors propose that titanium dioxide-based nanocomposite
upon photoactivation is a possible photosensitizer for PDT against human breast cancer
care (for more information, see [18]). Fang et al., produced a styrene maleic acid copoly-
mer (SMA) micelle encapsulating temoporfin (mTHPC), which is medically a PDT drug.
SMA@mTHPC, showed a pH-dependent release profile, and higher expression took place
at acidic pH, indicating that marked expression of free mTHPC may take place in the weak
acidic pH setting of cancers and more so during internalization into cancer cells. In vitro
cytotoxicity assay indicated a smaller activity of SMA@mTHPC compared to free mTHPC;
but severe side effects were observed during free mTHPC treatment to the contrary of
SMA@mTHPC. The better safety profile of SMA@mTHPC was mainly because of its micelle
formation and the increased permeability and retention effect-based tumor accumulation,
and the tumor environment-responsive release properties. These observations indicated
that SMA@mTHPC may be PDT drugs for targeted tumor treatment with a lower side
effect (for more details, see [19]). Polat and Kang, reviewed natural photosensitizers and
synthetic derivatives photosensitizers for antimicrobial photodynamic therapy (APDT)
to control various pathogenic organisms. Regards to natural photosensitizers, many sin-
gle compounds, as well as many plant extracts have been used for photosensitizers for
APDT. Preclinical experimental models using a model nematode, Caenorhabditis elegans,
wax moth, in addition to rodent model are used to evaluate the efficacy and side effects of
new APDT. Various emerging technologies such as cell surface and protein engineering,
photosensitizer uptake strategies, nano-delivery systems, and computational simulation
are introduced in this review (for more information, see [20]). Alam et al., reported natural
photosensitizers prepared from the medicinal plant Tripterygium wilfordii for antimicrobial
photodynamic purposes. Ethanol extract (TWE) and a photosensitizer-enriched fraction
contain six pheophorbide derivatives as active compounds. Cotreatment of red light
(660 nm, 120 W/m2) and natural photosensitizers (TWE) potently killed pathogenic bacte-
ria and fungi, especially various skin pathogens in vitro. Their in vivo APDT efficacies and
adverse effects were assessed using the model nematode C. elegans infected with Staphylo-
coccus aureus and Streptococcus pyogenes, which are representative skin pathogens (for more
information, see [21]).

About the studies on the cellular mechanisms evoked by PDT: Espeland et al., stud-
ied the effects of ALA-PDT on cytokines and exosomes of human peripheral blood mononu-
clear cells. The therapy appeared to lower all pro-inflammatory cytokines, indicating that
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the PDT may lead to a strong anti-inflammatory effect. In addition, the therapy lowered
the levels of different types of exosomes, in particular the HLA-DRDPDQ exosome, which
is very crucial in the rejection process of organ transplantation and autoimmune diseases.
Their study suggests future therapeutic strategies of ALA-PDT for modulation of immune
systems (for more details about this article see [22]).

Discussion

This research topic gives an opportunity for the meeting of experts on photodynamic
therapy. The reviews proposed are clear in their content and the research articles cover new
approaches and therapeutic targets that will certainly be deepened in future. In conclusion,
from these studies, it emerges that through this therapy there is more hope in the clinical
field for the eradication of diseases that have always pursued humanity.
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Abstract: The current treatment for malignant brain tumors includes surgical resection, radiotherapy,
and chemotherapy. Nevertheless, the survival rate for patients with glioblastoma multiforme (GBM)
with a high grade of malignancy is less than one year. From a clinical point of view, effective treatment
of GBM is limited by several challenges. First, the anatomical complexity of the brain influences the
extent of resection because a fine balance must be struck between maximal removal of malignant
tissue and minimal surgical risk. Second, the central nervous system has a distinct microenvironment
that is protected by the blood–brain barrier, restricting systemically delivered drugs from accessing
the brain. Additionally, GBM is characterized by high intra-tumor and inter-tumor heterogeneity
at cellular and histological levels. This peculiarity of GBM-constituent tissues induces different
responses to therapeutic agents, leading to failure of targeted therapies. Unlike surgical resection and
radiotherapy, photodynamic therapy (PDT) can treat micro-invasive areas while protecting sensitive
brain regions. PDT involves photoactivation of photosensitizers (PSs) that are selectively incorporated
into tumor cells. Photo-irradiation activates the PS by transfer of energy, resulting in production of
reactive oxygen species to induce cell death. Clinical outcomes of PDT-treated GBM can be advanced
in terms of nanomedicine. This review discusses clinical PDT applications of nanomedicine for the
treatment of GBM.

Keywords: glioblastoma multiform (GBM); photodynamic therapy (PDT); photosensitizer (PS); reac-
tive oxygen species (ROS); surgical resection; radiotherapy; chemotherapy; tumor microenvironment;
blood–brain barrier (BBB); targeted therapy

1. Introduction

As photodynamic therapy (PDT) has been developed since the 1980s, many other
treatment options have been improved. PDT has proven useful for many types of tumors,
such as melanoma [1,2], esophageal cancer [3,4], and multidrug-resistant lung and breast
cancers [5,6]. After other oncology applications, interest in PDT as a high-grade glioma
treatment stems from both the nature of tumor growth and the limited effectiveness of
modern therapies available to this patient population [7]. Although surgical resection,
partial radiation, and chemotherapy are key treatments for intracranial brain tumors, the
invasive growth patterns, particularly in the central region of the cerebrum, complicate
total resection. Unlike surgical resection and radiation, PDT can treat micro-invasive areas
while protecting sensitive brain areas. These advantages over conventional therapies have
been reported to improve outcomes in patient populations with overall very poor survival
and incidence of iatrogenic injury.

Clinical trials for brain tumors exist to date, but there are many questions about PDT
and its usefulness as a standard adjuvant therapy. First, the effect of PDT alone reported
in clinical trials were positive based on parallel administration of standard treatment.
Variables that should be standardized across further studies include photosensitizer (PS)
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selection, injected dose, irradiation light wavelength, sensitivity of brain tumor types,
and adjuvant use of chemotherapy and radiation. Furthermore, additional studies are
needed to enhance the targeting of brain tumors while considering the pharmacokinetic
aspects and methods of improving the quantum yield of the PS, which generates effective
reactive oxygen species under light irradiation. In this regard, the rapidly developing
fields of nanotechnology and nanomedicine are producing nanostructured materials that
can overcome the shortcomings of delivery systems used in clinical practice. In fact, the
functional presence of the blood–brain barrier (BBB) limits the delivery of drugs to the
brain tumors. To overcome this limitation, many strategies for temporarily opening the
BBB through physical impact such as magnetic resonance (MR)-guided focused ultrasound
have been studied recently, but this raises a problem in compatibility [8]. Therefore,
the use of multifunctional nanocarriers as drug delivery systems is emerging as one of
the most promising strategies [9]. In general, intracellular transport of nanocarriers is
mediated by the vesicular system, and three types of intracellular vesicles are involved
(e.g., clathrin-mediated, caveolae-mediated and macropinocytotic vesicles) [10]. Therefore,
in order to pass through these pathways, nanocarriers covalently bound with specific
targeting ligands to guide the drug across the BBB to specific sites in each tumor type.
The physicochemical and mechanical properties of nanocarriers differ depending on the
material, size, shape (mesoporous structure, rod shape, particle), and the selected ligand.
This allows customization for increased brain-targeted delivery of PS or therapeutic drugs.
Although many PS nanocarriers are still in the early stages of translation, many advances
have been made in recent years for functional nanomedicines based on BBB crossing.

Another advantage of nanoparticles is that they can increase the low solubility of PS,
prolong blood circulation, promote targeted delivery and cellular uptake, while protecting
the drug from degradation. This makes it an interesting alternative to traditional PDT
because the nanostructures can enable efficient transport of PS and ameliorate the lack of
anticancer activity [11]. To date, in addition to micellar self-assembly techniques for PS
delivery, numerous nanoparticles, such as gold, silica, upconversion, and carbon-based
particles, have been studied to increase their phototoxic properties and to increase their
concentrations in tumor sites.

In this study, we classify brain tumors according to malignancy and examine the
applicability of PDT for each type. We discuss the use of PDT and the properties and
clinical applications of nanoparticles as potential delivery tools for PS delivery. In addi-
tion, the possibility of application to brain tumors is discussed through clinical cases of
nanomedicine-based PDT.

2. Classification of Brain Tumor Grade

A brain tumor, a tumor that develops within the skull, is an abnormal mass of tissue
in which cells grow and multiply out of control. Although more than 150 types of brain
tumors have been reported, they are macroscopically divided into primary and metastatic
groups [12]. Tumors that arise directly from the brain tissue or surrounding the brain
are classified as primary brain tumors. More specifically, they are classified as either glial
composed of glial cells or comparative cells that arise from brain structures containing blood
vessels, nerves, and sweat glands [13]. Metastatic brain tumors, commonly considered
malignant tumors, include tumors that develop elsewhere in the body, such as the lungs or
breast, and travel through the bloodstream to the brain It is reported that there are more
than 150,000 tumors that have metastasized to the brain each year, accounting for about 25%
of cancer patients [14]. Typically, up to 40% of lung cancer patients develop metastatic brain
tumors, and the survival rate of those diagnosed with this tumor is very fatal, typically
taking only a few weeks from diagnosis to death. A grading system was developed by the
World Health Organization (WHO) to indicate whether a tumor is malignant or benign
based on histological features observed under the microscope, such as most malignant,
widely invasive, rapidly growing and prone to aggressive necrosis, and rapid recurrence
(Table 1) [15].
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Table 1. WHO classification of brain tumor grades.

Grade Tumor Types Characteristics

Low Grade

Grade I

• Craniopharyngioma
• Chordomas
• Ganglioglioma
• Gangliocytoma
• Pilocytic astrocytoma

• Possibly curable via surgery alone
• Long-term survival
• Least malignant (benign)
• Non-infiltrative

Grade II

• Pineocytoma
• “Diffuse” astrocytoma
• Pure oligodendroglioma

• Slight infiltrative
• Relatively slow growing
• Can recur as higher grade

High Grade

Grade III

• Anaplastic ependymoma
• Anaplastic astrocytoma
• Anaplastic oligodendroglioma

• Malignant
• Infiltrative
• Tend to recur as higher grade

Grade IV

• Glioblastoma multiforme
• Medulloblastoma
• Ependymoblastoma
• Pineoblastoma

• Most malignant
• Rapidly growing and aggressive
• Widely infiltrative
• Recurrence
• Tendency for necrosis

2.1. Types of Low Grade (Grade I and Grade II) Brain Tumors
2.1.1. Craniopharyngiomas

Craniopharyngiomas are a rare type of benign brain tumor and do not spread to other
tissues, but they are difficult to remove because they are located deep in the brain and
near critical structures such as the pituitary gland. They usually affect the function of the
pituitary gland, which regulates many hormones in the body; thus, almost all patients are
treated with hormone replacement therapy.

2.1.2. Chordomas

Chordomas are rare axial skeletal malignancies that most commonly occur in people
between the ages of 50 and 60, accounting for less than 1% of intracranial tumors and 4% of
bone tumors [16]. Because the most common locations are below the spine and at the base
of the skull, they can invade adjacent bones and put lasting pressure on the surrounding
nerve tissue [17]. Radiation therapy is the most practiced treatment, but radiation dose is
limited because stability of important nerve structures such as the brainstem and nerves
must be ensured. Therefore, highly focused radiation therapy such as carbon ion therapy
and proton therapy are known as a more effective treatment method than conventional
X-ray radiation [18].

2.1.3. Gangliogliomas and Gangliocytomas

Gangliogliomas, gangliocytomas, and anaplastic gliomas are rare tumors containing
glial cells and relatively well-differentiated neoplastic nerve cells [19]. They usually develop
in the two temporal lobes, one on each side of the brain around the ear. In this location,
these tumors tend to cause epilepsy; thus, seizures can be the first sign of ganglioglioma [20].
Gangliogliomas are rare, occur primarily in young adults, and account for about 1 to 2% of
all brain tumors.

2.1.4. Schwannomas

Schwannoma is a benign brain tumor that usually arises from cells involved in electri-
cal insulation of nerve cells, and the diagnoses are high in adults between the ages of 20 and
50 years [21]. Schwannomas are also called neuromas, neurolemomas, or neurilemomas. A
typical schwannoma is an auditory neuroma, which arises from the eighth cranial nerve or
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vestibular cochlear nerve, which lines the brain from the ear. Because schwannoma is found
in the outer skin surrounding the nerve, radiation surgery is widely used as a treatment
and surgery can be completed without nerve damage, except for vestibular schwannoma,
which frequently causes hearing loss [22].

2.1.5. Pituitary Adenomas and Pineocytomas

Pituitary adenoma is the second most common intracranial tumor after glioma, menin-
gioma, and schwannoma. Most pituitary adenomas are benign and grow slowly. Adenoma
is the most common disease affecting the pituitary gland, and even malignant pituitary
tumors rarely spread to other parts of the body [23]. Pineocytoma is a benign lesion that
usually develops in the cells of the pineal gland and mainly occurs in adults [24]. They
are mostly homogeneous, non-invasive, and slow growing. Most of these tumors can be
successfully treated.

2.2. Types of High Grade (Grade III and Grade IV) Brain Tumors

Glioma is the most common type of adult brain tumor, accounting for 78% of malignant
brain tumors [25]. They occur in supporting glial cells in the brain which are subdivided
into astrocytes, oligodendrocytes, and ependymal cells. These glial tumors are discussed in
the following sections [26].

2.2.1. Anaplastic Astrocytomas

Although astrocytoma can occur in many parts of the brain, it most commonly occurs
in the cerebrum and is the most common type of glioma, accounting for more than half of
all primary brain and spinal cord tumors [27,28]. Anaplastic astrocytoma is considered a
more malignant evolutionary form of the previously lower-grade astrocytoma, with more
aggressive features, including a faster growth rate and greater invasion into the brain. Histo-
logically, it shows greater cellular abnormalities and evidence of cell proliferation (mitosis)
compared to Grade II tumors. Surgical resection is not considered a complete cure for these
tumors and will always need to be followed by radiation therapy and chemotherapy [29].

2.2.2. Anaplastic Oligodendrogliomas

Oligodendrogliomas are generally found in the white matter and the outer layer of
the brain called the cortex but can arise anywhere in the central nervous system [30]. They
are usually derived from cells that produce myelin, the insulator for nerves in the brain.
Oligodendrocytes are classified into two grades, Grade II and Grade III, based on growth
rate and invasiveness; the more malignant ones are called anaplastic oligodendrogliomas.
The first line of treatment for anaplastic oligodendrogliomas is surgical resection, if possible.
The goal of surgery is to excise tissue to determine the type of tumor and to remove as
many tumors as possible without causing more symptoms in the patient [31]. Treatment
after surgery can include radiation, chemotherapy, or clinical trials.

2.2.3. Glioblastoma Multiforme (GBM)

Glioblastoma multiforme (GBM) consists of several types of cells, such as astrocytes
and oligodendrocytes, which are the most aggressive, malignant and common forms of
neuronal supporting astrocytoma that develop within the brain. It is characterized by cells
that appear histologically abnormal, proliferation, areas of dead tissue, and formation of
new blood vessels [32]. GBM presents as a malignant progression in a previously present
lower-grade astrocytoma in less than 10% of cases. In more than 90% of cases, it can
begin as a Grade IV tumor. The standard approach to treatment in the newly diagnosed
setting includes postoperative concomitant radiation therapy with temozolomide and
additional adjuvant temozolomide. Unfortunately, there is no standard treatment for
relapses. However, surgery, radiation therapy and chemotherapy or systemic therapy with
bevacizumab are all options depending on patient circumstances [33].
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3. Strategies to Improve Permeability of Nanocarrier through the Blood-Brain Barrier

One of the major limitations of treating brain tumors is the difficulty of delivering
drugs to the brain. The brain is surrounded by the blood–brain barrier (BBB), a selective
barrier formed by endothelial cells in the cerebral microvessels, which regulates nutrient
and ion transport and protects the brain from neurotoxic molecules to maintain brain
homeostasis [34]. Unfortunately, most drugs cannot cross the BBB via physiological path-
ways due to the extreme selectivity of the barrier, which constitutes the greatest obstacle to
systemic treatment for most central nervous system (CNS) diseases. In the recent decade,
many strategies have been studied, such as topical delivery, implantation of a sustained
drug-release scaffold [35], nasal administration [36], ultrasound to temporarily open the
BBB [37], and nanoparticle functionalization to enhance BBB penetration [38]. However,
local drug delivery methods are considered highly invasive because they require proce-
dural surgery. In addition, the intranasal route has a disadvantage in that the delivered
dose varies greatly depending on the condition of the nasal mucosa. Therefore, despite the
difficulties across the BBB, the most popular and well-studied delivery route remains the
systemic route through the functionalization of nanoparticles.

Nanocarriers can traverse the BBB using a variety of physiological pathways, including
receptor-mediated transcytosis (RMT) or adsorption-mediated transcytosis (AMT). To
achieve this goal, many nanocarrier systems, such as inorganic, polymeric, or lipid-based
nanoparticles, have been developed and shown to cross the BBB due to their tailored surface
properties. Numerous studies have demonstrated that physically coating nanoparticles
with surfactants and chemical functionalization with specific ligands is a successful strategy
to enhance BBB traversing via the physiological pathways mentioned above [39,40]. The
size and charge of nanoparticles are also aspects that can affect brain penetration, but
if the surface functionalization is done properly, there is no significant difference in a
wide size range (from 5 to 400 nm) [41]. Smaller nanoparticles can cross the BBB more
easily and diffuse better through the brain, but larger nanoparticles can also cross the
BBB in slightly smaller amounts when properly functionalized. On the other hand, larger
particles can load a greater amount of drug but reach the brain at a lower concentration,
and smaller nanoparticles cannot contain a large amount of drug but reach the brain at
a higher concentration. Therefore, the key to increasing the amount of drug delivered to
the brain is finding the optimal particle size and designing a nanoparticle system that fits
the purpose.

4. Advantages and Clinical Application of PDT for the Treatment of Brain Tumors

4.1. PDT Mechanism and Advantages for Brain Tumor Treatment

PDT is a therapy in which treatment is implemented through photoactivation of
PS present or selectively accumulated around tumor cells. Photoirradiation activates
PS by energy transfer of PS with structural specificity that excites molecular oxygen to
singlet or triplet states. In the singlet state, the first step through excitation, energy is
converted to heat by internal conversion or emitted as fluorescence. In the triplet state of
a stage capable of reacting with surrounding or tissue oxygen, energy induces cell death
by generating reactive oxygen species (ROS) (Figure 1). The generated ROS reacts rapidly
with macromolecules that make up cells, including unsaturated fatty acids, proteins, and
cholesterol, and this reaction destroys the membranes of intracellular organelles, such as
lysosomes, mitochondria, and endoplasmic reticulum, which are directly related to cell
viability [42]. Therefore, PDT ultimately induces apoptosis and necrosis of tumor cells,
as well as inhibits tumor cell growth by generating local ischemia due to occlusion of
tumor microvessels that supply nutrients and oxygen to the tumor. Furthermore, damage-
associated molecular patterns (DAMPs) and various cytokines secreted by tumor cell death
activate the subsequent host immune response, providing an opportunity for combination
with immunotherapy [43]. Therefore, cancer treatment through surgery, chemotherapy,
radiation, immunotherapy, monoclonal antibody, and various combinations thereof are
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currently being applied, and the selection of each combination is determined by considering
the type and stage of the disease and the patient’s overall health.

Figure 1. Schematic illustration of photodynamic therapy (PDT) for GBM treatment with energy
diagram of the oxygen dependent response. If the photosensitizer (PS) in the ground singlet state
is excited by the light wavelength, then the PS in the excited singlet state can convert to the excited
triplet state via intersystem crossing. In the presence of molecular oxygen, the PS in the triplet state
can undergo a Type 1 or Type 2 redox reaction, producing reactive oxygen species (ROS) that cause
tumor cell necrosis, vascular occlusion, and tumor-specific host immunity.

A major problem with most existing cancer therapies, such as chemotherapy and
radiation, is the combination of high toxicity to the patient’s nonspecific cells and low
specificity to cancer cells [44]. PDT is a promising alternative method for treating brain
tumors, as PSs are used to target specific dysfunctional cells, and light is targeted to
specific location to induce destruction of oncogenic cells [45]. Moreover, PS photodynamic
activity results in release of cytotoxic ROS, such as single-molecule oxygen, based on photo-
oxidation reactions that trigger many subsequent biochemical and molecular reactions [46].
Unlike surgical resection and radiotherapy, PDT can treat micro-invasive areas while
protecting sensitive brain regions [47]. These advantages over current therapies can reduce
the incidence of iatrogenic injury and improve outcomes in patient populations with poor
survival and recurrence rates from GBM.
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4.2. Clinical Trials of PDT for Brain Tumors

The therapeutic application of PDT for cancer began in the late 1970s with tests of the
effects of light irradiation on hematoporphyrin derivatives (HPDs) in five patients with
bladder cancer [48]. Since this initial work, more than 250 clinical trials of PDT have been
conducted, with targets ranging from pre-malignant skin cancers [49–54] to peritoneal
carcinomatosis [55,56], gastrointestinal cancers [57–64], lung cancers [65], and brain tu-
mors [66,67]. Although many clinical trials of PDT for the treatment of malignant brain
tumors have been conducted, most of them are phase I or II trials [66]. The heterogeneity of
adjuvant therapies and tumor subtype therapies in the procedures used in clinical studies
of the effects of PDT on brain tumors hampered the evaluation of the effectiveness of PDT.

In the 1990s, the PDT with PHOTOFRIN® (porfimer sodium) was evaluated at low
or moderate light intensity, and in some cases, intraoperative adjuvant therapy was ap-
plied [68,69]. The above clinical trial was conducted on newly diagnosed GBM patients
and recurrent GBM patients, and the results were significant. They had overall survival
(OS) values of 6–9 months for newly diagnosed GBM [70] and 6–7 months for recurrent
GBM [71]. Furthermore, in 2006, the researchers conducted a large phase III clinical trial
(NCT00003788) with subjects with 150 newly diagnosed patients and 120 patients with re-
current glioma. At this time, the concentration of the photosensitizer was fixed at 2 mg/kg
of PHOTOFRIN®, but the amount of light was varied with an average of 58 ± 17 J/cm2.
However, the results showed that the OS of newly diagnosed GBM was 7.6 months and the
OS of recurrent GBM was 6.7 months, which was not improved compared to previous stud-
ies. Furthermore, a phase 1 clinical trial (NCT01682746) was initiated using step-by-step
dose escalation of PHOTOFRIN® and fixed light intensity to determine the maximum safe
dose for pediatric patients. Three patients with infratentorial tumors were enrolled and
treated with PHOTOFRIN® at 0.5 mg/kg, and PDT did not adversely affect these patients.

In addition, PDT was applied in light dose escalation studies up to 230 J/cm2 in phase I
or II trials, resulting in OS values of 14.3 months for newly diagnosed GBM and 13.5 months
for recurrent GBM [72,73]. The team conducting the clinical trial proceeded to a therapeutic
condition in which light could penetrate deep enough into solid tumors to reach and kill
migrating cancer cells without affecting normal cells. Therapeutic application was achieved
by an i/o plane-cut laser fiber inserted into the lipid pool of the resection cavity, and the
results were superior to those of other examinations at the time and comparable to the
current standard of care. A phase II clinical adult trial (NCT01966809) was conducted using
these conditions, but subsequent results were not reported because it aimed to reproduce
the reported survival improvement and to define the antitumor activity of PHOTOFRIN®.

A total of 136 patients, including 78 patients with GBM and 58 patients with anaplastic
astrocytoma who underwent tumor resection in 2005, was treated with an HPD at 5 mg/kg
and then laser irradiated [73]. For newly diagnosed patients, 73% and 25% of patients
with anaplastic astrocytoma and GBM survived at least 36 months, respectively, and 57%
and 41% of patients with anaplastic astrocytoma and GBM, respectively, survived after
repeated surgery.

Large phase III clinical trials aimed to study the efficacy and safety of 5-aminolevulinic
acid (5-ALA) in combination with PDT in patients with high-grade glioma (HGG) [74,75].
5-ALA and PHOTOFRIN® PDT, irradiated at a wavelength of 630 nm, using an implanted
catheter, were performed on primary GBM patients on the day of fluorescence-guided
surgery (FGS) after the patient recovered from surgery. Patients in the control group un-
derwent traditional surgical resection, whereas patients who received PHOTOFRIN® PDT
therapy received a total of 5 PDT sessions at daily intervals. Compared with conventional
surgery, the mean tumor progression was delayed by 3.8 months in GBM patients treated
with PDT after FGS, and the mean survival increased from 24.6 weeks to 52.8 months.
5-ALA has been reported to have fewer side effects when applied to HGG compared to
PHOTOFRIN® PDT. PHOTOFRIN® has been reported to damage normal brain tissue due
to vascular occlusion of the compound and concluded that it increases the risk of nerve
damage and permanent defects at total applied light doses greater than 4000 J using diffuse
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tip fibers [76]. On the other hand, 5-ALA could be safely applied to patients in the high
energy range of 4320 to 11,520 J. It was also noncytotoxic when applied systemically and
did not appear to be significantly redistributed by edema volume flow around the tumor.

5. Nanotechnology for Enhanced Photodynamic Therapy

Nanotechnology generally involves development of materials with dimensions be-
tween 1 and 100 nm, a scale at which the properties of materials differ significantly from
those of bulk materials and can be tailored to the desired application [77]. These new chem-
ical and physical properties are usually derived from rapidly increasing surface-to-volume
ratios and are associated with plasmonic and quantum effects. With rapidly advancing nan-
otechnology, nanomaterials are excellent therapeutic and diagnostic tools, and thousands of
new compounds and nanostructures are developed each year for diverse applications [78].
This approach using nanotechnology could help overcome several obstacles that have
prevented photodynamic therapy from attaining widespread clinical success. The nanos-
tructures studied so far have been applied as a drug delivery platform for PDT and as a
strategy to improve the efficiency of photosensitizers that generate ROS upon irradiation.
Nanoparticles can be made up of a variety of components, organic and inorganic; can have
a variety of shapes and sizes within the nanoscale scale and can act as photosensitizers or
as energy converters [79]. Moreover, nanocarriers prevent aggregation caused by the low
solubility of photosensitizers in aqueous media such as blood and bypass healthy tissues to
increase tumor accumulation. In this section, we discuss cases where nanocarriers provide
sufficient therapeutic efficacy and address issues such as undesirable biodistribution or
rapid drug clearance from tumor areas.

5.1. Recent Advances in Preclinical Application of Nanocarriers for PDT

Although modern PDT has significantly improved the quality of life and increased
overall survival of cancer patients, it is important to further improve the therapeutic effects
of nanocarriers to minimize notable side effects such as hydrophobic PS and off-target side
effects. In this regard, researchers have studied numerous nanocarriers such as polymers,
liposomes, micelles, inorganic oxide, and novel metal nanoparticles to increase the thera-
peutic efficacy of photosensitizers (Table 2). First and foremost, it is important to utilize
nanocarriers to efficiently deliver photosensitizers and generated singlet oxygen molecules
to the target site in an optimal therapeutic range. The pharmacokinetic or pharmacody-
namic characteristics of the nanocarriers should be confirmed for clinical use. Therefore,
these are being studied for diagnostic as well as photodynamic/chemotherapeutic applica-
tion using multifunctional nanoparticles.

5.2. Self-Assembled NP via Transformation into Amphiphilic PS-Derivatives

Second-generation PSs have a variety of functional groups including carboxyl, hy-
droxyl and amine groups in addition to their basic porphyrin structure, allowing hydropho-
bic modifications via chemical or physical approaches to form amphiphilic PS derivatives.
The PS derivatives synthesized to be amphiphilic can form NPs with various nanostruc-
tures such as micelles [89,95–98], PS-drug conjugates [82,86,92,99,100], polymersomes [101],
and nanogels [84,102] through self-assembly. According to the nanostructure, nanopar-
ticles can be generally categorized into three types: 1) NPs with mixed hydrophilic and
hydrophobic domains, 2) NPs with a core-shell structure, and 3) NPs with a double-
layered capsule structure (Figure 2). In this respect, natural polysaccharides such as
hyaluronic acid (HA) [102–105], chitosan [102,106–108], chitin, heparin [95,99,100], and
fucoidan [84] have been utilized as potential photosensitizer carriers due to their bio-
compatibility and biodegradability. In addition, not only polymers but also hydropho-
bic small molecule anticancer drugs (such as doxorubicin [96], docetaxel [97,107,109,110],
paclitaxel [85,93,103,111,112], camptothecin, and quercetin [113,114]) can be grafted
onto PS.
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Table 2. Recent advances in the preclinical development of nanopharmaceuticals to perform PDT.

Photosensitizer (PS) Type of Nanomaterials Tumor Type Treated Results and Highlights Year Ref.

Chlorin e6 (Ce6)

Stem cell
membrane-camouflaged
bioinspired nanoparticles

Lung
cancer

The enhanced antitumor effect
of Ng/Ce6@SCV after

NIR irradiation
significantly inhibits primary

tumor growth with fewer
side effects.

2020 [80]

Hyaluronic acid
(HA)-based nanomaterials

Primary tumor and
melanoma

Multifunctional nanosystem
(HPR@CCP) exerted combined

photodynamic and
immunotherapeutic activity to
amplify the therapeutic effect

on primary tumors and
distant metastases.

2020 [81]

Peptide p 18-4/chlorin e6
(Ce6)-conjugated polyhedral

oligomeric silsesquioxane
(PPC) nanoparticles

Breast
cancer cells

Cancer-targeting peptide p
18-4/chlorin e6

(Ce6)-conjugated polyhedral
oligomeric silsesquioxane

(PPC) nanoparticles
improved the targeting ability
of Ce6 to breast cancer cells to

enhance PDT efficacy.

2020 [82]

Ce6 loaded to the
peroxidase-mimic

metal-organic framework
(MOF) MIL-100
(Ce6@MIL-100)

Breast
cancer cell (4T1 cell line)

Peroxidase mimic metal-organic
framework efficiently ablated
tumors in microenvironment.

2020 [83]

A fucoidan-based theranostic
nanogel consisting of a

fucoidan backbone,
redox-responsive cleavable

linker and Ce6

Human
fibrosarcoma cell line (HT1080)

Fucoidan, the polymer
backbone of the nanogel
platform, enabled cancer

targeting by P-selectin binding
and enhanced the

antitumor effect by inhibiting
the binding of vascular

endothelial growth factor.

2020 [84]

Ligation of an anticancer
cabazitaxel (CTX) drug via

reactive oxygen
species-activated thioketal
linkage produces a dimeric
TKdC prodrug, followed by

co-assembly with a
photosensitizer, Ce6

Human melanoma
patient-derived xenograft

(PDX)

Administration of psTKdC NAs
followed by laser irradiation

produced durable tumor
regression, with tumors

completely eradicated in three
of six PDXs.

2020 [81]

Light-enhanced PTX
nanoparticles

(Ce6/PTX2-Azo NPs) were
prepared by synthesizing a

hypoxia-activated
self-sacrificing prodrug of
paclitaxel (PTX2-Azo) and

encapsulating it with a
peptide copolymer decorated
with the photosensitizer Ce6

The
innately hypoxic

microenvironment of most
solid tumors

PTX2-Azo prevented
premature drug

leakage and realized specific
release in a hypoxic tumor
microenvironment, and the

photosensitizer Ce6 efficiently
generated singlet oxygen under
light irradiation and acted as a
positive amplifier to promote

the release of PTX

2020 [85]

Ce6-caspase 3 cleavable
peptide (Asp-Glu-Val-Asp,

DEVD)-anticancer drug
monomethyl auristatin E

(MMAE) conjugate, resulting
in Ce6-DEVD-MMAE

nanoparticles

Squamous cell carcinoma
7 (SCC7)

Light-induced therapeutic
strategy based on apoptotic

activation of Ce6-DEVD-MMAE
nanoparticles can be used to

treat solid tumors inaccessible
to conventional PDT.

2019 [86]
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Table 2. Cont.

Photosensitizer (PS) Type of Nanomaterials Tumor Type Treated Results and Highlights Year Ref.

5-aminolevulinic acid
(5-ALA)

Gold nanoparticles (GNP)
conjugated to 5-ALA

Nonmelanoma skin cancer
Subcutaneous squamous cell

carcinoma (cSCC)

GNP conjugated to
5-ALA significantly

enhanced the antitumor efficacy
of PDT in HaCat and A431 cells

2020 [87]

Gefitinib PLGA nanoparticles Lung
cancer

Synergistic therapeutic
effects were

identified by the combination of
chemotherapy and

photodynamic therapy

2020 [88]

Pheophorbide A
(PhA)

Photoactivatable
nanomicelles, which are

constructed by self-assembly
of poly (ethylene glycol)
(PEG)-stearamine (C18)
conjugate (PTS) with a

ROS-sensitive thioketal linker
(TL) and co-loaded with
doxorubicin (DOX) and

photosensitizer pheophorbide
A (PhA)

Colon
cancer cell line (CT-26)

The gradual elevation of local
ROS levels generated by

photoactivated PhA
synergistically inhibited tumor

growth and enhanced
anti-tumor immunity by

ROS-induced release of DOX.

2020 [89]

Acid-responsive
polygalactose-co-

polycinnamaldehyde
polyprodrug (PGGA)

self-assembled with PhA

Hepatocarcinoma (HepG2)

Intravenous injection of
PGCA@PA NPs strongly

inhibited tumor growth of
hepatocellular carcinoma with

negligible side effects.

2020 [90]

PEG-doxorubicin conjugate Colon cancer (CT-26)

Synergistically maximized the
efficacy of the combination of

chemotherapy and
photodynamic therapy.

2020 [91]

IR780

IR780 loaded on the prodrug
micelle that consisted of

camptothecin (CPT)
andpolyethylene glycol (PEG)
with further modification of

iRGD peptide.

Glioma

The targeted prodrug
system could

effectively cross various
barriers to reach the glioma site

and greatly enhanced the
antitumor effect with

laser irradiation.

2020 [92]

Poly-ε-caprolactone
nanoparticles (PCL NPs)

modified with LHRH peptide
and loaded with IR780 and

paclitaxel (PTX)

Ovarian cancer

LHRH peptide modified PCL
(PCL-LHRH) NPs

demonstrated increased
internalization in ovarian tumor

cells in vitro and selective
targeting in tumor xenografts

in vivo

2020 [93]

Indocyanine

Graphene oxide nanoparticle Osteosarcoma

Nanoparticle consisting of
polyethylene glycol (PEG),

folic acid
(FA), PS indocyanine green

(ICG), and
doxorubicin inhibited the

proliferation and migration of
osteosarcoma cells.

2020 [90]

Self-assembled nanoparticle
with indocyanine,

camptothecin, RGD peptide

Human cervical carcinoma cell
lines (HeLa); Human hepatoma

(BEL-7402)

This facile and effective
self-assembly

strategy to construct nanodrugs
demonstrated enhanced

performance for
cancer theranostics.

2018 [94]
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Figure 2. Representative types of NPs classified according to nanostructure.

5.2.1. Self-Assembly Methods for Amphiphilic PS Derivatives

Until recently, various approaches have been tried and developed to promote the
self-assembly behavior of amphiphilic PS derivatives. In general, the dispersion method
is a suitable method for an amphiphilic material having high water solubility to prepare
nanoparticles with a core-shell structure [115]. The process can include mechanical agitation,
mild heating or sonication. As an alternative to amphiphilic PS derivatives with low
solubility in aqueous media, dialysis has been the most reported method [116,117]. On this
basis, the PS derivative can be dissolved in an organic solvent such as dimethyl sulfoxide,
dimethyl formamide, or methanol mixed with water and dialyzed against an aqueous
solution to remove the solvent. Alternatively, the emulsion method, in which the drug
is encapsulated in the oil phase of an oil-in-water emulsion, has received much attention
because the drug-loading system has a high loading efficiency [118]. In general, controlled
drug release was achieved with the development of dual emulsion technology via water-
in-oil in water emulsions [119]. For instance, the structural design of nanocarriers using
polyethylene glycolated poly(lactide-co-glycolide) (PEG-PLGA) were obtained as the most
suitable approach in nanoemulsions, such as a water-in-oil-in-water evaporation process.
In the hydrophilic part of the nanocarrier, cisplatin, a cell proliferation inhibitor, was placed
and encapsulated by placing the hydrophobic porphyrin photosensitive dye verteporfin in
the oil phase. As a result, PLGA nanocarriers were enabled to efficiently deliver hybrid
cargo to cancer cells and PDT-supported enhanced apoptosis.

5.2.2. Carboxyl Group Modification of PS-Derivatives

The carboxyl modification of PS for linking to hyaluronic acid, chitosan, and heparin is
mainly achieved through esterification or amidation. Esterification is used to join hydroxyl
groups from PS to carboxyl groups in modifiers mediated by coupling agents or catalysts such
as dicyclohexyl carbodiimide (DCC) and 4-dimethylaminopyridine (DMAP) (Figure 3a). Most
carbodiimides are nonhydrophilic, limiting their application in hydrophilic systems of PS,
with the exception of 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC),
which is extensively used in PS preparation. Another approach for modifying PS is to form an
amide bond between the amine group of the hydrophobic material and the carboxyl group
of the PS, where EDC and N-hydroxysuccinimide (NHS) are commonly used as condensing
agents and catalysts, respectively (Figure 3a).
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Figure 3. Representative reactions to modify the functional groups of PS-derivative based on
(a) carboxyl, (b) hydroxyl, and (c) amine.

5.2.3. Hydroxyl Group Modification of PS-Derivatives

In the case of hydroxyl groups, there are several representative reactions such as
etherification and esterification that occur in the presence of alkylating or acylating agents
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(Figure 3b). As an example, light-controllable host–guest supramolecular amphiphilic com-
plexes between azobenzene mediation porphyrin (TPP-Azo) were synthesized by esterifica-
tion between TPPC6-COOH and AzoC6-OH [120]. Moreover, dextran alkyl carbonates were
synthesized using various types of acylating agents such as butyl chloroformate, butyl fluo-
roformate, and ethyl chloroformate [121]. A cholesteryl hemisuccinate grafted hyaluronan
synthesized through esterification of the carboxyl and hydroxyl groups of hemisuccinate-
modified cholesteryl in the presence of DCC/DMAP has also been reported [81].

5.2.4. Amine Group Modification of PS-Derivatives

Heparin [122] and carboxymethyl chitosan [123] of the adipic acid dihydrazide(ADH)-
modified polysaccharide type were rendered hydrophobic directly by conjugation of the
amino group with the carboxylate moiety of PS via an amino bond in the presence of a
catalyst such as EDC/NHS. Another typical strategy is a condensation reaction where
the amine group of PS reacts with a carbonyl compound to form an imine intermediate
and then is reduced under NaBH3CN (Figure 3c). For these synthetic methods, the most
important consideration is the determination of suitable solvents for both hydrophilic PS
and hydrophobic molecules.

Chitosan has functional groups such as hydroxyl and amine; therefore, it can be easily
modified and crosslinked with other polymers. Of particular benefit in terms of drug
delivery, the amino groups of chitosan can be protonated in acidic environments, leading
to pH-responsive behavior favored by acidic intracellular organelles such as endosomes
and lysosomes. Therefore, chitosan-based nanoparticles have aroused great interest in
the field of bio-nanomedicine, especially drug delivery. A dual reactive nanosystem com-
prised of indocyanine green (ICG) loaded mesoporous silica nanoparticles covered with
ZnO quantum dots and coated with erlotinib-modified chitosan for synergistic photody-
namic/molecular targeted therapy has been reported. The nanosystem showed a fairly
distinct distribution in various nonsmall cell lung cancer models, with favorable anticancer
results [124]. Moreover, biodegradable polymer nanoparticles based on chitosan that con-
jugate various amounts of the photosensitizer tetraphenylchlorin have been developed.
These nanoparticles showed high drug loading efficiency and strong retention due to
hydrophobic interactions such as π-π stacking between the aromatic photosensitizer group
of the polymer and the drug. Nanoparticles have an excellent photodynamic therapeutic
effect through photo-induced photochemical activation through high-dose drug delivery,
and thus have a strong therapeutic effect on breast cancer cells [125].

5.2.5. Hyaluronic Acid-Modified NPs for PDT

HA is rich in functional groups including carboxyl, hydroxyl and N-acetyl groups,
is ready to be transformed into a hydrophobic material, and has a negative charge that
can provide a binding platform for hydrophobic macromolecules with a positive charge.
Notably, its bioactivity binding to receptors upregulated in cancer cells, such as the cluster
determinant 44 (CD44) receptor, the HA-mediated motility receptor (RHAMM), and the
lymphatic endothelial (LYVE)-1, allows it to be used for targeted therapeutics. Therefore,
HA can act as both a carrier and a target receptor, and HA-based NPs have been extensively
studied in the field of drug delivery. HA-related nanosystems (AuNCs-HA) for decorating
gold nanocages were developed and exhibited significant photocatalytic properties for PDT,
large surface areas, and photothermal therapy (PTT) or PDT properties under near-infrared
(NIR) stimulation. In vivo assays showed complete inhibition through the combination
of PDT and PTT in AuNCs-HA-treated tumor cells than when each therapy was treated
individually [126]. In another study, 5-ALA, Cy7.5 and anti-HER2 antibodies were con-
jugated to HA and mounted on a gold nanorod (GNR) surface to yield multifunctional
GNR-HAALA/Cy7.5-HER2 nanoplatform. As a result, the tumor targeting by HER2 was
improved, and side effects were minimized, and the combination of PDT and PTT mediated
by 5-ALA and Cy7.5 effectively caused tumor regression [127].
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5.3. Application of Inorganic Nanomaterials in PDT
5.3.1. Silica Nanoparticles

Although silica lacks PDT activity on its own, silica nanoparticles can be used to
encapsulate PS in PDT due to the chemically inert, nontoxic, and optically transparent
nature of silica [128]. In addition, it is commonly used for drug delivery in research because
it is possible to functionalize chemicals to the silica through the hydroxyl groups on the
silica surface (Figure 4) [129,130]. Mesoporous silica nanoparticles (MSNs) have been
extensively utilized to deliver PSs, typically due to their interesting features such as large
surface area and pore volume as well as high chemical stability [131–133]. One group has
developed mesoporous silica-based nanoparticles to exploit continuous oxygen evolution
to enhance the effectiveness of PDT treatment in hypoxic cancer environments [132]. To
assemble Fe3O4 nanocrystals on silica nanoparticles doped with mesoporous dye, the
surface was treated with 3-aminopropyltriethoxysilane and functionalized with amine
groups. The oleic acid-stabilized Fe3O4 nanocrystals synthesized in an organic medium
were reacted with the amine group of 2-bromo-2-methylpropionic acid, and the resulting
Fe3O4 nanocrystals were assembled on the MSN surface by direct nucleophilic substitution
between terminal bromine groups. The synthesized biocompatible manganese ferrite
nanoparticle-immobilized mesoporous silica nanoparticles alleviated the hypoxic state of
tumors with only a small number of nanoparticles and improved the treatment outcome of
PDT in vivo.

Figure 4. Porphyrin-containing mesoporous silica nanoparticles for PDT.

NIR light-reactive multifunctional nanoparticles are ferrocene-modified with ICG
rods and β-cyclodextrin (β-CD) capping for cooperative chemo-dynamic/photothermal/
photodynamic (CDT/PTT/PDT) NPs made of mesoporous silica [131]. As a mechanism of
chemo-dynamic therapy, ferrocene released from multifunctional nanoparticles was able
to efficiently kill cancer cells by converting intracellular H2O2 into toxic OH through a
ferrocene-mediated Fenton reaction. Moreover, 1O2 generated by ICG from near-infrared
irradiation can kill cancer cells in cooperation with PDT. The results of in vitro experiments
show that the CDT/PTT/PDT collaboration significantly amplified the inhibition rate of
HeLa cells.

It was reported in one study that silica nanoparticles modified with folic acid (FA)
could enhance the site-specific delivery of PS chlorin e6 (Ce6) [134]. By improving the
efficiency of targeted drug delivery by FA, efficient generation of singlet oxygen at 670 nm
irradiation was obtained, which improved the killing efficacy of NPs on MDA-MB-231 cells
compared to free Ce6. Furthermore, a perfluoro hexane (PFH)-encapsulated MSN-based
multifunctional nanoplatform using the PS ICG loaded into a polydopamine (PDA) layer
and PEG-FA decoration was presented [135]. When excited with 808 nm light irradiation,
it mediates the vaporization of PFH, creating bubbles for tumor ultrasound imaging and
simultaneously inducing burst drug release. The PTT effect was exerted on the PDA layer,

20



Biomedicines 2022, 10, 96

and the loaded ICG was able to generate ROS, a PDT mechanism, while providing NIR
fluorescence emission.

5.3.2. Gold Nanoparticles

Gold nanoparticles have been studied for many years for effective PDT induction
as well as drug carriers due to promising properties such as high surface area, facile
surface modification through gold thiol chemistry, and biocompatibility. Furthermore,
gold nanoparticles are being extensively studied for diagnostic applications because of
their ability to tune optical scattering and absorption via physical features such as surface
plasmon resonance effects [136]. Gold nanoparticles can be applied to PDT without the use
of an organic PS. The first use of gold nanorods (AuNRs) alone was reported in 2014 [137].
Upon excitation with relatively long-wavelength NIR light (915 nm), gold nanorods were
able to generate a singlet oxygen (1O2) and destroy B16F0 melanoma tumors in mice.
Excitation of gold nanorods at a wavelength of 780 nm (λ2), at which the PTT effect can
be expected after generation of 1O2, increases the temperature around the tumor tissue, as
confirmed by formation of heat shock protein (HSP 70) in which photon energy is converted
into heat. By changing the activation wavelength band, the dominant phototherapeutic
effect can be switched between PDT and PTT and a synergistic effect can be obtained. It
was also possible to trace the distribution of gold nanorods in vivo through self-emitting
single-photon-induced fluorescence.

The same group tested the effect of PDT by comparing different types of gold nanoshells,
including nanorod-in-shell, nanocage and nanoparticle-in-shell, and demonstrated that it
could completely eliminate solid tumors in mice [138]. They can modulate and switch the
dominant roles of PDT and PTT by altering the activation wavelength that can excite the
gold nanocage. As the most optimal conditions suggested by them, the nanocages mostly
showed PDT effect when excited by 980 nm light, whereas 808 nm irradiation induced
effective PTT. In vivo studies at 940 nm excitation, a wavelength band between 980 nm
and 808 nm, demonstrate that gold nanoshells could induce dual-mode PDT/PTT for more
efficient treatment of B16F0 melanoma tumors than that of doxorubicin, a clinically used drug.

Another group found that singlet oxygen could be produced when irradiated with a
wide range of wavelengths (660–975 nm) [139]. Even under low-intensity light irradiation of
200 mW/cm2, the highest production of 1O2 was observed when a wavelength overlapped
with the localized surface plasmon resonance (LSPR) peak, which is a characteristic of
gold nanoparticles.

Many previous studies have demonstrated the ability of metal nanoparticles to effi-
ciently excite PS through a single-photon excitation mechanism to generate singlet oxygen,
which has been applied to typical PDT therapy [140,141]. However, one-photon excitation
can cause potential photodamage to tissues adjacent to the tumor site due to the high
energy provided by the comparatively short light wavelength. Therefore, two-photon
excitation that precisely manipulates the therapeutic dose is preferable in this sense. To
overcome this, a two-photon PDT was developed using a femtosecond laser beam capable
of obtaining a high luminous flux. In one study, two-photon-induced singlet oxygen gen-
eration was observed by irradiating femtosecond laser pulses at 800 nm to aggregates of
gold nanospheres and gold nanorods developed using non-agglomerated or aggregated
gold nanoparticles [142]. As a result, the 1O2 generation capacity in gold nanoparticle was
generally enhanced by the agglomerated state and was 8.3 times higher than that of the
non-agglomerated gold nanoparticles. A similar trend was observed when the agglomer-
ated gold nanorods were used; the singlet oxygen production efficiency was improved by
1.8 times compared to the non-agglomerated gold nanorods.

With the rapid advances in nanotechnology, there are a variety of synthetic meth-
ods available to researchers to obtain gold nanoparticles with suitable structures and
features for PDT applications [143]. In addition to the various physicochemical properties,
the additional chemical modification potential mentioned above could improve bioavail-
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ability and usability, suggesting gold nanoparticles as a promising candidate for clinical
cancer treatment.

5.3.3. Graphene Nanomaterials

Graphene-based nanomaterials, including graphene oxide (GO) and graphene quan-
tum dots (GQD), have been widely used for cancer treatment such as anticancer drug
delivery and PDT [144–146]. GO produced through oxidation process shows more fa-
vorable properties in terms of PS transport mediation due to improved water solubility
and various functionalization chemistries. Characterized by abundant oxygen-containing
moieties on their surface, GO nanomaterials allow further modification by many functional
molecules such as targeting agents, activators and hydrophilic macromolecules, expanding
biological applications and reducing toxicity [147]. Because the fluorescence quenching
ability of GO nanomaterials is very high, it modulates the activity that generates ROS,
further expanding the applications of PDT (Figure 5).

Figure 5. Graphene quantum dots (GQDs)-based nanomaterials for PDT.

Numerous studies have been conducted to achieve tumor targeting, in vivo imag-
ing, and improved PDT effects through functionalization on the GO surface. In one
study, PEG-functionalized GO was loaded with the PS 2-(1-hexyloxyethyl)-2-devinyl
pyropheophorbide-alpha (HPPH) via supramolecular π-π stacking [148]. HPPH radi-
olabeled with 64Cu enabled in vivo positron emission tomography and fluorescence imag-
ing, resulting in improved cellular uptake of HPPH compared to free HPPH with GO-
PEG-HPPH through a more aggressive endocytosis strategy. As a result, GO-PEG-HPPH
exhibited enhanced phototoxicity to breast cancer cells when irradiated with light at a
wavelength of 671 nm. Through in vivo experiments, mice injected with GO-PEG-HPPH
showed a 16-day longer lifespan than mice treated with free HPPH. This indicates that
GO-PEG-HPPH utilizing GO as a nanocarrier delivered the drug more efficiently and
thereby increased long-term survival. In another study, the PS hypocrelin A (HA) and
TiO2 nanoparticles were mounted on GO surfaces to form a light-sensitive drug delivery
system [149]. By loading TiO2 onto GO, ROS could be generated upon exposure to visi-
ble light, and the ability to generate ROS was improved through a mutual sensitization
mechanism in which a sensitizing effect contributed by the HA-TiO2 stable complex. The
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generated ROS were able to destroy GO, indicating a potential use of this drug delivery
system in clinical PDT in terms of metabolism.

In another study, PS Ce6 was conjugated to GO via a redox-responsive cleavable
disulfide linker (GO-SS-Ce6) to develop a form that could be released on-demand from
cancer cells at significantly higher GSH concentrations compared to normal cells. There-
fore, fluorescence and ROS generation were selectively activated by redox agents such as
glutathione at high concentrations in tumor cells [150]. On the other hand, in the absence
of glutathione, the fluorescence of Ce6 bound to GO was largely quenched due to the
FRET process, avoiding the nonspecific excitation and poor targeting ability of PS. The
developed GO-SS-Ce6 complex has been proposed as an effective drug delivery vehicle
with the strengths of GO’s high surface area and improved chemical tethering properties.

Furthermore, GQDs doped with quantum dots in graphene could provide excellent
quantum yield of singlet oxygen as a PDT agent [151]. It is known as a common method to
synthesize GQDs using polythiophene as a carbon precursor using hydrothermal methods.
The GQDs fabricated in the study were excited by visible light and showed photodynamic
activity; their PDT effects were observed through apoptosis of HeLa cells and oncolysis of
BALB/nude mice with breast cancer. On the other hand, more advanced studies showed
that GQDs could be functionalized and doped with nitrogen and amino groups to show
that the amino-N-GQDs exhibited excellent singlet oxygen generation capacity in the NIR
region (800 nm) [152].

5.3.4. Upconversion Nanoparticles

Upconversion nanoparticles (UCNPs) are a unique class of optical nanomaterials char-
acterized by their ability to convert low-energy NIR light into high-energy visible/ultraviolet
light using a nonlinear anti-Stokes mechanism [153]. The upconversion phenomenon is
based on inorganic host crystal lattices doped with trivalent lanthanide ions such as Yb3+,
Er3+, and Tm3+. UCNPs require the presence of two different dopant ions [154]. One acts
as a sensitizer to absorb NIR radiation, and the other acts as an activator to emit visible
light. Two frequently used rare earth ion pairs are ytterbium-thulium (Yb3+-Tm3+) and
ytterbium-erbium (Yb3+-Er3+). The Yb3+ ions act as antennas, absorbing NIR light at about
900–1100 nm and transmitting it to the lanthanide ions, where they mutually upconvert.
If this ion is Er3+, green and red emission is observed, whereas if it is Tm3+, the emitted
light is near-ultraviolet, blue and red. In addition, the emission band of UCNP is similar to
the band in which PS can be excited, which is characterized by improved ROS production
efficiency [128]. In this regard, UCNP may serve as a promising carrier to overcome the
limitations of PDT due to the insufficient tissue penetrating ability of short wavelengths
(600–850 nm) (Figure 6).

The NaYF4: Yb3+/ Er3+, the first UCNPs used in PDT studies, showed strong emission
spectrum in the visible region around 537 and 635 nm when excited by an infrared light
source of 974 nm [155]. During the silica coating procedure in the UNCP synthesis, the
PS molecule merocyanine 540 (MC-540) was mounted on the nanoparticle. However, the
activation wavelength of these PSs is under 700 nm, which is a range in which endogenous
molecules such as hemoglobin have strong absorption, a great limitation in their use in
PDT. A study successfully detected the generation of singlet oxygen mediated by UCNPs
coated with MC-540 with NIR excitation by measuring the decrease in the fluorescence
band of the 1O2 sensor 9,10-anthracenedipropionic acid. Moreover, the first application
of UCNP-mediated PDT for in vivo tumor therapy is NaYF4:Yb/Er nanoparticles coated
with mesoporous silica as nano-transducers and carriers of two different PSs such as MC-
540 and ZnPc [156]. Another study found that UCNPs synthesized using dual PS had
higher PDT efficacy than using single PS, with improved ROS production capacity and
enhanced cytotoxicity. In the tumor-bearing mice, both intratumoral injection of UCNP
or intravenous injection of FA and PEG-modified UCNPs (FA-PEG-UCNP) into tumor
resulted in tumor growth inhibition at 980 nm excitation. In addition, the tumor-targeting
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ability and circulating lifespan of UCNP were improved by FA and PEG, respectively,
indicating a greater PDT effect when administered intravenously.

Figure 6. Schematic diagram showing the mechanism of photodynamic therapy and bioimaging
through long-wavelength to short-wavelength conversion of upconversion nanoparticles (UCNPs).

One research team prepared NaYF4:Er/Yb/Gd upconversion nanocrystals by doping
NaYF4:Yb/Er UCNP with gadolinium ions and loading them with PS drugs to use as a
carrier [157]. Through a water-in-oil inverse microemulsion strategy, methylene blue (MB),
a hydrophilic PS drug, was efficiently conjugated to UCNPs in a silica matrix to provide
UCNP/MB nanocomposites with a particle size less than 50 nm. The obtained UCNP/MB-
based PDT drug successfully generated singlet oxygen at 980 nm excitation, whereas no
signal was observed with free MB solution alone or with NaYF4:Er/Yb/Gd under the
same conditions. Furthermore, polymer-coated NaYF4:Yb/Er nanoparticles were used as
transport mediators of PS Ce6 to form UCNP-Ce6 supramolecular complexes [158]. Because
this UCNP-Ce6 nanosystem showed two emission bands at 550 nm and 660 nm with 980 nm
irradiation, PDT performance was improved in that the 660 nm emission wavelength
overlapped the absorption band of Ce6, and singlet oxygen production was increased under
NIR light irradiation. In particular, there were few observations of UCNPs administered to
mice after 1–2 months, demonstrating their nontoxicity to the treated animals.

Although it is common to form NaYF4 crystals with a host co-doped with Yb3+/Er3+

in UCNP-based PDT, doping NaYF4 with a Yb3+/Tm3+ couple shows a similar phe-
nomenon. In one study, NaYF4:Yb/Tm UCNPs were coated with a nanometer silica
layer, which was further modified with (3-aminopropyl)triethoxysilane APTES using the
Stöber method [159]. After that, the UCNPs were covalently bound to PS Ce6 via the amino
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group of the silica layer. A low concentration (50 μg/mL) of this UCNP-Ce6 nanocomposite
was used to kill 50% of CF-7 human breast adenocarcinoma cells at a low dose (7 mW/cm2)
of 980 nm light for 10 min. Furthermore, they achieved a cell viability greater than 90%
under the same conditions without light irradiation, indicating low toxicity of this UCNP-
Ce6 nanosystem in the effective concentration range. Alternatively, LiYF4:Tm3+/Yb3+-
UCNPs prepared using m-THPC with PS modified with 4-(bromomethyl)benzoic acid
performed better when activated with 980 nm NIR irradiation compared to conventional
NaYF4UCNPs. They emitted an intense blue color and produced a larger amount of singlet
oxygen [124,160,161].

More recently, research on multifunctional UCNP-based nanocomposites combin-
ing image-guided PDT and multimodal therapy has been attracting attention. UCNPs
coated with the PS TiO2 were adopted for in vivo PDT image induction that realized
complete optical switching in the UV-blue region [162]. In this work, the newly devel-
oped photoswitchable upconversion nanoparticles (PUCNPs) were not doped with Nd3+.
The prominent UV-blue emission of Tm3+ characteristic of these PUCNPs was activated at
980 nm excitation and showed excellent photoswitching properties that could be completely
deactivated with 800 nm light. As a result, the Tm3+ emission band of 350 nm at 980 nm
excitation can be well synchronized with the absorption of TiO2, which could lead to ROS
generation and effective PDT, while also enabling real-time tumor imaging. In contrast,
only the Er3+ emission band at 660 nm was activated when excited with 800 nm, which
made it possible to monitor emission near 650 nm in vivo to track the treatment process.

In addition to the excellent optical properties and abundant surface functions of UCNP,
the energy transfer ability of UCNP to deep tissues such as brain tumors efficiently forms
ROS, providing a great development for clinical application in the field of brain tumor
treatment. However, due to the low upconversion of UCNPs developed with the techniques
to date, the quantum yield is less than 3%, and the relatively poor biocompatibility in the
physiological environment hinders biological applications. Therefore, more studies on
high-efficiency UCNPs considering stability in the future should be conducted.

6. Conclusions

The field of PDT has developed rapidly and is constantly being evaluated for new
technology. Molecular strategies based on the nanotechnology are being developed to
increase the effectiveness and selectivity of PDT. Therefore, numerous organic and inor-
ganic nanoparticles have been newly researched and developed for targeted delivery of
photosensitizer pharmaceuticals. This review presents examples of the improved overall
effectiveness of PDT cancer treatment by demonstrating that NPs can provide a solution to
the important limitations of traditional PS drug delivery. However, because intracranial
brain tumors arise from structurally complex and unique organs, such as those surrounded
by the blood–brain barrier, compared to other tumors, it is unknown whether they can be
completely eradicated using the same approach. Further questions to be explored include
whether PDT can be used to treat malignant brain tumors that cannot be resected because
of their location. Ongoing study of the various PDTs presented in this manuscript will
determine whether advances in cancer research will alleviate morbidity and mortality
from treatment of intracranial malignancies and have the potential to revolutionize the
treatment of brain tumors. Therefore, while the development of new PDT technology is
important, establishment of treatment standards through large-scale clinical practice should
be pursued.
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Abstract: The conventional treatment of thoracic tumors includes surgery, anticancer drugs, radiation,
and cancer immunotherapy. Light therapy for thoracic tumors has long been used as an alternative;
conventional light therapy also called photodynamic therapy (PDT) has been used mainly for early-
stage lung cancer. Recently, near-infrared photoimmunotherapy (NIR-PIT), which is a completely
different concept from conventional PDT, has been developed and approved in Japan for the treatment
of recurrent and previously treated head and neck cancer because of its specificity and effectiveness.
NIR-PIT can apply to any target by changing to different antigens. In recent years, it has become clear
that various specific and promising targets are highly expressed in thoracic tumors. In combination
with these various specific targets, NIR-PIT is expected to be an ideal therapeutic approach for
thoracic tumors. Additionally, techniques are being developed to further develop NIR-PIT for clinical
practice. In this review, NIR-PIT is introduced, and its potential therapeutic applications for thoracic
cancers are described.

Keywords: near-infrared photoimmunotherapy; NIR-PIT; phototherapy; thoracic tumor; lung cancer;
target antigens

1. Introduction

Thoracic tumors, including lung cancer and malignant pleural mesothelioma (MPM),
are the most lethal cancers worldwide [1,2]. To overcome thoracic cancer, NIR-PIT may be
an ideal treatment and can lead to significant improvements in treatment outcomes. There
are four conventional treatments for cancer: surgery, radiation therapy, chemotherapy, and
immunotherapy. However, these existing treatments injure not only cancer cells but also the
surrounding normal cells, tissues, and organs. In particular, these treatments may impact
the vital organs such as the liver, the heart and the thoracic aorta, and bone marrow. The
highly specific and effective NIR-PIT can overcome this problem because of its combined
and multidisciplinary approach. In addition, NIR-light used in NIR-PIT is transmitted
easily through the tissue filled by air. NIR light with a wavelength range of 650–900 nm
is not readily absorbed by water or hemoglobin, and penetration through the tissue is
maximal [3–6]. Therefore, the NIR wavelength of 690 nm used in NIR-PIT is thought to be
a suitable wavelength for human therapy and is not toxic to the body.

Historically, thoracic tumors have been treated with light. The first bronchoscopic PDT
was carried out in a patient with early central lung cancer by Hyata et al. with encouraging
results. Since then about 1000 cases of ECLC have received PDT [7]. Additionally, O.J.
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Balchum and colleagues used PDT to treat patients with lung cancer. All of these studies
showed promising responses in early-stage patients, so PDT was recommended for patients
with early-stage cancers that were inoperable, due to other complications [8]. However,
PDT, which is mediated ROS, can damage not only target cancer cells but also normal cells.
On the other hand, NIR-PIT is highly specific and effective as a result of its combined and
multidisciplinary approach.

In this review, we describe the potential application of NIR-PIT for thoracic cancer
and discuss this perspective in detail.

2. Summary

NIR-PIT is an ultra-specific and effective cancer photoimmunotherapy method that
can be used to treat cancers throughout the body. NIR-PIT utilizes an antibody-photon
absorbent conjugate of IRDye700DX (IR700), a near-infrared water-soluble silicon phthalo-
cyanine derivative, and an mAb that targets surface antigens expressed on cancer cells [9,10].
Irradiation of the targeted tumor site with near-infrared light (approximately 690 nm) acti-
vates the conjugates (Figure 1 1©, 2©), induces aggregation of antibody and antigen proteins,
and causes cell death (Figure 1 3©). This two-step targeted selection (antibody and light)
provides a double level of specificity, which is not found in conventional cancer treatments.

The mechanism of NIR-PIT was elucidated after the launch of the first phase III
study [10]. Specifically, when the conjugates were irradiated with near-infrared (NIR)
light in the presence of sufficient electron donors, the hydrophilic side chains of the IR700
molecule (silanol) dissociated through a photochemical ligand reaction, and the remaining
structure, including the antibody, rapidly became hydrophobic and aggregated. At that
time, the antibody binding the surface antigen on the cell membrane of the tumor also
aggregated, forcing cells to break. Fluorescence imaging could track where the conju-
gates were distributed and how well mAb-IR700 conjugates reacted, and the increase in
IR700-fluorescence indicated that the mAb-IR700 was well connected to the target, while
the decrease could confirm the photochemical reactions caused by NIR light irradiation and
correlated with the treatment effect. The development of NIR-PIT was interdisciplinary,
involving biology, physics, and chemistry, making use of the advantages of each discipline.

The unique feature that makes IR700 useful and valuable is its hydrophilicity. It never
permeates the lipid bilayers of cell membranes and does not change the pharmacokinetics
of mAbs in vivo, unlike hydrophobic photosensitizers in conventional photo-based cancer
therapies such as PDT. In addition, mAb-IR700 conjugates mainly bind to the membrane
of targeted tumor cells after intravenous injection and destroy the cell membrane with
NIR light. Moreover, it was elucidated that reactive oxidative species (ROS) were not
included in the main mechanism for NIR-PIT, since the cell death reaction in NIR-PIT
proceeded even after the cell function was stopped at 4 ◦C, and the inhibition of cell death
was not sufficiently effective even when oxidative stress inhibitors (free radical scavengers)
were added. Moreover, the mass spectrometric analysis revealed that photochemical
reaction is the trigger of the cell death induced by NIR-PIT [11]. The pharmacodynamics
of the photosensitizer and pharmacokinetics of the conjugates in vivo are completely
different between traditional PDT and NIR-PIT, which makes NIR-PIT a new photo-based
modality [10].

NIR-PIT not only causes physical destruction of cells during NIR irradiation, but also
induces secondary immunogenic cell death (ICD) due to damage-associated molecular pat-
terns (DAMPs), and the release of entities such as adenosine triphosphate (ATP), calreticulin
(CRT), and high mobility group box 1 (HMGB1) [12]. ICD has also been reported to occur
with other radiotherapies, chemotherapy, and PDT, but these treatments themselves have a
certain degree of toxicity to immune cells. NIR-PIT especially benefits from ICD [13–15],
because this immunogenic cell death is not limited to the irradiated tumor but also has an
effect on tumors elsewhere and on metastatic tumors. This combination of NIR-PIT and
immune checkpoint inhibitors is currently being tested in phase II trials worldwide, but
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these do not include thoracic cancer (https://rakuten-med.com/us/pipeline/ accessed on
9 July 2022).

3. SUPR Effect

Cancer treatment with drugs has been considered an inappropriate therapy in vivo
largely because of difficulties in drug retention in affected areas, such as vascular hetero-
geneity and high interstitial pressure [16,17]. Tumor tissue has increased permeability and
retention of nanoparticles due to vascular abundance and lack of lymphoid tissue, referred
to as the EPR effect. Conventional anti-cancer nanopharmaceuticals aim to take advantage
of this effect to accumulate in tumors [18–20]. Although the EPR effect improves drug
delivery to tumors compared to normal tissue, the effect is not significant and only low
concentrations of nanodrugs reach and accumulate in tumors. The best-known nanophar-
maceuticals are liposomal formulations such as Doxil and DaunoXome, both of which are
as effective as small molecule formulations, but require more frequent administration and
are impractical [21,22].

NIR PIT helps deliver nano-sized drugs desired to stay in the tumor; NIR-PIT is
a very specific therapy that ruptures only the cancer cells labeled with the conjugate.
Administered intravenously into the body as a drug, mAb-IR700 reacts from the vascular
periphery to bind to target cells and specifically destroy them. The rapid rupture of
surrounding cancer cells causes 10~20 times the EPR effect of vasodilation, increased blood
flow, decreased blood flow velocity in the tumor, and increased vascular permeability,
called super permeabilization and retention (SUPR) [23,24]. In other words, NIR-PIT can
contribute to direct therapy and enhanced delivery of nanodrugs.

4. The Versatile Targets: EGFR, HER2, CD44, and CEA

NIR-PIT can be used to change the treatment pathway by creating mAb-IR700 using
antibodies that target different ligands. As an entry point of research, it is simple to apply
targets that have already been used in clinical practice (Table 1).

Table 1. Candidate targets for thoracic cancer.

Target Antigens

Versatile targets

EGFR
CD44
CEA

HER2
GPR87

Exploring targets

PDPN
MSLN
GPR87
DLL3
CD26
CDH

TROP2
XAGE1

Immune targets
CD25
PD-L1
CTLA4

4.1. EGFR

Epidermal growth factor receptor (EGFR) is a transmembrane tyrosine kinase receptor
belonging to the erythroblastosis oncogene B (ErbB) family [25]. EGFR overexpression is
associated with poor prognosis in several tumor types, including thoracic cancer [26]. Phys-
iologically, EGFR regulates epithelial tissue development and homeostasis. EGFR mutation
and/or overexpression has been observed in several human cancers, and EGFR-targeted
therapy has become a routine part of the treatment of several cancers. EGFR is considered
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a suitable target for early clinical trials of NIR-PIT. Several studies have confirmed the
therapeutic efficacy of NIR-PIT targeting EGFR in in vivo models of several types of cancer,
including lung cancer [27–35]. Cetuximab-IR700, a chimeric IgG1 monoclonal antibody
against EGFR, was approved under certain conditions, such as limiting its use to HNSCC
and was the first EGFR-targeted NIR-PIT drug to be registered for clinical use in Japan in
2020 [36]. For 30 patients enrolled in Phase 2 of the clinical practice (RM-1929) for NIR-PIT
against recurrent HNSCC with Cetuximab-IR700, the median OS was 9.30 months (95% CI
5.16–16.92 months). Unconfirmed ORR was achieved in 13 (43.3%, 95% CI 25.46%–62.57%)
patients, with 4 (13%) patients achieving CR and 9 (30.0%) patients demonstrating PR. Dis-
ease control was observed in 24 (80%, 95% CI 61.43%–92.29%) patients [37]. Theoretically,
EGFR-targeted NIR-PIT is applied to any type of cancer in which EGFR is overexpressed,
and clinical trials are expected to progress in thoracic tumors.

4.2. HER2

HER2 is a membrane tyrosine kinase receptor and, together with EGFR, is a member
of the ErbB family [25]. When overexpression of HER2 occurs, it forms homodimers or
heterodimers with other ErbB family receptors; thus, activating oncogenic downstream
signals that promote cell proliferation, survival, and angiogenesis [38]. Several antibody
drugs, including trastuzumab, pertuzumab, and trastuzumab emtansine (T-DM1), have
been approved by the FDA for the treatment of breast cancer, with HER2 positivity rates
of 15–20% [39]. In addition, trastuzumab and fam-trastuzumab deruxtecan-nxki have
already been approved by the FDA for the treatment of gastric cancer, where approxi-
mately 20% of cases are HER2 positive. These have been applied as mAbs in NIR-PIT;
NIR-PIT with trastuzumab-IR700 showed valid results in a pleural dissemination model
with HER2-expressing NSCLC cells and a lung metastasis model with HER2-expressing
3T3 cells [40–42]. In addition, it has been reported that chemo drugs, especially cisplatin-
resistant (SBC-3/CDDP) cell lines upregulate HER2 expression. NIR-PIT against HER2 is
effective also against tumors in patients who have already become resistant to chemother-
apy [43].

4.3. CD44

CD44, a non-kinase transmembrane glycoprotein, regulates intercellular adhesion and
epithelial–mesenchymal transition in normal cells. At the same time, it is a marker for
the identification of cancer stem cells (CSCs), as CD44 increases tumor development and
progression. Various types of cancer, including lung cancer, express CD44, which has been
shown to be a poor prognostic factor [44–46]. Therefore, CD44 is an important approach
for antibody therapeutics to eliminate CSCs [47]. In NIR-PIT targeting CD44 positive oral
squamous cell carcinoma and breast cancer in a mouse model, tumor progression was
significantly inhibited and survival was prolonged [48,49]. Additionally, in immunocom-
petent mouse models, the effect was further enhanced combined with immune activation
using type 1 cytokine or immune checkpoint inhibitors [50–52].

4.4. CEA

Carcinoembryonic antigen (CEA), a glycoprotein involved in cell adhesion, is highly
expressed in many epithelial cells of tumors, including lung adenocarcinomas. It has
already been used as a tumor marker for various cancers, and its expression level has been
associated with the prognosis of patients with colorectal cancer [53–55]. NIR-PIT targeting
CEA significantly inhibited tumor progression without side effects in xenograft models of
gastric cancer and orthotopic pancreatic tumor models [56,57]. In pancreatic cancer, the use
of NIR-PIT as an adjunct to surgery to treat residual pancreatic cancer in a patient-derived
orthotopic xenograft model also was found to improve overall survival [58,59].

CEA is also expressed in normal cells, mostly derived from surface cells of the colon,
which are released into the intestinal tract and excreted in the stool [56]. Therefore, even if
stray NIR light irradiated to the chest reaches normal colonic tissue, it is suggested that
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the side effects are very minimal. Thus, CEA is a promising target for the treatment of
thoracic cancer.

5. Exploring Other Targets to Detect More Specific and Effective Markers for Lung
NIR-PIT: PDPN, MSLN, GPR87, and DLL3

5.1. PDPN

Podoplanin (PDPN) is a type I transmembrane glycoprotein expressed in lymphatic
endothelial cells, type I alveolar epithelial cells, and glomerular podocytes. Antibodies
against PDPN (D2-40) have long been used as specific pathological diagnostic markers to
confirm the presence of MPM [60,61]. PDPN has been reported to be expressed in various
tumors, including MPMs [62,63]. NIR-PIT, which targets PDPN with NZ-1 antibody, is a
promising target against MPM and exhibits tumor-suppressive effects in both xenograft
and orthotopic MPM models [64]. It has also been shown to be effective in an orthotopic
mouse model of pleural disseminated lung cancer [65].

5.2. MSLN

Mesothelin (MSLN) is a cell surface glycoprotein and a tumor differentiation marker ex-
pressed in multiple tumors, including lung cancer and MPM [66]. The association between
MSLN overexpression and poor survival in MPM has not been consistently reported [67,68].
However, in MPM, MSLN is known to be associated with epithelial–mesenchymal tran-
sition (EMT) and binding to mucin 16 (MUC16/CA125), which is associated with cancer
progression and aggressiveness [69,70]. MSLN is highly expressed in tumors, while its
expression in normal cells is limited, making it a promising biomarker and therapeutic
target [71,72]. NIR-PIT targeting MSLN was effective in a mouse xenograft model [73].
Thus, NIR-PIT targeting MSLN holds good potential for the treatment of tumors express-
ing mesothelin.

5.3. GPR87

GPR87 is a G-protein receptor that is highly expressed specifically in both lung cancer
and MPM and is rarely expressed in normal cells [74,75]. GPR87 is a poor prognostic
factor [75–77]. NIR-PIT targeting GPR87 produced a therapeutic effect in a mouse model
with transplanted cell lines of lung adenocarcinoma, SCLC, and MPM [78]. GPR87 may be
an ideal target for treating thoracic tumors.

5.4. DLL3

Delta-like protein 3 (DLL3) is a ligand for the Notch receptor and a promising ther-
apeutic target molecule for small cell lung cancer (SCLC) and other neuroendocrine tu-
mors [79,80]. Its expression is rarely observed in normal tissues. Rovalpituzumab, a
DLL3-targeted antibody drug, has already been used in human clinical trials [81]. NIR-PIT
targeting DLL3 with rovalpituzumab in an SCLC xenograft model has shown significant
anti-tumor effects, suggesting that DLL3 is a promising target [82].

5.5. CD26

CD26 is a type II transmembrane protein that recognizes chemokines with the penul-
timate proline or alanine and cleaves the NH2-terminal dipeptide [83,84]. Immunohisto-
chemical analysis has shown that CD26 is highly expressed in MPM cells, indicating its
pro-carcinogenic function and relevance as a prognostic marker [85]. Promising results
have also been obtained with antibody therapy targeting CD26 in phase I clinical trials [86].
It is expected that NIR-PIT will be indicated for MPM.

5.6. CDH3

CDH3 is a calcium-dependent adhesion molecule and a member of the cadherin
superfamily [87]. It is overexpressed in advanced lung adenocarcinoma and has been
reported to be associated with poor prognosis and EGFR-TKI resistance [88,89].
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5.7. TROP2

Trophoblast surface antigen 2 (Trop2) is a widely expressed transmembrane glyco-
protein and a member of the epithelial cell adhesion molecule (EpCAM) family [90]. It is
highly expressed in a variety of epithelial tumors, including NSCLC, and has been reported
to be associated with prognosis and as a potential new therapeutic target [91,92].

5.8. XAGE1

XAGE1 is a member of the cancer/testis (CT) antigen family expressed in a variety
of cancers including NSCLC and in testicular germ cells [93]. CT antigens are widely
expressed in cancers but rarely in normal cells and are highly immunogenic, making them
promising targets for immunotherapies such as cancer vaccines and NIR PIT [94–96].

6. Immunogenic Targets to Detect More Specific and Effective Markers for Lung
NIR-PIT: CD25, PD-L1, CTLA4

Although the tumor microenvironment(TME) is rich in T cells and natural killer (NK)
cells that can recognize cancer cells, the presence of immunosuppressive cells such as
regulatory T cells (Tregs) in the vicinity acts as a mechanism to evade their cytotoxic func-
tion [97]. Immune checkpoint (ICP) molecules are also known to inhibit anti-tumor immune
reactions. The regulation of immunosuppressive cells or ICP in the tumor microenviron-
ment is an important step for enhancing anticancer immune responses. Spatiotemporal
decrease in Tregs or modulating ICP could augment anti-tumor immune reactions and
inhibit tumor growth. Therefore, immunosuppressed cells within the TME are a promising
target for NIR-PIT cancer therapy.

6.1. CD25

CD25 is the undisputed IL-2 receptor mainly expressed on activated Tregs but not on
naive T cells, and NIR-PIT targeting this receptor has been developed to manipulate the
cellular environment of the tumor microenvironment [98].

Tregs are highly immunosuppressive, and a higher proportion of Tregs in tumor-
infiltrating lymphocytes (TILs) is associated with a poorer prognosis; in HNSCC, the degree
of Treg infiltration in the TME correlated with prognosis [99,100]. Systemic administration
of simple anti-CD25-IgG has been reported to deplete peripheral Tregs [98] and may also
induce autoimmune adverse events such as cytokine storms. However, NIR-PIT can
selectively reduce only Tregs in the TME without removing local effector T cells or Tregs
present in other organs by precise irradiation.

NIR-PIT targeting CD25 caused necrotic cell death in CD25-expressing helper T cell
lines in vitro and had no effect on cancer cells. However, in an in vivo syngeneic mouse
model, it induced regression of the treated tumors with rapid activation of CD8+ T cells and
NK cells infiltrating the tumors and activation of antigen-presenting cells. CD25-targeted
NIR-PIT selectively depleted Tregs from TME, resulting in activation of effector cells and
upregulation of anti-tumor immunity. Furthermore, CD8+ T cell and NK cell activation
and antitumor effects were also observed in non-irradiated, distant, non-treated tumors
(abscopal effect) [97]. Local CD25-targeted NIR-PIT may be a safer alternative to systemic
Treg depletion because it depletes Tregs only at the tumor site where the NIR light is
irradiated. The effect of Treg depletion by NIR-PIT lasted for 3–4 days, followed by gradual
repopulation of Tregs, reaching the pre-treatment number of Tregs approximately 6 days
after treatment [97]. If the tumor recurs, NIR-PIT can be repeated, and repeated depletion of
Treg cells by CD25-targeted NIR-PIT can prolong tumor control and survival. Combination
NIR-PIT dramatically improved the CR rate in a syngeneic mouse model [101].

6.2. PD-L1

Programmed death ligand 1 (PD-L1) is an immune checkpoint that binds to PD-1
(CD279) on T cells to reduce immune response cytokines and induce immune tolerance in
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tumor cells [102,103]. It is overexpressed in many cancer cells, including lung cancer, and
is associated with poor prognosis by inhibiting T-cell immune responses [104].

NIR-PIT against PD-L1 is effective even when tumor PD-L1 expression is low and
is suitable for tumors in a variety of patients, regardless of the type or organ. It is also
therapeutically effective against tumors in remote areas that are not directly irradiated, even
though NIR-PIT causes minimal side effects in areas that are not irradiated. In addition, in
the inflammation of tumor cells caused by photocytotoxicity, cytokines such as INF-γ can
promote the expression of PD-L1 and activate PD-L1 in treated tumor cells. Therefore, NIR-
PIT targeting PD-L1 provides additional benefits from repeated PD-L1-targeted therapy.

NIR-PIT with antibodies against PD-L1 significantly inhibited tumor growth and
prolonged survival in xenograft models by activating CD8+ T cells and NK cells in the
tumor microenvironment by promoting PD-L1 positive cell rupture and inhibiting tumor
immunosuppressive pathways [105,106].

6.3. CTLA4

Cytotoxic T-lymphocyte antigen-4 (CTLA4) is an immune checkpoint protein ex-
pressed on regulatory T (Treg) cells and activated T cells that downregulate T cell ac-
tivation and suppress anti-tumor immune responses in response to T cell receptor en-
gagement [107–109]. Local depletion of CTLA4 expressing cells by NIR-PIT promotes the
activation and infiltration of CD8+ T cells in the tumor microenvironment and prolonged
survival in vivo [110] with observation of CD8+ T cell activation and infiltration. Addi-
tionally, the same as CD25, combination NIR-PIT dramatically improves the CR rate in
syngeneic mouse models [111].

7. NIR Light Irradiating Devices

NIR light significantly attenuates through deep and hard tissues by depending on
the light penetration limit. Additionally, NIR-PIT against immunogenic targets in the
normal lung tissue can cause an acute respiratory distress syndrome (ARDS)-like reaction,
although it has already been proven that the one against the target of tumor antigen, such
as HER2, does not adversely affect normal tissue. The precise irradiation and evaluation of
NIR light irradiation are required. For this reason, an optical fiber diffuser in the form of
a flexible cylindrical optical fiber was proposed [112–117]. The optical fibers are utilized
through the bronchoscope to deliver NIR-light to key areas. This bronchoscope technique
can be navigated with a 3D navigation system from CT images beforehand to guide the
fiber precisely to the tumor in the lung. With these techniques, damage to the normal
lung fields could be minimized. In addition, an implantable wireless NIR light-emitting
diode has been developed that can be implanted once and used for irradiation several
times [118]. Treatment with a single dose of high-energy NIR light can injure even normal
tissues; however, multiple doses at the recommended energy of 500 mW/cm2 (at 690 nm)
or less can produce anti-tumor effects. By combining this with an endoscope or catheter, it
is possible to deliver light locally within the body without burns or other injuries [119–122].

8. Imaging Modality

Visualization of the NIR-PIT irradiation site and monitoring of the treatment effect at
that site in real time or immediately after treatment are important to determine if accurate
treatment is being achieved and if additional treatment is needed.

Fluorescence imaging of the IR700 can confirm the distribution of antibody–photo-
absorber conjugates, and the NIR laser light irradiation causes the IR700 to photobleach;
thus, reducing fluorescence during treatment. In the preclinical setting, the fluorescence
wavelength of the IR700 (720 nm) could be measured, but a new, dedicated measurement
device would have to be installed to handle it in the clinical setting. In addition, preclinically,
bioluminescence imaging using luciferase can be used to evaluate the therapeutic effect of
NIR-PIT after treatment, but clinical implementation is not possible [123].
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Taking advantage of the broad emission spectrum of IR700, a clinically approved cam-
era designed to detect indocyanine green, typically at 830 nm, was proposed for use during
NIR-PIT, the distribution of previous IR700, and the progression of photochemical reactions
can be monitored in real time and would allow optimization of NIR light irradiation during
NIR-PIT [124,125]. In addition, there have been attempts to evaluate treatment efficacy by
assessing the SUPR effect with the administration of indocyanine green (ICG) particles.
Previous studies have shown that dynamic fluorescence imaging with ICG shows increased
signal intensity in tumors after NIR-PIT treatment; significantly higher ICG intensity was
demonstrated from NIR-PIT-treated tumors as early as 20 min after ICG injection [126],
indicating the possibility of using SUPR effect assessment by ICG imaging to evaluate
the acute cytotoxic effects of NIR-PIT [124,125,127]. Magnetic resonance imaging (MRI)
imaging using gadofosveset also showed gradual signal enhancement up to 30 min in
NIR-PIT-treated tumors, suggesting that it may be a useful imaging biomarker for detecting
treatment changes after NIR-PIT [128].

Tumors require excess glucose due to the Warburg effect, which dramatically in-
creases the rate of glucose uptake [129,130]. 18F-fluorodeoxyglucose positron emission
tomography (18F-FDG PET) has been used to exploit this, for example, for tumor detec-
tion [131–133]. 18FDG-PET is useful as a rapid response marker of therapeutic response, as
glucose metabolism in treated tumors was greatly reduced early after NIR-PIT [134].

9. Perspective on ADCs (Antibody–Drug Conjugates)

The mAb carriers used in ADCs, which aim to reduce the impact of toxic chemical
cancer drugs on normal tissues, always have inherent off-target toxicity. Even very small
amounts of mAb–drug conjugates reaching epitopes in normal cells are considered to be
highly toxic; therefore, lowering the therapeutic index. The application of ADCs in NIR-PIT
studies has been reported to enhance the antitumor effect of the T-DM1-IR700 conjugate and
the transport of NIR light-sensitive drug-releasing antibodies by the SUPR effect [135–137].
The mAb used in this conjugate was the first to reach clinical implementation, and the IR700
added to the ADC caused the SUPR effect, which is an inherent nanoparticle accumulation
enhancement phenomenon occurring after NIR-PIT, to accumulate the antibody carrier in
the tumor area, followed by NIR light-triggered release to expose the drug only to a specific
area. The fluorescence signal evaluation confirmed the accumulation of the antibody carrier
and the released anticancer drug in the tumor area, indicating an additional antitumor
effect of the anticancer drug. The active and potent agent is produced only at the irradiated
site, whereas the non-irradiated, non-targeted mAb–dye conjugate is essentially non-toxic.
Therefore, they can be used to treat cancer as a secondary effect of each other with reduced
toxicity, without compromising specificity or their respective advantages [105].
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Figure 1. Schematic representation of near-infrared photoimmunotherapy. The conjugates, consisting
of humanized monoclonal antibody and photo absorber IR700DX, can target specific cancer cell
antigens. Once NIR-light irradiates, the targeting cancer cells are ruptured.
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10. Conclusions

NIR-PIT overcomes the side effects that used to be a problem with anticancer drugs
and photodynamic therapy, and has achieved a new, ultra-specific, multidisciplinary
therapy that can approach cancer treatment directly and immunologically at the cancer
site. Not only that, it has the potential to be widely applicable to any type of cancer by
replacing antibodies.

NIR-PIT for thoracic cancer was not realistic because of the difficulty of external
irradiation due to the surrounding ribs and the concern about ARDS symptoms caused by
the ICD associated with the treatment. Recently, the development of uniform irradiation
methods and modalities that enable rapid monitoring of treatment effects has made it
possible to provide appropriate and effective treatment to localized thoracic tumors. NIR-
PIT is a very promising treatment candidate for thoracic cancer.
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90. Lenárt, S.; Lenárt, P.; Šmarda, J.; Remšík, J.; Souček, K.; Beneš, P. Trop2: Jack of All Trades, Master of None. Cancers 2020, 12, 3328.
[CrossRef]

91. Zeng, P.; Chen, M.B.; Zhou, L.N.; Tang, M.; Liu, C.Y.; Lu, P.H. Impact of TROP2 Expression on Prognosis in Solid Tumors:
A Systematic Review and Meta-Analysis. Sci. Rep. 2016, 6, 33658. [CrossRef]

92. Ahmed, Y.; Berenguer-Pina, J.J.; Mahgoub, T. The Rise of the TROP2-Targeting Agents in NSCLC: New Options on the Horizon.
Oncology 2021, 99, 673–680. [CrossRef] [PubMed]

93. Scanlan, M.J.; Gure, A.O.; Jungbluth, A.A.; Old, L.J.; Chen, Y.T. Cancer/Testis Antigens: An Expanding Family of Targets for
Cancer Immunotherapy. Immunol. Rev. 2002, 188, 22–32. [CrossRef] [PubMed]

94. Sakai, Y.; Kurose, K.; Sakaeda, K.; Abo, H.; Atarashi, Y.; Ide, N.; Sato, T.; Kanda, E.; Fukuda, M.; Oga, T.; et al. A Novel Automated
Immunoassay for Serum NY-ESO-1 and XAGE1 Antibodies in Combinatory Prediction of Response to Anti-Programmed Cell
Death-1 Therapy in Non-Small-Cell Lung Cancer. Clin. Chim. Acta 2021, 519, 51–59. [CrossRef] [PubMed]

95. Ohue, Y.; Kurose, K.; Mizote, Y.; Matsumoto, H.; Nishio, Y.; Isobe, M.; Fukuda, M.; Uenaka, A.; Oka, M.; Nakayama, E.
Prolongation of Overall Survival in Advanced Lung Adenocarcinoma Patients with the XAGE1 (GAGED2a) Antibody. Clin.
Cancer Res. 2014, 20, 5052–5063. [CrossRef]

96. Nakagawa, K.; Noguchi, Y.; Uenaka, A.; Sato, S.; Okumura, H.; Tanaka, M.; Shimono, M.; Eldib, A.M.A.; Ono, T.; Ohara, N.; et al.
XAGE-1 Expression in Non–Small Cell Lung Cancer and Antibody Response in Patients. Clin. Cancer Res. 2005, 11, 5496–5503.
[CrossRef]

97. Sato, K.; Sato, N.; Xu, B.; Nakamura, Y.; Nagaya, T.; Choyke, P.L.; Hasegawa, Y.; Kobayashi, H. Spatially Selective Depletion of
Tumor-Associated Regulatory T Cells with near-Infrared Photoimmunotherapy. Sci. Transl. Med. 2016, 8, 352.ra110. [CrossRef]

98. Spolski, R.; Li, P.; Leonard, W.J. Biology and Regulation of IL-2: From Molecular Mechanisms to Human Therapy. Nat. Rev.
Immunol. 2018, 18, 648–659. [CrossRef]

99. Lu, J.; Chen, X.M.; Huang, H.R.; Zhao, F.P.; Wang, F.; Liu, X.; Li, X.P. Detailed Analysis of Inflammatory Cell Infiltration and the
Prognostic Impact on Nasopharyngeal Carcinoma. Head Neck 2018, 40, 1245–1253. [CrossRef]

100. Zou, W. Regulatory T Cells, Tumour Immunity and Immunotherapy. Nat. Rev. Immunol. 2006, 6, 295–307. [CrossRef]
101. Maruoka, Y.; Furusawa, A.; Okada, R.; Inagaki, F.; Fujimura, D.; Wakiyama, H.; Kato, T.; Nagaya, T.; Choyke, P.L.; Kobayashi, H.;

et al. Combined CD44- and CD25-Targeted Near-Infrared Photoimmunotherapy Selectively Kills Cancer and Regulatory T Cells
in Syngeneic Mouse Cancer Models. Cancer Immunol. 2020, 8, 345–355. [CrossRef]

102. Sharpe, A.H.; Wherry, E.J.; Ahmed, R.; Freeman, G.J. The Function of Programmed Cell Death 1 and Its Ligands in Regulating
Autoimmunity and Infection. Nat. Immunol. 2007, 8, 239–245. [CrossRef] [PubMed]

103. Patel, S.P.; Kurzrock, R. PD-L1 Expression as a Predictive Biomarker in Cancer Immunotherapy. Mol. Cancer Ther. 2015, 14,
847–856. [CrossRef] [PubMed]

104. Pardoll, D.M. The Blockade of Immune Checkpoints in Cancer Immunotherapy. Nat. Rev. Cancer 2012, 12, 252–264. [CrossRef]
[PubMed]

105. Taki, S.; Matsuoka, K.; Nishinaga, Y.; Takahashi, K.; Yasui, H.; Koike, C.; Shimizu, M.; Sato, M.; Sato, K. Spatiotemporal Depletion
of Tumor-Associated Immune Checkpoint PD-L1 with near-Infrared Photoimmunotherapy Promotes Antitumor Immunity.
J. Immunother. Cancer 2021, 9, e003036. [CrossRef] [PubMed]

106. Nagaya, T.; Nakamura, Y.; Sato, K.; Harada, T.; Choyke, P.L.; Hodge, J.W.; Schlom, J.; Kobayashi, H. Near Infrared Pho-
toimmunotherapy with Avelumab, an Anti-Programmed Death-Ligand 1 (PD-L1) Antibody. Oncotarget 2017, 8, 8807–8817.
[CrossRef]

107. Buchbinder, E.I.; Desai, A. CTLA-4 and PD-1 Pathways. Am. J. Clin. Oncol. 2016, 39, 98–106. [CrossRef]
108. Rowshanravan, B.; Halliday, N.; Sansom, D.M. CTLA-4: A Moving Target in Immunotherapy. Blood 2018, 131, 58–67. [CrossRef]
109. Walker, L.S.K.; Sansom, D.M. The Emerging Role of CTLA4 as a Cell-Extrinsic Regulator of T Cell Responses. Nat. Rev. Immunol.

2011, 11, 852–863. [CrossRef]

46



Biomedicines 2022, 10, 1662

110. Okada, R.; Kato, T.; Furusawa, A.; Inagaki, F.; Wakiyama, H.; Choyke, P.L.; Kobayashi, H. Local Depletion of Immune Checkpoint
Ligand CTLA4 Expressing Cells in Tumor Beds Enhances Antitumor Host Immunity. Adv. Ther. 2021, 4, 2000269. [CrossRef]

111. Kato, T.; Okada, R.; Furusawa, A.; Inagaki, F.; Wakiyama, H.; Furumoto, H.; Okuyama, S.; Fukushima, H.; Choyke, P.L.;
Kobayashi, H. Simultaneously Combined Cancer Cell- and CTLA4-Targeted NIR-PIT Causes a Synergistic Treatment Effect in
Syngeneic Mouse Models. Mol. Cancer Ther. 2021, 20, 2262–2273. [CrossRef]

112. Hirata, H.; Kuwatani, M.; Nakajima, K.; Kodama, Y.; Yoshikawa, Y.; Ogawa, M.; Sakamoto, N. Near-Infrared Photoimmunotherapy
(NIR-PIT) on Cholangiocarcinoma Using a Novel Catheter Device with Light Emitting Diodes. Cancer Sci. 2021, 112, 828–838.
[CrossRef] [PubMed]

113. Sato, K.; Watanabe, R.; Hanaoka, H.; Nakajima, T.; Choyke, P.L.; Kobayashi, H. Comparative Effectiveness of Light Emitting
Diodes (LEDs) and Lasers in near Infrared Photoimmunotherapy. Oncotarget 2016, 7, 14324–14335. [CrossRef] [PubMed]

114. Okuyama, S.; Nagaya, T.; Sato, K.; Ogata, F.; Maruoka, Y.; Choyke, P.L.; Kobayashi, H. Interstitial Near-Infrared Photoimmunother-
apy: Effective Treatment Areas and Light Doses Needed for Use with Fiber Optic Diffusers. Oncotarget 2018, 9, 11159–11169.
[CrossRef] [PubMed]

115. Okada, R.; Furusawa, A.; Inagaki, F.; Wakiyama, H.; Kato, T.; Okuyama, S.; Furumoto, H.; Fukushima, H.; Choyke, P.L.;
Kobayashi, H.; et al. Endoscopic Near-Infrared Photoimmunotherapy in an Orthotopic Head and Neck Cancer Model. Cancer Sci.
2021, 112, 3041–3049. [CrossRef]

116. Zhong, W.; Celli, J.P.; Rizvi, I.; Mai, Z.; Spring, B.Q.; Yun, S.H.; Hasan, T. In Vivo High-Resolution Fluorescence Microendoscopy
for Ovarian Cancer Detection and Treatment Monitoring. Br. J. Cancer 2009, 101, 2015–2022. [CrossRef]

117. Henderson, T.A.; Morries, L.D.; TA, H.; LD, M.; Henderson, T.A.; Morries, L.D. Near-Infrared Photonic Energy Penetration: Can
Infrared Phototherapy Effectively Reach the Human Brain? Neuropsychiatr. Dis. Treat. 2015, 11, 2191–2208. [CrossRef]

118. Nakajima, K.; Kimura, T.; Takakura, H.; Yoshikawa, Y.; Kameda, A.; Shindo, T.; Sato, K.; Kobayashi, H.; Ogawa, M. Implantable
Wireless Powered Light Emitting Diode (LED) for near-Infrared Photoimmunotherapy: Device Development and Experimental
Assessment in Vitro and in Vivo. Oncotarget 2018, 9, 20048–20057. [CrossRef]

119. Ogata, F.; Nagaya, T.; Nakamura, Y.; Sato, K.; Okuyama, S.; Maruoka, Y.; Choyke, P.L.; Kobayashi, H.; Ogata, F.; Nagaya, T.; et al.
Near-Infrared Photoimmunotherapy: A Comparison of Light Dosing Schedules. Oncotarget 2017, 8, 35069–35075. [CrossRef]

120. Matsuoka, K.; Sato, M.; Sato, K. Hurdles for the Wide Implementation of Photoimmunotherapy. Immunotherapy 2021, 13,
1427–1438. [CrossRef]

121. Okuyama, S.; Nagaya, T.; Ogata, F.; Maruoka, Y.; Sato, K.; Nakamura, Y.; Choyke, P.L.; Kobayashi, H. Avoiding Thermal
Injury during Near-Infrared Photoimmunotherapy (NIR-PIT): The Importance of NIR Light Power Density. Oncotarget 2017, 8,
113194–113201. [CrossRef]

122. Furumoto, H.; Kato, T.; Wakiyama, H.; Furusawa, A.; Choyke, P.L.; Kobayashi, H. Endoscopic Applications of Near-Infrared
Photoimmunotherapy (NIR-PIT) in Cancers of the Digestive and Respiratory Tracts. Biomedicines 2022, 10, 846. [CrossRef]
[PubMed]

123. Maruoka, Y.; Nagaya, T.; Nakamura, Y.; Sato, K.; Ogata, F.; Okuyama, S.; Choyke, P.L.; Kobayashi, H. Evaluation of Early
Therapeutic Effects after Near-Infrared Photoimmunotherapy (NIR-PIT) Using Luciferase-Luciferin Photon-Counting and
Fluorescence Imaging. Mol. Pharm. 2017, 14, 4628–4635. [CrossRef] [PubMed]

124. Inagaki, F.F.; Fujimura, D.; Furusawa, A.; Okada, R.; Wakiyama, H.; Kato, T.; Choyke, P.L.; Kobayashi, H. Fluorescence Imaging of
Tumor-Accumulating Antibody-IR700 Conjugates Prior to Near-Infrared Photoimmunotherapy (NIR-PIT) Using a Commercially
Available Camera Designed for Indocyanine Green. Mol. Pharm. 2021, 18, 1238–1246. [CrossRef] [PubMed]

125. Okuyama, S.; Fujimura, D.; Inagaki, F.; Okada, R.; Maruoka, Y.; Wakiyama, H.; Kato, T.; Furusawa, A.; Choyke, P.L.; Kobayashi,
H. Real-Time IR700 Fluorescence Imaging During Near-Infrared Photoimmunotherapy Using a Clinically-Approved Camera for
Indocyanine Green. Cancer Diagn. Progn. 2021, 1, 29–34. [CrossRef]

126. Ali, T.; Nakajima, T.; Sano, K.; Sato, K.; Choyke, P.L.; Kobayashi, H. Dynamic Fluorescent Imaging with Indocyanine Green for
Monitoring the Therapeutic Effects of Photoimmunotherapy. Contrast Media Mol. Imaging 2014, 9, 276–282. [CrossRef]

127. Inagaki, F.F.; Fujimura, D.; Furusawa, A.; Okada, R.; Wakiyama, H.; Kato, T.; Choyke, P.L.; Kobayashi, H. Diagnostic Imaging
in Near-infrared Photoimmunotherapy Using a Commercially Available Camera for Indocyanine Green. Cancer Sci. 2021, 112,
1326–1330. [CrossRef]

128. Nakamura, Y.; Bernardo, M.; Nagaya, T.; Sato, K.; Harada, T.; Choyke, P.L.; Kobayashi, H. MR Imaging Biomarkers for Evaluating
Therapeutic Effects Shortly after near Infrared Photoimmunotherapy. Oncotarget 2016, 7, 17254. [CrossRef]

129. Vaupel, P.; Multhoff, G. Revisiting the Warburg Effect: Historical Dogma versus Current Understanding. J. Physiol. 2021, 599,
1745–1757.

130. Vaupel, P.; Schmidberger, H.; Mayer, A. The Warburg Effect: Essential Part of Metabolic Reprogramming and Central Contributor
to Cancer Progression. Int. J. Radiat. Biol. 2019, 95, 912–919. [CrossRef]

131. Van der Vos, C.S.; Koopman, D.; Rijnsdorp, S.; Arends, A.J.; Boellaard, R.; van Dalen, J.A.; Lubberink, M.; Willemsen, A.T.M.;
Visser, E.P. Quantification, Improvement, and Harmonization of Small Lesion Detection with State-of-the-Art PET. Eur. J. Nucl.
Med. Mol. Imaging 2017, 44, 4–16. [CrossRef]

132. Aarntzen, E.H.J.G.; Heijmen, L.; Oyen, W.J.G. 18F-FDG PET/CT in Local Ablative Therapies: A Systematic Review. J. Nucl. Med.
2018, 59, 551–556. [CrossRef] [PubMed]

47



Biomedicines 2022, 10, 1662

133. Zhang, X.; Higuchi, T.; Achmad, A.; Bhattarai, A.; Tomonaga, H.; Thu, H.N.; Yamaguchi, A.; Hirasawa, H.; Taketomi-Takahashi,
A.; Tsushima, Y. Can 18F-Fluorodeoxyglucose Positron Emission Tomography Predict the Response to Radioactive Iodine Therapy
in Metastatic Differentiated Thyroid Carcinoma? Eur. J. Hybrid Imaging 2018, 2, 22. [CrossRef]

134. Sano, K.; Mitsunaga, M.; Nakajima, T.; Choyke, P.L.; Kobayashi, H. Acute Cytotoxic Effects of Photoimmunotherapy Assessed by
18F-FDG PET. J. Nucl. Med. 2013, 54, 770–775. [CrossRef] [PubMed]

135. Ito, K.; Mitsunaga, M.; Nishimura, T.; Saruta, M.; Iwamoto, T.; Kobayashi, H.; Tajiri, H. Near-Infrared Photochemoimmunotherapy
by Photoactivatable Bifunctional Antibody–Drug Conjugates Targeting Human Epidermal Growth Factor Receptor 2 Positive
Cancer. Bioconjug. Chem. 2017, 28, 1458. [CrossRef] [PubMed]

136. Nani, R.R.; Gorka, A.P.; Nagaya, T.; Yamamoto, T.; Ivanic, J.; Kobayashi, H.; Schnermann, M.J. In Vivo Activation of Duocarmycin-
Antibody Conjugates by Near-Infrared Light. ACS Cent. Sci. 2017, 3, 329–337. [CrossRef]

137. Nagaya, T.; Gorka, A.P.; Nani, R.R.; Okuyama, S.; Ogata, F.; Maruoka, Y.; Choyke, P.L.; Schnermann, M.J.; Kobayashi, H.
Molecularly Targeted Cancer Combination Therapy with Near-Infrared Photoimmunotherapy and Near-Infrared Photorelease
with Duocarmycin–Antibody Conjugate. Mol. Cancer Ther. 2018, 17, 661–670. [CrossRef] [PubMed]

48



Citation: Balhaddad, A.A.; Mokeem,

L.; Khajotia, S.S.; Florez, F.L.E.; Melo,

M.A.S. Perspectives on Light-Based

Disinfection to Reduce the Risk of

COVID-19 Transmission during

Dental Care. BioMed 2022, 2, 27–36.

https://doi.org/10.3390/

biomed2010003

Academic Editor: Wolfgang Graier

Received: 20 December 2021

Accepted: 7 January 2022

Published: 10 January 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Review

Perspectives on Light-Based Disinfection to Reduce the Risk of
COVID-19 Transmission during Dental Care

Abdulrahman A. Balhaddad 1,2, Lamia Mokeem 1, Sharukh S. Khajotia 3, Fernando L. Esteban Florez 3

and Mary A. S. Melo 1,4,*

1 Dental Biomedical Sciences, University of Maryland School of Dentistry, Baltimore, MD 21201, USA;
aabalhaddad@umaryland.edu (A.A.B.); lsmokeem@umaryland.edu (L.M.)

2 Department of Restorative Dental Sciences, College of Dentistry, Imam Abdulrahman Bin Faisal University,
Dammam 31441, Saudi Arabia

3 Department of Restorative Sciences, Division of Dental Biomaterials, College of Dentistry, The University of
Oklahoma Health Sciences Center, Oklahoma City, OK 73117, USA; sharukh-khajotia@ouhsc.edu (S.S.K.);
fernando-Esteban-Florez@ouhsc.edu (F.L.E.F.)

4 Division of Operative Dentistry, Department of General Dentistry, University of Maryland Dental School,
Baltimore, MD 21201, USA

* Correspondence: mmelo@umaryland.edu

Abstract: Severe Acute Respiratory Syndrome 2 (SARS-CoV-2) is a positive-sense single-stranded
RNA coronavirus capable of causing potentially lethal pneumonia-like infectious diseases in mam-
mals and birds. The main mechanisms by which SARS-CoV-2 spreads include airborne transmission
(aerosols and droplets) and the direct exposure of tissues (conjunctival, nasal, and oral mucosa)
to contaminated fluids. The aerosol formation is universal in dentistry due to the use of rotary
instruments (handpieces), ultrasonic scalers, and air–water syringes. Several layers of infection
control should protect key stakeholders such as dentists, dental staff, and patients. These include
the utilization of personal protective equipment, high-volume evacuation systems, pre-procedural
mouthwashes, rubber dam, and more recently, antimicrobial photodynamic therapy and intra-oral
visible light irradiation. These non-specific light-based approaches are relatively simple, inexpensive,
and effective against viruses, bacteria, and fungi. Therefore, the present perspective review discusses
the current efforts and limitations on utilizing biophotonic approaches as adjunct infection control
methods to prevent the transmission of SARS-CoV-2 in dental settings. In addition, the present
perspective review may positively impact subsequent developments in the field, as it offers relevant
information regarding the intricacies and complexities of infection control in dental settings.

Keywords: photodynamic therapy; coronavirus; low-level light therapy; photochemotherapy

1. Introduction

Coronaviruses are a large family of viruses that include the Middle East Respiratory
Syndrome (MERS-CoV), Severe Acute Respiratory Syndrome (SARS-CoV), and Severe
Acute Respiratory Syndrome 2 (SARS-CoV-2), which is responsible for the ongoing coro-
navirus disease (COVID-19) pandemic. These are known to cause infectious respiratory
diseases in birds and mammals that range from the common cold to more severe and
potentially lethal pneumonia-like diseases. SARS-CoV-2, a positive-sense single-stranded
RNA virus, was transferred from bats (original host) and pangolins (intermediate host) to
humans in wet markets in Wuhan [1]. According to Chinese health authorities, COVID-19
is clinically translated in patients in the form of flu-like symptoms, including fever (low
to mild), runny nose, sputum production, abnormal CT scans of the lungs (opaque glass),
and respiratory dysfunction [2]. Even though SARS-CoV-2 incubation times are restricted
to between 5 and 6 days, 14 days of quarantine are typically recommended to individuals
with suspected COVID-19 exposure, [3] as recent reports indicate that infected patients may
continuously shed significant SARS-CoV-2 quanta (viral dose required to cause infection).
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The highly contagious characteristics of SARS-CoV-2, its airborne transmission mecha-
nisms, the occurrence of asymptomatic [4] and/or super-spreaders associated with intense
intercontinental air travel have significantly favored the exponential spread of this virus
amongst humans. These combined factors resulted in global proportions (5) characterized
by unprecedented occupational challenges for healthcare workers, including physicians,
nurses, dentists, and staff members. Such an event has overwhelmed the healthcare system
of numerous countries and was shown to affect people independently of their socioeco-
nomic status, gender, color, or age [5]. Despite the concerning mortality rates previously
reported (2–15%), most cases are associated with mild symptoms that do not require any
medical intervention or emergency care. However, in severe cases, affected patients display
life-threatening conditions, such as dyspnea, acute respiratory distress syndrome (ARDS),
acute cardiac injury, acute hepatic injury, acute kidney injury, and multi-organ failure. [6]

SARS-CoV-2 is transmitted via aerosols (<50 μm) and droplets (>50 μm) [7] formed
during breathing, speaking, sneezing, and coughing [8,9]. Generated aerosols have been
shown to remain suspended in air (still or turbulent) for long periods while maintaining
their infectious nature for up to 3 h [10]. The settling of aerosols with potential pathogenic
behavior on surfaces (polymeric, ceramic, or metallic) is also of concern for health care
settings because contaminated surfaces may act as transmission sources [11].

Once a significant amount of virus has been inhaled by the host, primary viral repli-
cation occurs at the upper and lower respiratory tracts. [7] According to Ni et al., the An-
giotensin Convertase Enzyme 2 (ACE2), which is a homolog of the angiotensin-converting
enzyme (ACE), mediates SARS-CoV-2 infection by allowing the viral spike glycoprotein
(two-part protein; S1—primary attachment, S2—viral infusion) to specifically bind to host
cells’ membrane receptors. After initial attachment, virus’ and host cells’ membranes fuse,
and viral RNA is then released into the cytoplasm, thereby establishing the COVID-19
infection. Even though varying levels of ACE2 expression have been found in different
tissues and organs, recent studies have demonstrated that lungs display the highest lev-
els of ACE2 expression in the human body. Other studies have found that SARS-CoV-2
display binding affinities to ACE2 10 to 20 times higher than those previously reported
for SARS-CoV-1 [12], which indicates a multifactorial process (aerosol transmission, ACE2
expression, and affinity) by which SARS-CoV-2 preferentially attacks the lungs [13].

ACE2 has important and broad biological functionalities in negating the renin–
angiotensin system’s role (RAS) in numerous diseases, such as hypertension, myocar-
dial infarction, and heart failure. In addition, ACE2 has also been identified in multiple
sites within the oral cavity, including the tongue, gingival tissues, and buccal mucosa,
which indicates that the oral cavity could work as a port of entry for SARS-CoV-2. [14]

2. SARS-CoV-2 Transmission in Dental Settings

Even though the current scientific evidence is not conclusive in demonstrating the
transmission of SARS-CoV-2 in dental settings due to routine dental procedures (e.g.,
prophylaxis, cavity preparation, and ultrasonic scaling), it has been shown that SARS-CoV-
2 is present in saliva. According to recent studies, SARS-CoV-2 is transferred from the
respiratory tract to the oral cavity via liquid droplets and blood from gingival cervical fluids
or salivary glands [15]. Despite this knowledge gap, it is well known that aerosol generation
is ubiquitous in dentistry, which is considered critical for transmitting SARS-CoV-2 [16].
Previous reports have indicated that the amount of aerosol generated is procedure-specific.
The amount of aerosols in dental prophylaxis, cavity preparation, root planing and scaling
is dependent on the type of handpiece used (low- and high-speed rotary instruments,
ultrasonic scalers, and air/water syringes) (Figure 1). The hands-on nature and limited
field of view characteristic in dentistry practice obligate both dentists and dental assistants
to work nearby (almost face-to-face) to the source where aerosols with potential pathogenic
behavior are generated (e.g., the oral cavity).
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Figure 1. Aerosols generated by air–water syringes hit the hard and soft oral tissues, causing
contaminated aerosols, which could be a source of transmitted infection.

In this critical scenario, several manuscripts have indicated that dental settings are
particularly susceptible to transmitting different types of microorganisms, including bacte-
ria, fungi, and viruses (Figure 2). In addition, other viruses (noroviruses, rabies, hepatitis B
and C, human papillomavirus, Epstein–Barr, herpes simplex, HIV, etc.) [17,18] are present
in the oral cavity. These can be efficiently transmitted during dental procedures because
aerosols typically get in touch with saliva, dental plaque, and blood [19]. Therefore, based
on the context presented and considering the intrinsic characteristics of SARS-CoV-2′s and
its transmission mechanisms, it is possible to affirm that the oral cavity is a potential source
for the transmission of SARS-CoV-2. In a recent report conducted among 2195 dentists in
the United States, approximately 0.9% of them were tested positive for SARS-CoV-2 [20].
As aerosols are associated with higher risks for SARS-CoV-2 transmission, many dental
organizations have released new infection control protocols in dental settings [21,22].

Figure 2. Infectious diseases, including COVID-19, can be directly or indirectly transmitted.

3. Infection Control in Dental Settings

Oral care providers must be familiar with SARS-CoV-2 transmission routes in dental
settings. Recently proposed approaches are implementing remote screening procedures
(Zoom, Skype, and FaceTime) before the dental visit (24) and limiting the number of
key stakeholders in the building to allow for social distancing and the maintenance of
fundamental clinical skills operations. It is also essential to frequently disinfect surfaces
in clinical (dental chair, cabinets, floors, etc.) and non-clinical areas (restrooms, chairs,
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sofas, front desk, etc.) that are directly or indirectly exposed to aerosols generated during
routine clinical care. Besides, oral care providers should recognize patients with suspected
exposure to SARS-CoV-2 or those displaying symptoms of COVID-19 and refer them for
further testing and potential treatment, as necessary [23]. To prevent any physical contact
with patients during screening procedures and before granting them access to the building,
it is advisable that the dental staff use free-hand forehead thermometers to measure patients’
temperatures. However, even though laser-based thermometers offer the advantage of a
contactless screening procedure, some reports have indicated that these devices cannot
accurately determine patients’ temperatures when the weather is cold [24]. Consequently,
repeated temperature measurements in non-clinical areas (e.g., waiting room) are necessary
before executing any dental procedure [25].

Based on the highly infectious nature of SARS-CoV-2, its transmission routes, and
the clinical practice of dentistry, which generates large volumes of aerosols with potential
pathogenic behavior, it is recommended that three levels of protective measures (primary,
secondary, and tertiary) be used [19]. The primary protection level is intended to create a
physical barrier that protects the operator and the supporting staff and includes disposable
gloves, gowns, surgical masks, N95 masks, goggles, and face shields. Secondary protection
involves using disposable isolation clothing over primary protection to further prevent the
operator’s exposure and shield staff from exposure to highly contagious organic contam-
inants. Finally, the tertiary level of protection is based on the utilization of containment
clothing (also known as Haz-suits) and P95 respirators to fully isolate the operator and
supporting staff when a COVID-19 positive patient must be admitted into the dental clinics
for emergency dental care [19].

Recent reports have suggested using high-volume saliva evacuators, aerosol contain-
ment devices, and four-hand techniques to minimize aerosols’ generation with pathogenic
behavior in dentistry [26,27]. Despite this critical scenario, elective dental procedures are
being conducted in many countries without proper mitigation strategies and independently
of the risks of the transmission of SARS-CoV-2. According to Samaranayake, Reid, and
Evans (33), dental dams’ intraoral utilization can efficiently control approximately 70%
of all airborne particles generated during routine dental treatment. Therefore, it should
be used as a mechanism to diminish the transmission of SARS-CoV-2 in dental settings.
Anti-retraction handpieces are another critical layer of protection in clinical dentistry. These
prevent the backflow of liquids containing microorganisms commonly found in the oral
cavity into the handpiece’s tubbings [28] and has been shown to decrease the potential for
hepatitis B transmission. Detailed guidelines for the safe treatment of patients in dental
offices during the COVID-19 pandemics can be accessed at the Centers for Disease Control
and Prevention (CDC) [22].

4. Preprocedural Disinfection to Prevent the Spreading of SARS-CoV-2

The use of antiseptic mouth rinses before dental procedures has been shown to reduce
the microbial load inside the oral cavity, thereby diminishing the risk for the transmission of
infectious diseases in dental settings. Chlorohexidine, the most commonly used mouth rinse
in dentistry, was demonstrated not to be effective against SARS-CoV-2 [9,29]. However,
ongoing investigations have shown possibilities of contributions to reduce viral load. One
study has shown that using 0.12% chlorhexidine as a mouth rinse could suppress the
activity of SARS-CoV-2 inside the oral cavity for 2 h [30]. Another study has indicated that
combining ethanol with chlorohexidine increases the chances for the inactivation of SARS-
CoV-2 [31]. Another recently tested approach involved the utilization of povidone-iodine
(PVP-I) as a rinse to inactivate SARS-CoV-2 [32,33].

The efficacy of hydrogen peroxide-containing mouth rinses has also been tested, and
reported results have demonstrated that these materials only displayed limited inactivation
levels against SARS-CoV-2 [33,34]. Therefore, it can be concluded that different mouth
rinses display varying inactivation levels against SARS-CoV-2 and that their utilization
should not be focused on preventing SARS-CoV-2 transmission in dental settings. Further
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investigations are necessary to elucidate the mechanisms of action by which these materials
may exert unintended antiviral actions against SARS-CoV-2 and determine whether their
long-term utilization may increase the risks associated with developing multi-drug resistant
bacteria in the oral cavity. In this context, non-specific, broad range, and inexpensive
disinfection strategies must be developed, investigated, and validated to mitigate the
potential for transmitting infectious diseases in dental settings.

5. Current Trends in Light-Based Oral Disinfection

The use of antimicrobial photodynamic therapy (aPDT) to disinfect dental tissues (soft
and hard) has been reported in previous studies [35,36]. aPDT has been shown to effectively
reduce oral cariogenic bacteria’s viability and those implicated in gingivitis, periodontitis,
peri-implantitis, and root canal infections [37]. In this technique, a photosensitizer is
typically used in combination with a specific wavelength to generate large quantities
of different reactive oxygen species (ROS) such as singlet and triplet oxygen [38]. and
These highly oxidative and short-lived species can oxidize, in a non-specific manner,
the membranes of numerous microorganisms present in the oral cavity [39]. aPDT is a
minimally invasive and ultraconservative technique with several advantages compared to
traditional antibiotic disinfection approaches, including its broad-spectrum efficacy against
bacteria, fungi, and viruses and its implementation is fast and inexpensive [40,41]. Several
studies have also demonstrated that the long-term utilization of aPDT does not induce the
development of resistant bacteria because its mechanism of action does not depend on a
structure or metabolic pathway [42]. The vast majority of studies investigating the efficacy
of aPDT against oral microorganisms have focused on specific target sites such as teeth,
periodontal tissues, root canals, or alveolar bones. However, a few reports are available
regarding the use of aPDT as a disinfecting approach for the entire oral cavity [43]. In the
disinfection approach, the patient is asked to rinse his/her mouth with a photosensitizer’s
solution, and then, a light irradiation is used to activate the photosensitizer and disinfect
the oral cavity (Figure 3).

In 2012, Araujo et al. investigated the efficacy of aPDT to promote oral cavity disinfec-
tion in a pilot clinical trial for the first time in dentistry [44]. In that study, participants were
instructed not to use any antibiotics or be subjected to professional dental hygiene before
the study. Participants fasted for 12 h before collecting saliva samples (before aPDT). After
baseline saliva collection, participants were required to swish the curcumin photosensitizer
for 5 min forcefully. After that, a visible wavelength (457 nm ± 15 nm) emitted from a
light-emitting diode (LED, 67 mW/cm2) was used to irradiate the oral cavity for 5 min
(20.1 J/cm2). Participants in the control group swished the photosensitizer for 5 min, but
the light was not used. Immediately after the intervention (aPDT), saliva samples were
collected to assess the presence and quantity of common oral microorganisms. Results
reported lower microbial loads in participants treated with aPDT than those observed in
the control group.

Even though all participants in the aPDT group have had microbial loads lower than
baseline levels, 50% of those participants displayed microbial reductions higher than 80%.
However, in the control group, most participants (>50%) did not show any reduction in
the observed microbial load. In combination, the findings reported by Araujo et al. in
2012 indicate that aPDT has a solid potential to be used as an adjunct preprocedural disin-
fection technique to diminish the transmission of airborne infectious diseases. However,
despite these promising results, the study cited did not investigate the efficacy of protocols
proposed in controlling the oral microbial load 30 to 60 min after the intervention. Such
determination is critically important in today’s day and age because most dental proce-
dures last for almost an hour and generate large quantities of aerosols with pathogenic
behavior [44]. Based on a substantial amount of promising results, [43] the research group
led by Dr. Bagnato in Brazil advances the clinical investigation on the efficacy of aPDT
approaches to prevent oral infections by conducting a two-arm-randomized clinical trial.
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Figure 3. Antimicrobial blue light therapy (aBLT) is a possible alternative way to control COVID-19
transmission during dental care. Patients are asked to rinse their mouth with a photosensitizer-
containing solution. Then, the entire oral cavity is irradiated with light in a specific wavelength to
activate the photosensitizer (A). aBLT can also be applied to other areas at risk of infection or to be
treated which can also be disinfected in this intended approach (B,C).

Leite et al. [43] conducted a study under similar conditions but with higher clinical
relevancy because saliva collections took place before disinfection, immediately after aPDT,
and 1 and 2 h after that [43]. In that study, participants were then divided into three
groups (aPDT, light irradiation only, and curcumin only) and were asked to use 20 mL
of curcumin (30 mg/L) for 5 min, followed by visible light irradiation (455 nm ± 15 nm)
of the oral cavity for 5 min (∼=200 J/cm2). Time-dependent (immediate, 1 h and 2 h after
aPDT) analysis of results demonstrated that aPDT could exert significant and sustainable
microbial load reductions in the order of 1-log (90%) compared to baseline values. These
promising results were not observed in groups subjected to either light irradiation or
curcumin alone, thereby underscoring the necessity to combine light irradiation with a
photosensitizer to promote ROS and the consequent death of oral microorganisms. These
are critical results because most routine dental visits are usually restricted to a couple of
hours. Therefore, determining aPDT’s long-term efficacy to disinfect the oral cavity is of
fundamental importance to diminish the chances of transmitting infectious diseases in
dental settings (Box 1) [43].
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Box 1. Summary of the clinical studies concerning the use of antimicrobial photodynamic therapy
(aPDT) to disinfect the oral cavity prior to dental procedures.

• The most frequently used photosensitizer to disinfect the oral cavity is curcumin at the follow-
ing concentrations: 25 mg/L; 30 mg/L; 100 mg/L; 1 g/L, and 1.5 g/L.

• Typical doses of energy used include 20.1 J/cm2, 85 J/cm2, 100 J/cm2 and 200 J/cm2.
• Concentration-dependent mechanism (higher concentration = higher reductions).
• High curcumin concentrations were found to exert long-term (24 h) effects.
• Future studies should consider different photosensitizers and energy doses.
• aPDT disinfection approaches cited should be investigated against SARS-CoV-2.

In 2016, Panhóca et al. tested the efficacy of aPDT mediated by visible light and
curcumin combined or not to sodium dodecyl sulfate (surfactant with known antibacte-
rial properties) as an oral decontamination approach for patients with fixed orthodontic
appliances. In that study, participants were randomly distributed into four groups: aPDT
(curcumin (1 g/L) + light irradiation (450 nm ± 10 nm)), PDT (curcumin (1 g/L)+ sodium
dodecyl sulfate (SDS, 0.1%)) + light irradiation (450 nm ± 10 nm)), light irradiation alone
(450 nm ± 10 nm), and 0.12% chlorhexidine gluconate (CHX) [45]. Participants were then
requested to forcefully swish the photosensitizer solution with and without the surfactant
for 2 min. The intraoral irradiation was then performed for 5 min, with a dose of energy of
approximately 100 J/cm2. Participants in the group subjected to CHX forcefully swished
the solution for 30 s.

In all groups, saliva collection occurred immediately after swishing (curcumin alone,
curcumin + surfactant or 5% DMSO in water), and immediately after the aPDT. The ob-
served microbial load reductions indicated that the tested protocols established a decreasing
efficacy order by which the investigated treatments could be rank-ordered in terms of their
antimicrobial potential, as follows: CHX > aPDT + SDS > aPDT > light only. The reported re-
sults not only confirm that aPDT can reduce the oral microbial load in orthodontic patients
with fixed appliances but have also indicated that surfactants such as SDS may be used
in combination to improve the efficacy of aPDT. Therefore, additional studies should be
conducted to expand the parameters tested and investigate the effectiveness of light-based
approaches against SARS-CoV-2. In addition, it is recommended that follow-up studies
consider collecting saliva after 1 and 2 h to explore the intervention’s sustainability.

The previous study concerning the use of PDT for oral cavity disinfection was conducted
among 50 healthy participants. Visible light (either 450 nm ± 10 nm or 630 nm ± 10 nm) emit-
ted from LED light sources were used to irradiate either curcumin (25 and 100 mg/L) or
Photogem (25 and 100 μg/L) [46]. Saliva collection was performed immediately following
aPDT and 24 h after. Even though aPDT mediated by curcumin (25 mg/mL) and blue
light was shown to reduce the microbial load by 1-log immediately after the intervention, a
similar trend could not be observed after 24 h. However, when the aPDT was mediated by
curcumin at higher concentrations (100 mg/mL), the immediate microbial load reduction
of 1-log was observed after the intervention and maintained for up to 24 h, suggesting a
concentration-dependent mechanism, by which sustainability may be achieved through
biophotonic approaches. For Photogem, both concentrations tested (25 and 100 μg/mL)
immediately induced significant microbial reductions (1-log and 1.5-log, respectively).
Furthermore, the results at 24 h indicated microbial loads similar to baseline levels and
those on control groups.

In combination, aPDT mediated by curcumin (100 mg/mL) and blue light irradiation
may exert microbial load reductions that last for up to 24 h, which indicates that these
techniques could be used to significantly decrease the microbial load in the oral cavity
when lengthy procedures (orthognathic surgeries, facial reconstruction, and full mouth
rehabilitation) are to be performed. On the other hand, aPDT mediated by Photogem and
red light irradiation could be efficiently used to significantly decrease the oral cavity’s

55



BioMed 2022, 2

microbial load for short periods. Additional studies are made necessary to further explore
the long-term efficacy of Photogem against the oral cavity microbial load [46].

The current scientific evidence on biophotonic techniques suggests that aPDT can
be safely and effectively used as adjunct preprocedural disinfection protocols to decrease
the microbial load in the oral cavity and potentially reduce the spreading of highly in-
fectious viral diseases in dental settings [47]. Despite these indications, it is crucial to
understand previous reports’ limitations when using published results (from in vitro, in
situ, and in vivo studies) to prove safety and clinical efficacy. The significant restriction
relies on reducing oral bacteria, and no reports are available to substantiate the efficacy of
biophotonics techniques against SARS-CoV-2. Even though it has been documented that
aPDT is effective against several oral and respiratory viruses, including herpes simplex
and oral human papilloma, the effect of aPDT against SARS-CoV-2 in saliva has not been
established to date.

Therefore, studies should be conducted using similar experimental designs to address
the viral load and viability of SARS-CoV-2 in saliva following aPDT protocols. Indocyanine
green (ICG) irradiated by a diode laser was found helpful in inactivating herpes simplex
types 1 and 2 isolated from the oral cavity in two studies [48,49]. In addition, several
studies have reported that ultraviolet irradiation can efficiently inactivate different types of
coronaviruses [50].

6. Perspective and Future Outlook

Based on the reported evidence, light-based approaches to disinfect the oral cavity
before regular dental exams or treatments are promising but not thoroughly investigated.
Studies on the efficacy of aPDT in reducing SARS-CoV-2 levels in the oral cavity and
suspended in saliva are lacking. Some points should be considered when designing
future clinical trials in this area. Optimum dosimetry (wavelength, power intensity, time,
continuous, pulsed, etc.), photosensitizer type and concentration, pre-irradiation time, and
the use of surfactants are some of the relevant parameters. For intra-oral applications, it is
crucial to determine the effect of influencing factors, such as the position of the light source
concerning the oral cavity, irradiation angle (to control non-linear scattering and reflection
phenomena), and distance light tip-target area, to name a few. Light-based disinfection
approaches that seek to reduce viral and bacterial load can help prevent transmission
during dental care, but must be placed in a broader oral health context, recognizing that a
single approach using light is insufficient to address the need to prevent the spreading of
SARS-CoV-2 in dental settings.
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Abstract: PDT is a two-stage treatment that combines light energy with a photosensitizer designed
to destroy cancerous and precancerous cells after light activation. Photosensitizers are activated
by a specific wavelength of light energy, usually from a laser. The photosensitizer is nontoxic until
it is activated by light. However, after light activation, the photosensitizer becomes toxic to the
targeted tissue. Among sensitizers, the topical use of ALA, a natural precursor of protoporphyrin IX,
a precursor of the heme group, and a powerful photosensitizing agent, represents a turning point
for PDT in the dermatological field, as it easily absorbable by the skin. Wound healing requires a
complex interaction and coordination of different cells and molecules. Any alteration in these highly
coordinated events can lead to either delayed or excessive healing. The goal of this review is to
elucidate the cellular mechanisms involved, upon treatment with ALA-PDT, in chronic wounds,
which are often associated with social isolation and high costs in terms of care.

Keywords: 5-aminolevulinic acid (ALA); angiogenesis; acute wounds; cellular infiltrate; chronic
wounds; mast cells; photodynamic therapy; nerves; neurons; wound healing

1. The Photodynamic Therapy

In 1903, Von Tappeiner, in collaboration with Jesionek, demonstrated the therapeutic
action of light combined with a photosensitizer and oxygen, and coined the term “Photo-
dynamic action” [1]. Since that time, many researchers have experimentally verified the
veracity of the efficacy on different biological structures. In medicine, the use of PDT is now
widely documented and well-codified for the treatment of oncological and non-oncological
diseases. In dermatology, the use varies from oncological pathologies such as basal cell
carcinoma, squamous cell carcinoma, actinic and non-oncologic keratoses, bacterial, fungal,
viral, immunological or inflammatory infections, to the treatment of chronic wounds, and
finally, cosmetology for photorejuvenation [2–5]. PDT is based on the cytotoxic action
of some hyperactive oxygen species (i.e., a type of unstable oxygen molecule that easily
reacts with other molecules in a cell; a build-up of reactive oxygen species in cells may
cause damage to DNA, RNA, and proteins, and potentially induce cell death [6]), especially
singlet oxygen, but also superoxide anions and hydroxyl radicals, generated by the transfer
of energy and/or electrons from the photoexcited oxygen sensitizer. Three important
mechanisms are responsible for the efficacy of PDT: (1) direct death, or inflammation, of
tumor cells, (2) damage to tumor vessels, (3) immunological response associated with the
stimulation of leukocytes and release of interleukins and other cytokines, growth factors,
complement components, acute phase proteins, and other immunoregulators [2–5]. In
wound healing, recent studies show the efficacy of PDT for its antibacterial activity, in
attacking the biofilm, and in remodeling the extracellular matrix by activating MMPs, thus
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inducing changes in the collagen of the extracellular matrix for the tissue healing process.
In addition, PDT induces cellular changes, which is the phenomenon observed during the
course of tissue repair [2–5].

2. Photosensitizers

PDT is a treatment that uses a photosensitizer (administered topically or systemically),
light (which interacts with the substance in question), and oxygen to cause selective cell
death by necrosis or apoptosis of the cells “atypically” sensitized, in which the photosensi-
tizer or its precursor—administered topically or intravenously—accumulate selectively.

In summary, the photodynamic effect (through photophysical, photochemical, and
photobiological mechanisms) is mediated by the generation of ROS, a process that depends
on the intracellular interactions of the photosensitizer with light and oxygen [2–5].

The topical use of ALA (Figure 1A), a natural precursor of protoporphyrin IX (Fig-
ure 1B) and, in turn, a precursor of the heme group and a powerful photosensitizing agent,
represents an important turning point in the dermatological field, as it is easily absorbable
by the skin [4,5,7–10]. At the cellular level, the pro-drug, once transformed into proto-
porphyrin IX, causes the production of reactive oxygen species, which induce cell death
in target cells. The presence of ROS in the immediate vicinity of cellular and subcellular
membranes (in particular the mitochondrial ridges) allows the release of cytochrome C,
with consequent activation of the caspase cascade, which ultimately leads to the intrinsic
apoptotic phenomenon. The effect is enhanced by the degeneration of small vessels via a
photodynamic mechanism, and by the triggering of an inflammatory reaction [5–9]. The
concentration of 5-ALA usually depends on the mode of treatment, but the range is between
2–40% systematically, and 30–50 mg/cm2 topically. It is usually applied for less than 4 h,
and it reaches peak accumulation between 3 and 8 h [4,5,7–10].

Figure 1. (A) Fvasconcellos (own work): Structural diagram of aminolevulinic acid. Created
using ACD/ChemSketch 10.0 and Inkscape. This image of a simple structural formula is ineli-

gible for copyright and, therefore, is in the public domain, because it contains no original au-
thorship. (B) Fvasconcellos (own work): Skeletal formula of protoporphyrin IX. Created using
ACD/ChemSketch 10.0 and Inkscape. The copyright holder of this work has released it into the
public domain. This standard applies worldwide. In some countries this may not be legally pos-
sible. I grant anyone the right to use this work for any purpose, without any conditions, unless
such conditions are required by law. (C) Chronic wound: Increased thickness of the epidermis
and richness of cellular infiltrate. Hematoxylin Eosin, Light microscopy, scale bar = 10 microns.
(D) Colocalization between MCs (stained with avidin, in red) and fibroblasts (stained with HSP47, in
green) in PDT-treated chronic wounds. Fluorescence microscopy, scale bar =10 microns (see Table 1
for others information). (E) Colocalization between MCs (stained with avidin, in red) and DCs
(stained with MHC class II, in green) in PDT-treated chronic wounds. Fluorescence microscopy, scale
bar =10 microns (see Table 1 for others information).

60



Biomedicines 2022, 10, 1624

Table 1. Reagents used to stain inflammatory cells.

Substances Target References

HSP 47 (Antibody) Fibroblasts [11]
Avidin (Egg white protein linking biotin) MCs [12]

MHC class II (Antibody) Dendritic cells [13]

3. Wound Healing

Wound healing makes organisms resilient to injuries, allowing survival [14]. This
process involves the interaction of various elements, such as soluble mediators (such as
cytokines and factors growth), the extracellular matrix, vessels, and various other cell types.
The physiological process underlying tissue repair is traditionally divided into four phases:
coagulation, inflammatory, proliferative, and maturation [15–22].

Coagulation phase: An initial process occurs during the inflammatory phase of
hemostasis, with temporary vasoconstriction caused by release of vasoactive substances by
damaged cells, followed by hemorrhage and subsequent platelet aggregation. The platelets,
as well as being involved in clot formation, are also important producers of cytokines
used in the activation of leukocytes and macrophages. With the aggregation process of the
platelets, a biochemical cascade is then activated, in which dozens of factors are involved
that lead to formation of an insoluble fibrin network [15–22].

Inflammatory phase: The initial vasoconstriction process is followed by vasodilation
mediated by substances such as histamine and serotonin secreted by MCs [23–25]. This
leads to increased blood flow in the area of the wound that determines an initial process of
migration (diapedesis) of elements of blood corpuscles, such as neutrophil granulocytes,
initially, and macrophages, subsequently. There is also increased plasma exudation in
the interstitium. The exudate leads to a swelling of the area bordering the wound, the
formation of which contributes to local acidosis [15–22]. The migration of leukocytes allows
phagocytosis activity at the level of the lesion against pathogenic bacteria and damaged
cells. In addition to phagocytosis, leukocytes are responsible for the production and
secretion of numerous cytokines and growth factors essential for starting the subsequent
phases of the healing process [15–22].

Proliferative phase: The proliferative phase leads to the formation granulation tissue.
During this stage, the fibroblasts play a central role, as they are responsible for the produc-
tion of precursors of collagen, elastin, and other molecules fundamental to the constitution
of the extracellular matrix, and are also implicated in the regulation of migration and
proliferation of the cellular protagonists involved in the re-epithelialization process and
neo-angiogenesis [15–22]. A fundamental role is also played by macrophages and MCs,
which provide a continuous supply of growth factors necessary to stimulate angiogenesis.
The mechanism of neo-angiogenesis is operated by the endothelial cells of the delimiting
vessels at the lesion site, which, undergoing numerous mitotic cycles, give rise to new
vessels capable of supplying trophic substances to the granulation tissue forming at the
wound. At the epidermal level, on the other hand, the keratinocytes arranged at the edges
of the lesion divide and begin to migrate towards the center of the injured site until the
two edges rejoin, at which there is inhibition contact [15–22]. Once an abundant collagen
matrix has been deposited in the wound, the fibroblasts stop producing collagen and the
granulation tissue is replaced by a scar.

Maturation phase: The remodeling of a wound can take up to 1 year. In humans, this
phenomenon is characterized by two single processes, wound contraction and collagen
restoration, where myofibroblasts allow contraction of the wound, with the formation
of a scar both in children and adults [15–22]. During this process, the tensile strength
increases, reaching approximately 80% that of unwounded skin, and is in relation to
collagen crosslinking by lysyl oxidase [15–22].
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4. PDT and Wound Healing

The mechanisms that lead to wound healing upon PDT treatment are not fully under-
stood; however, one of the main reasons is represented by apoptosis, caused by damage to
the cellular and mitochondrial membranes, enzymatic inactivation and arrest of cellular
respiration processes, and the release of cytochrome C, leading to the activation of the
caspase cascade. It has also been observed that PDT modulates the production of MMPs, cy-
tokines, and growth factors by fibroblasts and keratinocytes, substances that can accelerate
wound healing [26–28]. In particular, when the process of remodeling is required, MMPs
are expressed and activated, and their contribution is related to collagen degradation and
extracellular matrix remodeling [26–28].

Some authors have histologically assessed wounds treated with PDT: Mills et al.
showed an improvement in matrix deposition in excision wounds [26], and Corsi et al.,
showed an increase in the thickness of the epidermis (demonstrated by the different
location of the basal membrane), as well as that linked to the response of the inflammatory
infiltrate [29,30]. An early onset of wound re-epithelialization after PDT has been described
by studies in animal models, with the presence of young fibroblasts, fibrin, and granulation
tissue [31].

Regarding the inflammatory process that develops [16,22], the occurrence of the following
have been observed: the degranulation of MCs and neutrophil granulocytes [23–25,29,30], the
formation of oxygen radicals, and the release of lysosomal enzymes and chemotactic agents.
The release of antigens of dead cells, in the presence of inflammatory cytokines, determines
the activation of skin DCs, which, after the presentation of these antigens to T lymphocytes
in the district lymph nodes, stimulates a specific immune response [32].

Occurring simultaneously with the described cellular events, after PDT treatment,
lipids are produced, as well as pro-inflammatory cytokines, such as IL-1β and IL-8, demon-
strating that therapy has a significant effect on the immune system [26–28]. Moreover,
since a balance between the synthesis and degradation of extracellular matrix is required,
it is evident that PDT modulates the production of TGF-β [32], the isoforms of which are
involved in the deposition of collagen fibers [26–28].

5. Chronic Wounds

Wounds that do not heal within 6/8 weeks are considered chronic [33–37]. Numer-
ous factors prevent wound healing. Among local factors, it is necessary to acknowledge
the presence of foreign bodies, tissue maceration, ischemia, infection, and tissue hypoxia.
Among the systemic factors, advanced age, malnutrition, diabetes, and renal disease are,
without doubt, factors of primary importance. In addition, reduction in the secretion of
tissue growth factors, the decompensation between the proteolytic enzymes and their in-
hibitors, and the presence of senescent cells in the microenvironment seem to be particularly
important in the pathogenesis of chronic wounds [33–37].

Chronic venous ulcers are associated with an extremely high psychosocial burden in
terms of morbidity, loss of productivity, functional disability, and emotional distress, caus-
ing depression and social isolation. The difficulty, or even the impossibility, of treating these
types of wounds leads to high costs, in terms of care, for the various communities [33–37].

In general, the processes involved in chronic wound healing are similar to those
in acute wound healing, but their persistence leads to abundant granulation tissue and
possibly fibrosis, scar contraction, and/or loss of function. Undoubtedly, MMPs, which
can damage granulation tissue, are the most actively involved. During wound healing,
cells in the injured area are induced by local mediators to secrete MMPs responsible of
epithelization and proliferation. The dysregulation of MMPs is strongly associated with
chronic wounds. In particular, increased expression of MMP-9 delays ulcer repair in
diabetic patients via the activation of the ERK/AP1 signaling pathway [15,16,21,22].

Prolonged inflammation in chronic wounds [38] is mainly mediated by MCs, neu-
trophils, and DCs (including macrophages), which are attracted to the injured site, where
they release pro-inflammatory and repair cytokines, and hydrolytic enzymes, which remove
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necrotic tissue, clean the wound, and prevent and resolve infection [16,21,24,32,38–40]. T
cells take part in maintaining the pro-inflammatory profile of non-healing skin injuries [32].
Immune cells communicate with keratinocytes through the secretion of various signaling
molecules. However, the contribution of these latter cells to the formation of a chronic
wound is not fully understood [14].

6. PDT and Chronic Wounds

6.1. The Response of Cellular Infiltrate

Among the multiple properties of PDT, there is evidence of a strong cellular infiltrate
response in the treated chronic wound (Figure 1C).

Moreover, in recent studies, it was found that, after PDT therapy in chronic wounds,
there is a significant increase in certain inflammatory cells, such as TNF alfa+ MCs, T regs,
plasmacytoid dendritic cells, MHCII positive dermal DCs [32], and macrophages [40], as
well as an overall expression of TGF beta, which directly correlates with wound’s volume
reduction [32]. TGF beta seems to exert activities in early phases of wound healing, where
it possibly promotes an epithelial–mesenchymal transition, allowing the migration of ker-
atinocytes from the borders towards the wound’s bed [41]. Finally, intercellular correlations
between plasmacytoid dendritic cells and T reg have been found, confirming the fact
that certain DC subsets are highly specialized in inducing regulatory T cell differentiation
and, in some tissues, the local microenvironment plays a role in driving DCs towards a
tolerogenic response [42,43].

Since TGF beta is also able to induce the differentiation of myofibroblasts as part of the
other processes also seen in wound healing [44], in some studies [29,30], it has been reported
that PDT-treated chronic wounds show an abundance of fibroblasts (Figure 1D) compared
to controls and untreated wounds, providing evidence that one of the mechanisms of this
therapy might be the alteration of inflammatory processes, presumably via the activation
of the enzymatic systems produced by the target cells stimulated by PDT, leading to an
eventual healing of the chronic wound. Since the secretion activity of fibroblasts (i.e.,
extracellular matrix) is stimulated by other factors present in the wound microenvironment,
such as histamine by MCs [45,46], the close distances of these cells to fibroblasts (Figure 1D)
and the expression of FGF in their granules, in PDT-treated wounds [30], confirms this
hypothesis. Therefore, after PDT therapy, we can conclude that MCs may send signals for
the recruitment and differentiation of fibroblasts, and these latter cells are involved in the
healing process of chronic wounds.

Indeed, signals produced by MCs may, in turn, be delivered directly to other cellular
types, such as dermal DCs (Figure 1E) [47,48], which are also directly involved in wound
healing [49,50].

It has been established that, upon PDT therapy, MCs increase in number and undergo
degranulation [22,29,30,32]. The origin of the increase in MC number is probably related
to its response to the microenvironment, including the migration of other cells, the differ-
entiation or influx of precursors, and their eventual transformation in MCs [24]. The time
needed for the influx and differentiation of circulating precursors to MCs is not known
exactly. Probably, MCs are not only recruited, but have to be activated to secrete in response
to PDT treatment. The vessels of the papillary dermis appear to be an important site of cell
infiltration and clustering upon therapy; consequently, it is presumable that endothelial
cells, along with the recruitment of pericytes [51], can regulate the recruitment of MCs at
this location [52].

6.2. Neuroimmunomodulation

In healing wounds, the activity of immune system is certainly modulated by the
nervous system [53–55], and delayed wound healing is observed in animal models after
surgical resection of cutaneous nerves [54,55]. Sensory neurons possess several means of
detecting the presence of noxious or harmful stimuli: (1) cytokine receptors, such as IL-1β
and TNFα, recognize the factors secreted by immune cells (e.g., IL-1β, TNFα, nerve growth
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factor), which activates MAP kinases and other signaling mechanisms to increase mem-
brane excitability; (2) distress signal receptors, including TRP channels, P2X channels, and
DAMPs, recognize exogenous signals from the environment (e.g., heat, acidity, chemicals)
and signals endogenous hazards released during trauma or tissue injury (for example, ATP
or uric acid) [56]. Studies have demonstrated that the stimulation of dorsal roots induces
cutaneous vasodilation and enhancement of inflammatory processes [56], consisting of
(a) chemotaxis and subsequent activation of neutrophils, macrophages, and lymphocytes
at the site of injury; (b) degranulation of MCs; (c) an increase in blood flow, which also
allows easier recruitment of inflammatory leukocytes; and (d) dendritic cell activation and
subsequent T helper cell differentiation [32,38,57].

These observations clearly suggest that innervation and neuromediators play a pivotal
physiological role in wound healing. Interactions between nerves and other cells involved
in wound healing, such as MCs, are crucial in the healing process [24,56,58], and MCs are
commonly observed in chronic wound samples [29–31]. An example of this functional
relationship comes from a recent study [59], which investigated, in ALA-PDT-treated
chronic wounds, MC interaction with neuronal cells containing neurotransmitters involved
in wound healing processes, such as CGRP, NGF, NKA, NPY, SP, PGP 9.5, and VIP [53,54].

The results of this study [59] demonstrate that, in chronic wounds treated with ALA-
PDT, there is an increase in neuronal populations containing mediators involved in wound
healing, as well as that relating to the percentage of MCs containing NGF and VIP.

Since NGF and VIP stimulate MC degranulation [57,58], this last fact relates to an in-
crease in the degranulation index of MCs after PDT treatment, as previously shown [29,30],
and is probably related to nerve stimulation. Therefore, the effects of ALA-PDT therapy on
chronic wounds, at least in this model, may probably be due to neuronal activation; there-
fore, nervous fibers can activate various cellular types during wound healing, including
MCs [57,58].

The fact that MCs exhibit numerous interactions with nerve fibers [57,58], and that
the VIP and NGF content in their granules increases [59] after treatment, is interesting.
Keeping this in mind, at least in our model, it can be assumed that MC activity after
therapy (i.e., their degranulation), probably due to a receptor [60], increases the release
of NGF and VIP, which are able to interact with neurons and nerve fibers of the dermis,
thus obtaining an improvement. The activation of nerve fibers could, in turn, be related
to other phenomena, such as the increased secretion of extracellular matrix by fibroblasts,
as has been observed previously [29,30], as well as increases in TGF beta levels [32] and
the response of cellular infiltrates [29,30]. Of course, since these results derive from a
single pilot study, further studies are needed to elucidate a direct correlation between
clinic wound healing improvement and increased of local neuropeptides expression after
ALA-PDT.

6.3. Future Perspective

Among neuronal mediators, particular attention should be directed towards nitric
oxide, a neuromodulator involved in the control of vascular tone and blood pressure [61].
For example, iNOs is upregulated under stress conditions; in fact, in the presence of
inflammatory cytokines and other agents (antigens of pathogens, apoptotic bodies, etc.),
the expression of this enzyme increases, underlining its possible role in the inflammatory
phase of wound healing, in which it could guarantee vasodilation and antibacterial activity.
In our study [62], a strong response of iNOs following photodynamic therapy was reported,
denoting how the latter actively participates in the improvement of the clinical condition
of the wound. Experiments are underway in the laboratory to obtain further elucidation
regarding this observation.

7. Current Limitations

All that has been presented in this review takes on great significance if we consider
that photodynamic therapy is relatively young and, therefore, new indications for its use
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can be discovered in the future. As regards the effects of cellular mechanisms induced by
photodynamic therapy on chronic wounds, the description of these events undoubtedly
suffers from a certain immaturity, as the same chronic wounds still represent unresolved
problems [63,64]. The cellular mechanisms still need to be tested before arriving at any
official therapies. Certainly, the involvement of the nervous system and its interactions
with the immune system must be looked at carefully and understood more fully, as they
can be the key to the resolution of this type of wound if subjected to such therapy.
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Abbreviations

Acronym Denomination
PDT Photodynamic therapy
ROS Reactive Oxygen Species
ALA 5-aminolevulinic acid
Matrix Metalloproteinases MMPs
MCs Mast Cells
Interleukin IL
TGF Transforming growth factor
ERK/AP1 ERK-associated changes of AP1
DCs Dendritic cells
TNF Tumor necrosis factor
BDCA Blood dendritic cell antigen
HSP Heat shock protein
FGF Fibroblast growth factor
UEA Ulex Europaeus Agglutinin
NGF Nerve Growth Factor
MAP Mitogen-activated protein
TRP Transient receptor potential channel
P2X ATP-gated P2X receptor cation channel family
DAMP Damp-associated molecular pattern receptors
ATP Adenosine triphosphate
CGRP Calcitonin Gene Related Peptide
NKA Neurokinin A
NPY Neuropeptide Y
SP Substance P
PGP 9.5 Protein Gene Product 9.5
VIP Vasoactive intestinal peptide
iNOs Inducible isoform of nitric oxide synthase
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Abstract: Orthotopic allograft transplantation (OAT) is a major strategy for solid heart and kidney
failure. However, the recipient’s immunity-induced chronic rejection induces OAT vasculopathy that
results in donor organ failure. With the exception of immunosuppressive agents, there are currently
no specific means to inhibit the occurrence of OAT vasculopathy. On the other hand, far-infrared
(FIR) therapy uses low-power electromagnetic waves given by FIR, with a wavelength of 3–25 μm, to
improve human physiological functions. Previous studies have shown that FIR therapy can effectively
inhibit inflammation. It has also been widely used in adjuvant therapy for various clinical diseases,
especially cardiovascular diseases, in recent years. Thus, we used this study to explore the feasibility
of FIR in preventing OAT vasculopathy. In this study, the model of transplantation of an aorta graft
from PVG/Seac rat to ACI/NKyo rat, and in vitro model of human endothelial progenitor cells
(EPCs) was used. In this report, we presented that FIR therapy decreased the serious of vasculopathy
in OAT-recipient ACI/NKyo rats via inhibiting proliferation of smooth muscle cells, accumulation
of collagen, and infiltration of fibroblast in the vessel wall; humoral and cell-mediated immune
responses were decreased in the spleen. The production of inflammatory proteins/cytokines also
decreased in the plasma. Additionally, FIR therapy presented higher mobilization and circulating EPC
levels associated with vessel repair in OAT-recipient ACI/NKyo rats. In vitro studies demonstrated
that the underlying mechanisms of FIR therapy inhibiting OAT vasculopathy may be associated
with the inhibition of the Smad2-Slug axis endothelial mesenchymal transition (EndoMT). Thus, FIR
therapy may be the strategy to prevent chronic rejection-induced vasculopathy.

Keywords: orthotopic allograft transplantation; far-infrared (FIR) therapy; endothelial progenitor
cells; endothelial mesenchymal transition

1. Introduction

Infrared light is invisible, with a wavelength between 0.75 and 1000 μm, and far-
infrared (FIR) is infrared light with a wavelength >3 μm. FIR therapy uses low-power
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electromagnetic waves with a wavelength of 3–25 μm to improve human physiological
functions. Compared to thermal radiation therapy with 0.75–1.5 μm infrared radiation, the
extremely low-power electromagnetic waves provided by FIR therapy do not easily cause
tissue damage. FIR therapy has been widely used in adjuvant therapy for various clinical
diseases in recent years, since an increasing number of studies have shown that it can
effectively control the occurrence of inflammation. Results from previous clinical studies
suggest that FIR therapy can be used to increase cardiopulmonary exercise tolerance [1,2],
improve patency and flow in arteriovenous fistulas in patients with hemodialysis [3] and
reduce the probability of re-occlusion within one year after percutaneous transluminal
angioplasties [4]. Animal studies have also shown that FIR therapy can increase the ex-
pression of heme oxygenase-1 in testes after ischemic injury [5], increase the biological
effects of skin microcirculation [6], promote sciatic nerve repair in neuropathy [7], promote
ischemia-induced angiogenesis, and restore high glucose-suppressed endothelial progeni-
tor cell (EPC) functions [8]. Previous findings have shown the effectiveness of FIR therapy
in the treatment of systemic diseases, including cardiovascular diseases, diabetes mellitus,
tissue ischemia, malfunction of native arteriovenous fistulas and prosthetic arteriovenous
grafts, chronic pain, and chronic fatigue syndrome [9].

Orthotopic allograft organ transplantation (OAT) have been the major treatment strat-
egy for sever solid organ failure. Given that the presently offered professional approaches
can efficiently regulate severe rejection, it has substantially increased the patients’ short-
term survival rate after transplanted surgery. Nevertheless, the chronic rejection mainly
affects the patient’s long-lasting survival rate.

The alloimmune system attacks the endothelium and epithelium of donor graft, causes
diffuse graft damage and results in vasculopathy. This process is called chronic rejection [10].
Arteries, as well as micro vessels, which cause the parenchyma to be replaced by fibrosis,
reveal hyperplasia of the vascular intima that raise narrowing and occlusion of the vessels
in the transplanted graft [11]. Arterial fibrosis constrains the blood flow, resulting in
graft ischemia and failure in patients after organ transplantation [12]. Therefore, OAT
vasculopathy results from chronic rejection is a critical issue after organ transplantation.

The immune capacity produced by the systemic immunity is one of the major factors
affecting life span of donor graft. The recipient’s immune system recognizes the trans-
planted organ as an invader, and attempts to exclude it. The appropriate regulation of the
immune capacity is crucial for the life span of the transplanted graft, and is also helpful for
the recipient. Immunosuppressive therapy is widely used for patients undergoing organ
transplantation. Its purpose is to control and regulate damage to the graft by the systemic
immune response. Initial immunosuppressive induction and maintenance immunosup-
pressive therapies are included in immunosuppressive therapy. Initial immunosuppressive
induction therapy provides powerful immunosuppressive effects at the hospitalization.
Indeed, the success or failure of maintenance immunosuppressive therapy is a major factor
in determining patient survival that may regulate chronic rejection. Mycophenolic acids
(MPAs), corticosteroids, and calcineurin inhibitors (CNIs) are commonly used drugs for
maintenance immunosuppressive therapy [13]. Additionally, mammalian targets of ra-
pamycin inhibitors (mTORi), azathioprine, IL-2 receptor antagonist, monoclonal antibodies,
and polyclonal antibodies can also be used in solid organ transplant patients [13,14]. Al-
though multiple drugs are available for the control of immune-related rejection in patients
receiving solid organ transplantation, clinicians are still unable to completely and effectively
control the progress of chronic rejection and avoid the occurrence of OAT vasculopathy.
Therefore, under the current framework of medical treatment, it is necessary to actively
search for better preventive strategies for OAT vasculopathy.

FIR therapy is a non-invasive, cheap, and safe procedure that should be easily accepted
by patients. Previous studies have shown that FIR therapy has a significant curative effect
on inflammatory vascular diseases. Therefore, we aimed to explore the feasibility of FIR
therapy for OAT-induced vasculopathy in patients undergoing organ transplantation. In
this study, we transplanted the aorta from PVG/Seac rats into the ACI/NKyo rats and
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compared the severity after 90 days of OAT with and without FIR therapy in animals. We
also analyzed the effects of FIR therapy on chronic rejection in animals and investigated
the possible mechanisms of FIR therapy on OAT-induced vasculopathy. We hope that the
results may increase the suitability of FIR therapy in the adjuvant strategy of prevention in
OAT-induced vasculopathy.

2. Materials and Methods

2.1. Equipment

The FIR therapy device was purchased from WS Far IR Medical Technology Co., Ltd.
(Model: TY-101F, Taipei, Taiwan) which provides a far infrared wavelength of 3–25 μm and
power intensity of 4.95–20 mW/cm2 at a distance of 20 cm. Following the user manual
instructions, FIR therapy was administered directly to the backs of the animals or EPCs at a
distance of 20 cm.

2.2. Animal Study
2.2.1. Authorization of Animal Study

All animals were managed according to the methods accredited by the institutional
animal care committee of Taipei Medical University (certification no. LAC-2020-0047).
Speculative procedures and animal treatment complied with the “Guide for the Care and
Use of Laboratory Animals“ published by the U.S. National Institutes of Health (NIH
Publication No. 85–23, revised 1996).

2.2.2. Orthotopic Aortic Transplantation

Since OAT model of PVG/Seac rat-to-ACI/NKyo rat displays vasculopathy that is
presented in the previous reference [15,16], therefore this model was used in this study.
The 8-week-old and 250–300 g body weight (BW) male ACI/NKyo rats (NBRP rat no. 0001;
recipient rats) and PVG/Seac rats (NBRP rat no. 0080; donor rats) were used in this experiment.

2.2.3. Animal Grouping

Total 20 rats were randomly divided into four groups, fed a normal rodent chow diet
(scientific diet) and kept in microisolator cages on a 12 h day/night cycle. Group 1 consisted
of sham-operated ACI/NKyo rats. Group 2 included OAT-recipient ACI/NKyo rats. Group
3 included OAT-recipient and low-intensity FIR therapy (4.95–8.26 mW/cm2) ACI/NKyo
rats, and treatment beginning the day after surgery. Group 4 included OAT- recipient and
high-intensity FIR therapy (11.7–19.5 mW/cm2) ACI/NKyo rats, and treatment beginning
the day after surgery. All FIR therapies were performed once daily for 40 min during the
experimental period. The transplanted thoracic aortas of rats were removed at day 90 of
the experiment.

2.2.4. Biochemical Measurements and Enzyme-Linked Immunosorbent Assays

Plasma levels of creatinine, blood urea nitrogen (BUN), aspartate aminotransferase
(AST), alanine transaminase (ALT), lactic dehydrogenase (LDH), and blood sugar were
analyzed using a SPOTCHEMTM chemistry system (SP-4410; Arkray, Shanghai, China).
C-reactive protein (CRP; Abcam Inc., Cambridge, MA, USA), transforming growth factor
β1 (TGF-β1; Abcam Inc., Cambridge, MA, USA), High mobility group box 1 (HMGB1;
LifeSpan Biosciences Inc., Seattle, WA, USA), stromal cell-derived factor 1α (SDF-1α; R&D
Systems Inc., Minneapolis, MN, USA), interleukin-2 (IL-2; Abcam Inc., Cambridge, MA,
USA), and interferon-γ (INF-γ; Abcam Inc., Cambridge, MA, USA) were determined by
enzyme-linked immunosorbent assay (ELISA).

2.2.5. Morphological Analysis

After the animals were sacrificed on the 90th experimental day, the transplanted
donor aortas spleens were harvested. Tissues were fixed, embedded in paraffin, and cross-
sectioned for immunohistochemistry and hematoxylin and eosin (H&E) staining. The
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spleens were weighed before fixation. Aortas were also stained with Masson’s trichrome
and picrosirius red. Immunohistochemical staining of aortas was performed using anti-
S100A4 antibody (Cell Signaling Technologies, Danvers, MA, USA) and α-smooth muscle
actin antibody (αSMA; Santa Cruz Biotechnology, Dallas, TX, USA) and the spleen was per-
formed using anti-CD138 antibody (Invitrogen, Thermo Fisher Scientific Co., Carlsbad, CA,
USA) and anti-CD4, anti-CD8, anti-CD11b, and anti-CD20 antibodies, (Abcam, Cambridge,
MA, USA). A light microscope was used to observe the slides.

2.2.6. Flow Cytometry

A flow cytometer was used to analyzed the circulating smooth muscle progenitor
cells (SMPCs) and EPCs in rats. Rat blood was incubated with Cy5-conjugated anti-CD34
(Bioss Antibodies, Woburn, MA, USA), Alexa Fluor 488-conjugated anti-CD133 (Novus
Biologicals, Centennial, CO, USA), phycoerythrin (PE)-conjugated anti-vascular endothe-
lial growth factor (VEGF; Novus Biologicals, Centennial, CO, USA), and PE-conjugated
anti-αSMA (Abcam Inc., Cambridge, MA, USA) antibodies. Isotype IgG was used as a
control (Becton Dickinson, Franklin Lakes, NJ, USA). Circulating EPCs were gated using
CD133+/CD34+/VEGF+ staining in originate from the monocytic cell. Circulating SMPCs
were gated using CD133+/αSMA+/CD34− staining.

2.3. In Vitro Study
2.3.1. Cultivation of Human EPCs and FIR Therapy

Human EPCs were cultured from the total MNCs extracted from the peripheral blood.
The protocol was described in a previous report [17]. EPC characterization was performed
as previously described. When FIR therapy was required for EPCs, we placed the FIR
device in the incubator. We maintained constant humidity and CO2 and monitored the
temperature with a thermometer (37 ◦C).

2.3.2. Tubing Formation Assay

In vitro tube formation assays were performed on EPCs to assess the neovasculogenic
capacity, which is believed to be important for endothelial function. Human EPCs were
treated with recombinant human tumor necrosis factor alpha (TNF-α for 24 h, and FIR
therapy was performed simultaneously every 8 h (3 times in 24 h). After the treatment of
EPCs was completed, an angiogenesis assay kit (Chemicon, Billerica, MA, USA) was used
to investigate the capability of tube formation [18].

2.3.3. Cellular Senescence Assay

Senescence is the negative factor that limits the function of EPCs [19], therefore it was
investigated using a cellular senescence assay. The detail protocol was demonstrated in our
previous report [20].

2.3.4. Migration Assay (Wound-Healing Assay)

The migration assay was used to study the migratory capacity of EPCs, which is
associated with vasculogenesis. The detail protocol was demonstrated in our previous
report [20].

2.3.5. Real-Time Quantitative Polymerase Chain Reactions

Quantitative real-time polymerase chain reaction (qPCR) were performed. Glycer-
aldehyde 3-phosphate dehydrogenase was used as an endogenous control to normalize
differences in mRNA expression. The primers are listed in Table 1.

2.3.6. Western Blotting Analysis

The total and nuclear proteins were extracted, and then subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) of Western blotting. Mouse anti-
vascular endothelial (VE)-cadherin (Millipore Co., Billerica, MA, USA), rabbit anti-von Wille-
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brand factor (vWF)(Millipore Co., Billerica, MA, USA), mouse anti-αSMA (Sigma-Aldrich,
Cambridge, MA, USA), anti-vimentin (Sigma-Aldrich, Cambridge, MA, USA), mouse anti-β-
actin (Santa Cruz Biotechnology, Santa Cruz, CA, USA), rabbit anti-phosphorylated Smad2
(Cell Signaling Technology, Danvers, MA, USA), anti-total Smad2/3 (Cell Signaling Tech-
nology, Danvers, MA, USA), anti-Snail (Cell Signaling Technology, Danvers, MA, USA),
anti-Slug (Cell Signaling Technology, Danvers, MA, USA), and anti-lamin A/C (Cell Signal-
ing Technology, Danvers, MA, USA) antibodies were used. Immunodetection consisted of
exposure to an Imaging System of ChemiDoc-ItTM (UVP, Upland, CA, USA).

Table 1. The primer sequence for real-time RCR.

Gene Forward Primer Reverse Primer

vWF 5′-GGC TGC AGT ATG TCA AGG TGG-3′ 5′-AGA GCC ATT GGT GCA GTG CAG-3′
VE-cadherin 5′-AGA CAA TGG GAT GCC AAG TCB-3′ 5′-AAG ATG AGC AGG GTG ATC ACT G-3′

αSMA 5′-CTA TCA GGG GGC ACC ACT ATG-3′ 5′-CCG ATC CAG ACA GAG TAT TTG CG-3′
vimentin 5′-AGG CAA AGC AGG AGT CCA CTG A-3′ 5′-ATC TGG CGT TCC AGG GAC TCAT -3′
GAPDH 5′-TGC CCC CTC TGC TGA TGC C-3′ 5′-CCT CCG ACG CCT GCT TCA CCA C-3′

vWF, von Willebrand factor; αSMA, alpha smooth muscle cell actin; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

2.4. Statistical Analyses

Values are expressed as mean ± SD. The non-parametric ANOVA, followed by the
Kruskal–Wallis test was used to statistical analyses. Results with a p < 0.05 were considered
statistically significant.

3. Results

3.1. FIR Therapy Affected the Inflammation-Related Proteins Expression, Not the Biochemical
Characteristics, in OAT ACI/NKyo Rats

Biochemical analyses and ELISA were performed to evaluate the effects of FIR therapy
in OAT ACI/NKyo rats. The data were showed in Table 2, the body weight, BUN, creatinine,
ALT, and AST did not differ between control and experimental groups during the study pe-
riod. HMGB1 and LDH are associated with antibody-mediated and chronic rejection [21,22].
Significantly, increased the levels of HMGB1 and LDH in OAT ACI/NKyo rats. The data
showed that OAT increased LDH (baseline: 750.8 ± 37.3; OAT: 1166.2 ± 111.5 IU/L) and
HMGB1 (baseline: 3.2 ± 0.5 ng/mL; OAT: 127.5 ± 89.5 ng/mL) levels. Even with low
intensity of FIR therapy, compare to the pre-OAT group (737.6 ± 26.6 IU/L) the level of
LDH was still higher (1001.0 ± 142.0 IU/L). In contrast, the increased LDH level was con-
trolled upon therapy with high-intensity FIR in the OAT + FIR group (823.7 ± 57.4 IU/L).
Low and high intensity of FIR therapy also decreased the plasma levels of HMGB1 (low
intensity of FIR therapy group: 36.5 ± 19.8 ng/mL; high intensity of FIR therapy group:
35.0 ± 10.9 ng/mL) compared to that in the non-FIR therapy group (127.5 ± 89.5 ng/mL)
in OAT ACI/NKyo rats. These results indicated that FIR therapy might decrease rejection-
mediated tissue damage in OAT ACI/NKyo rats.

3.2. FIR Therapy Decreases Vascular Damage and Accumulation of Collagen in OAT ACI/NKyo Rats

Figure 1 demonstrated the H&E staining of the harvested thoracic aortas. Vasculopathy
has actually been linked in the morbid collagen accumulation [23]. Therefore, Masson′s
trichrome and picrosirius red staining were used to analyze the collagen phenomena.
In fact, no vasculopathy were observed in PVG/Seac rats’ aortas by H&E staining, and
intact visualization of the collagen was performed using Masson’s trichrome staining.
Additionally, picrosirius red staining showed that thoracic aortas from naïve PVG/Seac
rats had thick collagen fibers that presented weak orange to red signal. Additionally, fine
collagen fibers were equally distributed (yellow to green) in the vessel walls. Compared to
the naïve PVG/Seac rat group, thoracic aortas from recipient OAT ACI/NKyo rats showed
vascular integrity damage, blurred elastin laminae, and calcified plaques accumulation
after 90 days of OAT. Interestingly, a slightly vascular integrity damage and calcified
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plaques (vasculopathy) was observed, although slight neointimal formation still existed in
OAT ACI/Nkyo rats receiving low-intensity FIR therapy. Furthermore, high-intensity FIR
therapy may significantly maintain greater vascular integrity and lower OAT vasculopathy
in ACI/Nkyo rats than in non-FIR therapy OAT ACI/Nkyo rats. These results imply that
FIR therapy might prevent OAT vasculopathy and promote the integrity of the aortic vessel
wall in OAT ACI/Nkyo rats.

Table 2. Comparison of biochemical parameters in experimental ACI/NKyo rats (n = 5).

Sham Control OAT
OAT+FIR

Low Intensity
OAT+FIR

High Intensity

baseline 90 days baseline 90 days baseline 90 days baseline 90 days

Body weight (g) 256.8 ± 12.8 340.2 ± 9.5 270.8 ± 10.8 341.6 ± 10.7 258.4 ± 7.6 345.8 ± 4.4 266.2 ± 16.4 346.0 ± 13.5
BUN (mg/dL) 26.5 ± 1.4 29.6 ± 2.4 30.4 ± 2.4 29.6 ± 1.7 28.7 ± 3.1 29.7 ± 2.3 30.5 ± 2.9 33.7 ± 2.3

Creatinine
(mg/dL) 0.4 ± 0.1 0.6 ± 0.1 0.6 ± 0.1 0.5 ± 0.2 0.5 ± 0.1 0.6 ± 0.1 0.6 ± 0.2 0.4 ± 0.2

ALT (IU/L) 26.3 ± 1.6 26.0 ± 1.8 27.7 ± 1.8 28.8 ± 1.2 26.7 ± 1.1 28.0 ± 1.6 26.2 ± 0.9 26.4 ± 1.8
AST (IU/L) 34.4 ± 1.3 33.8 ± 1.3 34.4 ± 1.8 34.6 ± 1.4 33.9 ± 1.2 32.6 ± 1.7 35.2 ± 2.5 34.5 ± 1.7
LDH (IU/L) 786.6 ± 37.8 732.7 ± 20.3 750.8 ± 37.3 1166.2 ± 111.5 ab 737.6 ± 26.6 1001.0 ± 142.0 ab 757.1 ± 30.5 823.7 ± 57.4 c

HMGB1 (ng/mL) 3.3 ± 0.7 3.4 ± 0.5 3.2 ± 0.5 127.5 ± 89.5 ab 2.4 ± 0.9 36.5 ± 19.8 abc 2.5 ± 0.5 35.0 ± 10.9 abc

FIR, far-infrared ray; BW, body weight; OAT, orthotopic aortic transplantation; BUN, blood urea nitrogen; ALT,
alanine transaminase; AST, aspartate transaminase; LDH, lactic dehydrompared. HMGB1, high mobility group
box 1 protein. a p < 0.05 compared with baseline of the same group; b p < 0.05 compared with sham control
ACI/NKyo (non-OAT) group at the same time point; c p < 0.05 compared with OAT (PVG/Seac to ACI/NKyo)
group at the same time point.

Figure 1. FIR therapy reduced allograft vasculopathy in OAT-recipient ACI/Nkyo rats. (upper column)
Thoracic aortas from donor PVG/Seac rats stained with hematoxylin and eosin. The arrows indicate
internal elastic lamina and arrowheads indicate calcified lesions. The images are 40× magnified.
(middle column) The integrity of collagen fibers of thoracic aorta cross-sections was observed using
Masson’s trichome staining. (lower column) Histopathological features and collagen accumulation of
thoracic aorta cross-sections were observed using picrosirius red staining. The slides were observed
via light microscopy and polarized light microscopy, respectively (200× magnification).

3.3. Reduced Proliferation of SMCs and Fibroblasts in the Aortic Wall of FIR
Therapy-Administered OAT ACI/Nkyo Rats

Smooth muscle cells (SMCs) and fibroblasts proliferation play important roles in
allograft vasculopathy. Immunohistochemical staining was used to analyze the effects of FR
therapy on SMCs and fibroblast activities. Antibodies against αSMA and S1000A4 on aortic
sections were used, and the results are presented in Figure 2. Compared to the PVG/Seac
thoracic aorta sections from the naïve group, the sections from the OAT aCI/NKyo rats
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presented a significant accumulation of fibroblasts and SMCs in the hyperplastic area
on the luminal surface at day 90 after transplantation. However, SMCs and fibroblasts
accumulated less in the vessel wall in both the low- and high-intensity FIR therapy groups.
The efficacy of FIR therapy in inhibiting SMCs and fibroblast proliferation was positively
correlated with FIR intensity. These results indicate that minimal inflammation occurred in
the aortic wall of the FIR therapy groups, which may have resulted in reduced adaptive
immune reaction-related SMCs and fibroblast infiltration.

Figure 2. Administration of FIR therapy is effective against SMC and fibroblast activity in OAT-
induced chronic allograft vasculopathy. (A) Immunohistochemistry to assess proliferated SMCs
(αSMA) and fibroblasts (S100A4) in rat thoracic aortas from donor PVG/Seac rats. The lumen is
uppermost in all sections; the images are 200× magnified. Similar regions are shown as enlarged
images (400× magnification) in the black corners. The brown signal indicates αSMA- and S100A4-
positive cells. (B,C) The quantification of cells in high power field (HPF) is displayed in (B,C). The
graphs demonstrate the accumulation of cells in the aortas of rats. The results are expressed as the
mean ± SD. * p < 0.05 was taken into consideration statistically considerable.

3.4. FIR Therapy Reduced Immune Responses in OAT ACI/NKyo Rats

Spleen weight was positively correlated with the rejection-related immune response.
The spleens of experimental animals were weighed. As shown in Figure 3A, the average
weight of the spleen of naive ACI/NKyo rats was 6.5 ± 0.7 g/g BW. The spleens of the OAT
ACI/NKyo rats were significantly heavier than those of the naïve ACI/NKyo rats (approxi-
mately 20.8 ± 1.8 g/g BW). However, administration of FIR therapy may inhibit the spleen
hypertrophy induced by immune response (11.1 ± 0.9 g/g BW in low intensity FIR therapy
group and 7.1 ± 0.8 g/g BW in high intensity FIR therapy group). Additionally, the spleens
were studied by immunohistochemistry to demonstrate the severity of chronic rejection.
CD11b+ macrophage is an antigen-presenting cell, that trigger adaptive responses [24].
In Figure 3B, macrophages were merely presented in the splenic periarterial lymphatic
sheath (PALS) and germinal center (GC) of naive ACI/NKyo rats. In the non-FIR therapy
group after OAT, a lot of macrophages was observed in the PALS and GC. In contrast, OAT
with FIR therapy significantly inhibited the macrophages accumulation in splenic GC and

75



Biomedicines 2022, 10, 1089

PALS. The CD8+ killer T cells and CD4+ helper T cells regulate cell-mediated immunity.
In Figure 3C, the accumulation of helper T cells can be observed in the splenic GC and
PALS in naïve ACI/NKyo rats. Additionally, an increased accumulation of helper T cells
was presented in the splenic GC and PALS in the OAT without FIR therapy group, in
contrast which decreased upon FIR therapy. Similarly, CD8+ killer T cells also infiltrated the
splenic PALS in the OAT ACI/NKyo rats without FIR therapy, which was twisted by FIR
therapy. CD20+ B cells regulate humoral immune responses and it can produce antibodies
after differentiate into CD138+ plasma cells. In Figure 3D, CD20+ cells predominantly
clustered in the GC and mantle zone and fewer CD138+ cells were presented in the splenic
GC, venous sinuses, and mantle zone in naïve group. ACI/NKyo rats with only OAT
demonstrated with a lot of CD20+ cells in the mantle zone and GC, as well as CD138+ cells
were presented in the splenic venous sinuses. In OAT ACI/NKyo rats, high-intensity FIR
therapy resulted in a decreased accumulation of CD20 positive B cells in the GC and mantle
zone. Plasma cells were slightly increased, which was observed in the venous sinuses, GC,
and mantle zone in OAT ACI/NKyo rats without FIR therapy. FIR therapy may decrease
plasma cell accumulation in OAT ACI/NKyo rats. Based on these results, we predicted that
FIR therapy might maintain low levels of cell-mediated and humoral immune responses in
OAT ACI/NKyo rats.

Figure 3. Cont.
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Figure 3. FIR therapy decreased splenic T lymphocytes, plasma cells, B lymphocytes, and
macrophages activation in the OAT-ACI/NKyo rats. (A) The spleens were dissected from experi-
mental rats after they were sacrificed. The weight of the spleen was analyzed and presented in a bar
graph in g/g BW. The results are expressed as the mean ± SD. * p < 0.05 was taken into consideration
statistically considerable. (B) Immunohistochemistry was used to analyze the accumulation of splenic
CD11b+ macrophages in the OAT-recipient ACI/NKyo rats (CA, central artery; PALS, periarterial
lymphatic sheath; GC, germinal center;). The red triangle arrow heads are CD11b+ macrophages. The
images in the column are 200× and 400× magnification, respectively. (C) Immunohistochemistry
was used to analyze accumulation of splenic CD8+ cytotoxic T cells and CD4+ helper T cells in the
recipient rats. The images are presented in 200× and 400× magnification. The CD4+ and CD8+

cells are indicated by red arrow heads. (D) The splenic CD20+ B cells and CD138+ plasma cells
accumulation in the OAT-recipient rats (MZ, mantle zone and VS, venous sinuses). The images in
the column are 200× and 400× magnification, respectively. The red triangle arrow heads indicate
CD138+ cells. The cell nuclei were counted with hematoxylin.
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3.5. FIR Therapy Lower Cytokines and Inflammation-Related Proteins Production in OAT
ACI/NKyo Rats

The inflammation-related proteins and cytokines in OAT ACI/NKyo rats are shown
in Table 3. CRP is an indicator of inflammation and tissue damage [25]; however, the levels
were not significantly different between the baseline and 90 days of OAT in all experi-
mental groups. Additionally, EPC function is related to the occurrence of OAT-induced
vasculopathy [26]. However, SDF-1α is involved in the homing and recruitment of EPCs,
and TNF-α and TGF-β1 negatively regulate EPC function [27] following OAT. Therefore,
we also analyzed whether FIR therapy regulates plasma SDF-1α, TNF-α, and TGF-β1
levels, which are associated with the mechanisms of OAT in ACI/NKyo rats (the results
are presented in Table 3). OAT induced an increase in SDF-1α in ACI/NKyo rats, with or
without FIR therapy, indicating that FIR therapy did not increase SDF-1α production. OAT
resulted in a significant TNF-α (243.8 ± 65.2 pg/mL) and TGF-β1 (418.4 ± 102.6 ng/mL)
increase at day 90 compared to that of the sham control group (61.6 ± 9.8 pg/mL for
TNF-α and 52.5 ± 10.8 ng/mL for TGF-β1). OAT with FIR therapy groups (both low- and
high-intensity FIR) also demonstrated lower plasma TNF-α and TGF-β1 levels. Interferon-
gamma (IFN-γ) mediates transplant vasculopathy through CD8+ or CD4+ T lymphocyte-
associated injury in vascular endothelial cells. Furthermore, cytokines, such as IL-2, cause
a reversible insult to the endothelium at the time of transplantation [28]. Low- and high-
intensity FIR therapy may significantly decrease IFN-γ production, and high-intensity
FIR therapy may significantly lower interleukin-12 (IL-12) secretion in ACI/NKyo rats
after OAT compared to the non-FIR therapy group. Moreover, IFN-γ and IL-12 expression
almost reached basal levels in high-intensity FIR therapy OAT ACI/NKyo rats. Based on
these results, we predicted that FIR therapy might regulate alloimmunity and nonimmunity
factors in appropriate situations.

Table 3. Comparison of OAT vasculopathy-related factors in ACI/NKyo rats (n = 5).

Sham Control OAT
OAT+FIR

Low Intensity
OAT+FIR

High Intensity

Proteins baseline 90 days baseline 90 days baseline 90 days baseline 90 days

CRP (mg/dL) 30.9 ± 6.1 33.5 ± 14.6 33.6 ± 12.5 39.4 ± 8.5 32.6 ± 6.7 32.0 ± 11.7 33.9 ± 13.1 27.9 ± 10.5
SDF-1α (pg/mL) 180.5 ± 42.4 192.2 ± 41.1 200.7 ± 50.8 376.8 ± 103.2 ab 169.1 ± 63.9 367.2 ± 81.5 ab 259.3 ± 95.5 444.2 ± 106.9 ab

TNF-α (pg/mL) 68.2 ± 11.4 61.6 ± 9.8 59.0 ± 9.3 243.8 ± 65.2 ab 62.0 ± 7.0 110.9 ± 44.2 abc 70.1 ± 10.8 113.2 ± 47.7 c

TGF-β1 (ng/mL) 50.6 ± 11.2 52.5 ± 10.8 46.6 ± 13.3 418.4 ± 102.6 ab 41.6 ± 16.9 155.1 ± 54.9 abc 39.0 ± 7.3 136.3 ± 54.6 abc

INF-γ (pg/mL) 2.9 ± 0.8 2.9 ± 0.7 3.5 ± 1.0 23.2 ± 7.5 ab 3.5 ± 1.3 15.5 ± 3.8 abc 3.3 ± 1.5 4.7 ± 1.4 bc

IL-12 (pg/mL) 195.5 ± 38.9 181.6 ± 32.1 202.5 ± 34.7 404.6 ± 88.7 ab 176.7 ± 58.8 327.6 ± 60.3 ab 191.3 ± 45.4 187.7 ± 49.9 c

FIR, far-infrared ray; OAT, orthotopic aortic transplantation; CRP, C-reactive protein; TNF-α, tumor necrosis
factor-alpha; SDF-1α, stromal cell-derived factor 1 alpha; INF-γ, interferon gama; IL-12, interleukin 12; TGF-β1,
transforming growth factor- beta 1; Values are represented as mean ± SD. a p < 0.05 compared with baseline of
the same group; b p < 0.05 compared with sham control ACI/NKyo (non-OAT) group at the same time point;
c p < 0.05 compared with OAT (PVG/Seac to ACI/NKyo) group at the same time point.

3.6. FIR Therapy Mobilized Circulating EPCs, Not SMPCs, in OAT ACI/NKyo Rats

EPCs play critical roles in the repair of damaged vessels [29]. SDF-1α may trigger the
mobilization of circulating EPCs [30]. Additionally, TGF-1β and IFN-γ may command T cell
function and may induce endothelial-mesenchymal transition (endo-MT) in the progression
of OAT-induced vasculopathy [31,32]. As shown in Table 3, performed the FIR therapy
resulted in decreased TGF-1β and INF-γ production in OAT- recipient ACI/NKyo rats.
Therefore, following OAT surgery, the population of circulating CD133+/CD34+/VEGF+

EPCs and CD133+/αSMA+/CD34− SMPCs was analyzed. The results demonstrated
significantly increase in EPCs in ACI/NKyo rats compared to naive /non-OAT ACI/NKyo
rats on the 30th day after OAT, and it was maintained until on the 90th day after OAT
(Figure 4A). On 60th day after OAT, the low- and high-intensity FIR therapy groups
increased the EPCs in circulation compared to the non-FIR therapy. However, high-intensity
FIR therapy continued to maintain a significantly higher number of circulating EPCs on
the 90th day after OAT compared to non-FIR therapy group. Moreover, SMPCs initiate
atherosclerosis. However, flow cytometry showed that the circulating SMPCs was not
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related to FIR therapy (Figure 4B). These results indicate that FIR therapy might promote
increased mobilization of early circulating EPCs compared to non-FIR therapy in OAT-
recipient ACI/NKyo rats.

Figure 4. FIR therapy promotes EPCs mobilization in OAT-recipient ACI/NKyo rats. (A) CD133+/
VEGF+/CD34+ cells (defined as EPCs) mobilization at day 30–90 following OAT in ACI/NKyo rats
were analyzed by flow cytometry. (B) CD133+/αSMA+/CD34− cells (defined as SMPCs) mobilization
at day 30–90 following OAT in ACI/NKyo rats were studied. Quantification of EPCs (left) and SMPCs
(right) in OAT-recipient rats (black bar, naive rats; light gray bar, OAT only rats; dark gray bar, OAT rats
with low intensity of FIR therapy; white bar, OAT rats with high intensity of FIR therapy). All results are
expressed as the mean ± SD (n = 5). * p < 0.05 was taken into consideration statistically considerable.

3.7. FIR Treatment That Regulates the Functions of EPCs May Mediate OAT Vasculopathy

As the EPCs senescence and function are associated with the OAT vasculopathy [26],
we studied the effects of FIR treatment on the activity of EPCs, including tube formation
capability, intracellular β-galactosidase activity, and cellular migratory performance. As
shown in Figure 4A and Table 3, FIR therapy increased the differentiation of mononuclear
cells into circulating EPCs in ACI/NKyo rats, and also decreased the plasma level of the
cytokine TNF-α in OAT ACI/NKyo. We hypothesized that FIR therapy decreases plasma
TNF-α levels and is associated with increased EPC function and activity. Figure 5 shows
the results of the in vitro study. After 24 h of treatment with 2 or 10 ng/mL TNF-α, the tube-
forming phenomena of EPCs was significantly decreased compared to that of the control
(2 ng/mL TNF-α group: 56.4 ± 10.2% of the control; 10 ng/mL TNF-α group: 15.4 ± 9.7%
of the control). In contrast, in the group of FIR treatment, the tube-forming phenomena
was significantly increased (2 ng/mL TNF-α with FIR treatment group: 85.7 ± 10.3% of the
control; 10 ng/mL TNF-α with FIR treatment group: 72.4 ± 9.4% of the control) compared
with that of the 2 or 10 ng/mL TNF-α groups (Figure 5A). Additionally, Figure 5B shows
that compared to the control group, senescence increased following TNF-α treatment
(2 ng/mL TNF-α group: 54.2 ± 7.8% of the control; 10 ng/mL TNF-α group: 89.4 ± 7.5%
of the control). However, compared to the FIR-treated groups, FIR treatment significantly
inhibited the presentation of β-galactosidase-positive EPCs under TNF-α stimulation
(2 ng/mL TNF-α with FIR treatment group: 8.1 ± 2.5% of the control; 10 ng/mL TNF-α
with FIR treatment group: 10.5 ± 4.2% of the control). In addition, a migration assay
was performed to study the effect of FIR treatment on TNF-α-treated EPCs. The EPCs
were then cultured in the presence of TNF-α and FIR treatment, and images were taken
8 h after wounding. Significantly, 10 ng/mL TNF-α decreased the wound closure rate
(10.5 ± 7.8%) compared to that in the control group (85.6 ± 7.4%), whereas FIR treatment
significantly reversed the decline (79.5 ± 8.1%) (Figure 5C). FIR treatment increased the
tube formation capability of naive EPCs but had no significant effect on β-galactosidase
activity and migration activity of naive EPCs. These results indicate that FIR treatment
might effectively promote these functions and prevented EPC senescence.
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Figure 5. FIR treatment promotes the functions of human EPCs. (A) EPCs were stimulated with 2 or
10 ng/mL TNF-α for 24 h with or without high intensity of FIR treatment. An in vitro angiogenesis
assay was used to investigate the effect of FIR therapy on EPC neovascularization. Representative
photos of in vitro angiogenesis are shown. The graph shows the quantification of tube formation by
TNF-α-treated EPCs following FIR treatment. (B) After treating EPCs with TNF-α and high intensity
of FIR for 24 h, cell senescence was analyzed; the diagram shows the quantification of senescent
EPCs. (C) A migration assay was performed to analyze the effect of FIR on TNF-α-treated EPCs.
The 10 ng/mL of TNF-α were treated to EPCs, and adhered to 24 h of FIR treatment before injury
scratching. Photos were taken after 8 h of injuring. Counted the migrated EPCs at the denuded
location according to the black baseline under 100× high-power field. All data are expressed as the
mean ± SD of three independent experiments and as the percentage of the control. * p < 0.05 was
taken into consideration statistically considerable.

3.8. FIR Treatment Regulates the EndoMT of EPCs and May Mediate OAT Vasculopathy

As the endothelial to mesenchymal transition (EndoMT) of EPCs is associated with
the process of OAT vasculopathy [33], Table 3 presents that OAT increased the plasma
TGF-β1 level and reversed by FIR therapy in ACI/NKyo rats. Therefore, we hypothesized
that FIR therapy may decrease plasma TGF-β1-induced EndoMT associated with OAT. We
investigated the effects of FIR treatment on the EndoMT of EPCs, including the expression
of related factors (vWF, VE-cadherin, αSMA, and vimentin). As shown in Figure 6A,
treatment with 2 or 10 μg/mL TGF-β1 for 5 days decreased the expression of vWF mRNA
and VE-cadherin mRNA compared to the control (naive group). Therapy with high-
intensity FIR could reverse the decline in expression of vWF mRNA and VE-cadherin
mRNA in TGF-β1 culture. In contrast, TGF-β1 significantly increased αSMA mRNA
and vimentin mRNA expression, which was significantly prevented by FIR treatment
(Figure 6B). Additionally, Western blot analysis demonstrated that FIR treatment increased
vWF and VE-cadherin expression but reversed αSMA and vimentin expression in TGF-β1-
treated EPCs (Figure 6C). Smad2 phosphorylation is associated with EndoMT. Therefore,
Western blotting was performed to explore the effects of FIR therapy on Smad2 expression
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in TGF-β1-induced EPCs. Figure 6D presented that high-intensity FIR therapy decreased
Smad2 phosphorylation in TGF-β1-treated EPCs. Transcription factors, such as Snail and
Slug, positively regulate the markers expression of EndoMT [34] and mediate the loss
of cellular adhesion in endothelial cells [35]. Therefore, we investigated the effect of FIR
treatment on the activation of Snail and Slug. In Figure 6E, TGF-β1 increased the activation
of Snail and Slug, and FIR treatment inhibited the nuclear translocation of Slug. However,
FIR treatment did not affect the activation of Snail in TGF-β1-stimulated EPCs. According
to these results, we conclude that high-intensity FIR can effectively and stably inhibit
EndoMT by controlling the phosphorylation of Smad2 and activation of Slug transcription
factors in EPCs; however, the role of other signaling pathways that were not analyzed in
this study cannot be neglected.

Figure 6. FIR treatment regulates TGF-β1-induced EndoMT via Smad- and Slug-dependent pathways.
(A,B) Human EPCs were exposed to 2 or 10 μg/mL recombinant human TGF-β1 for 5 days with high
intensity or without FIR treatment. The α-SMA, VE-cadherin, vWF, and vimentin mRNA expression
were evaluated using reverse transcription and qPCR analysis. The expression of related mRNA
expression is normalized to the expression of GAPDH mRNA, is presented as a bar graph. All data
are expressed as the mean ± SD of five independent experiments and as the percentage of the control.
* p < 0.05 was taken into consideration statistically considerable. (C,D) Human EPCs were exposed
to 10 μg/mL TGF-β1 for 5 days with low intensity, high intensity or without FIR treatment. The
total protein expression of the vWF, VE-cadherin, α-SMA, vimentin, and phosphorylated Smad2
were identified by Western blot analysis. β-actin and total-Smad2 were used as loading controls.
(E) Human EPCs were treated with 10 μg/mL TGF-β1 in the presence or absence of FIR treatment
for 5 days. Total nuclear lysates were purified, and the levels of Snail and Slug were analyzed using
Western blotting; lamin A/C was used as a loading control.

4. Discussion

There are many ways to implement FIR therapy in clinical practice [6,36,37], and they
always provide thermal and non-thermal effects to increase blood flow [38,39], maintain
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endothelial function, lower blood pressure [40,41], and regulate nerve function [42,43].
Compared to the other diseases, FIR therapy, has a significant impact on cardiovascu-
lar diseases. Ikeda et al. showed that FIR therapy can increase endothelial nitric oxide
synthase (eNOS) mRNA expression, eNOS protein production, and nitric oxide (NO) lev-
els in cardiomyopathy and heart failure [44], which may be related to the pathway of
increasing Ca2+/calmodulin-dependent protein kinase (CaMKII)-mediated eNOS phospho-
rylation [45]. Increasing eNOS activity and NO content can effectively improve vascular
endothelial and cardiac function, increase cardiopulmonary exercise tolerance [1,2], and
inhibit platelet aggregation and smooth muscle cell migration/proliferation [46]. Addi-
tionally, FIR therapy reduces plasma levels of lipid peroxidation and 8-epi-prostaglandin
F2α [47]. The 8-epi-prostaglandin F2α causes systemic oxidative stress and subsequently
induces atherosclerosis and congenital heart failure. NO production can be increased by
reducing 8-epi-prostaglandin F2α levels and its oxidative stress [48]. This may also be the
mechanism by which FIR therapy improves vascular endothelial cell function and prevents
the occurrence of cardiovascular diseases. EPC differentiation and mobilization in OAT rats
is one of the factors that determines vasculopathy [26]. Additionally, eNOS activity and
NO production can modify the differentiation and mobilization of EPCs [49]. In the present
study, we found that FIR therapy increased the functions of EPCs, including migration and
tube formation capacity, in OAT rats. Although we did not currently analyze the effect
of FIR therapy on NO activity in rats after OAT, based on the results of a previous study
conducted by our group which found that FIR therapy reduced oxidative stress and upregu-
lated NO bioavailability in streptozotocine-induced diabetic mice [8], we speculate that the
vasculopathy prevented by FIR therapy may be related to the regulation of NO activity.

In this experiment, we performed FIR therapy with an FIR emitter, consisting of
electrified ceramic plates, and irradiated 20 cm from the skin for 40 min for each cycle.
FIR therapy provides low energy to steadily increase the skin temperature. We cannot
rule out thermal effects and an effect on the occurrence of OATV in animals following
increased skin temperature. However, we controlled the temperature of the incubator and
experimented with cells at 37 ◦C in an in vitro study. Therefore, we can speculate that the
effects of FIR therapy on cells and tissues are due to its nonthermal effects. Previous reports
have demonstrated that miRNAs are involved in the development of the cardiovascular
system [50] and regulate the occurrence of cardiovascular diseases and function of vascu-
lar endothelial cells [50–52]. Plasma miRNAs, such as miRNA-1, miRNA-17, miRNA-21,
miRNA-92a, miRNA-126, miRNA-133, and miRNA-145, have been considered as markers
of cardiovascular diseases [51,53] and indicators to estimate the course of acute myocardial
infarction [54]. In addition, the functions of EPCs, including proliferation, migration, senes-
cence, apoptosis, mobilization, and differentiation, are regulated by many miRNAs [55].
Therefore, we speculate that FIR therapy may modulate the function of EPCs by altering
the expression of miRNAs under pathological conditions to avoid vasculopathy in patients
with OAT. We are analyzing the possible effects of FIR on the expression of miRNAs in
EPC, and thus to understand the possible roles of miRNAs in the process of FIR treatment
of OAT.

The incident of chronic rejection after OAT refer to the manufacturing of anti-bodies
versus donor-specific leukocyte antigens (HLA) by the recipient [56]. Donor antigen-
presenting cells existing in the tissue, such as the MHC fragments on the surface of den-
dritic cells, will absolutely be recognized by the T cells in the recipient, which subsequently
induces the cellular immune response. On top of that, antigen fragments from donor
provided externally to the recipient′s antigen-presenting cells are acknowledged by the
T cells in recipient [12]. This procedure is the major initiator of the immune response for
chronic rejection [57]. The release of IFN-γ from activated T cells will continue to activate B
cells and macrophages, and additionally amplify the endothelial cells in the graft to express
cellular adhesion molecules. SMCs are also proliferation [58] and secret extracellular matrix
proteins resulting from simultaneous activation. Concomitantly, anti-HLA antibodies are
produced by activated B cells, which promote vasculopathy in the donor graft. In this study,
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we clearly observed that the concentration of IFN-γ in the plasma of OAT rats treated with
FIR therapy was significantly reduced, and the infiltration of SMCs in the donor aorta was
significantly inhibited compared with that in the group without FIR therapy. Immunohisto-
chemical staining also showed that FIR therapy reduced T and B cell activity in the spleen.
We are the first group to publish on FIR therapy for the suppression of chronic rejection after
OAT. In addition to the clinical use of immunosuppressive and immunomodulatory agents
to control autoimmune diseases or chronic rejection, the adjunctive use of FIR therapy may
be a way to make traditional treatments more effective.

EPCs play an important role associated with the process of OAT vasculopathy [59].
Endo-MT, which describes the procedure where ECs differentiate into fibroblasts and also
SMCs [60,61]. TGF-β1 regulates the development of fibrosis [61,62]. EPCs advertise healing
and also repair of harmed endothelium [63] also keep vascular endothelial function [64].
However, current researchers have actually discovered that EPCs in the patient underwent
heart transplantation are associated with the formation of vasculopathy [57,64,65]. EPCs
from the recipient adhere to the vessel wall of the transplanted organ and begin EndoMT,
leading to alloimmune responses following OAT [65]. Alloimmune responses can result
in serious EPCs EndoMT and subsequent accumulation of SMCs and fibroblasts [65,66],
leading to an excessive accumulation of extracellular matrix and neointimal formation [64].
Our research results show that FIR therapy can reduce the levels of cytokines in the plasma
that induce cell-mediated and humoral immune responses, such as IL-12 and INF-γ, and
reduce the attack on donor grafts after T cell and B cell activation in OAT ACI/NKyo rats.
The incidence of OAT vasculopathy was reduced by reducing TGF-β-induced EndoMT via
the Smad2-Slug-axis signaling pathway. Based on these results, we believe that FIR therapy
might have the potential to be used more widely in the treatment of diseases related to
immune system abnormalities or impaired EPCs function.

5. Conclusions

We conclude the results of this study with a scheme diagram (Figure 7). The animal
study of OAT-induced vasculopathy in ACI/NKyo rats revealed that FIR therapy could
prevent vasculopathy via anti-immune responses and anti-inflammatory mechanisms. In
contrast, FIR therapy could increase the number of circulating EPCs in OAT ACI/NKyo
rats. In vitro experiments have also confirmed that FIR can reduce the negative effects
(such as EndoMT and senescence) of cytokines (such as TNF-α, TGF-β1, and INF-γ) on
EPCs and increase their activity. These mechanisms are associated with the occurrence
of OAT vasculopathy. Thus, this study might provide new insights into the preventive
strategy of using FIR therapy to treat chronic rejection-induced vasculopathy.

Figure 7. FIR therapy may effectively regulate chronic rejection-induced vasculopathy in OAT rats.
Therapy of FIR reduced T and B lymphocytes, plasma cells, and macrophage activation in the spleens
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of the OAT-recipient ACI/NKyo rats. Lowered the progression of vasculopathy in OAT-recipient
ACI/NKyo rats occurred by the inhibition of cell-mediated and humoral immune responses, pre-
vention of cytokines-induced disfunction and EndoMT in EPCs, decrease in collagen damage and
pathological accumulation, and proliferation and infiltration of SMCs and fibroblasts in the vessel
wall of OAT-recipient ACI/NKyo rats. Therefore, the results highlight the therapeutic roles of FIR
and provides a more effective adjuvant therapeutic route in vasculopathy.
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Abstract: The widespread increase of antibiotic resistance highlights the need for alternative treat-
ments such as antimicrobial photodynamic therapy (aPDT). This study aimed to evaluate the antimi-
crobial behavior and cytotoxicity of aPDT with indocyanine green (ICG) in combination with visible
light (Vis) and water-filtered infrared A (wIRA). Representative periodontal bacteria (Parvimonas
micra, Atopobium riame, Slackia exigua, Actinomyces naeslundii, Porphyromonas gingivalis, Fusobacterium
nucleatum, Aggregatibacter actinomycetemcomitans, and Prevotella nigrescens) and subgingival in situ
biofilms from periodontal patients were treated with aPDT for 5 min. ICG was used at different con-
centrations (50–500 μg/mL) and the number of viable cells was determined in colony forming units
(CFU). Untreated negative controls and 0.2% chlorhexidine as a positive control were also prepared.
The cytotoxicity test on human keratinocytes in vitro was analyzed with the AlamarBlue assay after
5, 10, and 20 min, with four ICG concentrations, and at two temperatures (room temperature and
37 ◦C). The tested periodontal pathogens treated with aPDT were eliminated in a range between
1.2 and 6.7 log10 CFU, except for A. naeslundii, which was killed at a lower range. The subgingival
biofilm treated with aPDT expressed significant differences to the untreated controls except for at
300 μg/mL ICG concentration. The cytotoxicity was directly related to the concentration of ICG and
irradiation time. These observations raise questions concerning the use of this specific aPDT as an
adjuvant to periodontal treatments due to its possible toxicity towards human gingival cells.

Keywords: indocyanine green; photodynamic therapy; cytotoxicity; water filter infrared A;
periodontal biofilm

1. Introduction

According to the World Health Organization (WHO), bacteria represent the fourth
leading global cause of death [1]. In addition, antimicrobial resistance is on the list of
the top 10 global public health problems, as it negatively impacts healthcare systems and
national economies, increases the cost of prolonged hospital stays, and negatively affects
patient productivity [2].

In dentistry, antibiotics are among the most frequently prescribed treatments. Accord-
ing to the World Dental Federation, depending on the country, around 10% of the antibiotic
prescriptions are made in the dental practice. In some cases, these are unnecessary and
increase the risk of antibiotic resistance developing [3]. Therefore, finding an antimicro-
bial therapy with the ability to engage multiple molecular microbial targets and, thereby,
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make resistance unlikely is of tremendous importance. One such therapy is antimicrobial
photodynamic therapy (aPDT) [4].

The principle of photodynamic therapy (PDT) was accidentally discovered in 1900
when the medical student Oscar Raab observed the inactivation of Paramecium caudatum
under exposition to the dyes acridine or eosin in combination with sunlight, and this
discovery was later applied to treat skin carcinomas [5,6]. Since then, this method has been
widely used to control other diseases [7]. However, it was not until the early 1990s that
the interest in aPDT increased due to the emergence of antibiotic-resistant infections [4,7].
Since then, many photosensitizers (PS) have been developed with a potential use against
cancer, infections, and other diseases [8]. In general, an aPDT results from a combination of
three components, namely, the PS which is a non-toxic molecule per se, molecular oxygen,
and a light with an appropriate spectral range [4,7], with the final production of reactive
oxygen species (ROS) [7,9]. The entire cycle can be repeated and one PS molecule is able
to produce many molecules of 1O2 before its destruction [7], affecting various molecular
targets such proteins, lipids, and nucleic acids [4,7]. The ROS triggered by aPDT produce
an oxidative degradation of the biofilm structure, making this therapy more effective and,
therefore, inhibiting the acquisition of resistance [9]. As aPDT is applied locally, the risk of
adverse systemic effects is also minimized [10].

In the last 20 years, new classes of PS have been optimized, developed, and tested. The
main types are phenothiazium, porphyrin, chlorin, phthalocyanine, xanthene, fullerene,
phenalenone, riboflavin, curcumin derivatives [7,8], and cyanines. The latter include the
water-soluble and negative charged polymethine dye indocyanine green (ICG) [11], ap-
proved by the United States Food and Drug Administration (FDA) [11,12] and primarily
used clinically to treat tumors and acne [11]. ICG is the “gold standard” for the applica-
tion of fluorophores in vivo [13], and their absorption is near the infrared region of the
spectrum [14]. Unlike other PSs, ICG has a photo-oxidative effect combined with a pho-
tothermic effect [15]. The good activity of ICG in combination with a near-infrared laser
has already been described in anti-tumor therapy [16,17]. ICG also has low toxicity due to
its absorption in the liver and bile ducts, rather than in the intestinal mucosa [15], good
tolerance, and rapid decay also in the presence of mild liver disease [17].

As outlined previously, there is a clear need in the dental field for an alternative
treatment to conventional antibiotic therapy. Therefore, ICG could be a good option for the
treatment of oral infectious diseases, primarily those involving an anaerobic compound,
such as periodontal diseases [18] or infections of endodontic origin [19], among others,
since oxygen supply is not required to unfold its activity [18].

In an attempt to improve the use of ICG in dental practice, researchers have mostly
used ICG in combination with diode lasers and against planktonic bacteria [10,20,21]. The
effects of ICG in combination with diode lasers against oral biofilm bacteria have been
tested less frequently, despite yielding positive results [22,23]. Clinical randomized trials
were also conducted in patients with chronic periodontitis treated with ICG and diode laser
without adverse effects, and this aPDT could increase the effectiveness of the non-surgical
periodontal therapy [24]. However, the antimicrobial activity of ICG in combination with
other sources of light has been less extensively studied, except for Nikinmaa et al. [25], who
tested ICG in combination with LED-light on healthy volunteers and described a decrease
in plaque formation bacteria and an anti-inflammatory and anti-proteolytic effect [25].

Interestingly, another source of light has also been used for aPDT. This is the broad-
band light with visible-light (Vis) in combination with water-filtered infrared A (wIRA)
wavelengths. This light offers additional advantages such as flexibility in use with dif-
ferent PSs, portability, affordability [26,27], increase in tissue oxygen partial pressure,
higher perfusion levels, and higher local temperature linked to wound healing and pain
reduction [28].

The antimicrobial activity of the broadband Vis + wIRA in combination with PSs
has already been studied in conjunction with toluidine blue or chlorine e6 to eradicate in
situ oral biofilms with outstanding results [26,29]. As previously described, a distinctive
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feature of this light source is its positive effect on the healing process. This property is
important for the treatment of periodontal diseases and peri-implantitis [26,30]. As a result,
the antimicrobial activity of the Vis + wIRA in combination with chlorine e6 has been
tested against planktonic periodontal pathogens and subgingival biofilms with positive
results [31].

To date, the combination of the good properties of ICG with those of broadband
Vis + wIRA has only been tested against supragingival biofilms [30] and not yet against
many representative periodontal bacteria or periodontal subgingival biofilms. Regarding
the use of this drug in clinical practice, it is important to consider that a perfect aPDT must
have a good antimicrobial activity without harmful side effects [7]. The cell toxicity of ICG
in combination with Vis + wIRA has not been evaluated thus far.

Hence, this study aimed to evaluate the antimicrobial activity of ICG in combination
with Vis + wIRA against planktonic periodontal pathogens and in situ subgingival biofilms
from patients with chronic periodontitis. In addition, the cytotoxicity of this therapy was
investigated for the first time in the present study.

2. Materials and Methods

2.1. Light Source

The light source used in this study was a combination of visible-light (Vis) wavelengths
and water-filtered infrared-A (wIRA) wavelengths produced by a radiator (Hydrosun®750 FS,
Hydrosun Medizintechnik, Müllheim, Germany) [26,29–31] The wIRA results after the
filtration of the light produced by a halogen bulb with the help of a water cuvette (7 mm),
which reduces the parts of the infrared radiation (most of the infra-red B, C and portions of
the A filtrated by the water) that could cause a thermal load on the skin surface [32]. The
additional orange filter BTE 31 was adapted instead to the traditional BTE 595, because
it was reported that this filter allowed more effective integral radiation regarding the
absorption spectrum of protoporphyrin IX [26]. That could induce damage in bacterial
cells and improve the regeneration process and wound healing [33]. Compared to infrared
unfiltered lamps, wIRA results in a smaller increase in the skin temperature after 30 min of
irradiation [34].

The continuous water-filtered spectrum had a wavelength range from 570 nm to
1400 nm, with local minima at 970 nm, 1200 nm, and 1430 due to the water filter [34]. The
applied irradiance of Vis + wIRA was measured directly using a thermopile radiometer
(HBM1, Hydrosun, Müllheim, Germany) and it was approximately 48 mW cm−2 in the
visible range and 152 mW cm−2 in the wIRA range for a total irradiance of 200 mW cm−2,
which was applied on the bacterial strains and oral biofilm for 5 min [30], and on the cells
for 5, 10, and 20 min.

The photosensitizer used in this study was Indocyanine Green (Verdye®—Diagnostic
Green, Aschheim-Dornach, Freiburg, Germany). ICGs’ maximal light absorption is ap-
proximately 800 nm [35]. It was dissolved in water for injection (Aqua—B. Braun, Mel-
sungen, Germany) according to the manufacturer’s instructions to reach an initial concen-
tration of 5 mg/mL. Subsequent dilutions were made in GC-HP-Bouillon medium (GC)
(University Hospital, Freiburg, Germany) until final concentrations of 50 μg/mL, 150 μg/mL,
300 μg/mL, and 500 μg/mL were reached. The GC-HP-Bouillon is a culture medium that
has been used for anaerobic bacteria prior to the determination of fatty acid composition
of the cell envelope using a gas chromatograph (Hewlett Packard, Agilent Technologies,
Poway, CA, USA) (Table S1). The ICG solutions were prepared immediately before the
test to avoid light-induced photochemical attenuation. The ICG used in this study had an
absorbance spectrum in GC medium of approximately 640–940 nm (i-controlTM, microplate
reader software 2017, Tecan, Austria GmbH.), which is properly covered for the broad-band
Vis + wIRA used in this study (Figure 1).
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Figure 1. Absorption spectrum of ICG in GC medium at a concentration of 50 μg/mL, 150 μg/mL,
300 μg/mL, and 500 μg/mL (Tecan Infinite® 200 Reader).

2.2. Bacterial Strains

The first stage of the research focused on the following planktonic periodontal-related
bacteria: Parvimonas micra (anaerobic), Atopobium riame (anaerobic), Slackia exigua (anaero-
bic), and Actinomyces naeslundii (aerobic) as Gram-positive; and Porphyromonas gingivalis
(anaerobic), Fusobacterium nucleatum (anaerobic), Aggregatibacter actinomycetemcomitans
(aerobic), and Prevotella nigrescens (anaerobic) as Gram-negative species.

The bacterial strains listed above were maintained in long-term storage at −80 ◦C
as was established previously [36]. The aerobic bacteria were subcultured on Columbia
agar with sheep blood plus (OxoidTM, Wesel, Germany) plates at 37 ◦C with 5% CO2
under aerobic conditions, the anaerobic bacteria were subcultured on yeast extract cysteine
blood agar (HCB) (University Hospital Freiburg, Germany) plates at 37 ◦C under anaerobic
conditions (anaerobic jars, Anaerocult®, Merck, Darmstadt, Germany). The overnight
cultures were prepared in Brain-Heart-Infusion (BHI) medium (OxoidTM) and GC-HP
medium for aerobic and anaerobic bacteria, respectively [30,31].

2.3. Selection of the Patients

The following protocol was reviewed and approved by the Ethics Committee of the
University of Freiburg (no. 502/13, Albert-Ludwigs-University of Freiburg, Germany).
Subgingival plaque sampling was undertaken from five patients diagnosed with chronic
periodontitis (CP) based on the periodontal disease classification system proposed by
the International Workshop for a classification of Periodontal Diseases and Conditions in
1999 [37,38]. A periodontologist took the samples from teeth diagnosed with a CP with a
periodontal pocket depth of ≥5 mm. The exclusion criteria for this research were a severe
systemic disease, pregnancy or lactation, pus secretions from periodontal pockets, and the
use of antibiotics or other antimicrobial agents within the last 6 months. The samples were
stored in reduced transport fluid (RTF) (University Hospital Freiburg, Germany) at −80 ◦C
until use [39].

2.4. aPDT of the Bacterial Strains and Subgingival Biofilm Samples

The cell concentration for the single bacteria and plaque samples was determined
with the help of a serial dilution and a bacterial suspension with cell concentration of
approximately 1 × 106 cells/mL in GC-HP medium was prepared, and the bacterial
suspension was made at approximately 1 × 106 cells/mL according to the serial dilution of
a “CFU” in CG-HP medium. Afterwards, the ICG was added at different concentrations
(50 μg/mL, 150 μg/mL, 300 μg/mL, 500 μg/mL). A bacterial suspension without ICG
served as a negative control. The positive control was the bacterial suspension with
chlorhexidine 0.2% (CHX) (Pharmacy of the University Hospital Freiburg, Germany). All
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the groups were replicated in two equal multi-well plates (24-well plate, Grainer bio-one),
and incubated for 2 min in the dark prior to irradiation. One of the multi-well plates was
treated under irradiation for 5 min at 37 ◦C with Vis + wIRA.

In order to determine the colony forming units (CFU) number for each group, serial
dilutions were made in basis medium (University Hospital Freiburg) a peptone-yeast
medium (Table S2), and plated onto HCB (University Hospital Freiburg) for the planktonic
aerobic bacteria and onto Columbia agar plates (OXOID) for the aerobic biofilm, prior to
incubation at 37 ◦C and 5% CO2.

The anaerobic planktonic bacteria and the anaerobic CFU of the oral biofilm were
cultured on HCB at 37 ◦C in anaerobic jars (Anaerocult ®, Merck, Darmstadt, Germany).
All the experiments were carried out twice in duplicate [31].

2.5. Cell Toxicity of aPDT with ICG and Vis + wIRA

The cell toxicity was tested using the AlamarBlue™ assay (BioRad, Hercules, CA,
USA) according to the manufacturer’s instructions.

Immortalized human gingival keratinocytes were seeded at a density of 2 × 105 cells/well
in a 24-well cell culture plate and were cultivated in keratinocyte growth medium (Ker-
atinocyte Growth Medium 2), containing supplements (KGM2, Promo Cell, Heidelberg,
Germany) and antibiotics (kanamycin, 50 μg/mL; Sigma-Aldrich, Munich, Germany). This
parental oral gingival keratinocyte cell line (GK) was established by immortalization with
the E6 and E7 genes of the human papillomavirus 16 (HPV-16) [40].

On the day after seeding, the cells were treated with ICG and Vis + wIRA. For this
purpose, 1:10 ICG stock solutions were prepared with Aqua dest. In each cell culture
well, the medium was replaced with 450 μL KGM. Afterwards, 50 μL ICG in Aqua dest
with appropriate concentrations (50, 150, 300, and 500 μg/mL) was added directly before
irradiation with Vis + wIRA. For growth control without ICG, 50 μL Aqua dest was added
analogously to the samples. Irradiation was performed either at room temperature or the
cell culture plates were fixed in a water bath at 37 ◦C.

The cell culture plates were irradiated with Vis + wIRA for 5, 10, or 20 min without
a lid on the cell culture plate. Immediately after irradiation, the temperature in the cell
culture medium was measured (temperature module t3000 FC from Fluke, Washington,
DC, USA). The ICG medium was subsequently aspirated, and the cells were washed three
times with PBS buffer.

For the AlamarBlue assay, cells were incubated with KGM and 10% AlamarBlue in
an incubator at saturated humidity, 37 ◦C, and 5% CO2. Two hours later, the cell culture
supernatant was removed, and the fluorescence intensity was measured in a Tecan Infinite
200 plate reader (excitation at 450 nm, measurement at 590 nm). The data were analyzed
according to the AlamarBlue manufacturer’s instructions in relation to growth control. As
a positive control, all cells were killed with 60% isopropanol for 5 min. Unirradiated cells
with ICG were placed in an incubator in the dark. All fluids were pre-warmed to 37 ◦C
before being added to the cells. Three independent experiments were performed.

Light microscope images were taken after treatment and a washing step and before
the addition of the AlamarBlue solution at 400× magnification.

2.6. Statistical Analysis

The means, standard deviations, and relative frequencies were computed for a descrip-
tive evaluation of the data. An analysis of variance (ANOVA) was conducted to analyze the
differences between the vitality results for the different groups. The p-values of pairwise
comparisons were adjusted using the Student–Newman–Keuls method. In situations where
no normal distribution could be assumed, the two-sample Wilcoxon rank-sum test was
used. The significance level was set to p = 0.05. All the calculations were performed with
the statistical software STATA 17.0 (StataCorp LLC, Texas, TX, USA).
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3. Results

3.1. ICG in Combination with Vis + wIRA Reduces the Viability of Periodontal Planktonic Bacteria
3.1.1. Gram-Positive Bacteria

After the treatment of P. micra with ICG and Vis + wIRA, bactericidal activity was
observed for all the tested ICG concentrations. The killing rate was ≥99.99% (4.6 log10
CFU) for 50 μg/mL (Figure 2a), ≥99.9% (3.2 log10 CFU) for 150 μg/mL (Figure 2b), ≥99.9%
(3.8 log10 CFU) for 300 μg/mL (Figure 2c), and ≥99.9% (3.5 log10 CFU) for 500 μg/mL
(Figure 2d). Against A. rimae, bactericidal activity was also observed for all the ICG
concentrations, with a killing rate of ≥99.999% (5.5 log10 CFU) for 50 μg/mL (Figure 3a)
and a reduction of ≥99.9% for 150 μg/mL, 300 μg/mL, and 500 μg/mL (3.5, 3.1, and
3.4 log10 CFU respectively) (Figure 3b–d). The treatment of S. exigua exhibited a bactericidal
activity with concentrations of 50 μg/mL and 150 μg/mL; the killing rate was ≥99.99%
(4.5 and log10 CFU) and ≥99.9% (3.8 log10 CFU), respectively (Figure 2a,b). The other
concentrations (300 and 500 μg/mL) displayed a good effectivity with a killing rate ≥99%
(2.5 and 2.4 log10 CFU, respectively) (Figure 2c,d). After the treatment of A. naeslundii
with ICG and Vis + wIRA, the effectivity rate was lower than 1 log10 CFU with all the ICG
concentrations (Figure 2a–d).

 
(a) (b) 

 
(c) (d) 

Figure 2. Photodynamic efficacy of ICG in combination with Vis + wIRA against periodontal bacteria.
ICG was tested at concentrations of (a) 50 μg/mL, (b) 150 μg/mL, (c) 300 μg/mL, and (d) 500 μg/mL.
The CFU numbers are given on a log10 scale per milliliter (log10 CFU/mL).
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Figure 3. Photodynamic efficacy of ICG in combination with Vis + wIRA against A. rimae and
P. nigrensces. ICG was tested at concentrations of (a) 50 μg/mL, (b) 150 μg/mL, (c) 300 μg/mL, and
(d) 500 μg/mL. The CFU numbers are given on a log10 scale per milliliter (log10 CFU/mL).

3.1.2. Gram-Negative Bacteria

After the treatment with ICG in combination with Vis + wIRA, bactericidal activ-
ity against P. gingivalis was observed with a killing rate of ≥99.9999% with 50 μg/mL
(6 log10 CFU) (Figure 2a). The 150 μg/mL, 300 μg/mL, and 500 μg/mL ICG concentrations
also exhibited bactericidal activity with a reduction of ≥99.99% (4 log10 CFU) (Figure 2b–d).
The same behavior was observed against F. nucleatum, with a bactericidal activity un-
der all the tested ICG concentrations, expressed in a killing rate between ≥99.9999%
(6.7 log10 CFU) at 300 μg/mL (Figure 2c) concentration and ≥99.9% (3.4 log10 CFU) at
500 μg/mL (Figure 2a–d). The experiment performed with A. actinomycetemcomitans
showed a bactericidal activity of ICG at 300 μg/mL, where the killing rate was ≥99.9%
(3 log10 CFU) (Figure 2c), while for the last concentrations a reduction effect of ≥99% with
150 μg/mL (2.1 log10 CFU) (Figure 2b) and 90% with 50 and 500 μg/mL (1 log10 CFU)
(Figure 2a,d) was observed. Against P. nigrescens, the bactericidal activity of ICG was
achieved with a killing rate of ≥99,999% (5.9 log10 CFU) and ≥99.99% (4.7 log10 CFU) with
50 μg/mL and 150 μg/mL concentrations (Figure 3a,b), respectively, and a killing rate of
≥99% (2.6 log10 CFU) for the two remaining concentrations (Figure 3c,d).

All calculations were performed in comparison with the untreated control. The
positive controls (group treated with CHX 0.2%) exhibited a high bacterial killing rate
(100%) for all Gram-negative and Gram-positive microorganisms.

After the comparison between the growth control groups in tested Gram-positive
and Gram-negative bacteria and the growth control plus ICG without the effect of the
irradiation with Vis + wIRA, no killing rate over 90% was observed.

The treatment with Vis + wIRA without ICG only exhibited a bacterial reduction
over 90% for two bacteria, A. rimae (2.4 log10 CFU) and P. nigrescens (1.8 log10 CFU), in
comparison to the untreated control (Figure 3).
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3.2. ICG in Combination with Vis + wIRA Reduces the Viability of Subgingival Periodontal Biofilm

Figure 4 shows the behavior of ICG in four concentrations (50 μg/mL, 150 μg/mL,
300 μg/mL, and 500 μg/mL) in combination with Vis + wIRA against subgingival biofilm
from five periodontal patients. After the comparison between the untreated group and
the group treated with ICG 50 μg/mL plus Vis + wIRA, a highly significant difference
(p-value 0.0079) was observed with a killing log rate of ≥90% (1 log10 CFU/mL) (Figure 4a).
The comparison between the untreated group and the group treated with ICG 150 μg/mL
plus Vis + wIRA showed a highly significant difference (p-value 0.007) and a killing rate
lower than 90% (Figure 4b). The combination of Vis + wIRA and 500 μg/mL ICG revealed
a significant difference with a p-value of 0.01 in comparison to the untreated control,
although the killing rate was also lower than 90% (Figure 4d). For the group treated
with ICG 300 μg/mL plus Vis + wIRA, no statistical differences were observed after the
comparison to the untreated control group (Figure 4c). In the group treated with 0.2% CHX
(positive control), no cultivable bacteria were determined (Figure 4a–d).

  
(a) (b) 

  
(c) (d) 

Figure 4. Photodynamic efficacy of ICG in combination with Vis + wIRA on periodontal biofilm. ICG
was tested in concentrations of (a) 50 μg/mL, (b) 150 μg/mL, (c) 300 μg/mL, and (d) 500 μg/mL.
The CFU numbers are given on a log10 scale per milliliter (log10 CFU/mL).
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3.3. Vis + wIRA in Combination with ICG Affects the Cell Viability of Human Gingival
Keratinocytes In Vitro

Vis + wIRA alone does not affect cell viability at room temperature (RT) or at 37 ◦C
after 5 min, 10 min, or 20 min. Only after 10 min Vis + wIRA at 37 ◦C is a significant
increase of metabolic activity (by 11%) measurable.

Figure 5a–d shows that 50 μg/mL ICG significantly reduces keratinocyte metabolic
activity by 16% after 5 min, by 12% after 10 min, and not significantly by 6% after 20 min
incubation compared to the growth control (Figure 5a). ICG alone at concentrations of
150 μg/mL, 300 μg/mL, and 500 μg/mL showed similar trends in cell viability, namely a
significant decrease of cell survival between 14% and 34% (Figure 5b–d), while the highest
applied concentration of 500 μg/mL for 10 min led to a reduction of 39% in metabolic
activity. The combination of ICG with Vis + wIRA strongly increases cell toxicity. After
5 min of irradiation at RT and with 50 μg/mL only 25%, and with 150 μg/mL only 4% of
the cells were viable (Figure 5a,b).

  
(a) (b) 

  
(c) (d) 

Figure 5. Cell viability after treatment with (a) 50, (b) 150, (c) 300, and (d) 500 μg/mL ICG and
Vis + wIRA. Human gingival keratinocytes were incubated with different concentrations of ICG at
RT or 37 ◦C with or without Vis + wIRA radiation for 5 min, 10 min, or 20 min. Cell viability was
analyzed with the AlamarBlue assay. The associated p-values compared to the growth control are
specified. ns: p > 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001.

After 10 min and 20 min Vis + wIRA irradiation and ICG in all concentrations at RT,
all cells were killed (Figure 5a–d). The treatment of the cells with Vis + wIRA and at 37 ◦C
(water bath) for 5 min led to a cell survival rate of 51% with 50 μg/mL ICG (Figure 5a),
23.4% with 150 μg/mL ICG (Figure 5b), 14.5% with 300 μg/mL ICG (Figure 5c), and
9.2% with 500 μg/mL ICG (Figure 5d). After 10 min Vis + wIRA, only in the lowest ICG
concentration (50 μg/mL) 8% of the cells survived compared to the growth control. All
higher ICG concentrations led to complete cell death after 10 and 20 min (Figure 5a–d).

The light microscopic images after 5 min and simultaneous irradiation with
Vis + wIRA confirmed the results of the AlamarBlue assay for all ICG concentrations.
The images showed clear morphological changes after the combination of ICG with
Vis + wIRA. The cellular damage was more clearly visible after irradiation at RT than
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after irradiation at 37 ◦C in a water bath. The keratinocytes of the growth control, ICG
alone, and irradiation without ICG showed no morphological damage (Figure 6).

 

Growth control Vis+wIRA RT Vis+wIRA 37°C

ICG50 ICG50  Vis+wIRA RT ICG50  Vis+wIRA 37 °C

200μm 200μm

200μm200μm 200μm

200μm

Figure 6. After only 5 min of treatment, 50 g/mL ICG and Vis + wIRA lead to morphological damage
in cells. Human gingival keratinocytes were incubated with 50 μg/mL ICG and irradiated with
Vis + wIRA at RT or at 37 ◦C in a water bath. All experimental approaches were washed twice after
treatment with PBS buffer and microscopically examined at a magnification of 400×. The scale bar is
shown on the bottom right. Additional light microscope images of the other ICG concentrations and
time points are attached in the supplement.

4. Discussion

In order to provide an alternative to the traditional therapy for periodontal diseases
and without forgetting the current antibiotics resistance crisis, the present study focused
on the antimicrobial behavior and cytotoxicity of aPDT with ICG in combination with
Vis + wIRA.

The effectiveness of a PS is correlated with its chemical structure and the composition
of the bacterial cell membrane [9,41]. For this reason, it is important to evaluate the
antimicrobial activity of a new therapy against Gram-positive and Gram-negative bacteria,
and in previous studies, the efficacy of aPDT against both types of bacteria was already
described [42]. Considering these findings, a group of representative Gram-positive and
Gram-negative periodontal pathogens was evaluated in the present study.

Various PSs, such as methylene blue (MB), toluidine blue O (TBO), curcumin, and,
recently, ICG, have been used in dentistry. ICG seems to be one of the best options due
to its better penetration compared to other PSs and the fact that there is no evidence in
dentistry of allergic or anaphylactic reactions related to its iodide component [43].

It was previously reported that ICG alone had no bactericidal effect against
Streptococcus salivarius [44] and different planktonic oral bacteria [30]. These results are
consistent with our observations, which dismissed the antimicrobial activity of ICG without
irradiation against the tested planktonic periodontal bacteria.

The type of light used by the present research was a specific broad-band Vis + wIRA.
One of the first attempts to use this specific broad-band Vis + wIRA light in aPDT was
made by Al-Ahmad et al. [45], who showed prominent results against planktonic bacterial
cultures and initial bacterial colonization. Further experiments of this novel aPDT revealed
excellent results in eradicating initial and mature oral biofilm. Based on this work, the
5-min irradiation was selected for this study, as it can be considered safe and practical in
dentistry and was shown to be effective in previous studies [29,30].
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Excellent results were also observed with aPDT using Vis + wIRA against planktonic
periodontal pathogens and subgingival biofilm from periodontal patients, this time in
combination with chlorine e6. The authors emphasized the good results of this novel
aPDT in addition to the indirect wound healing enhancement and innate immune response
reported in other studies [31], which opens the possibility to use this light source in aPDT
for the treatment of periodontal diseases.

In this context, in the present study, the antimicrobial behavior of both the PS ICG and
the Vis + wIRA against periodontal pathogens was evaluated. This combination previously
showed good antimicrobial results against other oral bacterial strains and total human
salivary bacteria [30].

The aPDT with ICG plus Vis + wIRA in the present study showed good antimicrobial
activity against seven of eight planktonic periodontal pathogens (Figures 2 and 3).

Studies with other PSs, such as curcumin-based irrigants and LED light [46], and
methylene blue with a diode laser against A. naeslundii biofilm isolated from patients
with osteonecrosis [47], yielded good antimicrobial activity [46,47]. These results are not
consistent with our results, where the aPDT with ICG and Vis + wIRA did not display a
good antimicrobial effect against this bacterium. The differences could be related to the
relationship between antimicrobial effectivity of a specific PS and the physicochemical
characteristics of the microorganism-PS interaction, which varies between species and
strains [48]. In the present study, a strong reduction of F. nucleatum after the treatment
with ICG plus Vis + wIRA was observed, and a complete reduction of all viable bacteria
was detected at 300 μg/mL ICG (Figure 2), whereby these results are consistent with those
of Burchard 2019 [30]. An earlier study investigated the effect of adding a water-soluble
vitamin E analog TroloxTM to ICG with a near-IR-laser light [49]. The authors detected
no viable bacteria after the treatment with ICG 500 μg/mL and irradiation (100 J/cm2),
while a complete bacterial eradication was obtained at a much lower concentration with
ICG (50 μg/mL) after the addition of Trolox and under the same irradiation conditions
(100 J/cm2) [49]. In the present study, the percentage of reduction at this concentration was
≥99.99%, which represents a good bactericidal activity.

As mentioned above, Kranz et al. ([49] also evaluated the effect of the addition
of a vitamin E analog TroloxTM to ICG and a near-IR-laser light against P. gingivalis
and A. actinomycetemcomitans with the total eradication of bacteria. In the present study,
P. gingivalis was highly eradicated (99.9999% killing rate) after treatment with 50 μg/mL
ICG plus Vis + wIRA (Figure 2). Regarding A. actinomycetemcomitans, previous authors
reported no bacterial reduction with ICG (250 μg/mL) without the addition of the vi-
tamin E analog, and a total reduction of viable bacteria with 250 μg/mL ICG with the
vitamin E analog TroloxTM [49]. The present results revealed a bactericidal activity of
ICG (300 μg/mL) plus Vis + wIRA (99.9%) towards A. actinomycetemcomitans (Figure 2).
Interestingly, a lower antimicrobial activity against A. actinomycetemcomitans was observed
in both the present results and those of Kranz et al. and this behavior could be related to
the high negative charge on its surface, its ability to avoid oxidative attack, and a small
increase in the tolerance to thermal heat [49].

To the best of our knowledge, there are no previous reports on the effect of aPDT
with ICG against planktonic P. nigrescens, P. micra, A. rimae, and S. exigua. However, in a
randomized clinical trial, a reduction in the levels of P. nigrescens and P. intermedia after
aPDT was found (MB plus diode laser) [50]. These results are similar to ours, where a
bactericidal activity (99.9999%) was displayed against P. nigrescens (50 μg/mL) (Figure 3).

The same type of light used in the present research (Vis + wIRA) was previously
tested, this time in combination with chlorine e6 against planktonic periodontal pathogens
(A. odontolyticus, F. nucleatum, A. actinomycetemcomitans, P. gingivalis, E. corrodens, P. micra,
A. rimae, and S. exigua) [31]. Interestingly, almost the same percentage of reduction (≥99.9%)
was observed with both PSs chlorine e6 and 300 μg/mL of ICG plus Vis + wIRA against
A. actinomycetemcomitans and against F. nucleatum with chlorine e6 [31] and ICG Vis + IRA
(300 μg/mL). A slightly better performance was observed for the chlorine e6 dye against
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P. micra and A. rimae [31] compared to our results, in this case, with the smaller concentration
(Figures 2 and 3). In the present study, the bactericidal activity of aPDT with ICG against
S. exigua (Figure 2) and P. gingivalis (Figure 2) was shown. A 100% killing rate with chlorine
e6 was previously obtained by Al-Ahmad et al. [31], and, as was explained earlier, these
differences in the activity of both PSs may be due to the different chemical structures that
affect the microbial susceptibility of each bacterium in different ways [41].

Biofilms are the main cause of many chronic infections in different fields of medicine [51]
and the main etiological factor of periodontitis [52]. In view of this, and in an effort to get
closer to the clinical situation, the combination of ICG and Vis + wIRA against ex vivo
periodontal subgingival biofilms was tested for the first time.

In a previous research, the effect of ICG plus Vis + wIRA on initial and mature oral
biofilm was investigated. The authors reported a significant reduction of mature oral biofilm
and complete eradication of initial biofilm at a concentration of 450 μg/mL [30]. These
results are compatible with our results concerning the subgingival periodontal biofilm,
where a significant difference was obtained compared to the untreated control. Unlike the
results presented by Burchard et al. [30], in the present study, complete eradication of the
subgingival periodontal biofilm was not observed for any ICG concentrations.

According to the present study, the effectiveness of aPDT using ICG and Vis + wIRA
displays a different antimicrobial behavior against planktonic bacteria and biofilm. A
similar trend was previously observed, where even at the same concentration ICG plus
Vis + wIRA was less effective against mature biofilm than against bacteria in initial adhe-
sion [30]. The behavior of aPDT on periodontal biofilm samples from patients has, so far,
not been extensively investigated. Interestingly, a group of researchers obtained similar
results on periodontal biofilms treated with methylene blue and diode laser, probably due
to the fact that oral biofilms are more resistant against aPDT than planktonic bacteria [53].

On the other hand, the higher antimicrobial effectivity observed by Buchard et al. [30]
compared to the results of the present study could probably be related to the different struc-
tures present in the subgingival periodontal biofilm, with predominantly Gram-negative
anaerobic bacteria [54]. Previously, it was suggested that these kinds of bacteria are less
susceptible to aPDT with ICG plus Vis + wIRA [55].

Furthermore, it is important to consider that in clinical practice subgingival periodontal
biofilm is located in areas with a lower oxygen supply, which makes the ability of ICG
to produce free radicals and singlet oxygen without oxygen supply important [18]. This
situation was not tested in this research, and it could improve the behavior of ICG plus Vis
+ wIRA as an adjuvant to scaling and root planning (SRP) in the treatment of patients with
chronic periodontitis. Although our positive control (CHX) displayed perfect antimicrobial
activity, it is important to remember the side effects of this medicine, such as changes
in the taste of patients, tooth pigmentations [56], and oral mucosa disturbances, among
others [57]. Additionally, bacterial resistance has been reported, especially from Gram-
negative bacteria [58].

In line with the concept that the perfect aPDT should integrate a good antimicrobial
activity without harmful side effects and with easy handling [7], the cell toxicity of ICG in
combination with Vis + wIRA at different temperatures (RT and 37 ◦C) was tested for the
first time.

Our results showed that the cell viability was not affected by the irradiation with
Vis + wIRA without ICG even after 20 min. These data sets are in the line with what was
previously reported about the lack of cytotoxicity in eukaryotic cells under longer time
exposition (20 min and beyond) and a higher dosage (3700 W/m2) of Vis + wIRA [59].

A direct relationship between ICG concentration and cytotoxicity was observed by
the present study and in human retinal pigment epithelial (ARPE-19) cells [60]. However,
many authors have highlighted ICG without light activation has no significant cell tox-
icity [61,62], even at higher concentrations [63]. The present results on the effect of ICG
in combination with Vis + wIRA showed a direct relationship between cell toxicity, time,
the concentration of ICG, and temperature. The higher the concentration, temperature,
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and the longer the time of irradiation, the greater the cell toxicity (Figure 5). In previous
research on human osteoblasts, cell viability and proliferation were not impaired at low
ICG concentration (5 μM) and low irradiation time (less than 40 s) with a diode laser [62].
On immortalized human colon carcinoma HT-29 cells with diode laser and ICG, the cell
viability decreased inversely proportionally to the ICG concentration (10–500 μM) [61].
Studies on retinal pigment epithelial cells (ARPE-19) with intense fiberoptic illumination
and ICG (0.5–5.0 mg/mL) showed the same relationship between concentration and toxic-
ity [64]. Meanwhile, Pourhajibagher et al. [63] observed that ICG (500–2000 μg/mL) plus
diode laser leads to a significant increase in toxicity in human fibroblast cells (HuGu) with
a decrease in ICG concentration and an increase in irradiation time.

The discrepancies between the results of the different studies could be related to the
diversity of cell types, PS concentrations, duration of the PS-cells interaction, and light
sources studied [63]. However, the potent cytotoxicity of this therapy remains latent.

It is still controversial whether the effect of ICG is photo-oxidative or only photother-
mal [30], and for this reason, the cell toxicity of aPDT with ICG plus Vis + wIRA was tested
at RT and at 37 ◦C (water bath) (Figure 5).

In the present study, a direct relationship between ICG concentration and temperature
increase by Vis + wIRA was observed. Irradiation in a 37 ◦C water bath resulted in a more
constant temperature However, irradiation above 10 min and 50 μg/mL of ICG induced
complete cell death under both conditions (RT or 37 ◦C) (Figure 5). The pronounced
temperature increase was only achieved in the cell culture wells when ICG and Vis + wIRA
were combined. In the absence of light or irradiation without ICG, there were no significant
changes in the medium temperature (data not shown).

Wang et al. [65] studied extracellular vesicles loaded with ICG and paclitaxel (cy-
tostatic) at different concentrations (6.25, 12.5, 25, and 50 μg/mL). A steady increase in
temperature was observed during 5 min irradiation, with the temperature increasing in
direct proportion to the concentrations of drug and laser power [65]. A steady temperature
increase was also observed by Ruhi et al. [66] using ICG and a diode laser over 400 s of
irradiation [66]. In contrast to our results, in a previous study, no correlation between
temperature and aPDT was observed with ICG (500–2000 μg/mL) plus diode laser after
30 s, 60 s, and 2 × 30 s with a 1 min interval [63]. These contrasting results are probably
explained by the shorter periods of irradiation time used by the authors.

It was previously established that a temperature increase to ≥42.5 ◦C produces a
cytotoxic effect dependent on the principle dose-effect [67]. In the present study, after 5 min
treatment at 37 ◦C, an ICG concentration of 50 μg/mL seems to be the most appropriate
concentration because the temperature was below this range (data not shown) and within
the safe temperature range to avoid pulp damage [68]. In addition, the 50 μg/mL ICG
concentration with Vis + wIRA expressed the best antimicrobial behavior against the
subgingival periodontal biofilm (Figure 4), which is possibly related to the decrease in the
light absorption properties of ICG at higher concentrations because of aggregated ICG
molecules [66]. Additionally, it was previously reported that ICG has a low singlet oxygen
quantum yield [41], which decreases at high concentrations [66]. ICG aggregates in the
presence of aqueous solutions, and this property is lower in plasma and blood [69]. For
this reason, it would be interesting to evaluate this situation in a future study, given that it
could affect the behavior of this therapy.

Whether the mechanism of action of ICG in aPDT is photochemical rather than pho-
tothermal on bacterial cells compared to eukaryotic cells is still unknown and requires
further research. The studies by Ricci et al. [70] argued for a photochemical effect, as
they showed that the addition of an oxygen singlet quencher could prevent apoptosis of
retinal epithelial cells by ICG and laser irradiation [70]. A further investigation found that,
in addition to photothermic effects, ICG was shown to have a photodynamic effect by
generating ROS [71]. Since pathogens indicate various susceptibility for singlet oxygen and
radical species, it is important for future studies to measure the ROS under the selected
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experimental conditions. This would lead to understanding the photoreaction mechanisms
(I vs. II) and, consequently, mechanism of the applied aPDT.

The effectivity of aPDT with ICG and diode laser as an adjunct on periodontal ther-
apy was already studied in clinical trials with prominent results and no adverse events
reported; however, it is still necessary to evaluate variables such as light sources, ICG
concentrations [72], irradiation time, and their relationship with cell toxicity in order to
avoid possible negative side effects.

5. Conclusions

Within the limitations of this study, although the aPDT using ICG in combination
with Vis + wIRA showed high antimicrobial activity against periodontal pathogens and
subgingival oral biofilm, its use for the treatment of periodontal patients could lead to toxic
effects towards gingival cells. For this reason, further investigation is necessary to evaluate
the toxicity of this specific aPDT with different variables such as ICG concentrations and
irradiation time. It would be also interesting to test this specific therapy with ICG under
chemical or physical modifications, which could improve this behavior.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/biomedicines10050956/s1, Table S1: GC-HP-Bouillon is a culture medium
that has been used for anaerobic bacteria prior to the determination of fatty acid 17 composition of the
cell envelope using a gas chromatograph (Hewlett Packard, Agilent Technologies, Poway, CA,USA);
Table S2: Basis medium is a peptone-yeast medium.
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Abstract: The use of PDT in prosthodontics as a disinfection protocol can eradicate bacteria from tooth
surfaces by causing the death of the microorganisms to which the photosensitizer binds, absorbing
the energy of laser light during irradiation. The aim of the study was to investigate the capacity of
PDT to increase the bond strength of full ceramic restorations. In this study, 45 extracted human teeth
were prepared for veneers, crowns, and inlays and contaminated with Streptococcus mutans. Tooth
surfaces decontamination was performed using a diode laser and methylene blue as a photosensitizer.
The disinfection effect and the impact on tensile bond strength were evaluated by scanning electron
microscopy (SEM) and pull-out tests of the cemented ceramic prosthesis. Results show that the
number of bacteria was reduced from colonized prepared tooth surfaces, and the bond strength
was increased when PDT was used. In conclusion, the present study indicates that using PDT as a
protocol before the final adhesive cementation of ceramic restorations could be a promising approach,
with outstanding advantages over conventional methods.

Keywords: photodynamic therapy; biofilm; ceramic; adhesion; pull-out test; SEM

1. Introduction

In recent years, dentistry has experienced a wide development, and patient demands
are aligned with the present restorative possibilities. All-ceramic restorations can regain
lost functions, combining the strength of materials with a clearly superior and stable
aesthetic over time, while adhesive cements ensure adequate bonding. Furthermore, these
materials require minimum invasive preparations, as they are able to preserve and prolong
teeth integrity.

Cementation in fixed prosthodontics as a final clinical step can be very challeng-
ing. The longevity of the restorations depends on the accuracy of the two main proce-
dures that are performed in the last visit to the clinic—disinfection of the prepared tooth
and cementation.
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Photodynamic therapy is a non-invasive approach that involves a photosensitizer, a
visible light of an appropriate wavelength, and the production of reactive oxygen species
(mainly singlet oxygen), which immediately causes phototoxicity and leads to serious
bacterial damage and death [1–5]. Its efficacy over Streptococcus mutans (a Gram-positive
bacteria and the main responsible for dental caries) has been demonstrated, both in the
stage of free microorganism and while organized in biofilms [4–7]. PDT is able to strongly
reduce the number of bacteria from colonized dental surfaces.

The positive effect of photodynamic therapy can also extend to adhesion when used as
a decontamination protocol before cementation. We did not find any studies able to reveal
the impact of PDT on prosthodontic cementation, while in endodontics and orthodontics, it
had a negative impact or was effectless on the bond strength and mechanical properties
of dentin from the intracanal prosthetic space [8–11] and bond strength of orthodontic
brackets [12].

Over the past several years, dental ceramics used in prosthodontics have been up-
graded, achieving a great improvement of their mechanical properties due to the actual
processing techniques and enhanced microstructures [13]. Lithium disilicate—the most
representative material of glass ceramics—is a biocompatible and esthetic material with
remarkable mechanical properties and a wide applicability, used for inlays, veneers, and
crowns (anterior and posterior) fabrication [14]. These prostheses represent single-tooth
restorations generally made of ceramic. Their major advantage is they require minimal
preparations and allow dental tissues conservation. The highlighted advantages of inlays,
veneers, and crowns are completed by adhesive cementation.

The adhesion of all-ceramic restorations has multiple advantages, such as higher
retention and improved marginal adaptation. Resin-based adhesive cements are widely
used for inlays, crowns, and veneers cementation, especially the dual-cured type, which
gives a better polymerization control and an increased working time [15].

The substrate to which ceramic is bonded has great importance, as adhesion to the
enamel is superior to the one that can be achieved onto dentin. In consequence, dental
preparations limited to enamel have a higher bond strength than the ones at a depth that
implies both enamel and dentin. For this reason, the bonding of ceramic veneers only to
dentin should be avoided or performed with great caution [16].

Nevertheless, the examination of the tensile strength of luting cements can be per-
formed by using a pull-out test to achieve axial oriented forces that lead to dislodgement of
restorations cemented to extracted human teeth [17].

The novelty of the present research lies in the adhesion testing of three types of lithium
disilicate prostheses before and after PDT, along with the antibacterial effect when an
atypical protocol was used.

The aim of this study is to evaluate the efficiency of photodynamic therapy in the field
of prosthodontics by simulating a clinical cementation protocol of all-ceramic restorations
(inlays, veneers, and crowns) and to underline the double advantage that a single operation
can have—simultaneous disinfection and bond strength enhancement. Our main purpose is
to analyze the capacity of PDT of interfering with the adhesion of lithium disilicate ceramic
prostheses by mechanically testing the bonded final restorations. The null hypothesis
was that PDT had no effect on disinfecting prepared teeth or increasing the adhesion to
all-ceramic restorations.

2. Materials and Methods

2.1. Prosthodontic Preparation

The samples were represented by 45 extracted human teeth (incisors, premolars, and
molars) that were divided into 3 groups as follows: 15 teeth were prepared for veneers (with
an extension of the preparation on the oral surface; noted from 1F to 15F), 15 for class I inlays
(noted from 1I to 15I), and 15 for crowns (noted from 1C to 15C). All preparations were
made using diamond burs fixed into a high-speed, high-torque handpiece (electric motor) at
depths that afford the placement of ceramic restorations, using an identical preparation and
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finishing protocol. Due to the difficulties encountered during the collection, handling, and
storage of real human saliva, artificial saliva was preferred as a storage material for teeth
before and after prosthodontic preparation. Artificial saliva formulations were developed
at the Department of Polymer Composites, Institute of Chemistry “Raluca Ripan” and
contain Na2HPO4, NaHCO3, CaCl2, H2O, and HCl.

2.2. Bacterial Contamination

The strain used was Streptococcus mutans ATCC 25,175 from the collection of the
Laboratory of Microbiology, Faculty of Biology and Geology, UBB, Cluj.

To obtain the bacterial suspension, the BHI-T culture medium was inoculated with
the Streptococcus mutans strain which was then incubated for 24 h at 37 ◦C. After the
growing period, the bacterial suspension was used as the inoculum for the 45 tubes with
BHI-T culture medium. A volume of 500 μL of 0.5 MacFarland bacterial suspension was
inoculated into tubes with a BHI-T medium. Then, aseptically, one tooth was placed in
each tube.

The tubes with teeth placed in the BHI-T culture medium and inoculated with the
bacterium under study were incubated for 8 days at a temperature of 37 ◦C. Immediately
after the incubation period, teeth were removed from the immersion environments and
placed on aluminum stubs with the prepared surface facing upwards. The specimens were
then examined using SEM at a low vacuum, at a pressure of 80 Pa, and with an acceleration
voltage of 30 kV. Scanning electron microscopy (SEM-Inspect S, FEI) examination was
performed to identify the presence of bacterial biofilm on prepared tooth surfaces at a
magnification of ×5000.

2.3. Photodynamic Therapy Protocol

PDT was performed using the SiroLaser Blue (Dentsply Sirona, New York, NY,
USA) from the Department of Preventive Dental Medicine, Iuliu Hatieganu University of
Medicine and Pharmacy, Cluj. Methylene blue (MB) was used as a photosensitizer and
washed using a gradated syringe with Kaqun water (oxygen-rich, alkaline water).

For every group of teeth from 1 to 10 MB gel 1% was applied on the prepared surfaces
for 3 min and then washed under an easy jet of 3 mL Kaqun water for 20 s. The MultiTip
of 8 mm was chosen as the irradiation laser tip. The diode SiroLaser Blue with 660 nm
wavelength was set at 100 mW power in the continuous mode and applied for 180 s. This
protocol was repeated identically for every tooth from 1 to 10, while teeth from 11 to 15
from every group were washed only with 3 mL of Kaqun water for 20 s, without PS or
laser irradiation. SEM examination was repeated to observe bacterial presence on teeth
subjected to PDT.

2.4. Fabrication and Cementation of Prosthodontic Restorations (Veneers, Inlays, and Crowns)

Impressions of all teeth were taken with Variotime (Heraeus, Hanau, Germany)
polyvinyl siloxane using the sandwich impression technique. Gypsum casts were poured,
on which wax patterns were then modeled. After modeling, a prefabricated wax rod was
placed on each wax model, parallel with the path of insertion. For the fabrication of the
prosthesis, IPS e.max PRESS ceramic ingots were used. The selected color was A2 from
the Vita Classical Shade Guide. Ceramic pressing was performed with Programat EP 3010
oven. Final restorations were not glazed, and the resulting ceramic rods were kept as a
structure of the restorations.

After conducting the previously described PDT, cementation was performed for every
tooth, according to the instructions of the manufacturer of Variolink Esthetic dual-cure (DC)
luting composite. Restorations were placed on teeth using Variolink Esthetic try-in paste, and
the adaptation was checked. Monobond Etch & Prime (self-etching glass-ceramic primer)
was applied with a micro brush on the internal surfaces of restorations for 60 s and then
spread with a strong stream of air. Prepared surfaces were etched using orthophosphoric
acid gel 37%, for 15–30 s on enamel, and 10–15 s on dentin. The etching agent was rinsed
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thoroughly with a stream of water. Teeth surfaces were dried until the etched enamel
appeared chalky white. Starting with the enamel, tooth surfaces were coated with Adhese
Universal for 20 s and then dispersed with oil- and moisture-free compressed air. Light
curing was performed for 10 s using Demi Plus Kerr Dental Curing Light. Variolink Esthetic
DC was applied with an application tip directly to the internal surface of the restoration
(for veneers and crowns) and in the cavity (for inlays). The ceramic prosthesis was then
seated and held in place during excess removal. Excess material was light cured with a
polymerization light for 2 s at 10–15 mm by running the light probe along the entire cement
line and removed immediately with a scaler. Restoration margins were covered with liquid
strips immediately after excess removal to prevent oxygen inhibition and light cured for
10 s. Margins and cement lines were polished with Kenda polishers. SEM examination was
performed to explore the bond interface at the tooth–prosthesis junction.

2.5. Pull-Out Test

Each tooth was incorporated in self-curing acrylate at both ends—the ceramic rod and
the root—leaving the crown free of acrylate. After the material setting, the whole assembly
was kept in artificial saliva for 24 h.

Pull out-test was performed (Figure 1) by using a Lloyd LR5k Plus dual-column
mechanical testing machine (Ametek/Lloyd Instruments, Germany, provided with a cell
with a maximum recording force of 5KN), at a crosshead speed of 1 mm/min (ASTM
D638 standard), and the data were processed using NexygenPlus software. For each
investigated group, 15 evaluations (10 teeth with PDT and 5 teeth without PDT) were
performed. Measurements that had a difference of ±15% of the measured average value
were eliminated. The results were subjected to ANOVA one-way statistical analysis (α-0.05)
and Tukey’s ad hoc test using the Origin 2019b Graphing and Analysis (Origin Lab) software
(Northampton, MA, USA). Fracture areas were evaluated by SEM and optical microscope
(Zeiss Stemi 2000-C Stereo Microscope 6.5x–50x, Germany).

Figure 1. Pull-out mechanical test using LLOYD LR5k Plus.

3. Results

3.1. Effectiveness of Disinfection through Photodynamic Therapy

This study assessed the effectiveness of using PDT as a method of disinfection of
prepared coronary surfaces of extracted teeth. SEM analysis of contaminated prepared
dental surfaces showed the appearance of Streptococcus mutans biofilm consisting of an
agglomeration of cocci that completely covered the dental structures (Figure 2a,c,e). The
8-day-old biofilm revealed cells with a particular arrangement—such as solitary cells
positioned next to each other—which had lost their specific chain conformation.
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Figure 2. SEM images of contaminated teeth surface before and after PDT: (a) expansive colonization
by S. mutans, biofilm covering entire veneer preparation; (b) SEM view after PDT on veneer prepara-
tion surface; (c) S. mutans biofilm on crown preparation; (d) crown preparation surface after PDT;
(e) SEM image of S. mutans biofilm on inlay preparation; (f) inlay preparation surface after PDT.

The antibacterial effect on photodynamic therapy was highlighted by post-irradiation
images that showed the disappearance of the bacterial biofilm and the presence of few soli-
tary remaining bacteria (Figure 2b,d,f). PDT managed to reduce the number of colonizing
streptococci on the surface of dental preparations.

3.2. Appearance of Tooth–Prosthesis Interface after Adhesive Cementation

SEM images of the adhesion between IPS e.max PRESS ceramic veneers, inlays, and
crowns highlight qualitative cementation with an appropriate marginal adaptation to tooth
structures (Figure 3).
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Figure 3. SEM representation of adhesion: (a) SEM image of the IPS e.max PRESS veneer interface
area (A), adhesive cement (B), enamel area (C); (b) SEM image of the IPS e.max PRESS veneer (A),
cement (B) interface; (c) SEM image of the interface adhesive cement (B), tooth enamel (C); (d) SEM
view of ceramic inlay (A), tooth dentin (B), interface ×500; (e) SEM view of ceramic inlay (A), tooth
dentin (B), interface ×1000; (f) SEM view of ceramic inlay (A), tooth dentin (B), interface ×2000; (g) SEM
view of tooth enamel (A), ceramic crown (B), interface ×500; (h) SEM view of tooth enamel (A), ceramic
crown (B), interface ×1000; (i) SEM view of tooth enamel (A), ceramic crown (B), interface ×2000.

3.3. Adhesion Pull-Out Test

The results of the pull-out test for the examined groups (crown, veneer, and inlay) are
summarized in Table 1. The highest values of tensile strength of specimens treated with
PDT (Figure 4) and comparison of load at upper yield between groups (Figure 5) are graph-
ically represented. Based on the comparison of Anova one-way test results between the
groups of teeth with and without photodynamic therapy, there were no different statistical
semificatives between them for any of the groups of materials (p ≥ 0.05). Based on the
comparison of the values between all three groups (with and without photodynamic ther-
apy) of restorations, there were different values of p, which did not show large statistically
significant differences. In Tukey’s test, groups with the same letter are without statistically
significant differences (tensile strength), and those with different notations reflect signifi-
cant differences between them (crown and veneer with inlay for load at maximum load
and load at upper yield).
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Table 1. Adhesion pull-out test.

Type of Prosthesis Load at Maximum Load (N) Tensile Strength (MPa) Load at Upper Yield (N)

Crown
With PDT 265.82 ± 34.6781 a 84.6 ± 8.52369 c 209 ± 42.7055 d

Without PDT 257.22 ± 51.8807 a 64.7 ± 12.7614 c 188 ± 55.1160 d

Veneer
With PDT 248.43 ± 20.9848 a 79.079 ± 7.64638 c 248.43 ± 35.0042 d

Without PDT 239.55 ± 35.7009 a 80.571 ± 10.3334 c 228.88 ± 24.2239 d

Inlay
With PDT 305.98 ± 41.05021 b 97.396 ± 11.03891 c 290.83 ± 28.9973 e

Without PDT 302.11 ± 84.5941 b 90.557 ± 15.2840 c 290.05 ± 20.9471 e

p value 0.00316 0.2135 0.02715

Figure 4. Comparison of the tensile strength highest values from each examined group when PDT
was used.

Figure 5. Comparison of load at upper yield between examined groups with and without PDT.

Fracture areas were highlighted by scanning electron microscopy (Figure 6) for veneer
and crown groups, and prepared dentin was analyzed for debonded inlay group. SEM
views revealed cracked subjacent dentin for veneers and crowns, fractured pieces of IPS
e.max PRESS, and remaining Variolink Esthetic DC onto the dental surface alternating with
areas where it was missing. For the inlay group, the specific detail was the presence of
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adhesive cement on the tooth, suggesting that fractures occurred at the cement–ceramic
inlay interface. Optical microscopy images revealed veneers and crown specimens failure
by fracture and inlay specimens failure by debonding (Figure 7).

Figure 6. SEM examination of fracture areas after mechanical pull-out test: (a) SEM image of the
veneer fracture zone: ceramic material (A), residual cement (B), tooth dentin (C) ×100; (b) SEM image
of the veneer fracture zone: ceramic material (A), residual cement (B), tooth dentin (C) ×200; (c) SEM
image of the veneer fracture zone: ceramic material (A), residual adhesive cement (B), tooth dentin
(C) ×500; (d) SEM image of the veneer fracture zone: ceramic material (A), residual adhesive cement
(B), tooth dentin (C) ×1000; (e) SEM view of the inlay cavity after debonding: prepared marginal
dentin (A), residual adhesive cement (B) ×100; (f) SEM view of the inlay cavity after debonding:
prepared marginal dentin (A), residual adhesive cement (B) ×200; (g) SEM view of the inlay cavity
after debonding: prepared marginal dentin (A), residual adhesive cement (B) ×500; (h) SEM view of
the inlay cavity after debonding: prepared marginal dentin (A), residual adhesive cement (B) ×1000;
(i) SEM view of the fractured ceramic crown (A), tooth dentin (B) ×100; (j) SEM view of the fractured
ceramic crown (A), residual adhesive cement (B), tooth dentin (C) ×200; (k) SEM view of the fractured
ceramic crown (A), tooth dentin (B) ×500; (l) SEM view of the fractured ceramic crown (A), tooth
dentin (B) ×1000.
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Figure 7. Optical microscope evaluation after mechanical pull-out test: (a) veneer fractured specimen;
(b) fractured ceramic veneer after decementation; (c) inlay debonded specimen; (d) inlay restoration
and preparation after debonding; (e) fractured crown restoration; (f) aspect of ceramic crown after
decementation.

4. Discussion

Given the increased applicability of photodynamic therapy in dentistry, our goal was
to explore a less addressed branch. We studied the use of this therapy in fixed prosthetics
as an alternative to conventional procedures for disinfecting previously prepared dental
abutments and explored possible effects on the immediate adhesive cementation of ceramic
prostheses frequently performed by dentists in their current practice. Due to changes in the
evaluated properties when PDT was applied, the null hypothesis was rejected.

For bacterial inoculation, we selected the Streptococcus mutans strain, given that it
is mainly responsible for the appearance of caries processes. An essential feature of this
bacterium is that it has receptors that enable it to adhere to the hard dental tissues [18]. The
carious potential of this bacterium is accentuated by the ability to secrete glucan (which
promotes bacterial adhesion and biofilm formation) and lactic acid, also by its acid tolerance
mechanism [19]. Previous studies evaluated PDT’s efficacy on S. mutans biofilms incubated
for 5 days [4,7], 3 days [20], 48 h [21], respectively, while others [22] used a 7-day old biofilm.
Our streptococcal biofilm also visibly developed on prepared teeth after 8 days. We chose
this specific period considering that usually, a prosthetic restoration is finalized in about a
week, during which the tooth is directly exposed to the oral bacterial flora if no provisional
restorations are used or if they fracture.

Scanning electron microscopy is a common method of examining surface details
by generating a three-dimensional image. This technique allows a direct examination
performed at a high resolution [7,23]. In the present study, we verified the biofilm formation
on the prepared areas of teeth. SEM images highlighted the presence of agglomerated cocci
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and poorly represented extracellular matrix structures, in accordance with other S.mutans
biofilm exposures [7,22].

Although it was reported that the use of photodynamic therapy in fixed prosthodontics
for dentinal decontamination before final cementation of crowns requires high-level laser
therapy [24], this study investigated the antibacterial effect of this therapy at a minimum
power of the used diode laser. In the present study, we used a SiroBlue diode laser at
a wavelength of 660 nm. This chosen wavelength is specific to the photobiomodulation
(PBM) protocol of this laser. Its applicability in tissue regeneration does not imply the use of
a photosensitizer. The biomodulatory effect of diode lasers with different wavelengths was
demonstrated [25,26]. A single laser-irradiation was performed, similarly to the process
reported by another research [25].

Using tissue regeneration laser settings, as well as the addition of methylene blue
as a photosensitizer and its washing with Kaqun water, represents an atypical protocol
of PDT. Other studies have shown the effectiveness of various standard PDT protocols
on both aerobic and anaerobic bacterial species [27–30]. The selection of the photosensi-
tizer (MB) and laser power (100 mW) was based on previous works that demonstrated
their efficacy [4,21,30]. MB had also a higher sterilizing effect [20] when compared with
hematoporphyrin monomethyl ether (HMME). Post-PDT SEM images revealed a signifi-
cant bacterial reduction; our results are in consensus with the antibacterial effect reported
by other studies [4,6,20,21,31,32].

Moreover, this study evaluated the impact that photodynamic therapy had on the
immediate adhesion of all-ceramic restorations. To our knowledge, no previous studies
have evaluated the influence of PDT on veneers, inlays, and crowns adhesion to prepared
coronary enamel and dentin, separately or together with the antimicrobial effect. Fur-
thermore, e.max restorations are made from lithium disilicate ceramic, which provides
excellent aesthetics and superior quality and strength. IPS e.max Press ceramic material
contains a glass matrix, and 70% incorporated lithium disilicate crystals. IPS e.max PRESS
is available as ingots with different shades and translucencies [33]. This material is used for
veneers, inlays, and single crowns, as it is able to ensure translucency and resistance, with
indications in both anterior and posterior teeth. The fracture resistance of lithium disilicate
prosthesis is higher than that of zirconia or metal–ceramic prosthesis [34].

The longevity of indirect prosthetic restorations depends largely on the quality of the
adhesion between the restorative material and the dental substrate. The veneer–cement-
adhesive–tooth (enamel) interface revealed a homogeneous and uniformly thick layer of
Variolink Esthetic DC adhesive cement. At the boundary between the veneer and the
adhesive cement, there were areas with microcracks due to the contraction of the cement
during light curing (Figure 3b), but the contact was intimate, without gaps, without areas
of separation of the two materials, emphasizing a tight adhesion of cement to ceramics [35].
The evaluation of the junction between the adhesive cement and the tooth (enamel) showed
very good adhesion, an adhesive system of uniform thickness, and a weakly represented
but present hybrid layer (Figure 3c). No cracks, gaps, or discontinuities were identified
at this level, indicating a good quality of adhesion between the adhesive cement and the
tooth enamel. Our findings are similar to those reported by other studies that evaluated
the adhesion of lithium disilicate ceramic bonded with the same cement that we used [36].
SEM images of tooth dentin–ceramic inlay (Figure 3d,e,f) and tooth dentin–ceramic crown
(Figure 3g,h,i) highlighted a close adaptation of the prosthesis to tooth structures at different
magnification levels. It is also worth mentioning that for heat-pressed lithium disilicate
crowns and inlays, a marginal gap no higher than 100 μm is clinically acceptable [37,38].

In this study, we used ceramic prosthesis realized together with an occlusal or incisal
bar parallel with their path of insertion, which served for assembling the universal testing
machine and performing a mechanical pull-out test [39]. For every investigated group
(crowns, veneers, and inlays) with and without PDT, testing was performed. Our results
demonstrated that the antimicrobial protocol performed before adhesion did not statistically
influence the examined parameters (load at maximum load, tensile strength, and load at
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upper yield). Noticeably, the obtained values were higher for every group when PDT
was used (Table 1)—except for the tensile strength of veneers, which was approximatively
the same with and without PDT. To our knowledge, no previous study has compared
the tensile strength of cemented e.max ceramic prosthetic restorations before and after
PDT using a pull-out retention test. All specimens from crown and veneer groups failed
by fracture, while the inlay group failed by decementation. This is probably due to the
difference in thickness between restorations—the inlays are thicker, in accordance with the
cavity preparation. In our findings, load at maximum load for all the studied groups was
similar when compared to the failure load reported by one study that used an unspecified
luting composite for cementation [34]. Another study [40] reported higher values of the
Load at maximum load than our results. This difference may appear due to the different
protocol—the cementation was performed using adhesive cement different from ours, the
occlusal surface was prepared flat, the wax patterns were designed digitally and milled,
and because the internal surfaces of the restorations were etched with 9.5% hydrofluoric
acid. A study with similar results [41] of the load at maximum load evaluated the retention
of lithium disilicate crowns using bioactive cements. We did not find studies that evaluated
tensile strength and load at upper yield for the types of restorations that we evaluated by
pull-out test.

After assessing the results for every group of specimens, the authors evaluated the
differences and similarities between them. Based on the results, we did not find any
difference between veneer and crown groups when analyzing tensile strength, load at
maximum load, and load at upper yield. A statistically significant difference was detected
between them and the inlay group regarding load at maximum load (p = 0.003) and load at
upper yield (p = 0.027). This difference may be due to the increased thickness of the inlay,
compared with the other two preparations.

All specimens were submitted to SEM examination to investigate fracture areas on
both tooth and ceramic surfaces. The microscopy images reveal dentin areas partially
covered with the residual adhesive cement at the fracture zone of the ceramic prosthesis.
The appearance of the fracture lines revealed small fragments of ceramic material above
the cracked dental tissue. The adhesive cement covered the dental areas where the fracture
occurred at the ceramic–cement interface and was absent where the bond had failed at the
cement–tooth interface, similar to what other studies have reported [42,43].

The limitations of the present study are represented by the dehydration of samples
during SEM examination. Additionally, observation of small sections may not fully reflect
the characteristics of the whole sample under investigation. Concerning mechanical testing,
the practitioner’s skills in performing all cementation steps can influence mechanical results.
Moreover, using a single bacterial species led to a complete lack of results of the evaluation
under the conditions of a biofilm.

In our future research, we intend to use complex, multispecies biofilms. In this way,
by collecting oral dental plaque for contamination, in vivo conditions and the structure of
a biofilm can be simulated [44,45].

Within the limitations of the in vitro conditions, the present study demonstrates the
effectiveness of photodynamic therapy when it is used as a part of the cementation protocol.
Additionally, it opens the way for future research to increase the applicability and use of
PDT in fixed prosthodontics from an antibacterial and adhesion point of view.

5. Conclusions

S. mutans adhesion on prepared teeth and development of the bacterial biofilm was
highlighted by pre-irradiation microscopic examinations.

SEM images after PDT showed a bacterial reduction, demonstrating that 100 mW laser
power was sufficient to decontaminate the prepared surfaces. PDT can be considered an
appropriate disinfection protocol for coronary dental tissues before the restorative phase.

Evaluation of the adhesive cementation of lithium disilicate ceramic veneers, crowns,
and inlays showed a good marginal adaptation. A mechanical pull-out test revealed
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improved adhesion for all examined groups when PDT was applied before cementation.,
However, the inlay group had better bond strength when compared with the veneer and
crown groups.

More studies are needed to evaluate the effectiveness of different photosensitizers and
lasers on disinfection and adhesion, to extend the use of lasers in dental prosthetics.
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Abstract: We have previously shown that a radioactive (123I)-analog of methyl 3-(1′-(iodobexyloxy)
ethyl-3-devinylpyropheophorbide-a (PET-ONCO), derived from chlorophyll-a can be used for
positron emission tomography (PET) imaging of a variety of tumors, including those where 18F-FDG
shows limitations. In this study, the photodynamic therapy (PDT) efficacy of the corresponding
non-radioactive photosensitizer (PS) was investigated in a variety of tumor types (NSCLC, SCC,
adenocarcinoma) derived from lung cancer patients in mice tumor models. The in vitro and in vivo
efficacy was also investigated in combination with doxorubicin, and a significantly enhanced long-
term tumor response was observed. The toxicity and toxicokinetic profile of the iodinated PS was also
evaluated in male and female Sprague-Dawley rats and Beagle dog at variable doses (single intra-
venous injections) to assess reversibility or latency of any effects over a 28-day dose free period. The
no-observed-adverse-effect (NOAEL) of the PS was considered to be 6.5 mg/kg for male and female
rats, and for dogs, 3.45 mg/kg, the highest dose levels evaluated, respectively. The corresponding
plasma Cmax and AYClast for male and female rats were 214,000 and 229,000 ng/mL and 3,680,000
and 3,810,000 h * ng/mL, respectively. For male and female dogs, the corresponding plasma Cmax

and AYClast were 76,000 and 92,400 ng/mL and 976,000 and 1,200,000 h * ng/mL, respectively.

Keywords: photosensitizers; photodynamic therapy; toxicokinetics; chemotherapy; combination
therapy

1. Introduction

Among a variety of cancer types, lung cancer is considered to be the leading cause of
death related and the most commonly diagnosed form of such disease [1,2]. Lung cancer is
divided into two broad histologic classes, which grow and spread differently: small-cell
lung carcinomas (SCLCs) and non-small cell lung carcinomas (NSCLCs) [3]. Treatment
options for lung cancer include surgery, chemotherapy and radiation therapy [4–7]. How-
ever, in many cases, cancer cells develop drug resistance and become nonresponsive to
chemotherapy [8], thus necessitating the exploration of alternative and/or complementary
treatment modalities. Photodynamic Therapy (PDT) has emerged as an effective treatment
modality for various malignant neoplasia and tumors [9,10]. In PDT, the photochemical
interaction of light, photosensitizer (PS) and molecular oxygen produces reactive oxygen
species (ROS), mainly singlet oxygen (1O2), which is responsible for the destruction of
tumor [11–15].

A large number of porphyrin-based photosensitizers (PS) has been investigated in-
clinic for the treatment of lung cancer by PDT [16–22], and the initial response has been
encouraging. However, some of the first-generation PSs showed limited tumor specificity
and prolonged skin phototoxicity. Moreover, PDT being a localized treatment was not
curative for those patients with metastasis. In most of the second-generation agents,
especially with HPPH [3-(1′-hexyloxy) ethyl-3-devinylpyropheophorbide-a] [23], derived
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from chlorophyll-a, the long-term skin phototoxicity problem has been resolved [24], but it
is potentially curative only for localized cancers. Therefore, efforts are currently underway
to investigate the utility of PDT in combination with other treatment modalities, e.g.,
chemotherapy, immunotherapy, etc. [25,26]. The initial clinical results are promising but
the treatment parameters need to be optimized in a large patient population.

For the past several years, one of the objectives of our laboratory has been to develop
multi-functional agents for cancer-imaging (PET, MRI or fluorescence or of these combina-
tion) [27] and treatment of cancer by PDT, using a “See and Treat” approach. In one of our
attempts, we have been able to develop an iodinated PS (methyl-3(1′-m-iodobenzyloxy)
ethyl-3-devinyl pyropheophorbide-a), which in its radioactive form (124I-) can be used to
image a variety of tumors by PET imaging [28], and as a non-radioactive analog for NIR
fluorescence-imaging and treatment of cancer by PDT. Thus, a single agent (in combina-
tion of radioactive + corresponding non-radioactive forms) can be used for imaging (PET,
fluorescence) and therapy of cancer [28]. This product provides a unique opportunity to
determine the stage of cancer (localized or metastasized) by PET imaging of the cancer
patient with 124I-labeled agent and select the treatment plan accordingly: either PDT alone
(if cancer is localized) or PDT + chemotherapy (if the cancer is metastasized). Therefore, we
initially investigated the PET imaging ability of the 124I-labeled agent of this compound
(PET-ONCO) in a variety of tumor types, including lung tumors, and excellent results were
obtained [28]. This report presents (a) the utility of a corresponding non-labeled iodinated
PS 1 for treating lung cancer with and without chemotherapy (doxorubicin) in a variety of
lung tumors xenografts derived from lung cancer patients and (b) the toxicity and toxicoki-
netic profiles of the PS formulated in Pluronic F-127 at variable doses in male and female
rats and dogs. We and others have previously shown the improved PDT efficacy of certain
tetrapyrrolic photosensitizers in a Pluronic-based formulation either by encapsulation or
by conjugating the PS with Pluronic F-127 with and without the combination of co-delivery
of doxorubicin for overcoming drug resistance in cancer [29–31].

2. Results and Discussion

Chemistry: The PS 1 [(methyl-3-(1′-meta-iodo-benzyloxy) ethyl-3-devinylpyropheoph-
orbide-a] was synthesized from Chlorophyll-a by following the methodology established
in our laboratory [28]. See Figure 1.

Figure 1. Doxorubicin, a chemotherapy agent [32] routinely used for the treatment of lung cancer
patients, was purchased from Sigma Aldrich, USA.

In vitro Studies:

(a) In vitrocell uptake and PDT efficacy of PS1 in Tween80 vs Pluronic F 127 formulations: For
in vitro studies, PDX 14541 cell line (a squamous cell carcinoma, SCC), derived from
a lung cancer patient tumor was initially used to investigate the PDT efficacy of
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iodinated photosensitizer (PS) 1. The PS was formulated in two different formulations
(1% Tween 80/5% dextrose and 2% Pluronic F-127 in PBS) to determine the impact
of delivery vehicle in PDT efficacy at various light and drug doses. Among the
parameters used, PS 1 formulated in 2% Pluronic F-127 showed significantly higher
efficacy when compared to the 1% Tween 80 formulation (Figure 2). At the light dose
of 1 J/cm2 (665 nm), the IC50 values of PS 1 in Pluronic and Tween80 formulations
were 662.5 nM and 5196 nM, respectively. Finally, neither formulation showed any
dark toxicity with drug alone and no light treatment.

Figure 2. A comparative in vitro PDT efficacy of PS 1 formulated either in 1% Tween®-80 (left graph)
or 2% Pluronic® F-127 (right graph) in lung cancer cell line 14541 derived from a lung cancer patient.
The cells were incubated with PS 1 for 24 h, and then exposed to light (665 nm, 1–4 J/cm2) 24 h. The
PDT efficacy was determined by MTT assay, and the results were analyzed using GraphPad Prism
7 software.

(b) Impact of PS 1 formulated in Tween and Pluronic in PDX 14541 cells and fibroblast
co-culture: Photosensitizers which specifically accumulate in tumor cells over nor-
mal cells is vital in minimizing adverse effects. To demonstrate PS 1 tumor specificity
over normal lung cells, a co-culture system was prepared using PDX 14541 cells and
normal lung fibroblast. Additionally, the normal lung fibroblast cells were transfected
with GFP to distinguish the two cell types visually. In this system, PS 1 in both
formulations (Tween®-80 and Pluronic® F-127) showed higher uptake in tumor cells
over the normal cells. However, the Pluronic formulation had a better distribution
across the tumor cells mass. In the Tween formulation, the PS concentration along
the periphery of the tumor cell mass was higher compared to the center of the mass
determined by its fluorescence intensity (Figure 3).

(c) Comparative independentin vitro efficacy of PS 1-PDT and doxorubicin therapy: PDT is an
efficient modality in destroying localized tumors but has limitations in treating metas-
tasis, where the delivery of the light could be problematic. To demonstrate the
advantages of PDT in combination with doxorubicin, and its synergetic impact to
treat lung cancer, the Bliss independence model of synergy was investigated in A549
lung cancer cells. The tumor cells were incubated with PS 1 at variable concentration
for 24 h, washed with fresh media and exposed to variable light doses (1–4 J/cm2),
and the PDT efficacy was determined by MTT assay [33]. For determining the efficacy
of doxorubicin, the A549 cells were treated with doxorubicin at variable concentration,
incubated for 24, 48 or 72 h. The effective dose was determined via the MTT assay
(Figure 4). The IC50 values of the PS (conc. 300 nM), light dose (665 nm, 1 J/Cm2)
at 24 h post-incubation of the PS) and doxorubicin (625 nm, cells incubated for 48 h)
were used to select the concentration of the PS and doxorubicin for determining the
best treatment parameters.
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Figure 3. A co-culture system containing PDX 14541 tumor cells and normal lung-fibroblast cells
transfected with GFP. PS 1 uptake (red) was observed in both Tween®-80 and Pluronic® F-127
formulations within the tumor cells. GFP-transfected fibroblast cells are shown in green. While both
tumor cells and fibroblast demonstrated PS fluorescence, the PS concentration amount (fluorescence
intensity) observed in normal fibroblast cells was significantly lower than in tumor cells. Compared
to Tween 80 formulation, the PS 1 in Pluronic F-127 formulation showed more evenly PS distribution.
Hoechst 33342 was used to stain the nucleus of the cells (blue). The PS 1 did not show any localization
in cell nucleus. The fluorescence intensity of the PS 1 in Tween and Pluronic formulations was
measured by ImageJ software (see scale bars).

Figure 4. The in vitro cytotoxic effect of PS 1-PDT at variable concentrations/light doses and doxoru-
bicin efficacy at variable concentrations after incubating for 48 h were independently determined in
A549 cell lines. For the PDT experiment, the cells were exposed to light at 24 h. Cells were then rested
for 48 h and tested for cytotoxic effects via MTT assay. The cells were incubated with doxorubicin for
48 h and then tested for cytotoxicity by MTT assay.

(d) PS 1-PDT in combination with doxorubicin therapy shows a synergetic effect. The impact
of PS 1-PDT in combination with doxorubicin was studied and analyzed by following
the Bliss method. [34]. The Bliss independence model was generated by comparing the
cell viability data from individual treatment, with those obtained by combining both
the modalities in various PS and doxorubicin doses. A topological map was generated
by graphing 36 different peaks of antagonism followed by valleys of synergy, indicated
in red (Figure 5). A combination index that is less than 1 indicates synergy, while
if the value is greater than 1, the combination was antagonistic. The in vitro model
suggests that for best efficacy, doxorubicin and PS should be used in a molar ratio of
2:1. In a combination therapy experiment, the cell viability was reduced to 50% at
20 nM conc. of PS 1 and 10 nM conc. of doxorubicin, whereas PS 1 alone at 20 nM
yielded 90% viability and doxorubicin alone at 10 nM showed 80% cell viability.
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Figure 5. The synergism of PS 1 and doxorubicin were tested at varying drug doses. A549 cells were
incubated with PS 1. Cells were exposed to light (fluence: 1.0 J/cm2, fluence rate: 75 mW/cm2)
applied at 24 h post-incubation. Doxorubicin was then added at various concentrations, and cells
were incubated for 48 h, then assessed for cytotoxic effects. The combination indices were calculated
for each point using the formula CI = [EPS1 + Edox − EPS1Edox]/EPS1*dox. Therefore, the combination
index plotted above represents the ratio between the hypothetical efficacy and the observed efficacy
of the combination. Peaks indicate antagonism, values near 1.0 indicate an additive effect, and valleys
indicate synergism.

(e) Synergetic Impact of PS 1-PDT and doxorubicin in various cell lines: Before initiating
in vivo studies, additional in vitro experiments were preformed to investigate if syn-
ergetic trends remained consistent in two additional cell lines: H460 (non-small cell
lung cancer) and MDA-MB-43 (breast cancer). H460 reacted similarly to A549, except
the regions of antagonism were expanded. This includes the 2:1 combination yielding
the highest degree of synergy. Meanwhile, MDA-MB-435 demonstrated almost no
areas of synergy. Instead, most of the combinations yielded additive or antagonistic
effects (Figures 6 and 7).

Figure 6. The synergism of PS 1 and doxorubicin tested MDA-MB-435 in H460 and at varying drug
doses. Cells were plated and PS 1 was added. Cells were exposed to light (fluence: 1.0 J/cm2, fluence
rate: 75 mW/cm2) at 24 h post-incubation. Doxorubicin at various doses was then added, and cells
were incubated for 48 h, then assessed for cytotoxic effects. The combination indices were calculated
for each point using the formula CI = [EPS1 + EDox − EPS1EDox]/EPS1+Dox. Peaks indicate antagonism,
values near 1.0 indicate an additive effect, and valleys < 1.0 indicate synergism. Areas indicated in
red denote synergetic concentrations and valleys < 1.0 indicate synergism. Areas indicated in blue
and red denote synergetic concentrations.
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Figure 7. The synergism of doxorubicin in combination with PS 1 in either Tween or Pluronic formula-
tion. Cells were plated and PS 1 was added. Cells were exposed to light (Fluence: 1.0 J/cm2, Fluence
rate: 75 mW/cm2) at 24 h post-incubation. Doxorubicin was then added at variable concentrations,
and cells were incubated for 48 h, then assessed for cytotoxic effects. The combination indices (C.I.)
were calculated for each point using the formula C.I. = [EPS1 + EDox − EPS1EDox]/EPS1*Dox. Peaks
indicate antagonism, values near 1.0 indicate an additive effect, and valleys <1.0 indicate syner-
gism. Areas indicated in red and blue denote synergetic concentrations, while grey indicates an
additive effect.

(f) Impact of formulation (Tween vs. Pluronic formulation of PS) in combination with
doxorubicin in combination therapy: To determine if the photosensitizer delivery vehi-
cle(s) had any influence in the mode of action of PDT in combination with doxorubicin
therapy, a synergetic study was conducted by using both the formulations of PS 1.
The PS 1 dissolved in Tween80/5% Dextrose/ D5W yielded similar synergy with dox-
orubicin, as shown previously in Pluronic formulation (Figure 5), where the highest
synergetic effect was observed when PS 1 and doxorubicin concentrations were in a
ratio of 2:1.

In vitro Studies:

(a) PS 1 shows high tumor-specificity and stability in Pluronic (2%) formulation Similar to
most of the porphyrin-based compounds the iodinated PS 1 also showed limited
solubility in water. Therefore, it was formulated in two FDA approved formulations:
(i) Tween 80/dextrose in water and (ii) Pluronic F-127/PBS at various concentrations,
and the stability/concentration of PS in formulation solution was determined at 4 ◦C
and −20 ◦C. In both formulations (1%Tween 80/5% Dextrose and 2% Pluronic/PBS),
the photosensitizer could be dissolved in a high concentration, and was stable, with no
loss of PS concentration at least for 24 months at −20 ◦C. PS 1 can also be formulated
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at lower concentrations of Pluronic (0.5%, 1.0%), but the long-term stability was low
with a significant release of the PS. The concentration/stability/purity of PS 1 in both
formulations was confirmed by spin filtration of the formulation, and then analyzing
the filtrate(s) and retentate for the concentration of the PS by spectrophotometric and
HPLC analyses.

To establish the treatment parameters of PDT (especially the optimal time for light
irradiation to tumors), whole body fluorescence imaging of the desired PS over variable
timepoints was performed in four PDX models (NSCLC 148070, NSCLC 0229042, SCC 14541
and lung Adenocarcinoma 15021). The mice (SCID, 3 mice/group) were injected with the PS
1 (0.47 mmol/kg) formulated in 2% Pluronic F-127/PBS and the whole-body fluorescence
imaging was performed via epi-illumination on an IVIS-in vivo system. Image analysis
was carried out with Living Image Acquisition and Analysis Software. The fluorescence
was measured using an excitation wavelength at 640 nm and emission at 680 nm as the
instrument was most sensitive to detect fluorescence of PS using this filter set. Images were
analyzed for average radiant efficiency over three regions of interest (ROI) covering the
tumor, liver and skin, and results were expressed as the mean average radiant efficiency
+/− standard deviation. The highest fluorescence was observed at 24 h post-injection in
all tumor models. Interestingly, the greatest difference in PS uptake in tumor vs. liver and
skin determined by fluorescence imaging was also seen at the same time point (Figure 8).

Figure 8. Biodistribution of PS in lung PDX models: (A) NSCLC148070, (B) NSCLC 0229047,
(C) SCC 14541 and (D) Lung Adenocarcinoma 15021. SCID mice (3 mice/group) were implanted with
lung xenografts on the right flank. Tumors were grown until reaching approximately 5 mm diameter.
PS 1 (formulated in 2% Pluronic F-127, at a dose of 0.47 μmol/kg was administered retro-orbitally
(alternate for tail vein injection). Tumor, liver and skin uptake was measured by an IVIS Spectrum
using Living Image acquisition and analysis software at 2, 4, 6, 8, 24, 48 and 72 h. Excitation and
emission filters were 640–660 nm and >720 nm respectively. In all tumor types, the maximum uptake
was observed at 24 h post-injection of the PS.

(b) Determination of PDT Efficacy of PS 1 in PDX Models We have previously investigated
the in vivo PDT efficacy of PS 1 in mice bearing FaDu, Colon26, UMUC3 and U87
tumors, and the most effective drug dose was determined to be 1.0 mmol/kg, and
light dose: 135 J/cm2, 75 mW/cm2. Therefore, we used the same treatment parameters
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for evaluating its efficacy in a variety of lung PDX models (NSCLC148070, NSCLC
15021, SCLC14541, SCLC 0229047).

(c) Imaging of PDX tumors Small Cell Lung Carcinoma (SCLC) and Non-Small Cell
Lung Carcinoma (NSCLC): SCLC (A) 14541 (B) 0229047 and NSCLC (C) 15021 (D)
148070 using PS1 at 0.47 μmol PS 1 in 2% Pluronic® F-127: Similar to most of the
pyropheophorbides, PS 1 is also a highly fluorescent molecule with long wavelength
absorption at 665 nm and emission at 670 nm/720 nm.

The success of PDT depends on the PS uptake and retention in tumor(s), availability
of oxygen and exposure with an appropriate wavelength of light. For the present study,
the female SCID mice were implanted with xenografts on the right flank. The tumors were
grown until reaching approximately 5 mm diameter. The PS was then injected intravenously
at a dose of 1 μmol/kg and whole-body fluorescence imaging via epi-illumination was
performed by an IVIS Spectrum system. Image analysis was carried out with Living Image
acquisition and analysis software. The image obtained using Ex: 640–660 nm, Em: >680 nm
was used as the instrument was most sensitive to detect fluorescence of PS 1 using this
filter set. Images were analyzed for average radiant efficiency over three regions of interest
(ROIs) covering the tumor, liver and skin (shaved), and results were expressed as the mean
average radiant efficiency ± standard deviation. The time for highest uptake of the PS was
determined by fluorescence at variable time points after injecting PS 1.

(d) PDT efficacy of PS 1 in treating SCLC PDX tumors: 14541 and 0229047: PDT treatment
was performed and replicated using 1 μmol/kg PS 1 in 2% Pluronic® F-127 in female
SCID mice bearing SCLC tumors irradiated with light at 665 nm at a dose of 135 J/cm2

and fluence rate of 75 mW/cm2 (Figure 9). Mice were followed for 60 days post-PDT
treatment, and palpable tumors were monitored via caliper measurement. Tumor
volume was calculated as length x width x 1

2 width. The cure rates (CR) in both SCLC
tumors at 60 days were 15/23 = 65% and 19/20 = 95%, respectively, with a significant
p value of 0.0001 in both PDX types.

(e) PDT efficacy of PS 1 in treating of NSCLC PDX tumors: 15,021 and 48,070: PS 1-PDT
was also evaluated in SCID mice bearing SCLC tumors (PDX 15,021 and 48,070)
at a dose of 1.0 μmol/kg in 2% Pluronic® F-127. At 24 h post-injection of the PS, the
tumors were irradiated with light at 665 nm at a light dose of 135 J/cm2 and fluence
rate of 75 mW/cm2. The tumor regrowth in each mouse was followed for 60 days
post-PDT treatment, and palpable tumors were monitored via caliper measurement.
Tumor volume was calculated as length × width × 1

2 width. The cure rates (CR) in
both NSCLC tumors at day 60 were 10/13 = 77% and 7/14 = 50%, respectively, with a
significant p value of 0.0001 in both PDX types (Figure 9).

(f) PS 1-PDT in combination with doxorubicin enhances long-term tumor cure: To investigate
the impact of PDT in combination with chemotherapy, PDT treatment was performed
first using female SCID mice bearing SCLC 14541 tumors (PDX). In brief, PS 1 at a
dose of 1 μmol/kg was injected. At 24 h post-injection, the tumors were exposed to
light (665 nm, light dose: 135 J/cm2, 75 mW/cm2) and then the PDT treated mice
were injected (i.v.) only one time with doxorubicin at a dose of 2.5 mg/kg. Mice were
monitored for 60 days post-PDT treatment, and palpable tumors were measured via
caliper measurement. Tumor volume was calculated as length × width × 1

2 width.
The cure rates (CR) in SCLC tumors at 60 days were 15/23 = 65% and in combination
with doxorubicin were 4/5 = 80%, respectively, with a significant P value calculated
by Mantel-Cox software in both treatment types. The tumor response depicted in
Figure 10 shows a significant improvement in long-term cure by PDT in combination
with doxorubicin therapy.
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Figure 9. Fluorescence imaging and PDT efficacy of SCID mice bearing PDX lung tumors: (A) PDT
efficacy of mice bearing SCLC 14541 tumors and (B) tumor images; (C) PDT efficacy of mice bearing
SCLC 2229047 tumors and (D) tumor images; (E) PDT efficacy of mice bearing NSCLC 15021 tumors
and (F) tumor images; (G) PDT efficacy of mice bearing NSCLC 148070 tumor and (H) tumor images.
For determining long-term efficacy, mice were injected (i.v.) with PS 1 (1 mmol/kg), and at 24 h
post-injection, the tumors were exposed with light (665 nm, 135 J/cm2, 75 mW/cm2), and tumor
growth was monitored daily for 60 days.
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Figure 10. (A) SCID mice were injected intravenously with PS 1 at a dose of 1.0 μmol/kg; the
tumors were irradiated with light (665 nm, light dose: 135 J/cm2, 75 mW/cm2) at 24 h post-injection.
(B) In a second set of experiments, five SCID mice bearing SCLC 14541 tumors after PDT treatment
as discussed above were injected (i.v.) with doxorubicin (2.5 mg/kg × 1 dose), and tumor regrowth
of mice in both sets of experiments was monitored daily for 60 days. If there is any tumor regrowth,
the mice were euthanized on that day. On day 60, mice with no tumor regrowth (cure) were also
euthanized following an approved protocol procedure.

(g) STAT3 dimerization as a bio-marker to PDT response: We have previously shown that the
STAT3 dimerization is an efficient biomarker for predicting the outcome of PDT
treatment both in vitro and in vivo [35]. Various in vivo experiments conducted in
animals, and the clinical PDT using HPPH as a PS have shown that a significant
amount of the HPPH was not bleached (destroyed) after the light treatment (PDT),
and those patients who showed limited STAT3 dimerization on further light treatment
gave improved long-term tumor cure. Thus, STAT3 dimerization could be a valuable
biomarker in evaluating the PDT response in cancer patients. Therefore, in this
particular study, the percentage of STAT3 dimerization after light treatment was
measured in mice bearing various lung cancer tumors, and the preliminary results
shown in Figure 11 indicate that all the tumors showed a certain percentage of STAT3
dimerization, but this was not directly proportional to the tumor response (Figure 9).
These results are certainly interesting; however, further in vivo studies are needed
to confirm a direct correlation between the percentage of STAT3 dimerization and
long-term PDT efficacy using a larger group of mice bearing a variety of tumor types
with variable vascularity.

(h) Impact of Pluronic F-127 formulation in photophysical properties of PS 1: Similar to most
of the tetrapyrrole-based PS, e.g., HPPH30, the PS 1 derived from chlorophyll-a, on
formulating in Pluronic F-127/PBS solution forms aggregation, which significantly
reduces its absorption and fluorescence intensities. However, in the presence of HSA
(human serum albumin) or BSA (bovine serum albumin), the PS self-aggregation dis-
aggregates, and exhibit photophysical properties similar to the respective monomers
observed in organic solvents (e.g., methanol or tetrahydrofuran).
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Figure 11. Percentage of STAT3 dimerization measured after in vivo PDT in SCID mice (3 mice/group)
bearing tumors on the flank with patient-derived lung cell carcinoma SCC 14541 (A), USCLC 148070
(B), adenocarcinoma NSCLC 15021 (C), and squamous cell carcinoma, SCC 0229047 (D). Tumors
were grown for approximately 2 weeks until they reached 6–10 mm diameter; the mice were then
injected with 1.0 μmol/kg PS 1 in 2% Pluronic® F-127 formulation. In each set of experiments, PDT
treatment was given to two mice at 24 h with light at 665 nm at a dose of 135 J/cm2 and fluence rate
of 75 mW/cm2. One mouse in each experiment also received PS 1, but no light treatment and used as
a control.

3. PS 1 Toxicity at Variable Doses in Rats and Dogs

The objectives of this study were to evaluate the toxicity and toxicokinetic profiles
following bolus intravenous (IV) administration of PS 1 (formulated in 2% Pluronic F-
127/PBS) to male and female Sprague-Dawley rats and Beagle Dogs after a single dose to
assess reversibility of latency of any effects over a 28-day free period. These studies were
performed under the guidelines set by the United States Food and Drug Administration, in
a GMP Facility (Frontage Laboratories, Cleveland, OH, USA).

(a) Rats’ toxicity results: The iodinated PS 1 was administered to male and female rats,
by a single iv injection, at target dose levels of 0, 1, 4 or 8 mg/kg (Table 1). The
control and high-dose animals were administered 0 or 8 mg/kg of the test article in
2% Pluronic F-127 (w/v) in DPBS. The low dose animals were administered 1 mg/kg
of the test article in 0.25% luronic F-127 and the mid-dose animals were administered
4 mg/kg of the test article in Pluronic F-127 (2% w/v in PBS). The Group 1–4 animals
were terminated the day after dose administration (Day 2, ten rats/sex/group) or
after a 28-day recovery period (Day 29, ten rats/sex/group). Separate groups 3
rats/sex/group of animals were used for toxicokinetic evaluation (3 rats/sex/group
in vehicle control group and 9 rats/sex/group in the drug treatment group).
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Table 1. Group assignments and dose levels (rat study).

Dose
Group

Number of
Animals

(M/F)

Test
Article

Target Actual a

Dose Volume
(mL/Kg)

Number of Animals For
Necropsy (M/F)

Dose Level
(mg/kg)

Dose Conc.
(mg/mL)

Dose Level
(mg/kg)

Dose Conc.
(mg/kg)

Main (Day 2) Recovery (Day 29)

Toxicity Groups

1 20/20 PS 1 0 0 0 0 10 10/10 10/10

2 20/20 PS 1 1 0.1 1.11 0.111 10 10/10 10/10

3 20/20 PS 1 4 0.4 3.32 0.332 10 10/10 10/10

4 20/20 PS 1 8 0.8 6.55 0.655 10 10/10 10/10

Toxicokinetic Groups

5 3/3 PS 1 0 0 0 0 10 NA b NA

6 9/9 PS 1 1 0.1 1.11 0.111 10 NA NA

7 9/9 PS 1 4 0.4 3.32 0.332 10 NA NA

8 9/9 PS 1 8 0.8 6.55 0.655 10 NA NA

a Based on the analysis of initial samples only. b NA = Not Applicable

Analysis of samples collected from the 0.1, 0.4 and 0.8 mg/mL dose formulations
demonstrated that these formulations were homogeneous (CV</− 1.4%). The mean
concentrations of the 0.1, 0.4 and 0.8 mg/mL homogeneity samples were 111, 83.0 and
81.9% of the target, respectively, which were outside of the accuracy criteria (+/− 10%)
of the target concentration. Analysis of backup samples confirmed the initial results. The
actual dose levels were 1.11, 3.32 and 6.55 mg/kg, respectively.

There was no mortality or moribundity and no PS related effects on: clinical obser-
vations, body weight, food consumption (recovery animals only), ophthalmology clinical
pathology (hematology, coagulation, clinical chemistry and urinalysis), gross pathology,
organ weights and histopathology or microscopic findings.

On day 2, the most notable changes were several-fold elevations in serum cholesterol
and triglycerides concentrations for both males and females of Group 1 (vehicle) and
Group 4 (high dose). On day 29, both cholesterol and triglycerides values returned to the
normal range. These changes were potentially Pluronic F-127 related (a vehicle component).
In addition, statistically significant changes were observed in multiple serum chemistry on
Day 2. These changes were not considered adverse due to their scattered small magnitude
nature. The Tmax ranged from 0.083 to 1000 h. The elimination half-life ranged from
7.03 to 9.90 h. Increases in Cmax were approximately dose proportional and increases in
ACClast were greater than dose proportional. These values were similar in males and
females. Single intravenous injections of PS 1 to male and female rats at dose levels of 0,
1.11, 3.32 and 6.55 mg/kg was well tolerated with no adverse test article-related effects.
The no-observed-adverse-effect level (NOAEL) for the PS was considered to be 6.55 mg/kg
for male and female rats, the highest dose level evaluated (Table 2).

Table 2. Toxicokinetic parameters of PS 1 in rats.

Group Pyroanalog 531 Dose (mg/kg) Sex Tmax (h) T1/2 Cmax (ng/mL) AUClast (h ng/mL) AUC00∞ (h * ng/mL)

6 1.11 M
F

0.500
0.500

7.94
7.45

33,700
37,000

367,000
378,000

417,000
435,000

7 3.32 M
F

0.083
0.083

7.03
9.13

111,000
128,000

1,180,000
1,340,000

1,290,000
1,600,000

8 6.55 M
F

1.000
0.500

9.45
9.90

214,000
229,000

3,120,000
3,180,000

3,381,000
3,810,000

(b) Dogs’ toxicity results: Photosensitizer 1 was administered to male and female Beagle
dogs, by a single intravenous injection, at dose levels of: 0, 0.5, 2 or 4 mg/kg.

The low-dose animals were administered 0.5 mg/kg or the test article of 0. 25 Pluronic
F-127 (w/v) in DPBS and the mid-dose animals were administered 2 mg/kg of the test

132



Biomedicines 2022, 10, 857

article in 1% Pluronic F-127 (w/v) in Dulbecco’s Phosphate Buffered Saline (DPBS). There
were 6 dogs/sex in each dose group with 3 dogs/sex terminated the day after the final
dose and 3 dogs/sex terminated after a 28-day recovery period. The study design is shown
in Table 3.

Table 3. Group assignments and dose levels (dog study).

Number of
Animals (M/F)

Test
Article

Target Actual a

Dose Volume
(mL/Kg)

Number of Animals for
Necropsy (M/F)

Dose Level
(mg/kg)

Dose Conc.
(mg/mL)

Dose Level
(mg/kg)

Dose Conc.
(mg/kg)

Main (Day 2) Recovery (Day 29)

Toxicity Groups

1 6/6 PS 1 0 0 0 0 5 3/3 3/3

2 6/6 PS 1 0.5 0.1 0.42 0.0847 5 3/3 3/3

3 6/6 PS 1 2 0.4 1.52 0.304 5 3/3 3/3

4 6/6 PS 1 4 0.8 3.45 0.690 5 3/3 3/3

Toxicokinetic Groups

5 6/6 PS 1 0 0 0 0 5 NA NA

6 6/6 PS 1 0.5 0.1 0.42 0.0847 5 NA NA

7 6/6 PS 1 2 0.4 1.52 0.304 5 NA NA

8 6/6 PS 1 4 0.8 3.45 0.690 5 NA NA

a Based on the analysis of initial samples, only dose animals were administered 0 or 4 mg/kg of the test article in
2% Pluronic.

Analysis of samples collected from 0.1, 0.4 and 0.8 mg/mL formulations demonstrated
that these formulations were homogenous (RSD </−). The mean concentrations of the
samples were 84.7, 76.0 and 86.3% of the target, respectively, which were outside of the
accuracy criteria. The actual dose levels were 0.42, 1.52 and 3.45 mg/kg, respectively.

Similar to the study discussed above on rats, there was no mortality and there were
no adverse evaluations in triglycerides levels or moribundity and no PS-related effects on:
clinical observations, body weight, food consumption (recovery animals only), ophthalmol-
ogy clinical pathology (hematology, coagulation, clinical chemistry and urinalysis), gross
pathology, organ weights and histopathology or microscopic findings. The triglyceride
values returned to within the normal range by Day 29.

The Tmax ranged from 0.083 to 0.458 h. The elimination half-life was 13.7 h. Increase in
Cmax and AUClast were 76,000 and 92,000 ng/mL and 976,000 and 1,2000,000 hr * ng/mL
for males and females, respectively. The no-observed-adverse-effect level (NOAEL) for PS 1

was observed to be 3.45 mg/kg for male and female dogs, the highest dose level evaluated
(Table 4).

Table 4. Mean toxicokinetic parameters of PS 1 in dogs.

Group Pyro Analog 531 Dose (mg/kg) Sex Tmax (hr) T1/2 Cmax (ng/ML) AUClast (hr*ng/mL

2 0.42 M
F

0.458
0.153

NR
13.7

5330
7000

83,100
110,000

3 1.52 M
F

0.389
0.083

NR
NR

28,500
31,100

365,000
392,000

4 3.45 M
F

1.153
0.3.75

NR
NR

76,000
92,400

976,000
1,200,000

4. Conclusions

The results presented in this article show that the iodinated PS 1 derived from
chlorophyll-a is an efficient photosensitizer for the treatment of a variety of l PDX lung
cancer tumors. Interestingly, PS1-PDT in combination with doxorubicin at a single dose
enhanced the long-term cure in SCID mice bearing SCLC 14541 tumors. These results
are exciting, and in a future study, the optimization of treatment parameters at variable
doses of PS and chemotherapy agents (either doxorubicin or cisplatin) may further improve
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long-term cure with reduced toxicity. This approach will certainly help to select the best
treatment parameter for treating lung cancer patients. The advantages of the iodinated
compound are due to its unique ability to image the cancer in radioactive form (124I-), and
as a non-radioactive analog it can be used for fluorescence guided photodynamic therapy
of cancer. A “true” tri-functional (MR, fluorescence imaging and image-guided therapy).

The toxicity and toxicokinetic profiles of PS 1 in 2% Pluronic F-127 formulation was
investigated at variable doses in rats and dogs in a GMP facility, following the United
States FDA guidelines. Under the doses tested, even at higher than the therapeutic dose,
no significant toxicity was observed.

5. Experimental Methods

Chemistry: The iodinated PS 1 was derived from chlorophyll-a in a multistep synthesis
following our own methodology. [33]. The GMP material for toxicity and toxicokinetic
studies in rats and dogs was synthesized in a GMP facility following the guidelines of the
United States FDA.

Cell Culture and establishing patient-derived xenograft cell line: Lung cancer cell
lines (A549 and H460) and breast cancer cell line (MDAMB435) were acquired from ATCC.
Cells were grown in 75 cm cm2 flask with 10% Fetal bovine serum and 5% Penicillin
Streptomycin-supplemented media were used to grow the cells under normoxic conditions
of 5% CO2 at 37 ◦C.

Patient-derived mouse-carried xenografts (PDX) were isolated and grown as epithelial
cell lines. Briefly, to establish a cell line from tumor chunks, the tumors were digested in
trypsin and DNase I. The epithelial cells were mechanically separated from the tumor and
allowed to grow on collagen coated plates. These PDX cell lines were used to investigate
tumor specificity of PET-ONCO compared to normal fibroblast cells as well as investigate
PDT efficacy in vitro.

Co-culture system of PDX 14541 cells and normal lung fibroblast: PDX 14541 tumor
cells were plated in a 6-well plate at around 1000 cells per well. After 24 h, normal lung
fibroblast cells that had been pre-transfected with GFP (provided by Dr. Heinz Baumann,
Molecular & Cellular Biology, Roswell Park Comprehensive Cancer Center) were plated
next at about 5000 cells per well. The cells were allowed to grow to confluency and then
were dosed with 1 μM PS1. Next, 24 h after dosing, the cells were stained with Hoechst
2422 and imaged using a Zeiss fluorescent microscope.

Determination of in vivo Imaging/PDT efficacy:
Fluorescence Imaging: The SCID mice with PDX Lung tumors of 200–250 mm3 were

injected intravenously (i.v) with photosensitizer PS 1 at dose of 1 μmol/kg in Pluronic
formulations. The PS uptake in tumors was determined by fluorescence imaging using a
PerkinElmer IVIS Spectrum at variable time points, and maximum uptake was observed at
24 h post-injection.

PDT Efficacy/Tumor Response: At this timepoint, the tumors were irradiated with
light (fluence: 135 J/cm2; fluence rate: 75 mW/cm2) for 30 min at 665 nm using a Light-
wave™ laser diode. Mice were restrained without anesthesia in plexiglass holders designed
to expose only the tumor and a 2–4 mm annular margin of skin to light. Two axes (mm) of
tumor (L, longest axis; W, shortest axis) were measured with the aid of a Vernier caliper. The
tumor assessment and measurements were taken daily, then three times a week for 4 weeks,
and twice a week thereafter for a total of 60 days post treatment. Tumor volume (mm2) was
estimated using a formula: tumor volume = 1

2 (L × W2). The complete tumor regression
(CR) was defined as the inability to detect tumor by palpation at the initial site of tumor
appearance for more than two-month post-therapy. Partial tumor regression (PR) was
defined as ≥50% reduction in initial tumor size. The edema, erythema and scar formation
in the treatment field was observed and recorded. Tumor response for each treatment was
evaluated for the tumor response. For statistical analysis, the log-rank Mantel-Cox test, a
standard analysis method, was used.
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Abstract: Previous studies have found that use of hexaminolevulinate (HAL) and blue light cys-
toscopy (BLC) during treatment of bladder cancer had a positive impact on overall survival after later
cystectomy, indicating a potential treatment effect beyond improved diagnostic accuracy. The aim of
our study was to determine whether HAL and BL mimicking clinically relevant doses in an orthotopic
rat model could have therapeutic effect by inducing modulation of a tumor-specific immune response.
We also assessed whether administration with a checkpoint inhibitor could potentiate any effects
observed. Rats were subjected to HAL BL alone and in combination with anti-PD-L1 and assessed for
anti-tumor effects and effects on immune markers. Positive anti-tumor effect was observed in 63%
and 31% of rats after, respectively, 12 and 30 days after the procedure, together with a localization
effect of CD3+ and CD8+ cells after 30 days. Anti-tumor effect at 30 days increases from 31% up to
38% when combined with intravesical anti-PD-L1. In conclusion, our study demonstrated treatment
effects with indications of systemic immune activation at diagnostic doses of HAL and blue light.
The observed treatment effect seemed to be enhanced when used in combination with intravesically
administrated immune checkpoint inhibitor.

Keywords: bladder cancer; Hexvix®; photodiagnosis; PDT; immune checkpoints

1. Introduction

Urothelial carcinoma is the fifth most prevalent cancer worldwide, where non-muscle-
invasive bladder cancer (NMIBC) constitutes 75% of primary diagnosis [1]. NMIBC is
characterized by frequent recurrences and progression to muscle-invasive bladder cancer
within 24 months after treatment with transurethral resection of bladder tumor (TURBT)
followed by intravesical bacillus Calmette–Guérin (BCG) instillation [2].

Use of the photosensitizer hexaminolevulinate (HAL, Hexvix®) and blue light cys-
toscopy (BLC®) has been introduced to increase detection of tumors during diagnosis
and surgical treatment of bladder cancer [3]. HAL induces preferential accumulation of
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intracellular protoporphyrin IX (PpIX) in neoplastic tissue. Illumination with blue light
(BL; 380–440 nm) produces a clearly demarcated red fluorescence from malignant tissue. In-
creased detection leads to more complete tumor resection, resulting in improved short and
sustained long-term recurrence rates [4,5]. BLC with HAL is recognized and recommended
across international and national guidelines [6,7].

Whereas photodynamic diagnosis (PDD) is a diagnostic modality, photodynamic
therapy (PDT) is a promising technology in the treatment of various cancer types. PDT
combines the administration of a photosensitizer with the illumination of light of specific
wavelength to generate cytotoxic singlet oxygen. PDT destroys tumor cells via direct cell
destruction and indirectly via vascular shutdown and induction of acute local inflammatory
response resulting in immune system activation [8–12]. HAL-mediated PDT with WL was
earlier tested with curative purpose in patients with urothelial carcinoma after TUR and
demonstrated efficacy of the treatment without major side effects [13]. Intriguingly, two
studies have demonstrated positive impact on patient outcomes after cystectomy in patients
who had undergone BLC prior to their cystectomy compared to WL-TURB, indicating an
additional effect of BLC beyond pure detection [14,15]. Both overall survival and cancer-
specific survival were significantly higher in the BLC group, and prior BLC with HAL was
found to be an independent predictor of survival after radical cystectomy [15].

A promising new age of immunotherapy has arrived in the form of checkpoint in-
hibition [16]. Tumor cells can escape immune surveillance by upregulating PD-L1/PD-1
expression in cells of tumor microenvironment. The anti-PD-1 and anti-PD-L1 antibodies
bind, respectively, to PD-1 on T cells and PD-L1 on cancer cells preventing the interac-
tion of PD-1 and PD-L1, thus reactivating the anti-tumor immune response of cytotoxic T
cells [17]. For bladder cancer treatment, five such drugs have been approved by the FDA
for use in different settings, including pembrolizumab for BCG-unresponsive high-risk
NMIBC [18,19]. Immune checkpoint inhibitors have demonstrated a higher benefit in heavy
CD8+ infiltrated tumors and in tumors with high tumor mutational burden [19]. The role
of checkpoint inhibition in NMIBC has been summarized by Hahn and coworkers [20].

Several studies on the combined effect of PDT with photosensitizers and immune
checkpoint inhibition in preclinical models aiming to improve the therapeutic efficiency
have been reported [21]. Enhanced anti-tumor efficacy was demonstrated in murine tumor
models including breast, subcutaneous, melanoma, renal cell carcinoma, and colon through
a combined action of checkpoint inhibitors and PDT. The local treatment of tumor together
with the systemic administration of checkpoint inhibitors primed an immune response
resulting in increased infiltration of activated CD8+ T cells in the primary tumor, but also in
secondary tumors/metastases indicating an abscopal effect. Moreover, an immunological
memory effect was developed as PDT-treated tumor-free mice were protected against
developing new tumors when re-challenged [21–25].

We hypothesized that the positive impact on patient outcomes in patients who had
undergone BLC prior to cystectomy could be caused by a direct anti-tumor effect and/or
activation of the immune system as seen with PDT. Therefore, as a proof-of principle
study for future translation study, we investigated whether intravesical administration of
HAL followed by a diagnostic blue light illumination regime (PDD) could have an anti-
tumor and immune modulating effects, as well as increasing susceptibility to PD-1/PD-L1
pathway inhibition in a preclinical model. Rats were therefore treated with HAL and BL
in an orthotopic model of bladder cancer and subjected to histopathological analysis and
assessment of immune markers. Co-administration of HAL BL with a checkpoint inhibitor
was further tested in this model aiming to assess for potentiation of anti-tumor effects.

2. Materials and Methods

2.1. Tumor Cells Culture

The rat bladder TCC cell line AY-27 has been established as a primary bladder tumor in
Fischer 344 rats by feeding the rats with N-(4-[5-nitro-2-furyl]-2-thiazolyl) formamide. The
bladder tumor cells were cultured in vitro as a monolayer at 37 ◦C in a humidified 5% CO2
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and 95% air atmosphere in RPMI 1640 culture media (Sigma, Saint-Quentin Fallavier,
France) complemented with 9% FCS, 1% L-glutamine and 1% antibiotic/antimycotic so-
lution. Cells were passaged when nearly confluent. The cell culture medium and other
culture ingredients and PBS were obtained from Sigma (France).

2.2. Orthotopic Tumor Model

Nine-week-old female Fischer rats (Charles River Laboratories, Chatillon-sur-Chalronne
France) weighing 140–165 g were housed in groups of 4 rats per cage in a room with 12-h in-
verted light/dark cycle and controlled temperature (22 ± 2 ◦C). Animal care protocols were
used in accordance with the guidelines of the European Communities Council Directive
on the approximation of laws, regulations, and administrative provisions of the Member
States regarding the protection of animals used for scientific purposes, the National Insti-
tutes of Health Guide for the care and use of laboratory animals, and the ASAB Ethical
Committee. The studies received approval from the French Ministry of Higher Education
and Research (agreements no. APAFIS#14510 on 9 July 2018, and no. APAFIS#23597 on
3 March 2020). Animal supervision was performed daily. All efforts were made to prevent
animal suffering.

Tumors were induced as initially described by Xiao et al. [26]. Briefly, animals
were anaesthetized with an intraperitoneal injection (i.p.) of ketamine/xylazine mixture
(54/6 mg·kg−1) to maintain ~1.5 h of anesthesia and fixed on animal boards kept at 37 ◦C.
The anesthesia was completed by i.p. injection of 0.01 mg/kg opioid-based buprenorphine.
After urethral catheterization of the bladder with a 16-gauge plastic intravenous cannula,
the bladder urothelium was first conditioned with 0.5 mL HCl (0.1 N) for 15 s, neutralized
with 0.5 mL (0.1 N) NaOH for 15 s, and immediately washed several times with sterile
physiological serum. Then, a suspension of AY-27 cells (106 cells) in 0.5 mL of medium was
instilled into the bladder via the catheter for 1 h.

2.3. Hexylaminolevulinate Preparation and Administration

Hexylaminolevulinate (HAL HCl (Mw 251)) was kindly provided by Photocure ASA,
Oslo, Norway. HAL was dissolved in RPMI medium (without serum) immediately be-
fore instillation and 0.5 mL 8 mM were instilled intravesically and kept for 1 h. After
bladder evacuation, bladders were washed three times with the PBS solution followed
by illumination.

2.4. Illumination of Rat Bladders

Whole bladder illumination with blue light (BL) was performed at day 5 after tu-
mor cell implantation using a 200 mW Modulight laser model ML 6500 with excitation
wavelength at 405 nm, coupled to fiber with a cylindrical diffuser (1 × 5 mm, Medlight)
placed in a central position in the bladder filled with 0.5 mL PBS. During illumination the
irradiance was fixed at 7 mW/cm2 and a total light dose was 7.5 J/cm2. The illumination
parameters were selected to mimic the irradiance and light doses used during a clinical
blue light cystoscopy. The selected parameters were in the same range as reported by Karl
Storz for their D-Light C Photodynamic Diagnosis (PDD) system [27].

2.5. Combination Therapy

Mouse PD-L1 monoclonal antibody (clone 10F.9G2; Bio-XCell) was delivered by man-
ufacturer as a liquid stock solution (7.50 mg/mL) and stored at 4 ◦C. Immunotherapy
was conducted using two administration routes of anti-PD-L1: intravesical (ives) and
intraperitoneal (i.p.). Treatment scheme was selected based on prior studies in rodents of
combined action of immune checkpoints inhibitors with either radiotherapy or PDT [22,28].
Treatment scheme is presented in Figure 1.
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(a) 

 
(b) 

Figure 1. Experimental scheme of HAL BL treatment alone and in combination with anti PD-
L1 injections. (a) Intraperitoneal (i.p.) and intravesical (ives) administrations; (b) anti PD-L1 co-
administration with HAL (same syringe).

2.5.1. Intraperitoneal Injections (i.p.)

For i.p. injections, no additional anesthesia was required. Stock PD-L1 solution was
diluted in endotoxin-free PBS immediately before use. At each of four PD-L1 injections,
rats received 100 μL/rat of anti-mouse PD-L1 antibody at the concentration of 2 mg/mL.
A treatment dose of 0.2 mg/rat/injection was selected based on prior published experi-
ence [28]. Injections were performed at days 4, 8, 12, and 20 after tumor implantation
(Figure 1).

2.5.2. Intravesical Instillations (ives)

Instillation was done during 1 h under ketamine/xylazine anesthesia. At each of
four PD-L1 ives instillations, rats received 500 μL/rat of antibody at the concentration
7.5 mg/mL. The dose of 3.75 mg/rat/injection was selected to represent the dose used in
clinical settings [29], recalculated for equivalent doses in rats. Two schedules of anti-PD-L1
ives instillations were used: on days 4, 8, 12, and 20 or on days 5, 8, 12, and 20 after tumor
cells implantation. In the second schedule, the first anti-PDL1 instillation (on day 5) was
co-administered together with HAL (in one syringe) (Figure 1).

2.6. Pathological and Immunological Analysis

The rats were sacrificed by intracardiac overdose of pentobarbital at 7, 12, and 30 days
after tumor cell inoculation for pathological and immunological analysis.

2.6.1. Hematoxylin-Eosin-Safran (HES) Analysis

Cystectomy specimens were fixed with 4% formaldehyde before paraffin embedding
for about 4 h. Afterwards, the bladders were cut in four parts and placed in cassette. After
approximately 48 h in dehydratation bath, the bladders were paraffined. Two sections
(5 μm) obtained serially at 0.2 mm intervals were stained with hematoxylin-Eosin-Safran
(automatic methods).
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Therapeutic efficacy in rat bladders was graded into 4 groups (Table 1), based on
modified Dworak TGR (tumor regression rate) system [30]. These four groups stand for
No Response (NR), Moderate Response (MR), Near Complete Response (near CR) and
Complete Response (CR). Typical images corresponding to each of four grades are depicted
in Figure 2. Positive anti-tumor effect was considered as a sum of near CR and CR.

Table 1. Tumor response grades (adapted with modification from [30]).

No Response
(NR)

Moderate Response
(MR)

Near Complete
Response (Near CR)

Complete Response
(CR)

Rat with strong
muscle-infiltrative

tumor

Rats with few tumor
cells or islets of tumor
cells in several areas

Rats with singular
islet of tumor cells or
very few tumor cells

Absence of tumor
cells

(a) 

 
(b) 

Figure 2. Cont.

141



Biomedicines 2022, 10, 548

(c) 

 
(d) 

 
Figure 2. Tumor response grades (adapted with modification from [30]) and bladder tumor typical
images corresponding to different response rates. (a) No response (NR): bladders with strong muscle-
infiltrative tumor; (b) Moderate response (MR): bladders with few tumor cells or islets of tumor cells
in several areas; (c) Near Complete Response (Near CR); (d) Complete Response (CR).

2.6.2. Assessment of Immune Cells in Tissues

Inflammatory cells were evaluated by CD3+, CD8+, and CD4+ lymphocytes labeling.
CD8+ and CD4+ antibodies staining protocol was adapted from a protocol published
by Bressenot [31] with slight modifications. CD4+ lymphocytes labeling was performed
according to manufacturer recommendations. CD8+ and CD4+ immunohistochemistry
(IHC) was carried out on 4 μm thick deparaffinized sections in a manual mode. Before
staining, the sections were subjected to heat-induced epitope retrieval by incubation in
0.01 M Tris/EDTA solution (pH 8) at 95 ◦C for 40 min, followed by 10 min of cooling. Slices
were briefly rinsed with water. The sample on the slide was spotted with dakopen. PBS
Tween (0.1 M phosphate buffer, pH 7.4, 0.1% (v/v) Tween 20) was added to each spotted
sample for 30 min. Endogenous peroxydase activity at each spot was blocked by 5 min
incubation in a 3% hydrogen peroxide solution in distilled water. Primary antibody was
diluted in 1% (m/v) BSA. With this aim, purified mouse anti-RatCD8a (1: 100 diluted, BD
Pharmingen) was incubated at room temperature for 1 h and mouse anti-rat CD4 W3/25
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(1: 200 diluted, Bio-Rad, Marnes-La- Coquette, France) was incubated at 4 ◦C overnight.
After that, the slices were washed twice with PBST, each for 10 min and incubated with
secondary antibody, biotinylated goat anti-mouse Ig (multiple adsorption), diluted 1:100 for
CD8, and biotinylated donkey anti-mouse IgG, diluted 1:50 for CD4. Secondary antibody
remained on the slides for 1 h at room temperature.

Afterwards, the slices were washed twice with PBST, each for 10 min, followed by
incubation with streptavidin-peroxidase (BD Pharmingen) for 30 min at room temperature.
The slices were washed twice with PBST (each for 5 min). The Novared TR system (Abcys,
Paris, France) was used to detect bound peroxidase (12 min). Nuclear counterstaining was
performed with twice diluted Harris hematoxylin (1 min). At the end of the procedure, the
slices were dehydrated in three baths of alcohol (95/100/xylen) and covered by lamellas.
IHC CD3 was carried out on 4μm thick deparaffinized sections and further staining was
performed with automated immunostainer (BenchMark ULTRA instrument) with flex
rabbit polyclonal anti-CD3+ human antibody (Agilent) as primary antibody.

Inflammation was assessed by the expression of CD8+, CD4+ and CD3+ lymphocytes.
The ratio of all cell nuclei (Olympus, X40) at several images (4 or 5) achieving totally about
1000 cells to CD8+, CD4+, and CD3+ lymphocytes was calculated.

2.6.3. PD-L1 Expression in Tumor Cells

PD-L1 expression was assessed according to manufacturer recommendations. PD-L1
protein detection in paraffin-embedded bladders was determined with mouse monoclonal
anti-PD-L1 antibody, Clone 22C3 against PD-L1 (Agilent). Staining was performed by
using an automated immunostainer (BenchMark ULTRA instrument). The OptiView DAB
IHC Detection Kit (OptiView) is an indirect, biotin-free system for detecting rabbit primary
antibody. After this labeling, the slides were visualized by white light microscopy. In
the first lieu, assessment at low magnification was performed to identify homogeneity
of staining. Afterwards, at high magnification, the areas of interest were analyzed to
separate immune PD-L1 positives cells from tumor cells. Finally, PD-L1 positive tumor
cells were quantified.

PD-L1 expression was evaluated according to Percentage Staining (PS) of tumor cells
used in conventional clinical practice. PS was graded into strong (50 < PD-L1 < 100%); mod-
erate (1 < PD-L1 < 49%) and weak expression (PD-L1 < 1%). Typical images corresponding
to different levels of PD-L1 expression are indicated in Figure 3.

(a) 

 
Figure 3. Cont.
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(b) 

(c) 

Figure 3. Representative images of PD-L1 staining. (a) Typical image of strong membranous PD-
L1 expression (>50%). Example of bladder sample treated with HAL BL. Membranous PD-L1
expression in tumor cells (10×). Photo captured at 12 days post-grafting; (b) typical image of
moderate membranous PD-L1 expression (1 < PD-L1 < 49%). Example of bladder sample treated
with BL. Membranous PD-L1 expression in tumor cells (×4). Photo captured at 30 days post-grafting;
(c) typical image of weak membranous PD-L1 expression (<1%). Example of bladder sample treated
with HAL BL (×4). Photo captured at 30 days post-grafting.

2.7. Statistical Analysis

The overall number of animals used in this study was 85. The number of rats differed
in each group. For the HES-assessed anti-tumor effect, the numbers of rats in each group
were between 6 and 13. For the IHC-assessed PD-L1 expression, the numbers of rats in
each group were from 4 to 12.

Expression of T lymphocytes is presented as mean ± SEM; comparison between
groups was performed using non-parametric Mann–Whitney U test. p values < 0.05 were
considered statistically significant.

The correlation between variables and responses was determined by partial least
squares regression. The significant main, interaction, and squared terms were found by the
backward selection procedure removing one-by-one of the most insignificant terms until
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only significant terms remained (p < 0.05). The statistical calculations were performed by
the statistical software Modde Pro version 12.0.1, Sartorius Stedim data analytics AB.

3. Results

3.1. HAL-PDD-Mediated Therapeutic Effect in AY27 Orthotopic Bladder Tumors

We studied the therapeutic effect of HAL and BL illumination at different time points
after tumor cell inoculation. Intravesical instillation of HAL and BL illumination was
performed five days after tumor grafting. A significant positive therapeutic outcome (63%;
p < 0.05) was demonstrated when the rats subjected to HAL BL were assessed 12 days after
tumor grafting (n = 8) (Table 2). Five rats were either tumor-free (CR) or with few tumor
cells (Near CR), while two rats responded moderately (MR). In the last case, we observed a
tumor confined to bladder wall but without entire wall invasion. In one rat the treatment
was ineffective (NR) (Table 2).

Table 2. HES assessed therapeutic efficacy in rat bladders at 7, 12, and 30 days after tumor inoculation
in control and experimental groups.

Time after Grafting
(d)

Treatments
Tumor Response Grades

NR MR Near CR CR Near CR + CR

12 HAL BL (n = 8) 1/8 2/8 3/8 2/8 5/8 63%

30

CTR ND NL (n = 12) 12/12 0/12 0/12 0/12 0/12 0%

CTR BL (n = 6) 6/6 0/6 0/6 0/6 0/6 0%

HAL BL (n = 13) 8/13 1/13 0/13 4/13 4/13 31%

HAL BL: HAL and blue light, CTR ND NL: control no drug no light, CTR BL: control blue light only, NR: no
response, MR; moderate response, CR; complete response.

The positive therapeutic outcome was not sustained in rats sacrificed 30 days post-
grafting where the beneficial effect was significantly reduced to 31% (n = 13; p < 0.05). After
30 days, four out of 13 rats were tumor-free (CR), one rat responded moderately (MR), but
8 out of 13 bladders demonstrated strong muscle-infiltrative tumors (NR) (Table 2). Two
control groups were also assessed 30 days after tumor grafting. In the untreated control
tumor group (CTR ND NL; n = 12) HES demonstrated muscle invasive tumors in the
chorion in all rats (Table 2). In control rats subjected to BL illumination only (CTR BL;
n = 6), the bladders of all six rats were heavily invaded with tumor (Table 2). All rats in all
treatment group survived without any visible sign of suffering.

3.2. Assessment of Immunological Markers

In all treated groups we observed a strong inflammation, and therefore in the next
step we assessed the recruitment of lymphocytes. The CD3+ inflammatory marker and two
subsets of T cells, namely, CD4+ T helper cells and CD8+ cytotoxic T lymphocytes were
quantified and their localization was assessed in extracted tumors at different times after
tumor grafting.

Expression of CD3+ in untreated control tumors (CTR ND NL) at 12 days post grafting
was 17% (data not shown) and increased significantly to 29% at 30 days post tumor grafting
(p < 0.01) (Figure 4). This increase in CD3+ expression in untreated tumors confirms a
chronic inflammatory status inherent to tumor presence. CD3+ expression in rat bladders
subjected to HAL BL was significantly lower (19%; p < 0.05) than that in non-treated group
(CTR ND NL) but not different from the control BL group (23%) (Figure 4).

CD8+ expression was not significantly different between tested groups 30 days after
tumor grafting and varied between 18% and 21% (data not shown). The expression of
CD4+ was overall lower than that of CD8+ and varied between 7% and 11% but was not
significantly different between tested groups (p > 0.1) (data not shown).
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Figure 4. Expression of CD3+ lymphocytes in rat bladder tumors 30 days after tumor grafting in
control and experimental groups.

Albeit no quantitative difference was observed in the expression of CD3+ after HAL
BL compared to BL only, close examination of the slides revealed a different localization of
the CD3+ lymphocytes. A strong CD3+ localization around tumor cells was observed in the
HAL BL group, whereas in the CTR BL group, CD3+ lymphocytes were mostly localized on
the periphery of tumor sample (Figure 5a,b). The same distribution pattern was observed
for CD8+ lymphocytes (Figure 5c,d), but unlike CD3+ cells, partial localization was also
seen in the control BL group. CD4+ cells were distributed on the periphery in both
experimental groups (data not shown). Periphery localization of CD3+, CD4+ and CD8+
was also observed for untreated control tumors (data not shown). The localization of CD3+
and CD8+ lymphocytes around tumor cells in HAL BL-treated rat bladders could indicate
a stimulation of the immune system explaining the anti-tumor effect (Table 2). Therefore,
in the next step we studied whether the anti-tumor effect could be improved by combining
exposure of HAL and BL with anti-PD-L1 immunotherapy.

(a) 

 

Figure 5. Cont.
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(b) 

 
(c) 

 
(d) 

 
Figure 5. Typical images of CD3+ lymphocytes (a,b) and CD8+ lymphocytes (c,d) in bladder tumors
30 days post-grafting. (a) CD3+ lymphocytes in CTR BL sample displaying peripheral localization in
stroma regions (ST) (×4); (b) CD3+ lymphocytes in HAL BL sample displaying localization around
tumor cells in the center of tumor (CT) (×4); (c) CD8+ lymphocytes in CTR BL sample displaying
peripheral localization in stroma regions (ST) (×10); (d) CD8+ lymphocytes in HAL BL sample
displaying localization around tumor cells in the center of tumor (CT) (×10).
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3.3. IHC-Assessed PD-L1 Expression in Bladder Tumor Cells

PD-L1 expression was assessed in tumor cells collected from rats exposed to HAL BL,
BL only and untreated control tumor at 7 days, 12 days, and 30 days after tumor grafting
(Table 3). Only weak/moderate expression of PD-L1 was seen in the HAL BL and CTR
BL groups at 7 days after tumor grafting (Table 3). Twelve days after tumor grafting, a
transient increase to strong PD-L1 expression was observed in all experimental groups
(Table 3; Figure 3a) but did not sustain. Indeed, 30 days after tumor grafting the PD-L1
expression returned back to weak/moderate levels (Table 3; Figure 3b,c).

Table 3. IHC-assessed PD-L1 expression at 7, 12, and 30 days after tumor inoculation in control (CTR
ND NL, CTR BL) and HAL BL-treated bladder tumors.

Time after Grafting
(Days)

Treatments
50 < PD-L1 < 100%

Strong
1 < PD-L1 < 49%

Moderate
PD-L1 < 1% Weak

7 HAL BL
(n = 4) 0/4 1/4 3/4

12

CTR ND NL
(n = 4) 3/4 1/4 0/4

CTR BL
(n = 4) 3/4 1/4 0/4

HAL BL (n = 6) 4/6 0/6 2/6

30

CTR ND NL (n = 11) 2/11 1/11 8/11

CTR BL (n = 5) 2/5 2/5 1/5

HAL BL (n = 12) 0/12 1/12 11/12

3.4. Therapeutic Effect of Immune Checkpoint Therapy in AY27 Orthotopic Bladder Tumors

The increased PD-L1 expression 12 days after tumor grafting justified further experi-
ments with anti-PD-L1 immunotherapy. Two different administration routes of anti-PD-L1
were performed: intravesical (ives) and intraperitoneal (i.p.) and two different dosing regi-
mens (Figure 1). No anti-tumor effect was observed in the controls treated with anti-PD-L1
ives or i.p. alone 30 days after tumor grafting (Table 4). However, all groups exposed to
HAL showed a positive anti-tumor effect. This effect was significant for rats exposed to
HAL BL alone and in combination with anti-PDL-1 immunotherapy compared with control
groups (p < 0.05). A treatment regime with intravesical co-administration of HAL BL and
anti-PD-L1 seemed to be more advantageous (38%) compared to the other groups, although
the difference was not statistically significant (p > 0.05) (Table 4). It is important to note that
no signs of suffering were noted with the combination with checkpoints inhibitors.

Table 4. HES-assessed anti-tumor effect in rat bladders 30 days after tumor inoculation. Tumor
bearing rats were subjected to ives (intravesical) or i.p. (intraperitoneal) anti- PD-L1 immunotherapy.

Treatments
Tumor Response Grades

NR MR Near CR CR Near CR + CR

CTR PDL1 ives (n = 9) 9/9 0/9 0/9 0/9 0/9 0%

CTR PDL1 i.p (n = 10) 10/10 0/10 0/10 0/10 0/10 0%

HAL BL PDL1 i.p (n = 9) 7/9 0/9 1/9 1/9 2/9 22%

HAL BL PDL1 ives (n = 10) 6/10 1/10 0/10 3/10 3/10 30%

HAL BL PD-L1 ives
co-administered (n = 8) 3/8 2/8 2/8 1/8 3/8 38%

HAL BL * (n = 13) 8/13 1/13 0/13 4/13 4/13 31%
HAL BL: HAL and blue light, CTR: control no drug no light, NR: no response, MR; moderate response, CR;
complete response. * Taken from Table 2.
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4. Discussion

In our study, we used blue light illumination after intravesical instillation of hexy-
laminolevulinate alone and in combination with checkpoint inhibitor in rat bladders with
orthotopic tumors. This tumor model mimics bladder cancer in humans standing mostly
for NMIBC, with a progression to MIBC (stages II-III) [26,32,33]. Studies of photodynamic
therapy (PDT) with HAL and red light has been performed in this orthotopic bladder
cancer model, demonstrating a positive short-term (48 h–168 h) therapeutic effect [34,35].
Therefore, this model should be suitable for our experiments.

In terms of dosimetry, the idea was to mimic the light doses used during a clinical blue
light cystoscopy (PhotoDynamic Diagnosis, PDD). Based on measurements of blue light
intensity from the tip of the cystoscope, the average range of light intensities was calculated
at the distance between the scope and tumor during a PDD bladder investigation assuming
a working distance between 3 and 5 cm. Furthermore, the age of the lamp was considered
since its intensity varies with lamp age between 100–60% (lower limit) of full intensity.
Based on the above, a range of irradiances of 1.8–12.3 mW/cm2 (mean 7.0 mW/cm2)
was obtained. In our case, the delivered light doses were calculated by multiplying the
above range with the range of typical blue light exposure times during tumor-resection
(2–20 min) yielding a range of light doses of 0.2–14.8 J/cm2 (mean 7.5 J/cm2). Precise
light dosing in in vivo studies, especially in hollow organs, is difficult to conduct due to
variations in multiply parameters e.g., light diffusion, light scattering, and exact tumor
localization. Therefore, certain caution is needed while interpreting the results. Based
on these calculations, we used a fixed irradiance at 7 mW/cm2 and a total light dose
of 7.5 J/cm2. This is in the same range as documented by Karl Storz for their D-Light C
Photodynamic Diagnosis (PDD) system [27]. They report irradiance of blue light (mW/cm2)
of 1.3, 3.5, and 32 for distances from tissue of 5, 3, and 1 cm, respectively.

In this study, we found a significant anti-tumor effect at observation end point, which
was fixed at 30 days after tumor grafting with complete response (CR) in 31% (4/13 rats) of
animals exposed to HAL and BL (Table 2). At the same time, we observed a strong tumor
infiltration with CD3+ and CD8+ T cells in this experimental group indicating a T cell-
mediated immune response. Enhancement of T cell activation has also been reported in
studies of HAL red light PDT in a similar orthotopic bladder cancer model in rats [32]. The
T cells infiltration is a result of an alteration in the tumor microenvironment, stimulating
the release of different mediators and recruiting lymphocytes from the circulating blood
to the tumor [36,37]. It appears that exposure of HAL BL as used during a diagnostic
PDD procedure may result in a similar immune stimulation with activating of the innate
and adaptive pathways [9,11,12]. It is likely that this immune system activation is the
reason for the anti-tumor effect in the rats exposed to HAL and BL. A higher proportion
of rats showed an anti-tumor effect 12 days after being exposed to HAL BL. At this time
point, 63% of the rats showed CR (2/8 rats) or near CR (3/8) (Table 2). During the time
period between 12 and 30 days, T cell dysfunction, exhaustion, and tolerance may happen
due to the ligation of PD-1 with PD-L1 ligand, thus contributing to diminishing of HAL
BL long-term effect. PD-1 or PD-L1 blockade can lead to an enhancement of anti-tumor
activity [20]. It is also possible that the immune stimulation following single exposure to
HAL and BL is not strong enough to control the tumor growth in this model. With the
aim of achieving a sustained anti-tumor effect and to assess whether there could be an
additional treatment effect we applied a combination of HAL and BL with targeted anti-
PD-1 immunotherapy. PD-L1 is strongly expressed in MIBC but also in advanced stages of
NMIBC [28]. Two administration routes of anti-PD-1 were tested in this model, intravesical
and intraperitoneal. Irrespective of intravesical or intraperitoneal administration, targeted
immunotherapy administered alone was ineffective as none of the tested rats responded
positively (Table 4). Contrary, all groups exposed to HAL showed a positive anti-tumor
effect although this effect was statistically significant only for rats exposed to HAL BL and
where HAL BL was combined with intravesical administered anti-PDL-1 immunonotherapy.
A treatment regime where HAL BL and anti-PD-L1 were co-administered intravesically at
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the same day provided the best antitumor effect where 38% of the rats showed near CR and
CR. The somewhat lower anti-tumor effect when anti-PD-1 was administered i.p. (22%)
compared to ives (30%) might also be explained by the lower concentration of anti-PD-1
used for this administration route.

The rather modest incremental effect seen when combining HAL BL with anti-PD-
1 might be explained by the weak PD-L1 expression on the tumor cells. In our study,
IHC-assessed PD-L1 expression in bladder cancer samples clearly showed that a strong
expression of PD-L1 was evident 12 days after tumor implantation but it did not sustain
(Table 3). Although expression of PD-L1 in tumors is correlated with higher response to
therapy, this is not definite, and it is argued that an absence of PD-L1 expression in biopsies
does not preclude response to anti-PD-1/PD-L1 immunotherapy [22]. It has earlier been
reported that radiotherapy upregulates the PD-L1 expression on tumors cells, justifying the
combination with anti-PD1/anti-PD-L1 inhibitors [28]. Moreover, CD8+ T cells are shown
to be vital for the local and systemic therapeutic effects seen after combining radiation with
checkpoint inhibitors [28]. As tumor infiltration with CD8+ T cells was not observed in our
study until 30 days after tumor grafting, a potential upregulation of the PD-L1 expression as
a consequence of T cell tumor infiltration amplifying the effect of the anti-PD-1 checkpoint
inhibitor was not possible to rule out at observation end point for our study.

A recent study of Kirschner et al. compared efficacy of intravesical versus systemic
(intraperitoneal) administration of an anti-PD-1 inhibitor in the treatment of localized
bladder cancer in an orthotopic mouse model [38]. Intravesical anti-PD-1 administration
had trend to improved survival thus providing effective anti-tumor treatment for bladder
tumors. Further, increased CD8+ T cells infiltration in tumors was observed, especially
after intravesical administration. Our study also demonstrated that intravesical adminis-
tration of anti-PD-L1 combined with HAL BL has an improved survival over systemic i.p.
administration, probably due to a higher local drug concentration after ives administration.
Local immunotherapy administration into the bladder could represent a substantial clinical
benefit, reducing systemic exposure and side effects. Our study in rats and the study re-
ported by Kirschner et al. [38] in mice are encouraging in this respect. However, additional
clinical trials are warranted before intravesical instillation of anti-PD-L1 could be widely
used in humans alone or in combination with HAL and BL.

This is to the best of our knowledge the first proof-of principle study demonstrating
an anti-tumor effect and indication of immune activation following HAL and BL exposure
in vivo. Our hypothesis of immune activation could be strengthened by performing T cell
depletion using anti-CD3. Moreover, IHC assessments could be supplemented by flow
cytometry to give more conclusive results. Future studies can benefit from analysis of
other immune markers including cytokine panels, antigen-specific CD8+, and granzyme
B production.

5. Conclusions

We have demonstrated an anti-tumor effect of HAL and blue light when trying to
mimic the dosing regimen of a photodynamic diagnostic procedure in an orthotropic blad-
der cancer model in rats. The anti-tumor effect is most probably pertaining to stimulation
of the immune system as evident by tumor infiltration of CD3+ and CD8 + T cells. These
results support our hypothesis that the positive impact on patient outcomes observed in
patients who had undergone BLC prior to cystectomy could be explained by systemic
immune activation induced by HAL and blue light. Combination of HAL and blue light
with intravesical anti-PD-L1 resulted in increased anti-tumor effects. Further studies are
warranted to explore the long-term effects of HAL and blue light alone or in combination
with checkpoint inhibitors which should extend to investigate any systemic (abscopal)
effects. The idea that local treatment with HAL and blue light can prime an immune
response with potential additional effect of checkpoint inhibitors is also intriguing.
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Abstract: Photodynamic therapy (PDT) represents a powerful avenue for anticancer treatment.
PDT relies on the use of photosensitizers—compounds accumulating in the tumor and converted
from benign to cytotoxic upon targeted photoactivation. We here describe (3S,4S)-14-Ethyl-9-
(hydroxymethyl)-4,8,13,18-tetramethyl-20-oxo-3-phorbinepropanoic acid (ETPA) as a major metabo-
lite of the North Pacific brittle stars Ophiura sarsii. As a chlorin, ETPA efficiently produces singlet
oxygen upon red-light photoactivation and exerts powerful sub-micromolar phototoxicity against a
panel of cancer cell lines in vitro. In a mouse model of glioblastoma, intravenous ETPA injection com-
bined with targeted red laser irradiation induced strong necrotic ablation of the brain tumor. Along
with the straightforward ETPA purification protocol and abundance of O. sarsii, these studies pave
the way for the development of ETPA as a novel natural product-based photodynamic therapeutic.

Keywords: porphyrin; chlorin; singlet oxygen; photodynamic therapy; ophiura; cancer; breast cancer;
glioblastoma; mouse models

1. Introduction

Photodynamic therapy (PDT) relies on the use of photosensitizers—compounds that
are relatively benign until excited by light of a particular wavelength that converts them
into an activated state resulting in the generation of reactive oxygen species [1–3]. PDT
finds multiple applications in medicine, particularly in anticancer therapy, where it has
been approved to treat cancers in the skin (basal cell carcinoma), lungs, or esophagus [2,3].
Other forms of cancer, such as in the breast or brain (e.g., glioblastoma) have so far evaded
approved PDT applications [2,3].

A number of photosensitizers have been marketed for PDT in different countries,
and the search for novel compounds never ceases [3,4]. Photosensitizers activatable in
the red part of the spectrum are particularly sought, as the red light can penetrate deeper
in biological tissues [1,3]. Derived from chemical synthesis, these complex compounds
weigh upon the costs of PDT; stability in body fluids is another issue with synthetic
photosensitizers [3,4].
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Natural products have always been one of the major sources of new drugs, including
oncology therapeutics [5–7]. Porphyrin-type compounds such as chlorins can act as efficient
photosensitizers and have been found in diverse living groups [4,8]. In a search for novel
anticancer compounds from ophiuras [9], we have recently discovered the chlorin (3S,4S)-
14-Ethyl-9-(hydroxymethyl)-4,8,13,18-tetramethyl-20-oxo-3-phorbinepropanoic acid (ETPA)
from a North Pacific brittle star Ophiura sarsii—the first-ever porphyrin identified in Ophi-
uroidea (phylum Echinodermata) [10]. This discovery was unexpected, as Ophiuroidea
were believed to lack porphyrin/chlorin synthesis [11] and raised the hypothesis that the
Ophiura sarsii chlorin was the result of dietary (and perhaps seasonal) consumption by
these marine invertebrates [10].

In the current work, we provide evidence that ETPA production is endogenous to
Ophiura sarsii and is independent of their food consumption. As a major metabolite in
this abundant brittle star species and amenable to simple purification, the 663 nm light-
absorbing chlorin shows sub-micromolar phototoxicity against a panel of cancer cells
in vitro and serves as an efficient PDT against glioblastoma in a mouse model. Our findings
pave the way for the development of ETPA as a natural photosensitizer in a broad spectrum
of PDT applications.

2. Materials and Methods

2.1. Species Collection and Food Deprivation

Brittle stars Ophiura sarsii were collected at the depths of 15–18 m near the Vyatlin
Cape (Russky Island) in the Peter the Great Gulf, Sea of Japan, in December 2020. Sample
collection was performed by the standards approved by the Ministry of Science and Higher
Education (Russia); all efforts were made to minimize animal suffering. Brittle stars (wet
weight—25 g) were separated into two groups. The first group, after thorough 2× running
water rinsing, was frozen and stored at −80 ◦C. The second was placed into a clean spacious
aquarium regularly refilled with fresh sterilized and filtered seawater without any source
of food. Gradual emptying of the animals’ digestive tracks could be visually seen in the
first days of such fasting. After 12 days, the food-deprived animals were rinsed and stored
as the first group.

2.2. Homogenization and Extraction

O. sarsii were mechanically homogenized and then sequentially placed in solvents
with increasing polarity: hexane, chloroform, ethanol, and water (125 mL each) at room
temperature for 8–12 h, with constant stirring on a PSU-10i shaker (Biosan, Riga, Latvia).
The ratio of solvents to the homogenized mass was 5:1 (volume). The resulting extracts
were cleared through paper filters and concentrated on a Hei-VAP Value Rotary Evap-
orator (Heidolph, Schwabach, Germany) at 37–40 ◦C under vacuum (chemical vacuum
station PC 3002 VARIO (Vacuubrand, Wertheim, Germany)). The chlorin (3S,4S)-14-Ethyl-9-
(hydroxymethyl)-4,8,13,18-tetramethyl-20-oxo-3-phorbinepropanoic acid (ETPA) localized
to the ethanol fraction [10] that contained 721.5 mg (control brittle stars) and 579 mg (fasted
brittle stars) dry weight. To remove salts from the ethanol extract, liquid-liquid extraction
was performed. The ethanol extract was dissolved in 30 mL n-butanol and 50 mL water
and transferred to a separatory funnel. The organic (butanol) phase was extracted 3× with
50 mL water. Then, n-butanol was removed from the fraction using the rotary evaporator,
followed by dissolution of the precipitate in methanol for subsequent chromatography.

2.3. Analytical and Semi-Preparative HPLC

Analytical and Semi-Preparative HPLC was performed on a Shimadzu system (Shi-
madzu, Kyoto, Japan) equipped with LC-20AP modular pumps, an SPD-20A spectrophoto-
metric detector, and an FRC-10A fraction collector. Analytical separation was performed
on a Shim-pack SHIMADZU GIST C18 column (250 mm × 4.6 mm, particle size 5 μm).
MeOH was used as the mobile phase solution A, and water acidified with 0.1% formic
acid—as solution B. Chromatography was performed at a rate of 0.6 mL/min at 40 ◦C,

154



Biomedicines 2022, 10, 134

with a maximum pressure of 10 MPa. Elution was achieved with a gradient: from 50 to
95% MeOH solution in 55 min, then 95% solution for 10 min, then returned to 50% MeOH
in 5 min. Reanalysis was performed after complete conditioning of the column. Detection
was carried out on a spectrophotometric detector at wavelengths of 210 nm and 366 nm.

Separation of extracts was carried out on a Shim-pack SHIMADZU GIST C18 column
(250 mm × 10.00 mm, particle size 5 μm) with a mobile phase of methanol (solution A)
and water acidified with 0.1% formic acid (solution B). Chromatography was performed at
a rate of 2.6 mL/min at 23 ◦C. The gradient was from 80 to 97% solution in 50 min, 97%
solution A in 8 min, then return to 80% MeOH in 7 min with UV detection at 210 nm and
366 nm.

2.4. High-Resolution Spectrophotometry

High-Resolution Spectrophotometry of the chromatographic fraction containing ETPA
dissolved in methanol was performed by a UV-1800 spectrophotometer (Shimadzu, Kyoto,
Japan) in the wavelength range from 200 to 800 nm.

2.5. Cells and Medium

Human breast cancer cells MCF-7, BT-20 and MDA-MB-231 (all from ATCC, atcc.org),
rat C6 glioma cells and human embryonic kidney (HEK-293 cells, both from Collection of
vertebrate cell cultures, Institute of Cytology, Russian Academy of Sciences (incras.ru/wp-
content/uploads/2019/06/katalog_rccc_v_2018_rus.pdf, accessed on 21 December 2021)
were cultured in DMEM + GlutaMAX medium (Gibco, Waltham, MA, USA) supplemented
with 10% fetal bovine serum (Biosera, Nuaille, France) and 1% antibiotic–antimycotic
(Gibco, USA). Cell cultures were grown in a CO2 incubator with a Galaxy 48R cell vitality
monitoring and vitality system (Eppendorf, Hamburg, Germany) at 37 ◦C and 5% CO2.

2.6. Photoxicity Assays

ETPA was dissolved in DMSO. In 96-well microculture plates, human breast cancer
and glioma cells were seeded at the density of 3000 cells/well and cultured overnight in a
CO2 incubator at 37 ◦C. After medium removal, 50 μL DPBS with serial dilutions of ETPA
was added for 2 h (the resultant concentration of DMSO in the wells was <0.2%). Cells in
pure DPBS served as a positive control; wells with DPBS without cells served as a negative
control. Next, the cells were irradiated with red light in the wavelength range from 580
to 780 nm using a 2000–4000 lux LED lamp for 30 min. Removal of ETPA immediately
before light exposure did not reduce/influence the resulting phototoxicity. Photosynthetic
photon flux density (PPFD) was measured in 12 randomly chosen wells using the LI-
190R Quantum Sensor (LI-COR Biosciences, Lincoln, NE, USA) and found to vary from
217–580 μmol/m2/s. Fluence was measured (using a Newport Optical Power Meter 842-
PE, MKS Instruments, Norwood, MA, USA) to be 16.04 J/cm2. Next, a 200 μL culture
medium was added to each well for additional incubation for 72 h in a CO2 incubator at
37 ◦C.

To assess cell death, the culture medium was removed and 50 μL of MTT (triazolyl blue
tetrazolium bromide) reagent (DIA-M, Moscow, Russia) dissolved in DPBS at 0.5 mg/mL
was added for 3 h incubation at 37 ◦C. After aspiration of the liquid, 100 μL DMSO was
added to each well for 5 min before measuring the optical density at wavelengths of
570 and 630 nm using a Cytation 5 multifunctional plate reader (BioTek, Winooski, VT,
USA). MTT was separately performed for C6 and HEK-293 cells in the dark to obtain
light-independent cytotoxicity. IC50 and standard error of the mean (SEM) were obtained
by standard dose–response curve fitting using GraphPad Prism 8.

2.7. Determination of the Singlet Oxygen Quantum Yield of ETPA

Singlet oxygen was detected using two methods. One of them was based on the mea-
surement of the rates of chemical trapping of singlet oxygen by 1,3-diphenylisobenzofuran
(DPIBF) (Acros Organics, Geel, Belgium, >99%) as described [12,13]; see Supplementary
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Figure S1. Having a strong absorption maximum at 414 nm, DPIBF is efficiently oxidized
by singlet oxygen forming colorless products having no absorption maxima in the visible
spectral region. The rate of DPIBF bleaching is directly proportional to the rate of 1O2
production by irradiation of a photosensitizer. The absorption spectra of the trap solutions
were recorded with the SF-56 spectrophotometer (LOMO Spektr, St. Petersburg, Russia).
For irradiation, a xenon lamp and grating monochromator were employed.

Another method was based on detection of the infrared phosphorescence of singlet
oxygen at 1270 nm, which arises due to the energy transfer from the triplet state of the
photosensitizer molecules to oxygen, followed by the population of singlet oxygen (the
reactive excited singlet (1Δg) state of oxygen molecules); see Supplementary Figure S2.
Measurements were carried out using a laser/LED spectrometer assembled at the Federal
Research Center of Biotechnology of the Russian Academy of Sciences [14]. The spectrome-
ter allowed phosphorescence detection upon excitation by pulses of LED with the emission
maxima at 399 nm (Polironik, Moscow, Russia). Phosphorescence was recorded at a 90o

angle with respect to the excitation beam through the cut-off filter that transmitted IR
light at λ > 1000 nm and one of three interchangeable interference filters with transmission
maxima at 1230, 1270, and 1310 nm and half-width of 10 nm. The photodetector was an
FEU-112 photomultiplier (Ekran Optical Systems, Novosibirsk, Russia) (PMT), with the S-1
spectral response cooled to −35 ◦C. PMT impulses were sent to a broadband (0–200 MHz)
preamplifier and then to a USB computer board, which was launched by additional electric
pulses synchronous with the pulses of the LED. The signal of the board was processed by a
personal computer with the Parsec (Dubna, Russia) software. As a result, the time interval
between pulses was divided into 256, 512, or 1024 channels, and the computer showed the
number of PMT impulses accumulated in each channel during the irradiation time, thus
forming the kinetic curves of singlet oxygen phosphorescence after LED pulses.

The phosphorescence method provides more information on singlet oxygen than the
trapping method. However, the trapping method is much more sensitive. Acetone was
employed as the solvent for the singlet oxygen measurements because ETPA is readily
soluble in it. The absorption spectrum of ETPA in acetone is shown in Supplementary
Figure S3.

2.8. Mouse Experimentation

Mouse Experimentation was conducted in accordance with the ethical standards
and recommendations for accommodation and care of laboratory animals covered by
the Council Directives of the European community 2010/63/EU on the use of animals for
experimental studies. The animal protocols were approved by the institutional animal ethics
committee of A.N. Belozersky Research Institute of Physico-Chemical Biology, Approval
Code: Protocol 8/21, Approval Date: 7 September 2021.

2.9. Cell Culture and Intracranial Tumor Implantation

C6 glioma cells were harvested with trypsin/versene while in the logarithmic phase of
growth before intracranial stereotaxic implantation as a single cell suspension (1 × 106 cells/
mL) into young C57BL/6 female mice (18 ± 3 g). Under isoflurane anesthesia (2–2.5% in
air) by the SomnoSuite® system (Kent Scientific Corporation, Torrington, CT, USA), the
mouse was placed in a stereotactic frame, and the skull was exposed through a midline
incision cleared of connective tissue and dried. Implantation was performed at the follow-
ing coordinates: ML, −2.5; AP, −1.0; DV, −3.0, as previously described [15]. C6 glioma
cells (5 × 105 per mouse) were implanted with Robot Stereotaxic (Neurostar, Tubingen,
Germany) using a Hamilton microsyringe at the speed of 3 μL/min in 10 μL PBS.

2.10. Glioma Photodynamic Therapy (PDT)

PDT was performed 7 days after intracranial tumor implantation. Anatomical position-
ing of the tumor was obtained by brain magnetic resonance imaging (MRI) visualization.
Tumor-bearing mice were sensitized via intravenous injection into the jugular vein of ETPA
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at 40 mg/kg of body weight 6 h pre-PDT; the drug dose regime was chosen following the
study by [16]. Application of ETPA and PDT were conducted under isoflurane anesthesia.
The brain skull in the illumination area was thinned with a milling cutter and illuminated
for 30 min with a red laser light source (L04-1H, 650 nm, output power 100 mW) producing
a 1.5 mm diameter light beam, positioned on the region corresponding to the stereotaxic
coordinates of the prior tumor injection. The surface of the skull was constantly cooled
with saline to avoid thermal damage to the brain. Rectal temperature was kept constant at
37.0 ± 0.2 ◦C using a heating pad. After PDT, the animals were returned to cages, provided
with water and food ad libitum, and continually monitored for any signs of neurological
deficit. The tumor-bearing group included 5 mice.

2.11. Magnetic Resonance Imaging and Histological Studies of the Tumor Injury

PDT-induced tumor injury was identified by analyzing brain MRI scans obtained
5 days after PDT on a 7-T magnet (Bruker BioSpec 70/30 USR; Bruker BioSpin, Ettlingen,
Germany) using an 86 mm volume resonator for radiofrequency transmission and a phased
array mice head surface coil for the reception. Before scanning, the animals were anes-
thetized with isoflurane 2–2.5% in a mixture of oxygen and air. Mice were placed in a prone
position on a water-heated bed. The heads of the mice were immobilized using a nose
mask and masking tape. The imaging protocol included a T2-weighted image sequence
(time to repetition = 4500 ms, time to echo = 12 ms, slice thickness = 0.5 mm). After MRI,
the animals were sacrificed, and the brains were removed, fixed, sectioned, and stained by
hematoxylin–eosin.

3. Results

3.1. Chlorin Is Endogenous to O. sarsii

Since Ophiuroidea as the class of the Echinodermata phylum were considered
porphyrin-free [11], we hypothesized that the chlorin (3S,4S)-14-Ethyl-9-(hydroxymethyl)-
4,8,13,18-tetramethyl-20-oxo-3-phorbinepropanoic acid (ETPA) we previously discovered
in the North Pacific Ophiura sarsii could result from the dietary consumption; the resulting
seasonal variability in the ETPA content was also considered possible [10]. To address
this issue, we performed a new O. sarsii collection in the same location but another season
(December vs. May in [10]). Analytical HPLC (Figure 1A) of the butanol fraction of the
ethanol extract of the freshly collected O. sarsii contained a major peak at a wavelength of
366 nm at the retention time of 52 min, which corresponds to ETPA as the major 366 nm
absorbing compound from our previous study [10], arguing against a seasonal diversity in
the new chlorin compound in the brittle stars.

In order to directly rule out that ETPA could be a dietary derivative of O. sarsii, we
separated the fresh catch of the brittle stars into two portions, one subjected to direct
freezing and processing and the other fasted for 12 days prior to processing for preparative
isolation (see Methods). Briefly, 15 mg and 20 mg of the butanol fraction of the EtOH extracts
from non-fasted and fasted brittle stars, respectively, were subjected to semi-preparative
chromatography (Figure 1B). Identical chromatograms were obtained for fasted and non-
fasted preparations, with the major 366 nm absorption peak (retention time 34–37 min),
corresponding to ETPA from our prior work [10], collected for subsequent analyses.

To control the identity of the compound in the collected fractions, spectrophotometry
was performed in the wavelength range of 200–800 nm. The resulting absorbance spectra
were identical for the compound isolated from the fasted and non-fasted brittles stars and
revealed the absorption typical for chlorins, with the absorbance peaks at 204, 293, 409,
and 663 nm (Figure 2A), also fully coinciding with ETPA isolated by us from O. sarsii
previously [10].
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Figure 1. Analytical (A) and semi-preparative (B) chromatography of the butanol fraction of the
EtOH extract of O. sarsii, absorption intensity at the wavelength of 366 nm (A) and 210 nm/366 nm
(B). The major peak at the retention time of 52 min (A) and 35 min (B) corresponds to ETPA (chlorin)
from our previous study [10]. Chromatograms from non-fasted ophiuras are shown in both panels;
samples from the fasted ophiuras show identical chromatograms.

Figure 2. (A) Absorbance spectra of the chlorin compound isolated from the butanol fraction of
the EtOH extract from control (red) and fasted (black) O. sarsii reveal absorbance peaks typical
for chlorins, identical between the two preparations; (B) cell survival (MTT test) to evaluate the
strong phototoxicity of ETPA after red-light irradiation. Data are given as mean ± SEM, n = 8 (3 for
HEK-293 cells); (C) ETPA phototoxicity IC50 and the phototoxicity index (PI, calculated as IC50 in the
dark/IC50 in the light [17]). Cell survival data in the dark are taken from [10] (breast cancer cell lines)
or measured separately (C6 and HEK-293 cells, see Supplementary Figure S4).
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The final yield of the chlorin compound was 0.56 mg from the non-fasted and 0.6 mg
from the fasted ophiuras, or 3.7% and 3%, respectively. With these essentially identical
yields, and with the lack of seasonal variability in the chlorin content, we concluded
that ETPA is not part of the dietary preferences of the brittle stars but is endogenously
synthesized by them.

3.2. Phototoxicity of ETPA against a Panel of Cancer Lines

The chlorin (ETPA) isolated from O. sarsii has shown dark cytotoxicity against a panel
of breast cancer cell lines, with IC50s in the range of 25–45 μM [10]. In order to assess
whether the anticancer effect could be increased upon illumination of the compound to
grant potential applicability for PDT, we next studied the phototoxic effect of ETPA.

Breast cancer cells lines BT-20, MCF-7, and MDA-MB-231, along with the glioma
cell line C6 and non-cancerous HEK-293 cells, were preincubated for 2 h with increasing
concentrations of ETPA before irradiation with a red-light LED lamp (580 to 780 nm) for
30 min (fluence = 16.04 J/cm2). Cell growth in the subsequent 72 h was assessed with the
MTT assay (see Methods). Resulting data (Figure 2B,C) show striking phototoxicity of
ETPA, with the sub-micromolar to low-micromolar IC50s and impressive phototoxic indices
(PI, measured as IC50 in the dark/IC50 in the light [17], Figure 2C), arguing for the strong
potential of this natural chlorin in PDT applications. Notably, dark phototoxicity for the
glioma C6 cells was not achieved at the highest concentrations of ETPA tested (Figure 2C
and Supplementary Figure S4).

3.3. Singlet Oxygen Production by ETPA

Two methods to measure singlet oxygen production by ETPA upon illumination
were employed (see Methods). The first was based on the chemical trapping of singlet
oxygen by 1,3-diphenylisobenzofuran (DPIBF) and bleaching of DPIBF at 414 nm upon
ETPA irradiation. The ETPA excitation was produced by the monochromatic 660 nm red
light corresponding to the ETPA absorption maximum, which is not absorbed by DPIBF
(Figure 2A and Supplementary Figure S3). Figure 3A shows the time-dependent decay
in DPIBF 414 nm absorbance upon red-light illumination in the presence of ETPA. When
comparing the efficiency of ETPA with that of meso-tetraphenylporphyrin (TPP, Figure 3B)
known to produce singlet oxygen with the quantum yield of 0.7 [12,13], the absolute
quantum yield of singlet oxygen generation by ETPA was determined as 0.83. Taking into
consideration the relative error for such measurements at ±10% of the average value, the
singlet oxygen yield for ETPA can be estimated as 0.8 ± 0.1 from the trapping experiment.

The second method was based on detection of the infrared phosphorescence of singlet
oxygen (see Methods), comparing the phosphorescence intensities (Figure 3C) in solutions
of ETPA and phenalenone—one of the most efficient photosensitizers of singlet oxygen
generation, with the quantum yield of this process close to one [14]. For calculations,
so-called zero-time intensities (Io) of phosphorescence were used, which were obtained
by extrapolation of the semilogarithmic kinetic plots to the zero time. The obtained Io
values were then normalized to the absorption coefficients (1–10−A) of the pigments at the
wavelength of excitation. The resulting data are summarized in Figure 3D.

Thus, both methods indicate that the quantum yield of singlet oxygen production by
ETPA is close to 0.8, identifying ETPA as very a strong photosensitizer of singlet oxygen
generation with promising for biomedical applications.
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Figure 3. ETPA efficiently generates singlet oxygen: (A) changes in the absorption spectrum of DPIBF
(curves 1–4) in the mixture of DPIBF with ETPA in acetone during irradiation by monochromatic
red light (660 nm) absorbed by ETPA. Here, “2” corresponds to 2 min, “3” refers to 5 min, and “4”
to 15 min irradiation. Power of exciting light was 83 μW. Inset shows the time course of 414 nm
absorption fall of DPIBF. ETPA bleaching was not observed; (B) the relative quantum yields of DPIBF
oxidation (Vr/n) upon irradiation of TPP and ETPA. The rate of spontaneous DPIBF bleaching in
the dark without sensitizer and irradiation is defined as “Control”. For TPP, irradiation time was
10 min, excitation wavelength was 512 nm, irradiation power was 105 μW, and absorbance of TPP
at 512 nm was 0.024. For ETPA, irradiation time was 2 min, excitation wavelength was 660 nm,
excitation power was 83 μW, and absorbance at 660 nm was 0.095; (C) kinetic trace of photosensitized
phosphorescence of singlet oxygen upon excitation of ETPA by 5 μs pulses of violet LED (399 nm)
in cartesian (1) and semilogarithmic (2) coordinates. Pulse repetition rate was 5 kHz, average LED
power was 30 mW, and irradiation (averaging) time was 10 min. The PMT signal was accumulated
using a time-resolved computer photon counting. The duration of one channel was 640 ns, and
the number of channels was 256. Absorbance of the solution at 396 nm was 0.246 in a 1 cm quartz
cell. Here, “3” indicates phosphorescence emission spectrum estimated using three interchangeable
interference filters. I corresponds to the phosphorescence intensity just after the end (5 μs) of the
LED pulse. The decay time (τΔ) of the phosphorescence exactly coincided with the known value of
singlet oxygen lifetime in acetone; (D) calculation of the quantum yield of singlet oxygen by ETPA in
comparison with phenalenone.

3.4. Photodynamic Therapy with ETPA in a Mouse Model of Brain Tumor

Inspired by the strong phototoxicity of ETPA against a panel of cancer cell lines
in vitro, and by the especially high phototoxic index of our compound against glioma cells
(Figure 2C), we next aimed at performing in vivo experiments of anticancer PDT with the
brittle star-derived chlorin compound. Glioblastoma is the most common form of brain
tumor, characterized by low responsiveness to treatment and poor prognosis (median
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survival < 2 years) [18]. Rat glioma C6 cells simulate human glioblastoma when injected
into rats [19], and mouse brains [20,21] and have been a popular model in glioblastoma
research [22]. We implanted C6 glioma cells in mouse brains (see Methods). After 7 days,
IV administration of ETPA was performed, 6 h prior to brain MRI-guided targeted tumor
illumination with a red laser (650 nm, see Methods and Figure 4A).

Figure 4. PDT using ETPA in a mouse model of glioblastoma: (A) scheme of the experiment;
(B,C) representative T2-weighted MR images from coronal brain sections (0.5 mm thick) obtained
5 days after PDT. The area outlined with a red line refers to hyperintensities regions (edema, B).
The area outlined with a blue line refers to PDT-induced glioma necrosis (C); (D) a representative
histological section, stained with eosin–hematoxylin, demonstrates the tumor boundaries (outlined
in black) and the presence of necrotic loci in the area of laser illumination (outlined in yellow);
(E) enlarged area showing the boundaries of necrotic and intact tumor tissues. Images shown are
representative of 3 animals.
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Five days post PDT (Figure 4A), brain anatomical and histological analyses were
performed. Through brain MRI, analysis of T2W-images revealed a strong signal change in
the area exposed to laser irradiation. Figure 4B illustrates that in the tumor area exposed to
laser irradiation, a hyperintense signal prevails indicating accumulation of water molecules
in this area, i.e., tissue edema as the result of the photodynamic tissue damage. In the
central part of the tumor (Figure 4C), the signal is mixed with zones of the hyperintense
signal. Further histological analysis confirmed that this area corresponds to the area of
necrosis (Figure 4D). Most of one hemisphere is occupied by a tumor consisting of poorly
differentiated fusiform cells with large nuclei and narrow cytoplasm; many mitotic cells
can also be seen. The stroma is poorly expressed. In the center of the tumor, there is an
area of necrosis (a hypereosinophilic region devoid of nuclei), in the form of a pyramid
with a broken apex. The area of necrosis occupies approximately 15% of the area of the
tumor tissue in the section. At the border between dead and living tissue (Figure 4E), there
are no reactive phenomena such as inflammation or connective tissue proliferation, and
only blood vessels’ dilatation can be noticed, along with numerous shapes (karyorrhexis,
karyopycnosis, apoptotic bodies) of apoptotic cells. Notably, sham-operated and laser-
irradiated mice reveal no noticeable brain damage ([23]; data not shown).

Our findings are consistent with prior studies demonstrating the high efficiency of PDT
for C6 glioma in vivo, with glioma damage observed in deep brain regions [16]. A synthetic
porphyrin compound, 2,4-(a43-dihydroxyethyl)deuteroporphyrin IX tetrakiscarborane
carboxylate ester (BOPP), was used in this study [16,20]. Other porphyrin-based photo-
sensitizers (e.g., Photofrin) have been applied for PDT of brain tumors in rats [24] and
in clinical studies [25]. Similarly, chlorin-based photosensitizers (Photolon, Talaporfin)
have also been tested [26,27]. However, none has yet reached clinical approval for brain
malignancies [2,3,28].

A single dose (40 mg ETPA/kg mouse body weight) was used in our study. This
drug dose regime in our mouse model was chosen following prior studies on PDT in rat
models of brain tumors (keeping in mind the drug dose interspecies conversion rate [29]).
The dose consisted of 2.5 mg/kg for Photolon [26], 25 mg/kg for BOPP [16], 40 mg/kg
for hematoporphyrin derivative [30], or 100 mg/kg for 5-aminolevulinic acid [31]. The
purpose of our work was not to find optimal concentrations/conditions for PDT but rather
to provide a proof-of-concept demonstration of the potential of a natural chlorin—ETPA
from O. sarsii—to provide photodynamic damage to the brain tumor. It is worth noting
that we chose a low illumination regime (10 times less, as compared with [16]) to avoid
thermal damage to the brain. Despite this sparing regime, we managed to achieve necrotic
death within the irradiated area, indicating the high potential of ETPA for PDT.

4. Discussion

Porphyrin derivatives as unique molecules showing powerful phototherapeutic effects
have found applications in anticancer PDT [4]. In our previous work, a new natural chlorin
from the Pacific brittle star Ophiura sarsii was discovered [10]. In this current work, we
uncovered multiple novel elements to the biology of this compound, (3S,4S)-14-Ethyl-9-
(hydroxymethyl)-4,8,13,18-tetramethyl-20-oxo-3-phorbinepropanoic acid (ETPA) and its
development toward PDT applications.

Although known in some marine invertebrates including some Echinodermata such
as the sea urchin Strongylocentrotus purpuratus [8], porphyrins were considered absent in
the class of Ophiuroidea [11]. Thus, following our discovery of ETPA in Ophiura sarsii, we
hypothesized that this chlorin compound could be derived from a food source—perhaps a
seasonal one—of these brittle stars [10]. However, our current data unequivocally demon-
strate that ETPA is endogenous to this marine invertebrate. Subsequent research might
be directed to the delineation of the biosynthetic routes of this first-ever Ophiuroidea por-
phyrin. Porphyrin biosynthesis has been well studied, with one of the conserved enzymes,
aminolevulinic acid (ALA) synthase, producing the key intermediate 5-aminolevulinic acid
from glycine and succinyl–CoA [8]. The Strongylocentrotus purpuratus genome encodes an
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ALA synthase 62% identical to the mouse ortholog [8,32]. ALA synthase has been cloned
from other marine invertebrates such as the bivalve Patinopecten yessoensis, and conserved
gene sequences have been identified across taxonomic groups [33]. It is thus conceivable
that despite the lack of the brittle star O. sarsii genomic data, its ALA synthase could be
cloned in the future, along with the genes encoding other components of the porphyrin
biosynthetic route. Further investigations could also be directed to the question of the role
ETPA plays in the brittle star. As a major metabolite that can be isolated in large quantities,
this chlorin compound is likely to play an important biological role in O. sarsii, such as
participation in the electron transfer processes or protection from predators.

To investigate the medical utility of ETPA, we here performed proof-of-concept PDT
studies in vitro and in vivo. The former assessed the phototoxic properties of ETPA against
a panel of breast cancer and glioma cell lines, revealing sub-micromolar efficiency upon red-
light irradiation. The latter relied on a popular animal model of glioblastoma demonstrating
a remarkable PDT effect. Six hours post IV injection of ETPA, targeted red laser irradiation
produced a dramatic photoablation in the brain tumor, leading to glioma necrosis. Notably,
in the course of our experimentation, we did not observe any acute toxicity in the mice
due to IV injection of ETPA, agreeing with studies with other photosensitizers on the good
tolerability (and brain barrier permeability) of this group of compounds (e.g., [16,20]). More
detailed pharmacokinetics and pharmacodynamics studies will be performed in the future,
along with the broader assessment of the laser irradiation protocols, to further optimize
the applicability of ETPA for the treatment of brain tumors (and other tumors) in animal
models. A modification of the method can also be conceivable using fiber optic implantation
into deeper brain regions to achieve maximal and maximally focused irradiation in the
desired area [34]. Such future developments could be promising given the fact that none of
the currently available photosensitizers has yet been approved for brain tumor PDT [2,3]
despite several reaching clinical studies [25,27,28].

The abundance of ETPA in O. sarsii and the ease of its purification, along with its
promising applications in PDT, make it attractive to consider upscaling of production of this
natural product. Its abundance in its host is multiplied by the abundance of this brittle star
species, wide-spread from Northern Atlantic, over the Arctic, and all the way to Northern
Pacific, inhabiting waters from shallow to deep [35,36]. These features prompt considering
mariculture of O. sarsii as has proven successful for other North Pacific invertebrates [37].
These possibilities, along with the preclinical developments of ETPA for PDT applications,
may lead to the emergence of natural product-based novel photodynamic therapeutics.
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Dark cytotoxicity of ETPA against C6 and HEK-293 cells.
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Abstract: Glioblastoma is one of the most aggressive types of tumors. Although few treatment
options are currently available, new modalities are needed to improve prognosis. In this context, pho-
todynamic therapy (PDT) is a promising adjuvant treatment modality. In the present work, hypericin-
mediated PDT (hypericin-PDT, 2 J/cm2) of U87 MG cells is combined with (2 min, 15 mW/cm2

at 808 nm) photobiomodulation (PBM). We observed that PBM stimulates autophagy, which, in
combination with PDT, increases the treatment efficacy and leads to apoptosis. Confocal fluorescence
microscopy, cytotoxicity assays and Western blot were used to monitor apoptotic and autophagic
processes in these cells. Destabilization of lysosomes, mitochondria and the Golgi apparatus led
to an increase in lactate dehydrogenase activity, oxidative stress levels, LC3-II, and caspase-3, as
well as a decrease of the PKCα and STAT3 protein levels in response to hypericin-PDT subcellular
concentration in U87 MG cells. Our results indicate that therapeutic hypericin concentrations can be
reduced when PDT is combined with PBM. This will likely allow to reduce the damage induced in
surrounding healthy tissues when PBM-hypericin-PDT is used for in vivo tumor treatments.

Keywords: glioblastoma cells; autophagy; photodynamic therapy; photobiomodulation; apoptosis;
microscopy; hypericin

1. Introduction

Glioblastomas are among the most aggressive primary tumors of the central nervous
system. They are characterized by aggressive proliferation, invasiveness, diffuse infiltration
and often high resistance to anticancer drugs [1,2]. For this reason, the prognosis for patient
survival is poor. Researchers have made great efforts to develop therapeutic modalities
that eliminate the ability of cells to resist treatments and induce cell death [3].

Photodynamic therapy (PDT) is a modern trend of adjuvant therapy in which a photo-
sensitive molecule—a photosensitizer (PS), light at an appropriate wavelength absorbed by
the PS, and oxygen are involved in the photoreactions that lead to photodestruction of the
tumor [4]. In recent years, PDT has been used clinically to cure lung, head and neck, brain,
prostate, colon, pancreatic, cervical, breast, and skin cancers [5]. The penetration depth of
light is a major obstacle in PDT [6,7]. Light sources emitting in the red and near-infrared
parts of the electromagnetic spectrum can be used to enable excitation of PSs relatively
deep in tissues [6]. In addition, interstitial optical fiber-based cylindrical light distributors
are also sometimes used to deliver light into bulky lesions. Therefore, surgical intervention
in combination with PDT is a promising approach for the treatment of glioblastomas [8].

Hypericin is an interesting PS, which can be used for both PDT and photodiagnosis of
cancer [9]. Hypericin is a naphthodianthrone characterized by a high hydrophobicity, the
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formation of non-fluorescent aggregates in aqueous solutions and a fluorescence emission
of its monomers around 600 nm [10,11]. Hypericin dissolves well in the lipidic environment
found in cell membranes [12]. Photodamages are induced in cells by singlet oxygen
produced during the photoreaction taking place between hypericin molecules excited in
their triplet and molecular oxygen [13–15].

The molecular mechanisms of PDT involve, in particular, the triggering of signal-
ing pathways that lead to apoptosis of cancer cells. We have previously reported that
the protein kinase C (PKC) signaling pathway is involved in the apoptotic response of
glioblastoma cells to hypericin-mediated PDT [16–18]. We also observed the activation of
PKCα and phosphorylation of Bcl2 in U87 MG glioblastoma cells after hypericin-mediated
PDT [17,19]. The subcellular localizations of hypericin have been identified: the Golgi
apparatus, lysosomes, plasma membrane and, in a few reports, in mitochondria [16,20–24].
The influence of hypericin on Bax and Bak, members of the Bcl2 protein family, suggests
that hypericin plays an important role in the regulation of mitochondrial functions [25,26].

It has been reported that photobiomodulation (PBM) with light at 808 nm has beneficial
effects on damaged mitochondria in cells [27–31]. In recent years, PBM has become an
increasingly attractive modality to modulate reactive oxygen species in cells [32]. An
approach to reduce inflammatory and oxidative stress markers by PBM at 810 nm has been
demonstrated in hair cells [33]. The ease of application of light in different tissues gave
rise to the idea of combining PBM and PDT. PBM at 660 nm was used to treat oral mucosa
in combination with curcumin-mediated PDT at 468 nm [34]. For example, antimicrobial
PDT with methylene blue and PBM has been used to improve and accelerate the healing
process in the treatment of palatal ulcers [35]. The combination of PBM and PDT has even
been proposed as an innovative approach for COVID-19 treatments [36].

While previous studies using curcumin and methylene blue-mediated PDT focused
on antimicrobial treatment and PBM aimed at healing damaged tissues, the present work
aims to demonstrate the efficacy of PBM at 808 nm and hypericin-mediated PDT in treating
U87 MG glioblastoma cells. In our approach, hypericin forms non-fluorescent aggregates
in the cytoplasm of cells that cannot be used for PDT. The use of PBM prior to hypericin
application results in the formation of vesicles associated with the plasma membrane (of
lipidic origin), which help to transport and dissolve hypericin intracellularly so that it is
in a biologically active/fluorescent form for PDT. This further increases the production of
lactate dehydrogenase and the efficacy of PDT. Various methods for detecting the metabolic
activity of cancer cells and visualizing morphological changes by confocal fluorescence
microscopy were used to detect the differences between cells treated with hypericin-PDT
and PBM-hypericin-PDT. The interplay of autophagy and apoptosis, the two main modes
of cell death, was studied by flow cytometry and Western blot of apoptotic and autophagic
markers in U87 MG cells.

2. Materials and Methods

2.1. Cell Culture and Therapeutical Protocols

U87 MG human glioblastoma cells (cell culture was obtained from Cells Lines Ser-
vices, Eppelheim, Germany) were grown in DMEM (Dulbecco’s modified Eagle medium,
high glucose, GlutaMAXTM, with pyruvate, Gibco-Invitrogen, Life Technologies Ltd.,
Paisley, UK) supplemented with 10% FBS (fetal bovine serum, Gibco-Invitrogen, Life Tech-
nologies Ltd., Paisley, UK) and 1% (w/w) penicillin/streptomycin (Gibco-Invitrogen, Life
Technologies Ltd., Paisley, UK) to 80% confluency, in the dark, under humidified atmo-
sphere, 5% CO2 and 37 ◦C.

Six therapeutical protocols were applied (see Figure 1). All protocols were stopped at
the same time interval. PBM (808 nm diode laser (MDL-III-808/1~2500 mW, Changchun
New Industries Optoelectronics Tech. Co. Ltd., Changchun, China), 2 min, 1.8 J/cm2,
15 mW/cm2) was applied shortly before hypericin administration into the cell culture
medium. Hypericin at concentrations of 200 and 500 nM was administered for 3 h before
PDT (590 nm light emitting diodes (homemade system), 2 min, 2 J/cm2, 16.7 mW/cm2).
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Cell responses were examined 5 and 24 h after PDT. Mitochondrial stress and damages
to the Golgi apparatus were induced with 100 nM and 10 μM rotenone (Sigma-Aldrich,
Darmstadt, Germany) for 24 h. Phorbol 12-myristate 13-acetate (PMA, Sigma-Aldrich) at a
concentration of 1 μM was applied to stimulate protein kinase C.

Figure 1. Schemes of therapeutical protocols: (A) control, (B) PBM, (C) hypericin in dark,
(D) PBM-hypericin, (E) hypericin-PDT, and (F) PBM-hypericin-PDT.

2.2. Confocal Fluorescence Microscopy

U87 MG human glioblastoma cells were grown in confocal petri dishes embedded with
cover slide (SPL, Gyeonggi-do, Korea). Mitochondria were labeled with 5 μM Rhodamine
123 (Rh123, Sigma-Aldrich, Darmstadt, Germany) for 15 min (excitation at 488 nm and
emission in the spectral range 490–560 nm). Cell nuclei were labeled with 10 μg/mL
Hoechst 33258 (ThermoFisher Scientific, Waltham, MA, USA) for 30 min (excitation at
405 nm and emission in the spectral range 450 ± 40 nm). Lysosomes were labeled with
400 nM LysoTracker Blue (ThermoFisher Scientific) (excitation at 405 nm and emission in
the spectral range 450 ± 40 nm). NucView® 488 caspase-3 substrate (Biotium, Fremont,
CA, USA) was used to detect caspase level in cells according to the supplier protocol
(excitation at 488 nm and emission in the spectral range 490–560 nm). Plasma membranes
were stained with Cell Mask Orange (ThermoFisher Scientific) according to the supplier
protocol (excitation at 488 nm and emission in the spectral range >560 nm). Hypericin was
detected in the spectral range >590 nm after excitation at 555 nm. The fluorescence intensity
profile was analyzed using fluorescence images where the intensity was normalized to
the hypericin fluorescence in the dark without PBM. Images with increased fluorescence
intensity (HI) and normalized to the brightest signal (pixel) in the image were used to
identify hypericin localization in cells.

Giantin and Protein Interacting with C Kinase—1 (PICK1) were visualized in cells with
immunostaining. Cells were fixed with ice-cold (−20 ◦C) acetone (Centralchem, Bratislava,
Slovakia) for 5 min at −20 ◦C and washed in ice-cold phosphate-buffered saline (PBS,
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Sigma-Aldrich, Darmstadt, Germany). Cells were blocked in 5% bovine serum albumin
(BSA, Sigma-Aldrich, Darmstadt, Germany) in PBS at room temperature (25 ◦C) for 1 h.
The primary antibodies were dissolved in 5% BSA: anti-Giantin (1:300, ab80864, Abcam,
Cambridge, UK) and PICK1 (1:300, Cell Signaling Technology, MA, USA) and incubated
with the cells for 1 h at room temperature. After incubation, cells were washed with ice-cold
PBS. The secondary antibody conjugated with AlexaFluor 488 (1:1000, ab150077, Abcam,
Cambridge, UK) for Giantin and AlexaFluor 405 (1:1000, ab175652, Abcam, Cambridge,
UK) for PICK1 were diluted in 1% BSA and applied to the cells for 1 h at room temperature.
Fluorescence was detected in the following spectral domains: AlexaFluor 488 (excitation at
488 nm and emission in the spectral range 490–530 nm) and AlexaFluor 405 (excitation at
405 nm and emission in the spectral range 450 ± 40 nm).

Fluorescence images were acquired using a confocal fluorescence microscope system
(LSM 700, Zeiss, Oberkochen, Germany), a 40× water immersion objective (NA 1.2, Zeiss),
and a CCD camera (AxioCam HRm, Zeiss). Fluorescence images were analyzed using Zen
2011 software (Zeiss).

2.3. Cell Metabolism Assay and Lactate Dehydrogenase Assay

U87 MG human glioblastoma cells were seeded in 24-well plates. Cells were treated
according to the protocols presented in Figure 1. After the treatments (24 h), 10 μL aliquots
from the cell culture media were subjected to lactate dehydrogenase assay (LDH, Abcam)
according to the supplier protocol. The absorbance of the LDH color assay was measured
at 490 nm.

Detection of cellular metabolism was performed according to the supplier’s protocol.
In this assay, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma-
Aldrich, St. Louis, MO, USA) is converted to purple formazan, which is then dissolved
in dimethyl sulfoxide (DMSO, Sigma-Aldrich) and detected using 96-well plate reader
(GloMax TM-Multi1Detection system with Instinct Software, Madison, WI, USA) at 560 nm.
The mean values from 8 measurements were plotted in histograms. The error bars represent
the standard deviations. The levels of significant differences were calculated using one
way ANOVA-test: a (dark), b (PBM), c (PDT), d (PBM + PDT) < 0.05, * p < 0.05, ** p < 0.01,
*** p < 0.001.

2.4. Flow Cytometric Assay

Human U87 MG glioblastoma cells were treated according to the protocols in Figure 1.
Five hours after PDT, cells were collected by trypsin/EDTA (ThermoFisher Scientific)
and centrifuged at 600 rpm. Cell pellets were resuspended in Annexin V binding buffer
(Mitenyi Biotec B.V. & Co. KG, Bergisch Gladbach, Germany), into which AnnexinV/FITC
(Mitenyi Biotec B.V. & Co. KG, Bergisch Gladbach, Germany) or NucView® 488 caspase-3
substrate was added. Propidium iodide (PI, Mitenyi Biotec B.V. & Co. KG, Bergisch Glad-
bach, Germany) was added to the cell suspension just before detection by flow cytometer
(MACSQuant® Analyzer, Miltenyi, Bergisch Gladbach, Germany) in channels B1 and B3.
Hypericin fluorescence was detected in B2 channel.

2.5. Western Blot Assay

Cells at a density of 106 were lysed and homogenized in radioimmunoprecipitation
buffer (RIPA) (150 mM sodium chloride, 1% Triton X-100, 0.5% sodium deoxycholate,
0.1% sodium dodecyl sulfate, 50 mM Tris, pH 8; all chemicals were purchased from
Sigma-Aldrich, Darmstadt, Germany) with the inhibitor cocktail (2 × 1:100, Halt™ Pro-
tease and Phosphatase Inhibitor Cocktail, ThermoFisher Scientific, Waltham, MA, USA).
Whole lysates (120 μg total protein amount) were diluted to 60 μg of final protein amount
in 2× Laemmli buffer (Sigma-Aldrich, Darmstadt, Germany), loaded onto 7% or 15%
polyacrylamide gels and subjected to electrophoresis. Proteins were transferred to a nitro-
cellulose membrane (0.22 μm; AppliChem, Darmstadt, Germany). Immunodetection was
performed using the Western Breeze Chromogenic Kit (ThermoFisher Scientific, Waltham,
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MA, USA). Proteins in the membrane were blocked with 5% BSA for 1 h at room tempera-
ture, washed, and then incubated overnight at 4 ◦C with primary antibodies: anti-LC3B
(1:3000, ab221794, Abcam, Cambridge, UK), anti-PKCα (1:3000, ab4124, Abcam, Cambridge,
UK), anti-STAT3 (1:1000, ab109085, Abcam, Cambridge, UK) and anti-GAPDH (1:1000,
ab181602, Abcam, Cambridge, UK) were determined as housing protein. For protein
visualization, secondary antibodies from the Western Breeze Chromogenic Kit were used to
detect the primary rabbit antibodies. Analysis of the optical densities (O.D.) of the proteins
in the membrane was performed using ImageJ software [37]. The normalized O.D. values
presented in the histograms are the means of 3 measurements. The error bars represent the
standard deviations.

3. Results

3.1. PBM Decreases Cell Metabolic Activity and Increases LDH Activity after Hypericin-PDT of
U87 MG Cells

The metabolic activity of cells was detected in U87 MG glioblastoma cells after different
treatment conditions. Two concentrations of rotenone were chosen to intoxicate the cells.
It was found that the lower concentration of 100 nM rotenone inhibited complex I of
the mitochondrial respiratory chain. At this concentration, the metabolic activity of the
cells was not significantly affected compared to untreated controls (Figure 2A), although
mitochondrial morphology was expected to undergo a fission. In contrast, 10 μM rotenone
significantly decreased the metabolic activity of U87 MG cells (*** p). This concentration of
rotenone leads not only to mitochondrial fission, but also to fragmentation of the Golgi
apparatus, as later shown by confocal fluorescence microscopy. Neither PDT nor PBM
affected the metabolic activity of the cells damaged by rotenone. Administration of 500 nM
hypericin for 3 h in the dark and after PBM (see protocols in Figure 1) resulted in no
significant differences compared with the untreated control. A significant decrease in
the metabolic activity of U87 MG cells was only observed with the combined treatment
of 10 μM rotenone for 24 h (Figure 2A). However, PDT of cells treated with hypericin
(hypericin-PDT) resulted in quite dramatic changes. Indeed, the metabolic activity of
treated cells decreased to below 50% compared to the activity of untreated control cells
maintained in the dark. This effect was also observed with the combined treatment
with both rotenone concentrations. In addition, PBM of U87 MG cells performed before
hypericin administration (PBM-hypericin-PDT) increased the efficacy of PDT. The increased
phototoxicity of PBM-hypericin-PDT was confirmed by the LDH assay, in which LDH
production increased by up to 300% of untreated control cells (Figure 2B). A marked
increase in LDH production was also observed in cells after hypericin-PDT. However, this
effect was weaker (<250%) than that observed after PBM-hypericin-PDT. The presence of
rotenone had no significant effect on hypericin-PDT and PBM-hypericin-PDT (Figure 2B).

3.2. PBM Decreases Hypericin Fluorescence in U87 MG Cells

The efficacy of PDT can be increased by increasing the concentration of hypericin. It
can be assumed, in a first approximation, that the biological activity of hypericin is propor-
tional to its fluorescent form in cells. Therefore, we studied the subcellular distribution of
hypericin and its fluorescence in U87 MG cells. The hypericin concentration was reduced
to 200 nM to decrease the phototoxic effect during the fluorescence measurements. The
fluorescence intensity of 200 nM hypericin detected by flow cytometry in U87 MG cells 5 h
after PDT is shown in Figure 3A. The fluorescence intensity of hypericin increased in cells
after PDT (hypericin-PDT). In contrast, hypericin fluorescence decreased in cells treated
with PBM-hypericin and PBM-hypericin-PDT. This observation was confirmed by confocal
fluorescence microscopy (Figure 3B–D). The fluorescence of hypericin administered for
3 h in the dark (Figure 3B) was more intense than that of PBM-hypericin (Figure 3C). This
difference is clearly seen in the hypericin fluorescence intensity profiles of selected cells
(labeled 1 and 2 in Figure 3D). Hypericin fluorescence intensity correction (images labeled
HI) and normalization to the brightest signal (pixel) in the image were used to identify the
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subcellular distribution of hypericin. In both treatments, a homogeneous localization of
hypericin with bright intensity can be observed in the perinuclear region associated with
the Golgi apparatus.

Figure 2. (A) Metabolic activity of U87 MG cells and (B) LDH activity in the dark (white columns), after PBM (red columns),
hypericin-PDT (orange columns) and PBM-hypericin-PDT (orange columns with red patterns). Hypericin concentration was
500 nM (administered to cells for 3 h). Cell damage was also induced by 100 nM and 10 μM rotenone for 24 h. Significance
level (against controls without hypericin treatment) was estimated using the one-way ANOVA-test: a (dark), b (PBM), c
(PDT), d (PBM + PDT) < 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 3. (A) Fluorescence intensity of 200 nM hypericin detected by flow cytometry in U87 MG cells under different
conditions. Detection was performed 5 h after PDT. (B) Fluorescence distribution of 200 nM hypericin (3 h) in cells without
and (C) with PBM. HI indicates high intensity correction to allow localization of hypericin. Scale bar—50 μm. White lines
were drawn along selected cells to show the distribution of the hypericin fluorescence intensity in the cell along these lines.
(D) Representative fluorescence distribution along lines 1 and 2 shown in (B,C), respectively.

3.3. Lysosomes Degradation, Mitochondria Destabilization and Fragmentation of Golgi Apparatus
Are Induced by Hypericin-PDT and PBM-Hypericin-PDT

The organelles of main interest in the present study were mitochondria, lysosomes,
Golgi apparatus and plasma membrane. These organelles were stained with specific
fluorescent probes as shown in Figure 4.

Two treatments were chosen: 1 μM PMA and 10 μM rotenone administered over 5 h.
Under these conditions, mitochondrial and lysosomal oriented oxidative stress can be
induced, as can be seen by the morphology of mitochondria, which is different from the
control (Figure 4A). Increased numbers of lysosomes were also observed (Figure 4B–C).
While mitochondria and lysosomes were stressed and centralized around the nucleus after
PMA treatment (see zoom in Figure 4B), rotenone stimulated a scattered distribution of
lysosomes and mitochondria in the cytoplasm (see zoom in Figure 4C).

The morphology and localization of selected organelles observed in U87 MG cells
after hypericin treatment in the dark resembled the untreated control (Figure 5A). To
confirm the changes induced by massive nonphysiological oxidative stress, hydrogen
peroxide was administered to these cells (Figure 5B). Destabilization and degradation of
lysosomes resulted in translocation of LysoTracker Blue (lysosomal probe—blue color) into
the nuclei of U87 MG cells. The mitochondrial membrane potential was dissipated by
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hydrogen peroxide and the mitochondrial probe (rhodamine 123—green color) diffused
into the cytoplasm.

Figure 4. Confocal fluorescence images of rhodamine 123—mitochondria (green), LysoTracker Blue—
lysosomes (blue), and Cell Mask Orange—plasma membrane (orange and red) in (A) U87 MG cells
without treatment, (B) treated with 1 μM PMA, and (C) 10 μM rotenone for 5 h. The overlapping
images were magnified to better see the organelles detected. Scale bar—50 μm.

Hypericin-PDT (Figure 5C) and PBM-hypericin-PDT (Figure 5D) triggered dramatic
changes in the cells. Mitochondrial fission, an increase in the number of lysosomes, mito-
chondria membrane potential depletion, and lysosome destabilization were observed in
the cells. When mitochondria and lysosomes could be observed, a perinuclear localization
of these organelles was noted. If we subdivide the cells according to the stress induced by
the previous treatments with PMA, rotenone and hydrogen peroxide, all three types of cell
effects could be found after hypericin-PDT and PBM-hypericin-PDT. It should be noted
that the red fluorescence consists of hypericin and Cell Mask Orange signals bleeding into
the same detection channel.

The localization of hypericin was observed in the Golgi apparatus. For this reason,
we immunostained Giantin localized in the Golgi apparatus of U87 MG cells. For better
identification, a skeleton of U87 MG cells was detected with an antibody against PICK1.
Beautiful cisternae of the Golgi apparatus localized in the perinuclear region can be detected
in untreated control (Figure 6A), PMA (Figure 6B) and hypericin (Figure 6D) treated cells.
Hypericin can be detected by its red fluorescence. Fragmentation of the Golgi apparatus
and scattered localization of cisternae in the cytoplasm were observed in cells treated with
rotenone (Figure 6C). Destabilization and fragmentation of the Golgi apparatus was also
observed after hypericin-PDT and PBM-hypericin-PDT cells.
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Figure 5. Confocal fluorescence images of rhodamine 123—mitochondria (green), LysoTracker Blue—
lysosomes (blue), hypericin (orange and red) and Cell Mask Orange—plasma membrane (orange and
red) in (A) U87 MG cells treated with 500 nM hypericin for 3 h, (B) hypericin in A + 1 mM H2O2 for
10 min, (C) hypericin-PDT and (D) PBM-hypericin-PDT detected 5 h after PDT. Overlapping images
were magnified to better identify the organelles detected. Scale bar—50 μm.

3.4. PBM Increases Autophagy in U87 MG Cells after Hypericin-PDT

While the cells in the untreated control and hypericin treatment in the dark have the
typical shape of U87 MG glioblastoma cells, those irradiated (PDT) have a round shape.
Such a shape is typical of cells undergoing apoptosis and death. Subcellular localization
of the NucView® 488 caspase-3 substrate was imaged in U87 MG cells treated as in the
previous Section 3.3. These cells were stained with Cell Mask Orange and Hoechst to reveal
the plasma membrane and nucleus. This combination led to the visualization of green
fluorescence in the plasma membrane originating from Cell Mask Orange (see Figure 7A,B).
On the other hand, cytosolic localization of green fluorescence belongs to the NucView®

488 caspase-3 substrate as observed in cells after rotenone treatment (Figure 7C). Typical
apoptotic nuclei stained with Hoechst are indicated by white arrows in Figure 7C.
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Figure 6. Confocal fluorescence images of Giantin (green), PICK1 (blue) and hypericin (red) in
(A) U87 MG cells without treatment, (B) treated with 1 μM PMA and (C) 10 μM rotenone for 5 h.
(D) cells treated with 500 nM hypericin for 3 h, (E) hypericin-PDT and (F) PBM-hypericin-PDT
detected 5 h after PDT. Scale bar—50 μm.

Hypericin-PDT and PBM-hypericin-PDT resulted in cytosolic localization of the
NucView® 488 caspase-3 substrate and condensation of chromatin visualized with Hoechst
(Figure 7E,F). This was not observed in cells treated with hypericin in the dark (Figure 7D).

The increase of NucView® 488 caspase-3 substrate in U87 MG cells after hypericin-
PDT and PBM-hypericin-PDT was confirmed by flow cytometry (green histograms in
Figure 8A,C). Apoptotic cell populations with AnnexinV/FITC and PI staining were
observed after these treatments (Figure 8B,D).

It should be noted that flow cytometry, in contrast to confocal fluorescence microscopy,
was performed on cells treated with 200 nM hypericin to reduce the number of completely
damaged/fragmented cells after PDT.

Since STAT3, LC3B and PKCα are involved in cancer cell migration, autophagy and
apoptosis, Western blot analysis of their protein levels in cells was performed. The results
are shown in Figure 9. The protein levels of STAT3 and PKCα decreased in the cells treated
with 200 nM hypericin after PDT and PBM-hypericin-PDT. The bands decreased in the
cells treated with 500 nM hypericin after PDT and PBM-hypericin-PDT.

176



Biomedicines 2021, 9, 1703

Figure 7. Confocal fluorescence images of NucView® 488 caspase-3 substrate (green), Hoechst—
nucleus (blue), hypericin (red) and Cell Mask Orange—plasma membrane (orange and red) in
(A) U87 MG cells without treatment, (B) treated with 1 μM PMA and (C) 10 μM rotenone for 5 h.
(D) U87 MG cells treated with 500 nM hypericin for 3 h, (E) hypericin-PDT and (F) PBM-hypericin-
PDT detected 5 h after PDT. Scale bar—50 μm. White asterisks indicate cells with typical apoptotic
features stained with Hoechst. White arrows indicate localization of NucView® 488 caspase-3
substrate in the cytoplasm and nucleus.

177



Biomedicines 2021, 9, 1703

Figure 8. Flow cytometric analysis of (A) caspase-3 production (stained with NucView® 488 caspase-3 substrate (green
histograms)) and (B) apoptosis/necrosis (stained with AnnexinV/FITC (green histograms) and PI (red histograms)) in
U87 MG cells without treatment and treated with PBM, 200 nM hypericin in the dark, after PBM and PDT, as shown
in the histograms. Detection was performed 5 h after PDT. White histograms show cells without staining and gray
histograms show cells labeled with hypericin. (C) Correlation plots of the fluorescence intensities of hypericin and
NucView® 488 caspase-3 substrate in the detected cells. (D) Correlation plots for the intensity of fluorescence of PI and
AnnexinV/FITC in the detected cells. Cell number is color-coded (blue—minima, red—maxima).

Figure 9. Western blot analysis of PKCα, STAT3 and LC3B protein levels in U87 MG cells without
treatment and treated with PBM, 200 nM (H200) and 500 nM (H500) hypericin in the dark, after PBM
and PDT, as shown in the images and histograms. GAPDH was used as the housing protein. The
histograms show the optical densities of the detected bands.
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LC3B is divided into two bands: LC3B-I and LC3B-II. Both LC3B bands were de-
tected in the untreated control and hypericin-treated cells. However, LC3B-II was in-
creased in the cells treated with 200 nM hypericin-PDT and PBM-hypericin-PDT (Figure 9).
In contrast, LC3B-I was present in the cells treated with 500 nM hypericin-PDT and
PBM-hypericin-PDT.

4. Discussion

The anti-glioblastoma activity of hypericin has been demonstrated without light
application [38]. It has been suggested that hypericin may cause epigenetic changes,
modulation of neuroglial tumor cell differentiation, modifications of the cytoarchitecture,
and cell cycle alterations. Moreover, hypericin is known to inhibit the activity of PKC,
which is involved in proliferation and cell death [39,40]. Therefore, the increase of its
intracellular concentration by PBM could contribute to the enhancement of its biological
activity in the dark and even improve its proapoptotic function in cancer cells after PDT.

Five proposed treatments were evaluated in this study. Only PBM was applied to
improve glioblastoma cell status without administration of a photosensitizer (hypericin).
The combination of PBM with hypericin without further illumination (no PDT) was com-
pared with the biological activity of hypericin in the dark. No significant differences in the
metabolic activities (detected with MTT) of these cells were observed, but some significant
increase in LDH production was observed. This may be attributed to an increased oxygen
consumption during PBM, which may temporarily switch the cell to anaerobic glycolysis.
This effect was also observed in cells treated with hypericin-PDT, where LDH increased
tremendously due to oxygen consumption. Consequently, PBM-hypericin-PDT resulted
in the best treatment effect, i.e., proliferation was inhibited and LDH increased signifi-
cantly. This effect was even better observed in the cells to which rotenone, an inhibitor
of mitochondrial respiration, was applied. The destruction and alteration of subcellular
organelles by hypericin-PDT and PBM-hypericin-PDT provided the impetus for autophagy
and apoptosis signaling.

PDT has been shown to modulate the effect of hypericin on PKC isoform activity in
glioblastoma cells [16,17]. This signaling molecule was also investigated in the present
study. It was found that PKCα isoform, which is considered as an anti-apoptotic factor,
was strongly affected by PDT. The protein level of PKCα decreased in glioblastoma cells
after PDT depending on the concentration of hypericin. While PBM did not affect 200 nM
hypericin-PDT, a higher concentration of 500 nM hypericin-PDT resulted in a greater
reduction of PKCα in glioblastoma cells pretreated with PBM (PBM-hypericin-PDT). It
should be noted that the drastic decrease in PKCα protein level is related to the translocation
of PKCα from the cytosol to the plasma membrane, where it plays an important role in the
apoptotic response of cancer cells. PBM was also shown to increase PKCα protein levels in
untreated U87 MG cells and maintain PKCα localization in the perinuclear region.

The protein Signal Transducer and Activator of Transcription (STAT)-3, which is in-
volved in the protection of cells from apoptosis, was also identified as a protein regulated
by PKC [41,42]. In the present study, STAT3 protein level in U87 MG cells decreased
similarly to PKCα after hypericin-PDT and PBM-hypericin-PDT. Downregulation and
inhibition of STAT3 after PDT leading to apoptosis was observed in cancer cells treated
with 5-aminolevulinic acid, 2-[1-hexyloxyethyl]-2devinyl pyropheophorbide-a and ben-
zoporphyrin derivative [43–45]. This inhibition has been associated with inhibition of
proliferation, infiltration of cancer cells, and induction of apoptosis in solid tumors.

Several studies have reported that hypericin-PDT induces apoptosis through the
activation of caspase-3 and the release of cytochrome c with the recruitment of BH3-
interacting domain death agonists (Bid, Bax, Bac, Bcl2) [25,46,47]. In our study, both
hypericin-PDT and PBM-hypericin-PDT led to an increase in caspase-3 and apoptosis.
However, our fluorescence microscopy results showed that not only mitochondria but also
lysosomes and Golgi apparatus were strongly affected by hypericin-PDT.
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The process of autophagy is often triggered in cancer, inflammation and neurode-
generation to maintain homeostasis in the cell, especially during the degradation of lyso-
somes [48,49]. In this process, LC3 plays an important role. In particular, lipidated LC3-II is
associated with the formation of double-membrane autophagosomes [50]. We have shown
here that 200 nM hypericin-PDT increased LC3B-II and 500 nM hypericin-PDT increased
LC3B-I protein levels in U87 MG cells. Application of PBM prior to PDT reduced the
effects observed in cells without PBM. Therefore, our results suggest that PBM-hypericin-
PDT promotes apoptosis before autophagy. However, the balance between autophagy
and apoptosis may be modulated by hypericin concentration in addition to PBM. The
reduction in hypericin fluorescence intensity observed by flow cytometry and fluorescence
microscopy after PBM may be explained by PBM-induced detoxification. We hypothesize
that PBM-induced autophagy may be related to the detoxification processes in the cell.

As mentioned in the introduction, PBM has already been used in combination with
PDT, but the aim of PBM application was to heal the treated area [34,35]. Enhancement of
endogenous protoporphyrin IX production and homogenization in U87 MG cells by PBM
has recently been addressed as a promising protocol for PDT and photodiagnostics [51]. To
the best of our knowledge, this is the first time that PBM has been used in combination
with PDT to eliminate cancer cells with photoactivated hypericin.

In our study, we showed that glioblastoma cells strive to reduce the photodamages
induced by PBM-hypericin-PDT. However, metabolic activity and LDH levels in cells were
significantly and much more severely affected by PBM-hypericin-PDT than by hypericin-
PDT. Since LDH is important for both anaerobic metabolism and glycolysis, the effect of
PBM may be attributed to oxygen consumption and glycolysis. The treatment efficacy was
also higher in cells with damaged mitochondria and a Golgi apparatus stimulated with
rotenone. This suggests that the elimination of cells by apoptosis may be enhanced by
PBM-PDT in the case of mitochondrial and Golgi apparatus dysfunction, which is expected
under less oxygen-rich conditions.

In conclusion, the application of PBM in our conditions was such that hypericin was
not excited by the PBM light, but the biological activity of hypericin after PDT was affected
by PBM. While PBM alone stimulates the detoxification of glioblastoma cells and decreases
the hypericin intensity, consequently, probably due to its intracellular concentration, faster
than its natural release, application of PDT to cells pretreated by PBM results in a more
potent destructive effect than hypericin-PDT alone. Therefore, we hypothesize that this
combination of light treatments led to an improvement in hypericin-PDT efficacy and to
the identification of this PBM-hypericin-PDT combination as a promising treatment for
glioblastomas. This treatment strategy is probably also of interest for solid tumors with
heterogeneous metabolism and oxygenation.
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Abstract: One of the most challenging problems in the treatment of glioblastoma (GBM) is the
highly infiltrative nature of the disease. Infiltrating cells that are non-resectable are left behind
after debulking surgeries and become a source of regrowth and recurrence. To prevent tumor
recurrence and increase patient survival, it is necessary to cleanse the adjacent tissue from GBM
infiltrates. This requires an innovative local approach. One such approach is that of photodynamic
therapy (PDT) which uses specific light-sensitizing agents called photosensitizers. Here, we show
that tetramethylrhodamine methyl ester (TMRM), which has been used to asses mitochondrial
potential, can be used as a photosensitizer to target GBM cells. Primary patient-derived GBM cell
lines were used, including those specifically isolated from the infiltrative edge. PDT with TMRM
using low-intensity green light induced mitochondrial damage, an irreversible drop in mitochondrial
membrane potential and led to GBM cell death. Moreover, delayed photoactivation after TMRM
loading selectively killed GBM cells but not cultured rat astrocytes. The efficacy of TMRM-PDT in
certain GBM cell lines may be potentiated by adenylate cyclase activator NKH477. Together, these
findings identify TMRM as a prototypical mitochondrially targeted photosensitizer with beneficial
features which may be suitable for preclinical and clinical translation.

Keywords: glioblastoma; photodynamic therapy; photosensitizer; mitochondria

1. Introduction

Glioblastoma (GBM) is the deadliest adult brain cancer. Among possible cellular
sources of GBM are neural stem cells (NSC), oligodendrocyte progenitor cells and astro-
cytes [1]. GBMs exhibit a highly heterogeneous molecular makeup and are characterized
by genomic instability and high tendency for infiltration. GBM exists in a variety of molec-
ular phenotypes, including isocitrate dehydrogenase wild type, mutant type and some
others [2]. Molecular heterogeneity greatly reduces chances of finding a highly potent and
universally useful drug against any one specific molecular target for this type of cancer.

The global standard of care, known as the Stupp protocol [3], consists of surgical
resection followed by administration of the alkylating agent temozolomide (TMZ) in com-
bination with radio-therapy. However, the Stupp protocol only extends median survival to
~14 months from diagnosis compared to 12 months when using radio-therapy alone [3].
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This treatment protocol and the resultant survival prognosis have not significantly changed
for the last 15 years.

Considering that GBM does not metastatically spread around the body and that pri-
mary tumors are often reasonably well localized, it is surprising that we are still making so
little progress in improving treatment outcomes. The key reason for this is that, despite
maximal surgical resection, the tumor inevitably reoccurs. Interestingly, most secondary
tumors arise within <2 cm of the resection edge [4]. These recurrences originate from
the infiltrating GBM cells which spread from the leading edge into non-neoplastic tissue
parenchyma. Today, the macroscopic boundaries of the primary tumor are usually iden-
tified by neurosurgeons using specific staining with 5-aminolevulinic acid (5ALA, trade
name Gliolan®) which was approved by the Food and Drug Administration in 2017 for
the optical detection of GBM. 5ALA is fairly selectively converted into protoporphyrin IX
in cancer cells [5]. Thus, by illuminating the tumor by near-UV blue light and monitoring
resultant red fluorescence, surgeons are able to detect macroscopic boundaries of GBM.
However, this does not allow visualization of the microscopic infiltrations. Moreover, in
many cases, even though surgeons suspect infiltrations in certain areas, they are unable to
remove residual disease due to the risk of severe neurological deficits.

Poor prognosis for patients with GBM necessitates research into alternative approaches
for the treatment of this disease. One such approach is photodynamic therapy (PDT), as
we have recently reviewed [6]. PDT is based on a photochemical reaction triggered by
the absorption of photons of light by the molecules of a photosensitizer. Singlet oxygen
and reactive oxygen species released by this reaction damage cellular macromolecules and
eventually kill the cells. Even though quite a few molecules could theoretically be used as
photosensitizers, only 5ALA has been extensively explored as a photosensitizer for GBM
therapy, including in clinical trials [7]. The motivation for working with 5ALA is mainly
the selective accumulation of fluorescent protoporphyrin IX in cancer cells which may
intuitively suggest that PDT should only damage the malignant cells and not the healthy
tissue. However, so far, experimental and clinical applications of 5ALA as a PDT agent have
not been particularly successful [6] as 5ALA appears to be a poor photosensitizer, unable
to generate sufficient amounts of free radicals to induce a powerful effect. High-power
red light at approximately ~630 nm was used for its photoactivation in the published
trials [8–10]. This contrasts with the peak absorption of protoporphyrin IX which is near
420 nm [8–12] This was largely motivated by the much better penetration of red light
through brain tissue, but clearly, it cannot be efficient in terms of triggering the required
photochemistry.

Over the past 10 years, the application of light to the brains of living animals has
become a major tool in experimental neuroscience (a technology known as “optogenetics”),
and a wealth of information is now available from these experiments. Hundreds of studies
have used light to control cells, which are induced to express light-sensitive proteins. The
wavelengths used for excitation are typically below 550 nM (blue-green-yellow). Despite
the accepted notion that infra-red light (~700 nm and above) penetrates deeper into the
tissue, which could be an advantage in the case of PDT, the vast experience accumulated
with optogenetics unequivocally demonstrates that large quantities of light energy are
damaging for a healthy brain. Moreover, light, especially the longer-wave red and infra-red
light, easily releases heat which destroys brain cells (for further discussion, see [6]).

These considerations led us to investigate whether we might be more successful using
another photosensitizer with a different principle of action and selectivity.

By serendipity, we discovered that one of the dyes routinely used to image mito-
chondrial membrane potential (MMP), tetramethylrhodamine (TMRM), acts as an efficient
photosensitizer in patient-derived primary GBM cell lines and that it is possible to achieve
at least partial selectivity over non-malignant primary rat astrocytes (RA). TMRM, which is
a rhodamine derivative driven into the mitochondria by their negative membrane potential
has been in routine laboratory use as a research reagent but never tested as a potential
therapeutic. After brief (<1 min) illumination with a green light of moderate intensity,
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TMRM causes the rapid and irreversible depolarization of GBM mitochondria, which
ultimately leads to the apoptosis-mediated death of these cells. Here, we explored the
effectiveness of TMRM as a photosensitizer for PDT (TMRM-PDT). We also attempted
to increase the efficacy of TMRM-PDT using the cAMP-elevating compound NKH477 (a
water-soluble analogue of forskolin) and a glycolysis inhibitor clotrimazole.

2. Materials and Methods

2.1. Primary Cultures of RA

Primary cultures of RA were prepared from the cerebral cortices, cerebellum and brain-
stem of Wistar rat pups (P2) as previously described [13]. Briefly, the brains of terminally
anesthetized Wistar P2 pups were dissected out, crudely cross-chopped and incubated
with agitation at 37 ◦C for 15 min in a solution containing HBSS, DNase I (0.04 mg/mL),
trypsin from bovine pancreas (0.25 mg/mL) and BSA (3 mg/mL). Trypsinization was
terminated by the addition of equal volumes of culture media comprised of DMEM, 10%
heat-inactivated FBS, 100 U/mL penicillin, and 0.1 mg/mL streptomycin and the sus-
pension was then centrifuged at 2000 rpm, at room temperature (RT) for 10 min. The
supernatant was aspirated, and the remaining pellet was resuspended in 15 mL HBSS
containing BSA (3 mg/mL) and DNase I (0.04 mg/mL) and gently triturated. After the cell
debris settled, the cell suspension was filtered through a 40 μm cell strainer (BD Falcon, BD
Biosciences, Franklin Lakes, NJ, USA) and cells were collected after centrifugation. Cells
were seeded in a T75 flask containing the culture media (see above) and maintained at
37 ◦C with 5% CO2. Once the cultures reached confluence and 1 week later, the flasks were
mildly shaken overnight to remove microglia and oligodendrocytes.

2.2. GBM Cell Lines

UP007 and UP029 were kindly provided by Prof. J. Pilkington (University of Portsmouth)
and maintained using standard laboratory protocols in media containing 10% serum and
1% penicillin/streptomycin (0.1 mg/mL penicillin, 100 units/mL streptomycin). In some
experiments, we also used primary GBM cell lines specifically derived from the infiltrative
edge of surgically removed tumors as described in Smith et al. [6]. These are designated as
glioblastoma invasive margin (GIN) cell lines. Their culturing conditions and handling
were the same as those for UP cell lines. All of the cell lines used were of the IDH-wildtype
genetic background.

2.3. Measurement of Cell Viability

Cytotoxicity was assessed by lactate dehydrogenase (LDH), 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT), and PrestoBlueTM (Invitrogen, Paisley, UK)
assays.

2.3.1. LDH Assay

LDH is an intracellular enzyme that is released from cells upon the disruption of the
cell membrane or cell lysis. Thermo Scientific™ Pierce™ LDH Cytotoxicity Assay (cat
no. 88954) was used to determine the toxicity of TMRM in the absence of light illumination.
This is a colorimetric assay where the amount of LDH in a sample is proportional to the
amount of red formazan product produced by the consumption of NADH generated by the
LDH-mediated conversion of L-lactate. After adding reaction buffers to the sample culture
media, color intensity in wells was measured using an Infinite® 200 PRO microplate reader.

2.3.2. MTT Assay

The MTT assay was used to assess the potential detrimental effects of prolonged
TMRM loading on cells. RA and GBM cell lines were seeded in a 96-well culture plate at
1 × 104 cells/mL in 10% FBS culture media at 37 ◦C in 5% CO2 atmosphere and allowed to
attach overnight. After 24 h, the culture media were replaced with fresh media containing
different concentrations of TMRM (50 nM, 100 nM, 300 nM, 800 nM) and the plates were
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incubated for 48 h protected from light. Tests were done in triplicates. After incubation,
the MTT reagent was added into the media at a final concentration of 0.5 mg/mL and
incubated for 2 h 37 ◦C under low light conditions. Then, the MTT reagent was removed
and 100 μL DMSO in each well was added and the cells were incubated at 37 ◦C for 30 min
to dissolve the formazan crystal precipitates. Absorbance was measured at 570 nm. Cell
viability was calculated by the following formula:

(
Absorbanceexperimental group/Absorbancecontrol group

)
× 100%

2.3.3. PrestoBlueTM Assay

To assess the viability of the cells after photoactivation with different illumination
durations, we performed the PrestoBlueTM cell viability assay (Invitrogen) on UP007,
UP029 and GIN8 cell lines. This assay does not require the fixation of cells and can be
performed on the same set of cells several times. Cells were seeded in 96-well plates using
the technique described above. Twenty-four hours later, cell lines were loaded with TMRM
(300 nM × 40 min) and photoactivated for 45 s and 90 s (1.06 mW/mm2). PrestoBlue
assay was performed on day 2, 5 and 10 after the photoactivation of TMRM, following
the manufacturer’s instructions. Briefly, 10 μL of PrestoBlue reagent was added to each
well and incubated for 20 min. Fluorescence was measured at 560 nM, thus reflecting the
amount of the fluorescent product of the conversion of the reagent.

2.4. Assessment of Basal Mitochondrial Membrane Potential (MMP) Using Potential-Driven Dye
TMRM

Cells were plated in 96-well plates and allowed to attach overnight. The following day,
cells were loaded with 200 nM TMRM for 1 h. Images were taken using a ZOE (Bio-Rad,
Watford, UK) fluorescent cell imager. Fluorescence intensity (as an estimate for MMP)
was measured using the Fiji image processing tool and compared across cell types. Image
acquisition parameters were fixed across all measurements.

2.5. Measurements of Mitochondrial Depolarization Dynamics Caused by TMRM

TMRM decay dynamics was tested using the following protocol. The cells were plated
onto glass cover slips coated with type 1 rat tail collagen at a concentration of 0.25 mg/mL
to enhance the attachment of the cells. Cover slips were placed inside small corning
dishes at a density of 5 × 104 cells/mL. Dishes were incubated overnight in standard
culture conditions. The next day, cells were loaded with 200 nM TMRM for 1 h. Before
the photoactivation of TMRM, baseline images using a standard rhodamine filter block
of Leica microscopes (excitation 515 nm–560 nm, emission-high pass filter 580 nm) were
obtained as a sequence of six images, one every 10 s, for a total of one minute. This was
followed by constant illumination with same green light for 30 s (photoactivation) followed
by a series of 20 images every 10 s, for a total of 3 min. Imaging was conducted using a
Leica DMIRB Inverted florescent microscope connected to a R6 Retiga digital camera and
controlled by the Micromanager software. Imaging parameters such as exposure time and
light intensity (1.4 mW/mm2, 10× objective) were fixed throughout all imaging sessions.
ImageJ software was used to process the images.

2.6. Assessment of MMP Recovery after TMRM-PDT

In this and all other series, we used ×5 objectives (unless specifically indicated) to
illuminate large areas with numerous cells to achieve a uniform biological outcome across
the whole pool of cells in an individual dish. Since two different makes of microscopes
were used (Zeiss and Leica) the light power density was slightly different between some
datasets (1.4 and 1.06 mW/mm2 for Leica vs. 1.4 mW/mm2 for Zeiss); however, this did
not qualitatively affect the outcomes.

To ensure that all cells were evenly illuminated, we used a special plating technique
which ensured that they were localized in the center of the well. This was important
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because in the preliminary experiments, we found that the cells located at the margins of
the wells and their walls do not receive sufficient quantities of light and therefore do not
react to PDT.

To this end, cells were plated as 3 μL drops, containing an average of ~300–350
cells/drop at the centers of the wells in a 96-well plate. After 45 min, when cells had at-
tached to the bottom, wells were filled with 100 μL of fresh media and incubated overnight.
This plating approach was used for all experiments involving TMRM-PDT. The next day,
cells were incubated with 300 nM TMRM for 40 min, and TMRM was photoactivated for
40 s using a ×5 objective (1.06 mW/mm2). Media in the wells were replaced and cells were
returned into the incubator. Mitochondrial potential was measured 24 h later using TMRM.

2.7. TMRM-PDT
2.7.1. Evaluating the Efficacy of TMRM as a Photosensitizer: Effect of TMRM
Photoactivation on Cell Viability

Cells were plated in the centers of the well as described above and loaded with 300 nM
TMRM for 45 min. Photoactivation of TMRM was carried out for 40 s (1.06 mW/mm2).
Green light was used using standard filter blocks of Leica microscopes with a pass-band of
~520 nm–540 nm. Media were then replaced and the cells were incubated for 72 h. Fixation,
nuclear staining, imaging and analysis were carried out as indicated above in this and
further experiments in this section.

2.7.2. Concentration-Response Test for PDT with TMRM-PDT

On day 1, cells were plated following the previously described plating protocol,
and were then allowed to grow in a cell culture incubator overnight. On day 2, media
were removed, and cells were loaded with TMRM (100 nM, 300 nM, 800 nM) for 40 min.
The center of each well was then illuminated by green light (~530 nm–580 nm) using a
LSM780 ZEISS confocal microscope with a ×5 objective at 1.4 mW/mm2 for 30 s. After
the photoactivation, the media were exchanged and cells were incubated for 72 h. After
3 days incubation, the cells were fixed in 4% paraformaldehyde (PFA) for 15 min, washed
in PBS three times and stained with 1 μg/mL DAPI for 10 min. Images were taken using
a confocal microscope with objective power x5 to include all DAPI positive cells in one
image for each well.

2.7.3. Exposure-Dependence of TMRM-PDT

Cells were seeded as described above and loaded with TMRM (100 nM) for 40 min.
Photoactivation was carried out for 30 s, 60 s or 90 s at 1.4 mW/mm2. Media were replaced
and cells were then incubated for 72 h.

2.7.4. Retention of TMRM in Mitochondria of RA and GBM Cells

Cells were seeded as described above. Cells were loaded with different concentrations
of TMRM for 40 min. After 40 min, TMRM was removed and fresh media was added. After
24 h, photoactivation was performed for 30 s at 1.4 mW/mm2. Media were replaced with
fresh media and the cells were incubated for 72 h.

2.7.5. Assessment of the Effect of Green Light Alone Using Presto Blue Viability Assay

UP007, UP029 and RA were plated in the centers of the wells in a 96-well plate as
described above. The next day, the cells were irradiated with green light without TMRM
staining for 60 s or 120 s (1.4 mW/mm2). Note that the strength of this stimulus considerably
exceeded all illumination regimes applied in other tests. After 3 days, cell viability was
assessed with PrestoBlue assay following the manufacturer protocol.

2.7.6. Incubation with NKH477, Clotrimazole and Photoactivation

Cells were seeded in 96 well-plates using the technique described above. Milder
TMRM-PDT conditions were used in these experiments in order to more easily reveal any
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additive or synergistic effects of the combined treatment. Specifically, 200 nM TMRM was
used to load the cells instead of 300 nM. A Leica EC3 florescent microscope was used to
illuminate the cells with a ×5 objective lens, light dose of 1.06 mW/mm2 and the duration
of illumination of 17 s only. To test whether NKH477 can enhance TMRM-PDT, GBM cells
were pre-incubated with 10 μM NKH477 for 24 h before TMRM-PDT was conducted. The
PDT outcome was tested on day 3 as previously described. We also tested whether we
could potentiate the outcome of PDT with clotrimazole (a glycolysis inhibitor). Immediately
after TMRM-PDT, 10 μM of the drug was also added to the wells. Cells were incubated
with clotrimazole for three days before evaluating the outcome by the nuclear count as
described above.

2.8. Assessment of Caspase Activation after PDT

To confirm that GBM cells affected by PDT undergo apoptosis, we used a genetic
reporter of apoptosis CA-GFP (Caspase Activated Green fluorescent protein) as described
in [14]. During apoptosis, caspase is activated via proteolytic cleavage. In CA-GFP, GFP
fluorescence is completely quenched by a quenching peptide attached via the four amino
acid caspase-7 cleavage motif Asp–Glu–Val–Asp. After the initiation of apoptosis, prote-
olytic removal of the quenching peptide by caspase-8 and caspase-9 results in restored GFP
fluorescence. In order to stably express the reporter in dividing GBM cells, we generated a
lentiviral vector where CA-GFP was expressed under control of the EF1α promoter, which
is highly active and stable in GBM (own unpublished observation). GBM cells were loaded
with TMRM (300 nM × 40 min) and photoactivated for 90 s (1.06 mW/mm2). The plates
were kept for 10 days and the surviving cells were then fixed, stained with DAPI and
imaged using a ZOE imager.

2.9. Lentiviral Production

The full protocol was described in our previous study [15]. Briefly, for lentiviral
production, Lenti-X™293 T Cell Line (Clontech, San Francisco, CA, USA) was transfected
with plasmids pNHP (7.5 μg), pHEF-VSVG (3.1 μg), pCEP4-tat (0.7 μg) and pTYF-EF1α-CA-
GFP (3.9 μg). Cells were then placed in an incubator under standard cell culture conditions.
Culture media were collected after approximately 30 and 48 h after transfection and stored
at 4 ◦C. Then, the media were filtrated and centrifuged in 20% sucrose at 74,000× g for 2 h.
The supernatant was aspirated and 25 μL PBS was added. The following day, the lentiviral
vector pellet was resuspended, aliquoted and frozen at −80 ◦C.

2.10. Statistical Analysis

The data were shown as mean ± SEM; the numbers of independent experiments are
indicated on the figures and in the text. Statistical analysis was performed using one-way
or two-way ANOVA using Prism software version 8.00. Differences were considered
statistically significant at p < 0.05.

3. Results

3.1. Green Light Triggers Immediate Release of TMRM from the Mitochondria

Brief exposures of TMRM-loaded (200 nM) RA and GBM cells to green light (200–300 ms
every 10 s), which are required for taking images, did not affect TMRM mitochondrial
localization. TMRM intensity remained stable for 30 min or more in all cell lines (data not
shown).

Nuclei, under resting conditions, usually contain little TMRM but once TMRM leaves
the mitochondria, it spreads into other cellular compartments including the nucleus. There-
fore, results are presented as a ratio of mitochondrial/nuclear TMRM florescence intensity
(Figure 1a,b).
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Figure 1. Light activation of TMRM triggers an immediate mitochondrial depolarization and results in dye re-distribution.
(a) Mitochondria/nucleus fluorescence ratio dropped by 50% within 60 s and further decayed for the next 4–7 min. n: 24 cells
from 4 independent exp. (b) Mitochondria/nucleus fluorescence ratios decreased after 250 s following light activation.
(c) Representative images showing loss of TMRM from mitochondria over time and appearance of the dye in the nucleus.
Red squares point to an enlarged area demonstrating a few cells at higher magnification (below). Note the redistribution
of fluorescence from the bright clusters of mitochondria and its exit from the cells. The brightness of the images on the
inset (lower images) is increased to facilitate viewing. For measurements, only raw images were used. (d) An example
of a typical response to TMRM-PDT of a GBM GIN8 cell. Initially (left image), TMRM is localized exclusively to the
mitochondria (red arrows) while the nucleus (blue arrow) is almost completely devoid of the staining. After photoactivation
(right image), TMRM leaves the mitochondria and the contrast between mitochondria and nucleus is lost—hence the ratio
mitochondria/nucleus drops). For clarification, images were taken at high magnification using LSM780 confocal microscope.
(*) p value < 0.005, (**) p value < 0.001, (****) p value < 0.0001. ns—not significant.

Baseline MMP was stable before photoactivation (Figure 1a). Photoactivation of
TMRM for 30 s resulted in the rapid exit of the dye from the mitochondria, most prob-
ably due to the loss of mitochondrial potential, decreasing the mitochondrial/nucleus
fluorescence ratio (Figure 1a,b). Typical examples of TMRM distribution in GIN8 cell line
before and after photoactivation are shown in Figure 1c,d. During this initial control period
(1–30 s), it was evident that the GBM cell lines had significantly greater MMP (hyperpolar-
ized mitochondria as reflected by the absolute intensity of TMRM staining) than normal
RA, except the GIN27 cell line (Figure 2a, Supplementary Figure S3).
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Figure 2. Mitochondrial membrane potential in RA and GBM cells, as reflected by TMRM florescence intensity.
(a) Baseline MMP. GBM cells, except for GIN27, have greater basal MMP than normal RA. (b) Recovery of MMP 24 h after
photoactivation. Normal RA and GIN27 GBM cells successfully recovered their normal MMP 24 h after photoactivation.
Loss of MMP in other GBM cells persisted after 24 h. N: represents the number of independent experiments. 15+ cells were
examined in each experiment. (*) p value < 0.0001, (ns) p value > 0.9999 (not significant).

3.2. GBM Cells Failed to Recover Their MMP 24 h after Photodynamic Treatment, in Contrast to
Normal RA

We wanted to assess whether light-induced MMP depolarization was reversible. To
this end, we re-loaded cells with TMRM 24 h after light application and measured TMRM
fluorescence intensity. Note, that in this series, we did not calculate the ratio as in the
previous section because we were interested in the absolute intensity values rather than the
dynamics of the process. As shown in Figure 2b, the mitochondria remained depolarized
in all human GBM lines, with the exception of GIN27. Importantly, mitochondria in RA
fully recovered their membrane potential, evident by normal TMRM loading after 24 h.

3.3. Photodynamic Activation of TMRM Decreased GBM Survival

To study the effect of TMRM-PDT on GBM cell survival, cells were loaded with TMRM
(300 nM) and exposed to green light. Three days later the density of the DAPI-positive
nuclei was strongly reduced in wells subjected to TMRM-PDT compared to controls (see
Figure 3). Curiously, this was also seen for the GIN27 line which seemed to be less affected
by PDT in previous experiments (Figures 1 and 2).

3.4. Milder Treatment Regimes Help Achieve a Preferential Effect on GBM Cell Lines

Given that GBM mitochondria were generally hyperpolarized, we sought to determine
whether this could lead to a preferential effect of PDT on GBM, using milder treatment.
This was only tested on UP lines for operational reasons.

Thus, 30 s, 60 s, or 90 s (1.4 mW/mm2) and a lower concentration of TMRM (100 nM)
were evaluated. As shown in Figure 4, the number of DAPI-positive nuclei 3 days after
photoactivation was significantly reduced in GBM lines but not in RA following milder
treatment regimens.
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Figure 3. Three days after TMRM-PDT (300 nM; 40 s; 1.06 mW/mm2), density of cells was reduced. N is the total number
of repeats from 7 independent experiments for RA, 2 for GIN27 and 3 for the other GBM cells. (**) p value < 0.003,
(***) p value < 0.001, (****) p value < 0.0001. ns—not significant.

Figure 4. Dependence of TMRM-PDT (100 nM; 0 s, 30 s, 60 s, 90 s; 1.4 mW/mm2)) on the duration of illumination. N is the
total number of repeats from 4 independent experiments. (*) p value < 0.05, (***) p value < 0.001, (****) p value < 0.0001.
ns—not significant.

3.5. Effect of TMRM Is Concentration Dependent

In order to better demonstrate the dependence of the TMRM effect on its concen-
tration, we applied different concentrations while using a slightly shortened duration of
illumination (30 s) in order to preserve at least some cells in stimulated wells—which was
important for counting purposes. The number of DAPI-positive nuclei was not affected
with TMRM loading at 100 nM while 800 nM significantly affected all tested cell types
(Figure 5). In fact, the effect on both GBM cell lines was much greater than on RA (p < 0.001
in both cases).
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Figure 5. The dependence of TMRM-PDT (0 nM, 100 nM and 800 nM for 30 s; 1.4 mW/mm2) on TMRM concentration. N is
the total number of datapoints from 4 independent experiments. (****) p value < 0.001. Differences between the effect of
800 nM on RA (relative decrease in cell density) and either of the GBM cell lines were highly significant (p < 0.01 in either
case). ns—not significant.

3.6. TMRM-PDT with Preloading of the Dye

Mitochondrial membranes of GBM cells are generally more polarized relative to
normal cells such as RA (Figure 2a). Thus, TMRM should theoretically accumulate and
remain in the mitochondria longer in GBM cells, making them more vulnerable to TMRM-
PDT. Indeed, TMRM-PDT applied to cells preloaded with TMRM for 40 min, 24 h before
application of the light, had a preferential effect on the GBM lines compared to RA (Figure 6,
Supplementary Figure S2).

Figure 6. Delayed photoactivation of TMRM enables selective effect on GBM cells. Cells were loaded with TMRM, 300 nM
or 800 nM which was then removed from the media. Twenty-four hours later, light was applied for 30 s (1.4 mW/mm2).
When counted 3 days later, the number of remaining GBM but not RA was strongly decreased. This specificity was achieved
by preferential retention of TMRM in GBM cells. N is the total number of datapoints from 3 independent experiments.
(*) p value < 0.05, (****) p value < 0.0001. ns—not significant.

3.7. TMRM or Green Light Is Not Toxic to GBM Cells or RA

We controlled for the detrimental effects of TMRM without light application (dark
toxicity) for RA and all GBM lines. Cells were loaded with different concentrations of
TMRM for 40 min and later tested with the LDH-assay. No cytotoxicity of TMRM was
observed with all five concentrations used (Figure 7).
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Figure 7. Control tests for TMRM dark toxicity. TMRM dark toxicity in the absence of illumination assessed using LDH
assay. No statistically significant difference in toxicity between any of the 5 concentrations used in this experiment compared
to the controls. N = 9: is the total number of datapoints for each condition from 3 independent experiments. ns—not
significant.

Moreover, we increased the time of incubation with TMRM up to 48 h without light
application (dark toxicity) for the RA and two GBM lines (UP007 and UP029). Incubation
for 48 h with TMRM at concentrations between 50 nM and 300 nM had no significant effect
on the proliferation of either of the two GBM lines or the RA, while 800 nM had some effect
on UP007 and RA (Figure 8a). For the control of the light effect, illumination was carried
out for 60 s and 120 s (1.4 mW/mm2) which are harsher conditions than in any other series,
but this had no effect on either type of cells (Figure 8b).

Figure 8. Further control experiments to assess the dark toxicity of TMRM and the effect of green light. (a) Prolonged
incubation with TMRM for 48 h with no photoactivation had a minimal effect on GBM or RA cell density as measured using
MTT assay. (b) When applied to unloaded cells, green light 1.4 mW/mm2) on its own, had no effect on the survival of GBM
cell lines or RA (PrestoBlue assay). N: is the total number of datapoints for each condition from 3 independent experiments
(6 for RA in panel A.). (**) p < 0.01, (***) p < 0.001. ns—not significant.

3.8. PDT Effect on Viability of GBM Cells Is Long Lasting

Even though PDT resulted in a rapid loss of many GBM cells, a few were still visible in
the wells after 10 days of culturing post PDT. We therefore compared their viability using
the PrestoBlue assay which can be performed on the same batch of cells longitudinally
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and reports the metabolic health status of the cells. As shown in Figure 9a,b, UP007 and
UP029 cell lines after 2, 5 and 10 days had a severely compromised metabolic status. We
assumed that the main mechanism of cell death after TMRM-PDT is apoptosis. In order
to visualize this process, we used a genetically encoded Caspase sensor CA-GFP as listed
in the Methods. Lentiviral transduction of the cell lines was performed to generate stably
expressing clones. Ten days after TMRM-PDT for 60 s (1.06 mW/mm2), photoactivation
green fluorescence was clearly visible in most surviving cells in both cell lines, but not in
the untreated controls (Supplementary Figure S1).

Figure 9. Lasting effects of TMRM-PDT. (a) Single episode of TMRM-PDT permanently affected the viability of GBM
cell lines (PrestoBlue assay). GBM lines were photoactivated for 0 s, 45 s or 90 s after being loaded with 300 nM TMRM.
N: is the total number of datapoints from 3 independent experiments. (****) p value < 0.0001. Data are given as the
mean ± SEM. (b) Effect of varying light exposure on cell viability assessed 10 days after TMRM-PDT, Presto Blue assay.
(****) p value < 0.0001.

3.9. NKH477—But Not Clotrimazole—Enhances the Effect of PDT in Several GBM Cell Lines

Perfect illumination of target areas and equal TMRM loading of the cells is much
harder to achieve in a surgical theatre than in the research laboratory. Therefore, it is
always desirable to develop additional strategies to potentiate the effect of PDT. Elevating
cAMP levels in GBM cells has been implicated in multiple studies as a mechanism which
could counter GBM aggressiveness and improve survival [16]. GBM cells were therefore
incubated with 10 μM of adenylate cyclase activator NKH477 for 24 h before a sub-optimal
TMRM-PDT regime was applied. We found that the dual targeting of GBM cells with a sub-
lethal dose of NKH477 and low-intensity PDT (20 s illumination) resulted in the decreased
viability of some GBM cell lines. This difference was statistically significant compared
to either one of the treatments alone and to negative controls (Figure 10). Glycolysis
inhibition with clotrimazole was also attempted to further drain glycolytic energy source
after TMRM-PDT, which theoretically compromises mitochondrial functions, but this dual
treatment protocol did not result in any significant additive effect (Figure 10).
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Figure 10. Synergistic effect of a low-dose NKH477 pre-treatment plus sub-lethal photoactivation (20 s) of TMRM-loaded
GBM cells resulted in a significant decrease in the viability of some GBM cell lines (in UP007 and GIN27) compared to the
controls or treatment with NKH477 alone or TMRM-PDT alone. No significant effect of clotrimazole after TMRM-PDT was
observed. The number of independent experiments is: 5 for RA, 4 for UP007, UP029, GIN8, and GIN28 cells and 3 for GIN27
and GIN31 cells—all in duplicates. (ns) p > 0.05, (*) p < 0.033, (**) p < 0.002, (***) p < 0.0002, (****) p < 0.0001, alpha = 0.05.
ns—not significant.
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4. Discussion

We here re-evaluated the potential of PDT to therapeutically target the infiltration of
residual GBM disease within the brain parenchyma adjacent to the area of surgical resection,
with the aim of reducing the number and viability of surviving tumor cells, and thus,
improve patient prognosis. Controversies surround the use of 5ALA as a photosensitizer
for PDT. First, the main peak of its excitation is 405 nm–420 nm, but this wavelength
essentially does not spread in brain tissue. Furthermore, the wavelengths > 600 nm which
were attempted for PDT with 5ALA may penetrate deeper into the tissues, but they are not
efficient for 5ALA excitation. Second, 5ALA has a low ROS yield, meaning that it generates
a small amount of free radicals upon photoactivation, and this becomes a major issue when
long wavelength light is used [6].

In this study, we demonstrated the application of the MMP-driven dye TMRM as a
photosensitizer for PDT targeting GBM cells. TMRM is a member of the rhodamine family
and is commonly used to measure MMP in cells [17]. Changes of MMP directly correlate
with changes in TMRM florescence intensity [18]. TMRM is highly mobile and instantly
leaves the mitochondria if not retained by the MMP. It has also been reported to have
minimal non-specific (non-mitochondrial) accumulation and interference with mitochon-
drial respiration compared to other commonly used rhodamine derivatives [19]. Moreover,
TMRM has peak excitation/emission wavelengths of 548 nm/573 nm, respectively. Thus,
TMRM can be effectively excited by a light of green/yellow spectrum. In comparison with
the 405 nm–420 nm peak for 5ALA, this must increase the efficiency of PDT due to the
better tissue penetration of these wavelengths.

We found that TMRM-PDT is effective in compromising the viability/survival of the
GBM cells, as shown in Figure 3. Unfortunately, the effect was also seen on normal RA.
However, by carefully tweaking the protocol in terms of TMRM loading concentration
and illumination times, we were able to achieve significant cytotoxic selectivity to GBM
cells over RA (Figure 4). Possibly, using lower concentrations of TMRM in vivo might
help to achieve a selective suppressant effect on GBM infiltrating cells. The ability of GBM
mitochondria to accumulate more TMRM and better retain it matches with the generally
known tendency of tumor cells to have hyperpolarized mitochondria [20,21]. We believe
that greater selectivity can be achieved with the protocol where photoactivation takes
place after the cells are allowed to dissipate the TMRM initially loaded into them. In our
experiment, this was demonstrated using 48 h delay (Figure 6). We assume that the selective
suppression of the GBM cells was due to the retention of the dye in their mitochondria
because of the hyperpolarized MMP. This could and should make the clearance of the dye
out of normal cells more efficient than in tumor cells. From a clinical perspective, this
protocol would require a preloading of the tissue with TMRM prior to light application
which should follow after a delay. One needs to take into account that, unless the molecules
are actively retained in brain cells in vivo, they are going to be very quickly washed away
into the general circulation. Thus, in the living brain, it might only take 1–2 h for the
healthy cells to release TMRM while the GBM cell could still have it concentrated in their
mitochondria.

In this work, we did not study the potential impact of PDT on neurons, but this is a
particularly difficult task in vitro. Essentially all experiments on cultured rodent neurons
employ cells from embryos which have a completely different metabolic profile compared
to the mature neurons in the brain in vivo. We do not believe that such cultures would be
a suitable model for this type of work. Instead, it may be better to test whether TMRM
strongly affects neurons in rodent studies in vivo, as we hope to do in future studies.

We were also able to show that TMRM is not toxic without light illumination at
concentrations up to 3.2 μM, which is consistent with previous data [18]. Further, it requires
comparatively low power to elicit specific cytotoxicity which decreases the chances for
light-related tissue damage (see [6] for further discussion).

We attempted to enhance the efficacy of TMRM-PDT by employing a sub-lethal
PDT regimen combined with NKH477 or clotrimazole. Clotrimazole is an inhibitor of
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phosphofructokinase, one of the key enzymes in glycolysis [22]. It has previously been
tested on GBM cells and has resulted in the blockade of the cell cycle and consequently cell
death. We reasoned that TMRM-PDT would perturb mitochondrial energy production and
the addition of a glycolysis inhibitor would further compromise cellular energy sources
and induce cell death. Unfortunately, clotrimazole at the low concentration we used
(10 μM) was enough to affect RA. Moreover, no additive effect was detected on GBM
cells (Figure 10). However, a combination with NKH477 has shown some promising
results. NKH477 is a water-soluble forskolin hydrochloride derivative that can directly
stimulate adenylate cyclase, the generator of cAMP [23]. cAMP elevation is known to
cause detrimental effects on GBM cells [24–26]. Moreover, it has been documented that an
elevated cAMP level in GBM leads to hyperpolarization of mitochondria [25] and would
theoretically lead to the greater accumulation of TMRM in GBM cells and enhance the
PDT effect. Interestingly, NHK477 significantly potentiated the effect of TMRM-PDT only
for UP007 and GIN27 GBM cells (Figure S4). A trend was noted with other cell lines, but
differences were not statistically significant (Figure 10). Heterogenous responses of GBM
lines to this approach are not surprising because these tumors are characterized by a non-
uniform molecular makeup and biological behavior. A hypothetical explanation for the
effect of NKH477 is that it changes gene expression in GBM cells and via yet poorly defined
mechanisms leads to the further hyperpolarization of their mitochondria, as illustrated by
Supplementary Figure S5.

5. Conclusions

There is an urgent need for more innovative and less invasive therapeutic modalities
to treat GBM. The major source for GBM recurrences is that of the infiltrating GBM cells
that are left after surgical resection for which local therapy modalities could be used to
efficaciously target residual disease cells.

Its proposed topical application of TMRM may raise some of the usual concerns, such
as liver or kidney toxicity, but might be less problematic because the overall dose delivered
into the brain will be fairly small, especially because only a periphery of the postoperative
cavity needs to be impregnated with it. As a first step, one could start by testing the
consequences of injecting TMRM into the brain of experimental animals and then checking
for signs of pathology and inflammation.

We envision a treatment protocol for GBM where, following surgery, the walls of the
cavity and ~2 cm of the surrounding parenchyma are infiltrated with TMRM, and after a
delay to allows healthy brain cells to expel the photosensitizer, light is directly delivered
into the brain parenchyma where disease infiltrations are suspected.

Light delivery systems for this type of surgery are already being developed [27] and
our early findings encourage continued enthusiasm in this research area.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/biomedicines9101453/s1: Figure S1: Activation of caspase reporter in surviving UP007 cells
10 days after TMRM-PDT; Figure S2: Images of GBM cells and RA taken 24 h after 40 min loading
with different concentrations of TMRM; Figure S3: Loss of MMP in GBM cells persists 24 h after
photodynamic treatment; Figure S4: Hypothetical mechanism of action of the combined NKH477 and
TMRM-PDT regimen; Figure S5: Schematic representation of the mechanism of delayed TMRM-PDT.
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Abstract: The altered expression of chloride intracellular channel 4 (CLIC4) was reported to correlate
with tumor progression. Previously, we have shown that the reduced cellular invasion induced by
photodynamic therapy (PDT) is associated with suppression of CLIC4 expression in PDT-treated
cells. Herein, we attempted to decipher the regulatory mechanisms involved in PDT-mediated
CLIC4 suppression in A375 and MDA-MB-231 cells in vitro. We found that PDT can increase the
expression and enzymatic activity of DNA methyltransferase 1 (DNMT1). Bisulfite sequencing PCR
further revealed that PDT can induce hypermethylation in the CLIC4 promoter region. Silencing
DNMT1 rescues the PDT-induced CLIC4 suppression and inhibits hypermethylation in its promoter.
Furthermore, we found tumor suppressor p53 involves in the increased DNMT1 expression of
PDT-treated cells. Finally, by comparing CLIC4 expression in lung malignant cells and normal lung
fibroblasts, the extent of methylation in CLIC4 promoter was found to be inversely proportional to its
expression. Taken together, our results indicate that CLIC4 suppression induced by PDT is modulated
by DNMT1-mediated hypermethylation and depends on the status of p53, which provides a possible
mechanistic basis for regulating CLIC4 expression in tumorigenesis.

Keywords: CLIC4; DNA methylation; oxidative stress; PDT

1. Introduction

Photodynamic therapy (PDT) has been developed as an alternative approach for
cancer treatment [1]. PDT is based on the administration of exogenous photosensitizer
followed by selective light irradiation onto tissue lesion to trigger the production of reactive
oxygen species (ROS) [2]. The tumoricidal action of PDT involves the cancer cell killing,
disruption of tumor vasculature with the following local inflammation. There are many
studies conducted to investigate the molecular mechanisms involved in PDT-mediated cell
death [3–5]. In addition to cell death, a few other studies reported that the primary tumor
treated by PDT exhibits a decreased incidence of distant metastasis [6–8]. Our previous
findings further revealed that the reduced invasiveness of PDT-treated cells relates to
the decreased expression of chloride intracellular channel 4 (CLIC4) [9]. However, the
molecular mechanisms involved in regulating the expression of CLIC4 by PDT-induced
oxidative stress remain elusive.

The family of chloride intracellular channel (CLIC) proteins are ubiquitously expressed
in various tissues and implicated in diverse physiologic functions [10,11]. CLIC4 is the
most studied member in the CLIC family and found in soluble and membrane bound
forms [12,13]. The biological functions of CLIC4 are found to be involved in regulating
cell cycle arrest, apoptosis, metabolic stress, cytoskeletal organization, cell differentiation,
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and morphogenesis [14]. Knockdown CLIC4 in cultured cells can reduce cell proliferation
and migration ability as well as induce apoptosis [14,15]. Expressing antisense CLIC4 in
tumors derived from transplanting these cells into nude mice may further demonstrate the
role of CLIC4 in tumor progression. Down-regulation of CLIC4 in tumors inhibits tumor
growth, increases tumor apoptosis and reduces tumor cell proliferation [14]. In addition,
loss of CLIC4 in tumor cells as well as gain in tumor stroma cells have been identified in
multiple human cancers, which represents the malignant progression [11,16]. Up-regulation
of CLIC4 in tumor stroma enhances the growth of cancer xenografts and significantly
involves in the process of the transforming growth factor (TGF)-β-mediated myofibroblast
conversion, which is a hallmark of a nurturing tumor microenvironment [17–19]. Recently,
CLIC4 has been found to have broad prospects as a serum/tissue biomarker and therapeutic
target for epithelial ovarian cancer. Compared with normal and benign controls, the level of
CLIC4 protein was significantly increased in serum from ovarian cancer patients. Increased
CLIC4 expression is considered a negative indicator of patient survival [20]. Although
CLIC4 was reported to be implicated in tumorigenesis, no mutation or deletion of the
CLIC4 gene was found in tumor tissues with different stage of pathological condition [11].
Therefore, the molecular mechanisms underlying the regulation of CLIC4 expression are
still not clear.

The absence of mutations in the CLIC4 gene during tumorigenesis implies that epi-
genetic or post-translational modifications may be involved in its expression control. The
GC-rich in the CLIC4 promoter region suggests that DNA methylation may play a role in
mediating CLIC4 transcription. DNA methylation is one category of epigenetics, which
has been defined as the study of stable and heritable alterations of chromatin states and
dynamics as well as in gene expression potential but do not attributable to mutations in
the primary DNA sequence [21,22]. DNA methylation occurs via covalently adding of
a methyl group to cytosine residue in CpG dinucleotides, which are concentrated in a
short stretch of DNA called CpG island. CpG island is defined as a region with at least
200 bp, the proportion of GC content greater than 50%, and observed to expected CpG ratio
(O/E) greater than 0.6 [23]. The CpG islands usually locate in the 5’ end of the candidate
genes and nearly 60% of them are in the promoter region [24,25]. Hypomethylation of
regulatory sequences, in general, tends to correlate with an increased gene expression,
while hypermethylation is typically associated with transcriptional silencing [26]. Growing
evidences demonstrate that aberrant promoter methylation of genes can be induced by
reactive oxygen species [27,28]. As mentioned, ROS are the major cytotoxic agents responsi-
ble for cellular damage induced by PDT [29–31]. Although it has been shown that oxidative
stress can promote hypermethylation and further suppress gene expression, there are few
studies regarding whether PDT-induced oxidative stress may affect DNA methylation.
Demyanenko et al. found that 5-aminilevulinic acid (ALA)-mediated PDT alters expression
of proteins involved in epigenetic regulation in the mouse cerebral cortex [32]. However,
whether there is any change in DNA methylation in PDT-treated cells remains unknown.

In the present study, we investigated the status and the associated molecular mech-
anisms of DNA methylation in the promoter region of CLIC4 gene in PDT-treated cells.
Our results indicate that suppression of CLIC4 expression by PDT-induced oxidative stress
is modulated by DNA methylation in a DNA methyltransferases 1 (DNMT1)-dependent
manner and relies on the status of tumor suppressor protein p53. Furthermore, analyzing
the methylation status of CLIC4 promoter in lung malignant cells and normal lung fibrob-
last cell lines reveal that the extent of methylation status in CLIC4 promoter is inversely
proportional to its expression level. This work provides an insight into a new mechanism
by which PDT induces molecular alterations through DNA methylation and suggests a
possible regulatory mechanism of CLIC4 during tumorigenesis.
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2. Materials and Methods

2.1. Cell Culture and Photodynamic Treatment

Human melanoma A375 cells and lung adenocarcinoma epithelial A549 cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% (v/v)
fetal bovine serum (FBS). Human breast adenocarcinoma MDA-MB-231 cells, lung ad-
enocarcinoma CL1-0 cells, non-small cell lung cancer H1299 cells and large cell lung cancer
H460 cells were cultured in RPMI1640 medium supplemented with 10% (v/v) FBS. Human
lung fibroblast MRC-5 cells were cultured in Eagle’s minimum essential medium (MEM)
supplemented with 10% (v/v) FBS. All cells were grown at 37 ◦C under 5% CO2. MRC-5
was obtained from American Type Culture Collection (ATCC, Manassas, VA, USA). A375,
MDA-MB-231, A549, H1299, H460 and PC3 were obtained from The National Health
Research Institutes (NHRI) Cell Bank (Taipei, Taiwan). Both cell lines of A375 and MDA-
MB-231 were authenticated using the PromegaGenePrint 10 System (Promega, Madison,
WI, USA) and analyzed by ABI PRISM 3730 GENETIC ANALYZER and GeneMapper
software V3.7 (Applied Biosys-tems, Carlsbad, CA, USA). CL1-0 was a kind gift from
Dr. Pan-Chyr Yang’s Lab. (Department of Internal Medicine, National Taiwan University
Hospital, Taipei, Taiwan) [33]. For photodynamic treatment, cells were incubated with
1 mM ALA (Sigma-Aldrich, St. Louis, MO, USA) in serum free medium for 3 h and
then exposed to specific dose of light as indicated that corresponds to LD50. Light source
for ALA-PDT is a home-made high-power LED array with the wavelength centered at
635 ± 5 nm. Immediately after light irradiation, cells were cultured in complete medium
until further analysis.

2.2. Western Blotting

Immunoblot analysis was carried out as described previously [34]. Briefly, cell lysates
were separated by SDS-PAGE gel. Protein samples were transferred to a nitrocellulose mem-
brane, blocked with 5% (w/v) skim milk, and probed with specific primary antibodies. The
primary antibodies used are anti-CLIC4 antibody (Abcam, Cambridge, UK), anti-p53 anti-
body (Cell Signaling Technology, Beverly, CA, USA) and anti-DNMT1 antibody (Epitomics,
Burlingame, CA, USA). The horseradish peroxidase (HRP)-conjugated secondary antibody
was used and the immunocomplex was visualized by Chemiluminescence Reagent Plus
(Blossom Biotechnology Inc., Boston, MA, USA). Chemiluminescence detection was mea-
sured directly by a Biospectrum 810 Imaging System (UVP, Upland, CA, USA). For the
loading control, the membranes were further stripped and re-probed with anti-GAPDH
antibody (GeneTex, Irvine, CA, USA) and anti-Tubulin antibody (Cell signaling, Boston,
MA, USA). The origin immunoblots and the replicated data in this study are shown in
Supplementary Figure S7 online. Band blots for each protein were from the same set of
samples. Before hybridizing with each antibody, according to the expected molecular
weight of target proteins, blots were cropped from different sections of the same whole blot
to conserve reagents and avoid signal fading caused by striping and re-probing. However,
we did not retain the full-length photograph of the blot when experiments were performed.

2.3. Reverse Transcription-PCR Analysis

To assess gene expression, total RNA from cells was extracted by using Trizol reagent
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions. The ob-
tained RNA was reverse transcribed with SuperScript II reverse transcriptase (Invitrogen,
Carlsbad, CA, USA) based on the manufacturer’s protocol. The primer sequences used
for PCR are as follows: CLIC4, 5′-gCAgTgATggTgAAAgCATAg-3′ (forward) and 5′-
TATAAATggTgggTgggTCC-3′ (reverse); DNMT1, 5′-ACCgCTTCTACTTCCTCgAggCCTA-
3′ (forward) and 5′-gTTgCAgTCCTCTgTgAACACTgTgg-3′ (reverse); p53, 5′-TTggATCCA
TgTTTTgCCAACTggCC-3′ (forward) and 5′-TTgAATTCAggCTCCCCTTT-CTTgCg-3′ (re-
verse); β-actin, 5′-TggACTTCgAgCAAgAgATgg-3′ (forward) and 5′-ATCTCCTTCTgCATC
CTgTCg-3′ (reverse); GAPDH, 5′-gACCACAgTCCATgCCATCA-3′ (forward) and 5′-gTCC
ACCACCCTgTTgCTgTA-3′ (reverse). RT-PCR was performed as previously described [34].
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The PCR products were resolved on a 2% (w/v) non-denaturing agarose gel and analyzed
using EtBr staining. The original images of electrophoresis gels in this study are shown
in Supplementary Figure S8 online. The band intensities of PCR products were measured
by analyzing the gel images on the ImageJ software. The mRNA expression level of each
gene was normalized to β-actin and GAPDH for RT-PCR and real-time PCR, respectively.
To assess mRNA expression, cDNA product was also used as a template for real-time PCR
analysis using ABI Fast SYBR Green Master Mix Kit (Thermo Fisher Scientific, Waltham,
MA, USA) with ABI StepOne system (Thermo Fisher Scientific, Waltham, MA, USA).
Results were expressed as fold change over the controls.

2.4. RNA Interference

shRNA vectors were obtained from the National RNAi Core Facility (Academia Sinica,
Taipei, Taiwan). The target sequence for DNMT1 and p53 shRNAs were as follows: shD-
NMT1#1, 5′-CCgggCCCAATgAgACTgACATCAACTCgAgTTgATgTCATCTCATTgggCTT
TTT-3′; shDNMT1#2, 5′-CCggCgACTACATCAAAggCAgCAACTCgAgTTgCTgCCTTTgA
TgTAgTCgTTTTT-3′; shp53#1, 5′-CCggCACCATCCACTACAACTACATCTCgAgATgTAgT
TgTAgTggATggTgTTTTT-3′; shp53#2, 5′-CCggCggCgCACAgAggAAgAgAATCTCgAgAT
TCTCTTCCTCTgTgCgCCgTTTTT-3′; shp53#3, 5′-CCgggAgggATgTTTgggAgATgTACTCg
AgTACATCTCCCAAACATCCCTCTTTTT-3′. Templates were inserted into lentiviral plas-
mids (pLKO.1-puro). Cells were transiently transfected with a validated empty vector,
DNMT1 or p53 shRNA using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). After
six hours of transfection, the cells were replaced with fresh medium and incubated at
37 ◦C for another 72 h. On the following day, the treated cells were harvested and used for
further analysis.

2.5. DNA Methyltransferases Activity

The sampled cells were harvested, and the nuclear protein samples were prepared with
the nuclear extraction reagent (Panomics Inc., Fremont, CA, USA). The DNMT enzymatic
activity assay was measured using DNMT Activity/Inhibition Assay Kit (Active Motif
Inc., Carlsbad, CA, USA) according to the manufacturer’s instruction. All the assays were
performed in duplicate in three sets of independent experiments. Background levels were
determined in assays in which the template DNA was excluded.

2.6. Bisulfite Genomic Sequencing

Methylation status of the CLIC4 promoter was assessed by bisulfite sequencing.
Genomic DNA was extracted from the sampled cells by the Quick-gDNA MicroPrep
(Zymo Research Inc., Irvine, CA, USA) and subjected to bisulfite conversion using EZ
DNA Methylation Kit (Zymo Research Inc., Irvine, CA, USA) according to the manu-
facturer’s recommendations. For each conversion, 0.5 μg of genomic DNA was used.
PCR was performed for amplifying the promoter CpG island from the CLIC4 gene. The
primer sequences are as follows: BSP #1 (forward), 5′-TTTTTTAgAggATTTgggAAAT-
3′; BSP #1 (reverse), 5′-CTTAACAACCAACATATTCACAAA-3′; BSP #2 (forward), 5′-
TAgTTATTTgggAggTTgAgg-3′; BSP #2 (reverse), 5′-ACRCCCCACAACTAATAAA-3′; BSP
#3A (forward), 5′-TgAgTTTTggggTgTTg-3′; BSP #3A (reverse), 5′-AAAAAATTCCCCAAA
AACC-3′; BSP #3B (forward), 5′-TgTTAggTTYgggTTTTT-3′; BSP #3B (reverse), 5′-AACCRA
AAAAAAAACCTCT-3′; BSP #3C (forward), 5′-gggYgTYgTAgAggTT-3′; BSP #3C (reverse),
5′-CRCCRAAAACRAAAC-3′; BSP #3D (forward), 5′-gAgAgTTTYgAggYgT-3′; BSP #3D
(reverse), 5′-ACCACRACTTCAACTCCT-3′; BSP #4 (forward), 5′-gTgTTgAggAgTTgAAgT
YgT-3′; BSP #4 (reverse), 5′-TACCCAAAACAAAAAAACACAA-3′. The amplified frag-
ments were subcloned into the pCR4-TOPO vector by TA cloning (Invitrogen, Carlsbad,
CA, USA) and the colony PCR products were submitted for nucleotide sequencing.
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2.7. Statistical Analysis

All experiments were performed and repeated at least three times. Data in bar graphs
are expressed as the mean and standard deviation from 3 independent experiments. The
statistical significance of experimental data was evaluated by two-tailed Student’s t-test
and considered statistically significant with * p < 0.05, ** p < 0.01 and *** p < 0.001.

3. Results

3.1. Inhibition of DNA Methylation Restores PDT-Induced Reduction of CLIC4 Expression

Previously, we have shown that PDT can induce chromatin modification by regulating
the expression and activity of histone acetyltransferase p300 (p300HAT) [31], suggesting
epigenetic modifications may play an important role in PDT-mediated gene regulation.
To examine whether epigenetic modifications involve in regulating PDT-induced sup-
pression of CLIC4 expression, we first used a DNMT inhibitor and a histone deacetylase
(HDAC) inhibitor, 5-azacytidine (5AZA) and Trichostatin A (TSA), to block DNA methy-
lation and histone acetylation before PDT treatment. As shown in Figure 1a, 5AZA can
significantly restore the mRNA expression level of CLIC4 in PDT-treated A375 and MDA-
MB-231 cells. The effect of 5AZA was shown in a dose-dependent manner in reversing
the decreased levels of CLIC4 mRNA (Figure 1b) and protein (Figure 1c) expression
in PDT-treated cells. Pre-treatment of 5AZA did not affect the viability of PDT-treated
cells (see Supplementary Figure S1 online), indicating that CLIC4 expression restored by
5AZA treatment was not accompanied by a change in cell viability. Meanwhile, we also
found that the mRNA expression level of CLIC4 after PDT was not affected by TSA (see
Supplementary Figure S2 online). These results indicate that the regulatory mechanisms
involved in the suppressed expression of CLIC4 may relate to the DNA methylation in
PDT-treated cells.

3.2. Oxidative Stress Mediated by PDT Increases the Expression and Activity of DNMT1

Among the DNMT protein family, DNMT1 is the most abundant one in mammalian
cells, which plays a role in methylating newly replicated DNA [35]. In addition, alterations
of DNMT1 induced by oxidative stress have been observed in hydrogen peroxide-treated
cells [36,37]. To examine whether PDT-mediated alteration of DNA methylation is due
to the activation of DNMT1, we first analyzed the DNMT1 mRNA expression level in
PDT-treated A375 and MDA-MB-231 cells. As shown in Figure 2a, the DNMT1 mRNA
expression level was significantly elevated in a time-dependent manner following PDT,
which was related to the increase of DNMT1 enzymatic activity (Figure 2b). Moreover,
pre-treatment of A375 and MDA-MB-231 cells with the ROS scavenger, N-acetyl cysteine
(NAC), could reverse the PDT-induced up-regulation of DNMT1 and suppression of CLIC4
expression (Figure 3). These results indicate that PDT-induced oxidative stress can up-
regulate the expression and activity of DNMT1, which may further down-regulate the
CLIC4 expression via DNA methylation.

Figure 1. Cont.
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Figure 1. Inhibition of DNA methylation relieves the suppression of CLIC4 expression induced by
PDT-mediated oxidative stress. Cells were pre-incubated with 5AZA for 2 h prior to light irradiation.
For ALA-PDT, cells were pre-incubated with 1 mM ALA for 3 h and then exposed to specific
wavelength (635 ± 5 nm) of light, 2 J/cm2 and 4 J/cm2 for A375 (left panel) and MDA-MB-231 (right
panel) cells, respectively. To verify the mRNA expression level of CLIC4, total RNA samples were
isolated (a) from PDT-treated cells at the time indicated (4, 8, 16 and 24 h after ALA-PDT) with or
without pre-incubation of 5 μM 5AZA, and (b) from PDT-treated cells at 24 h as indicated with or
without pre-incubation of 2.5 and 5 μM 5AZA. The relative mRNA expression level of each gene
was measured by RT-PCR and normalized to β-actin; (c) The protein expression level of CLIC4 was
analyzed by Western blotting, and α-tubulin was used as an internal control. The control group
was cells only treated with ALA w/o light irradiation. For electrophoretic gels, the same volume
of each PCR product was loaded, and band blots for each gene were cropped from different gels.
For immunoblots, equal volume of each sample with the same concentration was loaded into each
well, and the blots were cropped from different sections of the same gel. Data represent from three
independent experiments. Each bar shown is the mean fold change relative to control ± SD. Results
are considered to be statistically significant at * p < 0.05 and ** p < 0.01.

Figure 2. Cont.
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Figure 2. Increase of mRNA expression level and enzymatic activity of DNMT1 in PDT-treated
cancer cells. (a) RT-PCR was performed to analyze the mRNA expression level of DNMT1 in A375
(left panel) and MDA-MB-231 (right panel) cells at the time indicated after ALA-PDT. The light dose
for A375 and MDA-MB-231 cells is 2 J/cm2 and 4 J/cm2, respectively. The relative mRNA expression
level of each gene was measured by RT-PCR and normalized to β-actin. The same volume of each
PCR product was loaded, and band blots for each gene were cropped from different gels; (b) Nuclear
protein samples were extracted from PDT-treated cells. 5 μg protein of each sample was used for
analyzing the DNMT activity assay. The control group was cells only treated with ALA w/o light
irradiation. Data represent from three independent experiments. Each bar shown is the mean fold
change relative to control ± SD. Results are considered to be statistically significant at * p < 0.05 and
** p < 0.01.

Figure 3. Cont.
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Figure 3. Scavenging ROS production suppresses the PDT-induced increase of DNMT1 and con-
strains the following CLIC4 suppression. Cells were co-incubated with both 1 mM ALA and 5 mM
NAC for 3 h and then exposed to specific wavelength (635 ± 5 nm) of light, 2 J/cm2 and 4 J/cm2 for
(a) A375 and (b) MDA-MB-231 cells, respectively. Total RNA samples were isolated from PDT-treated
cells 24 h after ALA-PDT to analyze the mRNA expression level. The relative mRNA expression level
of each gene was measured by RT-PCR and normalized to β-actin. The control group was cells only
treated with ALA w/o light irradiation. The same volume of each PCR product was loaded, and
band blots for each gene were cropped from different gels. Data represent from three independent
experiments. Each bar shown is the mean fold change relative to control ± SD. Results are considered
to be statistically significant at * p < 0.05 and ** p < 0.01.

3.3. DNMT1 Is Required to Down-Regulate CLIC4 Expression in PDT-Treated Cells

To further verify whether the increased DNMT1 is required for down-regulating
CLIC4 in PDT-treated cells, we used two different DNMT1-specific short hairpin RNAs
(shRNAs) to knockdown the endogenous DNMT1 followed by assessing the expression
of CLIC4. As shown in Figure 4, both shDNMT1 #1 and #2 constructs could effectively
reduce the mRNA expression level of DNMT1 in A375 and MDA-MB-231 cells (Figure 4a).
The same results were observed in protein expression level analyzed by immunoblotting
(Figure 4b). PDT-induced down-regulation of CLIC4 was significantly abrogated in A375
and MDA-MB-231 cells transiently transfected with shDNMT1 but not in cells transfected
with the backbone shRNA vector, which indicates a reciprocal change between DNMT1
and CLIC4 expression in the knockdown cells post PDT treatment. These results suggest
that DNMT1 is required in PDT-induced CLIC4 suppression.

Figure 4. Cont.
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Figure 4. Down-regulation of DNMT1 restored the suppressed expression of CLIC4 in PDT-treated
cells. A375 (left panel) and MDA-MB-231 (right panel) cells were transfected with either the shDNMT1
(denoted as shDNMT1 #1 and #2) or an empty shRNA vector (pLKO.1, as negative control). (a) Total
mRNA and (b) protein samples were isolated from cells 24 h after ALA-PDT. The light dose for A375
and MDA-MB-231 cells is 2 J/cm2 and 4 J/cm2, respectively. The relative mRNA expression level
of each gene was measured by RT-PCR and normalized to β-actin. The protein expression levels
of DNMT1 and CLIC4 were analyzed by Western blotting, and GAPDH was used as an internal
control. The control group was cells only treated with ALA w/o light irradiation. For electrophoretic
gels, the same volume of each PCR product was loaded, and band blots for each gene were cropped
from different gels. For immunoblots, equal volume of each sample with the same concentration
was loaded into each well, and the blots were cropped from different sections of the same gel. Data
represent from three independent experiments. Each bar shown is the mean fold change relative to
control ± SD. Results are considered to be statistically significant at ** p < 0.01.

3.4. The Increased DNMT1 Relates to the Activated p53 in PDT-Treated Cells

It has been shown that DNMT1-mediated methylation is stimulated by the activation
of p53 protein [38,39]. On the other hand, PDT-induced up-regulation of p53 has been
found in various PDT-treated cells [40,41]. Compared to the cells either untreated or
only incubated with ALA, the level of p53 protein indeed was considerably increased
following PDT (see Figure S3 online). Therefore, we further addressed whether the DNMT1
up-regulation is associated with the activation of p53 in PDT-treated cells. As shown in
Figure 5a,b, the mRNA and protein expression levels of p53 were significantly reduced in
three different p53-specific shRNAs transfected cells, which also shows a reciprocal change
in mRNA and protein levels between DNMT1 and CLIC4 after PDT. However, knockdown
of p53 in cells without PDT treatment would not affect the expression of DNMT1 or
CLIC4 (see Figure S4 online). These findings indicate that p53 plays an important role
in modulating the increased DNMT1 expression in PDT-treated cells, which may further
mediate the suppression of CLIC4 expression by promoting DNA methylation.

3.5. PDT Induces Suppression of CLIC4 Expression by Methylating its Promoter Region in A
DNMT1-Dependent Manner

To further explore whether PDT-induced suppression of CLIC4 expression correlates
to the DNA hypermethylation, the DNA methylation status of CLIC4 promoter region
in PDT-treated cells was examined. The methylation of CpG islands in the promoter
region (−1214 to +795; the transcription start site (TSS) at +1) was assessed by bisulfite
sequencing PCR (BSP). Specific primers were used to amplify the region spanning from
nucleotide position −1126 to +973, which encompasses 181 CpG sites (Figure 6a). As
shown in Figure 6b, compared to the control group, the methylation level at the position
between −450 and +250 (containing 62 CpG sites) of CLIC4 gene showed a substantial
increase in PDT-treated cells. The percentage of methylated CpG islands in the assay area
is 38.3% for the PDT-treated but only 1.6% for the untreated cells. These results indicate
that PDT induces DNA methylation in the promoter region of CLIC4 may contribute to
its suppressed expression. To further investigate whether such a methylation is attributed
to the DNMT1 function, the methylation status of CLIC4 promoter region in A375 cells
transfected with DNMT1-specific shRNA was also evaluated. After PDT treatment, there
is 15.3% of methylation at the candidate region (nt. −450 to +250) in DNMT1 knockdown
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cells. These findings suggest that hypermethylation in the CLIC4 promoter region induced
by PDT is mainly DNMT1-dependent.

Figure 5. p53 involves in the altered expression of DNMT1 and CLIC4 in PDT-treated cells. A375 (left
panel) and MDA-MB-231 (right panel) cells were transfected with either the shp53 (denoted as #1, #2
and #3) or an empty shRNA vector (pLKO.1 as negative control). (a) Total mRNA and (b) protein
samples were isolated from cells 24 h after ALA-PDT. The light dose for A375 and MDA-MB-231 cells
is 2 J/cm2 and 4 J/cm2, respectively. The relative mRNA expression level of each gene was measured
by RT-PCR and normalized to β-actin. The control group was cells only treated with ALA w/o light
irradiation. For electrophoretic gels, the same volume of each PCR product was loaded, and band
blots for each gene were cropped from different gels. For immunoblots, equal volume of each sample
with the same concentration was loaded into each well, and the blots were cropped from different
sections of the same gel. Data represent from three independent experiments. Each bar shown is the
mean fold change relative to control ± SD. Results are considered to be statistically significant at
* p < 0.05 and ** p < 0.01.
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Figure 6. PDT induces the methylation alteration of CLIC4 promoter region in a DNMT1-dependent
manner. (a) Schematic diagram of the CpG island of CLIC4 promoter. The distribution of CpGs
crosses over the promoter and the first exon of CLIC4 gene. The transcriptional start site (TSS) is
indicated. Each vertical bar represents the presence of a CpG dinucleotide. BSP1, BSP2, BSP3 and
BSP4 represent the regions selected for bisulfite sequencing PCR (marked as BSP region); (b) Direct
sequencing of bisulfite PCR products was performed in melanoma A375 cells: no-treatment control
group, PDT-treated cells, and PDT-treated DNMT1-knockdown cells. Genomic DNA was extracted
from cells 24 h after ALA-PDT with the light dose of 2 J/cm2. Quantification of the bisulfite-
sequencing data, shown as the percentage of DNA methylation (n = 4) of the region among the CLIC4
gene from position nt. −450 to +250. Methylation status of cytosine is shown as follows: filled square
(�), methylated; open square (�), unmethylated.

3.6. CLIC4 Expression Is Regulated by DNA Hypermethylation in Its Promoter Region

The expression of CLIC4 is commonly reduced in many human cancers, including
skin, breast, prostate, and lung tumors [11,42]. However, no evidence showed a mutation
or deletion in the CLIC4 gene during tumorigenesis. As PDT-mediated CLIC4 suppression
is correlated to the induction of methylation in its promoter region, DNA methylation
status of the promoter region might contribute to the regulation of CLIC4 expression
in cancer cells. In this regard, we first studied the relative mRNA expression level of
CLIC4 in different lung cancer cell lines and normal lung fibroblast cell line, MRC-5. As
shown in Figure 7a, the mRNA expression level of CLIC4 in normal MRC-5 fibroblasts was
significantly higher than the malignant CL1-0, A549 and H460 cancer cells, but similar to
that of H1299 cancer cells. Meanwhile, treatment with DNMT inhibitor, 5AZA, resulted
in increased level of CLIC4 mRNA expression in CL1-0, A549 and H460 cancer cells
(Figure 7a). The bisulfite sequencing analysis revealed that the CpG sites (nt. −450 to +250)
are barely methylated and no methylation around the TSS in MRC-5 and H1299 cells, which
express the higher level of CLIC4 mRNA (Figure 7b). In contrast, a considerably higher
methylation level in the promoter region, especially heavy methylated around the TSS,
was found in CL1-0, A549 and H460 cells with lower CLIC4 mRNA expression level. These

213



Biomedicines 2021, 9, 927

results suggest that DNA methylation in the promoter region of CLIC4 might relate to the
decreased CLIC4 expression during carcinogenesis.

Figure 7. The methylation status of CLIC4 promoter correlates with its mRNA levels in different
cell lines. (a) The real-time PCR was performed to analyze the mRNA expression level of CLIC4 in
normal lung fibroblast cells, MRC-5; and lung cancer cells, CL1-0, A549, H1299, H460. Cells were
treated with or without 5 μM 5AZA for 2 h. To compare the mRNA expression level of CLIC4 in
different cell line, MRC-5 cells w/o 5AZA treatment were used as a control group. The relative mRNA
expression level of each gene was normalized to GAPDH. Data represent from three independent
experiments. Each bar shown is the mean fold change relative to control ± SD. Results are considered
to be statistically significant at ** p < 0.01 and *** p < 0.001; (b) Direct sequencing of bisulfite PCR
products was performed to explore the methylation status of CLIC4 promoter region. Quantification
of the bisulfite-sequencing data, shown as the percentage of DNA methylation (n = 4) of the region
among the CLIC4 gene from position nt. −450 to +250. Methylation status of cytosine is shown as
follows: filled square ( ◦C), methylated; open square (�), unmethylated.

4. Discussion

Our previous study demonstrated that the down-regulation of CLIC4 related to the
reduced invasiveness of PDT-treated cells [9]. In this study, we further investigated the
regulatory mechanisms involved in PDT-mediated CLIC4 suppression. DNA methylation
and histone acetylation are important epigenetic mechanisms involved in transcriptionally
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regulating gene expression. We have previously demonstrated that the oxidative stress
mediated by PDT can significantly up-regulate the activity and expression of p300HAT,
which leads to the increased expression of pro-survival molecules such as cyclooxygenase-2
and survivin [31]. However, in this study, we found that the reduced CLIC4 after PDT was
not affected by HDAC inhibitor, which indicated that the reduced CLIC4 expression does
not relate to the histone acetylation. Demyanenko et al. reported that ALA-PDT can induce
the expression of DNA methylation-dependent protein, Kaiso, in the mouse cerebral cor-
tex [32]. Meanwhile, it has been shown that 5AZA can rescue the necrosis of crayfish glial
cells induced by photosensitization, indicating DNA methylation may involve in molecular
process of PDT-induced cell damage [43]. In this study, we found that the reduced expres-
sion of CLIC4 could be reverted in the presence of 5AZA in PDT-treated cells (Figure 1). It
has been shown that CLIC4 knockdown can reduce cell proliferation and migration ability
as well as induce apoptosis in cultured cells [14,20]. However, we did not find significant
difference in the viability of cells pretreated with or without 5AZA after PDT (see Figure S1
online), suggesting the reduced expression of CLIC4 involved in impairing cell migration
rather than cell proliferation. In addition, we found that PDT-mediated oxidative stress
can up-regulate the expression of DNMT1, and further leads to the suppression of CLIC4
expression through elevating hypermethylation in its promoter region. Altogether, these
studies indicate that epigenetic modifications are involved in the regulatory mechanism
of PDT-mediated biological consequences, suggesting a treatment modality of combining
epigenetic drugs to improve the therapeutic efficacy of photodynamic therapy.

During tumorigenesis, it has been shown that the expression of CLIC4 was down-
regulated in tumor cells but up-regulated in stromal cells [11,16]. In addition, up-regulation
of CLIC4 involves in the TGF-β–mediated myofibroblast conversion, suggesting its role in
malignant progression [18,19]. Previously, we have shown that the reduced invasiveness
of PDT-treated cells relates to the decreased CLIC4 expression [9]. In this study, we further
found that PDT can up-regulate the expression of DNMT1, leading to the suppression of
CLIC4 expression. In this regard, we speculate that the clinical advantages of PDT might
not only exert its therapeutic effects at tumor tissues but also reduce the CLIC4 expression
in surviving tumor cells and stromal cells to suppress the malignant progression.

p53, a tumor suppressor gene, is frequently inactivated in many cancers. p53 protein
plays a decisive role of cell fate upon stress stimuli. With different cell lines and photosen-
sitizers, growing evidences demonstrate that p53 activation contributes to cell killing upon
PDT [44–47]. Here, we reported that up-regulation of p53 following PDT relates to the
increased DNMT1 expression, leading to hypermethylation of the CLIC4 promoter region.
This epigenetic modification resulted in the decrease of CLIC4 expression in PDT-treated
cells. Although p53 is considered as the upstream activator of CLIC4, restoring expression
of p53 does not increase CLIC4 expression in cutaneous squamous cell lines [42]. Corre-
spondingly, we also found that silencing of p53 expression in untreated cancer cells would
not affect DNMT1 and CLIC4 expression (see Figure S4 online). To clarify the relationship
between p53 and CLIC4 under PDT-mediated oxidative stress, we used the following can-
cer cell lines for further analysis: A375 (wild-type p53), MDA-MB-231 (stabilized mutant
p53), and PC3 (p53-null) cancer cell lines [48]. We found that up-regulation of p53 following
PDT relates to the increased DNMT1 expression, leading to hypermethylation of the CLIC4
promoter region in A375 cells with wild-type p53. In contrast, PDT did not significantly
increase the p53 expression in MDA-MB-231 cell line which has an endogenously high
level of the mutant p53. But knockdown of p53 in PDT-treated MDA-MB-231 cells can still
prevent the up-regulation of DNMT1 and restore the down-regulation of CLIC4 (Figure 5).
For p53-null PC3 prostate cancer cells, PDT can still induce the expression of DNMT1 with
further decrease in CLIC4 expression (see Figure S5 online). Therefore, the expression level
of p53 might not be the only factor for the expression of DNMT1 and CLIC4 in response
to PDT-mediated oxidative stress. In fact, there are two other protein members of the p53
family, p63 and p73, existed in the p53-null PC3 cells [44]. We speculated that in addition to
p53, the p53 isoforms might also conduce to the DNMT1-dependent CLIC4 regulation. In

215



Biomedicines 2021, 9, 927

fact, as shown in Figure S6 online, PDT significantly increased the mRNA expression levels
of p73 and DNMT1 in the p53-null PC3 cells. Altogether, these results indicate that the
p53 family may play an important role in modulating the increased expression of DNMT1
and the following suppressed expression of CLIC4 by promoting DNA methylation in
PDT-treated cells. It is noteworthy that PDT did not significantly increase the p53 expres-
sion in MDA-MB-231 cell line which has a high level of the mutant p53 (unpublished
data). However, the silencing of p53 expression in PDT-treated MDA-MB-231 cells can still
prevent the up-regulation of DNMT1 and restore the down-regulation of CLIC4 (Figure 5).
These findings suggest that, in addition to p53, other regulatory mechanisms may also be
involved in regulating DNMT1-mediated CLIC4 expression in PDT responses.

Considerable evidences implicate that the distribution of CLIC4 expression in many
human neoplasms directly correlates with cancer pathogenesis [49,50]. The Yuspa et al.
demonstrated that the suppression of CLIC4 expression is not resulting from the gene
mutations and suggested other changes such as epigenetic modification may be responsible
for the regulation of CLIC4 [11,20]. The promoter region of CLIC4 shows a high frequency
of CpG sites, suggesting the possibility of promoter silencing by methylation. In this study,
we employed the direct bisulfite sequencing PCR to examine the methylation status and
demonstrated that PDT-induced oxidative stress can suppress the CLIC4 expression by
methylating in its promoter, particularly at the region spanning from position nt. −450
to 250. Furthermore, comparing among the different lung cancer cells and the normal
fibroblasts, the DNA methylation status of this region was found to be correlated to the
mRNA expression level of CLIC4 (Figure 7). These findings imply that DNA methylation
of the promoter region may be a regulatory mechanism of CLIC4 expression in malignant
tumor progression.

In summary, this study demonstrated that the down-regulation of CLIC4 after PDT
is mediated by the hypermethylation of its promoter region. The regulatory mechanism
involves in the increased expression of p53 and following DNMT1, which further induce
hypermethylation in the promoter region of CLIC4. Exploration of the methylation status
of CLIC4 promoter and its transcribed mRNA level in malignant lung cancer and normal
fibroblast cells revealed the highly methylated status in the malignant cells expressing
lower mRNA levels of CLIC4. In the future, it is worthwhile to further address whether
modulating the DNMT1 activity to regulate the CLIC4 expression could become a novel
approach to inhibit the tumor malignancy.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
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Abstract: Photodynamic therapy (PDT) is an anticancer therapeutic modality with remarkable
advantages over more conventional approaches. However, PDT is greatly limited by its dependence
on external light sources. Given this, PDT would benefit from new systems capable of a light-free and
intracellular photodynamic effect. Herein, we evaluated the heavy-atom effect as a strategy to provide
anticancer activity to derivatives of coelenterazine, a chemiluminescent single-molecule widespread
in marine organisms. Our results indicate that the use of the heavy-atom effect allows these molecules
to generate readily available triplet states in a chemiluminescent reaction triggered by a cancer marker.
Cytotoxicity assays in different cancer cell lines showed a heavy-atom-dependent anticancer activity,
which increased in the substituent order of hydroxyl < chlorine < bromine. Furthermore, it was
found that the magnitude of this anticancer activity is also dependent on the tumor type, being more
relevant toward breast and prostate cancer. The compounds also showed moderate activity toward
neuroblastoma, while showing limited activity toward colon cancer. In conclusion, the present results
indicate that the application of the heavy-atom effect to marine coelenterazine could be a promising
approach for the future development of new and optimized self-activating and tumor-selective
sensitizers for light-free PDT.

Keywords: photodynamic therapy; cancer; coelenterazine; chemiluminescence; heavy-atom effect;
triplet chemiexcitation; self-activating photosensitizers

1. Introduction

Photodynamic therapy (PDT) is a clinically approved cancer treatment with great
potential due to its minimally invasive nature, fewer side effects, and fast healing rate
of healthy tissues [1,2]. PDT consists of the irradiation of a tumor site, in which a pho-
tosensitizer is accumulated, with light of a specific wavelength. Upon photoexcitation,
the photosensitizer will be excited from its ground state (S0) to its lowest singlet excited
state (S1) and will undergo intersystem crossing (ISC) to triplet states (T1), now capable
of sensitizing the highly cytotoxic singlet oxygen after reacting with triplet oxygen [1,3].
Unfortunately, the low penetration of light into biologic tissues limits this therapy to
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the treatment of superficial tumors or tumors on the outer lining of internal organs and
cavities [4,5]. Furthermore, PDT is also unable to treat metastatic tumors due to these
localization-based limitations [5]. Given this, the development of novel tumor-selective
photosensitizers capable of intracellular activation without an external light source is
essential for eliminating PDT restrictions regarding tumor size and localization [4,6].

Theoretically, triplet excited states can be generated in a light-free and tumor-selective
way, by using the chemiluminescent reaction of marine coelenterazine (Clz) (Scheme 1a) [6,7].
Chemiluminescence consists of the conversion of thermal energy into excitation energy
due to a chemical reaction, without an excitation source [6]. For Clz, specifically, the
chemiluminescent reaction consists of its oxidation into an unstable cyclic peroxide inter-
mediate (dioxetanone), which rapidly decomposes into the light-emitter, coelenteramide.
The chemiluminescence of Clz has the advantage of being triggered solely by superoxide
anion, a reactive oxygen species (ROS) typically overexpressed in cancer cells, without
requiring any catalyst/cofactor (Scheme 1b) [8]. The key step for chemiexcitation is the
decomposition of dioxetanone, during which S0 becomes degenerated with both T1 and S1
states [9]. However, for Clz, the S0 → T1 ISC pathway is generally thought of as inefficient,
as this system is only known for its efficient generation of singlet excited states [10,11].

Scheme 1. Chemical structures of coelenterazine and derivatives (a). Schematic representation of the proposed tumor-
selective and self-activating photodynamic therapy based on the chemiluminescent reaction of R-Cla (b).

Enhancing the S0 → T1 ISC pathway can then enable the use of the chemiluminescent
reaction of Clz as a self-excitation mechanism to directly generate triplet states able to sen-
sitize singlet oxygen, thus leading to a light-free intracellular reaction exclusively triggered
by a cancer marker (superoxide anion). One of the most effective strategies to enhance the
efficiency of ISC pathways is through the heavy-atom effect (e.g., introduction of halogen
atoms) [3]. Accordingly, we recently synthesized 6-(4-bromophenyl)-2-methylimidazo
[1, 2−a] pyrazin-3(7H)-one (Br-Cla) (Scheme 1a), a brominated Clz derivative in which the
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hydroxyl of the phenol group was substituted by bromine, and the p-cresol and benzyl
moieties of Clz were replaced by a methyl group and a hydrogen atom, respectively [12].
Br-Cla showed superoxide-triggered singlet oxygen sensitization and presented anticancer
activity toward prostate and breast cancer without inducing toxicity toward noncancer
cells [12,13]. Given the promising results and the interesting profile of tumor-selectivity,
we continued our research focus and reported the synthesis of three other brominated Clz
derivatives (Clz-1, Clz-2, and Clz-3) (Scheme 1a) [13]. These novel compounds showed
potential for superoxide-induced generation of triplet states via a CL reaction, while also
presenting relevant anticancer activity toward breast and prostate cancer.

Thus, studies with Br-Cla and the remaining brominated Clz derivatives (Scheme 1)
provided results indicating that these compounds possess significant potential as proto-
typical light-free and self-activating single-molecule photosensitizers. However, as all
developed derivatives bore a bromine heteroatom, it is not clear if the resulting anticancer
activity results from the heavy-atom effect on the CL reaction or if it results from an in-
trinsic activity related to the imidazopyrazinone core (common to all). Such information
is essential to understand if we are indeed in the presence of prototypical light-free and
self-activating photosensitizers or in the presence of new potential chemotherapeutic drugs
with tumor-selectivity characteristics [12,13].

To further understand the true potential of these Clz derivatives as novel anticancer
compounds, it is also important to know how they behave toward different cancer types
and assess their spectrum of application. So far, our knowledge in this regard is limited to
their application to prostate and breast cancer [12,13].

Herein, we aimed to clarify these topics by employing a target-oriented approach. Specif-
ically, we report the synthesis of three Cla derivatives (OH-, Cl-, and Br-substituted Cla,
Scheme 1a), with the rationale that the substitution with halogen atoms of increasing size
should enhance the heavy-atom effect into the studied system. If successful, this should
increase the ISC rate of the S0 → T1 pathway present in the chemiluminescent reaction of
these compounds and, hence, favor T1 chemiexcitation in the increasing order of OH < Cl < Br.
If the reported anticancer activity of the compounds is indeed related to the intracellular
superoxide-triggered T1 chemiexcitation, this should lead to heavy-atom-dependent en-
hancement of their cytotoxicity in the increasing order of OH < Cl < Br. Thus, these three
derivatives were subjected to a detailed and in-depth luminometry, photophysical, and
theoretical characterization of their chemiluminescent reactions, focused on the possible
superoxide-induced generation of triplet excited states. Subsequently, their cytotoxicity
was also evaluated for the first time toward neuroblastoma and colon cancer cell lines,
with the resulting performance compared with that obtained for breast and prostate can-
cer. With this approach, we will be able to understand if the heavy-atom effect is indeed
responsible for the anticancer activity of these molecules, supporting their identification as
prototypical light-free and self-activating photosensitizers, and to understand the scope of
their cytotoxicity toward different cancer types.

2. Materials and Methods

2.1. In Silico Modeling

The S0 geometry optimization and frequency calculations for OH-Cla dioxetanone
were performed with the ωB97XD functional [14] and the 6-31G(d,p) basis set, as well
as with an open-shell (U) and broken-symmetry approach. Intrinsic reaction coordinate
(IRC) calculations were carried out to assess if the obtained transition state (TS) connects
the desired reactants and products. The energies of the S0 IRC-obtained structures were
re-evaluated by single-point calculations with the same functional but using the 6-31 + G
(d,p) basis set. The T1 state was calculated by performing single-point calculations at the
same level of theory, on top of the S0 IRC-obtained structures. ωB97XD is a long-range-
corrected hybrid exchange-correlation functional, which provides quite good estimates for
π → π * and n → π * local excitation, as well as charge transfer and Rydberg states [15].
Geometry optimizations, frequency calculations, and IRC calculations were made in vacuo,
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while single-point calculations were made in implicit water using a polarizable continuum
model (IEFPCM). All calculations were made using the Gaussian 09 program package [16].
This approach has been used with success before in the study of the chemiexcitation of
dioxetanones [9,17].

2.2. Synthesis of the Compounds

Br-Cla was prepared following the procedure described in [12], while OH- and Cl-Cla
were synthesized through the same synthetic pathway with some modifications (Scheme S1).
The detailed synthetic procedure is available in the Supplementary Materials. Briefly, these
compounds were obtained through an initial Suzuki-Miyaura cross-coupling between
5-bromopyrazin-2-amine and the corresponding arylboronic acid derivative (Scheme S1).
Condensation of the resulting precursor with methyl glyoxal in acid medium yielded the
desired reaction product (Scheme S1). High-performance liquid chromatography coupled
to a diode array detector (HPLC-DAD), Fourier-transform infrared (FT-IR), and UV-Vis
spectroscopy data, as well as details for all compounds, are presented in the Supplementary
Materials. 1H-NMR and high-resolution mass spectra (HR-MS) for OH-/Cl-Cla are also
available in the Supplementary Materials, whereas they were presented in [12] for Br-Cla.

2.3. Luminometric and Photophysical Characterization

Chemiluminescence kinetic measurements were performed in a homemade lumi-
nometer using a Hamamatsu HC135-01 photomultiplier tube. All reactions took place at
room temperature at least in sextuplicate. The light-emitting reactions took place at room
temperature at least in sextuplicate and were carried out in either N,N-dimethylformamide
(DMF)-acetate buffer pH 5.14 (0.68%) or methanol in the presence of a superoxide anion
source (potassium superoxide, KO2). The steady-state chemiluminescent and fluorescent
spectra of the three Cla derivatives were measured using a Horiba Jovin Fluoromax 4 spec-
trofluorimeter, with an integration time of 0.1 s. Slit widths of 5 nm were used for both the
excitation and emission monochromators when obtaining fluorescent spectra. Chemilu-
minescent spectra were obtained with a slit of 29 nm for the emission monochromators.
Quartz cells with a 10 mm path length were used.

The light-emitting reactions took place at ambient temperature at least in sextuplicate
and were carried out in DMF-acetate buffer pH 5.14 (0.68%) or methanol (in the pres-
ence of potassium superoxide (KO2)) The chemiluminescent and fluorescent spectra were
obtained in 2 mL DMF-acetate buffer pH 5.14 (0.68%) solutions and measured using a
Horiba Jovin Fluoromax 4 spectrofluorimeter (The detailed procedure is available in the
Supplementary Materials).

2.4. Cellular Assays
2.4.1. Cell Lines and Culture

The HT-29 and SH-SY5Y cell lines were obtained from ATCC. The human colon
cancer HT-29 cell line was cultured at 37 ◦C and 5% CO2 in McCoy’s 5a Medium Modified
supplemented with 10% fetal bovine serum, 100 U/mL penicillin G, and 100 μg/mL
streptomycin. Cells were maintained in the logarithmic growth phase and the medium was
changed every 3 days. Cells were trypsinized with 0.25% trypsin-EDTA and subcultured
in the same medium. SH-SY5Y human neuroblastoma cells were cultured in Dulbecco’s
modified Eagle medium (DMEM), supplemented with 100 U/mL penicillin/100 μg/mL
streptomycin, and 10% heat-inactivated fetal bovine serum (FBS), incubated at 37 ◦C in
a humidified atmosphere of 95% air and 5% CO2. For cell culture maintenance, cells
were subcultured once a week and the cell medium was renewed every 2 days. Both
the human prostate (PC-3) and the breast (MCF-7) cancer cell lines were cultured in
DMEM supplemented with 10% fetal bovine serum (FBS) and 1% antibiotics/antimycotics
(complete medium), and they were incubated in a 5% CO2 incubator at 37 ◦C.
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2.4.2. Cell Treatment

Before each treatment, HT-29, SH-SY5Y, PC-3, and MCF-7 cells were seeded in 96-
well plates in triplicate with the following densities: 5000 cells/well for PC-3 and MCF-7,
15,000 cells/well for HT-29, and 20,000 cells/well for SH-SY5Y. For assays involving HT-29
and SH-SY5Y lines, cells were treated with OH-, Cl-, and Br-Cla (in DMSO) at 0.01, 0.1, 1,
10, 20, 30, 50, 75, or 100 μM for 48 h. During the experimental period, cells were maintained
at 37 ◦C with 5% CO2. Controls were composed of DMSO 0.1% v/v. Cells were exposed
to the different treatments for 48h. For assays involving PC-3 and MCF-7 lines, cells were
treated with Br-Cla at 0.1, 1, 10, 25, 50, and 75 μM (in methanol) for 72 h [13]. The control
was methanol at a maximum final concentration of 0.1% v/v. The half-maximal inhibitory
concentration (IC50) value was determined for the different assays by MTT viability assay.

2.4.3. MTT Cytotoxicity Assays

After cell treatment with the Cla derivatives, mitochondrial function was evaluated
since mitochondrial dehydrogenases of living cells can reduce the MTT (yellow) to for-
mazans, which are purple compounds. At the end of incubation, the cell medium was
removed and 100 μL of MTT solution (0.5 mg/mL in PBS) was added to each well. Cells
were then incubated for 3 h, protected from light. After this period, the MTT solution
was removed, and DMSO (100 μL/well) was added to solubilize the formazan crystals.
Absorbance was measured at 570 nm using an automated microplate reader (Tecan Infi-
nite M200, Tecan Group Ltd., Männedorf, Switzerland). All conditions were performed
in triplicate.

2.4.4. Data Analysis and Statistical Analysis

GraphPad Prism 8 (GraphPad Software Inc., San Diego, CA, USA) was used to
produce concentration-response curves by nonlinear regression analysis. MTT results are
presented as the mean ± SEM for n experiments performed. All data were assessed in
three independent experiences. Statistical comparisons between control and treatment
groups were performed with one-way ANOVA test. Statistical significance was accepted at
a p-value < 0.05.

2.4.5. Cell Morphology

Cell morphology was assessed on a Leica DMI 6000B microscope equipped with a
Leica DFC350 FX camera and then analyzed with the Leica LAS X imaging software v3.7.4
(Leica Microsystems, Wetzlar, Germany).

3. Results and Discussion

3.1. In Silico Characterization of R-Cla Derivatives

It is important to verify if all the proposed R-Cla derivatives have an intrinsically
available pathway for T1 chemiexcitation during their chemiluminescent reaction, which
can be enhanced by the heavy-atom effect, before their synthesis and characterization.
Thus, we calculated the potential energy curves for both the S0 and T1 states during the
thermolysis of OH-Cla (Scheme 1 and Figure 1), with a density functional theory (DFT) ap-
proach [11,17]. Similar calculations were previously performed for Br-Cla dioxetanone [12]
(Figure 1). Therefore, OH-Cla dioxetanone was chosen to be studied as a reference, since
OH-Cla and Br-Cla are on opposite sides regarding the expected enhancement of ISC rate
due to the heavy-atom effect.
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Figure 1. Potential energy curves (in kcal·mol−1) for the S0 and T1 states during the thermolysis of
OH-Cla (top) and Br-Cla dioxetanones (bottom), as a function of intrinsic reaction coordinates (in
amu1/2 bohr). Calculations were made with the ωB97XD density functional in implicit water. The
bottom figure is reprinted with permission from [12]. Copyright Elsevier 2019.

As consistent with previous reports for different dioxetanones (including Br-Cla) [6,9,11,12,17],
the S0 thermolysis of OH-Cla dioxetanone proceeds via a stepwise biradical mechanism
that involves the cleavage of two bonds of the peroxide ring: first by the breaking of the
O-O bond, followed by C-C bond cleavage. The S0 activation energy for the thermolysis
reaction of OH-Cla dioxetanone is 24.7 kcal·mol−1, only 0.8 kcal·mol−1 lower than that of
Br-Cla (25.5 kcal mol−1) [12]. The interplay between S0 and T1 states during the thermolysis
reaction (Figure 1) is more important. While, for both dioxetanones, the S0 – T1 energy gap
is significant at the beginning of the reaction (~75 kcal·mol−1), when reaching the TS and
onward, both states become degenerated in a large and flat region of the potential energy
surface (PES).

This indicates that both chemiluminescent reactions possess an intrinsic pathway
for T1 chemiexcitation, in line with previous studies for this type of system [9,11,12,18].
However, as ISC is a spin-forbidden process, the S0 → T1 chemiexcitation pathway for
OH-Cla is not expected to be efficient [19]. Given the identical energetic profiles found for
OH-Cla and Br-Cla (Figure 1), the addition of halogen atoms of increasing size in Cl-Cla
and Br-Cla should only enhance the rate of the ISC process, due to the heavy-atom effect.
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Thus, this substitution appears to be ideal to assess solely the heavy-atom effect on the
possible anticancer activity of these molecules.

It should be noted that an efficient ISC is not the only parameter determining the
performance of a photosensitizer in singlet oxygen generation, as it should also have a
T1 state with an energy higher than 0.98 eV (the required energy to convert molecular
oxygen into singlet oxygen) [20]. We modeled the adiabatic S0 – T1 energy gap of OH-Cla
coelenteramide and found a value of 2.78 eV. Furthermore, this value is identical to what
was found by us previously for Br-Cla [12]. Thus, both OH-Cla and Br-Cla compounds
possess enough energy to generate singlet oxygen. It should be noted that this value was
obtained with the M06-2X functional and the 6-31 + G (d,p) basis set, in implicit water, using
the SMD model. This approach was used to ensure consistency between studies, as this was
the approach used before to calculate the S0 – T1 energy gap of Br-Cla coelenteramide [12].

3.2. Synthesis of Cla Derivatives

Given that the in silico modeling results indicate that the chemiluminescent reactions
of these Cla derivatives present intrinsic pathways for light-free generation of triplet states
capable of sensitizing singlet oxygen, we then proceeded to the synthesis of OH-Cla, Cl-Cla,
and Br-Cla (Scheme S1). The introduction of heteroatoms with increasing size should
enhance the ISC rate due to the heavy-atom effect, thereby allowing us to obtain model
molecules with different efficiencies of triplet state generation.

The structures of these compounds were confirmed with 1H-NMR spectroscopy
(Figures S1–S4) and HR-MS spectrometry (Figures S5–S8) [12]. Complementary analyses
by FT-IR spectroscopy showed that the compounds share an intense band in the N-H/C-H
stretching region, compatible with highly conjugated heteroaromatics, as well as several
bands in the C=C/C=N/C=O bending region. For OH-Cla, minor differences (attributable
to the OH moiety) can be observed in the stretching region (Figures S9–S11). HPLC-DAD
further confirmed the high purity of these compounds (Figures S12–S14). Analysis by
UV-Vis spectroscopy (Figures S15–S17) revealed quite similar absorbance spectra for all
compounds, with three bands at ~280 nm, ~350 nm, and ~450 nm. The similarity is
expected given that all derivatives present identical molecular structures. Nevertheless, an
interesting substitution-related trend was observed, as the relative intensity of the band at
~450 nm (in comparison with the one at ~350 nm) decreased in a relevant manner in the
following order: OH > Cl > Br (Figures S15–S17).

3.3. Luminometric and Photophysical Characterization

After synthesizing the target derivatives and completing their structural characteri-
zation, it is essential to perform their luminometric and photophysical characterization.
Specifically, before assessing the potential role of the heavy-atom effect in the anticancer
properties of these compounds, it is required to find out if the introduction of heteroatoms
of increasing size enhances the T1 chemiexcitation of these compounds. Thus, we subjected
these compounds to a detailed luminometric and photophysical characterization.

First, we measured the chemiluminescent output of the three Cla derivatives in an
aprotic solvent (DMF) with addition of buffer (acetate buffer, pH 5.14), conditions in
which Clz and derivates are known to readily generate chemiluminescence by reacting
with dissolved oxygen [17]. All compounds emitted chemiluminescence (Figure 2a and
Figure S18) with the typical kinetic profile, with a quick rise in light emission on the
millisecond timescale and subsequent decay to basal levels (all within 600 ms). Interestingly,
there is a clear halogen substitution effect in which the light emitted by Cl- and Br-Cla
is significantly lower than that emitted by OH-Cla. Furthermore, among halogenated
compounds, the light output decreases in the order of OH > Cl > Br. In solution, triplet
states are generally more easily quenched than singlet excited states, thereby not leading
to light emission in solution at room temperature. Thus, the quite lower light output of
halogenated Cla compounds is indicative of the halogen’s ability to enhance ISC during
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dioxetanone’s thermolysis, by increasing the triplet-to-singlet product ratio of the studied
chemiluminescent reactions [19,21].

Figure 2. (a) Normalized chemiluminescence output of OH-, Cl-, and Br-Cla in DMF-acetate buffer
pH 5.14 (0.68%). (b) Chemiluminescence intensity of OH-, Cl-, and Br-Cla in the presence of 20 mg of
KO2 in methanol. (c) Normalized chemiluminescence spectra of OH-, Cl-, and Br-Cla in DMF-acetate
buffer pH 5.14 (0.68%). (d) Normalized fluorescence intensity of spent chemiluminescent reactions of
OH-, Cl-, and Br-Cla coelenteramide after 30 min of reaction.

One other possible explanation for these variations in intensity could be that the intro-
duction of the halogen atoms decreased the energetic favorability of the S0 reaction. However,
in our previous study of Br-Cla [12], we already found that bromination does not impede the
reaction, as it is still highly exothermic (−97.1 kcal·mol−1). Furthermore, the S0 energetics for
the thermolysis of OH-Cla and Br-Cla dioxetanones are identical (Figure 1), which means that
halogenation should not affect the efficiency of the S0 chemiluminescent reaction.

Further support for this conclusion was obtained by analyzing the chemiluminescent
kinetic profiles of these compounds (Figure S18). There were no significant differences
between compounds, with the kinetic profiles showing identical rises and subsequent decay
of light emission in the same timeframe, showing that halogenation does not affect the
kinetics of the reaction. The steady-state chemiluminescent spectra (measured during the
chemiluminescent reaction in a spectrofluorometer, without the use of an excitation source)
were identical for all R-Cla compounds (Figure 2c), with emission maxima at ~480 nm.
Lastly, we also measured the 2D excitation-emission matrices (EEMs) for the spent reaction
mixtures (30 min after addition to aprotic solvents) of the three compounds (Figure 3). The
resulting EEMs were quite similar to each other, with just one emissive center with an
excitation wavelength maximum at ~280 nm. The main difference is only a small blue-shift
of ~25 nm in the emission maxima between OH-Cla (~425 nm) and Cl-/Br-Cla (~400 nm).
Given this high similarity between EEMs for the spent reaction mixtures, we can conclude
that halogenation does not affect the outcome of the chemiluminescent reaction in terms of
obtained products.
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Figure 3. The 2D excitation-emission matrices (EEMs) of spent chemiluminescent reactions of OH-, Cl-, and Br-Cla after
30 min of reaction in DMSO-acetate buffer pH 5.14 (0.68%) solution.

Lastly, a possible explanation for the lower light output, other than the increase in T1
chemiexcitation, could be that halogenation decreases the singlet emission efficiency of the
resulting chemiluminophore (coelenteramide). To verify this hypothesis, we also measured
the fluorescence intensity of the spent reaction mixtures (after 30 min of reaction) in an
aprotic solvent (Figures 2d and 3). There is indeed a small decrease in emission intensity
of the reaction product that correlates with halogen substitution. However, for one, this
decrease is significantly lower than that found for the chemiluminescent output (Figure 2a).
Furthermore, given that the decrease in emission intensity occurs in the order of OH > Cl > Br,
this also indicates a heavy-atom effect. More specifically, this observation is consistent
with fluorescence quenching due to ISC enhancement, during the photo-excitation process.
Thus, these results also support the conclusion that the decrease in chemiluminescent
light output is due to the heavy-atom effect, which enhances the T1 chemiexcitation and
increases the resulting triplet-to-singlet product ratio.

Having demonstrated that the addition of halogens enhances the production of triplet
states, it is also important to assess the ability of the superoxide anion to trigger the chemi-
luminescent reaction of the studied molecules. This type of ROS is overexpressed in cancer
cells [22,23]; thus, it could be thought of as a cancer marker inducing chemiluminescence
and a tumor-selectivity profile to our molecules. It should be noted that we previously
demonstrated our compounds as having selectivity for breast cancer, as Br-Cla induced
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significant toxicity toward breast cancer cell lines without affecting non-cancer cell lines in
the same concentration range [12].

The ability of superoxide anions to trigger the chemiluminescent reaction of these
compounds was demonstrated by measuring their chemiluminescent output, after KO2
addition (a known superoxide anion source) in methanol. Interestingly, all compounds
responded to the addition of KO2 with immediate emission of light and subsequent decay
to basal levels (Figure S19). The kinetics of this reaction is significantly quicker than in
aprotic solvents, but this difference can be attributed to the instability of KO2 in solution.
The more relevant result is that all compounds responded similarly to superoxide anion,
meaning that they can be activated by a cancer marker. It should also be pointed out that
the measured chemiluminescent output showed a substitution-induced effect, in the order
OH > Cl > Br (Figure 2b). Once again, this points to halogen substitution increasing the
triplet-to-singlet ratio.

3.4. In Vitro Cytotoxic Activity of R-Cla

The next step of this study was the evaluation of the in vitro anticancer activity
of these compounds. Both the in silico modeling and the luminometric/photophysical
characterization showed that the introduction of halogens enhances the superoxide anion-
triggered generation of triplet states (with enough energy to sensitize singlet oxygen),
without affecting the chemiluminescent reaction. Thus, if the anticancer activity found
before for this type of molecules [12,13] is indeed related to a light-free and self-activating
photodynamic effect, we should see a halogen-dependent effect on their anticancer activity.

Given this, the potential anticancer activity of the three R-Cla compounds was evalu-
ated in both colon cancer (HT-29) and neuroblastoma (SH-SY5Y) cell lines with a standard
MTT assay for exposure times of 48h, along with changes in cell morphology analyzed
by microscopy.

OH-Cla did not have any effect on the viability of colon cancer cells (Figure 4) and
did not cause any changes in their morphology (Figure 5b). This indicates that OH-Cla
has no anticancer activity toward these cells, which is expected since, without the heavy-
atom effect introduced by the halogens, there is no reason for efficient T1 chemiexcitation.
Interestingly, while Cl-Cla induced virtually no anticancer effect in these cells, there was
a statistically significant difference at a concentration of 100 μM (Figure 4). In addition,
microscopic analysis at the two highest concentrations indicated that the cells were rounder
and in lesser number, without the formation of aggregates (Figure 5c). As for Br-Cla, there
was a relevant decrease in cellular viability at the highest concentration (100 μM) (Figure 4),
with the morphological analysis showing a clear decrease in the number of cells at the
highest concentration, as well as a change in the size and shape of the cells, which were
smaller and rounder (Figure 5d).

These results are interesting because the observed anticancer activity toward HT-29
cell lines was low, while we could observe a distinct halogen-dependent effect. Specifically,
OH-Cla did not present any activity, while Cl-Cla and Br-Cla presented increasing activity.
This is a first demonstration of the heavy-atom effect, which indicates that this anticancer
activity is indeed related to a light-free and self-activating photodynamic effect.

It should also be noted that a positive control test was performed by exposing these
cells to an antineoplastic drug commonly used in colon cancer therapy, 5-fluorouracil (5-
FU), in the same concentration range as R-Cla (Figure S20). This drug induced a significant
decrease in cell viability for all concentrations, while microscopic evaluation revealed that
all cells appeared to be morphologically changed (Figure S21a–c).

In neuroblastoma cells (Figures 6 and 7), the results were similar and neither OH-Cla nor
Cl-Cla altered cell viability in a relevant manner. On the contrary, Br-Cla (Figures 6 and 7d)
induced a significant decrease in cell viability, although not as marked as for 5-FU
(Figures S20b and S22), which was also used as a positive control for neuroblastoma cells.
This compound induced a sharp decrease in cell viability. The cell viability results were
consistent with microscopic evaluation (Figures 7 and S22).
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Figure 4. Effect of OH-, Cl-, and Br-Cla on HT-29 cell viability. Cells were cultured in the presence of increasing concentra-
tions of each compound. After 48 h, an MTT assay was performed to measured cellular viability. Results are presented as
mean ± SEM. * Statistically significant vs. control at p < 0.05; **** statistically significant vs. control at p < 0.0001.

 
Figure 5. Microscopic cellular visualization of HT-29 cells after 48 h of incubation with cell medium and (a) 0.1% DMSO
(control), (b) OH-Cla, (c), Cl-Cla, or (d) Br-Cla. Representative images were obtained with a high contrast brightfield
objective (10×) (LionHeart FX Automated Microscope), from three independent experiments.
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Figure 6. Effects of OH-, Cl-, and Br-Cla on SH-SY5Y cellular viability. Cells were cultivated in the
presence of increasing concentrations of each compound. After 48 h, an MTT assay was performed to
measured cellular viability. Results are presented as mean ± SEM. * Statistically significant vs. control at
p < 0.05; **** statistically significant vs. control at p < 0.0001.

 

Figure 7. Microscopic cellular visualization of SH-SY5Y cells after 48 h of incubation with cell
medium and (a) 0.1% DMSO (control), (b) OH-Cla, (c), Cl-Cla, or (d) Br-Cla. Representative images
were obtained with a high contrast brightfield objective (10×) (LionHeart FX Automated Microscope),
from three independent experiments.
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Given this, it is clear that there was a halogen-dependent effect on the anticancer activ-
ity of these compounds for both cancer cell lines. This is in line with our proposition that
the addition of halogens to Clzs will provide them with anticancer activity, by enhancing
T1 chemiexcitation and the subsequent intracellular generation of triplet states capable of
sensitizing singlet oxygen [12,13]. In conclusion, our results indicate that the anticancer
activity of our Clz derivatives [12,13] is indeed related to the heavy-atom-induced triplet
state generation during their chemiluminescent reaction. Therefore, it appears that we can
consider our compounds as prototypical single-molecule-photosensitizers capable of an
intracellular and self-activating photodynamic effect, which is triggered by a cancer marker.

Having said that, it is also important to note that the intrinsic anticancer activity
of the studied compounds (including Br-Cla) might not be as high as desired toward
neuroblastoma and colon cancer cell lines, especially when compared to 5-FU. Given this,
it is important to determine whether the magnitude of the obtained anticancer activity is
similar across different cancer types or if it is dependent on the studied cell line.

To clarify this topic, we calculated for the first time the IC50 of Br-Cla for different cell
lines. Br-Cla was chosen for its consistent toxicity in this study, contrary to OH-Cla and
Cl-Cla. IC50 values were determined for neuroblastoma SH-SY5Y, prostate PC-3, and breast
MCF-7 cancer cell lines (Table 1). We did not include assays with the HT-29 cancer cell line,
due to the limited toxicity of Br-Cla toward it (Figure 4). We included assays with PC-3
and MCF-7 cell lines due to previous promising results of Br-Cla and other Clz derivatives
toward them [12,13]. For the assays with these two cell lines, we maintained the conditions
employed before for consistency purposes [13].

Table 1. IC50 (in μM) values for Br-Cla in neuroblastoma SH-SY5Y, prostate PC-3, and breast MCF-7
cancer cell lines. Assays were performed with either 48 (SH-SY5Y) or 72 h (PC-3 and MCF-7) [13].

Molecule SH-SY5Y PC-3 MCF-7

Br-Cla 50.92 24.28 21.56 (33.84) 1

1 The value within parentheses refers to 24 h treatment.

The impact of treatment with Br-Cla on the cellular viability of PC-3 and MCF-7 cell
lines can be found in Figure 8. The anticancer activity of Br-Cla was improved in these
two cell lines; in breast MCF-7 cancer cell lines, there was a noticeable decrease in cell
viability from 10 μM onward, whereas, in prostate PC-3 cancer cells, Br-Cla decreased
the cell viability from 25 μM onward, achieving toxicity values higher than 50% at a
concentration of 75 μM. This improved efficiency was confirmed by the determined IC50
values (Table 1). More specifically, for SH-SY5Y, the obtained IC50 was more than double
the values found for the other cell lines. Interestingly, the IC50 values found for PC-3 and
MCF-7 cells were similar, although slightly lower for the latter cell line. Furthermore, to
discard the hypothesis that these differences could be related to the different duration
of treatment with Br-Cla, we also determined the IC50 for the MCF-7 cell line with 24 h
treatment (Table 1). This value (33.84 μM) was found to be significantly higher than that
found for 72 h treatment (21.56 μM), which indicates that increasing the incubation time
increased the obtained IC50. More important is that the IC50 found for SH-SY5Y (50.92 μM)
was still significantly higher than the IC50 found for MCF-7, irrespective of the duration of
treatment with Br-Cla.

Thus, the results indicate that it is safe to state that the magnitude of the anticancer
activity of Br-Cla is dependent on the cancer cell type, being higher for prostate and breast
cancer than for neuroblastoma and colon cancer. Further studies are required to assess
if these differences arise from (among other possibilities) higher resistance of HT-29 and
SH-SY5Y cell lines to the photodynamic effect, lower efficiency of internalization of R-Cla
compounds into these cell lines, or a lower generation of superoxide anion in these cells.
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Figure 8. Relative viabilities of (a) MCF-7 and (b) PC-3 cells after 72 h incubation with several
concentrations of Br-Cla, always without light irradiation. Results are presented as mean ± SEM.
* Statistically significant vs. control at p < 0.05; ** statistically significant vs. control at p < 0.01;
**** statistically significant vs. control at p < 0.0001.

4. Conclusions

In conclusion, we reported the target-oriented synthesis of three Clz derivatives (OH-
Cla and its halogenated Cl- and Br- derivatives), to provide anticancer activity to this class
of compounds through the heavy-atom effect. On the basis of this strategy, we developed
novel compounds able to directly generate readily available triplet excited states with
enough energy to sensitize singlet oxygen, in a chemiluminescent reaction triggered by a
cancer marker. This was achieved by the introduction of the heavy-atom effect into this
system, which enhanced the ISC rate of available S0 → T1 chemiexcitation pathways. The
anticancer activity of these compounds was evaluated toward different cancer cell lines,
and a clear halogen effect was observed with Cl-Cla and Br-Cla presenting increasing
toxicities. Furthermore, it was found that the magnitude of the anticancer activity of these
types of compounds is dependent on the cancer cell line, being more relevant in prostate
and breast cancer than in neuroblastoma and colon cancer. Thus, the results indicate that
applying the heavy-atom effect to marine Clz would be a promising strategy for designing
self-activating and light-free photosensitizers. With this design strategy, the Clz system
appears to be a prototypical system for optimized photosensitizers to be used in PDT
strategies not limited by the need for external light sources.

5. Patents

Patent PCT/IB2019/053642 (pending)—chemiluminescent imidazopyrazinone-based
photosensitizers with available singlet and triplet excited states.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/biomedicines9091199/s1: Scheme S1. General synthetic procedure for the synthesis of
the coelenterazine analogs; Figure S1. 1H-NMR spectrum of 2a in CDCl3; Figure S2. 1H-NMR
spectrum of 2b in CDCl3; Figure S3. 1H-NMR spectrum of OH-Cla in MeOH d4; Figure S4. 1H-NMR
spectrum of Cl-Cla in MeOH d4; Figure S5. ESI-MS (+) spectrum of 2a; Figure S6. ESI-MS (+)
spectrum of 2b; Figure S7. HR-MS ESI (−) spectrum of OH-Cla; Figure S8. HR-MS ESI (+) spectrum
of Cl-Cla; Figure S9. FT-IR spectrum of OH-Cla; Figure S10. FT-IR spectrum of Cl-Cla; Figure
S11. FT-IR spectrum of Br-Cla; Figure S12. HPLC chromatogram and DAD-UV/Vis spectrum of
OH-Cla; Figure S13. HPLC chromatogram and DAD-UV/Vis spectrum of Cl-Cla; Figure S14. HPLC
chromatogram and DAD-UV/Vis spectrum of Br-Cla; Figure S15. Absorbance spectra of OH-Cla in
MeOH:CH3CN (1:1) and CH3CN:water:formic acid (3:2:0.1); Figure S16. Absorbance spectra of Cl-
Cla in MeOH:CH3CN (1:1) and CH3CN:water:formic acid (3:2:0.1); Figure S17. Absorbance spectra
of Br-Cla in MeOH:CH3CN (1:1) and CH3CN:water:formic acid (3:2:0.1); Figure S18. Normalized
chemiluminescence profiles of OH-, Cl-, and Br-Cla in DMF-acetate buffer pH 5.14 (0.68%); Figure S19.
Normalized chemiluminescence profiles of OH-, Cl-, and Br-Cla in the presence of 15 mg of KO2
in methanol; Figure S20. Cellular viability assays of HT-29 (a) and SH-SY5Y (b) cells after 48 h of
incubation with 5-FU; Figure S21. Microscopic cellular visualization of HT-29 cells after 48 h of
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incubation with 5-FU at (a) 0.01 μM, (b) 20 μM, and (c) 100 μM; Figure S22. Microscopic cellular
visualization of SH-SY5Y cells after 48 h of incubation with 5-FU at (a) 10 μM and (b) 100 μM.
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Abstract: Photodynamic therapy (PDT) is a non-invasive therapeutic modality based on the interac-
tion between a photosensitive molecule called photosensitizer (PS) and visible light irradiation in the
presence of oxygen molecule. Protoporphyrin IX (PpIX), an efficient and widely used PS, is hampered
in clinical PDT by its poor water-solubility and tendency to self-aggregate. These features are strongly
related to the PS hydrophilic–lipophilic balance. In order to improve the chemical properties of
PpIX, a series of amphiphilic PpIX derivatives endowed with PEG550 headgroups and hydrogenated
or fluorinated tails was synthetized. Hydrophilic–lipophilic balance (HLB) and log p-values were
computed for all of the prepared compounds. Their photochemical properties (spectroscopic char-
acterization, photobleaching, and singlet oxygen quantum yield) were also evaluated followed by
the in vitro studies of their cellular uptake, subcellular localization, and photocytotoxicity on three
tumor cell lines (4T1, scc-U8, and WiDr cell lines). The results confirm the therapeutic potency of
these new PpIX derivatives. Indeed, while all of the derivatives were perfectly water soluble, some of
them exhibited an improved photodynamic effect compared to the parent PpIX.

Keywords: photodynamic therapy; protoporphyrin IX; amphiphiles; photochemical proper-
ties; photocytotoxicity

1. Introduction

Photodynamic therapy (PDT) is an emerging relatively non-invasive clinical modal-
ity, which is increasingly used to treat malignant or non-malignant diseases [1–3]. PDT
combines two individually non-toxic components of a photosensitive molecule called “pho-
tosensitizer” (PS) and light, that can induce tissue damage in the presence of molecular
oxygen [4]. PDT requires light with appropriate wavelengths of 600–800 nm (absorbed by
the photosensitizer) that undergoes an inter-crossing system from the excited singlet state
to the excited triplet state [5]. This PS excited triplet state can exchange an electron or a
hydrogen atom with a neighboring substrate, such as cell membrane or organic molecule
(Type I photochemical reaction) or transfer energy to ground state molecular oxygen (Type
II photochemical reaction). The type I reaction leads to dangerous reactive oxygen species
(ROS), among which are superoxide anion radical, hydrogen peroxide, and hydroxyl radi-
cal. While the type II photochemical reaction generates the singlet molecular oxygen (1O2),
which is a highly reactive form of oxygen that reacts with many biomolecules including
lipids, proteins, and nucleic acids [6]. Both types of photochemical reactions can occur
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simultaneously in a ratio depending on the type of PS used, as well as the concentration of
organic substrate or oxygen molecule. However, most of the PSs (especially porphyrins)
are believed to induce cellular damages through a type II mechanism [2].

Since 1O2 and ROS can only diffuse less than 20 nm within their lifetimes of 10–300 ns
in cells [7,8], only the molecules that are proximal to 1O2 and ROS, thus to the subcellular
location of the PS, are directly damaged by PDT. Lipophilic PSs, essentially accumulating in
lipid bilayers of membrane structures including mitochondria and endoplasmic reticulum,
often cause the cell death towards apoptosis. Alternatively, hydrophilic PSs localized
largely in endosomes and lysosomes, have been shown to mainly induce necrosis [9–11].
The majority of efficient PSs are hydrophobic, which limits their bioavailability and ham-
pers their systemic administration in vivo with a long retention time in normal tissues of
biological systems. For example, a skin accumulation of the FDA approved Photofrin is
observed, which constrains patients to avoid sunlight exposure for a prolonged period (up
to 2 months) after the PDT treatment. Moreover, hydrophobic PSs tend to aggregate in
physiological fluids, which decreases their 1O2 quantum yield [12]. Other ways to reach
deeper organs may be through the use of X-rays [13] and harder ionizing irradiation [14].

The effectiveness of PDT depends on the appropriate combination of several factors,
such as the nature of the PS, its pharmacokinetics and tumor localization, photoirradiation
parameters (wavelength of irradiation, fluence rate) as well as oxygen availability. The pre-
requisites for an optimal PS include chemical purity, high 1O2 quantum yield, selectivity for
targeted tissue and rapid accumulation after administration, activation at wavelengths with
optimal tissue penetration (near infrared photons are ideally suited for PS activation since
they can penetrate deeply in biological tissues), and rapid clearance from the body [15,16].

To date, most of the PS improvements have focused on their purity profile or on
photophysical properties, such as the extension of their wavelength absorption towards the
near infrared (NIR) region, enhancement of their excitation coefficient or photochemical
yield [15,17]. However, a few groups have dedicated their work to improve their biological
properties and particularly their bioavailability [18], through water solubility, better cellular
uptake, and devoid of aggregation property [19,20].

Several studies have shown that amphiphilic compounds [15] favor the tumor accumu-
lation, probably due to their dual character, that allows for water solubilization. Therefore,
this favors the tissue distribution as well as the capacity to interact with the cell membrane
to increase their cellular uptake [21–23]. Moreover, depending on their self-assembling
properties, amphiphilic PSs can minimally aggregate intracellularly or disaggregate upon
entering the cell, thereby maximizing 1O2 production upon photoirradiation. Among the
new generation of PSs we focused on protoporphyrin IX (PpIX) [24], a heme precursor
which can be endogenously generated from 5-aminolevulinic acid (ALA). PpIX is a widely
used PS exhibiting no dark toxicity and a high triplet state lifetime [25,26]. However, due
to its hydrophobic porphyrin skeleton, it is poorly soluble in water and its PDT efficiency
suffers from a tendency to form aggregates in vivo [3].

The porphyrin macrocycle itself constitutes an interesting scaffold to design Gemini
surfactants with a symmetrical structure [27] that may ensure appropriate lipid-like proper-
ties [28,29]. In this study, we have synthetized a series of amphiphilic PpIX derivatives with
a variable hydrophilic–lipophilic balance (HLB). In order to perform a well exemplified
structure–activity relationship study, various hydrogenated or fluorinated hydrophobic
tails of different lengths were conjugated to polyethylene glycol (PEG) hydrophilic moieties
on the opposite side of the macrocycle core. The photophysical properties (spectroscopic
characterization, photobleaching, and 1O2 quantum yield) of these new amphiphilic PpIX
derivatives were evaluated. In addition, their dark toxicity, cellular uptake, subcellular
localization, and photocytotoxicity on three different tumor cell lines were studied in vitro
and compared to those of the parent PpIX.
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2. Materials and Methods

2.1. Chemistry
2.1.1. Chemicals and Reagents

For synthesis, protoporphyrin IX was purchased from porphyrin-systems (Frontier
scientific, Halstenbek, Pineberg, Germany). In addition, fluorinated alcohol from Fluo-
rochem (Hadfield, United Kingdom) as well as 1H,1H,2H,2H-perfluorohexanethiol and
1H,1H,2H,2H-perfluorooctanethiol were graciously provided by Atochem (Colombes, Paris,
France). All of the reagents were from commercial sources and used as received.

2.1.2. Synthesis and Characterization

The synthetic route leading to PpIX derivatives is a modified procedure, which is
derived from the work of Lottner et al. [26].

Briefly, PpIX reacts with a mixture of HBr in acetic acid (33%). Following the removal of
HBr and acetic acid, the resulting Bromo-PpIX analogue (2) is dissolved in the appropriate
alcohol (hydrogenated or fluorinated alcohol of variable lengths) during 16 h, which
simultaneously gives the corresponding ether (addition on the two allylic units)/ester
(addition on the propionic acid moieties) derivatives 3a–h. The two ester groups are
subsequently saponified with 20 eq of LiOH in a mixture of THF and water (3/1). After the
acidic treatment leading to compounds 4a–h, 1-amino-ω-methoxy-PEG550 (compound 1)
is coupled to acid functions using DCC–HOBt as coupling reagents in DMF. Following
the removal of the solvent, the final product is purified over LH20 in DCM–MeOH 1/1 to
give the final amphiphilic PpIX derivatives 5a–h. In parallel, the condensation of native
PpIX with amino-PEG550 (compound 1), in the presence of DCC–HOBt, led to the PEG550-
conjugated PpIX (compound 6).

The synthesis of non-PEGylated intermediates (compounds 2 and 3a–h to 4a–h) was
confirmed by 1H and 13C-NMR coupled to HRMS analysis, and by 1H-NMR for polymeric
derivatives (compounds 6 and 5a–h) (see NMR spectra and detailed peak assignments in
Supplementary Material Section).

2.2. Biological Testing
2.2.1. PDT of Tumor Cells with PpIX Derivatives

Tumor cells of the three cell lines were cultured as described above. The cells (1.5 × 104)
in 100 μL of the medium were seeded in each well of 96-well plastic tissue-culture plates
(Nunc, Thermo Fisher Scientific, Roskilde, Denmark) and left for 24 h for proper attachment
to the substratum. Then, the cells were washed twice with PBS and incubated with the
medium containing one of the PpIX derivatives, 5a–h (amphiphilic derivatives), 6 (PEG550-
conjugated PpIX) or the parent PpIX at the concentration of 2.5 μM for 24 h prior to
irradiation with a blue lamp (fluence rate: 4.88 mW/cm2) for various exposure times. The
lamp consisted of a bank of four fluorescent tubes (model 3026, Applied Photophysics,
London, UK) emitting light mainly in the region of 410–500 nm with a maximum around
440 nm. The cell survivals were determined with the MTS cell proliferative assay, a method
based on the cellular conversion of a tetrazolium compound by viable cells into a colored
formazan product, which is soluble in a cell culture medium and can be detected by 492 nm
absorbance. Twenty-four hours after light exposure, 20 μL of MTS (Promega Corporation,
Madison, WI, USA) were added to each well and the absorbance of 492 nm was measured
after 1-h incubation using a well plate reader (Multiskan Ex, Labsystems, Vantaa, Finland).

2.2.2. Uptake of PpIX Derivatives by Cells In Vitro

Three tumor cells lines of 4T1 murine mammary carcinoma cell line, scc-U8 human
head and neck squamous cell carcinoma, and WiDr human colon adenocarcinoma were
subcultured in RPMI1640 medium (Gibco, Paisley, Scotland, UK) containing 10% fetal
calf serum, 100 U/mL penicillin, 100 μg/mL streptomycin, and 1% glutamine at 37 ◦C in
5% CO2 humidified atmosphere. Tumor cells (9.5 × 104) in 400 μL of the medium were
seeded in each well of 24-well plastic tissue-culture plates (Nunc) and left for 24 h for
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proper attachment to the substratum. Then, the cells were washed twice with PBS and
incubated with a serum-free medium containing one of the PpIX derivatives, 5a–d, 5f or
parent PpIX at the concentration of 2.5 μM for 24 h in the dark. Thereafter, the cells were
washed twice with PBS prior to their addition into a PBS solution by scraping off the cells
from the substratum with a Costar cell scraper. The fluorescence of all cell suspensions
was determined fluorometrically using a Perkin–Elmer LS50B spectrofluorometer. The
excitation wavelength was set at 405 nm and the fluorescent emission was measured at
638 nm using a long-pass cut-off filter (530 nm) on the emission side.

2.2.3. Subcellular Localization of PpIX Derivatives In Vitro

Cells of the three tumor cell lines were grown on Petri dishes with a glass bottom (Mat-
Tek Corp., Ashland, MA, USA). Then, they were incubated with the medium containing
compounds 5a and 5b at the concentration of 2.5 μM for 24 h in the dark. The cells had
been washed twice with PBS prior to imaging of the subcellular localization patterns of
the fluorescent sensitizers with an Axiovert 40CFL microscope (Carl Zeiss, Jena, Germany)
using an oil immersion objective (100 × NA 1.25). A band-pass of 300–400 nm excitation
filter was used to detect the PpIX derivatives with a long-pass of 630 nm emission filter.

2.3. Photochemical Properties
2.3.1. Spectroscopic Characterization and Singlet Oxygen Production of PDT Agents

For photophysical measurements, standard 1 cm UV quartz cuvettes (Hellma GmbH
& Co. KG, Müllheim, Germany) were employed with Teflon caps that allow for flushing
with Argon gas to remove oxygen from the solvent. Herein, THF was used as a solvent.
Absorbance spectra were obtained using an U-3010 spectrophotometer (Hitachi, Japan)
and the software UV solution. PTI Quantamaster 8075-22 equipped with Double Mono 300
spectrometer chambers for both excitation and emission (Horiba Scientific, Tokyo, Japan).
The quantum efficiency (QE) was obtained by exciting samples in the solution (5 μM) at
425 nm and recording the emission spectrum. By dividing the integrated fluorescence
signal with the absorbance at the excitation wavelength of 425 nm, one obtains the “single
point” QE (Table 1).

Table 1. Octanol–water partition coefficient (log p) and hydrophilic–lipophilic balance (HLB) of
porphyrins 6 and 5a–h computed by the MarvinSketch software. Additionally, the fluorescence
quantum efficiencies (QE) of the compounds in THF relative to PpIX (set to 1.0 in column for PpIX)
are included (n.d. means ‘not determined’).

5a 5b 5c 5d 5e 5f 5g 5h 6 PpIX

Log P 4.23 5.82 7.4 8.99 4.25 5.92 9.26 12.6 3.3
HLB 18.75 15.28 14.83 14.41 15.34 14.81 13.89 12.14 16.13
QE 1.2 1.4 1.1 n.d 1.2 1.1 1.1 0.9 n.d. 1.0

The singlet oxygen production was demonstrated as the transient singlet oxygen
luminescence (1275 nm) of THF solutions with the sample in a standard 90◦ configuration
(excitation and emission path). A tunable OPO laser, NT 342A-SH-10-WW (Ekspla, Vilnius,
Lithuania) was used for excitation. For transient recording, a PMT (R5509, Hamamatsu
Photonics K.K., Shizuoka, Japan) and interference filter with maximum transmission at
1272.5 nm, as well as a long-pass filter transmitting above 780 nm, were used. An Infiniium
BDSU Oscilloscope (Keysight, Santa Rosa, CA, USA) was used to collect the data. Time-
gated electronics were used to control the time between laser excitation and the recording
of the luminescence transient. The transients were background corrected by subtracting
with a signal of the same sample, which was flushed with Argon gas for 10 min. A similar
procedure to confirm the singlet oxygen production of Ruthenium complexes for PDT was
recently presented in Bogoeva et al. [30].
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Shortly, the singlet oxygen yield was estimated by fitting the transient singlet oxygen
luminescence to the following expression:

I(t) =
C·kPS

kSO − kPS

[
e−kPSt − e−kSOt

]
(1)

where kSO is the decay rate of the singlet oxygen luminescence and kPS is the decay rate
of the photosensitizer triplet. C is a constant proportional to the yield of excited singlet
oxygen including instrumental settings, laser power, and number of absorbed PS molecules.
Using a set of samples under the same experimental conditions and solvent, it can be taken
as proportional to the relative singlet oxygen yield. For more details on the theory and
related measurements, see, e.g., Snyder et al. [31] and more recently, Nishimura et al. [32].

The excited triplet state absorbance was measured in samples evacuated from oxygen,
using an NT 342B-SH-10-WW laser (Ekspla, Vilnius, Lithuania), array detector (Applied
Photophysics, Leatherhead, United Kingdom) and a Xenon flash lamp module (Model
L9456-01, 5W, Hamamatsu, Japan) with BWSpec software (B&W Tek, Newark, DE, USA).
Transient absorption was obtained by firing the excitation OPO laser and flashlamp using
a time-gated electronic accessory for the control of triggers and detectors. Prior to the
measurement, the sample was flushed with Argon gas for 10 min in order to remove the
oxygen that quenched the triplet signal. The recorded spectra were background corrected
by subtracting the spectrum of pure solvent. Since the fluorescence was negligible, the fluo-
rescence emission correction was not required (for details of the set-up and the procedure
of further analyzing triplet state absorption data, see Glimsdal et al.) [33].

2.3.2. Photobleaching of PpIX Derivatives, 5b and 5c, in WiDr Cells after Blue
Light Exposure
Light Source for In Vitro Cell Experiments

For blue light exposure, the culture dishes (Ø = 6 cm, Nunc, Roskilde, Denmark)
were illuminated (from below, at room temperature) using a LumiSource® blue light box
(PCI Biotech AS, Oslo, Norway), consisting of four Osram tubes (18 W, peak wavelength
435 nm). The light intensity at the level of the cells was 13 mW/cm2, measured with an
Optometer UDT model 161, radiometer-photometer (united Detector Technology, Culver
City, CA, USA) giving a total light dose of 3.1 J/cm2 at the cell level during a 4 min
illumination period.

Cell Culture

The cell line WiDr was cultured in RPMI 1640 medium containing 10% (v/v) FCS,
L-glutamine (80 mg/L), streptomycin (100 U/mL), and grown in an atmosphere of 95% air
and 5% CO2 at 37 ◦C, subcultured approximately twice a week.

Fluorescence Measurements and Photobleaching Experiments

WiDr cells were seeded in culture dishes (2.0 × 106 cells per dish) and grown for
24 h before incubation with compound 5b, 5c or native protoporphyrin IX (2.5 μM, 24 h).
Following incubation, the cells were washed three times (PBS) and blue light illuminated (in
PBS) by LumiSource® (435 nm, 0–7.74 J/cm2). The cells were detached by accutase (1 mL,
500–720 U/mL, Sigma-Aldrich, 37 ◦C) for 3–10 min (depending on the light dose) prior to
centrifugation (1500 rpm, 5 min) and resuspension in PBS. By manual counting (Bürcher
chamber, Merck, Darmstadt, Germany), a final cell concentration of 1 million/mL in PBS
was prepared. The cell suspensions (2 mL) were immediately transferred to quartz cuvettes
for fluorescence measurements recorded employing a PTI Quantamaster as described in
2.3.1 at Ex: 410 nm and Em: 550–780 nm. As a control, the fluorescence spectra of three
different cell samples incubated with PpIX (2.5 μM, 24 h) were analyzed using Ex: 405 nm.
All of the samples including the control cells (“no light” and “no photosensitizer”) were
protected from light by aluminum foil during the experimental set-up.
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2.4. Software Employed

The software MarvinSketch (version 21.9.0, calculation module developed by ChemAxon,
http://www.chemaxon.com/marvin/sketch/index.php, accessed on 13 December 2021),
using the VG function based on the atomic log p increments method, was used to predict
the log p-values [34]. The log p-value is a quantitative descriptor of lipophilicity or hy-
drophobicity. The same MarvinSketch software was also used to assess the HLB of PpIX
derivatives by applying the Davies’ method [35]. The latter method, with a scale from
0 to 20, is based on the chemical groups of the molecule, where 0 indicates a completely
hydrophobic molecule, while 20 indicates a completely hydrophilic molecule. According to
Fung, a value from 8–12 indicates an oil–water emulsifier, a value from 13–16 is typical of
detergents, and a value from 15–20 indicates a hydrotropic behavior [36].

3. Results and Discussion

3.1. Synthesis and Characterization

Porphyrins belong to the tetrapyrrole family, whose chemistry, photo-properties,
and supra-molecular properties are extensively reviewed [24,37]. In our effort to pro-
duce an efficient synthesis of amphiphilic PSs, PpIX was chosen as a starting material
to prepare the Gemini-like analogues. Indeed, PpIX exhibits two different functions on
opposite sides of the porphyrin macrocycle, namely two propionic acid moieties at posi-
tions 13 and 17 and two vinyl groups at positions 3 and 8 (Scheme 1). A non-ionic polar
headgroup was grafted to the acidic functions through an amide bond, more specifically
a flexible PEG chain with a number of 12 repeating ethylene glycol units (i.e., PEG550
moiety). The PEG chain length remained constant, as it was long enough to ensure the
final water solubility of the macromolecule. Hydrophobic chains of variable lengths,
hydrogenated or fluorinated, were incorporated at the vinyl site to study the impact of
hydrophobicity on subcellular localization and cytotoxic efficiency. Fluorinated tails
were introduced to limit the detergency of the resulting amphiphilic PpIX analogues due
to the dual hydrophobic and lipophobic nature of fluoroalkyl chains. The length of hy-
drocarbon chains varies from 4 to 10 carbons (compounds 5a–5d), while the fluorinated
tails length varies from 1 to 6 fluorinated carbons (compounds 5e–5h). In addition, an
ethylene spacer group is only located near the alcohol function to avoid synthetic issues
related to the CF2 electron-withdrawing effect. Moreover, as the tetrapyrrole core is hy-
drophobic itself, we also synthetized a PEG550-conjugated PpIX analogue (compound 6)
bearing only two PEG550 moieties, in order to evaluate the impact of hydrophobic tails
on the photophysical properties, as well on the cellular uptake and cytotoxicity of
PpIX derivatives.

The synthetic pathway was efficient and straight forward, since the final products
were obtained in four steps with overall yields ranging from 32.2% to 65.3%. Our approach
was to use native PpIX as a central core and to modify the propionic and vinylic groups in
an orthogonal manner. The amino-PEG550 (1) used in the synthesis was easily obtained in
three steps from the commercially available monomethyl-PEG550 alcohol with an overall
yield of 62%. Briefly, the PEG-alcohol was converted into its mesylate derivative, which
then underwent a nucleophilic substitution with NaN3 to give the corresponding azido-
PEG550 derivative. The latter was reduced by LiALH4 to give the final amino-PEG550
compound (1).

The vinyl groups can undergo several types of reaction, such as reduction, oxida-
tion, substitution, elimination, electrocyclic reactions, and olefin metathesis [2,37]. The
well-known hydrobromination procedure for the functionalization of porphyrin vinyl
groups was applied. In addition, the reaction was performed using the HBr–AcOH
system to quantitatively yield the corresponding dibromo analogue (2). Then, the intro-
duction of hydrophobic chains through ether bonds by the reacting compound (2) with
the suitable alcohol [2,23] led to the expected ethers. In the meantime, esterification of
the two carboxylic acid groups afforded the tetra-substituted PpIX series (3a–h) with
yields ranging from 63% to 100%. The simultaneous esterification is due to the presence
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of the two protonated pyrrole rings, which act as catalysts [38]. The hydrolysis of the
ester bond of compounds 3a–h with LiOH in a mixture of water and THF, followed by
an acidic treatment, led to compounds 4a–h, with yields ranging from 76% to 100%.
The amino-PEG550 hydrophilic moiety 1 was finally introduced via the conventional
peptidic coupling method using DCC–HOBt as a coupling reagent to yield the am-
phiphilic PpIX analogues, 5a–h. The final compounds were purified by LH20 in MeOH
with yields ranging from 32% to 65%. The PEG550-conjugated PpIX (6) was readily ob-
tained by coupling native PpIX with amino-PEG550 (1) in the presence of DCC–HOBt in
50.3% yield.

Scheme 1. Synthesis of PpIX derivatives.

241



Biomedicines 2022, 10, 423

The octanol–water partition coefficient (log p) is a suitable descriptor to predict the
intracellular localization of compounds, according to their hydrophilic–lipophilic proper-
ties. For example, a better affinity towards biological membranes is correlated with the
compound’s higher hydrophobicity [7,39]. The MarvinSketch software of ChemAxon was
used to calculate the HLB and log p of all final PpIX derivatives (listed in Table 1) in order
to compare them in terms of hydrophobicity. With regards to all of the series, except for
compound 6 which lacks the hydrophobic tail, the HLB and log p are inversely correlated.
The compounds have calculated HLB values ranging from 12.14 to 18.75, indicating that
they are all perfectly water soluble. Most of the PpIX derivatives possess an HLB between
13 and 16 relative to the detergency properties, according to Fung [36]. In parallel, their
log p ranges from 3.3 for compound 6, which lacks hydrophobic chains to 12.6 for com-
pound 5h, which comprises two perfluorinated chains of six carbons. As expected, for the
same tail length, fluorinated derivatives exhibit higher log p-values than the hydrogenated
analogues [40]. For example, compound 5c endowed with two C8 hydrocarbon chains
(C8H17) has a log p of 7.4, while for the same tail length, compound 5h endowed with two
C8 hemifluorinated chains (C2H4C6F13) has a log p of 12.6.

3.2. Biological Assays
3.2.1. PDT of Tumor Cells with PpIX Derivatives

Figure 1 shows the cell survivals after PDT with PpIX or PpIX derivatives 5a–h

(amphiphilic derivatives) and 6 (PEG550-PpIX) as a function of light exposure times in the
tumor cell lines of 4T1, scc-U8, and WiDr. The cell survivals were decreased with increasing
light exposure times during PDT with PpIX, as well as compounds 5b and 5c in all of
the three cell lines studied. With a 60-s light exposure, the PDT killed almost all of the
4T1 and scc-U8 cells and about 70% of the WiDr cells. Both compounds 5b and 5c had
a considerable PDT efficiency to the parent PpIX in all of the three cell lines. Similarly,
the compound 5f-mediated PDT killed 70–100% of the cells in both scc-U8 and WiDr cell
lines, but significantly less than compounds 5b and 5c, as well as PpIX in the 4T1 cells.
The PDT killing effect of the other PpIX derivatives was lower than PpIX in all of the cell
lines. In general, lipophilic photosensitizers have a stronger photodynamic effect than
the hydrophilic dyes on killing cells in vitro due to the localization of cell membranous
structures [7]. However, the hydrophobic dyes are not water soluble and cannot be used for
the drug administration in the in vivo biological models, due to the fact that they are easily
aggregated in water with reduced photodynamic efficiency. Water soluble amphiphilic
sensitizers with a relatively long C-chain hydrophobic tail may be suitable for use in
biological systems in vivo. Among the currently proposed PpIX derivatives, it seems that
the “limit” forms of the series, compounds 5h (endowed with the longer fluorinated chains,
log p = 12.6) and 6 (lacking hydrophobic tails, log p = 3.3) are indeed totally inactive (both
are inactive on 4T1 cells or compound 6 is inactive on the WiDr cell line) or exhibit a low
cell killing effect (for compound 5h on scc-U8 and WiDr cells). The stronger photodynamic
effects were obtained by compounds 5b and 5c with log p-values between 5.82 and 7.4
and endowed with C6- and C8-chains, respectively. Of note, compound 5f bearing two
C4 hemifluorinated chains (C2H4C2F5) but with a log p-value of 5.92, has a photodynamic
effect which is comparable to compounds 5b and 5c on the scc-U8 and WiDr cell lines.
While compound 5a, which is endowed with two C4 hydrogenated chains (C4H9) and a
log p-value of 4.23, has a low killing effect on the 4T1 and WiDr cells. These results show
that a fine-tuning of the amphiphilic coating of PpIX might improve its photodynamic
effect independently of the cell line, although the mechanism of action of each resulting
PpIX derivative is probably complex and cell specific [41]. This may be due to the fact
that amphiphilic dyes are localized in multiple cellular structures, and thus target several
cellular structures to generate an effective damage to the cells after light irradiation.
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Figure 1. PDT of tumor cells with native PpIX and PpIX derivatives, 5a–h and 6.

3.2.2. Uptake of PpIX Derivatives by Cells In Vitro

Figure 2 shows the uptake of 5a–d, 5f, and parent PpIX (both at 2.5 μM) by the
tumor cell lines of 4T1, scc-U8, and WiDr in vitro. The compounds were studied at very
low concentrations (2.5 μM) to avoid aggregation. Of note, a dynamic light scattering
(DLS) analysis showed that at this concentration, all of the PpIX derivatives were under
a monomeric form (see DLS data in Supplementary Material) [42]. In general, the results
show that there is an individual variation of cellular uptake of the five PpIX derivatives
within a single cell line and also among the three cell lines. The cellular uptake of the PpIX
derivatives is similar to the parent PpIX in the 4T1 and scc-U8 cell lines, while significantly
more than the parent PpIX in the WiDr cells (p-values = 0.013 for 5b, <0.001 for 5c, 0.002
for 5f, 0.015 for 5a, and <0.001 for 5d). Compounds 5c and 5f appeared to be taken up
significantly more by the cell lines than the other PpIX derivatives, except for the 4T1 cells
where only compound 5c was more internalized. Of note, the two PpIX derivatives, 5c and
5f, have very close HLB values of 14.83 and 14.81, respectively. The WiDr cells of the five
PpIX derivatives were taken up more than the other two cell lines. These results show that
according to the cell line, the uptake can be significantly different. Moreover, it should be
mentioned that PBS was used to measure the amount of PpIX and its derivatives, 5a–d and
5f, which are all water soluble in the cells. Furthermore, due to the limited solubility of the
parent PpIX in the buffer, its cellular uptake was probably underestimated.

243



Biomedicines 2022, 10, 423

Figure 2. Cellular uptake of PpIX and PpIX derivatives, 5a–d and 5f.

3.2.3. Subcellular Localization of PpIX Derivatives In Vitro

Two PpIX derivatives, 5a and 5b, with different lipophilic properties (log p-values of
4.23 and 5.82, respectively) were chosen to study the subcellular localization in the three
cell lines of 4T1, Scc-U8, and WiDr. Compound 5b, with a relatively higher lipophilicity,
demonstrated both diffuse and granular patterns in all of the three cell lines studied
(Figures 3 and 4), suggesting that it was localized in both biomembrane structures and
lysosomes. Compound 5a, with a lower lipophilic character, showed only the lysosomal
localization as a granular pattern (Figures 3 and 4). In general, these results are consistent
with previous reports that hydrophilic dyes in the lysosomes and amphiphilic are located
in both membranous structures and lysosomes, while hydrophobic sensitizers are mainly
localized in the cellular membranous structures [7]. Compound 5b is esterified with a C6-
chain aliphatic alcohol, while compound 5a is esterified with a C4-chain aliphatic alcohol.
A longer C-chain anchored to the porphyrin core displays a relatively more hydrophobic
behavior, as illustrated by the log p-values. Therefore, this favors a subcellular localization
in the cell membranous structures.

 

Figure 3. Cellular localization of PpIX derivatives, 5a and 5b, in 4T1 and Scc-U8 cells. Scale
bar = 20 μm.
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Figure 4. Cellular localization of PpIX derivatives, 5a and 5b, in WiDR cells. Scale bar = 20 μm.

3.3. Photochemical Properties
3.3.1. Results of Photophysical Properties

The absorbance and fluorescence spectra of 5a–h compounds, which are recorded
using water as a solvent, are displayed in Figure 5. The absorption shows the characteristic
Q-bands in the wavelength range of 490–650 nm, which is indeed very similar for all of
the compounds studied. Similar splitting of the Q-bands can be seen in most free-base
porphyrin forms, such as in dendrimer substituted tetra-phenyl porphyrins [43]. The
splittings are caused by a vibrational substructure of several vibrational modes of the
ring structure around 1600 cm−1, and can be assigned to 1-0, 0-0 (Qy) and 1-0, 0-0 (Qx)
vibrational substructure for the transitions at approximately at 500, 535, 570, and 620 nm
(Figures 5 and S3), where x is taken as the direction along the N–H bond [44]. Interestingly,
for the porphyrins investigated here, there are also some additional bands resolved towards
the IR side. The quantum efficiencies (QE) relative to PpIX were obtained using THF as a
solvent and are presented in Table 1.
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μ

Figure 5. Absorbance (solid lines) and emission (dashed) spectra of compounds dissolved in H2O
(10 μM). Herein, the vertical scale of the absorbance is adjusted to focus on the Q-bands in the
500–650 nm range. The dashed curves are fluorescence emission spectra upon excitation at 425 nm.

It is logical to observe similar spectral characteristics in all of the amphiphilic com-
pounds since they all have undergone the same chemical reaction. Moreover, only the
periphery of PpIX was modified. It is well known that the modification of the PpIX core
significantly affects its photophysical properties [45]. However, the spectral properties
are slightly affected, which seems to be associated with the anchoring of the PEG moiety
through the amide bond, since similar spectra are observed between the PEG550-conjugated
PpIX and amphiphilic PpIX derivatives, which are presented here.

It was not possible to directly detect a singlet oxygen from the water solvents of
these compounds, owing to the low solubility of oxygen in water in combination with
the strong quenching of triplet states that usually occur in water. On the other hand,
organic solvents are known to have approximately an order of magnitude higher oxygen
solubility than more polar solvents, such as water, methanol, and DMSO [46,47]. There
are also less strong vibrations from the solvent molecules that can quench the intermedi-
ate triplet state. Therefore, THF was used for the demonstration of triplet state formation
and energy transfer to form a singlet oxygen in these compounds. In order to confirm
the production of singlet oxygen of PpIX derivatives, the triplet excited state absorp-
tion (TESA) recorded for UV excitation (lex = 355 nm), as well as the direct transient
singlet oxygen luminescence at 1275 nm upon excitation at 425 nm, were investigated
(Figure S3 of the Supplementary Materials).

The linear absorption spectra recorded for the 5 μM THF solutions used for TESA all
have a ground state absorbance in the range between OD 0.1–0.2 at 355 and 425 nm (data
not shown). Therefore, there are no issues with self-absorption at these wavelengths. In
order to prove the existence of triplet states, the excited state absorption was measured
by exciting an Argon gas flushed sample with a ns laser pulse at 355 nm, and recording
the full spectrum with a broad band flash lamp and a gated detector, a few microseconds
after the excitation pulse. In Figure S3 (left panel), these spectra are shown as broad
features covering the region in the range 300–480 nm. In addition, there are sharper
peaks, showing up as depleted (negative) absorption bands, overlayed onto the broad
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triplet absorption, notably the Q-bands in the range 490–650 nm (for details on how to
interpret these spectra, see Glimsdal et al. [33]). By repeating the procedure for a sample
that contains oxygen, the triplet absorption signal is strongly quenched and diminished
(data not shown).

A singlet oxygen yield is difficult to quantify accurately. Moreover, it strongly depends
on the solvent, solvent oxygen content, and many factors (see [32,48] for detailed studies of
substituted PpIX variants). Here, it was estimated from the transient luminescence of singlet
oxygen that has a characteristic line-shape, as shown in Figure 6. For clarity, we only show
the results for compound 5d using air-saturated THF as a solvent. Herein, the transient
signal has been background corrected with the signal from the same sample bubbled with
Argon gas for 10 min, to remove the oxygen dissolved in the solvent. The time-trace was fit-
ted to a double exponential function giving two characteristic time decays. In this case, the
rise time was determined as 3.0 ± 0.02 μs and the decay as 24.4 ± 0.08 μs using Equation (1)
(Experimental Section). The former represents the decay of the triplet state of the sensitizer,
whereas the longer decay is very characteristic for the singlet oxygen itself, strongly depend-
ing on the solvent, e.g., [31,49]. The results of six representative compounds along with the
fitted parameters are shown in Supplementary Material (Figure S3 (right panel, Table S1)).
The substituted derivatives of PpIX all show a similar or slightly higher singlet oxygen
yield than the bare original PpIX molecule. The latter points to an efficient inter-system
that crosses to triplet states. However, these triplet states are dark and did not appear as
phosphorescence in the oxygen evacuated samples. Taken together, the transient absorp-
tion and singlet oxygen luminescence experiments confirmed the energy transfer from the
ground state absorption via the triplet state to the proximate dissolved oxygen molecules
in order to obtain the singlet oxygen. The singlet oxygen yield is similar to or better than
the PpIX itself.

Figure 6. Transient singlet oxygen luminescence at 1275 nm upon excitation of compound 5d at
425 nm in THF. The solid red curve is fit to a double exponential, as described in the text.
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3.3.2. Photobleaching of PpIX Derivatives, 5b and 5c, in WiDr Cells after Blue
Light Exposure

Based on the promising in vitro results (especially to the phototoxicity assays) on the
three lines of human cancer cells, the more potent PpIX derivatives, 5b and 5c, were studied
with respect to the photobleaching processes, as described by Gederaas et al. [50] using
four different blue light doses (0.39–7.74 J/cm2) on WiDr human colon adenocarcinoma
cells. All of the bleaching experiments were performed in parallel with the native PpIX
(2.5 μM, 24 h) under similar instrumental settings. Control cells as “no light” and “no
photosensitizer” were also included.

The fluorescence spectra from representative experiments for compounds 5b and 5c

are shown in Figure 7. In addition, the bleaching spectra including all of the measure-
ments from 4–5 independent experiments are shown in Figure 8. The photobleaching
properties of 5b- and 5c-incubated WiDr cells illustrate a reduction in the photobleaching
of 5b, to a large extent as 81.2% and 74.2% for compound 5c after blue light exposure,
from 0–7.74 J/cm2 (0–600 s). As a control, the fluorescence of PpIX cell suspensions (n = 3)
was compared to the fluorescence measurements using Ex: 405 nm [51], which results
in a reduction of 13.3% compared to the excitation at 410 nm. From these data, it was
concluded that fluorescence measurements at Ex: 410 nm were sufficient for compounds
5b, 5c, and native PpIX-incubated WiDr cells in the same experiment. Of note, the fluo-
rescence of PpIX-incubated cells without light was about 50 times less compared to the
fluorescence of 5b- and 5c-incubated cells without light, using an excitation wavelength of
410 nm.

Figure 7. Representative fluorescence spectra of compounds 5b (Left) and 5c (Right) blue light doses.
Spectra are averages of 3–5 experiments except for control experiments with PpIX and cells only.

Figure 8. Bleaching data of compounds 5b- (Left) and 5c- (Right) incubated WiDr cells. The standard
deviations are based on 3–5 experiments from data presented in Figure 7.
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The bleaching curves were given by the generic formula:

F(t) = A ∗ exp(−k ∗ t) (2)

then, the fitted rates (k) and amplitude factors A were stated for each case.
By comparing the photobleaching data in this study with the published results on the

tetrapyrrole photosensitizer TPCS2a (AmphinexR), on the same cell line [50], a relatively
fast photobleaching process was observed for both compounds 5b and 5c, and possibly
faster by compound 5b. Moreover, based on the 5-aminolevulinic-based photobleaching
studies, using confocal scanning microscopy on single rat bladder cancer cells (AY27), a
dramatic decrease in PpIX fluorescence was observed the first 20 s of continuous light
exposure. The fluence rate in the AY27 study corresponded to a light dose of 45 J/cm2 after
0.5 s [52]. Depending on the photosensitizer and actual light dose, the rapid photobleaching
may cause incomplete tumor destruction. For an optimizing illumination with respect to
the cell type, light intensity, and exposure time, further experiments are necessary.

The photobleaching process of protoporphyrin IX derivatives, 5b and 5c, were studied
in WiDr cells using four different blue light doses and compared with the bleaching
of native protoporphyrin IX in the same experiments. The present results document a
greater photobleaching in WiDr cells of the less lipophilic PpIX derivative, compound 5b

(log p = 5.82) compared to compound 5c (log p = 7.4).

4. Conclusions

A novel class of amphiphilic PpIX derivatives was synthesized, bearing two PEG550
headgroups (ensuring hydrophilicity) and two hydrogenated or hemifluorinated tails
(ensuring hydrophobicity) of different lengths (e.g., containing 4 to 10 carbons). Their
synthesis was straight forward by taking advantage of the four anchoring points of the
porphyrin core to afford Gemini-like surfactants with a PpIX central scaffold. The result-
ing amphiphilic PpIX derivatives were fully characterized by NMR analysis, and their
hydrophilic–lipophilic balance (HLB) and partition coefficient (log p) were computed using
the MarvinSketch software of ChemAxon. The photochemical properties (spectroscopic
characterization, photobleaching, and singlet oxygen quantum yield) were evaluated
followed by in vitro assays to assess their cellular uptake, subcellular localization, and
phototoxic efficiency on three tumor cell lines (4T1, scc-U8, and WiDr cell lines). Although
further investigation is needed to build a structure–activity relationship, our results confirm
the therapeutic potency of this new family of PpIX derivatives. Furthermore, all of these
derivatives are not only water soluble, but some of them also exhibit a higher photodynamic
effect than the native PpIX.

Supplementary Materials: The following supporting information can be downloaded at: http:
//www.mdpi.com/xxx/s1. Figures S1 and S2: DLS data. Figure S3: Spectral data of triplet excited
state absorption (left) and transient singlet oxygen luminescence (right); Table S1: Summary of fitting
parameters to transient singlet oxygen luminescence; Figures S4–S71: 1H and 13C-NMR spectra of all
PpIX derivatives.
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Abstract: The antimicrobial multidrug resistance (AMR) of pathogenic bacteria towards currently
used antibiotics has a remarkable impact on the quality and prolongation of human lives. An effective
strategy to fight AMR is the method PhotoDynamic Therapy (PDT). PDT is based on a joint action of a
photosensitizer, oxygen, and light within a specific spectrum. This results in the generation of singlet
oxygen and other reactive oxygen species that can inactivate the pathogenic cells without further
regrowth. This study presents the efficacy of a new Pd(II)- versus Zn(II)-phthalocyanine complexes
with peripheral positions of methylpyridiloxy substitution groups (pPdPc and ZnPcMe) towards
Gram-negative bacteria Aeromonas hydrophila (A. hydrophila). Zn(II)-phthalocyanine, ZnPcMe was
used as a reference compound for in vitro studies, bacause it is well-known with a high photodynamic
inactivation ability for different pathogenic microorganisms. The studied new isolates of A. hydrophila
were antibiotic-resistant (R) and sensitive (S) strains. The photoinactivation results showed a full
effect with 8 μM pPdPc for S strain and with 5 μM ZnPcMe for both R and S strains. Comparison
between both new isolates of A. hydrophila (S and R) suggests that the uptakes and more likely
photoinactivation efficacy of the applied phthalocyanines are independent of the drug sensitivity of
the studied strains.

Keywords: antimicrobial multidrug resistance (AMR); photodynamic therapy (PDT); palladium and
zinc phthalocyanines; antibiogram of bacterial isolates; Aeromonas hydrophila

1. Introduction

Among the most harmful bacterial pathogens for human health is Aeromonas hydrophila,
with the characteristics of a foodborne pathogen of emergent status [1]. The genus
Aeromonas is characterized as a waterborne and food-developed opportunistic Gram-
negative bacteria [2]. The species has been considered as causing a wide spectrum of
human diseases, such as wound infections, bacteremia and septicemia, and persistent
infections in immunocompromised patients [3]. A. hydrophila has the ability to grow at
cold temperatures, which may be a negative aspect concerning the safety of human lives.
Moreover, observations showed that A. hydrophila causes infections in humans with a low
capability for inactivation with the clinically approved treatments [4–6]. The scientific
curiosity about this species has increased because of the following reasons: (i) the fast
distribution of Aeromonas all over the world, (ii) the trials for the correct identification
and sorting of pathogenic Aeromonas species, (iii) the incidence of strains with antimicro-
bial resistance, and (iv) the ability of some strains to remain alive after the conventional
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wastewater treatments [5]. Poor water quality, the ubiquitous nature and rapid spreading
of harmful pathogens, environmental adverse conditions, and high stocking densities are
important factors that contribute to the wide-spreading of infections [6]. These characteris-
tics, together with the rising resistance in common pathogenic bacteria to the known drugs,
are what make disease prevention a difficult mission. The determination of the natural
horizontal gene transfer showed that Aeromonas sp. can acquire mobile genetic elements
protecting antimicrobial resistance [7]. An example is the plasmid-mediated quinolone
resistance (e.g., qnrS and aac (60)-Ib-cr), carbapenemase (e.g., blaKPC, blaNDM, blaGES,
blaIMP, blaVIM, and blaOXA-48), and aminoglycosides-encoding genes (e.g., rmtD), typical
for Aeromonas species [8].

Photodynamic therapy (PDT) with porphyrinoids features as a more effective alter-
native strategy, which is under intensive interest to keep under control the pathogenic
bacterial species causing acute infections [9,10]. Lately, PDT has been well-accepted as an
emergency, low-cost antimicrobial treatment for local infections without other therapeutic
options [11]. After the Golden age of antibiotics, PDT method has been of scientific in-
terest because of the fast development of AMR and the fast increase in cases with lethal
outcomes due to this resistance [12]. Antimicrobial PDT has been recently well-accepted
as a potential preferable choice over the traditional antibiotics because of the lack of side
effects, pathogenicity reversal, and further regrowth of the pathogenic species after the treat-
ment [13]. Studies described aPDT as a method with a lack of development of resistance
with a fast response after a single application [14,15].

Phthalocyanines (Pcs) are recognized as second-generation photosensitizers for PDT
after the porphyrin derivatives, which are well-accepted as appropriate for anticancer
PDT [16,17]. Presently, the studies with phthalocyanine derivatives for the inactivation
of pathogens are more in the experimental stage than in clinical practice [18]. Most of the
known metallophthalocyanines (MPcs) have been considered for aPDT studies because of
their suitable photo-physicochemical properties, such as intensive far-red or near-infrared
absorption (>670 nm) and high triplet state quantum yields with a preferable singlet oxygen
generation [19]. The water-soluble and cationic MPcs coordinated with different metals
and semi-metals were obtained via quaternization reaction of N-attached substitution
groups [16–19]. These phthalocyanines have been well-documented as proper photosensi-
tizers for PDT applications [20].

Palladium phthalocyanine complexes with different substitution groups are known
to have promising photophysical, photochemical, and photobiological properties [21,22].
The effect of an open-shell metal ion, such as palladium (Pd2+), in the Pc-ligand molecule
leads to an increase in the triplet state and the further singlet oxygen production with
relatively high quantum yields of the recently studied Pd(II)-phthalocyanine [22]. Our
previous study with Pd(II)-phthalocyanine with four non-peripheral methylpyridiloxy
groups (nPdPc) suggested a promising photodynamic inactivation capacity of multidrug-
resistant Staphylococcus aureus (MRSA) but a low efficiency for A. hydrophila drug-resistant
strain [22].

In the present study, two new isolates of Gram-negative bacterium A. hydrophila as
antibiotic- resistant (R) and sensitive (S) strains were characterized for their susceptibility
to common antibiotics (antibiograms). The photodynamic efficiency of a newly synthesized
peripheral methylpyridiloxy-substituted Pd(II)-phthalocyanine (pPdPc) was studied in
comparison to the well-known similar compound Zn(II)-phthalocyanine (ZnPcMe) on
both A. hydrophila strains. The new palladium phthalocyanine pPdPc was tested for the
uptake behavior on these pathogenic bacterial strains. In addition, the cytotoxicity studies
on representative model cell lines were performed. The obtained results suggested very
promising properties of the studied phthalocyanines as photosensitizers for PDT of Gram-
negative A. hydrophila strains.
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2. Material and Methods

2.1. Phthalocyanines

The phthalocyanines of palladium (pPdPc) and zinc (ZnPcMe) were prepared and
further studied as a mixture of positional isomers (Figure 1). The synthesis was carried out
according to the previously published synthetic procedures which were used with slight
modifications [22,23].

Figure 1. Synthesis of tetra-methylpyridiloxy-substituted Pd(II)- and Zn(II)-phthalocyanines.

2.1.1. Synthesis of 2,(3),9(10),16(17),23(24)-Tetrakis-[(2-pyridyloxy) phthalocyaninato]
Palladium (II), (2)

A mixture of anhydrous palladium (II) chloride (0.179 g, 1 mmol), 4-pyridyloxyphthalonitrile
(0.442 g, 2 mmol), DBU (3.32 mL, 2 mmol), and n-pentanol (5 mL), was stirred at 130 ◦C for
7 h under a nitrogen atmosphere. After cooling, the solution was dropped in n-hexane. The
green solid product was precipitated and collected by filtration and washed with n-hexane.
After washing, the crude product was purified by column chromatography (SiO2) using
a CH2Cl2-MeOH (50:1) solvent system. The results were as follows: Yield: 0.86 g (52%).
IR [νmax/cm−1]: 3092 (Ar-CH), 1657 (C=C), 1576, 1532, 1500, 1399, 1327, 1287, 1258, 1127,
1109 (C-O-C), 1045, 805, and 744. 1H-NMR (CDCl3): δ, ppm 7.31–7.96 (14H, m, Pc-H, and
Pyridyl-H) and 6.00–6.90 (14H, m, Pc-H and Pyridyl-H). MALDI-TOF-MS m/z: Calc. 991.28
for C52H28N12O4Pd; Found [M]+ 991.38, 1014.82 [M+Na]+.

2.1.2. Synthesis of 2,(3),9(10),16(17),13(24)-Tetrakis-{[(2-(N-methyl)pyridyloxy]phthalocyaninato}
Palladium (II) Sulphate, (3)

Phthalocyanine 2 (100 mg, 0.1mmol) was heated (120 ◦C) in freshly distilled DMF
(0.5 mL), and dimethyl sulphate (0.2 mL) was added dropwise. The mixture was stirred
at 120 ◦C for 12 h. After this time, the mixture was cooled to room temperature, and the
product was precipitated with hot acetone and collected by filtration. The green solid
product was washed successively with hot ethanol, ethyl acetate, THF, chloroform, n-
hexane, and diethyl ether. The resulting hygroscopic product dried over phosphorous
pentoxide. The results were as follows: Yield: 0.11 g (73%). IR [νmax/cm−1]: 3064 (Ar-CH),
1655, 1578 (C=C), 1533, 1476, 1329, 1230 (S=O), 1182, 1110 (S=O), 1030 (C-O-C), 935, 837,
767, and 662 (S-O). 1H-NMR (DMSO-d6): δ, ppm 7.42–8.01 (28H, m, Pc-H and Pyridyl-H)
and 3.86–4.44 (12H, m, CH3). UV/Vis (DMSO), λmax, nm (log ε): 318 (4.57), 623 (4.13),
and 662 (4.27). MALDI-TOF-MS m/z: Calc. 1243.54 for C56H40N12O12S2Pd; Found 311.741
[(M+4)/4]+.

2.2. Bacterial Strains

Two strains of A. hydrophila as multidrug-resistant (R) and drug-sensitive (S) strains
were recently isolated from local water resources. They were tested and confirmed as
A. hydrophila strains by the classical microbiological tests and MALDI-TOF mass spectrom-
etry analysis (Bruker, Munich, Germany). Trypticase soy agar (TSA) (Difco) was used for
the cultivation of A. hydrophila. The strains were aerobically cultivated on nutrient media
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for 24 h at 28 ◦C. Cells were harvested and suspended in sterile phosphate-buffered saline
(PBS) of pH 7.4. Suspensions were diluted to a cell density of ~106 CFU·mL−1. The viable
cells in the suspensions were counted by plating the serial dilutions on solid culture media.
The number of visible colonies (colonies forming units, CFU) present on an agar plate was
multiplied by the dilution factor to provide the values in CFU·mL−1.

2.3. Photodynamic Inactivation Study

The stock solutions of the studied phthalocyanines (~2 mM) were freshly prepared in
dimethylsulphoxide (DMSO, Uvasol) and kept in a dark place during the experiments. The
preparative glassware and vials were covered with aluminium foil and flushed with argon
in order to prevent photobleaching of the experimental solutions. The absorption spectra
were recorded on a Shimadzu UV–vis 3000 apparatus (Osaka, Japan) to control the exact
concentrations before the experiments. All solids and solvents were purchased through
Sigma-Aldrich (FOT, Sofia, Bulgaria).

Both strains were grown aerobically at 28 ◦C overnight. Then cells were harvested by
centrifugation and were suspended in sterile phosphate-buffered solutions (pH 7.4). The
absorbances of the cell suspensions were measured as having an optical density of 0.490 at
600 nm using a spectrophotometer Unico 2100UV, which corresponded to 109 CFU·mL−1.
Prior to each experiment, the cell suspensions were diluted to the bacterial density of
106 CFU·mL−1. The cell suspensions were incubated with the tested phthalocyanine in the
concentration range from 0.04 μM to 20 μM for 15 min. The portions of suspension (200 μL)
were placed in a standard 96-well polystyrene plate, and light was applied. Four groups
of bacterial cells were collected: (1) only cells (no light and no Pc); (2) dark control—with
PS, but without light; (3) light control—without any PS, but with light irradiation; and
(4) the PDI treated groups. The cells were exposed to an LED at 665 nm (ELO Ltd., Sofia,
Bulgaria) with a power density of 100 mW·cm−2 and light dose of 50 J·cm−2. A portion of
0.1 mL was taken off and diluted (10-fold) with a buffer. Aliquots (0.025 mL) were spread
over Trypticase® Soy agar with 0.5% yeast extract. The obtained results are presented as
numbers of CFU of bacteria developed for 48 h incubation (28 ◦C) on the agar dishes.

2.4. Uptake Study

In the present study, the bacterial suspensions of A. hydrophila as multidrug-resistant
(R) and drug-sensitive (S) strains with a range of cell density (105–108 CFU·mL−1) were
incubated with pPdPc with concentration 5 μM. The chemical extraction was carried
out with a mixture tetrahydrofuran–sodiumdodecyl sulfate (THF: SDS, 1:1). The new
phthalocyanine is water-soluble but aggregated in water media. Prior experiments, the
cell suspensions were prepared by serial dilutions in phosphate buffered solutions. The
applied procedure included a chemical extraction of pPdPc and fluorescence measurements
(exc: 610 nm). The used protocol was previously published for non-peripheral palladium
phthalocyanine, nPdPc [22].

2.5. Statistics

The experiments were carried out in triplicate. The collected data were presented
as a mean value ± standard deviation (SD), and the difference between two means was
compared by an unpaired Student’s test. P < 0.05 was considered as significant.

3. Results

Palladium and zinc phthalocyanine complexes with peripheral methylpyridiloxy
substitution groups (pPdPc and ZnPcMe) were synthesized according the Refs [22,23].
The bacterial strains, A. hydrophila, antibiotic-resistant (R) and A. hydrophila, sensitive
(S), were isolated and used in the photodynamic inactivation studies with Pd(II)- and
Zn(II)-phthalocyanines. The antibiotic susceptibility profiles of these bacterial strains were
obtained (Table 1). The results showed the following order of resistance and sensitivity:
(1) the strain A. hydrophila (R)—resistant to Ampicillin, Ceftiofur, Florfenicol, Enrofloxacin,
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Co-Trimoxazol, Doxycycline, and Sparfloxacin; (2) the strain A. hydrophila (S)—sensitive to
Ceftiofur, Florfenicol, Enrofloxacin, Co-Trimoxazol, Doxycycline, and Sparfloxacin, and
resistant to Ampicillin.

Table 1. Antibiotic-resistant (R) and sensitive (S) strains of A. hydrophila.

Aeromonas hydrophila (R) Aeromonas hydrophila (S)

Antimicrobial Agent Disk Content (μg) Sensitivity Antimicrobial Agent Disk Content (μg) Sensitivity
Ampicillin 10 R Ampicillin 10 R
Ceftiofur 30 R Ceftiofur 30 S

Florfenicol 30 R Florfenicol 30 S
Enrofloxacin 5 R Enrofloxacin 5 S

Cotrimo-xazol 25 R Cotrimo-xazol 25 S
Doxycyclin 30 R Doxycyclin 30 S

Sparfloxacin 5 R Sparfloxacin 5 S

Zn(II)-phthalocyanine was tested before on a number of pathogenic strains that were
susceptible to the applied PDT protocol with ZnPcMe [24,25]. The peripherally substituted
pPdPc, which was a new compound in this study, showed full photoinactivation ability at a
concentration of 8 μM for the sensitive A. hydrophila strain (Figure 2). By increasing the con-
centrations up to 20 μM, this compound showed dark toxicity for both tested A. hydrophila
strains (S and R). At lower concentrations (<2 μM), pPdPc showed no phototoxicity on
either A. hydrophila S or on R strains. Comparison of the inactivation ability of pPdPc on
the used A. hydrophila R and S strains showed log 3.32 for the R strain and resp. 5.47 log
for the S strain (8 μM of pPdPc). Photodynamic inactivation with 5 μM of pPdPc was
obtained with values of 2.34 log and 3.17 log toward R and S strains, respectively. In the
studied concentrations, the dark toxicity was not observed. By a specific light spectrum of
irradiation (665 nm), photodynamic inactivation was achieved, with slightly high results
for concentrations of 5 and 8 μM for the tested antibiotic-sensitive strain of A. hydrophila.

Figure 2. Photodynamic inactivation of A. hydrophila (R and S) planktonic cultured with peripheral
Pd(II)-phthalocyanine (pPdPc) and an LED at 665 nm irradiation. * p < 0.005; ** p < 0.008, and
*** p < 0.01.

The new cationic phthalocyanine pPdPc was evaluated for the uptake into both
bacterial A. hydrophila strains (Figure 3). As can be seen, the uptakes showed similarity for
the studied suspensions with different cell densities. The highest uptakes were obtained for
the complexes incubated in more diluted suspensions in comparison to the high-density
cell suspensions without the influence of the characteristics of the strain. As is well-studied,
the bacterial wall of the Gram (−) species is more complicated, which additionally increases
the resistance. The cationic phthalocyanines are well-studied as being more favorable for
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antibacterial PDT because of the proper electrostatic interaction of these compounds with
cell membranes [26].

Figure 3. Uptake of Pd(II)-phthalocyanine (pPdPc) in A. hydrophila (R and S) strains as suspensions
with different cell densities as obtained by fluorescence measurements.

The well-explored compound, tetra-methylpyridiloxy Zn(II)-phthalocyanine (Zn-
PcMe), was also tested in the present study. ZnPcMe was studied with promising photoin-
activation efficacy towards pathogenic bacteria, fungus, and viruses [24,25]. For concen-
trations up to 5 μM, ZnPcMe was examined without dark toxicity on both tested strains
(Figure 4). The full photodynamic inactivation result (~log 6) was determined for 5 μM
of ZnPcMe but with low efficiency (<log 3) at lower concentrations. These observations
confirm the previous studies with ZnPcMe, with photoinactivation capacity at lower con-
centrations [26]. Considering the structures of both peripherally substituted complexes, the
phototoxic effect of ZnPcMe was higher than that of pPdPc (Figures 2 and 4). However, the
new pPdPc showed a strong photoinactivation ability at a concentration of 8 μM, which
was higher than the concentration observed in the previous study with nPdPc on another
resistant A. hydrophila [22]. The results demonstrated that the effect of aPDT treatment is
strongly dependent on the characteristics of the strain. Additionally, in vitro studies on cell
cultures were carried out and showed that Pd(II)-phthalocyanines with different positions
of substituents had a lack of cytotoxicity on cell cultures, such as chick embryo fibroblasts,
calf trachea cell lines, Vero cell lines, and MDBK cell lines.

Figure 4. Photodynamic inactivation of A. hydrophila (R and S) planktonic cultured with Zn(II)-
phthalocyanine (ZnPcMe) and an LED at 665 nm irradiation. * p < 0.005; ** p < 0.008, and
*** p < 0.01.

258



Biomedicines 2022, 10, 384

4. Discussion

Aeromonas species are widely spread in water, water habitats, and in many food
products, such as seafood; raw foods of animal origin, such as poultry, ground meat,
and raw milk; and raw vegetables. Aeromonas-associated illnesses are usually caused
by stress and unpredicted changes in environmental conditions. Fresh water quality,
overcrowding of social communities in poor countries, undesirable changes in temperature,
low oxygen and a very high amount of CO2 in the air, and the increase in nitrite or ammonia
saturation, are considered as predisposing aspects for acute infections. Aeromonas spp. are
known to be intrinsically resistant to many b-lactams, due to the production of multiple
inducible, chromosomally encoded b-lactamases [27]. The spectrum of diseases includes
gastroenteritis, septicemia, and traumatic and aquatic wound infections.

The fast development of drug resistance towards the variety of antibiotics features the
emergency need of an effective approach, such as PDT, to keep harmful pathogens under
control [28,29]. Previous studies to inactivate the drug-resistant A. hydrophila, which is a
ubiquitous Gram-negative bacterium causing diseases in reptiles, amphibians, farm fish,
and humans, showed that the drinking water isolate of this bacterium, as well as the native
counterparts, are liable to PDT treatment with cationic phthalocyanine complexes, with
different hydrocarbon chains as substituents [28]. The experimental photodynamic studies
with Aeromonas sp. suggested that they are susceptible to PDT, but with different success
of inactivation, in dependence on the structure of the photosensitizer and the applied
irradiation conditions [22,28]. It was found that the cationic nature and optimal physico-
chemical properties of the phthalocyanines correlate with the uptakes and the efficiency of
aPDT towards pathogenic bacteria [30,31]. Referring to the uptake of phthalocyanines by
A. hydrophila, as was studied before, there was a noticeable inverse dependence on the cell
density of suspension [28]. A. hydrophila cells incubated with Zn(II)-phthalocyanines with
different lengths of hydrocarbon chains showed that an approx. 10-fold increase in cell
density has resulted in a significant decrease in the uptake behavior of at least one order
of magnitude [28]. The phenomenon was explained by the sterical hindrance between
molecules at high bacterial density, which results in the decrease in the number of attached
molecules per bacterial cell [32]. Our previous results with ZnPcMe (3 μM) showed a
complete photoinactivation at a lower light dose of 30 J·cm−2. The advantage of the aPDT
method is also presented with the current experiments with two isolates A. hydrophila,
which showed significant photoinactivations (>5 log) with the applied phthalocyanines.

This study suggests that both phthalocyanines, which differ in the coordinated metal
ions palladium (pPdPc) and zinc (ZnPcMe), have comparable and slightly higher pho-
toinactivation efficacy for ZnPcMe. The full phototoxic effect was observed with complex
ZnPcMe, which is known as a highly effective photosensitizer in the photodynamic in-
activation of pathogenic species, including viruses [24,25]. The results with A. hydrophila
support the role of zinc as a proper metal ion for PDT photosensitizers [26,28]. Lately, it was
reported that cationic photosensitizers have a high impact on the antimicrobial efficiency
because of the binding ability and the charge density distribution of cationic groups [33].
In comparison with the routine antibiotic treatment, which usually requires long-term drug
usage to have a result, the PDT procedure is non-toxic to the whole human body, with
a single local application of the photosensitizer and a short time of irradiation. As was
reported for other pathogenic strains, the short incubation time of the photosensitizer and
the mild light doses within a specific spectrum of irradiation are sufficient to kill bacteria in
a single treatment, with a fast response after the procedure [34]. Meanwhile, the promising
in vivo results were obtained with the Zn(II)-phthalocyanine ZnPcMe studied for the in-
flammatory reaction of biological tissue for applications in clinical dental practice [35,36].
These observations concluded that the photodynamic method with phthalocyanines can be
considered as promising for the inactivation of pathogenic bacteria associated with acute
infections in dentistry. This study showed an excellent biocompatibility with a laser at
665 nm irradiation, which was observed on experimental animals by means of histopathol-
ogy [36]. In vivo examination suggested that the used in the present study ZnPcMe did
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not lead to damaging tissue reactions either as was compared to Fotosan™. This proper
biocompatibility is a basis to recommend ZnPcMe for safe administration and the approval
certifications for application in clinical practice.

5. Conclusions

The new isolates of Gram-negative bacteria Aeromonas hydrophila were analyzed for
their susceptibility towards common antibiotics. The obtained antibiograms were for
two bacterial strains of A. hydrophila: antibiotic-resistant (R) and sensitive (S). Both strains
were used to study the photodynamic efficacy of a new palladium phthalocyanine with
peripheral methylpyridiloxy groups (pPdPc). In comparison, an effective photosensitizer,
such as the zinc phthalocyanine complex (ZnPcMe), was investigated. In vitro studies with
the new pPdPc showed similar efficacy for both strains of A. hydrophila at concentrations
above 5 μM by irradiation with a 665 nm light source. The novelty in the uptake study is
that the bacterial cells incubated with pPdPc accumulated similar values independently on
the bacterial strain—resistant (R) or sensitive (S). This indicates the ability of an analogous
inactivation capacity towards the studied strains. The non-specificity of the PDT action
towards both strains with similar photocytotoxicity was also shown. In this study, it
was shown that the new isolates of the Gram-negative A. hydrophila species, while are
challenging for inactivation with antibiotics, are susceptible to PDT with Pd(II)- and Zn(II)-
phthalocyanine complexes.
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Abstract: Titanium dioxide nanoparticles (TiO2 NPs) have been proven to be potential candidates
in cancer therapy, particularly photodynamic therapy (PDT). However, the application of TiO2 NPs
is limited due to the fast recombination rate of the electron (e−)/hole (h+) pairs attributed to their
broader bandgap energy. Thus, surface modification has been explored to shift the absorption edge
to a longer wavelength with lower e−/h+ recombination rates, thereby allowing penetration into
deep-seated tumors. In this study, TiO2 NPs and N-doped graphene quantum dots (QDs)/titanium
dioxide nanocomposites (N-GQDs/TiO2 NCs) were synthesized via microwave-assisted synthesis
and the two-pot hydrothermal method, respectively. The synthesized anatase TiO2 NPs were self-
doped TiO2 (Ti3+ ions), have a small crystallite size (12.2 nm) and low bandgap energy (2.93 eV). As
for the N-GQDs/TiO2 NCs, the shift to a bandgap energy of 1.53 eV was prominent as the titanium
(IV) tetraisopropoxide (TTIP) loading increased, while maintaining the anatase tetragonal crystal
structure with a crystallite size of 11.2 nm. Besides, the cytotoxicity assay showed that the safe
concentrations of the nanomaterials were from 0.01 to 0.5 mg mL−1. Upon the photo-activation of
N-GQDs/TiO2 NCs with near-infrared (NIR) light, the nanocomposites generated reactive oxygen
species (ROS), mainly singlet oxygen (1O2), which caused more significant cell death in MDA-MB-231
(an epithelial, human breast cancer cells) than in HS27 (human foreskin fibroblast). An increase in the
N-GQDs/TiO2 NCs concentrations elevates ROS levels, which triggered mitochondria-associated
apoptotic cell death in MDA-MB-231 cells. As such, titanium dioxide-based nanocomposite upon
photoactivation has a good potential as a photosensitizer in PDT for breast cancer treatment.

Keywords: titanium dioxide; N-doped graphene quantum dots; photodynamic therapy; near-infrared
light; reactive oxygen species; apoptosis

1. Introduction

In recent years, scientists have focused on nanoparticle research in the biomedical field,
particularly in cancer therapies. Nanoparticles offer numerous advantages as they can easily
penetrate tissues, cross cellular barriers, preferentially localize and accumulate at tumor
sites and are able to overcome instant clearance by the lymphatic system [1]. Nanoparticles
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can play multiple roles, as they can be used for diagnosis and therapy simultaneously.
Metal or metal oxide nanoparticles can generate ROS in the presence of light illumination
to induce cell death [2,3]. Acting as a photosensitizer or nanocarrier, metal oxides exhibit
relatively good stability when compared to existing organic nanoparticles (liposomes,
dendrimers, polymer-based NPs), with regard to temperature and pH change [4,5].

An optical irradiation-induced generation of ROS by a photosensitizer that promotes
cell killing is known as photodynamic therapy (PDT). PDT is an emerging non-invasive,
clinically approved and localized therapy for several diseases, including cancers. PDT
surpasses existing traditional cancer treatments as it can be specifically targeted, is non-
invasive, causes negligible drug resistance and is highly effective with fewer adverse side
effects [6].

The efficacy of PDT depends on the type of photosensitizing agents employed. Nu-
merous inorganic and organic materials such as cadmium selenide (CdSe), chlorin e6 (Ce6),
hypocrellin A (HA), inorganic [7] and porphyrin-based materials and organic materials [8],
were explored as photosensitizing agents in PDT for cancer treatments. However, most of
these materials have drawbacks including poor water dispersibility and photostability, as
well as the inability to absorb at longer wavelengths (>700 nm), which restricts light pene-
tration leading to the imprecision of their cell-killing potential. This leads to undesirable
toxicity, potentially causing damage to both cancer and non-cancerous cells/tissues.

The application of metal oxide nanoparticles as a photosensitizer has been extensively
studied due to the limitations of existing porphyrin-based photosensitizers. Upon ad-
ministration via tumoral injection, nanoparticle-based drugs are preferentially taken up
and accumulate at the tumor sites due to the enhanced permeability and retention (EPR)
effect, a condition where tumors possess unusually leaky blood vessels and an impaired
lymphatic system [9]. Thus, it offers an effective method to precisely locate and cause tumor
cell destruction simultaneously, preventing overdose of photosensitizers with controllable
treatment duration.

Among the existing metal oxide nanoparticles, TiO2 NPs have attracted considerable
research interest due to their unique photocatalytic properties that can be utilized to kill
cancer cells upon illumination. When TiO2 NPs are irradiated with an energy equal to or
greater than the bandgap of TiO2 (3.2 eV), the electrons (e−) in the valence band (VB) of
TiO2 are excited to the conduction band (CB), creating positive holes (h+) in the VB. This
occurrence leads to a redox reaction on the surface of these semiconductor nanoparticles
resulting in the generation of ROS, comprising of superoxide anions (O2

−•), hydroxyl
radicals (•OH) and hydrogen peroxide (H2O2) [10,11].

Meanwhile, as an inorganic photosensitizer, TiO2 is more stable than classic pho-
tosensitizers in performing PDT. This trait is attributed to the nanoscale size and anti-
photodegradable stability of TiO2. It has been reported that TiO2 NPs were used as a PDT
agent in various types of cancer cells, such as human hepatocellular carcinoma cell line
(HepG2) [12], leukemia cells (K592) [13], cervical cancer cells (HeLa) [14], breast epithelial
cells (MCF7 and MDA-MB-468) [15], as well as non-small cell lung cancer (NSCLC) [16].
Despite their excellent performance as photosensitizers, their potential toxicity is still an
obstacle to their application in PDT [17,18]. Furthermore, the activation of pristine TiO2 is
triggered upon shorter wavelength UV light irradiation to generate ROS.

To overcome the shortcomings of TiO2, depositing quantum dots onto TiO2 has re-
ceived the utmost attention due to their distinctive properties. Modifying the surface
properties of TiO2 with QDs will assist in extending the light absorption properties of
TiO2 to longer wavelengths. Therefore, this will allow deeper penetration into tissues.
TiO2 modified with transition metals (Cu, Zn) and metal oxides (ZnO, NiO) often induce
additional ROS generation in the absence of light irradiation. Moreover, incorporating
noble metals such as Ag and Pt is considered to be more effective due to their high stability
and anti-cancer activity, but their high cost restricts the application [19–24]. Generally,
in PDT, QDs possess a dual-function nature as an energy transducer and as carriers of
photosensitizers [25]. Sensitizing TiO2 with metal chalcogenides quantum dots such as
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CdSe, cadmium sulfide (CdS), lead sulfide (PbS), cadmium telluride (CdTe) and copper
oxide (CuO) inevitably impede their benefits [26–30]. Most of these QDs of group II–VI
contain highly toxic heavy metals that are unstable and induce toxicity, which causes
environmental hazards. Thus, incorporating TiO2 with carbonaceous-material-based QDs
has been identified as a potential approach. Therefore, the utilization of N-GQDs to modify
TiO2 surfaces has great research interest. Besides, heteroatom doping (N atom) of GQDs
results in high quantum yield, good stability, and higher catalytic activity, by tuning their
electrochemical properties [31]. Good biocompatibility properties of N-GQDs will help
to reduce the toxicity of TiO2 in the absence of light illumination, which warrants further
exploration in PDT as a photosensitizer [32]. Furthermore, as a carrier, N-GQDs ensure pre-
cise localization of the potential N-GQDs/TiO2 NCs at the site of the tumor and, therefore,
avoid harm to non-cancerous cells. Thus, the incorporation of TiO2 with N-GQDs holds
great promise in PDT.

Herein, in this study, TiO2 NPs and TiO2 conjugated with N-GQDs (N-GQDs/TiO2
NCs) were synthesized via microwave-assisted synthesis and two-pot hydrothermal
method, respectively. Their corresponding in vitro cytotoxicity was studied using the
MDA-MB-231 Triple-negative breast cancer (TNBC) breast cancer cell line and HS27 human
fibroblast cell line to evaluate the cellular response towards the nanostructures. TNBC
is an aggressive subtype with a poor prognosis. In order to assess the impact of the
nanocomposite, we have chosen a more aggressive type than the conventional MCF-7 cells.
Although chemotherapy remains the mainstay for the treatment of TNBC, systemic toxicity
and adverse effects associated with chemotherapy highlight the need for an alternative
theory. As such, MDA-MB-231 TNBC (mentioned as MDA-MB-231 from now onward)
was employed as the cell model to be evaluated in the current proposed photodynamic
therapy. The photodynamic activity of the near-infrared light active-N-GQDs/TiO2 NCs
was evaluated by monitoring the in vitro photokilling effects on the cells under light irradi-
ation and the mechanisms where the nanocomposites possessed photokilling properties
were investigated.

2. Materials and Methods

2.1. Materials

Citric acid-1-hydrate (Bendosen, Laboratory Chemicals, Johor Bahru, Malaysia); ethylene-
diamine; glycerol; ethanol, 98%; hydrochloric acid, HCl 37%; phosphate-buffered saline
(PBS) (QREC, Grade AR, (Asia) Sdn. Bhd, Rawang, Selangor, Malaysia); titanium(IV)
tetraisopropoxide, TTIP ≥ 97% purity; commercial pure anatase, ≥99%; sodium pyruvate;
dimethyl sulfoxide, DMSO; 1,4-benzoquinone (Sigma-Aldrich, Co., St. Louis, MO, USA);
phosphate buffered saline (PBS) (Sigma-Aldrich, Co., Taufkirchen, Germany); Dulbecco’s
modified Eagle’s medium, DMEM; penicillin-streptomycin solution, 10,000 units/mL
(Nacalai Tesque, Nakagyo-ku, Kyoto, Japan); fetal bovine serum (FBS) (TICO Europe, DJ,
Amstelveen, The Netherlands); CellTiter 96® AQueous One Solution Cell Proliferation As-
say (MTS); Caspase-Glo® 3/7 Assay (Promega, Madison, WI, USA); 2′,7′-dichlorofluorescein
diacetate (DCFDA, Merck-Millipore, Burlington, MA, USA); tetramethylrhodamine ethyl
ester; TMRE-Mitochondrial Membrane Potential Assay Kit (Abcam, Trumpington, Cam-
bridge CB2 0AX, UK) were used as purchased without any further purification.

2.2. Synthesis of TiO2 NPs

The TiO2 NPs were prepared according to the methodology developed by our labora-
tory [32]. Briefly, 2 mL of TTIP was hydrolyzed and stirred vigorously at room temperature.
The pH of the homogenous mixture was adjusted to 1.3 by adding 37% hydrochloric acid
with constant stirring for 30 min. The entire mixture was then transferred to a 100 mL sealed
vessel made of high-purity TFM (modified Teflon), which was heated in the commercial
microwave digestion system (Multiwave 3000 Anton Paar, Graz, Austria) at 600 W for
20 min. The resulting precipitate was washed with distilled water for several cycles and
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isolated through centrifugation (8500 rpm, 10 min), followed by drying in the oven at 50 ◦C
for 24 h. The dried TiO2 NPs were annealed at 500 ◦C for 2 h.

2.3. Synthesis of N-GQDs/TiO2 NCs

The N-GQDs/TiO2 NCs were synthesized using the methodology developed previ-
ously [32]. Briefly, 3 mL of TTIP in 50 mL distilled water was continuously stirred for
30 min before transferring into a Teflon-lined stainless-steel autoclave (capacity = 100 mL).
The mixture in the stainless hydrothermal reactor was heated in the oven at 160 ◦C for
24 h. The obtained sol was washed in distilled water and placed in a beaker containing
50 mL distilled water. Then, citric acid and ethylenediamine were added simultaneously
into the magnetically stirred sol for 30 min, followed by hydrothermal treatment at 180 ◦C
for 4 h. The obtained precipitate was washed, centrifuged and dried in a vacuum oven
at 60 ◦C overnight.

2.4. Characterizations

The powder X-ray diffraction (XRD) technique was used to analyze the crystallo-
graphic structure, crystallinity and phase purity of the synthesized samples. The XRD
patterns were recorded on a PW 3040/60 X’PERT PRO, PANalytical using CuKα (1.5406 Å)
radiation in the range 2θ = 10–90◦. Besides, X-ray photoelectron spectroscopy (XPS) was
used to identify the surface composition of the synthesized materials. A High-Resolution
Multi Technique X-Ray Spectrometer (Axis Ultra DLD XPS, Kratos) with monochromatic
Al Kα (1486.6 eV), X-ray radiation (15 kV and 10 mA) and equipped with a hemispherical
analyzer which operated at 150 W was used to analyses the materials. Curve fitting was
accomplished using OriginPro (version 8.5), whereby all the obtained binding energy (BE)
was calibrated using the C 1s line at 284.6 eV. Meanwhile, a Perkin Elmer Lamda 35 was
used to record ultraviolet-visible diffuse reflectance (UV-Vis DRS) spectra of the samples.

2.5. Cell Culture and the Conditions

MDA-MB-231 was obtained from Dr. Chern Ein Oon (INFORMM, USM); meanwhile,
HS27 was obtained from the Centre for Drug Research, USM. The MDA-MB-231 and HS27
cells were cultured in DMEM medium and DMEM high glucose medium, respectively,
were then supplemented with 10% FBS and 1% penicillin–streptomycin, and incubated at
37 ◦C with 5% CO2 and 90% humidity.

2.6. Cytotoxicity Assay

The in vitro cytotoxicity assay of nanomaterials was performed using an MTS assay fol-
lowing the manufacturer’s protocol. The cells were seeded in 96-well plate (10,000 cells/well)
and treated with cell culture medium containing different concentrations of nanomaterials
(0.01, 0.05, 0.1, 0.5 and 1.0 mg mL−1) for 24 h. Then, the MTS solution was added to each
well, followed by incubation for 4 h. The absorbance of each well at 490 nm was recorded
using a Multiskan Go UV microplate reader (ThermoFisher Scientific, Waltham, MA, USA).
The cells that were incubated with cell culture medium without any treatment were re-
ferred to as the control group. The results are expressed in mean ± standard deviation
(SD) as a percentage compared to control. The cell viability was calculated according to the
following Equation (1).

Percentage of viable cells (%) =
Absorbance (Treated)− Absorbance (Blank)

Absorbance (Untreated)− Absorbance (Blank)
× 100% (1)

2.7. Photokilling Effects of N-GQDs/TiO2 NCs on MDA-MB-231 and HS27 Cells

To study the photokilling effects, cells seeded in 96-well plates were incubated with
a medium containing 0.05–0.5 mg mL−1 N-GQDs/TiO2 NCs for 3 h in the dark. Then,
the cells were washed with PBS and re-suspended in a fresh medium. The cells were
irradiated with 20 W tungsten halogen lamp with an ultraviolet and visible cut-off filter
eliminating UV-Vis light λ < 700 nm, resulting in NIR (700–900 nm) at 55 mW cm−2, which

266



Biomedicines 2022, 10, 421

then resulted in light energies of 16.5, 33 and 66 J cm−2 for 5, 10 and 20 min, respectively.
The light intensity was measured using a Solar Light PMA2100 Dual-Input Data Logging
Radiometer. The irradiated cells were then incubated in the dark for 24 h. After the
incubation period, the cell viability was determined using the MTS assay. The results are
expressed in mean ± SD as a percentage compared to control.

2.8. Measurement of Reactive Oxygen Species (ROS) Level
2.8.1. Measurement of Intracellular ROS Levels

The intracellular levels of ROS were measured by exposing the cells to different
concentrations of N-GQDs/TiO2 NCs for 3 h, were washed with PBS and then re-suspended
in a fresh DMEM medium. The cells were then irradiated for 20 min and incubated at 37 ◦C
for 4 h. Five mM of DCFDA was used as a stock, then 5 μL of 5 mM DCFDA was further
diluted in 5 mL medium to make up the final concentration of 5 μM. After the incubation,
the medium was replaced with 100 μL of 5 μM DCFDA solution and incubated at 37 ◦C
for 1 h. Then, the DCFDA solution was removed, washed with PBS before incubating
with 1% Triton-X lysis buffer (100 μL) for 30 min. Thereafter, lysed cells were centrifuged
at 10,000 rpm for 15 min. The suspension was harvested and placed into 96-well plates.
Clean lysis buffer acted as a blank control and was prepared in parallel with samples.
The fluorescent intensity was measured using a Plate Chameleon™ Multitechnology plate
reader at excitation and emission wavelengths of 485 nm and 535 nm, respectively. The
data are expressed in mean ± SD as a percentage compared to control.

2.8.2. Measurement of Specific Types of ROS

To evaluate the specific types of ROS generated by N-GQDs/TiO2 NCs with light
irradiation, several ROS quenchers for specific ROS were used, including sodium pyruvate,
DMSO, 1,4-benzoquinone and glycerol for the detection of H2O2, •OH, O2

−• and 1O2/O2
−•,

respectively. First, 100 μL of 0.5 mg mL−1 N-GQDs/TiO2 NCs in PBS were mixed with
50 μL DCFDA (without quenchers) and irradiated with light. The fluorescent intensities
of DCFDA were recorded, and a linear plot of intensity versus time was plotted with a
slope noted as Sref. Then, several specific ROS quenchers (10 mM sodium pyruvate, 0.28 M
DMSO, 10 mM 1,4-benzoquinone and 5 vol % glycerol) were respectively added into the
sample solution containing DCFDA before irradiation [33–35]. For the light-irradiated
sample solutions, the level of ROS generated in the presence of quenchers was measured
with an interval of 5 min for 20 min using a Plate Chameleon TM Multitechnology plate
reader at excitation and an emission wavelength of 485 nm and 535 nm, respectively. The
slope of the linear line plotted based on the results obtained is expressed as Sq. The results
are expressed in mean ± SD as a percentage compared to control. Thus, the specific ROS
percentage was calculated according to the following Equation (2).

ROS generated (%) =

(
1 − Sq

Sref

)
× 100% (2)

2.9. Measurement of Caspase-3/7 Activity

Caspase-3/7 activity in the cells was assessed using Caspase-Glo® 3/7 reagent fol-
lowing the manufacturer’s protocol. The treated and non-treated MDA-MB-231 cells were
washed with PBS and re-suspended in a fresh DMEM medium. Thereafter the light irradia-
tion, the cells were incubated for 24 h. A 100 μL of Caspase-Glo® 3/7 reagent was added
to each well, followed by 3 h incubation at room temperature in the dark. Non-treatment
cells were used as a control in this assay. The luminescence readings were then measured
using the M5 multi-detection microplate reader. The data were expressed in mean ± SD as
percentage compared to control.

2.10. Measurement of Mitochondrial Activity

To further study the mitochondrial activity of the cells after the PDT treatment, a
tetramethylrhodamine ethyl ester (TMRE) assay was used following the manufacturer’s
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protocol. Briefly, 1 μM TMRE (100 μL) was added to each well of the control and PDT-
treated MDA-MB-231 cells. Then, the fluorescent readings were then measured using the
M5 multi-detection microplate reader at excitation and an emission wavelength of 544 nm
and 590 nm, respectively. The data are expressed in mean ± SD as percentage compared
to control.

2.11. Statistical Analysis

The data are presented as the mean± SD of two independent experiments, each
performed in triplicate. The statistically significant differences in cell viability (p < 0.05)
were analyzed using an ANOVA by GraphPad Prism 5.0 software, California. The ANOVA
test is carried out to compare the statistical differences among different cell groups (control
cells, HS27 and MDA-MB-231 cells).

3. Results and Discussion

3.1. X-ray Powder Diffraction

The XRD analysis was executed to study the crystallographic properties of pure TiO2
NPs and N-GQDs/TiO2 NCs. The XRD patterns of TiO2 NPs and N-GQDs/TiO2 NCs
are depicted in Figure 1. The Figure 1 shows the reflection of (101), (004), (200), (105),
(211), (204), (116), (220), (215) and (224) peaks at 2θ values of 25.27◦, 37.79◦, 48.21◦, 54.40◦,
55.06◦, 62.56◦, 68.85◦, 70.25◦, 75.16◦ and 82.88◦, respectively, which correspond to the
formation of the pure single-phase of anatase TiO2 NPs with tetragonal structure (space
group, I41/amd, lattice parameter, a = b = 0.378 nm and c = 0.951 nm), which are indexed
based on ICSD 01-071-1166. Similarly, the diffraction peaks of TiO2 incorporated with
N-GQDs were in good agreement with the typical diffraction pattern of anatase phase
TiO2 (ICSD 01-071-1166) and the obtained XRD pattern matched well with as-synthesized
TiO2 NPs. The (101) planes, prominently reflected in the XRD pattern of the nanomaterials,
were in good agreement with the measured lattice spacing of 0.351 nm, as reported in our
previous work [32]. The obtained findings suggest that the structure and phase purity
of TiO2 remained intact, as N-GQDs were incorporated on the surface of the TiO2, and
not into the TiO2 lattice. Moreover, no additional peaks attributed to the N-GQDs were
observed in all the nanocomposite samples. This observation could be due to the lower
concentration of N-GQDs and relatively low diffraction intensity of graphene (2θ ~ 25.60◦)
in the nanocomposites, thus, these might be shielded by the major peak in the anatase
phase TiO2 (2θ = 25.26◦) [36]. Besides, it can be observed that the intensity of the diffraction
peaks’ height declined with the incorporation of N-GQDs, due to the low crystalline nature
of the N-GQDs [37].

Figure 1. X-ray diffractograms synthesized TiO2 NPs and N-GQDs/TiO2 NCs. The inset shows the
X-ray diffractograms of N-GQDs.
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Table S1 presents the crystallite size, lattice parameters and lattice strain calculated
from XRD data obtained for both samples. The obtained results depict that the average
crystallite size (Scherrer equation) of N-GQDs/TiO2 NCs decreased when compared to
the pure TiO2 NPs, which can be attributed to the confinement effect of graphene sheets
that were ascribed to the size change in the sp2 domains, similar to the reported stud-
ies [38,39]. The obtained results are further supported by the average particle size obtained
based on the high resolution transmission electron microscopic (HRTEM) analysis (TiO2
NPs = 11.46 ± 2.8 nm, N-GQDs/TiO2 NCs = 9.16 ± 2.4 nm) [32]. Moreover, the lattice
parameters a and c correspond to the respective XRD patterns of the TiO2 NPs, and N-
GQDs/TiO2 NCs were in accordance with the reference data of the anatase tetragonal
structure (ICSD 01-071-1166). The incorporation of N-GQDs onto the surface of TiO2
poses no influence on the lattice parameters. Meanwhile, the calculated lattice strain of
N-GQDs/TiO2 NCs was higher than that of TiO2 NPs, due to the smaller crystallite size and
a lower degree of crystallinity, ascribed to the lower crystalline nature of N-GQDs in the
nanocomposite [40]. Thus, conjugation of N-GQDs into TiO2 lowers the crystallinity and
particle size, which induces additional strain without altering the lattice parameter values.

3.2. UV-Visible Diffuse Reflectance Spectroscopy (UV-Vis DRS)

The calculated bandgap curves of TiO2 NPs and N-GQDs/TiO2 NCs are shown in
Figure 2. The spectrum of anatase TiO2 is also shown for better comparison. The bandgaps
were obtained based on the Kubelka-Munk rule by plotting (khv)1/2 versus photon energy
(hv). Based on the results obtained, it was found that all N-GQDs incorporated into TiO2
recorded lower bandgap energies than that of synthesized TiO2 (2.91 eV) and commercial
pure anatase TiO2 (3.20 eV). The reduction in the bandgap of the as-synthesized TiO2 NPs
is attributed to surface defects due to the presence of surface oxygen vacancies and Ti3+ self-
doping, which was further confirmed by XPS analysis in Section 3.3. Moreover, the bandgap
value of TiO2 NPs reflects that it can be activated upon the visible light source. Besides,
as no Ti3+ environment was found in the Ti 2p spectra of the nanocomposite (Section 3.3),
therefore the significant blue-shift in the bandgap energy of the N-GQDs/TiO2 NCs is
attributed to the existence of Ti-O-C bonding between N-GQDs and TiO2 [41,42]. This
interaction facilitates an efficient interfacial charge transfer process between TiO2 and
N-GQDs. This phenomenon further ensures the prolonged lifetime of the excited states
due to the improved charge separation in the nanocomposites. This observation implies
that the introduction of N-GQDs onto the surface of TiO2 has shifted the optical bandgap,
which enables the nanocomposite to generate e−/h+ pairs even though they have been
irradiated with longer, non-toxic NIR light.

Figure 2. The bandgap of synthesized TiO2 NPs, N-GQDs/TiO2 NCs and anatase TiO2.
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3.3. X-ray Photoelectron Spectroscopy (XPS)

XPS was employed to study the surface composition and chemical states of TiO2 NPs
and N-GQDs/TiO2 NCs. The resulting high-resolution XPS spectra depict Ti 2p, O 1s
and C 1s states for both samples. Meanwhile, an additional XPS spectrum of N 1s was
recorded for N-GQDs/TiO2 NCs. The Ti 2p spectrum of both samples show two prominent
peaks at ~458.0 eV and ~464.0 eV, assigned to Ti 2p3/2 and Ti 2p1/2 spin-orbital splitting
photoelectrons, respectively (Figure 3a,b). It was found that there was a blue-shift of 0.3 eV
in both Ti4+ 2p3/2 (458.3 eV) and Ti4+ 2p1/2 (464.0 eV) peaks in the N-GQDs/TiO2 NCs
when compared with those in the synthesized TiO2 spectrum (Ti4+ 2p3/2 = 458.6 eV and
Ti4+ 2p1/2 = 464.3 eV). This shifting might be due to the formation of Ti-O-C bonds [43,44].
Besides, further deconvolution of Ti 2p of TiO2 NPs resulted in another two peaks which
are Ti3+ 2p3/2 (458.0 eV) and Ti3+ 2p1/2 (463.3 eV), while no Ti3+ state was observed in
N-GQDs/TiO2 NCs. With the appearance of the Ti3+ state, it suggests the as-synthesized
TiO2 NPs are self-doped TiO2. Enhanced microwave power irradiation could lead to the
conversion of Ti4+ to Ti3+ by forming oxygen vacancies. Generally, microwave energy can
increase the heating rate. Thus, conducting the reaction at higher microwave power will
result in a higher rate of hydrolysis and condensation of the TTIP precursor [45]. Besides, as
the condensation rate increased, it increases the formation of oxygen vacancy and Ti3+ ions
by removing more surface oxygen. Meanwhile, the excess electrons from oxygen vacancies
are trapped on Ti4+ ions to form Ti3+ species. The proposed formation mechanism of
oxygen vacancies and Ti3+ ions is shown in Figure S1.

Whereas, for the O 1s spectra (Figure 3c,d), it was found that several chemical states
of oxygen were present in the samples. Both samples exhibited the main peak centered
at 529.0 eV, assigned to the lattice oxygen (Ti-O-Ti). Another peak, observed at 531.1 eV
for TiO2 NPs, corresponds to the hydroxyl group that adsorbed on the surface of the
TiO2 [45,46]. Additionally, a peak at 531.5 eV is assigned to the Ti-O-C bonds in N-
GQDs/TiO2 NCs, suggesting that the N-GQDs and TiO2 were probably coupled via Ti-O-C
bonds, which could promote interfacial electron transfer [47,48].

Meanwhile, the C 1s spectra of TiO2 NPs and N-GQDs/TiO2 NCs (Figure 3e,f) were
deconvoluted and fitted with two and four peaks, respectively. A strong peak at 284.6 eV
and a shoulder peak at 285.6 eV in TiO2 NPs are attributed to the adventitious carbon of
the carbon tape attached to the sample holder and residual carbon that was associated with
the carbon residues from the TTIP precursor, respectively [43,49]. Furthermore, the peak at
284.7 eV in N-GQDs/TiO2 NCs was assigned to sp2 hybridized carbon atoms (C=C) in the
honeycomb lattice structure of N-GQDs.

Moreover, three peaks, centered at 285.5 eV, 286.1 eV and 288.8 eV, were ascribed to
a C-N bond with sp2 orbital, C-OH (hydroxyl carbon) and O-C=O (carboxylate carbon),
respectively. There was no Ti-C carbide bond-related peak (~282 eV) observed in the
C 1s spectrum of N-GQDs/TiO2 NCs [50]. This finding further implies the anchoring of
N-GQDs on the surface of TiO2 via Ti-O-C bond formation.

Furthermore, an additional N 1s spectrum was observed for N-GQDs/TiO2 NCs and it
was fitted into two peaks (Figure 3g). The main peak at 400.3 eV is attributed to the pyrrolic
N and the peak at 401.1 eV corresponds to graphitic N within the graphene lattice [37,51].
The absence of a Ti-N bond (~396 eV) in the N 1s spectrum indicates that TiO2 was not
doped with N atoms, while it reaffirms the presence of N atoms doped into the graphene
lattice [52].
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Figure 3. High-resolution XPS spectra of Ti 2p of synthesised (a) TiO2 NPs and (b) N-GQDs/TiO2

NCs, O 1s of synthesized (c) TiO2 NPs and (d) N-GQDs/TiO2 NCs, C 1s of synthesised (e) TiO2 NPs
and (f) N-GQDs/TiO2 NCs, (g) N 1s of synthesized N-GQDs/TiO2 NCs.
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3.4. Characterisation of the Nanomaterials in Cell Culture Treatment, Their In Vitro Cytotoxicity
Assessment and Photodynamic Therapy

The behavior of the nanomaterials in the cell culture environment and their inter-
action with biological substrates were studied by determining their respective hydrody-
namic size and zeta potential in the deionized water (DI water) and cell culture medium
(Supplementary Figure S2). Overall, nanomaterials dispersed in DMEM without any dis-
persing agent resulted in a higher hydrodynamic size than in DI water, due to higher
ionic strength content in the cell culture medium. Meanwhile, there was a significant
decrease in the hydrodynamic size of the nanomaterials dispersed in complete cell cul-
ture medium (DMEM + 1% FBS). This effect is attributed to the formation of protein
corona, which provides electrostatic repulsion between particles. These findings are in
good agreement with previously reported works [13,20]. Furthermore, hydrodynamic sizes
of 0.1 mg mL−1 N-GQDs/TiO2 NCs (49.2 ± 4.5 nm) dispersed in complete cell culture
medium were observed to be smaller than for TiO2 NPs (51.1 ± 3.3 nm). Consistent with
the obtained hydrodynamic size, the zeta potential values of 0.1 mg mL−1 N-GQDs/TiO2
NCs (−23.2 ± 2.1 mV) in a medium containing 1% FBS were more negatively charged
than for TiO2 NPs (−21.5 ± 1.6 mV), suggesting nanocomposite disaggregation. Moreover,
N-GQDs (0.1 mg mL−1) dispersed in complete cell culture medium have the smallest hydro-
dynamic size (11.8 ± 5.2 nm) and a large negative value of zeta potential (−30.0 ± 2.7 mV),
which leads to good dispersion of the quantum dots. These properties of N-GQDs improve
the dispersibility of the TiO2 in the nanocomposite [32].

In this study, the in vitro cytotoxicity of TiO2 NPs and N-GQDs/TiO2 NCs (0.01, 0.05,
0.1, 0.5 and 1.0 mg mL−1) were evaluated using MDA-MB-231 and HS27 cells for 24 h.

The reason we conducted the PDT reaction for 24 h was due to the significant drop
in the cell viability after 48 h treatment when compared to 24 h without light irradiation,
based on our previous study [32]. Cytotoxicity of nanocomposites in the absence of light is
a critical property before PDT treatment. Similarly, other work also studied the 24 h PDT of
TiO2 that was conjugated with reduced graphene oxide [12]. The MDA-MB-231 cells were
used as a cancer cell model, while HS27 represented a non-cancerous cell, control model to
test the cytotoxicity of the nanomaterials. As shown in Figure 4a,b, the viability of the cells
after 24 h incubation was not significantly altered as the concentration of TiO2 NPs increased
from 0.05 to 0.5 mg mL−1, then, at 1.0 mg mL−1, there was a 29% and 23% decrease in
viability of MDA-MB-231 and HS27 cells, respectively. Moreover, when compared to
the control group, the lower concentrations of nanoparticles (0.05–0.1 mg mL−1) did not
exhibit a significant growth inhibitory effect in the cell viability of both cell lines. Moreover,
the cell viability trend of the synthesized nanocomposites was similar to that of TiO2
NPs at lower concentrations (0.01–0.1 mg mL−1). However, it increased significantly
at 0.5 and 1.0 mg mL−1 when compared to TiO2 NPs in both cell lines. Furthermore,
this observation indicates that TiO2 NPs exhibit a more prominent toxicity level than the
nanocomposites (0.5 mg mL−1 (p < 0.01) & 1.0 mg mL−1 (p < 0.001)), which is attributed
to their distinct characteristics (particle size, crystallinity and composition) in both cell
lines [53,54]. Meanwhile, as for the nanocomposite, good biocompatibility characteristics
of N-GQDs (0.5 mg mL−1 (p < 0.05) & 1.0 mg mL−1 (p < 0.01)) after 24 h post-treatment
helps to mitigate the toxicity effects of TiO2 (Supplementary Figure S3). Based on the
obtained results, it has been proven that incorporating N-GQDs into TiO2 did not render
any additional toxicity to the nanocomposite when compared to TiO2 NPs after 24 h
post-treatment [32]. The initial cell viability study presents the safe concentration from
0.01 mg mL−1 to 0.5 mg mL−1, as viability decreased prominently at 1.0 mg mL−1. Overall,
the synthesized nanomaterials induced toxicity in a dose- and time-dependent manner.
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Figure 4. Cell viability of (a) MDA-MB-231 and (b) HS27 cells, (c) MDA-MB-231 cells treated with dif-
ferent concentrations of N-GQDs/TiO2 NCs (0.05–0.5 mg mL−1), then irradiated with various doses
of NIR light (5–20 min) and (d) MDA-MB-231 and HS27 cells treated with different concentrations of
N-GQDs/TiO2 NCs (0.05–0.5 mg mL−1), then irradiated with NIR light for 20 min. The cell viability
was estimated at 24 h after irradiation. Data are presented as the mean ± SD of two independent
experiments made in three replicates (n = 6). Significant difference was tested using one and two-way
ANOVA followed by the Tukey’s (a,b,d) and Bonferroni post-hoc tests (c), respectively * (p < 0.05),
** (p < 0.01) and *** (p < 0.001).

The ‘safe concentrations’ of the nanocomposite that were identified from the cytotox-
icity assay were used to determine their photokilling properties on MDA-MB-231. The
cell-killing effects were measured under irradiation of near-infrared (NIR) light for 5, 10
and 20 min resulting in light energies of 16.5, 33 and 66 J cm−2, respectively, as shown
in Figure 4c. A low-power (20 W) lamp was used in this study to minimize the effect of
temperature. The nanocomposite led to a slight decrease in cell viability at lower concentra-
tions (0.05 mg mL−1) and short irradiation duration (5 min) when compared to the control
cells. However, a substantial decrease in cell viability with the highest photokilling effect
was observed at nanocomposite doses of 0.1 and 0.5 mg mL−1 under the irradiation of NIR
light for 20 min. Irradiation of nanocomposites (0.05–0.5 mg mL−1) for 20 min resulted in a
24, 65 and 72% reduction in cell viability, respectively, when compared to control cells as
determined after 24 h of incubation. It is noteworthy that, unlike carcinogenic UV light,
NIR light is generally considered safe to humans, without inducing adverse side effects
such as tissue damage, severe skin aging or oxidative stress [55]. Besides, the application
of longer wavelength NIR light is more effective in PDT than UV and visible light as it
has a greater ability to penetrate the human skin, and reaches the subcutaneous tissues
(e.g., deeper-seated tumor), the capillaries and other major components of living tissues
such as water, hemoglobin in blood and proteins [56]. The obtained results indicated that
both the applied concentration of N-GQDs/TiO2 NCs and light irradiation duration, as
well the intensity, regulate the induction of cell death. Moreover, the anti-cancer effects of
N-GQDs/TiO2 NCs are light exposure-dependent.

The efficacy of the treatment for cancer cells mainly depends on cellular selectivity
and inducing photodamage to the targeted cancer cells when compared to normal cells.
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To test the selectivity of the treatment, a comparative study was carried out on the HS27
cell line, since the human skin will be the first to be exposed to the light-based PDT
treatment before deep penetration into the breast cancer cells (Figure 4d). Similar to
the results obtained in the cytotoxicity assay, a lower concentration (0.05 mg mL−1) of
nanocomposites had no significant influence on the photokilling effects on HS27. When
nanocomposite concentrations of 0.1 and 0.5 mg mL−1 were used, a 45 and 60% reduction
in HS27 cells were observed, respectively. Nevertheless, the obtained finding of HS27 cells
was less than the 65% and 72% reduction seen in the cell viability of MDA-MB-231 cells
at the respective concentrations of the nanocomposite. The phototoxic effect of PDT was
observed in both non-cancerous and cancer cells, however, synthesized N-GQDs/TiO2
NCs selectively induced more photodamage in the cancerous MDA-MB-231 cells than
HS27 cells. The selective toxicity of the nanocomposite might be associated with the
difference in the morphology [57], as well as structural and functional differences, of the
mitochondria [58,59] between cancer and normal cells.

3.5. Production of Reactive Oxygen Species (ROS)

The major cause of PDT cytotoxicity is the induction of oxidative stress through the
direct production of ROS. The effects of N-GQDs/TiO2 NCs as a photosensitizer on ROS
generation were evaluated by measuring the intracellular ROS levels using DCFDA stain-
ing of the MDA-MB-231 and HS27 cells (Figure 5a). The analysis of the dichlorofluorescein
(DCF) intensity indicated that the ROS generated increased as a function of the concentra-
tion of nanocomposite (0.05–0.5 mg mL−1). The ROS assay carried out provides a clear view
of the differential effects of N-GQDs/TiO2 NCs-based therapy on MDA-MB-231 and HS27
cells. Minimal fluorescent signals were recorded for HS27 cells. In contrast, MDA-MB-231
registered higher fluorescent intensity, which corresponds with the obtained cell viability of
the MDA-MB-231 cells after the PDT treatment. Generally, cancer cells have increased levels
of ROS, as they have higher basal ROS levels than in normal cells, which are associated with
the abnormal and aggressive growth of cancer cells [60]. However, the reduction–oxidation
(redox) balance within cancer cells is maintained by a marked endogenous antioxidant
capacity. An excessive amount of ROS can lead to oxidative damage to all components of
the cell (lipids, proteins and DNA). Therefore, maintaining ROS homeostasis is vital for cell
survival and growth. Contrary to normal/non-cancerous counterparts, cancer cells with
increased oxidative stress induced by exogenous agents are more vulnerable to cellular
death. This phenomenon reflects the disruption of redox homeostasis, following either
elevation of ROS generation or decrease in ROS-scavenging capacity, due to impaired
antioxidant system in the cancer cells [61]. Meanwhile, non-cancerous cells with lower
levels of basal ROS levels have the capability of maintaining redox homeostasis via the an-
tioxidant defense system, which mainly consists of antioxidants (glutathione) and enzymes
(superoxide dismutase, catalase, glutathione peroxidase and glutathione S-transferase).
This defense system can scavenge excessive ROS and stabilize the ROS levels under physi-
ological conditions [62,63]. Thus, an increased ROS level was observed in MDA-MB-231
cells when compared to HS27 cells. As the photo-killing effects and intracellular ROS in
MDA-MB-231 cells were significantly higher than that of HS27, thus, further study on
cellular apoptosis and mitochondrial activity assays were carried out using MDA-MB-231
cells only.

To elucidate a link between oxidative stress and the observed cellular outcomes
induced by different PDT doses, four ROS scavengers, sodium pyruvate, DMSO, 1,4-
benzoquinone and glycerol as effective scavengers of H2O2, •OH, O2

−• and 1O2/O2
−•

quenchers, were used, respectively. The amount of a particular type of ROS generated
by the nanocomposite in the presence of a specific ROS quencher was monitored by the
quenching in the fluorescent intensity of DCF. Then, the resulting percentage of ROS
was calculated by comparing the decrease in the fluorescent intensity with the measured
intensity in the absence of the scavenger (Figure 5b), and the obtained results are listed
in Table 1. The calculated results depict that overall, the nature of ROS formed is mainly
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1O2 instead of O2
−•, H2O2 and •OH, which were responsible for the PDT cytotoxicity that

killed the cancer cells. The obtained results were also supported by the reported N-TiO2
and ZnO NPs that were applied in PDT as a photosensitizer [35,64]. Besides, based on the
literature, it has been stated that singlet oxygen is the major cytotoxic agent that plays a
significant role in photobiological activity [65].

Figure 5. (a) ROS levels of MDA-MB-231 and HS27 cells were treated with different concentrations
of N-GQDs/TiO2 NCs (0.05–0.5 mg mL−1) and were irradiated with NIR light for 20 min. Data
are presented as the mean ± SD of two independent experiments made in three replicates (n = 6)
and normalized to control. Significant difference was tested using a two-way ANOVA followed
by a Bonferroni post-hoc test and compared to MDA-MB-231, ** (p < 0.01) and *** (p < 0.001),
(b) Comparison of photo-induced ROS generated by N-GQDs/TiO2 NCs under irradiation of NIR
light as a function of irradiation time and (c) A proposed possible mechanism of ROS generation by
N-GQDs/TiO2 NCs upon NIR light irradiation.

Table 1. Proportion of different ROS (%) generated by N-GQDs/TiO2 NCs (0.5 mg mL−1) under
irradiation of NIR light for 20 min.

Types of ROS Percentage

1O2/O2
−• 61.5 ± 1.8

H2O2 25.7 ± 1.7
•OH 30.9 ± 0.9
O2

−• 12.6 ± 1.6
Data are presented as the mean ± SD of two independent experiments made in three replicates (n = 6).

Furthermore, Figure 5c shows a proposed possible mechanism of ROS generation
by N-GQDs/TiO2 NCs upon NIR light irradiation. In the synthesized nanocomposites,
N-GQDs with discrete electronic levels serve as a light absorber, generate electrons and
enable donor–acceptor contact with TiO2, which facilitates direct contact with the TiO2
surface. When p-type N-GQDs and n-type TiO2 form a p-n heterojunction, free electrons in
TiO2 are transferred to N-GQDs and thus, create holes in the valence band (VB) of TiO2
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(Equation (3)) [66]. Upon NIR light irradiation, the N-GQDs absorb the light, leading to
the excitation of electrons from the highest occupied molecular orbital (HOMO) to the
lowest unoccupied molecular orbital (LUMO), as shown in Equation (4). Then, the electrons
are transferred to the CB of TiO2 (Equation (5)). Based on the literature, the LUMO level
of GQDs is located in the range of −0.5 to −1.0 eV (with respect to normal hydrogen
electrode, NHE), and additionally doping with electron-rich N atoms could further lower
the work function of the GQDs [67,68]. Moreover, based on our previous work, TiO2
NPs synthesized employing the hydrothermal method has a bandgap of 3.00 eV, thus, the
position of the conduction band (CB) of anatase TiO2 is at −0.18 eV (with respect to NHE),
whereby, the LUMO of the N-GQDs is located above the CB of anatase TiO2. Therefore,
theoretically, the electron transfer from the LUMO of the N-GQDs to CB of the TiO2 is
thermodynamically favorable, while the generated holes accumulate in the HOMO of
N-GQDs. This results in efficient charge separation and greatly suppresses the rate of
recombination of e−/h+ pairs. TiO2 accepts the electrons, and the excited electrons reduce
the molecular oxygen to generate singlet oxygen molecules (1O2) (Equations (6) and (7)).
According to the energy band positioning profile, the holes in the HOMO (~1.9 eV) is
above a threshold of •OH/H2O (~2.5 eV). Hence, it would not be able to split the water
molecules and produce the hydroxyl radicals (•OH) [69]. The holes in the VB of TiO2
(2.82 eV) could act as oxidants to oxidize the water molecules into •OH and H+ as minor
products (Equation (8)). Based on the ROS quenching study, it was found that singlet
oxygen molecules are major products formed during the photodynamic process. Therefore,
in this case, TiO2 served as the catalytic reaction activating region, meanwhile, N-GQDs
functioned as a good electron transport medium.

TiO2
(
e−

)
+ N − GQDs → TiO2

(
h+)+ N − GQDs

(
e−

)
(3)

N − GQDs + hv → N − GQDs
(
e− + h+) (4)

N − GQDs
(
e−

)
+ TiO2 → N − GQDs

(
h+)+ TiO2

(
e−

)
(5)

TiO2
(
e−

)
+ 3O2 → TiO2 + O−•

2 (6)

O−•
2 + H+ + e− → 1O2 + H2O2 (7)

TiO2
(
h+)+ H2O → TiO2 +

•OH + H+ (8)

3.6. Mechanism of Photokilling Properties on MDA-MB-231 Cells

In this work, Caspase Glo-3/7 was employed to study the types of cell death pathways
that may occur. Based on Figure 6a, an increase in the nanocomposite concentrations
led to an increase in the caspase 3/7 activity and release of caspases. Therefore, success-
ful activation of Caspase Glo-3/7 indicates N-GQDs/TiO2-mediated PDT induces the
apoptosis-based cell death pathway in MDA-MB-231 cells. The activated executioner
caspase (caspase-3 and -7) can result in cleavage of the cellular substrates and eventually
leads to the cellular changes observed in apoptotic cells. Once activated, nuclear lamins
are cleaved and this is followed by condensation of chromatin and shrinkage of nuclear
material [70]. Besides, it also activates the cleavage of Caspase-activated DNase (CAD),
which leads to DNA fragmentation [71]. Moreover, cell fragmentation and the formation
of apoptotic bodies are caused by cleaved cytoskeletal proteins. This apoptosis signaling
pathways are directly involved in inducing cancer cell death.

Generally, apoptosis can be initiated via either activation of death receptors or mi-
tochondrial release of cytochrome c, known as extrinsic and intrinsic apoptosis, respec-
tively [72]. To further study the apoptotic pathway, tetramethylrhodamine ethyl ester
(TMRE) was used to label active mitochondria. Based on Figure 6b, exposure to N-
GQDs/TiO2 NCs in the presence of NIR light irradiation for 20 min altered the mito-
chondrial membrane potential in the MDA-MB-231 cells by reducing it (decreasing TMRE
fluorescence intensity) significantly in a concentration-dependent manner, as accessed
with the TMRE assay, which was identified as the early apoptotic signal. Generally, the
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generated exogenous ROS targets the organelle membrane [73]. The increased production
of highly reactive ROS will cause damage to the mitochondrial membranes. This obtained
result indicates the collapse of the mitochondrial membrane potential, which triggers mi-
tochondrial outer membrane permeabilization (MOMP). The vast array of cellular stress
signals, including MOMP, activates mitochondrial-dependent apoptosis, leading to the
release of intermembrane protein, cytochrome c, from the inner membrane of mitochon-
dria into the cytosol, inducing chromatin condensation and the formation of apoptotic
bodies [74]. Moreover, the decline in the mitochondria membrane potential level might
also be accompanied by the significant drop in adenosine triphosphate (ATP) generation,
which consequently leads to initiation of apoptosis (cellular death) due to insufficient
energy for cell survival [75]. The findings further imply that exogenous ROS could pre-
cede to the mitochondrial dysfunction, which is the critical event of apoptosis, indicating
N-GQDs/TiO2-mediated PDT induces mitochondrial-dependent apoptosis.

Figure 6. (a) Induction of apoptosis, (b) Measurement of the mitochondrial membrane potential of
MDA-MB-231 cells treated with different concentrations of N-GQDs/TiO2 NCs (0.05–0.5 mg mL−1)
and were irradiated with NIR light for 20 min. Data are presented as the mean ± SD of three replicates
(n = 3) Significant difference was tested using a one-way ANOVA followed by the Tukey’s post-hoc
test as compared to control ** (p < 0.01) and *** (p < 0.001).

4. Conclusions

This work reports the successful synthesis of TiO2 conjugated with N-GQDs via the
two-pot hydrothermal method through the formation of Ti-O-C on the surface of the TiO2.
Besides, the light absorption edge of the anatase phase nanocomposite is extended to a
longer, non-toxic NIR light region by narrowing down the bandgap to 1.53 eV, which could
improve the penetrability of the nanocomposite when administered in deeper locations
in the breast tissue. Unlike most metal oxides, the TiO2-nanocomposite with N-GQDs
did not induce significant toxicity in the absence of light when compared to TiO2 NPs,
which is a critical property in designing PDT photosensitizers. Under NIR light irradiation,
nanocomposite doses (0.1 and 0.5 mg mL−1) induced significantly higher cell death in
MDA-MB-231 cells than in HS27 cells due to the increased ROS levels, particularly singlet
oxygen (1O2), observed in the cancer cells. The development of this titanium dioxide-based
nanocomposite in the current study could be a potential alternative photosensitizer with
the ability to effect mitochondrial-dependent apoptosis in the cells. Thus, the incorporation
of N-GQDs in TiO2 can be a promising candidate for photosensitizer in PDT combined
with NIR light activation.

277



Biomedicines 2022, 10, 421

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biomedicines10020421/s1, Figure S1: The possible formation
mechanism of oxygen vacancies and Ti3+ ions; Figure S2: Hydrodynamic size and zeta potential of N-
GQDs, TiO2 NPs, N-GQDs/TiO2 NCs in cell culture medium (mean ± SD, n = 3). The nanomaterials
were dispersed in water or medium with or without FBS (1%, v/v), then sonicated, vortexed and
hydrodynamic size and zeta; Figure S3: Cell viability of MDA-MB-231 and HS27 cells after 24 h
post-treatment. Data are presented as the mean ± SD of two independent experiments made in three
replicates (n = 6) and normalized to control. Significant difference was tested using two-way ANOVA
followed by Bonferroni post-hoc test as compared to control * (p < 0.05) and ** (p < 0.01); Table S1:
Crystallite size, lattice parameters and lattice strain of TiO2 NPs and N-GQDs/TiO2 NCs.
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Abstract: Tumor-targeted photodynamic therapy (PDT) using polymeric photosensitizers is a promis-
ing anticancer therapeutic strategy. Previously, we developed several polymeric nanoprobes for
PDT using different polymers and PDT agents. In the study, we synthesized a styrene maleic
acid copolymer (SMA) micelle encapsulating temoporfin (mTHPC) that is a clinically used PDT
drug, SMA@mTHPC, with a hydrodynamic size of 98 nm, which showed high water solubility.
SMA@mTHPC maintained stable micelle formation in physiological aqueous solutions including
serum; however, the micelles could be disrupted in the presence of detergent (e.g., Tween 20) as
well as lecithin, the major component of cell membrane, suggesting micelles will be destroyed and
free mTHPC will be released during intracellular uptake. SMA@mTHPC showed a pH-dependent
release profile, for which a constant release of ≈20% per day was found at pH 7.4, and much more
release occurred at acidic pH (e.g., 6.5, 5.5), suggesting extensive release of free mTHPC could
occur in the weak acidic environment of a tumor and further during internalization into tumor cells.
In vitro cytotoxicity assay showed a lower cytotoxicity of SMA@mTHPC than free mTHPC; however,
similar in vivo antitumor effects were observed by both SMA@mTHPC and free THPC. More impor-
tantly, severe side effects (e.g., body weight loss, death of the mice) were found during free mTHPC
treatment, whereas no apparent side effects were observed for SMA@mTHPC. The superior safety
profile of SMA@mTHPC was mostly due to its micelle formation and the enhanced permeability
and retention (EPR) effect-based tumor accumulation, as well as the tumor environment-responsive
release properties. These findings suggested SMA@mTHPC may become a good candidate drug for
targeted PDT with high safety.

Keywords: EPR effect; polymeric micelles; PDT nanoprobe; tumor targeting; temoporfin

1. Introduction

Photodynamic therapy is a less invasive therapeutic strategy for cancer, which utilizes
photosensitizers (PS) followed by light irradiation [1–3]. Upon light exposure, the PS is
excited, and the energy is transferred to molecular oxygen to generate cytotoxic singlet
oxygen (1O2) [3]. 1O2, as an oxygen free radical, rapidly react with biomolecules, i.e.,
proteins, DNA, and lipid, inducing oxidative damage and apoptosis of the cells [3–5]. Most
of the PSs are non-toxic or less toxic agents and they are not harmful without exposure to the
light; accordingly, tumor-specific light irradiation will kill cancer cells selectively, without
inducing severe side effects to the normal cells, which is an advantage to conventional
anticancer chemotherapy. However, conventional PSs are mostly low-molecular weight
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agents—after systemic administration, they distribute indiscriminately to both tumor
tissue and normal tissues, e.g., the skin; ambient light may thus trigger the injury and
inflammation of the skin. Actually, in conventional PDT, patients can remain photosensitive
for several weeks after treatment, and avoiding excess ambient light is always necessary
for patients receiving PDT [4]. In addition, most PSs show poor water-solubility, which
hampers their clinical application.

In order for these drawbacks to be overcome, nano-designed PSs have been receiving
much attention. Namely, biocompatible polymers, liposome, and antibodies are used to
modify PSs resulting in various macromolecular formulations of PSs with sizes of several
to several hundred nanometers. The nano-formulation of PSs renders high water solubility
of PSs, and more importantly, it could fulfill tumor-targeted PDT effect by taking advantage
of the enhance permeability and retention (EPR) effect. EPR effect is a unique phenomenon
regarding the behaviors of macromolecules according to the abnormal anatomical and
pathophysiological natures of tumor blood vasculature [6–11]. Compared to normal vascu-
lature, tumor vasculature shows a large gap between the endothelial cells and exhibits high
vascular permeability, as well as defected lymphatic functions, by which macromolecules
with molecular weight higher than 40–50 kDa, or molecular size larger than 5–10 nm, will
accumulate selectively and remain in tumor tissues for prolonged period of time, whereas
they will not penetrate normal blood vessels, thus showing significantly less distribution
in normal tissues compared to low molecular weight agents. The EPR effect was first
discovered by Maeda and Matsumura in 1986 [6], and now it has been become a well-
understood rationale for the design and development of anticancer nanomedicine [7–11].
In our laboratory, on the basis of the EPR effect, we have developed many macromolecular
anticancer agents by using biocompatible polymers including polyethylene glycol (PEG),
styrene maleic acid copolymer (SMA), and poly(N-(2-hydroxypropyl) methacrylamide)
copolymer (HPMA) [7–19]. Polymer-modified PSs were also investigated, including PEG-
conjugated zinc protoporphyrin (ZnPP) (PEG-ZnPP) [19,20], SMA micelles of ZnPP (SMA-
ZnPP) [16–18], HPMA-conjugated ZnPP (HPMA-ZnPP) [12,14], and HPMA-conjugated
pyropheophorbide a (P-PyF) [15], all of which showed tumor-targeting properties and
potent PDT effect with high tumor selectivity. Along this line, in this study, we challenged
a polymeric micellar formation of a clinically used PDT drug, temoporfin (mTHPC), using
SMA copolymer.

mTHPC is the most potent second-generation PS [21], and it is approved in the Eu-
ropean Union as a PDT drug for the treatment of squamous cell carcinoma of the head
and neck [4]. As with other PSs, administration of mTHPC results in patients becoming
highly sensitive to light, which lasts 7 to 15 days, and therefore appropriate light expo-
sure precautions are necessary during this period [4]. mTHPC is water-insoluble and its
standard formulation is dissolved in organic solvents, i.e., ethanol, which largely hampers
its application. Accordingly, liposomal formulations of mTHPC have been developed
showing high water-solubility as well as potent PDT effect [21–24], suggesting the benefit
of nano-design for mTHPC.

Besides liposomal formulation, polymer micelle is another well-accepted nano-platform,
in which amphiphilic polymers are utilized to form micelles in aqueous solutions by self-
assembly where hydrophobic drugs are encapsulated in the core of micelles [25,26]. SMA
is one such amphiphilic copolymer, containing hydrophobic styrene motif and hydrophilic
maleic acid motif. We have successfully developed several SMA micelles of anticancer
agents including doxorubicin, pirarubicin, and ZnPP, all of which showed high water
solubility and tumor-targeting properties [18,27,28]. In this context, we report here a SMA
micelle encapsulating mTHPC (SMA@mTHPC), which showed increased water solubility,
potent PDT effect, and superior safety profile compared to native mTHPC.
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2. Materials and Methods

2.1. Chemicals

Poly(styrene-co-maleic anhydride) (an SMA copolymer), with a mean molecular
weight of 1600 Da, and mTHPC were purchased from Sigma Chemical Co. (St. Louis,
MO, USA). 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) and
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (WSC) were purchased
from Wako Pure Chemical Industries Ltd. (Osaka, Japan). 2,2,6,6-Tetramethyl-4-piperidone
(4-oxo-TEMP) was purchased from Tokyo Chemical Industry (Tokyo, Japan). Other
reagents of reagent grade and solvents were purchased from Wako Pure Chemical In-
dustries Ltd. and used without further purification.

2.2. Synthesis of SMA@mTHPC
2.2.1. Hydrolysis and Purification of SMA

The maleic anhydride residue of the SMA copolymer was hydrolyzed to the water-
soluble maleic acid form by addition of 1 N NaOH at 50 mg/mL. The solution was heated
at 50 ◦C during stirring for 24 h until a clear solution was obtained. Then, the pH of the
solution was adjusted to 7.0 with 1 N HCl, followed by dialysis using a dialysis bag with
molecular cut-off of 8000 Da (Wako), and then freeze-drying.

2.2.2. Preparation of SMA@mTHPC Micelles

SMA@mTHPC micelles were prepared by a similar protocol to that described earlier
by us for SMA-ZhPP micelles [18], with some modifications. In brief, hydrolyzed SMA
(100 mg) was dissolved in 20 mL deionized water and the pH was adjusted to 5.0 by
1 N HCl, to which 11 mg of mTHPC dissolved in 1 mL DMSO was added dropwise. One
hundred milligrams of WSC was then added, and the reaction mixture was stirred at room
temperature for 30 min. Then, the pH of reaction solution was adjusted to 11.0 by 1 N
NaOH, with further stirring for 1 h. Finally, the pH or the reactant was adjusted to 7.4 by 1N
HCl, followed by dialysis against deionized water at 4 ◦C for 3 days with 3-change of water,
and then freeze-drying, in order to obtain the brown powder of SMA@mTHPC (91 mg).

2.3. Characterization of P-PyF
2.3.1. Measurement of Particle Size of P-PyF

SMA@mTHPC was dissolved in 0.01 M phosphate-buffered 0.15 M saline (PBS; pH 7.4)
at 2.5 mg/mL and was filtered through a 0.2 μm filter. The particle size was measured by
dynamic light scattering (ELS-Z2; Otsuka Photal Electronics Co. Ltd., Osaka, Japan).

2.3.2. Fluorescence Spectroscopy

Fluorescence spectra of SMA@mTHPC, dissolved in different solutions or solvents,
were recorded on a spectrophotometer (FP6600, Jasco Corp.,Tokyo, Japan). The sample
solution was excited at 420 nm (corresponding to the maximum absorbance of mTHPC),
and emission from 600 to 800 nm was recorded. A standard curve for free mTHPC in DMSO
was plotted as a reference for quantification of the release of mTHPC from SMA@mTHPC
as describe below.

2.3.3. UV–VIS Spectroscopy

UV–VIS spectra of SMA@mTHPC were recorded on a spectrophotometer (V730, Jasco
Corp.). mTHPC content was quantified on the basis of analysis of UV–VIS absorption of
SMA@mTHPC that was dissolved in DMSO at 420 nm. A standard curve for free mTHPC
in DMSO was plotted (inset of Figure S1) as a reference for calculating the loading of
mTHPC in SMA@mTHPC.

2.3.4. Release Rate of mTHPC from the SMA@mTHPC Micelles

The release of mTHPC from SMA@mTHPC micelles was measured by a dialysis
method. In brief, 5 mg of SMA@mTHPC micelles was dissolved in 1 mL deionized water
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and placed in sealed dialysis bags (Mw cut-off 8000 Da, Wako). The dialysis bags were
submerged in 50 mL tubes (Falcon, BD labware, Franklin Lakes, NJ) containing 25 mL of
0.2 M sodium phosphate buffers of different pH values (i.e., pH 5.5, pH 6.5, and pH 7.4).
The dialysis tubes were then incubated at 37 ◦C in the dark with reciprocal shaking at 1 Hz.
The mTHPC released from the dialysis bags were collected at scheduled time intervals and
its amount was quantified by recording fluorescence intensity after 10-time dilution by
DMSO by using the standard curve of mTHPC.

2.4. Detection of 1O2 Generation by Electron Spin Resonance (ESR) Spectroscopy

SMA@mTHPC was dissolved in PBS at 400 μg/mL (40 μg/mL mTHPC equivalent)
with/without 0.1% Tween 20, to which 20 mM 4-oxo-TEMP (spin trapping agent) was
added. Samples in a flat quartz cell (Labotec, Tokyo, Japan) were irradiated (25 mW/cm2)
for the indicated times, by using xenon light source (MAX-303; Asahi Spectra Co. Ltd.,
Tokyo, Japan) at 400–700 nm. The ESR spectrometer was usually set at a microwave power
of 1.0 mW, amplitude of 100 kHz, and field modulation width of 0.1 mT.

2.5. In Vitro Cytotoxicity Assay

Mouse colon cancer C26 cells and African green monkey kidney cells (CCL-81) were
maintained in RPMI-1640 medium (Wako), supplemented with 10% fetal calf serum
(Nichirei Biosciences Inc., Tokyo, Japan) under 5% CO2/air at 37 ◦C. Cells were seeded in 96-
well plates at 5000 cells per well and preincubated for 24 h. SMA@mTHPC was then added
at different concentrations, followed by irradiation with fluorescent blue light that had
peak emission at 420 nm (1.0 J/cm2) (TL-D; Philips, Eindhoven, the Netherlands) at 24 h
after addition of SMA@mTHPC. After further 24 h of culture, the MTT assay was carried
out to quantify viable cells. In some experiments, the dark cytotoxicity of SMA@mTHPC
without light irradiation was carried out, in which MTT assay was performed at 48 h after
SMA@mTHPC administration.

2.6. Intracellular Uptake of SMA@mTHPC

C26 cells were seeded in 12-well plates at 3 × 105 cells per well and preincubated
for 24 h. Free mTHPC or SMA@mTHPC was then added at 2 μg/mL. After the desired
time, the cells were harvested and collected. After being washed thrice with PBS, the
internalized mTHPC were extracted by using ethanol under sonication (30 W, 30 s, UP50H
homogenizer, Hielscher Ultrasonics GmbH, Teltow, Germany) on ice, and the supernatant
subsequently obtained after centrifugation (13,000 rpm, 15 min) was subjected to fluores-
cence spectroscopy (excitation at 420 nm, emission at 590 nm). The amount of mTHPC was
then calculated by using the standard curve of mTHPC (Figure S2). In some experiments,
the culture medium of pH 5.5 was used to investigate the uptake of SMA@mTHPC in
different pH conditions.

2.7. In Vivo Tissue Distribution of SMA@mTHPC

Male ddY mice used in this study were 6 weeks old and obtained from SLC Inc.,
Shizuoka, Japan. Mouse sarcoma S180 cells (2 × 106 cells) that had been grown in peritoneal
cavity of ddY mice as ascetic form were implanted subcutaneously (s.c.) in the dorsal
skin of ddY mice in order to establish a mouse S180 solid tumor model. All animals were
maintained under standard conditions and fed water and murine chow ad libitum. All
animal experiments were approved by the Animal Ethics Committees of Sojo University
(no. 2020-P-009, approved on 1 April 2020) and were carried out according to the Guidelines
of the Laboratory Protocol of Animal Handling, Sojo University.

At 10–12 days after tumor inoculation when the diameters of the tumor reached
approximately 10 mm, 5 mg/kg (mTHPC equivalent) of SMA@mTHPC dissolved in
physiological saline was injected intravenously (i.v.). At 24 h after injection, the mice were
sacrificed. After perfusion with physiological saline, tumors as well as normal tissues, e.g.,
liver, spleen, and kidney etc., were then dissected and weighed, and DMSO (1 mL/100 mg
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of tissue) was added. Tissues were then homogenized and after centrifugation (12,000 × g,
25 ◦C, 10 min), and mTHPC extracted in the supernatant was quantified by fluorescence
intensity (Ex. at 420 nm, Em. at 590 nm) by using a standard curve of mTHPC (Figure S2).

In some experiments, the collected tumors as well as normal tissues (i.e., the liver) were
subjected to ex vivo imaging using IVIS XR (Caliper Life Science, Hopkinton, MA, USA).

2.8. Comparison of the In Vivo Toxicity of SMA@mTHPC with Native mTHPC

The mouse S180 tumor model described above was used in this study. At 7–10 days
after tumor inoculation when the diameters of tumors reached approximately 8–10 mm,
SMA@mTHPC dissolved in physiological saline was injected intraperitoneally (i.p.) at
a concentration of 10 mg/kg (mTHPC equivalent). Native mTHPC that was dissolved
in DMSO was administered i.p. at the same concentration (10 mg/kg). To some of the
mice receiving SMA@mTHPC or mTHPC, irradiation to the tumor area was carried out
by xenon light (MAX-303; Asahi Spectra) at 400–700 nm for 5 min (27 J/cm2) at 24 h
after injection of SMA@mTHPC or mTHPC. The conditions and survival of the mice were
monitored regularly.

In a separate study, SMA@mTHPC or mTHPC was injected i.v. at 20 mg/kg, in which
mTHPC was first dissolved in DMSO and further diluted 10 times by physiological saline
to indicated concentration.

2.9. In Vivo Antitumor Activity of SMA@mTHPC

The mouse S180 tumor model described above was used in this study. At 7–10 days
after tumor inoculation when the diameters of tumors reached approximately 8–10 mm,
SMA@mTHPC or mTHPC (10 mg/kg, mTHPC equivalent) was administered i.v. At 24 and
48 h after injection, the tumor was irradiated by xenon light (MAX-303; Asahi Spectra) at
400–700 nm for 5 min (27 J/cm2). Our previous studies verified that xenon light source is an
efficient tool for PDT that could cover most of the absorptions of PS with high intensity and
low cost [14,15]. The width (W) and length (L) of the tumors, as well as the body weight of
mice, were measured every 2–3 days during the study period, and tumor volume (mm3) was
calculated as (W2 × L)/2. The survival rate of animals was also recorded.

2.10. Statistical Analyses

All data were expressed as means ± SD. Data were analyzed by using ANOVA followed
by the Bonferroni t-test. A difference was considered statistically significant when p < 0.05.

3. Results

3.1. Synthesis and Characterization of P-PyF

As shown in Figure 1A, SMA@mTHPC micelles form by self-assembly with the hydropho-
bic core encapsulating mTHPC and hydrophilic outer phase of maleic acid. SMA@mTHPC
shows good water-solubility, and a clear solution was found at 20 mg/mL in PBS without
precipitate after centrifugation (12,000 rpm, 1 min) (Figure S3). In aqueous solution, it exhibits a
molecular size of 98 nm (Figure 1B), indicating the formation of micelles.

The UV–VIS spectrum of SMA@mTHPC in DMSO was similar to that of native
mTHPC (Figure S1), but a decreased and shifted spectrum was found when it was dissolved
in PBS (Figure 2A), suggesting the formation change in different solvents, i.e., micelles
was formed in PBS, but the micelles were disrupted in organic solvent DMSO resulting
in the similar UV–VIS spectrum to free mTHPC. This finding also in part supported the
micelle formation of SMA@mTHPC in aqueous solutions. By using the standard curve
(concentration vs. UV–VIS absorption) of mTHPC, the mTHPC loading in SMA@mTHPC
was calculated as 10% (Figure S1).
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Figure 1. (A) Diagrammatic illustration of the micelle structure of SMA@mTHPC and (B) the hydrodynamic size of
SMA@mTHPC in aqueous solution determined by dynamic light scatter (DLS).

 

Figure 2. Characterization of the micelle formation of SMA@mTHPC. The UV–VIS spectra (A) and fluorescence spectra
(B) of SMA@mTHPC in PBS as well as in DMSO were measured. The fluorescence spectra of SMA@mTHPC in the presence
of detergent (Tween 20, SDS), the cell membrane component (lecithin), urea, and serum are shown in (C). See text for details.

The micelle formation of SMA@mTHPC in aqueous solution was further confirmed
by detection of fluorescence. When mTHPC is encapsulated in the core of polymer mi-
celle, aggregation of mTHPC molecules will occur, resulting in intense intermolecular π–π
stacking interactions, consequently leading to fluorescence quenching, i.e., the decrease
of fluorescence intensity [29]. As shown in Figure 2B, strong fluorescence was observed
from SMA@mTHPC when it was dissolved in DMSO, in which the micelle formation was
completely disrupted; however, the fluorescence of SMA@mTHPC in PBS was markedly
quenched and was almost indetectable. Fluorescence quenching could also be liberated in
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the presence of Tween 20 and sodium dodecyl sulfate (SDS), which are surfactants disrupt-
ing the micelle self-assembly (Figure 2C), but urea did not affect fluorescence quenching
(Figure 2C). These findings suggested hydrophobic interactions, but not hydrogen bond,
may be involved in the micelle formation of SMA@mTHPC. More importantly, improve-
ment of fluorescence was also observed in the presence of lecithin, the major component
of cell membrane, but no increase of fluorescence was found in the presence of serum
(Figure 2C), which indicated that SMA@mTHPC could behave as micelles stably in cir-
culation; however, when it is taken up by cells, micelles will be disrupted to release free
mTHPC rapidly.

3.2. Release of Free mTHPC from SMA@mTHPC

Release of free drug is a key issue for polymeric micellar drugs to fulfill their pharma-
cological effects. We thus investigated the release profiles of SMA@mTHPC in different
conditions. In buffer solution of neutral pH (7.4), a constant release of free mTHPC, i.e.,
≈20% per day, was observed (Figure 3).

Figure 3. Release profile of SMA@mTHPC. SMA@mTHPC was dissolved in sodium phosphate
buffer of different pH values and sealed in dialysis bags. After the indicated incubation time at 37 ◦C,
the mTHPC released from the dialysis bags were measured and quantified by recording fluorescence
intensity. A constant in vitro release rate of ≈20% per day was observed at neutral pH (7.4), whereas
higher release was found at weak acidic pH (6.5, 5.5). Data are mean ± SD, n = 4. See text for details.

The release of mTHPC was largely increased at acidic pH; the release rate reached
50% after 48 h incubation at pH 6.5, and it further reached 90–100% at pH 5.5 (Figure 3).
Given that tumors always show slight acidic pH (6.0–7.0) [30], tumor-specific release of
free mTHPC could be anticipated for SMA@mTHPC.

3.3. Generation of 1O2 from SMA@mTHPC under Light Irradiation

To elucidate the efficacy of SMA@mTHPC to produce 1O2, we measured the 1O2
generation using ESR. As shown in Figure 4, the 1O2 generation from SMA@mTHPC was
found negligible or very little in PBS; however, strong signal of 1O2 was detected in an
irradiation-dependent manner when Tween 20 was added into the solution (Figure 4).
These findings were consistent with results of fluorescence quenching shown in Figure 2C,
indicating that the micelle formation of SMA@mTHPC in aqueous solution also suppressed
the generation of 1O2, with disruption of micelle being necessary for SMA@mTHPC to
achieve PDT effect.

289



Biomedicines 2021, 9, 1493

Figure 4. ESR measurement for singlet oxygen (1O2) generation from SMA@mTHPC. SMA@mTHPC was dissolved in
PBS in the absence or presence of 0.1% Tween 20, and light irradiation (25 mW/cm2) was carried out using xenon light of
400–700 nm, for the indicated times. 1O2 generated was captured by 4-oxo-TEMP, and triplet 4-oxo-TEMPO signal due to
1O2 was detected by ESR spectra. See text for details.

3.4. In Vitro Cytotoxicity of SMA@mTHPC

On the basis of the findings of 1O2 generation described in Figure 4, we investigated
the PDT effect of SMA@mTHPC in vitro by using a fluorescence blue light source that fits
to the maximal absorbance of mTHPC.

As shown in Figure 5A, in cultured C26 colon cancer cells, SMA@mTHPC alone (no
light irradiation) induced the cell death with an IC50 of 2 μg/mL that was slightly lower
than the cytotoxicity of free mTHPC (IC50 of 1 μg/mL). However, after irradiation using
blue light source (1.0 J/cm2), cytotoxicities of both free mTHPC and SMA@mTHPC were
remarkably increased (more than 100-fold), and the IC50 of PDT using SMA@mTHPC and
free mTHPC were 0.015 μg/mL and 0.0005 μg/mL, respectively (Figure 5A). Moreover,
in normal cells (CCL-81), the cytotoxicity of SMA@mTHPC was largely lowered, and a
10-time higher IC50 was observed both with light irradiation (IC50 of 0.15 μg/mL) and
without irradiation (IC50 of 20 μg/mL) (Figure 5B).

3.5. Intracellular Uptake of SMA@mTHPC

As shown in Figure 6, free mTHPC was rapidly taken up by cancer cells, and almost
10% of the applied drugs were internalized within 4 h. In contrast, SMA@mTHPC showed a
10-time lower intracellular uptake than free mTHPC; however, at pH 5.5, the internalization
of SMA@mTHPC was significantly increased (Figure 6). These findings are parallel with
the results of release profiles (Figure 3), again suggesting the release of free mTHPC is a
key factor for the therapeutic effect of SMA@mTHPC.
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Figure 5. In vitro dark cytotoxicity and photocytotoxicity (PDT) of SMA@mTHPC in mouse colon
cancer C26 cells (A) and African green monkey kidney cells (CCL-81) (B). Cells (5000/well) were
seeded in a 96-well plate; after 24 h pre-incubation, different concentrations of SMA@mTHPC
were added, and after further 24 h incubation, the viability of cells was measured by MTT assay.
Photocytotoxicity was examined by irradiating the cells with light (blue light of 420 nm, 1 J/cm2) at
24 h after addition of SMA@mTHPC. Data are mean ± SD, n = 6–8. See text for details.

 

0

1

2

3

4

5

6

7

8

9

10

0 2 4

U
pt

ak
e 

R
at

e 
(%

)

Times after incubation (h)

Foscan

SMA-Foscan

SMA-Foscan PH=5.5

Free mTHPC (pH 7.4)

SMA@mTHPC (pH 5.5)

SMA@mTHPC (pH 7.4)
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(7.4 or 5.5). After indicated time, cells were collected, and the internalized mTHPC was quantified by
measuring fluorescence intensity. Data are mean ± SD, n = 3. See text for details.

3.6. Tissue Distribution of SMA@mTHPC and In Vivo Imaging

For investigating the body distribution of SMA@mTHPC, we first carried out in vivo
imaging in a S180 transplanted tumor model by taking advantage of the fluorescence
property of mTHPC. As shown in Figure 7A, we found a relatively high accumulation of
SMA@mTHPC in tumor at 24 h after i.v. injection, which was higher than those in most
normal tissues including the muscle, colon, and heart. Compared to the tumor, higher
accumulation in the liver, which is rich in the reticuloendothelial system that captures
macromolecules, was observed (Figure 7A); however, in vivo imaging showed a much
lower fluorescence in the liver than that in the tumor (Figure 7B). Moreover, relatively
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high accumulation was also observed in the kidney, which indicates the gradual release of
free mTHPC in circulation. Similar distribution was also found for free mTHPC after i.v.
injection, although it had to be dissolved in organic solvent (i.e., DMSO), which suggests
that mTHPC may bind to serum proteins, thus behaving as large molecules similar to
Evans blue, as described in many previous studies in the literature [6,31].

Figure 7. In vivo tissue distribution of SMA@mTHPC at 24 h after i.v. injection in sarcoma S180 tumor-bearing mice. In the
S180 solid tumor model, SMA@mTHPC (5 mg/kg mTHPC equivalent) or free mTHPC (5 mg/kg) was i.v. injected when
the tumor grew to the size of about 10 mm in diameter; the mice were then killed and indicated tissues were collected,
and the amount of SMA@mTHPC in each tissue was quantified by detecting the fluorescence of mTHPC (A). In a separate
experiment, the tumor and liver of SMA@mTHPC-treated mice were resected and applied to in vivo imaging using IVIS
(B). See text for details. Data are mean ± SD, n = 3–6.

3.7. In Vivo Antitumor PDT Effect of SMA@mTHPC

To investigate the therapeutic (PDT) potential of SMA@mTHPC, we performed
in vivo experiments using mouse sarcoma S180 solid tumor model. Treatment was carried
out when the tumor grew to about 1 cm in diameter; SMA@mTHPC was first injected
i.v., and then light irradiation was performed using xenon light source with a broad-
band light of 400–700 nm (90 mW/cm2, 5 min [27 J/cm2]) at 24 and 48 h after injection
when SMA@mTHPC accumulated in the tumor preferentially with low accumulation in
normal tissues.

The results, as indicated in Figure 8A, showed a significant suppression of tumor
growth by the treatment, and similar therapeutic effects were achieved by using either
SMA@mTHPC or free mTHPC (Figure 8A). However, during the treatment, we found a
significant loss of body weight in free mTHPC-treated mice, in which one mouse died
after 3 days of treatment (Figure 8B), whereas PDT using SMA@mTHPC did not show
any apparent side effect during the period of observation, and the body weights of mice
increased normally similar to control mice without treatment (the difference of body weight
between SMA@mTHPC and control is considered mostly due to the difference of tumor
weight) (Figure 8B). Free mTHPC-treated mice showed reddish and blackish coloration in
the skin around the tumor (Figure S4), indicating severe inflammation in the skin, whereas
no apparent changes were found in SMA@mTHPC-treated mice. These findings suggested
the superior safety of SMA@mTHPC.
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Figure 8. In vivo PDT effect of SMA@mTHPC in S180 solid tumor. A xenon light source was used
(MAX-303; Asahi Spectra). Indicated concentrations of SMA@mTHPC were injected i.v. when tumor
diameters reached 8–10 mm. After 24 and 48 h, light irradiation (90 mW/cm2, 5 min, 27 J/cm2)
was carried out. Tumor volume (A) and body weight (B) were measured every 2 or 3 days. Arrows
indicate the application of SMA@mTHPC or mTHPC, and light irradiation. Data are means ± SD;
n = 4–8. # one mouse died during the treatment using mTHPC. See text for details.

In addition, light irradiation alone or SMA@mTHPC/mTHPC alone without light
irradiation did not exhibit apparent tumor growth suppression (Figure S5), indicating that
the therapeutic effect was mostly the outcome of PDT.

3.8. Decreased Toxicity of SMA@mTHPC Compared to Free mTHPC

Given that SMA@mTHPC exhibited a better safety profile than free mTHPC, as
indicated in Figure 8B, we further investigated and compared the toxicity profile of
SMA@mTHPC with that of free mTHPC by using different doses and administration
routes.

First, we administered the drugs to S180 tumor-bearing mice by i.p. route because i.v.
route is not a common route for organic solution of mTHPC, and we found 10 mg/kg of
SMA@mTHPC did not show any apparent side effects and all mice survived up to 16 days
after the treatment, either with light irradiation or without light irradiation (Figure 9A);
however, administration of free mTHPC (10 mg/kg, mTHPC equivalent) showed severe
toxicity, one out of four mice died even without light irradiation, and all mice died after
light irradiation within 1 week after treatment (Figure 9A). Then, we confirmed the toxicity
profiles of SMA@mTHPC/free mTHPC alone without light irradiation (but the mice were
subjected to ambient light), by i.v. route in which free mTHPC was first dissolved in DMSO
at a high concentration and then diluted to experimental concentration by PBS. As shown
in Figure 9B, at the dose of 20 mg/kg (mTHPC equivalent), no apparent side effect (body
weight loss) was observed for SMA@mTHPC, and all mice survived for up to 28 days after
administration. In contrast, administration of free mTHPC induced a remarkable loss of
body weight (Figure 9B); the mice were very weak during the experiment period, and
one mouse died 9 days after injection. These finding further indicated the superior safety
profile of SMA@mTHPC to free mTHPC for PDT.

293



Biomedicines 2021, 9, 1493

Figure 9. Toxicity profiles of SMA@mTHPC and free mTHPC as indicated by survival rate and body
weight change in S180 tumor-bearing mice. (A) SMA@mTHPC or free mTHPC was injected i.p. at a
concentration of 10 mg/kg (mTHPC equivalent), and in some mice, light irradiation was carried out
as described in Figure 7, where the survival rate was recorded. In a separate study, SMA@mTHPC
or free mTHPC was injected i.v. at a concentration of 20 mg/kg (mTHPC equivalent) with light
irradiation, and the body weight change (B) was measured and calculated. Data are means ± SD;
n = 4–8. See text for details.

4. Discussion

In the present study, we developed a polymeric micelle of PDT drug mTHPC, SMA@mTHPC,
which showed potent therapeutic effect and high safety. SMA@mTHPC micelle was formed
by self-assembly in aqueous solution through hydrophobic interaction between mTHPC and
hydrophobic moiety of SMA (Figure 1A), with a hydrodynamic size of 98 nm (Figure 1B). As
the micelle formation in physiological solution, SMA@mTHPC showed prolonged circulation
time and tumor-targeted accumulation based on the EPR effect (Figure 7). SMA@mTHPC
micelle is relatively stable in circulation, which ensured its safety because generation of 1O2
and fluorescence will be quenched in micellar state (Figures 2 and 4). However, the micellar
state will be disrupted in the tumor environment and during internalization, resulting in the
appearance of strong fluorescence (Figure 7) and generation of 1O2 (Figure 4). Consequently,
potent antitumor PDT effect was achieved with little damage to the host (Figures 8 and 9).

Stability is one important issue for micellar drugs, as unstable micelles will release
free drugs in circulation before accumulating in tumors, thus behaving similarly to free
small molecular drugs. However, a too stable micelle is also not preferable, because
release of active drugs from a micelle that is too slow and too little will largely affect the
therapeutic effect. Accordingly, an ideal micelle drug is stable in circulation to achieve
EPR effect-based tumor accumulation but rapidly release active drugs in tumor tissues
to fulfill the antitumor effect, i.e., tumor environment-responsive nanomedicine. In this
context, SMA@mTHPC showed a relatively high stability in physiological solution and
in the presence of serum, as evidenced by almost completely fluorescence quenching
(Figure 2B,C), as well as no or very little generation of 1O2 (Figure 4). In vivo imaging
also showed relatively low fluorescence intensity in the liver (Figure 7B), although the
amount of SMA@mTHPC was relatively high (Figure 7A), which further supported this
notion. More importantly and interestingly, tumor showed a strong fluorescence intensity,
although tumor concentration was lower than that in the liver (Figure 7). These findings
suggested that the micelles are disrupted in tumor tissues, and release of free mTHPC thus
exhibits strong fluorescence. The release profile of SMA@mTHPC also indicated the tumor
environment responsive behavior of SMA@mTHPC, for which more release occurred at
weak acidic pH (6.5) that is seen in most solid tumors [30] than neutral pH (7.4) (Figure 3).
Further, when SMA@mTHPC is taken up by tumor cells, in the lysosomal compartment
(pH 5.0–5.5), extensive and rapid release of free mTHPC will occur, as indicated by the
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release profile (Figure 3) and enhanced intracellular uptake (Figure 6) at pH 5.5. It has been
reported that SMA-modified nano-drugs showed marked intracellular uptake at acidic
pH than at neutral pH because of the higher lipophilicity of maleyl carboxylic at acidic
pH (HOOC-COO−) [32,33]. Taken together, the acidic pH of tumor tissue will trigger the
release of mTHPC from SMA@mTHPC, as well as intracellular uptake of SMA@mTHPC,
which further enhance the release cascade, consequently resulting in the extensive release
in tumor tissue.

Benefiting from the tumor environment-responsive behavior as described above,
SMA@mTHPC showed a remarkable antitumor PDT effect that was similar to the effect
of free mTHPC (Figure 7). More importantly, it ensured the high safety of this treatment.
Firstly, as a micellar nano-drug, it accumulated in tumor tissue at a relatively high con-
centration, whereas it distributes less in most normal tissues (Figure 6). Furthermore, in
normal tissues such as the liver and blood, it maintains a stably micellar formation, and
thus the generation of 1O2 is suppressed; consequently, no or very few side effects were
observed (Figures 8B and 9). In contrast, although free mTHPC showed a strong antitumor
PDT effect, severe side effects including the death of host mice appeared (Figures 8 and 9),
and the toxicity of free mTHPC could also be seen even under ambient light (without
light irradiation using therapeutic xenon light source) (Figure 9). Indiscriminate tissue
distribution and photoexcitation/generation of 1O2 are the major causes of the toxicity
of free mTHPC. In this regard, micellar modification of mTHPC not only decreases the
distribution in most normal tissues, but also lowers the photosensitivity in normal tissues,
resulting superior safety profiles. These findings, together with the high water-solubility
of SMA@mTHPC, strongly suggest the advantages and applicability of SMA@mTHPC,
which warrants further investigations.

Compared with free mTHPC, SMA@mTHPC showed lower cytotoxicity both under
light irradiation (photocytoxicity) and without light exposure (dark cytotoxicity) (Figure 5).
We considered that the reason is mostly that the micelle formation lowers the photosensi-
tivity of mTHPC as described above. This result is also associated to the decreased toxicity
of SMA@mTHPC. Moreover, regarding the dark cytoxicitiy of SMA@mTHPC and mTHPC,
it may be partly due to the ambient light during incubation; however, mTHPC itself may
also has inherent cytotoxicity, although the mechanism is not elucidated. Therefore, further
studies are needed to clarify this issue.

Regarding the tissue distribution of SMA@mTHPC, besides the relatively high tumor
accumulation, SMA@mTHPC also accumulates at high levels in the liver (Figure 7A).
However, the fluorescence imaging exhibited a relatively low signal (Figure 7B). This
finding is most probably due to the micellar stability in the liver as the polymer stays in a
blood-like environment. The high concentrations of heme in the liver that may absorb light
near the absorption band of mTHPC may also suppress the fluorescence of mTHPC. Taken
together, these findings again support environment-responsive behavior of SMA@mTHPC:
it is stable as a micelle in circulation and normal tissues such as those in the liver, thus
showing very little toxicity and adverse effects (Figures 7 and 8), whereas micelle formation
is destroyed in the tumor environment, thus exhibiting remarkable tumor imaging potential
(Figure 7) as well as antitumor PDT effect (Figure 8). As for free mTHPC, we also found
a relative tumor concentration that was similar to SMA@mTHPC (Figure 6). This was
probably due to its binding property to circulation proteins such as albumin, as seen in
Evans blue, the commonly used agent to indicate EPR effect that is known to bind to
albumin and thus behave as a macromolecule. Similar behaviors have also been observed
in some anticancer drugs such as paclitaxel and gemcitabine [34,35]. Thus, in circulation,
mTHPC may behave as a macromolecule (albumin complex) showing prolonged retention,
which was slightly higher than that of SMA@mTHPC (Figure 7). However, this complex
formation of mTHPC is not well organized and the fluorescence and phototoxicity of
mTHPC could not be efficiently suppressed by this formation; thus, although mTHPC
showed a potent antitumor PDT effect, its long circulation time due to its protein binding,
in contrast, induced severe side effects (Figures 8B and 9).
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Taken together, these findings suggested SMA@mTHPC could become a candidate
drug for PDT, which not only shows potent therapeutic effect, but more importantly
exhibits high safety profiles, and thus we anticipate its application in the future.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/biomedicines9101493/s1, Figure S1: UV–VIS spectra of SMA@mTHPC and free mTHPC,
Figure S2: Standard curve of mTHPC in DMSO as measured by fluorescence (Ex420nm/Em590nm),
Figure S3: Pictures of SMA@mTHPC solution in PBS, Figure S4: Pictures of mice after free mTHPC
treatment and SMA@mTHPC treatment, Figure S5: In vivo antitumor effect of irradiation alone
(without SMA@mTHPC) and SMA@mTHPC alone (without light irradiation).
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Abstract: Photodynamic therapy (PDT) with 5-aminolevulinic acid (ALA), a precursor to the potent
photosensitizer, protoporphyrin IX (PpIX), is an established modality for several malignant and
premalignant diseases. This treatment is based on the light-activated PpIX in targeted lesions.
Although numerous studies have confirmed the necrosis and apoptosis involved in the mechanism of
action of this modality, little information is available for the change of exosome levels after treatment.
We report from the first study on the effects of ALA-PDT on cytokines and exosomes of human healthy
peripheral blood mononuclear cells (PBMCs). The treatment reduced the cytokines and exosomes
studied, although there was variation among individual PBMC samples. This reduction is consistent
with PDT-mediated survivals of subsets of PBMCs. More specifically, the ALA-PDT treatment
apparently decreased all pro-inflammatory cytokines included, suggesting that this treatment may
provide a strong anti-inflammatory effect. In addition, the treatment has decreased the levels of
different types of exosomes, the HLA-DRDPDQ exosome in particular, which plays an important role
in the rejection of organ transplantation as well as autoimmune diseases. These results may suggest
future therapeutic strategies of ALA-PDT.

Keywords: 5-aminolevulinic acid (ALA); photodynamic therapy (PDT); photodynamic diagnosis;
protoporphyrin IX (PpIX); peripheral blood mononuclear cells (PBMCs); cytokine; exosome; electron
microscopy; flow cytometry

1. Introduction

Photodynamic therapy (PDT), an established treatment modality for several malignant
and pre-malignant diseases, uses a combination of a lesion-localizing photosensitizing
agent with light irradiation to induce photochemical and photobiological reactions in the
presence of oxygen. These reactions lead to irreversible photodamage to the lesion. During
this dynamic process, the absorbed light energy by the photosensitizer can be transferred
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to molecular oxygen to generate reactive oxygen species (ROS), including singlet oxygen
(1O2). These species react further with cellular components to cause apoptosis and/or
necrosis [1,2].

PDT with chemically synthesized sensitizers, has a major side-effect of skin phototoxi-
city, limiting clinical PDT to a great extent. Thus, considerable interest has been directed
towards developing a PDT regimen with an endogenous potent photosensitizer, protopor-
phyrin IX (PpIX). 5-aminolevulinic acid (ALA), a naturally occurring amino acid formed
from glycine and succinyl CoA, is a precursor to PpIX in the heme biosynthesis pathway.
By adding exogenous ALA, the naturally occurring PpIX may accumulate in cells [3,4]. This
intracellular PpIX accumulation has been exploited for its application in photodiagnosis
and PDT [5]. Clinically, systemic administration of ALA is used for the PpIX fluorescence-
guided surgical resection of glioma [6]; while topically applied ALA-PDT has already been
approved by United States Food and Drug Administration (FDA) and European Medicines
Agency (EMA) for actinic keratosis and basal cell carcinoma of the skin [4].

Cytokines are a family of small proteins that are involved in growth and activities
of blood cells including immune cells. They are largely produced by immune cells such
as macrophages, T-cells, B-cells, and non-immune cells including endothelial cells and
fibroblasts. Once released, they signal and modulate the immune system.

Exosomes, with a diameter of about 50–150 nm, are extracellular lipid bilayer vesicles
with an endosomal origin of cells. They carry nucleic acids, proteins, lipids, and other
bioactive molecules. Exosomes can be secreted by healthy and diseased cells through
different pathways [7]. They can merge with cells and are involved in signaling between
cells, but it is still not clear how exosomes communicate with cells and which roles they
play in a biological system [8,9]. It is known that PDT can lead to release of exosomes
from tumor cells [10,11]. Further, Zhao et al. have shown that ALA-PDT-derived exosomes
specifically enhanced anti-tumor immunity in squamous cell carcinoma cells [12].

Recently, the use of ALA-PDT has extended to treat hematological malignant cells [13]
and autoimmune disease [14]. However, the mechanism of action on killing diseased
and normal cells in the blood is far from understood. In this report, we have studied
the photodynamic effects on cytokines and exosomes of human normal peripheral blood
mononuclear cells (PBMCs) with ALA.

2. Materials and Methods

2.1. Chemicals

5-Aminolevulinic acid (ALA) was obtained from Sigma Aldrich (St. Louis, MO, USA).
A fresh stock solution of ALA was prepared in Phosphate Buffered Saline (PBS) (VWR
Life Science, Solon, OH, USA) to a concentration of 1 M and kept at 4 ◦C. This was further
diluted to reach a concentration of 3 mM for each experiment. All chemicals used were of
the highest purity commercially available.

2.2. Isolation and Culture of PBMCs

The human buffy coat samples from 4 anonymous healthy donors (Regional Com-
mittee for Medical Research Ethics, REK-S 03280) were obtained from the Blood Bank,
Oslo University Hospital, Norway. The isolation of PBMCs from the buffy coats was done
using the Lymphoprep density gradient solution (Axis-Shield, Oslo, Norway) in SepMate™
(Stemcell Technologies, Cambridge, UK) 50 mL tubes. Fifteen mL of Lymphoprep were
pipetted to the SepMate™ tube. The buffy coats were diluted with an equal volume of
RPMI-1640 growth medium (Gibco, Grand Island, NY, USA) containing 2% fetal bovine
serum (FBS) (Biological Industries Israel Beit-Haemek Ltd., Kibbutz Beit-Haemek, Israel)
and layered carefully above the density gradient solution. The tubes were centrifugated at
1200× g for 10 min at room temperature with the brake on. The top layer was poured off
for maximally 2 s to a new falcon tube and washed twice with the growth medium with 2%
FBS, firstly at 300× g for 15 min and secondly at 300× g for 10 min. The isolated PBMCs

300



Biomedicines 2022, 10, 232

were then gradually frosted using a CoolCell™ (Corning Incorporated, Corning, NY, USA)
and stored at −80 ◦C before use.

PBMCs had been defrosted and incubated in RPMI-1640 growth medium with 10%
exosome-depleted FBS(Gibco), 100 units/mL penicillin (Gibco), 10 μg/mL streptomycin
(Gibco), and 2 mM L-glutamine(Gibco) at 37 ◦C in a humidified atmosphere with 5% CO2
for 24 h before experiments were performed.

2.3. Incubation with ALA and ALA Induced PpIX Production in PBMCs

The incubated PBMCs were changed with fresh medium and one mL of 2 × 106 cells/mL
was added per well in a 24-well plate. The cells were then incubated with ALA at the
concentration of 3 mM for 4 h in the dark at 37 ◦C. This ALA dose was chosen because
of a therapeutic effect of ALA-PDT on PBMCs in our previous study [15]. Intracellular
ALA-induced PpIX in the PBMC subsets was measured with flow cytometry (as described
in Section 2.6) using a 405 nm violet laser for the excitation and a 660/20 BP emission filter
for the detection of PpIX geometric mean fluorescence intensity.

2.4. Light Source

The Light Emitting Diode (LED) lamp of PhotoCure Aktilite CL 128 (Galderma SA,
Lausanne, Switzerland) was used at the wavelength of 630 nm with a fluence rate of
100 mW/cm2 for 30 min giving a total light dose of 180 J/cm2.

2.5. PDT Treatment of PBMCs

Four hours after ALA incubation the cells were irradiated by the LED lamp at room
temperature. After light exposure, the cells continued to be incubated for another 48 h in
the dark at 37 ◦C with the same ALA-containing medium to keep cytokines and exosomes.
The cells incubated with ALA alone were also included as controls. The survivals of PBMC
subsets were measured with flow cytometry as described in Section 2.6.

2.6. Flow Cytometry Analysis

After incubation with ALA alone or ALA plus light, the cells were centrifuged and
the supernatants were kept at −80 ◦C for the isolation, labelling, and measurements of
cytokines and exosomes as described in Section 2.7. The cells were then incubated in
PBS (2% FBS) with an antibody concentration of 2 μL/mL and AnnexinV concentration
of 50 μL/mL. The cells were washed with PBS (2% FBS), centrifuged, and the super-
natants removed. The amounts of ALA-induced PpIX (1 h antibody incubation) and
cell viabilities (1.5 h antibody incubation) in the individual subsets of PBMCs were mea-
sured with 4 antibody/dye combination methods: (1) CD3-FITC (Invitrogen, Carlbad,
CA, USA), CD19-PE (ImmunoTools GmbH, Friesoythe, Germany), Fixable viability dye-
eF450 (Invitrogen), AnnexinV-AF647 (Life Technologies, Eugene, OR, USA); (2) CD3-FITC,
CD56-APC-eF780 (Invitrogen), Fixable viability dye-eF450, AnnexinV-PE (Invitrogen);
(3) CD4-FITC (eBioscience, San Diego, CA, USA), CD8-PE (Invitrogen), Fixable viability
dye-eF450, AnnexinV-AF647; (4) CD11c-FITC (ImmunoTools), CD14-PE/Cy7 (Invitrogen),
Fixable viability dye-eF450, Annexin V-AF647. The measurements were done using a
Cytoflex S cytometer (Beckman Coulter Life Sciences, Indianapolis, IN, USA) with the
Cytexpert software (Version 2.1, Beckman Coulter); and the analyses were performed using
FlowJo software (Version 10, Treestar, Ashland, OR, USA).

2.7. Isolation, Labelling, and Measurement of Cytokines and Exosomes

Isolation and labelling of cytokines and exosomes are based on the Exosome Isolation
Kit CD63 (Magnetic Exosome Isolation Beads) and MACSPlex Exosome Kit (MACSPlex
Exosome Capture Beads, MACSPlex Exosome Detection Reagent CD63 and 3 Buffer Solu-
tions) (both kits from MACS Miltenyi Biotech GmbH, Bergisch Gladbach, Germany). On
day 1, after thawing 900 μL of a clean supernatant sample (containing both cytokines and
exosomes) were transferred to an Eppendorf tube (Eppendorf AG, Hamburg, Germany).
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Fifty μL of Magnetic Exosome Isolation Beads were added to the sample and the mixture
was put on a shaker (Vortex T Genie-2, Scientific Industries, Bohemia, NY, USA) at Vortex
speed 3 for 8 h at room temperature and stored overnight in a refrigerator at 4 ◦C before
magnetic isolation of exosomes.

On day 2, a proposed μ-column (same manufacturer) was placed in a magnetic μMACS
separator that was attached to a MACS multistand (same manufacturer). The μ-column was
added with 100 μL of the Equilibration Buffer (same manufacturer) followed by washing
with 100 μL of the Isolation Buffer for three times. The magnetically isolated sample from
day 1 was then added to go through the μ-column for cytokine collection first (with no need
of magnetic bead’s help). Subsequently, the μ-column was washed four times using 200 μL
of the Isolation Buffer. After washing, the μ-column was moved away from the magnetic
separator and immediately flushed into a clean Eppendorf tube with 100 μL of the Isolation
Buffer by using a plunger (Figure 1). For labelling of the exosomes, 15 μL of the MACSPlex
Exosome Capture Beads were added to the same sample and mixed carefully. A control
sample without exosomes was also included using the same Capture Beads. The sample
was then put on the shaker for 1 h and stored overnight in a refrigerator at 4 ◦C.

 

Figure 1. A simplified graphic description of the procedure for isolation and labelling of exosomes.
FITC = Fluorescein isothiocyanate, APC = allophycocyanin, PE = phycoerythrin, S = south (on
magnet), N = north (on magnet).

On day 3, the sample was put on the shaker at Vortex speed 3 for 5 h. One mL of the
MACSPlex Buffer was added to the sample and centrifuged at 12,000 rpm for 10 min. The
supernatant was removed and 5 μL of the MACSPlex Exosome Detection Reagent CD63
(for detection of surface markers of exosomes) was added before a 3 h incubation on the

302



Biomedicines 2022, 10, 232

shaker (Figure 1). The sample was then washed twice by adding 1 mL of the MACSPlex
Buffer, centrifuged at 12,000 rpm for 10 min, and the supernatant removed again.

Cytokines were labelled using Bio-plex Pro human Cytokine Grp 1 panel 27-Plex kit
(Bio-Rad Laboratories, Inc., Hercules, CA, USA) (Figure 1). This was done by firstly mixing
50 μL of a sample with 50 μL of a bead solution in an Eppendorf tube. The bead solution
was made by dilution of 2 μL beads in 50 μL assay buffer. After mixing, this was incubated
for 30 min and washed by adding 1 mL of wash buffer (diluted 10 times in distilled water),
centrifuged at 10,000 rpm for 5 min, and the supernatant removed. Then, 20 μL of detection
antibody solution (2 μL detection antibody in 50 μL detection antibody diluent) was added
and the sample was incubated for 30 min and washed as mentioned above before the
supernatant was aspirated. Twenty μL of streptavidin—PE solution (1 μL streptavidin-PE
in 100 μL detection antibody diluent) was then added and incubated for 10 min. The same
wash step was repeated, and supernatant removed. Finally, 50 μL of the assay buffer were
added per sample.

The cytokine and exosome samples were measured with the Cytoflex S cytometer as
described in Section 2.6.

2.8. Electron Microscopy of Exosomes

Samples were deposited on glow-discharged formvar/carbon-coated mesh grids
(100 mesh) and negatively stained with 2% uranyl acetate for 2 min. The observation of
grids was done in a JEOL-JEM 1230 at 80 kV and images were acquired with a Morada
camera (Olympus, Hamburg, Germany) using the iTem software.

2.9. Statistical Analyses

The results of the study are plotted and presented as maximum, minimum, and
average values to see the spread.

3. Results

3.1. ALA-Induced PpIX Production in PBMCs

Figure 2 shows the PpIX production in the subpopulations of PBMCs from four
different donors after ALA incubation at a concentration of 3 mM in the dark for 4 h.

 

Figure 2. Intracellular amounts of PpIX in individual subsets of PBMCs after ALA incubation for 4 h.
The data are presented as minimal, maximal, and average values.
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Most subsets of PBMCs produced PpIX from ALA with average amounts of 200% to
300% of the control samples without ALA. However, CD8+ T cells produced little ALA-
induced PpIX, while CD3−CD19+ B cells had a higher average amount of PpIX with a big
variation in the samples from four different donors (Table S1 in Supplementary Materials).

3.2. Dark Toxicity of PBMCs with ALA Alone

No apparent dark toxicities on various subpopulations of PBMCs were seen (Figure 3),
although there are some variations among samples from donors. In the case of CD3−CD56+

of Natural Killer (NK) cells, however, there was a killing effect with ALA alone (Figure 3,
Table S2 in Supplementary Materials).

 

Figure 3. Dark toxicity of cells in individual subsets of PBMCs after ALA incubation for 52 h. The
data are presented as minimal, maximal, and average values.

Generally, ALA alone at the concentration of 3 mM for a 4-h incubation does not cause
any cytotoxicity. In this study, since the cells were incubated with ALA for 4 h followed by
another 48 h to keep cytokines and exosomes, such a relatively long ALA incubation might
result in some toxicity on certain subsets of PBMCs.

3.3. PDT of PBMCs with ALA

Figure 4 demonstrates clear photodynamic killing effects on subsets of PBMCs with
ALA. In the subpopulations of T cells (CD3+, CD4+, and CD8+) much smaller killing effects
than those in the CD3−CD19+ B cells, CD3−CD56+ NK cells, and CD11c+CD14+ dendritic
cells were seen.

There are big variations of the PDT killing effects on the subpopulations of T cells
among various samples (Table S3 in Supplementary Materials).

3.4. Effects of ALA-PDT on Cytokines of PBMCs

Many cytokines of PBMCs were affected after ALA-induced PDT. As shown in Figure 5,
the data are presented from high to low levels of log decrease.

The log decrease is a log2(ALAi − PDTi), where ALAi is the cytokine fluorescence
intensity in the control group with ALA alone and PDTi is the cytokine fluorescence
intensity in the PDT group with ALA plus light. ALA-PDT led to various effects on
different cytokines. For example, ALA-PDT clearly reduced the amount of MIP-1 alpha,
whereas little effect was seen on the IL-12(p70). There are variations of the PDT effects on
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the levels of cytokines, particularly in the cases of IL-6, IFN-gamma, and IL-1ra (Table S4 in
Supplementary Materials).

 

Figure 4. Photodynamic effects on cells in individual subsets of PBMC with ALA. The cells were
incubated with ALA at a concentration of 3 mM for 4 h, followed by light exposure at a dose of
180 J/cm2. The cells then continued to be cultured for another 48 h before the measurements of cell
viabilities. The data are presented as minimal, maximal, and average values.

 

Figure 5. Photodynamic effects on cytokines of PBMCs with ALA. The PDT treatment was the same
as that in Figure 4. The data are presented as minimal, maximal, and average log decrease values. The
log decrease is a log2(ALAi − PDTi), where ALAi is a cytokine fluorescence intensity in the control
group with ALA alone and PDTi is a cytokine fluorescence intensity in the PDT group with ALA
plus light. The higher log decrease value, the lower level of a cytokine.
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3.5. Effects of ALA-PDT on Exosomes of PBMCs

ALA-PDT also affected various types of exosomes from PBMCs. Figure 6 presents
the data from high to low levels of log decrease. The log decrease is a log2(ALAi − PDTi),
where ALAi is the fluorescence intensity of an exosome surface marker in the control group
with ALA alone and PDTi is the fluorescence intensity of an exosome surface marker in the
PDT group with ALA plus light. The higher log decrease value is, the lower level of an
exosome is. ALA-PDT changed the amounts of different exosomes of PBMCs. For example,
ALA-PDT decreased more the amount of CD29 exosomes than CD133-1 exosomes. There
are relatively big variations of the PDT effects on the amounts of exosomes, particularly
in the exosomes with the surface markers of HLA-ABC, CD69, and CD133-1 (Table S5 in
Supplementary Materials).

 

Figure 6. Photodynamic effects on exosomes of PBMCs with ALA. The PDT treatment was the same
as that in Figure 4. The data are presented as minimal, maximal, and average log decrease values.
The log decrease is a log2(ALAi − PDTi), where ALAi is a surface marker fluorescence intensity of an
exosome in the control group with ALA alone and PDTi is a surface marker fluorescence intensity of
an exosome in the PDT group with ALA plus light. The higher log decrease value, the lower level of
a surface marker fluorescence intensity of an exosome.

3.6. Effects of Light Alone on Subsets, Exosomes, and Cytokines of PBMCs

Light alone did not affect the cell survivals of subsets of PBMCs. No effects of light
alone on the cytokine levels were seen, except for a minor decrease in IFNγ. The effects
on the exosomes were also not found after the treatment with light alone, except a slightly
stimulatory response of the CD133-1.

3.7. Electron Microscopy of Exosomes

Typical images of exosomes made by electron microscopy are shown in the Figure 7.
The size of the exosomes in this study was confirmed to be around 85 nm.

Exosomes appeared to have a spherical shape with a typical central inflation caused
by samples preparation and drying. These morphological data clearly demonstrate the
exosomal identity of samples isolated using a combination of flow cytometry and mag-
netic beads.

306



Biomedicines 2022, 10, 232

Figure 7. Typical images of exosomes made by electron microscopy. E: exosomes; B: magnetic beads.
Detailed information on the preparation of the samples is found in Section 2.8. Scale bar = 50 nm.

4. Discussion

PDT with ALA is a clinically established modality for the treatment of malignant and
premalignant diseases [1,16]. Although numerous reports have confirmed the mechanism
of PDT action involved in the killing of the diseased cells via necrosis and apoptosis [17–19],
no information so far is available for the effects of ALA-PDT on the exosomes of human
PBMCs. To understand and explore the potential of exosomes has recently become an
urgent issue for the improvement of the clinical ALA-PDT efficacy.

Generally, there are variations of ALA-induced PpIX production and PDT killing
effects in the samples from different donors (Figures 2 and 4). The reasons for such
individual variations are not known, although we have noticed a similar situation in our
other studies [20]. This might be due to the fact that the PBMC samples were taken from
various donors with different genders and ages. Light alone did not affect the survivals of all
subsets of PBMCs. ALA alone caused no cytotoxicity of PBMCs either, except CD3−CD56+

NK cells (Figure 3). Since NK cells generally appear to be more fragile to any treatments,
the reason for the ALA dark toxicity on the NK cells could be due to a relatively long
cell culture in vitro with ALA for a total of 52 h. The CD8+ T cells with a low ALA-PpIX
production were killed much less than other subsets of PBMCs after light exposure; while
the CD3−CD19+ B cells were killed more with a high ALA-PpIX production after light
irradiation (Figures 2 and 4).

In physiological and pathological conditions, almost all types of cells release exo-
somes. Such exosomes contain biological and genetic molecules and carry them to other
cells for cell communication and epigenetic regulation. Several techniques have been
established to isolate exosomes. They include ultracentrifugation techniques (sequential
ultracentrifugation and gradient ultracentrifugation), size-based isolation (ultrafiltration
and size-exclusion chromatography), polymer precipitation, etc. These techniques are
still under optimalization. In the present study, we employed an immunoaffinity capture
technique with specific binding between exosome markers and immobilized antibodies
(ligands) measured with flow cytometry. The technique has several advantages over other
methods including easy use, separation of exosomes from different origins, and high purity
of exosomes with no chemical contamination [21]. In addition, we used electron microscopy
to morphologically confirm the exosomes measured with flow cytometry (Figure 7).

ALA-PDT reduced the levels of most cytokines studied (Figure 5), although with
different degrees of such reduction in various cytokines. Since almost all cytokines in-
cluded in this study are pro-inflammatory, except IL-1ra that is anti-inflammatory (Table 1),
these consistent results may suggest that ALA-PDT of PBMCs results in a strong anti-
inflammatory effect.
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Table 1. Effects of ALA-PDT on cytokines 1.

Cytokine PDT Effect (Avg.) Cell Type Possible Biological Function

MIP-1alpha (macrophage inflammatory
protein-1 alpha) 16.1 Macrophage Pro-inflammation

MIP-1beta (macrophage inflammatory
protein-1beta) 13.7 Macrophage Pro-inflammation

IL-6 (interleukin-6) 13.7 Macrophage Pro-inflammation

G-CSF (granulocyte colony stimulating factor) 10.9 Macrophage and other cells Growth stimulation of white
blood cells

IFN-gamma (interferon gamma) 9 T-cell and NK cell Pro-inflammation and worsen
autoimmune diseases

IL-4 (interleukin-4) 8.6 Mast cell, T-cell, granulocyte Pro-inflammation

PDGF-BB (platelet-derived growth factor-BB) 8.2 Platelet, macrophage, and
other cells

Wound healing and repair
blood vessel

IL-9 (interleukin-9) 7.9 CD4+ T cell Pro-inflammation

IL-1ra (interleukin-1 receptor antagonist) 6.8 Macrophage and other cells Anti-inflammation

IL-5 (interleukin-5) 6.7 T cell, granulocyte, and other cells Pro-inflammation

IL-15 (interleukin-15) 5.4 Macrophage Pro-inflammation
IL-12(p70) (interleukin 12p70) 3.6 Macrophage Pro-inflammation

1 Note: Since the types of cells and possible biological functions of the cytokines studied are complicated with
different types of cells and multi-functions, the table only lists main cell types and functions of the cytokines.

This may also be true for the level of IFN-gamma, a well-known cytokine for pro-
autoimmune diseases, which was clearly reduced after ALA-PDT (Table 1). This finding
makes one tempting to speculate if ALA-PDT might have the potential for reducing the
cytokine storm in COVID-19 cases [22].

ALA-PDT also decreased the amounts of all exosomes of PBMCs (Figure 6, Table 2).
It is not clear if such decreased amounts of exosomes were due to a direct destruction of
PDT effect, PDT-mediated damage to those parent cells making them unable to produce
exosomes, or both.

However, the amount of CD4+ exosomes is higher than CD8+ exosomes after ALA-
PDT (Table 2), even though CD4+ cells produced more ALA-induced PpIX and killed more
than CD8+ cells. The reason for is not known, but our previous studies have confirmed
that ALA-PDT could induce apoptosis of leukemia and lymphoma with the formation of
apoptotic bodies [17–19]

It is interesting to note that both CD40 and CD19 as surface markers for B cells were
apparently decreased, probably because the CD3−CD19+ B cells produced a high amount of
PpIX from ALA (Figure 2) and were killed more after light exposure (Figure 4). A reduced
amount of CD69 exosomes was also seen after PDT treatment (Table 2). Such exosomes are
believed to activate and proliferate lymphocytes [23].

CD25 is an activating marker for lymphocytes and macrophage, particularly for T cells.
Interestingly, the amount of CD25 exosomes was not affected very much as expected by
ALA-PDT probably due to few activated T cells in the PBMC samples from healthy donors.

HLA-DRDPDQ is the surface marker for antigen-presenting cells (APC). Since APC is
heavily involved in presenting the MHC class II molecules to CD4+ T cells for the rejection
of organ transplantation [24–28], the decrease in the amount of the APC-derived exosomes
may indicate that such a reduction of HLA-DRDPDQ exosomes by ALA-PDT may have
an impact on reducing such organ rejection. Similarly, a reduced amount of HLA-ABC
exosomes, which are involved in presenting the MHC class I molecules to CD8+ T cells,
was seen. Such a finding suggests that ALA-PDT of PBMCs may reduce the MHC class I
molecule-mediated cytotoxic CD8+ immunity.

Both CD133-1 [29] and SSEA-4 [30] are markers for stem cells with lower reduction of
exosomes after PDT. This could be due to the fact that stem cells normally are resting with
a low energy demand, so that the rate of heme synthesis is minimal, through which a low
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amount of ALA-PpIX is produced. As a result, PDT with ALA has a minimal destructive
effect on these cells.

Table 2. Effects of ALA-PDT on exosomes 1.

Surface Marker PDT Effect (Avg.) Cell Type Possible Biological Function

CD29 9.4 White blood cells Cell adhesion

CD9 8.8 Lymphocyte, macrophage Platelet activation and aggregation and cell adhesion
and migration

CD40 7.8 B-cell, macrophage Cell proliferation and signal transduction

CD31 7.6 White blood cells Cell adhesion, activation, and migration

HLA-ABC 7.5 Nucleated cells MHC class I molecules presented to CD8+ T cells

CD41b 7.4 Stem cell, platelet Cell adhesion and platelet aggregation

CD69 7.4 White blood cells Lymphocyte activation and proliferation

HLA-DRDPDQ 7.1 Antigen-presenting cell MHC class II molecules presented to CD4+ T cells

CD44 7.1 White blood cells Cell adhesion

CD81 6.5 White blood cells but granulocyte Cell adhesion

SSEA-4 6.5 Embryonic stem cell Pluripotent stem cell marker

CD8 5.9 T cell Cytotoxic T cell marker

CD25 5.3 Lymphocyte and macrophage Lymphocyte activation

CD19 4.9 B cell B cell marker

CD4 4.4 T cell Helper T cell marker

CD326 3.6 T cell, dendritic cell, epithelial cell Epithelial cell marker unknown functions on
immune cells

CD133-1 3.1 Stem cell and endothelial cell Stem cell marker

1 Note: Since the cell types and possible biological functions of the exosomes studied are complicated with
multi-cell types and multi-functions, the table only lists main cell types and functions of the exosomes.

CD9 and CD41b exosomes are involved in platelet activation and aggregation and
were also used as markers for rejection of heart transplantation [31]. After ALA-PDT, the
amount of the exosomes was reduced, suggesting a favorable response to this treatment.

Cell adhesion molecule are cell surface proteins. They help cells to bind other cells to
maintain cells/tissue functional. They also play important roles in cell growth and death,
contact inhibition, etc. ALA-PDT also decreased several exosomes that are involved in cell
adhesion, including CD29, CD9, CD31, CD41b, CD44, and CD81 exosomes. The biological
implications of such a PDT effect are not known and warrant further investigation.

5. Conclusions

This is the first report to study the effects of ALA-PDT on cytokines and exosomes of
human healthy PBMCs. ALA-PDT reduced all cytokines and exosomes studied, although
there was variation among individual PBMC samples. This reduction is consistent with
ALA-PDT-mediated survivals of subsets of PBMCs. More specifically, the ALA-PDT
treatment apparently decreased all pro-inflammatory cytokines included, suggesting that
this treatment provides a strong anti-inflammatory effect. In addition, the treatment has
decreased the levels of different types of exosomes with a particular interest in the HLA-
DRDPDQ exosome, which plays an important role in presenting the MHC class II molecules
to CD4+ T cells for rejection of organ transplantation and autoimmune diseases [24–28].

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/biomedicines10020232/s1, Table S1: Intracellular PpIX in individual
subsets of PBMCs after ALA incubation for 4 h, Table S2: ALA dark toxicity in subsets of PBMCs
after ALA incubation for 4 h, Table S3: Killing effects on individual subsets of PBMCs after PDT with
ALA. Table S4: PDT effect on cytokines with ALA, Table S5: PDT effect on exosomes with ALA.
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