Journal of Photochemistry and Photobiology 11 (2022) 100136

< : : ; L
Contents lists available at ScienceDirect

oF

JOURNAL
Photochemist
andPhotobiology

Journal of Photochemistry and Photobiology

journal homepage: www.sciencedirect.com/journal/journal-of-photochemistry-and-photobiology

ELSEVIER

Active targeted photodynamic therapeutic effect of silver-based
nanohybrids on melanoma cancer cells

Hanieh Montaseri, Nkune Williams Nkune, Heidi Abrahamse

Laser Research Centre, Faculty of Health Sciences, University of Johannesburg, P.O. Box 17011, Doornfontein 2028, South Africa

ARTICLE INFO ABSTRACT

Keywords:

Silver-based nanohybrids

Zinc phthalocyanine tetrasulfonate
Targeted photodynamic therapy
Melanoma cancer

Malignant melanoma is aggressive cancer that metastasizes along with the heterogeneity at the molecular and
cellular levels, thereby reducing overall therapeutic efficacy. In the present research, the concept of photody-
namic therapy (PDT) was investigated on silver-based nanohybrids for the treatment of A375 melanoma cancer
cells. Hence, two different nanoparticles (NPs) namely Ag-PEG NPs and core/shell Ag@mSiO, NPs were fabri-
cated and conjugated to zinc phthalocyanine tetrasulfonate (ZnPcS4) photosensitizer (PS). Folic acid (FA) as a
targeting moiety was also decorated onto the surface of nanohybrids to selectively target the folate receptors that
are overexpressed on the A375 cells. Ultimately, the PDT efficacy of both ZnPcS4/Ag-PEG-FA and ZnPcS4/
Ag@mSiO2-FA nanohybrids were compared via ATP viability, flow cytometry, and reactive oxygen species (ROS)
assays. The obtained near-spherical shaped nanohybrids had zeta potential of -4.03 + 0.3 mV for ZnPcS4/Ag-
PEG-FA, and -14.4 &+ 0.6 mV for the ZnPcS4/Ag@mSiOo-FA. A significant PDT effect was observed for the cells
exposed to 674 nm laser irradiation after incubation with ZnPcS4/Ag@mSiO2-FA with ~92%* + 1.1 cell death
compared to ~70%* + 2.9 cell death for ZnPcS4/Ag-PEG-FA nanohybrids owing to the higher generation of ROS
for the former nanohybrids. The majority of the cell death was induced via apoptosis rather than necrosis as the
nanohybrids successfully localized in mitochondria. The overall finding of this study concluded that an active
targeting strategy significantly enhanced the cellular uptake of the nanohybrids compared to passive targeting.
Moreover, strong surface plasmon-PS resonance coupling in ZnPcS4/Ag@mSiO2-FA nanohybrids enhanced
singlet oxygen generation in comparison to the PS alone or ZnPcS4/Ag-PEG-FA nanohybrids.

1. Introduction

Melanoma is the most aggressive type of skin cancer which is caused
by genetic mutations in melanocytes [1]. Current therapeutic modalities
include surgical resection, radiotherapy, chemotherapy, immuno-
therapy, and photodynamic therapy (PDT). Although chemotherapy
with therapeutic agents such as dacarbazine and temozolomide is an
important palliative treatment of progressive melanomas [2], resistance
to apoptosis is the main cause of chemotherapy drug resistance in
melanoma cancer [3]. In this regard, PDT is considered an adjuvant and
minimally invasive procedure for patients with stage III/IV cutaneous
metastatic melanomas [4]. PDT is a successful curative modality for
premalignant and early disease and is deemed an effective palliative
therapy for late-stage disease [5]. A photosensitizer (PS), which is
absorbed in metabolically active tissues, and an appropriate wavelength
of light to activate the PS are indispensable parts of PDT [1].

Zinc phthalocyanine derivatives are promising second-generation
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PSs in PDT. They provide unique advantages compared to other PSs
by high affinity towards neovascular tissues with a high photosensitizing
ability [6]. In addition, rapid tissue uptake with low cytotoxicity and
skin photosensitization have made them reliable PSs in PDT [7]. More
importantly, their long-wavelength absorption peak at around 670 nm
can facilitate the penetration of exciting light for the treatment of
deep-seated tumors [6]. Among phthalocyanine PSs, zinc phthalocya-
nine tetrasulfonate (ZnPcS4) has been more investigated in PDT. It is a
strongly hydrophilic PS due to the presence of sulfonate groups [8].
Additionally, it efficiently generates singlet oxygen with peak absorp-
tion in the ultraviolet and red ranges between 670 and 680 nm [6].
Despite significant advantages of the ZnPcS4 PS in PDT, the large
conjugated n-system leads to a strong stacking tendency in aqueous
solution thereby decreasing its luminescence quantum yield and pho-
tosensitizing efficiency [8] as only monomeric species of the PSs are
photoactive [9]. In this sense, drug delivery systems as vehicles have
been introduced to change their photophysical properties,
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biocompatibility and solubility nature, and PDT efficacy [10]. In addi-
tion, drug delivery systems enable the delivery of the PSs to the targeted
site and direct injection into the bloodstream [11].

Nanoparticles (NPs) based on silver, gold, platinum, and iron metal
have been extensively studied as drug and gene delivery, contrast and
PDT agents, and fluorescence cell imaging [12,13]. There are several
reports regarding the incorporation of metal NPs with phthalocyanine
PSs. However, the literature review notes that limited silver-
phthalocyanine-based hybrids have been developed as PDT agents
which motivated us to design and synthesize such potential systems and
check their PDT effects. Remarkably, the spectral overlap between the
absorption band of the ZnPcS4 PS and the localized surface plasmon
resonance (LSPR) absorption band of silver-based NPs could enhance the
production of singlet oxygen resulting in improving PDT efficacy [10].

In the present investigation, two different silver-based nanoparticles,
Ag-PEG and core/shell Ag@mSiO, NPs were fabricated and incorpo-
rated with ZnPcS4 PS. The resultant nanohybrids were then conjugated
to folic acid (FA) to promote active targeting moieties to investigate
their photodynamic therapeutic effects on A375 melanoma cancer cells.
Ultimately the PDT effect of both nanohybrids was compared to explore
the best choice for potential use in PDT of A375 cells.

2. Materials and methods
2.1. Materials

Silver nitrate (AgNOs3, ACS reagent, >99.0%), tri-sodium citrate (for
molecular biology, >99%), tannic acid (ACS reagent), dimethyl sulf-
oxide (DMSO, anhydrous, >99.9%), SH-PEGk-NHy (HCI salt, average
Mn 2000), N-ethyl-N'-(3-dimethyl aminopropyl) carbodiimide (EDC,
BioXtra), N-hydroxysuccinimide (NHS, 98%), folic acid (FA, >97%) and
phosphate-buffered saline (PBS, 10 x concentrate), 3-aminopropyltrie-
thoxysilane (APTES, 99%), tetraethyl orthosilicate (TEOS, reagent
grade), formaldehyde (for molecular biology, 36.5-38% in H20), hex-
adecyltrimethylammonium bromide (CTAB, >99%), sodium hydroxide
(NaOH, BioXtra, >98%) were purchased from Sigma Aldrich. Zinc
phthalocyanine tetrasulfonate (ZnPcS4) was supplied from Santa Cruz
Biotechnology, Inc. (Santa Cruz®: sc-264509A). Human malignant
melanoma cell line A375 was purchased from the European Collection of
Authenticated Cell Cultures (ECACC no: 88,113,005). All chemicals and
reagents utilized in the study were of analytical grade. Millipore water
was used to prepare aqueous solutions throughout the study. All glass-
ware was washed thoroughly with aqua regia solution.

2.2. Fabrication of ZnPcS,/Ag-PeG-Fa nanohybrids

2.2.1. Synthesis of Citrate-Ag NPs

1 mL of AgNO3 was mixed with 79 mL Millipore water in a three-
neck flask under a reflux system followed by the addition of a 20 mL
citrate solution containing 0.5 mL of tannic acid, 1% tri-sodium citrate,
and Millipore water. The mixture was stirred at ~60 °C for a few mi-
nutes to obtain a yellow color solution of citrate-capped Ag NPs.

2.2.2. PEGylation of Ag NPs

To covalently graft SH-PEGox-NH, onto the surface of Ag NPs, 20
mg/mL of the PEG in PBS was added to 1 mL of citrate-coated Ag NPs to
induce a ligand exchange reaction. The solution was stirred at room
temperature for a few minutes and incubated for 2 h. Subsequently, the
solution was centrifuged to remove the excess SH-PEGgk-NHa and
dispersed in PBS.

2.2.3. Attachment of ZnPcSy to the PEGylated-Ag NPs

1 mL of the PEGylated Ag NPs was mixed with 1 mL of ZnPcS4 PS and
agitated gently overnight in the dark at room temperature. Centrifuga-
tion was performed at 14,000 rpm for 15 min followed by dispersing of
the resultant nanohybrids in PBS.
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2.2.4. Conjugation of FA to the ZnPcS4/Ag-PEG nanohybrids

Before conjugation of FA to the nanohybrids, the carboxyl groups of
FA were activated through EDC/NHS reactions. Briefly, 20 mg FA in
DMSO was activated with 100 mg EDC and 100 mg NHS for 24 h.
Dicyclohexylurea as a by-product was removed by centrifugation. Ice-
cold acetone was added to the mixture to purify the mixture. The pel-
let was washed three times with ice-cold acetone and dried under the
fume hood. The activated FA was then dissolved in a mixture of DMSO:
PBS and mixed with 1 mL ZnPcS4/Ag-PEG nanohybrids with continuous
stirring for 1 h in light-protected conditions. The resulting ZnPcS4/Ag-
PEG-FA nanohybrids were then purified with centrifugation to remove
the excess FA and dispersed in PBS.

2.3. Fabrication of ZnPcS4/Ag@mSiO,-Fa nanohybrids

2.3.1. Synthesis of Ag@mSiO, NPs

Core/shell silver-mesoporous silica NPs were fabricated via a facile
one-pot process with some minor modifications [14, 15]. Silver nitrate
and formaldehyde were used as a precursor and a reducing agent
respectively while CTAB acted as a template and a stabilizer. TEOS
provided a silica source for the shell passivation and the presence of
NaOH supplied a basic catalyst medium. Briefly, a solution containing
20 mg CTAB, 240 uL NaOH (0.5 M), and 9.8 mL Millipore water was
prepared and stirred at 80 °C for 10 min. 60 uL formaldehyde was then
added dropwise to the solution followed by the addition of 240 uL, 0.1 M
silver nitrate. In the next step, 80 uL. TEOS was added while stirring at
80 °C for 2 h. The resultant NPs were then washed and centrifuged at 15,
000 rpm with anhydrous ethanol three times. The CTAB surfactant was
removed by dispersing the NPs in NH4NOg3 (6 mg/mL) ethanol solution
and reacted at 60 °C for 30 min under vigorous stirring. Core/shell
Ag@mSiOy NPs were washed and centrifuged several times with Milli-
pore water.

2.3.2. Amination of the Ag@mSiOz NPs

To functionalize Ag@mSiO;, with amino groups, the precipitate was
dissolved in ethanol and 20 uL. APTES was added and stirred at 60 °C for
2 h. The resultant NPs were washed and centrifuged with ethanol several
times followed by dispersing in Millipore water.

2.3.3. Loading of ZnPcS4 PS into Ag@mSiO2-NH2 NPs

The loading of ZnPcS4 PS into Ag@mSiO2—NH, NPs was carried out
by dispersing 1 mL of the PS in 1 mL of the NPs and agitating overnight
in the dark. The excess ZnPcS4 was removed by washing the loaded NPs
with a mixture of ethanol/water (1:1) and centrifugation at 15,000 rpm.
The prepared ZnPcS4/Ag@mSiO,—NH;, nanohybrids were dispersed in
PBS.

2.3.4. Attachment of FA to ZnPcS4/Ag@mSiO,-NH, nanohybrids

Carboxyl groups of FA were activated as explained in Section 2.2.4. 1
mL ZnPcS4/Ag@mSiO,—NHj; nanohybrids was mixed with activated FA
for 1 h to form amide bonds between carboxyl groups of FA and amino
groups of the nanohybrids. The excess FA was separated by centrifu-
gation at 15,000 rpm for some minutes and the prepared nanohybrids
were dissolved in PBS to investigate their PDT effect on A375 cancer
cells. The final targeted nanohybrids were referred to as ZnPcSs/
Ag@mSiO,-FA throughout the paper.

2.4. Determination of the PS loading efficiency in the nanohybrids

To evaluate the amount of ZnPcS4 loaded into the Ag@mSiO,—NH,
NPs (loading efficiency), the difference in the amount of initially added
ZnPcS4 to the NPs and the residual PS in the supernatant after centri-
fugation of the nanohybrids was measured via UV/Vis absorption
spectroscopy. Therefore, 1 mL of Ag@mSiO2—NHy NPs were mixed with
100 pL ZnPcS4 (50 pM) overnight. The resultant solution was centri-
fuged and the absorbance difference between initial concentration and
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supernatant was compared with a calibration curve of absorbance at
674 nm vs different concentrations of ZnPcS,.

2.5. Physicochemical characterizations of the functionalized nanohybrids

A Jenway GenovaNano Plus Life Science Spectrophotometer was
used to record the UV/Vis spectra of the NPs and nanohybrids. Fourier
transform infrared (FT-IR) analysis was carried out using the Spectrum
100, FT-IR Spectrometer in the range of 400 - 4000 cm ™ with 25 scans.
Malvern Zetasizer Nano ZS with a 4 mW He-Ne laser of 633 nm wave-
length was utilized to explore the charge of the nanohybrids. The
morphology and size of the NPs were estimated by using a transmission
electron microscopy (TEM) instrument (JEOL, Gatan; Inc. Coronado
Lane, Japan). Any changes in the cellular morphology of the A375 cells
were evaluated 24 h after irradiation by using a light inverted micro-
scope at 100 x magnification with a digital camera. A live imaging
microscope (Carl Zeiss Axio Observer Z1) was used to check the locali-
zation of the nanohybrids.

2.6. Invitro experiments

2.6.1. Cell cultures

A375 melanoma cells were cultured in Dulbecco’s Modified Eagle’s
medium (DMEM) medium supplemented with 10% (v/v) Fetal Bovine
Serum (FBS), 0.1% (v/v) penicillin-streptomycin and 0.1% (v/v)
amphotericin-p. The cells were incubated at 37 °C, with 5% COs.

2.6.2. Cellular uptake of the nanohybrids in A375 cells

1.0 x 10° cells/mL A375 cells were cultured on sterile coverslips in
3.4 cm diameter culture plates and incubated at 37 °C for cellular
attachment. After 24 h incubation time, the media was replaced with
fresh complete media containing the nanohybrids followed by 4 h in-
cubation. The cells were then fixed on the coverslip with 4% para-
formaldehyde followed by permeabilization with a solution containing
0.5% Triton X-100 in 1X PBS. The cells were then counterstained with
100 nM FITC-Mitotracker and 4’, 6-diamidino-2-phenylindole (DAPI) in
the dark.

2.6.3. Dark toxicity assay of the znpcsy/ag-peg-fa nanohybrids

To assess the dark toxicity of the ZnPcS4/Ag-PEG and ZnPcS,/
Ag@mSiO5 nanohybrids (as control or passive targeted nanohybrids)
and ZnPcS4/Ag-PEG-FA and ZnPcS4/Ag@mSiOy-FA actively targeted
nanohybrids, 2.5 x 10° cells/mL A375 cells were seeded and incubated
for 24 h for cellular attachment. The cells were then treated with
different concentrations of actively targeted nanohybrids ranging from
0.25 uM to 10 pM in fresh DMEM media followed by re-incubation in
fresh media for an additional 4 h in the dark. The dark toxicity of 2.5 uM
(ICs0) of ZnPcS4/Ag-PEG and ZnPcS4/Ag@mSiO, nanohybrids was also
examined as a passive targeting control. The cells in culture media or a
mixture of media and NPs alone were used as control groups. The cells
were then lysed with Tryple™ Select and cell viability was measured
with an ATP kit according to the manufacturer’s protocol.

2.6.4. PDT assay of nanohybrids

The phototoxic effect of the passive and the final actively targeted
nanohybrids were investigated with media containing different con-
centrations of ZnPcS4/Ag-PEG-FA and ZnPcS4/Ag@mSiOy-FA nano-
hybrids and ICsy concentration of ZnPcS4;/Ag-PEG and ZnPcS4/
Ag@mSiOz nanohybrids (2.5 uM). The cells were cultured as described
in Section 2.6.3. Following 4 h incubation of the cells with the nano-
hybrids, the cells were rinsed with HBSS. The PDT effect was performed
in HBSS using light irradiation at 10 J/cm? doses with a semiconductor
diode laser with an output power of 80 mW (light intensity: approxi-
mately 9 mW/cm?) and the peak wavelength of 674 nm. All light irra-
diations were performed in the dark to prevent any additional light
inferring reactions. After irradiation, fresh media was added followed by
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additional 24 h incubation until the ATP viability assay was performed.
ICsp concentration by free ZnPcS4 PS was found to be 2.5 pM in our
group [16].

2.6.5. ATP viability assay

The cell viability of A375 cells was evaluated with various groups of
nanohybrids, with and without light irradiation. Post 24 h incubation of
the cells, as described in Section 2.6.4, the CellTiter-Glo® Luminescent
cell viability assay (Promega, G7570) was utilized to measure the
adenosine triphosphate (ATP) luminescence of the cells. Briefly, the cells
were trypsinized with Tryple™ Select and washed with HBSS. An
equivalent volume of cell suspension and ATP CellTiter-Glo® reagent
was then mixed in a 96-well plate. VICTOR Nivo® multimode plate
reader, (PerkinElmer, HH35940080 EN) was used to measure the
luminescent signal of the cells and the signal was recorded in relative
light units (RLUs). This experiment was carried out in triplicate, and the
results are indicated as a percentage relative to the control.

2.7. Flow cytometry analysis

BD Accuri™ C6 flow cytometer through the Annexin V-FITC/PI cell
death detection kit (BD Scientific: BD/556,570) was utilized to examine
early or late apoptosis and necrosis pathways of the treated cells with the
nanohybrids. A375 cells were cultured and incubated for 24 h for
cellular attachment. The cells were then treated with passive and active
targeted nanohybrids for 4 h. The treated cells were then divided into
two subgroups with and without laser irradiation. After 24 h incubation,
the cells were trypsinized and stained with Annexin V-FITC/PIL.

2.8. ROS generation

ROS-Glo™ Hy0, Assay was performed to measure the generation of
ROS in A375 cells treated with the passive and active targeted nano-
hybrids with/without 674 nm light irradiation. Briefly, 2 x 10% cells/
well were seeded in 100 uL. DMEM and incubated for 24 h for cellular
attachment. The media was then replaced with fresh media containing
both passive and active nanohybrids under the equivalent concentration
of ZnPcS, followed by 4 h incubation and finally, the cells were irradi-
ation at 674 nm. The treated cells were further incubated for 18 h and
ROS assay was carried out based on manufacturer instruction where
substrate solution was added in a final concentration of 25 uM and
incubated for 6 h at 37 °C, 5% CO,. ROS-Glo detection solution (100 pL)
was then added to each well for 20 min. Relative luminescence units
were recorded using VICTOR Nivo® multimode plate reader. This
experiment was carried out in triplicate.

2.8. Statistical analysis

Biochemical assays were carried out three times. The student’s t-test
was utilized to compare two groups to assess the significant difference
between the control and experimental groups in the 95% confidence
interval. P<0.05%, P<0.01**or P<0.001*** were accepted as statisti-
cally different. Error bars referred to the standard deviation in the
figures.

3. Results and discussion
3.1. Fabrication of the nanohybrids

Citrate-Ag NPs were synthesized in the presence of sodium citrate
and tannic acid to reduce the metals. The coating of the NPs with citrate
molecules provided enough stability to avoid aggregation of the NPs.
PEGylation was then performed via Au-thiol bonds to replace the citrate
capping with PEG molecules to enhance biocompatibility and avoid
degradation or inactivation of the drug during transportation and
decrease toxicity [17]. ZnPcS4 PS was then adsorbed onto the surface of
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the Ag-S-PEG-NH; through possible interactions of hydrogen bonding,
van der Waals force, and electrostatic interactions [18]. Only hydrogen
bonding between amino groups of the PEGylated NPs and oxygen (from
sulfonate groups) of the PS is shown in Scheme 1A. Electrostatic in-
teractions can also occur between the negatively charged ZnPcS4 PS and
positively charged amino groups of PEG molecules that did not react
with FA. To provide active targeting moieties, the carboxylic groups of
FA were activated through EDC/NHS reaction to form amide bonds with
amino groups of the PEGylated NPs as indicated in Scheme 1A.

Core/shell Ag@mSiO, NPs were synthesized through the simple one-
pot synchronous approach [15]. Silver nitrate was reduced by formal-
dehyde to form silver NPs which were stabilized with CTAB. Due to the
negative charge of TEOS, mesoporous silica shells cannot coat directly
onto the surface of electronegative Ag NPs. Therefore, CTAB was utilized
as a surfactant to change the surface charge of Ag NPs to a positive
charge [19]. Upon the introduction of TEOS, electrostatic interactions
occurred between the hydrolyzed form of TEOS (silicate oligomers) and
CTAB-coated Ag NPs leading to the growth of bigger Ag NPs. Simulta-
neously, an association of silica-surfactant micelles and CTAB-stabilized
Ag NPs fabricated the ordered mesostructured with Ag NPs [15]. The
CTAB templates were removed by ion exchange to provide mesoporous
silica for the loading of ZnPcS4. The amino groups of silica could form
hydrogen bonding, van der Waals force, and electrostatic interactions
with sulfonate groups of ZnPcS, to retain the PS inside the pores. Finally,
attachment of activated FA to amino groups of the Ag@mSiO, NPs was
performed as described above (Scheme 1B).

The loading amount of the PS in the ZnPcS4/Ag-PEG-FA and ZnPcS4/
Ag@mSiO9-FA based on the regression equation was estimated to be
22.0 and 22.3 uM respectively.

3.2. Characterizations of the nanohybrids

The formation of NPs and nanohybrids was monitored by using UV/
Vis absorption spectroscopy. LSPR absorption peak of the citrate-Ag NPs

3.0

A |
25 \
20
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———ZnPCcS4/Ag-PEG -FA
——Ag@mSiO2-NH2

ZnPcS4/Ag@mSiO2FA
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was located at ~410 nm (Fig. 1A) while it showed a red-shift after
PEGylation which can be due to a change in the refractive index of the
dielectric environment around the plasmonic NPs [20,21]. ZnPcSy
showed two electronic bands: the Soret or B band (S¢—S,, n—71*) located
in the near UV and the Q band (S¢—S;, n—7*) placed on the red region of
the spectrum with maxima at ca. 337, 635, and 674 nm [22]. Q bands
are the most important band for practical applications. The band at 635
nm is related to the dimer while the band at 674 nm shows the monomer
form of ZnPcS, and only the monomeric form can effectively produce
ROS for PDT applications [23]. As evident from Fig. 1A, the peak at 674
nm confirmed the presence of the PS which was used for irradiation.
Further, FA possessed three maximum absorption peaks at wavelengths
of 256, 283, and 365 nm [24]. From the absorption maxima at 365 nm,
the incorporation of FA was proved (Fig. 1A).

UV/Vis absorption spectra of Ag@mSiO,—NH; NPs and final actively
targeted ZnPcS4/Ag@mSiO3-FA nanohybrids are also shown in Fig. 1A.
Ag@mSiO,NH, had a strong plasmon peak at ~412 nm while ab-
sorption peaks at 674 nm and 365 nm represented the successful loading
of ZnPcS, into the NPs and the formation of amide bonds between amino
groups of Ag@mSiO,—NH; NPs and carboxyl groups of FA, respectively.
Importantly, the great spectral overlap between the plasmon absorption
peak of the NPs and the B band of ZnPcS4 (~340 nm) could increase the
resonance coupling of these two species resulting in enhanced ROS
generation and PDT efficacy.

The size and morphology of citrate-Ag and Ag@mSiO,—NHy NPs
together with the final targeted ZnPcS4/Ag-PEG-FA and ZnPcS.4/
Ag@mSiO,-FA nanohybrids were determined through TEM analysis. As
illustrated in Fig. 1B (a) and (c), the sizes of the citrate-Ag and the core of
Ag@mSiO,—NH; NPs were found to be 28.2 &+ 6.1 nm and 24.0 + 6.2
respectively. As it can be seen from Fig. 1B (c), Ag NPs were embedded
inside a fiber-like network which confirmed the presence of a silica shell
on the surface of the silver core. After the attachment of the PS and FA to
the Ag NPs (Fig. 1B (b)) and its loading into the Ag@mSiO,—NH; NPs
(Fig. 1B (d)), the morphology did not change and no agglomeration was
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Fig. 1. Characterizations of the NPs and nanohybrids. (A) UV/Visible spectra of the NPs and final targeted nanohybrids, (B) TEM images (a) citrate-Ag NPs, (b)
ZnPcS,4/Ag-PEG-FA, (c) core/shell Ag@mSiO,—NH, NPs and (d) ZnPcS,/Ag@mSiO,-FA nanohybrids, (C) EDS spectra of ZnPcS,/Ag-PEG-FA and ZnPcS4/Ag@mSiO»-
FA nanohybrids, (D) FT-IR spectra of ZnPcS,, citrate-Ag NPs, ZnPcS,/Ag-PEG-FA nanohybrids, Ag@mSiO,—NH, NPs, and ZnPcS,/Ag@mSiO»-FA nanohybrids, (E)

Zeta potential of the synthesized NPs and actively targeted nanohybrids.
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observed. Polydispersity index (PDI) of 0.35 + 0.1 and 0.37 + 0.04 for
the ZnPcS4/Ag-PEG-FA and ZnPcS4/Ag@mSiO-FA respectively, indi-
cated their excellent distribution with no aggregation [25].

Fig. 1C indicates EDS analysis of ZnPcS4/Ag-PEG-FA and ZnPcSy/
Ag@mSiOy-FA nanohybrids. It was found that ZnPcS,/Ag-PEG-FA
comprised of carbon (C), nitrogen (N), oxygen (O), sulfur (S), zinc (Zn),
and silver (Ag) while silicon (Si) is an additional element in ZnPcS4/
Ag@mSiOs-FA. Silver was the main element present in both nano-
hybrids and the copper (Cu) peaks associated with the grids used for EDS
analysis.

Fourier transform infrared (FTIR) analysis was performed to indicate
the presence of ZnPcS4 and FA in the spectra of ZnPcS4/Ag-PEG-FA and
ZnPcS4/Ag@mSiO»-FA nanohybrids (Fig. 1D). Two absorption bands at
1584 and 1391 em™ in the spectra of citrate-Ag NPs were assigned to
asymmetric and symmetric stretching vibrations of COO™ groups in the
sodium citrate coating. The broad O—H peak at 3418 cm ™! was due to
water molecules appearing in the NPs. The presence of SH-PEG-NH; was
noted by the C—O-C stretching bands at 1110 cm™ in the spectra of
ZnPcS,/Ag-PEG-FA. Moreover, the peak at 400-750 cm™! pertained to
the silver-thiol (Ag-S) bonds between Ag NPs and SH-PEG-NHj [26]. As
for the spectra of Ag@mSiO,—NHy NPs, the peak at 3414 em ! was
attributed to N-H stretching from primary amine. Broadband at around
1076 cm ™! with a shoulder at around 1200 cm™! was assigned to the
asymmetric Si—O—Si linkage, which was evidence of the presence of
silica in NPs. Additionally, absorption peaks in the range of 1195-1168
em™! and 1379-1335 cm™! were related to S = O stretching from sul-
fonate groups of the ZnPcS4 which confirmed the presence of the PS in
both nanohybrids. After modification of the nanohybrids with FA, strong
peaks appeared around 1700 cm ™! and 3500 cm ™! which showed the
amide linkage for C = O stretching and N-H stretching respectively.

The electrokinetic potential known as zeta potential (ZP) is a
powerful technique to assess the colloidal stability of NPs in solution.
The ZP plots for the NPs and nanohybrids are shown in Fig. 1E and the
corresponding values were —18.0 + 2.9 mV for citrate-Ag NPs, —4.03
+0.3 mV for ZnPcS4/Ag-PEG-FA, 12.0 + 0.8 mV for Ag@mSiO—NHj
NPs and —14.4 + 0.6 mV for the ZnPcS4/Ag@mSiO,-FA nanohybrids.
Both synthesized NPs provided relative colloidal stability while the
value obtained for ZnPcS;/Ag@mSiO2-FA showed higher stability
compared to the ZnPcS4/Ag-PEG-FA nanohybrids. Generally, a coating
on NPs can enhance the stability of nanocarriers and facilitate drug
loading. Additionally, small NPs tend to aggregate easily resulting in
poor solubility of NPs in aqueous media or changing of the surface po-
larity/charge upon adsorption of molecules [17]. Therefore, surface
coating, for example, silica can circumvent this issue to reduce the ag-
gregation [27] and change the physicochemical properties of the sur-
face, assisting further possibilities for drug adsorption [17].

From a cancer therapeutic point of view, metal NPs offer larger
enhanced absorption cross-sections compared to photo-absorbing dyes

A 30
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resulting in efficient laser therapy at low energy [28]. They also have
higher photostability with minimal photobleaching [28]. More impor-
tantly, encapsulation of the PSs into porous silica NPs can significantly
improve photostability and singlet oxygen production [29,30] and
protect the PS molecule from aggregation [29]. Figs. 2A and B illustrate
the photostability of the final actively targeted ZnPcS4/Ag-PEG-FA and
ZnPcS4/Ag@mSiOo-FA nanohybrids in PBS over three months. The
UV/Vis spectra of both nanohybrids showed no significant changes in Q
bands of the PS (674 nm) or LSPR peak of the NPs suggesting that the
nanohybrids remained stable with no aggregation. Broadening of the
plasmon band in ZnPcS,/Ag-PEG-FA arising from the negative charge of
the nanohybrid surface due to the electron spill-out [31,32] and a slight
decrease in the LSPR peak of ZnPcS4/Ag@mSiO,-FA can be attributed to
a decrease in the electron density of the nanohybrid [31].

3.3. Cellular uptake examination of the nanohybrids

The intercellular localization of passive and actively targeted nano-
hybrids was evaluated under an equivalent concentration of the PS (2.5
uM) using live imaging microscopy. The distribution of the nanohybrids
was monitored by red fluorescence of the PS in the presence of blue
fluorescence of DAPI to stain nucleus and green FITC-stained Mito-
tracker and the results are shown in Fig. 3. Strong yellow fluorescence
after 4 h incubation confirmed the successful cellular uptake of the PS in
mitochondria. Although the cells treated with ZnPcS4/Ag-PEG-FA and
ZnPcS4/Ag@mSiO,-FA nanohybrids did not display a significant dif-
ference with the red fluorescence of passive nanohybrids, ATP, flow
cytometry and ROS analysis confirmed higher PDT effect of the actively
targeted nanohybrids. These results noted that the attachment of the
nanohybrids with FA could increase photodynamic therapeutic effects
for the active nanohybrids due to the overexpression of folate receptor
(FR) in many types of cancers including A375 melanoma cells [33].

3.4. In vitro dark toxicity

The biocompatibility and PDT effect of the nanohybrids were eval-
uated using in vitro monolayer of A375 cells. In the dark toxicity assay,
cell viability was assessed in the absence of light irradiation using the
NPs and different concentrations of the nanohybrids over the range of
0.25-10 pM. The empty NPs (absence of ZnPcS4 and FA) i.e., citrate-Ag
NPs (Fig. 4A) and Ag@mSiO—NH; NPs (Fig. 4B) did not show any dark
toxicity demonstrating good biocompatibility of the synthesized NPs.
Additionally, the cells treated with neither passive targeted nanohybrids
including ZnPcS4/Ag-PEG (Fig. 4A) and ZnPcS4/Ag@mSiO, (Fig. 4B)
nor the final active targeted ZnPcS4/Ag-PEG-FA nanohybrids (Fig. 4A)
and ZnPcS4/Ag@mSiOy-FA (Fig. 4B) did not induce toxicity in the
absence of light with the cell viability above 90%. Morphology images of
the cells in the presence of both passive and actively targeted
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Photostability of actively targeted (A) ZnPcS,/Ag-PEG-FA and (B) ZnPcS,;/Ag@mSiO,-FA nanohybrids in PBS over three months.
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Merged

Fig. 3. Intercellular uptake of ZnPcS4/Ag-PEG, ZnPcS4/Ag-PEG-FA, ZnPcS,;/Ag@mSiO,, and ZnPcS,;/Ag@mSiO,-FA nanohybrids under the equivalent concentration
of ZnPcS,4. The images in each row illustrate blue DAPI-stained nuclei, FITC-Mitotracker (green), ZnPcS, fluorescence (red), and their merged, respectively.
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Fig. 4. Dark toxicity evaluation of control and experimental groups of (A) ZnPcS4/Ag-PEG (passive control, under ICsq) and ZnPcS4/Ag-PEG-FA nanohybrids and (B)
ZnPcS,/Ag@mSiO, (passive control, under ICsp) and ZnPcS4/Ag@mSiO»-FA nanohybrids.

nanohybrids with no irradiation also confirmed no significant changes
or toxic effects and the distinctive appearance of the cells retained
(Fig. 5).

3.5. PDT-Induced growth inhibition of tumor cells

Laser-initiated PDT applied on A374 cells at a wavelength of 674 nm
using a fluence of 10 J/cm? noted the ICsq of 2.5 uM for the free ZnPcSy
PS [34]. Under the same PDT conditions, empty NPs did not produce any
significant viability changes. In sharp contrast, viability decreases from
43.1%* + 2.0 for passive targeted to 30.4%* +2.0 for actively targeted
ZnPcS,4/Ag-PEG-FA nanohybrids (Fig. 6A) while ZnPcS;/Ag@mSiO,-FA
nanohybrids noted 8.2%* + 1.1 viability under half-maximal inhibitory
concentration (ICsp, 2.5 uM) (Fig. 6B). The data in Fig. 5 confirmed that
both actively targeted nanohybrids under 10 J/cm? fluence could induce
significant harmful effects in dose-dependent inhibition viability. The
ICsp value for the final actively targeted ZnPcS4/Ag-PEG-FA and

ZnPcS4/Ag@mSiO,-FA nanohybrids to A375 cells were found to be 0.5
uM and 0.25 puM respectively, which is much lower than that for the free
ZnPcS4 (2.5 pM). The superior performance of targeted FA nanohybrids
was assigned to the enhanced cellular uptake. Furthermore, treatment
with 2.5 pM of ZnPcS, incorporated in the Ag-PEG and Ag@mSiO2—NH,
NPs and FA induced ~70%* + 2.9 and ~92%* + 1.1 of cell death
respectively against 50% (ICsp) for free ZnPcSy.

Interestingly, ZnPcS4/Ag@mSiOy-FA nanohybrids noted lower ICsg
and more cell death relative to the ZnPcS4/Ag-PEG-FA nanohybrids. It
was concluded that loading of the PS in the interior of the mesoporous
silica shells can closely pack ZnPcS4 with its silver core of Ag@m-
SiO2—NH> NPs resulting in enhancing efficient encapsulation [17] and
preventing enzymatic degradation [29]. More importantly, due to
plasmon resonance, energy transfer (PRET) between the ZnPcS4 PS and
the NPs, the energy harnessed from the light is transferred to the PS
which is in extremely close vicinity of the silver core of Ag@mSiO,—NH,
NPs, thereby activating the PS indirectly. As a result, the excited PS
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Fig. 5. Cell morphology images for PDT on A375 cells with the passive (ZnPcS4/Ag-PEG and ZnPcS,;/Ag@mSiO,) and actively targeted silver-based-nanohybrids
(ZnPcS4/Ag-PEG-FA and ZnPcS,/Ag@mSiO,-FA) and with/without laser irradiation under ICso concentration of ZnPcS4 (2.5 uM) at a wavelength of 674 nm and
a fluence of 10 J/cm? A375 cells that received PDT (PS/Irradiation) showed significant morphological changes of rounding up in shape, nuclear destruction, and
detached cells from the plates in comparison to the control groups which received only PS or irradiation.
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Fig. 6. ATP cell viability assay for (A) ZnPcS,/Ag-PEG (passive control, ICsp) and ZnPcS4/Ag-PEG-FA nanohybrids and (B) ZnPcS,/Ag@mSiO, (passive control, ICsg)
and ZnPcS,/Ag@mSiO2-FA nanohybrids (P < 0.05%, P < 0.01**). All experimental groups were compared with control group (cells only).

transfers its energy to molecular oxygen, thus generating further ROS
compared to the PS only or ZnPcS4/Ag-PEG-FA and providing higher
PDT efficacy and more cell death which was proved with ROS genera-
tion analysis. However, in the case of ZnPcS4/Ag-PEG-FA nanohybrids,
the presence of large SH-PEG-NH; molecules on the surface of the Ag
NPs may limit energy transfer between the PS and PEGylated NPs
compared to the ZnPcS4/Ag@mSiO,-FA nanohybrids resulting in lower
ROS generation and PDT effect (Section 3.7).

A research study demonstrated that strong resonance coupling be-
tween the PS and Ag core of the Ag@mSiOy NPs could form hybrid state
(s) with new spectral characteristics. Additionally, the hybrids showed a
significant increase in singlet oxygen generation by three orders of
magnitude compared to the pure PS [35]. The hybrids also displayed

satisfactory stability in singlet oxygen generation over a long illumina-
tion time, with no decrease in activity [35]. This type of PRET from
plasmonic NPs to the PSs was further reported in other studies [36,37].

3.6. Flow cytometry analysis

Annexin V FITC/PI staining was carried out by using the flow
cytometry 24 h after irradiation. Fig. 7 illustrates the data on A375 cell
apoptosis and necrosis after different treatments with the nanohybrids.
Generally, the PSs localized in mitochondria tend to induce apoptosis
[38]. Therefore, photodamage to mitochondria leads to permeabiliza-
tion of its membranes and leakage of cytochrome c into the cytosol [39].
Comparing the treated cells with passive and active targeted
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Fig. 7. Flow cytometry analysis using Annexin V-FITC/PI staining method on PDT treated A375 cells with passive and active targeted nanohybrids under the

equivalent concentration of ZnPcSy4 (2.5 pM).

nanohybrids under 674 nm light irradiation, the percentage of apoptotic
cells increased from 67.2%* + 0.7 (ZnPcS4/Ag-PEG) to ~71.4%** + 5.3
(ZnPcS4/Ag-PEG-FA) while it showed a rise from 40.0%* + 4.6 for
ZnPcS4/Ag@mSiOs to 69.9.0%** £ 5.6 for ZnPcS4/Ag@mSiOo-FA. The
results elicited that the targeting effect of folate-linked nanohybrids to
tumor cells for ZnPcS4/Ag@mSiO,-FA was greater than ZnPcS4/Ag--
PEG-FA nanohybrids which arose most likely from the structure of
SH-PEG-NH; molecules in latter nanohybrid and therefore it could not
efficiently place in the vicinity of the folate receptors. However,
ZnPcS4/Ag-PEG and ZnPcS4/Ag-PEG-FA nanohybrids showed a close
percentage of apoptotic cells which was attributed to the relatively close
amounts of ROS production (Section 3.7).

Although the apoptotic cells in ZnPcS4/Ag-PEG-FA nanohybrids
were nearly close to that of ZnPcS4;/Ag@mSiO»-FA, the latter nano-
hybrids noted a remarkable increase between passive (40.0%* + 4.6)
and active (69.9.0%** + 5.6) nanohybrids which supported the notable
photodynamic therapeutic effect of the ZnPcS4/Ag@mSiO,-FA nano-
hybrids to obliterate melanoma cancer cells. It is important to emphasize
that the conjugation of carboxyl groups of FA with the amino groups of
the nanohybrids did not compromise the ability of FA to bind to folate
receptors as the folate receptors reside on the surface of the cells [40,
41]. Overall findings of this analysis were consistent with those of ATP
assay and testified that ZnPcS4/Ag@mSiO,-FA nanohybrids plus irra-
diation could induce A375 cells to undergo apoptosis and can be a
promising nanohybrid platform for PDT of melanoma cancer cells. It
should also be borne in mind that apoptotic cells do not cause detri-
mental effects on their adjacent cells and they are the most favorable
forms of cell death in PDT rather necrotic cell death pathway which
releases harmful cellular waste [42].

It should be borne in mind that ATP assay is an indirect measurement
to determine the number of viable cells based on quantitation of the ATP
present, which is a marker for the presence of metabolically active cells.
However, the ATP assay can only quantify whether the cells are dead

and demonstrate the effect of PDT. Many factors can affect this assay
such as cell confluency, metabolic rate, and cell activity. Hence, this
assay may mistake these changes as cell death even though the cells are
perfectly viable while flow cytometry is more reliable and precise to
calculate the number of dead/live cells and distinguish various forms of
cell death.

3.7. ROS generation analysis

To further explore the PDT effect of the nanohybrids, the level of
intercellular ROS was evaluated for the cells treated with the passive and
active nanohybrids with and without light irradiation. Singlet oxygen,
hydroxyl radical, hydrogen peroxide, and superoxide are considered
reactive oxygen species (ROS). Measurement of hydrogen peroxide in
the cultured cell is convenient as it has the longest half-life. Additionally,
various ROS are converted to HyO, within cells [43,44]. Therefore HoOo
level can be used to evaluate the level of ROS produced in cells [44]. As
can be seen in Fig. 8, ZnPcS4/Ag@mSiOy-FA-+Irradiation produced
elevated ROS intensity compared with ZnPcS,/Ag@mSiOy+Irradiation
which was due to the presence of active targeting moieties and the re-
sults were in agreement with the flow cytometry. In addition, the cells
exposed to ZnPcS4/Ag-PEG and ZnPcS4/Ag-PEG-FA under light irradi-
ation did not show a significant difference in the level of ROS production
which was concluded that the large structure of SH-PEG-NH; molecules
(as explained in Section 3.5) may restrain the overexpression of nano-
hybrids on folate receptors.

4. Conclusions

Two highly effective nanohybrids based on the silver-core structure
including Ag-PEG and Ag@mSiO, NPs were fabricated and attached to
ZnPcS,4 PS. In these nanoplatforms, FA was integrated to enhance their
overexpression on melanoma tumor cells. Both ZnPcS4/Ag-PEG-FA and
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ZnPcS4/Ag@mSiO»-FA nanohybrids exhibited excellent dispersity while
the latter nanohybrids provided higher colloidal stability in physiolog-
ical solutions. The decoration of nanohybrids with targeting moiety
could significantly enhance their cellular uptake confirming the suc-
cessful uptake of ZnPcS4-loaded nanohybrids into the mitochondria via
folate receptors. The preliminary toxicity analysis showed that they
have no obvious in vitro dark toxicity with high biocompatibility. While
under 674 nm light irradiation, the ZnPcS4/Ag@mSiO»-FA nanohybrids
could efficiently produce enough ROS for PDT with approximately 92%*
=+ 1.1 cell death relative to 70%* + 2.9 for ZnPcS4/Ag-PEG-FA due to
high energy transfer between Ag@mSiOy NPs and PS. Summarizing our
study proved that ZnPcS4/Ag@mSiO,-FA nanohybrids offer a simple yet
effective treatment option against melanoma cancer cells which also
reinforces the idea that the use of ZnPcS4/Ag@mSiO5-FA in vivo studies
will achieve high PDT efficacy after optimization.
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