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Theoretical Backeround

2 Theoretical Background

Cancer is one of the leading causes of death in the world. It affects people of all ages, gender,
races, different social, ethical and economic backgrounds. Cancer is caused by mutations to the
DNA within cells arising from external forces, such as ultraviolet radiation, chemicals,
smoking, and viral carcinogens or from spontaneous genetic mutation [1]. Currently many
cancer treatments are available to cure, shrink or stop the progression of a tumor. Taking
prostate cancer as an example, the treatment would be based on the extent of the cancer. The
guidelines purpose an initial therapy with radiation or hormone drugs at low-risk group. By
high-risk group invasive treatment options using surgery are being used to remove as much of
the cancer as possible followed with chemotherapy and radiation therapy [2]. Using cytotoxic
agents side effects often occur due to the nonspecific distribution of the drug in the body [3].
Unfavorable side effects occur when drugs are not preferentially taken up by tumor tissue, but

instead accumulate in healthy tissue [4].

Thanks to remarkable efforts made in cancer diagnosis, treatment and prevention over the past
25 years, survival rates improved for many types of cancer. Ongoing research areas are mainly
focused on the development of nanosized delivery platforms [5], new therapeutic targets such
as vascularization of a tumor, known as angiogenesis [6], and specific targeted delivery of

therapeutics [7].

Current research in the field of medical nanotechnology has demonstrated its advantages for
cancer treatment and diagnostics. This technology seems promising, as it aims to develop
nanocarriers to deliver chemotherapeutics selectively to the tumor cells with controlled and

sustained release of drugs while obtaining minimum toxicity to healthy cells.

2.1 Cancer as its Basics

Cancer poses a huge treat to public health systems, where incidence rates have increased in both
developed and underdeveloped countries [1]. The research from 2020 revealed 4 million new
cases of cancer and over 1.9 million cancer-related deaths in Europe. The most common causes
of death were cancer of the lung, colorectal, female breast and pancreatic cancer with 380,000,
250,000, 140,000 and 130,000 deaths, respectively [8]. They represent almost half of the overall

burden of cancer in Europe (Figure 1).
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Figure 1 Distribution of cases and deaths for the five most common cancers in Europe in 2020 for males and
females [8].

One of the greatest risk factor for developing cancer is aging, as elderly people are more likely
to develop cancer compared with younger people [9]. Approximately 60% of cancer diagnoses
and 70% of all cancer deaths occur by patients of 65 years or older [10]. It has been proposed
that this disproportional increase with age is associated with the accumulation of mutations over
the years [11]. As the population continues to age, a 47% increase in cancer incidence from
2020 to 2040 is projected to occur worldwide, assuming that national rates estimated in 2020

remain constant [12].

2.1.1 The Genetic Basis of Cancer

Cancer is a genetic disorder and it is termed as the malignant, autonomous growth of cells that
have acquired mutations and epigenetic changes which leads to escape of normal growth control
mechanism and uncontrolled cell division in the body [1, 13]. This is a complicated, multistep
process, which demands accumulation of many genetic changes. These genetic alterations

include truncation of proteins, altered amino acids or altered reading frame [13].

Cancer originates from mutations in genes that control proliferation, generally resulting from
inactivation of tumor suppressor genes and/or conversion of proto-oncogenes to oncogenes.
The normal proliferation and progression of a cell cycle which includes activation of a control

system, reparation of the DNA damage, normal cell division, and induction of apoptosis
2
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(programmed cell death), is controlled through different regulatory proteins. Sometimes, these
regulatory proteins are not able to repair the damage in a normal cell [1, 14, 15]. At this point,
a tumor suppression gene, known as p53, is activated to block the cell cycle and induce
apoptosis. This gene has been identified as “the guardian of the genome” and has the ability to
bind to ubiquitin which leads to proteasomal degradation, recognition of damaged DNA by the
protein kinases ataxia telangiectasia mutated as well as ataxia telangiectasia and Rad3-related
followed by phosphorylation of p53. With the activation of p53 through these kinases, cell cycle
arrest is imposed [1]. However, this repair mechanism is mutated in more than 50% of all
cancers resulting in inactivation of the p53 protein. This makes it unable to give a signal and
activate the apoptotic machinery of the cell, resulting in uncontrolled proliferation of the cells
and formation of cancer tissue [1, 13, 14]. Another example is the rat sarcoma virus (RAS) gene
in the signal transduction cascade, the most frequently mutated oncogene in human cancer. The
mutant form of the gene binds guanosine-5'-triphosphate permanently which leads to turning
down a number of important functions for controlled cellular proliferation. Permanently

activated RAS gene stimulates cells without any external trigger in an uncontrolled way [1].

However, it is unlikely that all occurring mutations involve tumor suppressor genes or
oncogenes. It appears that several other cancer-associated genetic changes allow the tumor to
survive, grow and disseminate. They could be listed in six categories or “hallmarks of cancer”
[13, 15, 16] that describe the biological capabilities of healthy cells to evolve progressively to

neoplastic state. These are:

1. loss of contact inhibition that prevent suppression of tumor cell proliferation,

2. excessive response to growth promoting signals or insensitivity to growth inhibitory
signals,
resistance to apoptosis or evasion of growth suppression,

3
4. immortality through increased telomerase activity,
5. evasion of immune defense, and

6

induced angiogenesis.

2.1.2 The Current Methods of Cancer Treatment

Cancer therapy may be planned by considering different factors including the type and stage of
cancer, age, gender and health status of the patient to provide sufficient eradication of the tumor
or to inhibit and delay its growth. Chemotherapy, surgery, radiotherapy and immunotherapy are
the most common types of cancer treatment [17], which often offer low rates of antitumor
efficacy associated and serious side effect. Therefore, development of new better-tolerated

3
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therapeutic applications with less side effect are an urgent need. The purpose of this section is

to provide a brief overview of the traditional cancer therapies and their downsides.

2.1.2.1 Chemotherapy

Chemotherapy is commonly a first choice for cancer treatment. Many different kinds of
chemotherapy are used to treat cancer, alone or in the combination with other treatments,
including hormone therapy and molecular target therapy. Based on their different chemical
composition and mechanism of action, cytotoxic drugs can be divided into several categories,
known as alkylating agents, antimetabolites, topoisomerase inhibitors, mitotic inhibitors and
corticosteroids. Chemotherapy could be indicated as neoadjuvant therapy before surgery to
decrease tumor size, as well as adjuvant therapy after surgery to prevent tumor recurrence or in

combination with radiation therapy during surgery [18].

Cytotoxic drugs used in chemotherapy target cells at different phases of the cell cycle. The
nonspecific agents kill cells during any phase of the cell cycle while specific agents affect
cancer cells only during a certain phase [19]. The major concern for chemotherapy is toxicity.
These compounds do not distinguished between healthy cells such as bone marrow, intestinal
epithelium and skin cells, and present a narrow therapeutic index with a small difference
between the dose required for an antitumor effect and that responsible for unacceptable toxicity
[20, 21]. Side effects are usually nausea, vomiting, mucosal injury, obstipation, diarrhea,
myelosupression and alopecia [22, 23]. Due to these undesirable effects, patient resistance to
the therapy often increases, which leads to decreased survival, higher treatment failure rates

and health care costs [15, 19, 20, 24].

Some cytotoxic drugs may affect cells of vital organs and cause permanent damage to the
kidneys, lungs, nervous system and heart. Repeated administrations of anthracyclines could
cause cardiotoxicity due to oxidative stress and apoptosis. A high dose of alkylating drugs,
ifosfamide and cyclophosphamide, may lead in life-threatening heart failure and arrhythmias
[23]. Meanwhile, cancer treatment often leaves damaged cognitive functions resulting in
dysfunction of episodic memory, slow information processing, deficit in attention and
etiological functions that could first appear after some months or years. It was shown that
doxorubicin and cyclophosphamide have a negative impact on many domains of cognitive
function in approximately 40% of women undergoing chemotherapy for breast cancer, probably
because of the reduced production of new progenitor cells in the hippocampus [25, 26]. Another
example is the nephrotoxicity by treatment with commonly used cytotoxic agent such as
cisplatin. The kidney cell injury and death appeared via signaling pathway of protein kinase C 9,
4
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which appears to be the same pathway responsible for chemotherapeutic effects of cisplatin in

tumors [27].

2.1.2.2 Immunotherapy

In year 2011, US Food and Drug Administration (FDA) approved ipilimumab as a first drug
for immunotherapy for treating metastatic melanoma. The most common immunotherapy
currently involves immune checkpoint inhibitors and others (T-cell transfer therapy,
monoclonal antibodies, treatment vaccines [28]), which are using the immune system to fight
against cancer. Most of these are monoclonal antibodies targeting immune checkpoints
including CTLA4, PD-1 and PD-L1 [29]. Although, they have improved overall survival of
patients with rapidly fatal cancer [29, 30], the treatment often resulted in life-threatening and
long-term consequences, such as unknown side effects, management of chronic conditions as
well as financial issues [31]. Immune-related adverse events (irAEs) are very common, can
occur many weeks or months after treatment and can risk any organ [32]. The oncologic
treatment of these patients can be challenging because they require treatment over a longer

period compared to other cancer therapies.

2.1.2.3 Radiotherapy

Radiation therapy is one of the most cost-effective method for cancer treatment that contributes
to cure in about 40% of cases alone as a curative therapy in a variety of tumor types or more
commonly with concomitant surgery and/or chemotherapy [24]. The aim is to deliver a lethal
dose of high-energy radiation from X-rays, gamma rays or electrons to tumor tissue to induce
DNA damage, kill cancer cells and shrink tumor size. In contrast to chemotherapy drugs, the
radiotherapy is normally delivered from outside the body and localized to the tumor area [33].
It is also relative safe and painless for the patient. However, it is difficult to avoid the damage
of the healthy tissue, which results in severe side effect in 5-10% of treated patients [34]. Most
common radiotherapy effects are hair loss, delayed wound healing, induration of the skin,
myocarditis, pneumonitis and vascular stenosis [18]. In attempt to avoid this, the dose of the
radiotherapy often is reduced that could result in failure of the cancer treatment and poor
prognosis. Thus, a major consideration in the use of radiotherapy is how to maximize
effectiveness of the therapy within the capacity of acceptable dose that adjacent healthy tissues

can tolerate ration injury [35].

2.1.2.4 Surgery
Surgery is the most effective treatment for early stage of solid tumor (ovarian, breast, intestinal
and lung tumor), as it attempts to remove 100% of the malignant cells. However, it means
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removing tissue from the body and is a crucial intervention for providing a chance of cure for
patients [24]. A surgery of breast cancer has been shown to cause persistent breast pain in 25%
of women and a strong correlation between depression and chronic pain [36]. Despite modern
surgical techniques and instrumentation, residual tumor cells may remain in the surgical
margins after the procedure or be inadvertent seeded during the surgery, which promotes the
risk for tumor relapse and metastasis [37, 38]. Additional chemotherapy and radiotherapy are
commonly used as postoperative cancer treatment to reduce the possibility of recurrence of the

tumor [37], which could prolong the cure period.

2.2 Role of Nanoparticles in Cancer Treatment

The term “nanotechnology” was presented in 1959 by the Nobel laureate Richard P. Feynman
in his lecture “There’s Plenty of Room at the Bottom” [39], which acted as a springboard for
all further revolutionary developments in the field of nanotechnology. Nanotechnology includes
various types of materials and particles labelled as “nano” due to their size at nanoscale level
(10-° m). The nanotechnology guidance published by FDA in 2014 provided a framework for
the regulations of nanotechnology products and can be used as a screening tool to all FDA-
regulated products [40]. It describes two points that should be considered, when the product

involves application of nanotechnology [40]:

1. whether a material or end product is engineered to have at least one external dimension,
or an internal or surface structure, in the nanoscale range (approximately I nm to
100 nm);

2. whether a material or end product is engineered to exhibit properties or phenomena,
including physical or chemical properties or biological effects, that are attributable to
its dimension(s), even if these dimensions fall outside the nanoscale range, up to one

micrometer (1,000 nm).

Meanwhile, in 2011 European Commission defines the term “nanomaterial”, with the review
“Recommendation on the definition of nanomaterial 2011/696/EU” and adopted it in 2022 with
a new version 2022/C 229/01. According to it [41]:

a “nanomaterial” means a natural, incidental or manufactured material consisting of solid
particles that are present, either on their own or as identifiable consistent particles in
aggregates or agglomerates, and where 50 % or more of these particles in the number-based

size distribution fulfil at least one of the following conditions:

1. one or more external dimensions of the particle are in the size range 1 nm to 100 nm;
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2. the particle has an elongate shape, such as a rod, fiber or tube, where two external
dimensions are smaller than 1 nm and the other dimension is larger than 100 nm;
3. the particle has a plate-like shape, where one external dimension is smaller than 1 nm

and the other dimensions are larger than 100 nm.

So far, no unified definition of nanomaterial has been accepted worldwide, which is leading to
varying use of the term '"nanoparticle” in the scientific literature. Especially in the
pharmaceutical field, where nanoparticles are usually used for drug delivery and therapeutic

applications, the size is often described between 1 nm and 1000 nm [42].

2.2.1 Nanoparticles for Drug Delivery and Therapeutics

Application of nanoparticles in medicine is promising alternative for drug delivery and solution
for many limitations and problems of conventional drug delivery systems. The main challenges
of drugs are limited targeting, low therapeutic indices, poor water solubility, and the induction
of their resistances [43]. In contrast to conventional pathway of drug delivery, nanoparticles
aim to improve the target accumulation and efficient release of the drug at the desired site,
increase therapeutic efficiency and reduce the intensity and incidence of severe side effects by
concentrating in cancer tissue rather than in healthy tissues [44]. Nanoparticles are attractive as
cancer therapeutics due to their variety in size, composition, surface properties, and stability.
The properties of each nanoparticle system can be developed in a manner to enhance the drug
delivery. For instance, nanoparticles with hydrophilic surfaces are utilized for to extend
circulation time, whereas positively charged nanoparticles are used to enhance endocytosis [45,
46]. The most common types of nanoscaled delivery systems for targeted drug delivery in
cancer research include polymeric nanospheres (NS) and nanocapsules (NC), liposomes,
micelles, dendrimers, protein and inorganic nanoparticles. The first approach to load
nanoparticles with pharmaceutical active ingredients was described in 1960s, when doxorubicin
was encapsulated in liposomes for cancer treatment [47]. In the last 30 years, the European
Medicines Agency (EMA) and FDA have approved several nanoparticle formulations for
cancer therapy. Among the nanoscaled delivery systems, the lipid based nanoparticles presents
56% of the total approved nanopharmaceuticals for cancer treatment. The rest are mainly
included as protein-drug conjugates (38%) and metallic based nanoformulations (6%). They are

summarized in Table 1.
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Table 1 Nanoscaled delivery systems for cancer therapy on the market (adapted from [48]).

Nanoparticle P"’d“g Active component Indication Approval
system name (Year)
. .. Kaposi’s ca., ovarian ca., FDA
Doxil Doxorubicin multiple myeloma (1995)
Metastatic breast ca., EMA
Caelyx Doxorubicin ovarian ca., Kaposi’s ca., (1996)
multiple myeloma
.. . FDA
DaunoXome Daunorubicin Kaposi’s ca. (1996)
Myocet Doxorubicin Metastatic breast ca. (]gl(;/gg)
Lipid based EMA
nanoparticles Mepact Mifamurtide Osteosarcoma (2009)
Ameluz 5-Aminolevulinic acid Superficial and/o.r nodular EMA
basal cell carcinoma (2011)
Marqibo Vincristine Acute lymphoid leukemia (5?3)
Onivyde Irinotecan Pancreatic ca,, FDA
y colorectal ca. (2015)
Daunorubicin . . EMA
Vyxeos Cytarabine Acute myeloid leukemia (2018)
Oncaspar Pecasparoase Acute lymphoblastic FDA
p £asparg leukemia (1994)
. R Cutaneous T-cells FDA
Ontak Denileukin Difitox lymphoma (1999)
. . FDA
Eligard Leuprorelin acetate Prostate ca. (2002)
Abraxane Paclitaxel Breast ca., non-small FDA
Protein-drug lung ca., pancreatic ca. (2005)
conjugates EMA
. (2013)
Kadcyla DM1 (or Emtansine) HER2+ breast ca. FDA
(2013)
Metastatic breast ca.,
Pazenir Paclitaxel metastatic adenocarcinoma EMA
¢ ¢ ¢ of the pancreas, non-small (2019)
cell lung ca.
Metallic
nanopartlcl'es NanoTherm Iron oxide Glioblastoma ca., EMA
for magnetic prostate ca., pancreatic ca. (2013)
hyperthermia

Abbreviation: ca.: cancer

2.2.2 Examples of Nanoparticles in Cancer Research

2.2.2.1 Inorganic Nanoparticles

Most commonly used inorganic nanoparticles in the diagnosis and treatment of cancer include
mesoporous silica nanoparticles (MSNs), iron oxide nanoparticles, carbon nanotubes (CNTs),
gold nanoparticles and porous silicon. Inorganic nanoparticles have attracted great interest in
medicine due to their diverse functionality, wide range of sizes and shapes and unique physical
and chemical properties. They have a good physical stability, an increased surface area, which

increase loading capacity and a good biocompatibility and versatility when it comes to surface
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functionalization [49]. However, some inorganic nanoparticles, such as CNTs, are not

biodegradable and could have a cytotoxic effect [50].

MSNss are the most widely used inorganic nanoparticles for controlled drug delivery. These are
silica nanoparticles with meso-nanoscale pores in a honeycomb-like arrangement with pores
sizing from 2 nm to 50 nm and a multifunctional tunable morphology that provides a high
surface area and pore volume [51, 52]. Besides, MSNs induce a low immunogenicity and a good
biocompatibility. They are excellent options for the delivery of several anticancer drugs and
other theranostic agents, including diagnostic molecules and enzymes to the targeting site [53].
Another commonly used inorganic nanoparticles are CNTs, rolled up cylinders of graphene
sheets. They served as carriers for small drugs, proteins, plasmid DNA and RNA to target cells
through endocytosis with an ability for high drug loading due to a high specific surface area.
CNTs possess good optical properties and thus can be utilized for photothermal cancer
eradication [54]. The inert and nontoxic nature of gold nanoparticles makes them a suitable
nanocarrier system applicable in biomedical field [55]. The drug could be attached on the
external surface of the gold nanoparticles or encapsulated in the hollow interiors of gold
nanoshells and nanocages [56]. Additionally, gold nanocarriers have strong photothermal
properties that could be used for direct cancer treatment even without cytotoxic drug. Moreover,
they could be used for cancer diagnostics due to their fluorescence and multiphoton
luminescence properties and strong optical absorption [53, 57]. To date, NanoTherm® is the
only metallic-based nanoformulation for cancer therapy that is approved by FDA and EMA.
Magnetic fluid hyperthermia, as cancer therapy, is using a colloidal dispersion of iron oxide
nanoparticles coated with amino silane. After direct introduction of the iron oxide nanoparticles
into the tumor, an alternating magnetic field is applied to destroy the cancer cells by heating

[48, 58].

2.2.2.2 Liposomes

Liposomes are spherical vesicles composed of synthetic or natural phospholipids and
cholesterol, with specific net properties expressed in physicochemical features including
permeability, and charge density [59]. Amphiphilic phospholipid molecules close the lipid
bilayer and encapsulate the aqueous interior due to interactions between their hydrophilic head
groups with aqueous phase, while protecting their hydrophobic groups from the aqueous
environment [60]. These self-associated liposomes are classified as unilamellar and
multilamellar and could encapsulate water-soluble drugs in the aqueous core, lipidic drugs in

the lipid bilayer and amphiphilic drugs partitioned at the bilayer surface [61]. Liposomes offer
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several advantages over many other nanocarriers including biocompatibility, capacity for self-
assembly and ability to carry large drug payloads of hydrophilic and hydrophobic drugs.
Moreover, liposomes could be designed for passive or active targeting on cancer cells due to
modifications of the outer surface of liposome by adding additional molecules such as
antibodies, peptides, proteins and carbohydrates, which control biological characteristics of
liposomes [62]. Despite these advantages, they have demonstrated several disadvantages that
became obvious during clinical application. A potential disadvantage is that the mononuclear
phagocyte system (MPS) could recognize them as foreign objects followed by their removal by
opsonisation, and the reticuloendothelial system (RES) [63, 64]. To overcome this limitation,
progress took place in the 1990s with the development of sterically stable liposomes
functionalized with poly(ethylene glycol) (PEG) molecules. Increase in steric stabilization
reduced the MPS clearance that resulted in prolonged circulation and localization in tumor [63-
66]. The first FDA and EMA-approved anti-tumor liposomal PEGylated formulations were
Doxil® in the USA and Caelyx® in Europe with the active pharmaceutical ingredient

doxorubicin (Table 1) [59, 60, 67].

2.2.2.3 Polymeric Micelles

Polymeric micelles are formed of amphiphilic block copolymers with self-assembly properties
to create a structure with a hydrophobic inner core and a hydrophilic outer shell which varies
in composition [68, 69]. Copolymers consist from highly water soluble and flexible polymers,
such as PEG and poloxamers constructing the hydrophilic shell of the polymeric micelles, and
hydrophobic polymers, such as poly(lactic-co-glycolic acid) (PLGA), poly(lactic acid) (PLA)
and poly (e-caprolactone) (PCL) comprising the hydrophobic core [70]. The advantage of such
a structure over other delivery systems is the ability to load a hydrophobic drug into the core,
hydrophilic drug into the shell and amphiphilic drug in-between. The outer shell can be
modified to achieve the desired properties for sufficient transport to the tumor site [69, 71, 72].
Additional reasons for the use of micelles in the drug delivery is the small diameter below
100 nm that can reduce the uptake by the RES and the hydrophilic surface increasing the
circulation time [45]. However, some challenges appeared in formulation of polymeric micelles
including low drug delivery or instability when diluted in the bloodstream [70]. Until today,
only one polymeric micellar formulation, named as Genexol-PM® has been approved in South
Korea. It uses a block copolymer of PEG and PLA (mPEG-PLA) to encapsulate paclitaxel. The
formulation allows higher dose of administration with less hypersensitivity than Taxol®, where
paclitaxel is solubilized in ethanol and Cremophor®, used for the treatment of breast cancer,

pancreatic cancer and non-small cell lung cancer [73].
10



Theoretical Backeround

2.2.2.4 Dendrimers

A well-defined structure of dendrimers is characterized by repeated branching of a polymer
around a central core to form a three-dimensional geometrical structure. Dendrimers are formed
from monomers using polymerization that defines the length of branching units and are
sterically limited [59, 74, 75]. Dendrimers offer multiple advantages. They are stable structures
with surface groups that could be functionalized for targeted drug delivery by conjugation of
ligand [76-78]. Due to the high branching, drug molecules could be easily incorporated in the
multifunctional sphere or coupled to functional groups [75]. Dendrimers have been widely
explored for the delivery of poorly soluble anticancer agents [79]. However, a main
disadvantage of dendrimers is their rapid systemic clearance and insufficient tumor
accumulation. The rapid elimination from the bloodstream and their small size (1-15 nm [80])
prevent them to take significant advantage of the enhanced permeability and retention (EPR)
effect resulting in inefficient delivery and accumulation within tumor [81]. There is no
formulation using dendrimers for cancer treatment on the market yet, but there are several
studies, which are using easy functionalization of dendrimers to target tumors. One of these
examples is the recent study of Nigam et al. [82], who combined magnetic chemotherapy and
hyperthermia for cervical cancer treatment. They covered iron oxide nanoparticles with
dendrimers and loaded them with doxorubicin [82]. Another example is the conjugation of folic

acid to dendrimers for the successful delivery of siRNA to lung cancer cells [83].

2.2.2.5 Polymer Nanoparticles

Polymer nanoparticles are commonly defined as solid, colloidal systems, where polymers have
been used as the construction material [84]. Generally, there are two main types of polymer
nanoparticles, NS and NC (Figure 2). NS consist of a spherical polymeric matrix in which the
drug is uniformly dispersed throughout the particle, while NC are vesicular systems with a
single polymer shell and an aqueous or oily core in which the drug is confined [75, 85, 86]. In
the preparation process of polymer nanoparticles for drug delivery, the choice of the polymer
material is very important and it depends on the type of application, duration of drug release
and nature of the active ingredient. Polymers for drug delivery systems can be classified as
hydrophilic or hydrophobic, charged or noncharged and natural or synthetic [85, 8§7]. Among
natural polymers, are generally used polysaccharides (chitosan, dextran) as well as proteins
(albumin, gelatin, collagen), while synthetic polymers include polyethers, polyesters and vinyl
polymer polystyrene [88]. Polymeric nanoparticles are generally easy to synthesize, have high
stability, and are biocompatible and biodegradable [89]. Their offer the advantage of easy

surface modification [90], allowing them to deliver drugs, proteins and genetic material to
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targeted tissues. However, limitations of polymeric nanoparticles include an increased risk of
particle aggregation and toxicity [91]. Only a few polymeric nanomedicines have gained FDA
approval and are used in the clinic. However, many clinical trials are currently testing polymeric

nanocarriers [92].

Nanosphere Nanocapsule

Polymer matrix Polymer shell

Oily core

Figure 2 Structure of polymer NS and NC.
2.2.3 Preparation Procedures of Polymeric Nanoparticles

2.2.3.1 Nanoprecipitation

Nanoprecipitation is a method for the preparation of polymeric nanoparticles, which was
developed by Fessi et. al. [93]. It is also known as solvent displacement method or interfacial
disposition (Figure 3) where drug is entrapped in the polymer matrix of NS or dispersed in the
oily core of NC. The interfacial disposition of polymers takes place after displacement of a
semi-polar solvent in the lipophilic phase, miscible with water. Due to rapid diffusion of the
solvent into a non-solvent phase, the interfacial tension between these two solutions decreases,
resulting in a higher surface area and formation of well-defined droplets of nanoparticles [93,
94]. The NS are prepared by a precipitation, which includes Maragoni effect [95], while NC
formation is governed by the ouzo effect [96]. The nanoprecipitation process requires
(1) a suitable organic solvent which is partly miscible in water and could be removed by
moderate stirring, evaporation under reduced pressure or by tangential ultrafiltration,
(i1) polymer dissolved in the organic phase (O-phase), and (iii) an aqueous phase (W-phase)
with a water-in-oil (W/O) stabilizer in which the polymer is not soluble. To prepare NC via
nanoprecipitation the composition of the O-phase additionally contains an oil. The
nanoprecipitation method is mostly applicable for the encapsulation of lipophilic drugs, which
are usually added to the organic solvent [84, 97]. However, Barichello et al. have shown that

this method could be possibly used in formulations for proteins and peptides [98] but with very
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low encapsulation efficiency. Among natural polymers, allyl starch [99] and dextran ester [100]
are used. More commonly used polymers are biodegradable such as synthetic PLA [101],
PLGA [102] and PCL [103, 104]. This one-step nanoparticle preparation technique is fast,
simple, reproducible and widely used for the preparation of NC and NS. However, the high
encapsulation efficiency could be achieved for hydrophobic drugs, while hydrophilic drugs
suffer from drug leakage to the external medium, resulting in low drug content in the

nanoparticles.

Nanoprecipitation Nanoemulsification

O-Phase ’

Polymer, oil, organic solvent, lipophilic surfactant

Phase mixing
W-Phase ‘/
Stabilizer, non-solvent (usually water)

‘ Preparation of primary ‘
emulsion (O/W)
Mechanical stirring

Moderate stirring (e.g. high-shear-homogenization,
ultrasonication)

‘ Nanoemulsion

Organic solvent removal
(e.g. stirring, reduced pressure)

‘ Nanoparticle dispersion ‘

Purification
(e.g. centrifugation, dialysis, filtration)

‘ Purified nanoparticle dispersion

Figure 3 A schematic overview of the nanoprecipitaton and nanoemulsification method used for the formulation
of NS and NC. Adapted from [105].

2.2.3.2 The Emulsion Methods

Emulsion-based methods are among the most widely used techniques for preparing polymer
nanoparticle preparation as they offer several advantages. These techniques are known for their
rapid and simple operation, ability to encapsulate drugs with different physicochemical
properties, and cost-effectiveness in terms of equipment required. Though it includes more steps
than nanoprecipitation technique (Figure 3) and it uses high volumes of water. They could be
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divided into emulsification-diffusion, emulsification-evaporation, emulsification-coacervation
and double emulsification [106]. The emulsification-diffusion method is one of the most
commonly used method for polymeric nanoparticle preparation. This technique was utilized by
Leroux et al. [107] for NS preparation and then by Quintanar-Guerrero ef al. [108] to prepare
NC. Depending on the aqueous solubility of the drug, oil-in-water (O/W) single emulsions, or
water-in-oil-in-water (W/O/W) double emulsion systems can be used. For the encapsulation of
hydrophobic compounds, PLGA and the drug are dissolved together in the O-phase and then
emulsified with an aqueous solution containing a surfactant, such as poloxamer 188,
polysorbate 80, or poly(vinyl alcohol) (PVA). For single-emulsion production, both phases are
mixed by high-speed homogenization or ultrasonication to form a stable O/W emulsion [109,
110]. Encapsulation of a hydrophilic drug involves an initial formation of a W/O emulsion, in
which the drug is in the W-phase and the polymer is in the O-phase. Subsequently, the primary
W/O emulsion is emulsified in the second aqueous solution containing the surfactant to form
W/O/W system [110]. The next steps include the removal of the organic solvent through
diffusion or evaporation and purification with ultracentrifugation to collect nanoparticles and

remove residual excipients [94].

2.2.3.3 Salting-Out Method

The salting-out method, disclosed by Bindschaedler et al. [111], is a modified version of solvent
diffusion or emulsification method that involves a salting-out process while avoiding the use of
surfactants or chlorinated solvents in the emulsification step. The polymer is dissolved into the
organic solvent, which is usually water-miscible and added to a saturated aqueous solution
containing a salting-out agent. Electrolytes such as calcium chloride, magnesium chloride and
magnesium acetate or non-electrolytes such as sucrose, are commonly used as suitable salting-
out agents. Due to their presence, the W-phase does not mix with the O-phase which leads in
the formation of the emulsion. This emulsion is diluted with a large volume of water or
an aqueous solution to enhance the reverse salting-out effect resulting in the diffusion of the
organic solvent into the W-phase, precipitation of the polymer and thus inducing the formation
of nanoparticles [112-115]. The salting-out agent and the organic solvent could be eliminated
by centrifugation or cross-flow filtration. High efficiency, easy scale up, speed and simplicity
of operation are advantages of salting-out method. However, it is limited to hydrophobic drugs
and selected salting-out agents that do not precipitate. Another disadvantage is the extensive

washing, which represents a time-consuming and difficult procedure [115, 116].
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2.2.3.4 Supercritical Fluid Technology

The supercritical fluid technology offers a simple, high quality and solvent free process with
suitable technological properties [117]. The technique is based on the use of a supercritical fluid
such as carbon dioxide and water [118], which can either be in liquid or gas form. It is employed
above its thermodynamic critical point of temperature and pressure. After dissolution of drug
and polymer in an environment friendly solvent, the mixture is solubilized in the supercritical
fluid, followed by the rapid expansion of the solution across a capillary nozzle into ambient air.
Due to rapid pressure reduction during the expansion, it comes to supersaturation and formation
of homogeneous nuclei, resulting in dispersed nanoparticles [119, 120]. Even though this
technique utilizes no organic solvent, it has some limitations, for example high equipment and
energy costs, difficulty to dissolve strong polar substances in supercritical carbon dioxide and

broad nanoparticle size distribution [84, 119].

2.2.3.5 Electrospraying

The electrospraying is a simple, one-step approach to prepare polymeric nanoparticles with the
use of high voltage. A hydrophilic or hydrophobic drug is mixed to the polymer solution, which
is applied into a syringe and infused at a constant rate using a syringe pump. The high voltage
forces the solution to appear from the syringe in form of droplets, followed by solvent
evaporation and formation of nanoparticles [121]. Not only synthetic polymers, such as PLA,
PLGA and PCL, but also natural polymers, such as alginate and chitosan, can be used [122].
This technology is also convenient for proteins or carbohydrates without losing their
bioactivity [123]. Other advantages include rapid preparation, low cost, easy control of the
process, high reproducibility and high encapsulation efficiency [124]. However, the shear stress

involved in the nozzle may induce degradation of e.g. the proteins and enzymes [125].

2.2.3.6 Microfluidics

Nanoparticle preparation in microfluidic systems is performed in a microreactor of an inner
dimension smaller than 1 mm. It includes a microfluidic chip that uses micron-scale channels
to handle fluids and are often made of polymers such as polydimethylsiloxane or glass [126].
The microfluidic platform comprises two types of systems: single-phase continuous flow
system with continuous laminar flow of multiple fluids and multiphase flow system divided
into segmented flow and drop microreactors [127]. This systems demonstrate several
advantages over conventional batch synthesis including high reproducibility and controllability,
low reagent consumption and high-throughput preparation of nanoparticles [128]. Droplet

microfluidics also enable currently inaccessible high-throughput screening application.
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Nevertheless, there are some challenges, such as the possibility of channel clogging, expensive
substrates such as glass and silica, the complex device design, and the complicated scale-up

process [129].

2.3 Targeted Delivery of Tumors Using Nanoparticles
Nanoparticle drug delivery can be either an active or a passive process. Passive delivery refers
on the tumor biology presented near the cancer cells, whereas active targeting needs an external

active biomolecule linked to the nanoparticle system.

2.3.1 Active Targeting

Nanoparticles that are engineered for active targeting to the tumor cells use peripherally
conjugated or functionalized biomolecules, such as peptides, proteins, nucleic acids,
monoclonal antibodies, sugars or small molecules to improve specific nanoparticle
accumulation at the tumor site. Ideally, active biomolecules selectively bind with high affinity
for target molecules, such as proteins, sugars or lipids, overexpressed or selectively expressed

on the surface of cancer cells as opposed to healthy cells [15, 130-133].
The main intensions of active targeting involve [130]:

1.) identification of cancer cells due to selective binding of active biomolecules with
specific ligands on the cell surface,

2.) avoidance of non-specific interaction of active biomolecules with non-cancer cells,

3.) high local concentration of the nanoparticles on the outer surface of the target cells to
achieve the functional dose before drug rush dilute through normal circulation and renal
clearance,

4.) enhancement of the cellular uptake of the drug and

5.) effective transport of the nanoparticles due to long circulation times through the EPR

effect.

The design of ligand-functionalized nanoparticle drug carriers has to be in sufficient quality to
allow multipoint binding at the tumor site. The efficiency of an active targeting system is
evaluated by the targeting specificity of the target molecule and the delivering capacity of the
ligand-functionalized nanoparticle [133]. The targeting specificity is defined by the
bioavailability and the interaction between ligand-functionalized nanoparticle and target cell.
However, the development of the nanoparticle system could be challenging due to biology of

the systems in a human body, such as RES, immune system and weak perfusion of tumors [15,
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130]. Therefore, nanoparticles developed for active targeting need to remain in the blood

circulation, be able to escape immune system and increase diffusion rates.

Active targeting could be additionally divided into different levels, including tissue, intrinsic,
systematic specific and gender specific [15]. The purpose of systematic cancer targeting is to
act fast in uncontrolled cell replication, metastasis and angiogenesis [130]. Some cancers,
including lung, breast, prostate, ovarian and head cancer, express on the surface of their cells
high levels of folate receptors which makes them suitable targets for nanoparticles with folic
acid ligand [134]. Due to rapid and uncontrolled cancer cell proliferation, the demand for iron
in tumor cells is greater. This enhances the expression of iron-binding glycoprotein transferrin
on the surface of cancer cells, which can be exploited as a target molecule [130, 134]. Despite
the advantages of active targeting of nanoparticles, only 0.7% of the administered nanoparticle

dose was found to be delivered to a solid tumor [135].

2.3.2 Passive Targeting

Nanoparticle systems exploit the nature of tumor dysregulated growth and its progression for
passive targeting. The growth of tumor cells is much faster in comparison with normal cells and
can lead to overgrowth of the cells and proliferation of small masses. The growth of tumor cells
continues until the tumor reaches the diffusion limit size of about 2 mm?. This limiting
environment affects nutrition, amino acids and glucose intake and oxygen delivery. Normal
cells are not able to survive, while tumor cells could overcome these limitations by inducing
and maintaining the tumor blood supply in an event called angiogenesis [46, 136]. In
comparison with normal blood vessels, the biology of angiogenesis shows the lack of pericytes,
several abnormalities in the basement membrane, and high level of proliferating endothelial
cells [136]. Normal physiological vessels are constructed from tight endothelial junctions up to
10 nm in size. The size of the pores between the leaky endothelial cells of the tumor ranges
from 100 nm to 1200 nm depending on the tumor type [137, 138] which allows enhanced
permeability of nanoparticles to pass through the vessel wall and reach tumor cells [75]. In
addition, the lymphatic drainage system also undergoes abnormality resulting in higher tumor
interstitial pressure in the tumor inner core than in the surrounding tissue. This prevents normal
diffusion of molecules and cause their concentration in the center of the tumor [75, 136].
Moreover, the nanoparticles that gain interstitial access to the tumor may stay longer in the
tumor interstitium. The effect of the combination of poor lymphatic drainage and leaky

vasculature is termed as the EPR effect and allows nanoparticles to enter and accumulate in
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tumor tissue (Figure 4). The EPR concept is regarded as a “gold standard” in the formulation

of new agents for cancer treatment [139].

Normal tissue Tumor tissue
k;}%ﬁ—l_j ‘ . Nanoparticle

[ C)C )0 2 ‘..'%‘ loaded with drug
OO S 4@ O

Blood vessel o

] _—Endothelium

OO ) &) & |

Figure 4 EPR effect for nanoparticle targeting.

However, with the use of passive targeting to reach the tumor, some limitation may appear: the
different extent of tumor vascularization and angiogenesis [140], the high interstitial fluid
pressure that prevents the efficient uptake and homogenous distribution of the therapeutic
agents in the tumor [141]. However, the passive form of tumor targeting is one of the most used
methods to reach a tumor. Upon successful localization of the nanoparticles inside the tumor,
the drug needs to be released from its carrier to generate a therapeutic effect. As the correlation
between accumulation and therapeutic effect is often difficult to control, different mechanisms
have been investigated for triggered release. Application of internal stimuli such as temperature
and pH or external stimuli like magnetic fields and lasers allowing a time- and
special-controlled targeting of cells [142-146]. Another externally triggered method is

ultrasound, which is used in cancer diagnostics and treatment [147, 148].

2.4 Ultrasound Enhanced Drug Delivery

For the past decades ultrasound has been mostly used in diagnostic imaging in the medical field
[149]. In recent years, however, ultrasound has been also used for the treatment of several
diseases and represents an effective and promising stimulus for achieving a controlled drug
release to a region of interest without disrupting surrounding tissue. The use of ultrasound in
the combination with drug-loaded nanocarriers increases the attention in the medicine for
cancer treatment [150-153] mostly due to its non-invasive, non-ionizing and painless
transmission of energy into the body, ability to focus the beam with the precision on the diseased
tissue and relatively low-costs. However, homogeneous exposure of large zones and targeting

moving organs are still a challenge [153].
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2.4.1 The Physics of Ultrasound

Ultrasound is a sound wave propagating through homogeneous isotropic medium as
a longitudinal wave with a frequency higher than the human audible range [154, 155]. Audible
sounds include the range between 20 Hz and 20 kHz, while ultrasound propagates at

frequencies higher than 20 kHz (Figure 5).

20 kHz 100 kHz 5MHz 10 MHz
A A

Power Therapeutic Diagnostic

ultrasound ultrasound ultrasound
0 kHz 1 kHz 1 MHz " 100 MHz
Infrasound Audible sound Ultrasound
v £2 v £
1 Hz 20 Hz 20 kHz 10 MHz

Figure 5 Frequency range of sound waves including infrasound, audible sound and ultrasound [156, 157].

Oscillating piezoelectric ceramics are often used to generate or detect ultrasound waves [155].
When voltage is applied on the crystals, a pressure field is produced on the atoms, which
induces compressions (at high pressure) or expansions (at low pressure) of the material and
generates periodic ultrasound waves emanating from the probe [158]. In Figure 6A some
variables of the sound waves are shown. The amplitude of the sound wave is the maximum
change in pressure caused by the wave at a specific location. The period in ultrasound is the
time to complete one cycle from one peak to the start of the next one, and is expressed in
microseconds. The same dimension of one complete cycle could be expressed in meters as
wavelength. The frequency of a sound wave is the number of cycles per second and is measured

in megahertz due to the high frequency of ultrasound.
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Figure 6 Cavitation induced by ultrasound. (A) A plot of a sound wave producing alternating compression and
rarefaction at low P and high pressure P". (B) Schematic depiction of inertial and stable cavitation of a bubble.

Ultrasound waves travel through a medium with an acoustic speed depending on the material
characteristics (Table 2). More rigid and less compressible materials such as bone or metal
feature a higher sound velocity whereas water and soft tissues as well as air show the lowest
values. When ultrasound waves pass through tissue, they are either absorbed or they reach the
target tissue and the waves are reflected back to the transducer. Adsorption is the process in
which sound energy is converted into other energy forms such as heat, chemical energy, or light
and is determined by an attenuation coefficient. Various attenuation coefficients for air, water
and different tissues are presented in Table 2. The attenuation is generally much higher for hard
than soft tissue [155]. The reflection rate is determined by acoustic impedances of two different
tissues on each side of the boundary (Table 2). The more significant the difference in acoustic
impedance is, the greater is the percentage of energy that will be reflected at the interface of the
materials [154]. Acoustic impedance Z is dependent on tissue density p and acoustic speed in
the tissue ¢, as

Z=p-cC.
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Table 2 Speed of transmission of ultrasound, attenuation coefficient and acoustic impedances of air, water and
various tissues [155, 159-165].

Material Density [kg/m®]  Acoustic speed Attenuation Acoustic impedance
at 37 °C [m/s] coefficient at [Pa/m3
1 MHz [dB/cm]
Air 1.3 331 12.0 0.0004
Water 998 1480 0.002 1.48
Blood 1050 1584 0.20 1.66
Muscle 1070 1580 1.09 1.69
Skull bone 1700 3360 13.02 5.7

For medical application, the ultrasound can be modulated by varying several parameters such
as frequency and intensity. Medical ultrasound can be divided into three fields depending on
the frequency (Figure 5): low frequency (20-100 kHz) as power ultrasound used for focused
ultrasound surgery [156], medium frequency (0.1-5 MHz) for therapeutic application [153, 166]
and high frequency (5-10 MHz) for diagnostic purposes [167]. The frequency specifies the
spatial resolution and the depth of the penetration into the body. The higher the frequency, the
better is the resolution. This is important when using imaging ultrasound. In this case, higher
frequencies will be chosen to get a higher image resolution. The penetration depth is inversely
proportional to the frequency [155]. At about 1 MHz the ultrasound wave penetrates for about
10 cm, which is the most of the body, whereas at frequencies higher than 10 MHz, the

penetration is only 1 cm [153].

The second parameter is ultrasound intensity, which plays a role for the amount of energy
delivered to the desired location. When an ultrasound wave travels from the transducer through
the tissue, it induces pressure changes of the surrounding medium, which is directly related to
the amount of energy received by the target tissue. The acoustic pressure P applied on the tissue
appears as periodic compression and rarefaction event (Figure 6A). The pressure, which is
expressed in Pa, can be measured by using a hydrophone [153]. The ultrasound intensity / refers
to the amount of energy delivered by the ultrasound wave over a specific area, measured in
W/cm? [168]. It is related to the acoustic pressure P, the density of the medium p and the
acoustic speed in the medium ¢, which reads as

PZ
I=—.
pC
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2.4.2 Acoustic Cavitation

Acoustic cavitation is defined as the formation of one or more cavities in response to an acoustic
field. The critical aspect of cavitation is the cavitation threshold, which includes the minimum
acoustic pressure required to initiate cavitation [169]. Acoustic cavitation includes the
nucleation or formation of bubble and bubble growth, oscillation and collapse in a liquid
medium induced by the ultrasound wave [156]. It is classified in two different types, called
stable and inertial cavitation, which are graphically presented in Figure 6. Stable or non-inertial
cavitation includes oscillating bubbles that grow until they reach their resonance size and keep
oscillating around their equilibrium diameter. The cavitation is permanent and bubbles continue
to oscillate for many cycles if the excitation peak rarefaction pressure stays below a certain
threshold [170]. Inertial or transient cavitation occurs at a higher peak negative pressure, which
leads to an asymmetrical oscillation of bubbles and their expansion to multiple of their original
size. This further leads to violent implosion and bubble collapse, which can cause various
bioeffects including the generation of shock waves [171], microjets [172], high temperatures

[173] and erosion of materials [174].

The formation of bubble, so called nucleation can typically occur in two forms: homogenous
or heterogeneous. In the case of homogenous nucleation, the nucleation takes place in the pure
liquid without any impurities or gas [169, 175]. The nucleation process requires sufficient
acoustic pressures to overcome the neutral cohesion with highest tensile strength and transition
from water to steam to produce bubble nuclei. Moreover, the peak negative pressure, also time
of acoustic excitation and the waveform are important for the prediction of cavitation inception
and activity [176]. Apfel and Holland assumed that an optimally sized bubble at a given
frequency exceeded the threshold for inertial cavitation. For an inertial cavitation at higher
frequencies, smaller bubbles are required for cavitation to occur at the lowest possible peak

negative pressure [176].

A Bubble

Figure 7 A bubble formed at a flat solid wall with contact angle 8 [177].
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However, in real systems, almost all nucleations occur on the surface of impurities in liquids
and are called heterogeneous nucleations. Any interface with another material has potential
importance for nucleation [169, 178]. In this work, polymer nanoparticles are used as cavitation
inducers. In Figure 7, contact angle at the intersection between liquid, vapor bubble, and solid
surface is denoted by 6. It follows that the energy barrier is at the maximum when the contact
angle is zero and homogeneous nucleation occurs. However, the surface is not always flat, so
the effect of other surface geometrics such as nanoparticle with rough surface must be taken
into account. There are different models to quantify wettability on the surface that consider the
role of surface roughness. One of them is a Cassie-Baxter model, where drops of liquid are
presumed to have contact with the top of the nanoparticle without penetrating the pores. Air
pockets are supposed to be trapped under the liquid, which gives a composite surface [179].
This may be due to Laplace pressure resulting in air entrapment on the nanoparticle surface.
Figure 8A illustrates the representation of the Cassie-Baxter model, where H indicates the depth
of the pores, the contact angle is denoted by 6, and the enclosed volume of air is indicated by V.
The pressures of air and liquid are denoted by p4 and p; respectively. When there is a sudden
decrease in hydrostatic pressure, the trapped gas may expand (Figure 8B) or merge with other
trapped gas pockets, resulting in the formation of a larger bubble [180]. During ultrasound
treatment with each rarefaction water invades the bubble forming gas, causing the bubble size
to increase therefore reducing the surface tension. After several amplitudes, the bubble
eventually undergoes cavitation, which leads to a collapse of a bubble at the interface to the

solids resulting in microjets which can also cause erosion and abrasion [169].

A B

p L, ex )

Figure 8 Illustration of a structured hydrophobic pore underwater with a side view of the (A) Cassie-Baxter model
and (B) with bubble expansion. Adapted from [180].
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Before using ultrasound for therapeutic purposes, the frequency and peak negative pressure
must be adjusted to not put tissue under mechanical stress, which would result in tissue
destruction. The limit values are described by using the mechanical index (MI) to describe the
mechanical bioeffects. The MI is a measure of the acoustic pressure related to the ultrasound

frequency and is defined as

mi=Z

g

where p denotes the peak rarefaction pressure in MPa, and f represents the frequency of the
ultrasound wave in MHz [181]. The FDA approves a MI value of 1.9 as a maximum in clinical
use [182]. This study focused on intermediate (MI = 0.2-0.5) and high (MI = 0.5-1.9) acoustic
powers, where bubbles undergo non-linear oscillation resulting in bubble destruction [181,

183].

2.4.3 Ultrasound-Triggered Mechanism of Drug Delivery

Ultrasound drug delivery relies on mechanical effects and is induced inside the blood vessels
by bubble cavitation. This causes pressure forces, shear-related acoustic streaming, or even
high-velocity microjets once the bubbles collapse [184]. These effects may be beneficial in
releasing drugs from micro- and nanocarriers and delivering agents across the biological
barriers. One of the first ultrasound-triggered drug carriers were microbbubles. They are
normally used as ultrasound contrast agents and are 1-10 um vesicular particles with a shell
made of lipids, proteins or polymers and filled with gas [151]. On the market, they are available
as Sonazoid™, Definity®, SonoVue® and Optison™ [185]. Additionally, their shell can be
loaded with active ingredients or functionalized with targeting ligands for targeted control or
even nanoparticles [186, 187]. The destruction of the oscillating microbubbles could increase
the permeability of the nearby endothelial cells and improve drug delivery to the target site
[188]. The advances of the microbubbles are their well-accepted acoustic enhancing ability and
safety profile. However, they are relatively large and intravenous administration is confined to
blood vessels. They could not enter the tumor tissue without sonoporation. To overcome this
barrier, nanodroplets and nanobubbles with sizes smaller than 1 pm were developed.
Nanobubbles are similar to microbubbles only with a size between 50 and 300 nm, which allows
them to enter the tumor tissue [189, 190]. Nanodroplets are nanosized particles with shell made
of polymers or lipids and filled with perfluorocarbon or perfluorohexane liquid. After their
accumulation in the tumor, the ultrasound is applied, which causes the vaporization of the liquid
to gas and the formation of microbubbles in the tumor, which is called acoustic droplet
vaporization [191]. In the last years, some attempts to prepare polymer nanoparticles without
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external gas or vaporized liquid were encountered in the literature. Kwan et al. prepared
nanocups made of polystyrene for distribution of therapeutic agents in the tumor. After the
formation of nanocups, the nanoparticle dispersion was dried. Upon rehydration, the nanocups
trapped air within the cup-cavity. The nanocup with nanobubble was activated upon exposure

to ultrasound, which caused bubble collapse and drug release [192].
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3 General Introduction

Cancer is a multifaceted disease characterized by the uncontrolled proliferation and metastasis
of abnormal cells, leading to significant morbidity and mortality worldwide [12]. Besides
surgery and radiation therapy, in particular cytotoxic agents belong to the gold standard for
cancer treatment [17]. However, they often cause severe side effects due to their cytotoxic
nature and unspecific distribution of the drug in the body. One concept to diminish the side
effect profile of a cytotoxic drug therapy is to improve or control the distribution of the drug in
a way that the drug is especially accumulated at the tumor tissue, causing less damage to healthy
cells. This concept is also known as drug targeting/targeted drug delivery and could be achieved
with nanotechnology-based drug delivery [193]. Nanoparticles provide advantages in passively
or actively targeting drugs and bring opportunities for controlled release of drugs, allowing
sufficient time for the drug to enhance a therapeutic effect. The aim of this work was to develop
nanoparticles for the encapsulation of a cytotoxic model drug for targeted drug delivery. Several
different types of nanocarriers with different compositions, sizes, architectures and surface
properties have already been developed for delivering their payload to tumor cells [53]. These
include liposomes [60], dendrimers [194], micelles [69], polymeric nanoparticles [195],
inorganic nanoparticles made of metal oxide and hybrid nanocarriers [196]. The nanoparticles
used in this work were based on polymers. Biodegradable and biocompatible PLA and PLGA
polymers were processed with emulsion and nanoprecipitation methods to prepare NS and NC

with the aim to encapsulate small drug molecules.

Due to the uniqueness of solid tumors (leaky vasculature and defective lymphatic drainage) and
the small size of the nanoparticles, the nanoparticles could be used for passive targeting to tumor
cells. Tumor accumulation is achieved based on a phenomenon known as the EPR effect, where
the prolonged circulation time of nanoparticles enables them to reach the cancer cells and enter
the extracellular matrix of the tumor [197], where anti-tumor agents are inactivated until they
are released inside the cell. In this regard, different stimuli such as pH [146] and the presence
of enzymes [198], or external stimuli such as magnetic field [142], light [144], heat [145], and
ultrasound [143, 147] could be employed to release drugs from polymer nanoparticles in a
controlled manner. The focus of this work was to use an externally applied low-intensity, focus
ultrasound (FUS) to trigger a controlled local release of the therapeutic agents from polymer
nanoparticles. It is a non-invasive method without ionizing radiation, easy to handle, and with
the possibility to control the depth of the tissue penetration by adjusting frequency, cycles and

exposure time [150]. The local release of a drug in the body can be achieved through a focused
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ultrasonic wave field by using the inertial cavitation effect of nanoparticles [199]. Nanoparticles
that are able to release the drug by this mechanism are also referred to as sonosensitive
nanoparticles. The cavitation activity of sonosensitive nanoparticles can be attributed to the
presence of nanoscale gas bubbles trapped on the rough surfaces introduced by the freeze-
drying process. The inertial cavitation involves rapid expansion and violent collapse of a bubble
in a liquid during the compression phase of the wave [200, 201], which causes nanoparticle

damage and drug release.

The combination of polymer nanoparticles and ultrasound therapy offers a promising approach
for cancer treatment. In this study, several model drug NS and NC were developed to respond
in an ultrasound field. A systematic comparison of the particles based on different
physicochemical parameters revealed differences and similarities between the production
methods and evaluated their impact on ultrasound enhanced drug release. The properties of the
nanoparticles were monitored under different storage conditions throughout the entire testing
period. Additionally, the formation and composition of the protein corona in serum was
investigated as a function of the particle properties to evaluate the impact on colloidal stability
and cavitation activity. Another important criterion for the development of an innovative drug
delivery system is biocompatibility. The peripheral blood mononuclear cells (PBMC) and

prostate cells were used to investigate the toxic potential of variously modified nanoparticles.

Overall, this thesis describes the development of polymer sonosensitive nanoparticles that can

be used for treatment of cancer.
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4 Materials and Methods

4.1 Formulation and Physicochemical Characterization of Nanoparticles
4.1.1 Nanoparticle Preparation

4.1.1.1 Nanospheres
Drug-containing NS were prepared by nanoprecipitation technique (Figure 9) according to

Fessi et al. [93] using a double-syringe connecting technique.

O-phase (polymer, dye) Homogenization using Evaporation of organic NS di .
and W-phase (stabilizer) double syringe system solvent (stirring) tspenion
8x
—_— v
P2

Figure 9 Graphic illustration of NS preparation process using nanoprecipitation method with two glass syringes
connected via Luer lock connection.

Different types of commercial polymers were used: poly-(L-lactic acid) (PLA, Resomer® L206
S) and poly(p,L-lactic-co-glycolic acid) (PLGA, Resomer® RG 752 H, My 4,000-15,000 g/mol)
obtained from Evonik, Darmstadt, Germany and Boehringer Ingelheim, Ingelheim, Germany,
respectively. 3%, 6% or 12% (m/V) polymer solution dissolved in 0.5 mL dichloromethane
(Carl Roth GmbH + Co. KG, Karlsruhe, Germany) was added to the solution of rhodamine B
(RhB, Fluka Chemie GmbH, Buchs, Switzerland) or coumarin 6 (C6, Sigma-Aldrich Chemie
GmbH, Steinheim, Germany) dissolved in 12 mL acetone (Carl Roth) in 1:100, 1:250, 1:500 or
1:1000 dye-to-polymer ratio (O-phase). The W-phase contained 25 mL of 0.27% (m/V)
Poloxamer 188 (Lutrol® F68, BASF AG, Mannheim, Germany) dissolved in ultrapure water
and filtered through a cellulose acetate filter (0.2 um, Sartorius AG, Gottingen, Germany). The
O-phase and W-phase, each were filled in two 50 mL glass syringes with metal Luer lock tip
(Fortuna® Optima®, Poulten & Graf GmbH, Wertheim, Germany) connected with Luer lock
female (LLF, Carl Roth) system. Glass syringes were connected to 5 cm long connecting tube
(polyvinyl chloride, 3.2 x 2.6 mm, Sartorius) with two LLF connectors. Both solutions were
gently mixed eight times pushing the syringes back and forth. The organic solvent of the
resulting mixture was evaporated in a beaker at room temperature overnight while being stirred
at 120 rpm. The resulting dispersion was purified by tangential-flow filtration using a peristaltic
pump (Masterflex® L/S®, Easy-Load®, Cole-Parmer®, Vernon Hills, USA) and stabilized
cellulose membrane (Vivaflow 50 R, molecular weight cut-off (MWCO) 100,000, Sartorius) or

centrifugation (30 min, 17,070 x g, Allegra 64R, Beckman Coulter Biomedical GmbH,
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Miinchen, Germany) for formulations containing RhB or C6, respectively. Blank polymeric NS

were formulated by the same procedure without RhB or C6.

4.1.1.2 Nanocapsules
The NC were prepared by an emulsification-diffusion evaporation technique [202, 203]
graphically presented in Figure 10.

O-phase (polymer, " —
Miglyol 812, dye) Ultra Turrax® z&;\ditlon of D1fﬁ15101; of e '
and W-phase homogenization -phase to organic solvent ispersion
(stabilizer) nanoemulsion (stirring)

&

Figure 10 Graphical representation of the emulsion-diffusion method for preparation of NC using Ultra Turrax®
homogenization.

The O-phase consisted of 6 mL ethyl acetate (ROTIPURAN®, Carl Roth), 5% (w/w) Miglyol
812 (Caesar & Loretz GmbH, Hilden, Germany) and 2% (w/w) PLGA. Different types of
commercial PLGA polymers were used: Resomer® RG 752 H (Mx 4,000-15,000 g/mol)
obtained from Boehringer Ingelheim, Resomer® RG 502 (M, 7,000-17,000 g/mol), RG 503
(Mx 24,000-38,000 g/mol), RG 504 (M. 38,000-54,000 g/mol), RG 505 (M. 54,000-
69,000 g/mol), all ester terminated, and RG 502H (M, 7,000-17,000 g/mol), acid terminated,
were purchased from Sigma-Aldrich. As fluorescence dye C6 was used in a ratio dye to polymer
of 1:250. The W-phase was prepared by dissolution of 2.5% (m/V) PVA (Mowiol® 4-88,
M 31,000 g/mol, 86.7-88.7 mol% hydrolysis, 630 polymerization, Sigma-Aldrich) as stabilizer
in ultrapure water. The O-phase was added dropwise to 24 mL aqueous solution under stirring
(400 rpm) to form an O/W emulsion and additionally homogenized using an Ultra-Turrax® T25
(IKA-Werke, Staufen, Germany) at 11,000, 12,600, 15,000 or 20,000 rpm for 8 min. In the
second step, 120 mL water were added to the emulsion, and the organic solvent was evaporated
at room temperature overnight under stirring at 120 rpm. The NC dispersion was purified three
times by centrifugation (30 min, 17,070 x g, Allegra 64R) and following redispersion into 15 %
(m/V) aqueous solution of trehalose (Sigma-Aldrich) used as cryoprotectant for the following

freeze-drying process presented in section 4.1.2.
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4.1.1.3 PEGylated Nanocapsules

The preparation of PEGylated NC was performed by the standard protocol for NC described
above. Various blends of 2% (w/w) poly(ethylene glycol) methyl ether-block-poly(lactide-co-
glycolic acid) (PEGx-PLGA11s, PEG average M, 2,000 g/mol, PLGA average
M, 11,500 g/mol and PEGsk-PLGA7%, PEG average M, 5,000 g/mol, PLGA average
M 7,000 g/mol, all purchased from Sigma-Aldrich) and non-PEGylated PLGA (Resomer® RG
502) were dissolved in ethyl acetate, leading to final PEGylation degrees between 0% and 38%
(w/w) was presented in Table 3. After purification with centrifugation, samples were

resuspended into 15% (m/V) aqueous trehalose solution and freeze-dried as described in section

4.1.2.

Table 3 Different PEGylated NC formulations prepared of Resomer® RG 502 and PEGa-PLGA 1 s« or PEGsi-
PLGA 7 and their PEG content as percentage.

PEGak-PLGA 115k PEG [%] PEG:sk-PLGA7 PEG [%]
0% (100% RG 502) 0

10% 1.5 10% 3.9

25% 3.7 25% 9.6

50% 7.4 50% 19.2

75% 11.5 75% 28.8

90% 13.3 90% 34.7
100% (0% RG 502) 14.8 100% (0% RG 502)  38.5

4.1.2 Freeze-Drying of Nanoparticles

NS and NC formulations were freeze-dried in 10R vials (SCHOTT AG, Mainz, Germany) as
3 mL aliquots in a VirTis Genesis 25EL Pilot Lyophilizer (SP Scientific, Gardiner, New York,
USA) with a shelf area of 0.57 m?. All sample-filled vials were surrounded by vials filled with
15% (m/V) aqueous trehalose solution. Product temperature was measured using
copper/constant thermocouples (Omega, Norwalk, USA) placed in the bottom center of the vial.
The applied cycle conditions for freeze-drying are shown in Table 4. Samples were precooled
for 60 min at 10 °C and than frozen at -1 °C/min to -40 °C and held constant for 2 h to ensure
that all the samples reached shelf temperature. For the primary drying the vacuum was applied
to 75 mTorr and temperature was increased to -20°C for 48 h. The endpoint of primary drying
was controlled by comparative pressure measurement between Pirani gauge and capacity
manometer. Secondary drying was performed for 18 h at 20 °C and 75 mTorr. Samples were
stoppered under vacuum atmosphere and sealed with crimp caps. All processes were monitored

with the software Encore Control System (Version 4.9).
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Table 4 Overview of process parameters for different freeze-drying cycles including cooling, freezing, primary
drying and secondary drying.

Step Ramp [°C/min] Temperature [°C] Pressure [mTorr]  Holding time [h]
Cooling - 10 - 1

Freezing 1 -40 - 2

Primary drying 0.44 -20 75 48

Secondary drying 0.33 20 75 18

4.1.3 Physicochemical Characterization

4.1.3.1 Laser Light Scattering

Hydrodynamic diameter, polydispersity index (PDI) and zeta potential were measured in
ultrapure water using the Zetasizer Ultra (Malvern Instruments, Herrenberg, Germany).
Hydrodynamic diameter and PDI were measured in polystyrene cuvettes (Sarstedt AG &
Co. KG, Nuembrecht, Germany) at 633 nm, 25 °C and a scattering angle of 173° via dynamic
light scattering (DLS) technique. For measurements of zeta potential a folded DTS 1070
capillary cell (Malvern Instruments) was used and the electrophoretic mobility was determined
at 25 °C. For calculations the refractive index of 1.33 and 1.65 as well as viscosity of 0.88 mPa-s
and 1.46 mPa s for ultrapure water and 15% (m/V) aqueous trehalose solution, respectively,
were applied at 25 °C. As particle size standard polystyrene particles (200 nm) from Sigma-
Aldrich were used. Evaluation of Z-Average (intensity weighed mean hydrodynamic size) and
PDI was performed with the ZS XPLORER Software (Malvern Panalytical Ltd., 1.2.0.91),
graphic representation was created with GraphPad Prism 6, Boston, USA. All measurements
were performed at least with three measurements per sample to calculate the mean values +

standard deviation (SD).

4.1.3.2 Quantification of Production Yield

To quantify the nanoparticle amount after centrifugation, pellets were dispersed in 2 mL
ultrapure water and 50 pL dispersion was weighed into an aluminum pan and dried to constant
weight at 80 °C for 2 h in a drying oven (Memmert GmbH + Co.KG, Schwabach, Germany).
For cooling, the pan was placed in a desiccator before it was weighed again. The particle amount
in the dispersion was calculated as the difference between empty pan and pan with the sample

after drying. The values were calculated as mean = SD from three independent samples.

4.1.3.3 Quantification of Dye Load and Encapsulation Efficiency
The amount of embedded dye was quantified by measuring the fluorescence in the LS-55

spectrometer  (Perkin  Elmer  Instruments,  Rodgau-Juegesheim,  Germany) at

Aexe 553 nm/Aem 574 nm for RhB and Aexc 458 nm/Aem 509 nm for C6. Therefore, 50 pL of NS
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or NC dispersion was extracted with acetone at a ratio of 1:20 for 2 h under shaking at 70 rpm
(Mini-100 Orbital Genie™, Scientific Industries, New York, USA) at room temperature. Prior
to fluorescence analysis, the samples were diluted at a ratio of 1:20 with a mixture of methanol
(Fischer Scientific, Loughborough, UK) and ultrapure water (75%:25% (V/V)). Quantification
was carried out using a calibration curve from 0.01-0.05 pg/mL (linearity of response:
2=10.996) for RhB and 0.001-0.14 ug/mL (r*=0.999) for C6. Dye load (%) of the
nanoparticles was calculated as the ratio of encapsulated dye per weight of nanoparticles:

Weight of dye in nanoparticles [mg]
X

Dye load [%]= 100.

Weight of nanoparticles [mg]

Entrapment efficiency (%) was expressed as the ratio of the determined dye load in the

nanoparticles related to the theoretical drug load:

Weight of dye in nanoparticles [mg] 100
X .

Ent t effici %)=
ntrapment efficiency [%] Weight of initial dye [mg]
Data were collected and analyzed by the FL WinLab Software (Perkin Elmer Instruments). The

values were calculated as mean + SD from three independent samples.

4.1.3.4 Quantification of the Residual PVA Content

The determination of the residual PVA content in the NC after purification was carried out
based on a method according to Sahoo et al. and Grune et al. [204, 205]. For this purpose,
1 ng/mL Cé6-loaded NC stock solution was prepared in 0.5 M NaOH (Fischer Scientific) and
treated in an ultrasonic bath for 15 min at 60 °C to fully dissolve the particles. Subsequently,
400 pl of the NC solution were neutralized with 180 uL 1 N hydrochloric acid (Carl Roth) and
adjusted to 1000 pL with ultrapure water. Afterwards, samples were stained by the addition of
600 pL of a 0.65 M boric acid (Carl Roth), 100 pL iodine/potassium iodide solution (0.05 M/
0.15 M, Fluka Chemie, and Carl Roth, respectively) and 300 puL ultrapure water followed by
centrifugation at 30.000 x g for 15 min (Avanti Zentrifuge, Beckman Coulter Biomedical). The
supernatant was collected and the PVA concentration was quantified using colorimetric
reaction by absorption measurements at 650 nm wavelength (GENESYS™ 10S UV/VIS-
Spektralphotometer, Thermo Scientific™, Karlsruhe, Germany). As standard solutions, serial
dilutions of PVA in a concentration range of 0-60 pg were prepared in the same way as the NC
samples and used for a calibration curve. The percentage amount (w/w) of the PVA was

determined for the each formulation and represented as mean + SD by triplicates.
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4.1.3.5 Differential Scanning Calorimetry (DSC)

The thermal behavior of different polymers and the freeze-dried samples were studied using the
DSC 822e (Mettler Toledo, Giessen, Germany) under nitrogen (Linde, Germany) atmosphere.
To prevent oxidation within the system, all experiments were preformed under nitrogen flow
rate of 30 mL/min, supplemented by a secondary stream of nitrogen at 100 mL/min to prevented
condensation due to cooling. Powder samples (10-20 mg) were sealed in aluminum pans
(Mettler Toledo). Polymer granules, freeze-dried nanoparticles and physical mixtures were
heated from 5 °C to 220 °C applying a heating rate of 10 °C/min. After cooling down
(10 °C/min) the same heating step was perform again. The infection point of the glass transition
temperature (Tg) and melting temperature (Tm) were evaluated using the Mettler STARe

Software (Mettler Toledo).

4.1.3.6 X-Ray Diffractometry (XRD)

Powder XRD measurements were used as measure of crystallinity of the lyophilized samples.
Measurements were made with the X’pert MPD diffractometer (Panalytical, Amsterdam, The
Netherlands) with Cu Ka radiation (A=0.15418 nm, 40 kV, 40 mA). Powder samples were
transferred on a stainless-steel sample holder (slot width: 2.0 mm) and the surface was
smoothed with a microscope slide. Diffraction patterns were collected with a scan range of
0.5-40° at a step size of 0.02 °/s. All measurements were carried out under inert nitrogen gas
atmosphere and at room temperature. The samples were measured once and the data was
collected by software X’Pert Data Collector (Panalytical) and evaluated by X’Pert Graphics
(Panalytical).

4.1.3.7 Transmission Electron Microscopy (TEM)

The morphology of NS and NC was evaluated by TEM. Freshly prepared aqueous NS or NC
dispersion (2 pl) was pipetted on a carbon coated copper grid (mesh 300, Plano GmbH, Wetzlar,
Germany). After 3 min the excess water was drawn through the grid using a filter paper. Than
the particles were stained with 2% (w/w) phosphotungstic acid (5 pl) (Sigma-Aldrich) for
2 min, before again drawn with filter paper. Finally, the samples were washed twice with 6 pl
of water and dried in a glove box with a relative humidity of less than 1% before further
investigation. TEM analyzes were carried out with a CM300 UltraTWIN instrumentation
(Philips, Eindhoven, The Netherlands) operated at an acceleration of 300 kV with a LaB6
cathode and a variable spot size. Images were obtained with a CCD camera and edited with the

open-source software ImageJ (Fiji, [206]).

33



Materials and Methods

4.1.3.8 Scanning Electron Microscopy (SEM)

For SEM, nanodispersions on TEM copper grids were sputtered with a thin film of
gold-palladium at 5 kV and 5 mA (Hummer JR Techniques, Munich, Germany) for 30 s under
argon atmosphere to prevent charging effects. SEM was performed on a Carl Zeiss Gemini
Ultra55 (Carl Zeiss AG, Oberkochen, Germany). Samples were visualized with an InLens
detector using an accelerating voltage of 2.4 kV, a working distance of 4 mm and a 40,000x

magnification.

4.1.3.9 Karl-Fischer Titration

The residual moisture content of the lyophilized products was determined using the coulometric
Karl Fischer titrator Metronom 823 KF Coulometer (Mettler Toledo) with Hydranal™
Coulomat AG reagent (Honeywell, Seelze, Germany) and the 832 KF Thermoprep oven
(Metrohm, Filderstadt, Germany). About 50-100 mg sample were weighed directly into
6 mL crimp glass vials (Metrohm, Filderstadt, Germany) under nitrogen atmosphere (relative
humidity <0.1%) and sealed with aluminum caps with rubber hole (Carl Roth). Vials were
placed in the 832 KF Thermoprep oven and pierced with a double hollow steel needle. The inlet
needle introduces nitrogen (0.7 L/min) into the vial with heated sample, and the outlet needle
transports the nitrogen containing released moisture in a coulometric titration cell, where the
Karl Fischer water determination takes place. Prior to the measurements, a system control test
was performed by measuring an ultrapure water standard (HydranalTM Water Standard KF,
water content ~ 5.55%, Honeywell) at 230 °C. The samples were analyzed at an oven
temperature of 120 °C. Residual moisture was calculated as percentage of powder mass initially

used for the measurement (wW/w).

4.2 Ultrasound Measurements Set-Ups
4.2.1 Set-Up I: Detection of Cavitation Behavior of NS and NC in a Cuvette

To evaluate the cavitation activity of nanoparticles, freeze-dried NS and NC were reconstituted
with 3 mL ultrapure water, slightly waved, let sit for 20 min to allow full reconstitution and
placed in a polystyrene cuvette (Sarstedt). Nanodispersions were exposed to a sequence of
0.6 ms long 650 kHz, 750 kHz, 850 kHz or 950 kHz bursts and a peak rarefaction pressure of
1.02 MPa for 200 cycles about 560 s in the FUS (Figure 11). Samples were collected after
ultrasound treatment followed by centrifugation (17,070 x g, Avanti Zentrifuge, Beckman
Coulter Biomedical) for 15 min. Supernatants were collected for dye quantification by

fluorescence spectroscopy as described above.
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By using a proportional-integral-derivative controller (CN7800, Omega), four heating rods
(Schego 548, Schego, Offenbach, Germany), a platinum resistance temperature sensor (RS Pro
Pt100, RS components, Corby, UK), and a circulation pump (EHEIM GmbH) with a capacity
of 170 L/h a homogeneous temperature distribution (25-40°C) was generated in the water tank.
An arbitrary waveform generator (33120A, Agilent, USA) was used to create the transmit signal
which was amplified by a 1000 W radio frequency (RF) power amplifier (1140LA, ENI, USA)
and transferred to an ultrasound transmitter (H-231, Sonic Concepts, USA) via an 50 Q RF
impedance matching network. Each of these transmitted burst sequences generate a cavitation
noise signal, which was measured via a hydrophone receiver (V315, Olympus, Hamburg,
Germany). The polystyrene cuvette filled with the sample was positioned at the center of an
acrylic glass water tank in the focus region of the transmitter (H-231, Sonic Concepts, Bothell,
USA) and the hydrophone at an angle of 90° (perpendicular to each other). Software
MATLAB R2019a (Mathworks Inc., Natick, USA) was used to control the devices and to
analyze the cavitation noise signals. By applying fast Fourier transform (FFT), summing up the
squared direct frequency components over a certain bandwidth and normalizing it to mentioned
bandwidth afterwards, the power spectral density (PSD) was calculated. The measure used for

verifying the cavitation activity was voltage spectral density (VSD) determined by

Yo u(n)?
VSD = ST,
whereas u(n) describes the discrete frequency magnitudes of FFT of the digitized measurement
signal and B the investigated bandwidth, ranging from frequency index is to ig. In general, a
higher value of VSD corresponds to a higher cavitation activity in the bandwidth of interest.

The results were both given as the trend of the VDS over time and as the area under the curve

(AUC), which was calculated to generate a suitable comparison parameter.
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Figure 11 Experimental set-up 1 (left) and a photo (right) for measuring cavitation activity of NS and NC.
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4.2.2 Set-Up 2: Determination of the Presence of NC with Imaging Method

Figure 12 depicts the experiment set-up for an active imaging method in a polystyrene cuvette.
The experimental conditions stayed the same. The water temperature was left constant at 30 °C
and the reconstitution of NC took place in 3 mL ultrapure water for 20 min. The ultrasonic
transducer emitted signals through the cuvette and cavitation of NC was imaged with a
SonixTOUCH ultrasound imaging system (Ultrasonix, Bellingham, USA). A linear array
transducer (L.9-4/38, Ultrasonix) with a center frequency of 5 MHz was employed. Ultrasound
images were acquired in pulse-echo imaging mode with 0.325 MI at a transmit frequency of
9 MHz. The frame rate for all experiments was 1 frame per second (fps). Images were evaluated

with MATLAB R2019a software and are presented in section 5.1.
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Figure 12 Experimental set-up 2 (left) and a photo (right) for imaging ultrasound measurement of NC.

4.2.3 Set-Up 3: Detection of Cavitation Behavior of NC in Through-Flow System

NC cavitation measurement was carried out in a flow-through system with a use of phantom
(Figure 13). A tissue mimicking phantom was made of 10% (m/V) aqueous PVA (Elvanol®
71-30, DuPont, Wilmington, USA) solution which was poured into mold (100 mm X 63 mm X
63 mm) with a 3 mm wide canal in the middle. The mold was than heated to 78 °C in a water
bath (Haake W45, Thermo Scientific) for 60 min. Afterwards it was kept at the room
temperature for 60 min to cool down and to remove the air bubbles from the solution. The mold
was processed through two freeze-thaw cycle. In each free-thaw cycle, the sample was frozen
at -18 °C for 6 h and 15 min and then thawed at room temperature for 6 h and 15 min. During
thawing, the ultrapure water was poured over the mold. After completing two freeze-thawing
cycles, the mold was removed and phantom was stored in ultrapure water in the fridge at 4 °C

to prevent dehydration.

For the ultrasound measurement, the phantom was placed in the center of the water tank at
30 °C. The peristaltic pump (15KS, Boxer GmbH, Ottobeuren, Germany) constantly pumped

the aqueous NC dispersion through the canal at a velocity of 10 cm/s. The phantom was

36



Materials and Methods

arranged in the focal zone of the FUS transducer. The transmitted signals were received by the
perpendicularly situated hydrophone, filtered through a passive high-pass filter and measured
with a digital oscilloscope. The excitation signal consisted of a sinusoidal burst with the
frequency of 750 kHz and a duration length of 0.6 ms. In total, cavitation was triggered with 80
bursts. The results were collected and analyzed with software MATLAB R2019a and presented
in section 5.5.4. Samples were collected after ultrasound treatment followed by centrifugation
(17,070 x g, Avanti Zentrifuge, Beckman Coulter Biomedical) for 15 min. Supernatants were

collected for dye quantification by fluorescence spectroscopy as described above.
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Figure 13 Experimental set-up 3 (left) and a photo (right) for cavitation detection of NC in through-flow phantom
system.

4.3 Stability Studies

4.3.1 Storage Stability Study of Nanocapsules

For stability testing, selected freeze-dried C6-loaded and blank NC were sealed in 10R vials
with aluminum peal-off seals (Wheaton®, DWK Life Science GmbH, Mainz, Germany) and
stored at three different temperatures for 6 months. They were stored at 2-8 °C, at room
temperature (25 °C) and in a climate cabinet with 40 °C. The temperature was controlled with
glass thermometer. Accelerated temperature storage conditions followed the International
Council for Harmonization of Technical Requirements for Pharmaceuticals for Human Use
(ICH) QIA guideline published by the EMA, which recommended a test frequency after
0 months, 3 months and 6 months [207]. Physicochemical changes of the NC and the ultrasound
activity were investigated at four time points (0 weeks, 6 weeks, 12 weeks and 6 months) using

the methods described above.

4.3.2 Colloidal Stability of Nanocapsules in Different Test Media

Freeze-dried NC were redispersed at a concentration of 0.5 mg/mL in six different media:
ultrapure water, 5% (m/V) glucose (Carl Roth), 0.9 % (m/V) NaCl (Carl Roth), phosphate
buffered saline pH 7.4 (PBS), Roswell Park Memorial Institute 1640 cell culture medium
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supplemented with GlutaMAX® (RPMI, Gibco®, Life Technologies Europe B.V., Bleiswijk,
the Netherlands) and artificial lysosomal fluid (ALF, pH 4.5). The compositions of PBS and
ALF are presented in Table 5. The osmolarity of the media was measured by a freezing point
osmometer (K-7400, KNAUER, Germany), calibrated with 400 mOsmol/kg NaCl aqueous
solution (KNAUER) and ultrapure water (0 mOsmol/kg). This method is based on the freezing-
point depression caused by a solute dissolved in water. After the solution is supercooled without
freezing, the freezing is initiated by vibrating and the freezing-point is measured. The pH was
determined using the Mettler Toledo MP220 pH meter. NC dispersions were incubated in
different media for 5 min at room temperature. Additionally, NC dispersions were incubated in
10 % fetal bovine serum (FBS, Gibco®) for 1 h at 37 °C. Characterization of NC in the different
dispersion media with or without 10 % FBS were performed as described in section 4.1.3.1. For
zeta potential measurements samples incubated in FBS were additionally purified by three
cycles of centrifugation (20 min, 22,000 % g, 4 °C, Allegra 64R, Beckman Coulter Biomedical)

and redispersed in ultrapure water.

Table 5 Composition of the characterization media for the dispersion of NC, used for biological simulation media.

Medium Abbreviation pH  Composition (pro 1 L H20)

phosphate PBS 7.4  1.78 g Na,HPO4 x 2 H>0; 0.24 g KH,POy; 8.0 g NaCl; 0.20 g KCl
buffered saline (all purchased from Carl Roth)

artificial ALF 4.5  0.128 g CaCl, x 2 H,O (Carl Roth); 20.8 g citric acid (Carl Roth);
lysosomal fluid 0.059 g glycerol (Carl Roth); 0.05 g MgCl, (Carl Roth); 0.077 g
(according  to sodium citrate x 2 H,O (Carl Roth); 3.21 g NaCl (Carl Roth);
Marques et al. 0.179 g Na,HPO4 x 7 H2O (Carl Roth); 0.085 g sodium lactate
and Rabel et (Sigma-Aldrich); 6.0 g NaOH (Fischer Scientific); 0.086 g sodium
al.[208, 209]) pyruvate (Sigma-Aldrich); 0.039 g NaSO4 (Carl Roth); 0.09 g

sodium tartrat x 2 H,O (Honeywell); 2.703 mL formaldehyde 37%
(Merck KGaA, Darmstadt, Germany)

4.4 Characterization of the Protein Corona

4.4.1 Serum Protein Adsorption on Nanocapsules

The evaluation of the adsorption of biomolecules on the NC surface was performed after
incubation in serum. 50 puL of the NC dispersion in different media (section 4.3.2) was added
to 200 uL undiluted FBS or human serum (HS, Sigma-Aldrich) and incubated for 1 h at 37 °C
to induce the formation of a biomolecule corona. After the incubation period, samples were
purified by threefold centrifugation (20 min, 22,000 x g, 4 °C, Allegra 64R, Beckman Coulter
Biomedical) and using ultrapure water. After the last centrifugation step, pellets were dispersed
in 50 pL 1% (m/V) sodium dodecyl sulfate (SDS, Carl Roth) and stored at 4 °C for further
experiments. In order to assess the influence of the incubation temperature of NC with serum

proteins, NC were incubated in aqueous 10% (m/V) bovine serum albumin (BSA, Bio&Sell
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GmbH, Feucht, Germany) or human serum albumin (HSA, Albumin Fraction V, Carl Roth)
with a concentration of 40 mg/mL. Incubation of NC in BSA or HSA was performed at 25 °C
and 37 °C for 60 min.

4.4.2 Nanocapsule Protein Corona Characterization

4.4.2.1 Bicinchoninic Acid Assay (BCA Assay)

A Pierce™ BCA assay kit (Thermo Scientific) was used for detection of the total amount of
bound proteins and a photometric method according to the supplier’s protocol was performed.
Briefly, after incubation of the NC with the serum and redispersion of the pellet in 1% SDS
(section 4.4.1), samples were heated to 96 °C for 7 min to detach bound proteins. 10 puL of each
sample were pipetted in a 96-well microplate and mixed with 200 pL of the freshly prepared
BCA solution. Following 1 h incubation at 37 °C, the samples were measured at a wavelength
of 562 nm using the SPARK® plate reader (Tecan Deutschland GmbH, Crailsheim, Germany).
Quantification was performed using a BSA based calibration curve. Serial dilutions were
prepared with 1% (m/V) SDS in a concentration range of 0-300 pg/mL. The amount of bound
protein (pg)/ particle (mg) was calculated based on the calibration curve and represented as

mean + SD. Each sample was tested as triplicate.

4.4.2.2 Sodium Dodecyl Sulfate Polyacrylic Gel Electrophoresis (SDS-PAGE)

After protein corona formation (section 4.4.1), the redispersed pellets in 1% SDS were heated
to 96 °C for 7 min for denaturation. Volumes of 15 pL of each NC sample as well as 5% FBS
or 5% HS without NC were mixed with sample buffer [5% B-mercaptoethanol, 62.5 mmol
tris(hydroxymethyl)aminomethane (TRIS)-HCl, 25% (V/V) glycerol, 1% (m/V) SDS, 0.01%
(V/V) bromophenol blue, all purchased by Carl Roth] in a ratio of 1:1 and heated up to 96 °C
for 7 min. Samples as well as the serum positive controls and the protein standard (Der bunte
Tobias, GRP, Haag a.d. Amper, Germany) were loaded onto 4-12% Q-PAGE™ TGN Precast
gels (Carl Roth). Separation was run at a constant voltage at 200 V for 40 min in an
electrophoresis chamber (Hoefer SE260, SERVA Electrophoresis GmbH, Heidelberg,
Germany) with TRIS-glycine running buffer [25 mM TRIS base (Carl Roth), 192 mM glycine
(Sigma-Aldrich), 0.1% (m/V) SDS]. The resulting gel was fixed [79% water,
1% orthophosphoric (Carl Roth), 20% methanol] and stained with colloidal Coomassie Brilliant
Blue prepared with 120 mL methanol, 40 mL water and 40 mL ROTI® Blue 5x concentrate
(Carl Roth). After overnight staining, the gel was washed with methanol:water (1:3, V/V) for
90 min. Finally, DOC-PRINT CX3 (Vilber, Collégien, France) was used as gel documentation

system with the software BioVision (Vilber) for final evaluation.
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4.5 Statistical Analysis
Statistical analysis was performed using GraphPad Prism 6. The student’s t-test and analysis of
variance (ANOVA) were used. The level of significance (a) was 0.05 for all tests with p-value

<0.05 indicating statistical significance.

4.6 Biological Studies
The experiments were performed at the Chair of Pharmaceutical Technology, University of

Ljubljana, Slovenia.

4.6.1 InVitro Cell Cultures

A cryovial containing frozen lymph node carcinoma of the prostate (LNCaP) cell line (CRL-
1740™, ATCC, Virginia, USA) was thawed and washed with RPMI 1640 medium (Sigma-
Aldrich) by centrifugation at 1500 rpm for 6 minutes (Centric 322 PLC, Tehtnica, Zelezniki,
Slovenia). After discarding the supernatant, the remaining cells were resuspended in cell culture
medium using 1 mL RPMI 1640 containing 10% FBS and counted in a Neubauer improved
chamber (Brand GmbH + Co. KG, Wertheim, Germany) using 0.4% trypan blue solution
(Sigma). The LNCaP cells were diluted with cell culture medium to obtain a suspension

containing 2.5 x 10 cells per mL.

PBMC mostly including lymphocytes (T, B and NK cells) and monocytes were isolated from
whole buffy coats obtained from the Blood transfusion center of Slovenia, by flotation, using
Lympholyte®-H solution (Cedarlane, Burlington, Canada), after which they were counted,
frozen and stored in liquid nitrogen until being used. A cryovial with frozen PBMC was thawed
and washed with RPMI 1640 medium by centrifugation at 1700 rpm for 8 min (Centric 322
PLC). The supernatant was discarded, and the cells were resuspended in 1 mL of the serum-

free BioTarget™

medium (Biological Industries, Haemek, Israel), which was supplemented
with 1% Antibiotic Antimycotic Solution (Sigma-Aldrich) and 1% GlutaMAX™ solution
(Gibco®) to obtain the final cell culture medium. Subsequently, PBMCs were counted in a
Neubauer chamber using 0.4% trypan blue solution and the cell dispersion was diluted with cell
culture medium to a concentration of 1 x 10° cells per mL. Subsequently, 80 uL of LNCaP
dispersion (2.0 x 10 cells) or 80 uL PBMC dispersion (1.0 x 10° cells) were distributed per
well of a 96 flat bottom well microtiter plate (TPP, Trasadingen, Switzerland) and incubated at

37 °C, 5% COz and 95% relative humidity in a CO; incubator (Haereus, Hanau, Germany) for
24 h before 20 pul of each NC suspensions were added.
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Stock solutions of NC were prepared in sterile ultrapure water at a concentration of 3 mg/mL
for all tested formulations: blank PLGA (Resomer® RG 502) NC, C6-loaded PLGA (Resomer®
RG 502) NC, blank PEG2-PLGA 1.5« NC, and C6-loaded PEG2k-PLGA 1.5k NC. Their further
dilutions were prepared by diluting 50 uL of each stock suspension with 450 pL of the
appropriate cell culture medium for LNCaP cells or PBMC to obtain final concentrations of
300 pg/mL and 30 pg/mL. The final NC concentration in the microtiter plate resulted in the
following concentrations: 600 pg/mL, 60 pg/mL and 6 pg/mL. Water controls were prepared
with the same dilutions as NC (D1, D2 and D3).

4.6.2 3-[4,5-dimethylthiazol-2-yl]-5-[3-carboxymethoxyphenyl]-2-[4-sulfophenyl]-2H-
tetrazolium, Inner Salt (MTS) Assay

The in vitro effect of NC was colorimetrically evaluated by measuring their impact on the
LNCaP and PBMC proliferation activity. After pre-incubation of LNCaP cells and PBMC for
24 h, cells were treated with NC for 72 h. The CellTiter 96® Aqueous One Solution Cell
Proliferation Assay (Promega, Madison, Wisconsin, USA) containing MTS was performed
according to a modified method of Buttke ez al. [210] in triplicates according to manufacturer’s
guidelines. Briefly, 20 uL MTS reagent were directly added to 100 pL of the cell culture in the
wells and incubated for 4 h at 37 °C, 5% COz and 95% relative humidity in a CO2 incubator,
followed by addition of 25 puL. 20% SDS (Merck) solution per well and incubation for 45 min
at room temperature, protected from light. Absorbance was recorded at 490 nm by using
a microplate reader (BioTek Synergy H4, Winooski, Vermont, USA). The negative control
consisted of LNCaP cells or PBMC without any NC added and the positive control was obtained
after adding 50 pL 9% Triton X-100 (Sigma-Aldrich) solution to untreated cells. The samples
used for determining the background absorbance were prepared by mixing 80 uL of cell culture
medium with 20 pL of each tested NC dilution. The calculation of the percentage cell viability
was performed relative to the negative control after subtraction of the background values using

the following equation:

Mean ODryeated cells-Mean ODBackground

Cell Viability [%]= x 100 .

Mean ODNegative control-Mean ODBaCkground

According to German national organization of standardization (Deutsches Institut fiir Normung,
DIN), European Standards (Europdische Norm, EN) and International Organization for
Standardization (ISO) 10993-5 [211], a cell viability <70% was classified as cytotoxic. The
determination of cell viability was performed for each particle formulation as a triplicate

measurement and presented as mean + SD.
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4.6.3 Lactate Dehydrogenase (LDH) Assay

The LNCaP cells were plated in 96-well microtiter plate at a concentration of
2.0 x 103 cells/well, pre-incubated for 24 h in the cell culture medium and then treated for 6 h
with NC suspensions. The LDH concentration was determined using a commercial LDH
cytotoxicity assay kit (Promega) according to the manufacturer’s instructions. Briefly, 50 pL
of each cell culture were transferred into separate wells of a new 96 well plate and 50 pL of the
CytoTox 96® Reagent (Promega) were added into each well. Following 30 min incubation at
room temperature, 50 puL aliquots of 1 M acetic acid (Merck) were added to each well and
absorbance was measured at 490 nm using the microplate reader. Cells only treated with cell
culture medium were used as negative control. The positive control was obtained after adding
50 uL 9% Triton X-100 solution to untreated LNCaP cells to obtain the maximum LDH release.
The samples used for determining the background absorbance were prepared by mixing 80 puL
cell culture medium with 20 pL of each tested NC dilution. All experiments were performed in
triplicate. The results, corrected for NC’s absorbance and spontaneous LDH release (negative
control) relative to 100% LDH release (positive control) were presented as % cytotoxicity,

using the following equation:

Mean ODryeqeq-Mean ODBackground

x 100 .

Cytotoxcicity [%]=
M Y Mean ODNcgativc control-Mean ODBackground

The determination of cytotoxicity was performed for each particle formulation as a triplicate

measurement and presented as mean + SD.
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5 Results and Discussion

5.1 Evidence of Inertial Cavitation of Polymer Nanoparticles

An ultrasound-sensitive nanoparticle drug delivery system requires nanoparticles capable of
encapsulating drugs as well as acoustic activation that is necessary for drug release. To achieve
a satisfactory response to ultrasound stimulation, an ultrasound-sensitive vehicle is needed.
Ultrasound-triggered drug release from liposomes [212], lipid nanobubbles [153] or even
polymer nanoaggregates [213] and polymer nanocups [192] has been already investigated. In
the present study, two different types of unloaded polymer-based nanoparticles were set up to
develop a new approach for ultrasound treatment. NS were made of PLA polymer (Resomer®
L206 S) and poloxamer 188 as stabilizer by nanoprecipitation technique. NC were prepared by
emulsion-diffusion technique using the shell polymer PLGA (Resomer® RG 502),
Miglyol® 812 as inner oil and the steric stabilizer PVA. Average hydrodynamic diameters
measured by laser light scattering were found to be around 130 nm (NS) and 230 nm (NC), and
zeta potential was for both formulations around -20 mV (data not shown). After washing,

samples were redispersed in 15% (m/V) aqueous trehalose solution and freeze-died.

TEM (Figure 14 A and B) and SEM (Figure 14 C and D) investigations revealed the presence
of spherical particles with typical sizes found for DLS investigations comparable between both
types of nanostructures. Compared to NS, NC had a 100 nm larger mean size. In NC images
two different structures were detected (Figure 14 B and D): intact NC with oily core still present
and destroyed capsules with residues of the polymer shell. In comparison to NC, NS did not
showed any ring-shaped morphology in electron microscopic images (Figure 14 A and B)
referring to a matrix nanostructure. Varela-Fernandez et al., who compared PLGA NS and
PLGA NC, already detected a similar difference between NS and NC. The NC had a larger
particle size and showed a typical ring-shaped morphology [214]. Alam et al. showed that NC
buckle and collapse, when they release their cargo. To understand the pathways for buckling,
they investigated the dynamics of NC collapse via analysis of in situ TEM image sequences.
When the cargo began leaking from the capsule, appeared the indentation of the capsule, which
resulted in a NC transforming to a bowl-shaped morphology with a single indentation [215].

Similar bowl-shape morphologies were also seen in Figure 14 B and D.
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@)

Figure 14 Representative TEM images (A, B) and SEM images (C, D) of PLA NS (A, C) and PLGA NC (B, D).

Ultrasound measurements of rehydrated nanoparticles were performed with passive
measurement technique, where the detection of acoustic emission is generated from bubble
cavitation at the acoustic parameters of 0.6 ms long 750 kHz bursts and a peak rarefaction

pressure of 1.02 MPa. The VSD was used to evaluate the inertial cavitation [216].

For cavitation measurements, talcum at a concentration of 1.25% (m/V) in water was used as
ultrasound standard. The specific rough hydrophobic surface of talcum is known to lower the
threshold of cavitation. Talcum provides heterogeneous air bubble formation on the surface and
therefore, leads to constant cavitation. Bhatnagar et al. [217] and Hiltl ef al. [218] already used
talcum as cavitation nuclei to achieve inertial cavitation, when ultrasound was applied. In order
to ensure that the captured noise signal is induced by talcum, measurements were additionally
carried out with ultrapure water as negative control. As shown in Figure 15, talcum led to high
inertial cavitation activity (0.5 x 10 V/\Hz), while pure water did not (<0.1 x10° V/\Hz).
During the process of inertial cavitation, air bubbles can expand beyond a critical size at higher
ultrasound pressures, leading to an unstable growth and a violent collapse, which emit

a broadband noise signal [219, 220]. The shock waves emitted by the fragmentized bubbles
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result in generating the broadband noise whose threshold can be used as an indicator for the

presence of inertial cavitation activity [221, 222].
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Figure 15 Passive acoustic response of talcum, ultrapure water, PLA NS and PLGA NC on insonation. The results
are given as plots of VSD versus time for mean of three replicate individual samples. Measurements were
performed in set-up 1 at 750 kHz and 1.02 MPa.

Additionally, rehydrated freeze-dried PLA NS and PLGA NC were tested for their cavitation
activity, which is shown in Figure 15. Both types of nanoparticles showed an initially high
acoustic activity (1.0 x 10® V/NHz), compared to talcum. Hiltl e al. has concluded that non-
lyophilized nanoparticles are not ultrasound active and that freeze-drying and rehydration are
two important steps for the high broadband response of nanoparticles [200]. After rehydration
of NC, interface between water and hydrophobic surface of NC likely exist in a Cassie-Baxter
state [223]. Water is unable to wet all the pores thus air could be entrapped on the surface. The
pressure difference across the water-air interfaces is balanced by the Laplace pressure, which
results in a poor wetting effect [180]. For this reason, the air nanobubbles remain stable on the
hydrophobic surface of nanoparticles and continuously grow under ultrasound insonation. The
growth of air nanobubbles to larger bubbles during ultrasound exposure was demonstrated by
Yildirim ef al. on MSNs [224] and could be promoted by a coalescence of neighboring
nanobubbles. This could occur when two pores including air bubbles are close enough to each
other to flatten together and form larger bubbles [225]. When sufficient negative acoustic
pressure is achieved during the insonation, air bubbles collapse and induce jet streams, shock
waves and disruption of neighboring nanoparticles. However, PLA NS and PLGA NC

continually declined in broadband noise over time, when finally no cavitation activity was
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detected anymore. PLA NS lost their cavitation activity after 200 s and PLGA NC after 400 s.
A similar trend in VSD values for rehydrated and filtered PLA NS has been already shown in
the literature [200], where an initial rapid increase in the VDS was followed by a continual

decline in broadband noise already after 25 s.

Besides a passive measurement method, where receiving transducer detects the acoustic
emission signals from collapsing bubble, an active cavitation detection was used. The active
measurement method has been classified as a technique that detects the backscattered signals
directly from the existing bubble in the target zone [226]. In this study, a conventional
ultrasound imaging array was used in an active measurement set-up (Figure 12) to determine
whether or not the inertial cavitation of the PLGA (Resomer® RG 502) NC has been locally
exceeded in a cuvette. PLGA NC were examined with or without FUS excitation signal. Single
high frequency pulses were sent to the cuvette filled with rehydrated PLGA NC and its echo
was detected to perform a B-mode (brightness mode) imaging. These ultrasound scans
represented the target area of the cuvette containing PLGA NC, which is highlighted with a
blue dashed line in Figure 16. When the FUS excitation signal was sent to the cuvette, this
caused the inertial cavitation of NC, which could be seen as orange dots inside the cuvette in
Figure 16. However, when no FUS excitation signal was sent to the cuvette, no inertial
cavitation occurred and color inside the cuvette stayed black. These findings suggested that
freeze-dried, rehydrated PLGA NC were capable of seeding inertial cavitation, which was

confirmed by passive and active ultrasound measurements.
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Figure 16 Active imaging measurements of PLGA NC (A) with and (B) without excitation signal. Blue dashed
line represents the rim of cuvette and is enlarged in the left upper corner of the pictures. Measurements were

performed in set-up 2.
Since cavitation activity could be dependent on the amount of air bubbles [221] trapped on the
surface of nanoparticles and consequently, on the amount of nanoparticles, the PLGA
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(Resomer® RG 502) NC concentration-dependency between 0 pg/mL and 412.5 pg/mL was
investigated by the passive measurement technique. Kinetic VSD profiles of the PLGA NC
showed a marked concentration-dependent response as shown in Figure 17A. Even at the lowest
particle concentration (0.04 pg/mL), PLGA NC produced an ultrasound signal that was ~4-fold
more intense than the signal of ultrapure water. At particle concentrations lower than 40 pg/mL,
the ultrasound signal increased almost linearly. On the other hand, at higher concentrations the
increase of the mean values of the AUC of VSD, which was calculated via the sum of VSD
versus time, was less pronounced (Figure 17B). The increase of PLGA NC concentration has
led to the increase of the number of air bubbles that collapsed and emitted ultrasound signal.
A similar effect was reported by Montoya Mira et al., who used MSNs in concentrations
between 0 pg/mL and 200 pg/mL to demonstrate the concentration-dependency on the
ultrasound intensity [227]. In another study, Tamarov et al. investigated the concentration
dependent echogenicity of mesoporous Janus nanoparticles using a conventional diagnostic
scanner. The increase of nanoparticle concentration from 50 pg/mL to 500 pg /mL resulted in
a higher number of cavitating bubbles and a subsequent increase of the contrast in B-mode

images in the volume irradiated by ultrasound [228].
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Figure 17 Effect of PLGA NC concentration on the ultrasound intensity at 750 kHz, 1.02 MPa (set-up 1) for 560 s.
(A) Ultrasound response of different concentrations of PLGA NC given as plot of VSD, versus time for three
replicate individual sample. (B) AUC of VSD for different PLGA NC concentration. Bottom blue line represents
the AUC of ultrapure water (n=3).

Taking these data together, both, PLA NS and PLGA NC have strong cavitation potential,
which was proven by the passive and active measurement method. The cavitation activity of
PLGA NC is dependent on particle concentration. For the further experiments, a nanoparticle

concentration of at least 100 pg/mL was used to preserve the maximum cavitation activity.

47



Results and Discussion

5.2 Effect of Process and Formulation Parameters on Polymer Nanoparticles for

Ultrasound Model Drug Delivery
Experimental parameters such as polymer type and concentration, purification, dye
concentration and nanostructure type were investigated for particle size, PDI, zeta potential,
dye encapsulation, and ultrasound activity. All experiments were conducted by varying one

parameter and keeping all the other process parameters constant.

5.2.1 Impact of Polymer Concentrations on the Cavitation Activity of Nanospheres
In the present study, NS were prepared to encapsulate the water soluble dye RhB. The properties
of RhB are presented in

Table 6. Three different NS were synthetized with nanoprecipitation method using the steric
stabilizer poloxamer 188 and different PLA concentrations (3%, 6% and 12% (m/V)). NS were
purified with tangential flow filtration in order to evaluate the impact of the polymer
concentration on ultrasound activity and particle stability upon ultrasound treatment. Dye-to-

polymer ratio was kept constant at 1:500, as well as the volume of the O-phase (12.5 mL).

Table 6 Properties of RhB and C6 [229, 230].

Rhodamine B (RhB) Coumarin 6 (C6)
Structural formula
TN
jsos
HaC” N o Yo
e
Molecular weight [g/mol] 479.01 350.4
Solubility in water [mg/mL] 56.5 <1.0
Solubility in acetone [mg/mL] 1.5 1.0
Absorption spectrum in 553 459
methanol [nm]
Emission spectrum in methanol 574 509

[nm]

Particle size and PDI measurements were conducted before and after freeze-drying as well as
after ultrasound treatment (Figure 18A). Together with zeta potential measurements, they
provided insight into colloidal particle stability. After removal of unloaded RhB by tangential
flow filtration and freeze-drying, samples were rehydrated and ultrasound response was
measured. Before freeze-drying, NS exhibited mean particle sizes of 127 nm, 162 nm and

221 nm for 3%, 6% and 12% PLA formulations, respectively (Figure 18A). The mean PDI was
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below 0.2 for all formulations before freeze-drying representing monomodal size distribution.
The concentration of the polymer was found to have a pronounced effect on the hydrodynamic
diameter. The high PLA concentrations (6% and 12%) formed NS that were about 70-170 nm
larger compared to those made of 3% PLA. This is in accordance with Sharma et al. and
Zweers et al. who explained the effect with the increasing viscosity of the O-phase at higher
polymer concentration and therefore, decreased efficiency of droplet breakdown resulting in

the formation of larger emulsion droplets [231, 232].

The zeta potential was measured by electrophoretic mobility and is commonly used to
characterize the surface charge property of the nanoparticles. It represents an electronic
repulsion between particles and is often used as a parameter for suspension stability in colloidal
dispersions [233]. The NS surface charge did not change with higher polymer concentrations
with values between -18 mV and -20 mV i.e. only dependent on the type of polymer (Figure
18B). After freeze-drying, the particle sizes of all formulations were increased by 20-50%, as
well as the PDI, indicating a tendency of the NS to aggregate. This could be due to the
mechanical stress during freeze-drying, as reported by Trenkenshuhe et al. Freezing is the first
step in freeze-drying, where crystal formation, interfacial effects, and phase separation could
occur. In the drying phase, nanoparticles could lose the hydration shell as well as steric and

depletion stabilization [234].
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Figure 18 Bar charts comparing particle size (A), PDI (A) and zeta potential (B) of RhB NS prepared with different
PLA concentrations, analyzed by DLS techniques in water before (A, B) and after (A) freeze-drying as well as
after ultrasound treatment (A). Results are reported as mean + SD from three independent batches.

In Figure 19A, VSD of NS ultrasound response is plotted over time of 560 s. All curves started
at a VSD level of 1.0 x 10°° V/\/Hz, but differed in the half-life, which resulted in different

AUC of VSD (Figure 19B). AUC values of 6% PLA NS (3.38 x 10* V/Hz'?) and
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12% PLA NS (3.71 x 10 V/Hz"?) were significantly (p<0.001) higher than AUC value of 3%
PLA NS (1.46 x 10 V/Hz!"%). The acoustic activity of 3% PLA NS decreased over a period of
300 s until it reached the minimal inertial cavitation. NS prepared with 6% and 12% PLA
demonstrated a higher acoustic activity over the whole period of treatment and still showed
cavitation responses of 0.3 X 10° V/\Hz and 0.5 x 10 V/VHz, respectively, at the end of
treatment. Comparable cavitation profiles were presented by Kwan ef al. The results of three
differently sized polystyrene nanocups demonstrated sustainable and gradually decaying
inertial cavitation activity throughout the 10 min exposure. Large particles (790 nm)
demonstrated stronger cavitation activity as medium (450 nm) and small (170 nm) particles.
The authors assumed that the probability of inertial cavitation is directly proportional to the
likelihood of a suitably sized cavity being present in the ultrasound field [235]. In this study,
12% PLA NS had larger particle sizes than 3% and 6% PLA NS. Consequently, larger surface
pores could be formed on the surface of 12% PLA NS, which might act as cavities that are

capable of trapping a larger amount of air and thus enhance cavitation activity.
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Figure 19 (A) VSD over time and (B) AUC of VSD of NS prepared with different amount of PLA, measured in
ultrasound test device (set-up 1) at 750 kHz and 1.02 MPa (n=3). Statistically significant difference (one-way
ANOVA Tukey’s multiple comparisons test) is marked with asterisk: *** (p<0.001).

Following the ultrasound exposure, the characterization by DLS revealed NS sizes and PDIs
comparable to the NS before freeze-drying (Figure 18A). Particle sizes were 149 nm, 172 nm
and 266 nm by ultrasound treatment for 3% PLA NS, 6% PLA NS and 12% PLA NS,
respectively. Due to high energy input of ultrasound the aggregates that were formed during
freeze-drying, could be disassembled after ultrasound treatment to initial NS sizes. Similar
results were found by Papa et al., who demonstrated that microscale (~4 mm diameter) polymer

aggregates could be disassembled into individual nanoparticles by applying low-energy
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ultrasound [213]. A study of Kwan et al. characterized polystyrene nanocups before and after
ultrasound exposure. The sizes of nanocups were reduced by 10-20% after ultrasound treatment
[235]. Collectively, the results demonstrated that polymer concentration had a major influence

on particle size, which strongly affected the ultrasound activity.

5.2.2 Effect of Dye-to-Polymer Ratio on the Ultrasound Sensitivity of Nanospheres

For the following experiments, NS were prepared with a standard nanoprecipitation method
using poloxamer 188 as stabilizer and a PLA concentration of 3% purified with tangential flow
filtration, as it showed the smallest particle sizes, but with a sufficient cavitation activity
compared to 6% and 12% PLA. As loaded drug might change the particle characteristics,
a water soluble dye RhB loaded in PLA NS at different RhB-to-polymer ratios (blank, 1:100,
1:250, 1:500 or 1:1000) was used as model drug to examined the influence on physicochemical

NS characteristics, and their ultrasound sensitivity.

Figure 20A summaries the average sizes of the NS and their PDI, whilst in Figure 20B the zeta
potential is shown. According to Figure 20A, the higher the concentration of RhB, the larger is
the average size of the NS. The initial particle size of dye-free NS was about 95 nm, whereas
the presence of RhB increased the particle size to 170 nm for the RhB-to-polymer ratio of 1:100.
The dependence of the particle size on the concentration of the loaded dye was also observed
by Kiichler et al., who prepared RhB-loaded nanocarriers using poloxamer 188 as surface
stabilizer. They assumed that the localization of hydrophilic dye appear within the poloxamer
layer of the nanoparticle close to the W-phase. Higher dye concentrations enable stronger
intermolecular interactions (hydrogen bonds) with water [236]. However, the impact of the
amount of RhB on particle size was not as pronounced as the effect of the PLA concentration
describe above. Furthermore, before freeze-drying the PDI values of all formulations were low
enough (<0.2) to be considered satisfactory, being even lower than those obtained by other
authors for the preparation of similar polymer nanoparticles [237]. The surface charge of the
freshly prepared NS was between -18 mV and -22 mV and did not change upon different dye
concentrations (Figure 20B). Jonderian et al. prepared RhB-loaded PLGA nanoparticles by
a single emulsion-solvent evaporation technique, which resulted in similar values of zeta

potential (-21.7 mV) [237].
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Figure 20 Bar charts comparing the particle size (A), PDI (A) and zeta potential (B) of blank and RhB-loaded NS
prepared at different dye-to-polymer ratios, analyzed by DLS in water before (A, B) and after (A) freeze-drying
as well as after ultrasound treatment (A). Results are reported as mean = SD from at least three independent
batches.

After freeze-drying of the samples, the average size as well as PDI increased for all
formulations, presented in Figure 20A. Due to potential freeze-drying stress, NS seemed to
aggregate and particle size increased up to 200 nm. PDI increased for more than 100% in the

formulation with high amounts of RhB (RhB:polymer, 1:100), but it still stayed below 0.3.

Inertial activity of the NS significantly (p<0.0001) decreased by loading NS with RhB of
different concentrations (Figure 21). Ultrasound activity of blank NS was initially at
1.0 x 10° V/\Hz and it decreased to 0.5 x 10 V/NHz after 10 min of sonication. All loaded
NS reached initial cavitation between 1.0 x 10 V/\VHz and 1.5 x 10 V/\Hz, while the
activity dropped during the measurement and after 10 min no sufficient cavitation was observed
anymore. The drop in cavitation intensity was detected earlier at higher RhB concentrations,
for RhB-to-polymer ratio 1:100 already after 100 s. Additionally, Figure 21B shows that the
higher the RhB-to-polymer ratio the higher was the cavitation activity. This could be due to the
low hydrophobicity of RhB. When the loaded dye is more hydrophilic than the polymer, the
dye is known to deposit preferentially on the surface of the nanoparticles [238]. In this way,
RhB could be accumulated on the surface of the PLA NS, which reduced the hydrophobicity of
the NS surface with increasing RhB concentration. Already reported in the literature, a more
hydrophobic surface is required to prepare nanoparticles that stabilize air bubbles for high
acoustic activity [239]. In this way, loaded hydrophilic dye induced higher hydrophilicity of

NS surface, this entrapped less air and led to a decrease in acoustic cavitation of NS.
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After ultrasound treatment, particle sizes decreased to the initial sizes between 145 nm and
175 nm (Figure 20A), most likely due to aggregates destruction, as reported above. Although
the particle size increased with increasing dye concentration, the cavitation activity decreased.
Apparently, the concentration of dye and its impact on surface hydrophobicity had a greater

impact on ultrasound response of NS, as the impact of particle size, observed in the section

above.
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Figure 21 VSD over time (A) and AUC of VSD for the first 560 s of NS prepared as blank or RhB-loaded NS at
different dye-to-polymer ratio (n=3). Measurements were preformed in set-up 1. Statistically significant difference
(one-way ANOVA Tukey’s multiple comparisons test) is marked with asterisk: *** (p<0.001), **** (p<0.0001).

5.2.3 Influence of the Purification by Tangential Flow Filtration on Ultrasound Cavitation
After preparation of polymeric nanoparticles a purification process is used to remove additives,
surfactants, coating agents, and unloaded drug molecules. The most common method used for
nanoparticle purification are ultracentrifugation [240, 241], diafiltrating centrifugal devices
[242] and tangential flow filtration [240-242]. Ultracentrifugation and diafiltrating centrifugal
devices use centrifugal forces with or without a combination of filters added to centrifuge tubes
to separate the nanoparticles from undesired material [240, 242, 243]. While these are simple
and easy separation processes, the gravitation forces generated during centrifugation can cause
changes in nanoparticle properties such as aggregation [244]. Additionally, centrifuges have
a finite limit on the size of the containers, which can be pose difficulties in achieving
reproducibility particularly when scaling up to large volumes [240, 242]. Here, tangential flow
filtration has been reported to provide a useful alternative. Since 1993, when Allémann et al.
published a study, where they applied tangential flow filtration for nanoparticle purification

[114], numerous studies have used this method in nanoparticle purification processes [245-
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247]. The nanoparticle dispersion is pumped tangentially along the filter surface. The pressure
forces the filtrate through the membrane while particles travel forward with the tangential flow

[248].

To find out if the purification of free dye and excess surfactant remaining in the PLA NS
formulation has an impact on the ultrasound cavitation, different diavolumes in tangential flow
filtration were applied following freeze-drying and ultrasound testing. RhB-loaded NS at
RhB-to-polymer ratio 1:500 with poloxamer 188 as surfactant were prepared. The NS
dispersion with an average diameter of about 124 nm (Table 7) underwent diafiltration, which
involved the transmembrane pressure of 29 psi and a flow rate of peristaltic pump of
9.1 mL/min. Different diavolumes were used for purification (0, 5, 10, 20, 30, 40, 50 and 60).
Diavolume is defined as the volume of diafiltrated medium filled into the tangential flow
filtration system compared to the retenate volume [249]. The diavolume should reduce the
amount of excess poloxamer 188 and RhB in the dispersion. After each washing step particle
size and PDI were measured and compared with the particle size and PDI presented after freeze-
drying (Table 7).

Table 7 Hydrodynamic diameter (S) and PDI of NS dispersions after purification by tangential flow filtration and

after freeze-drying and their ratio S¢/S; and PDI¢/PDI;. Values are mean + SD of three measurements for each
diavolume from one batch.

Hydrodynamic diameter PDI
Diavolume S; [nm] St [nm] St/Si PDI; PDI;¢ PDI¢/PDI;
0 123 +2 156 +2 1.3 0.20+0 0.16+£0 0.8
5 114+£0 144 + 1 1.3 0.13+£0.02 0.18+0.02 1.4
10 111 +1 133+3 1.2 0.13+0.02 0.18 £0.01 1.4
20 115+2 123 +£2 1.1 0.14+£0.03 0.17+0.03 1.2
30 112+2 122+2 1.1 0.14 £0.02 0.15+0.01 1.1
40 111 +1 130+ 1 1.2 0.12+£0.01 0.14+£0.01 1.3
50 114+2 132+2 1.2 0.12+0.01 0.14+£0.03 1.2
60 120+ 1 141 £2 1.2 0.16 £0.01 0.13+0.01 0.8

Abbreviations: S;: hydrodynamic diameter after purification, Si: hydrodynamic diameter after freeze-drying,
PDI;: PDI after purification, PDIs: PDI after freeze-drying

Samples purified by tangential flow filtration with 5-40 diavolumes appeared to decrease in
particle size (up to 111 nm) and PDI (0.12). However, after 50 diavolumes particle size and
PDI increased up to 120 nm and 0.16, respectively. The increase in size and PDI of NS by
increasing the diavolume is probably due to the increased processing time, during which the
NS are pushed toward each other under pressure on the membrane during recirculation. Similar
findings were reported by Tavakoli Naeini, who purified polyplexes with tangential flow
filtration and demonstrated that increase in diavolume leads to particle aggregation [250]. As
observed before, after freeze-drying all washed batches showed an increase in particle size and

PDI due to the freezing/drying stress. Among the tested diavolumes, 20 and 30 diavolumes
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resulted in lowest S¢/S; (1.1) and PDI¢PDI; ratios of 1.1-1.2 (Table 7), which indicated the

lowest aggregation.

As observed in the studies above, the degree of aggregation correlated with the cavitation
activity of NS. The smaller the size of NS after freeze-drying was the lower was the cavitation
activity. When formulations were filtered with small volumes (diavolume 5) and freeze-dried,
the size of NS had increased up to 144 nm making NS stayed acoustically active over the whole
treatment period of 560s (Figure 22A). The inertial cavitation dropped from about
6.0 x 10 Vs/Hz!"? at 5 diavolumes to about 4.0 x 10 Vs/Hz!"? at 30 diavolumes and even to
2.7 x 10 Vs/Hz"? at 40 diavolumes (Figure 22B). Further increase in diavolumes (>50)
increased acoustic activity, most likely due to increase in particle size. The results of this study
showed that a tangential flow filtration had an influence on the particle size of NS, which is in
direct correlation with cavitation intensity. It was concluded that diavolume of 30 or 50 could

be taken into consideration.
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Figure 22 Comparison of VSD over time (A) and AUC of VSD (B) of NS dispersion using different diavolumes
(0-60) for purification with tangential flow filtration. Lines represent three individual measurements of cavitation
in set-up 1 at 750 kHz and 1.02 MPa (A) and bars represent mean + SD (n=3) of AUC (B) at different diavolumes.

5.2.4 Investigating Ultrasound Sensitivity Affected by Dye Hydrophilicity in Nanospheres

Two dyes RhB and C6, both small molecules, were selected as model dyes with varying
hydrophilicity to evaluate the influence of the hydrophilicity of the cargo on the
physicochemical characteristics of the PLA NS and their ultrasound activity. The RhB is highly
hydrophilic with a log P <2.0, a molar mass of 479.01 g/mol [229] and water solubility of
56.5 mg/mL. C6 is a hydrophobic dye with molar mass of 350.43 g/mol, log P of 4.2 and low
solubility in water (<1 mg/mL) [230]. The structures and properties of the two dyes used in the

study are shown in Table 6. At physiological pH, C6 is a non-ionic non-polar molecule and has
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no ability to form hydrogen bonds with water, which makes it difficult to dissolve in aqueous
solvent. However, it is soluble in organic solvents such as, ethanol, methanol, acetone and
dimethylformamide. RhB is zwitterionic with a net neutral charge. It simultaneously bears
a positive charge at the amine group attached to the xanthene ring and a negative charge at the
carboxyl group at the isolated benzene ring [251, 252]. RhB is a fluorescent dye that belongs to
the class of xanthene derivatives. It could be easily dissolved in aqueous solution. However,
quantum Yyield of its solution is low and Stockes shift small [253]. C6 belongs to a class of
heterocyclic compounds known as benzopyrenes that bear a carbon-carbon double bond which
is fixed as trans conformation as in trans-stilbene through a lactone structure. Stilbene with
a trans conformation is well known to have a strong fluorescence and high quantum yield [254].
The PLA NS loaded with RhB or C6 were prepared by the standard nanoprecipitation
technique. The O-phase consisted of the polyester polymer in dichloromethane and dye in
acetone at a dye-to-polymer ratio of 1:500. The W-phase was formed by mixing 0.27%
poloxamer 188 with ultrapure water. After nanoprecipitation in the two-syringe system, the
organic solvents were removed by evaporation under stirring overnight and washed with the

tangential flow filtration system (RhB) or ultracentrifugation (C6).

Figure 23A shows the average hydrodynamic diameter and size distribution of the blank and
dye-loaded NS. Compared to the unloaded PLA NS with a particle size of 95 nm, a tendency
for particle increase was observed when loaded either with RhB (128 nm) or with C6 (145 nm).
Previous reports [255, 256] demonstrated the formation of even larger PLA NS, 211 nm,
224 nm and 200-260 nm for blank NS, RhB NS and C6 NS. Regarding the PDI, the values after
purification were low (<0.2) and all NS could be considered as monodispersed.
The hydrodynamic diameter of C6-loaded NS was found to be about 20 nm larger than that of
the RhB NS. This is in accordance with the report of Gomaa et al. [251], who studied RhB and
fluorescein isothiocyanate as hydrophilic and hydrophobic model molecules encapsulated in
PLGA NS. RhB-loaded NS were 10-160 nm smaller compared to NS with the hydrophobic
dye. The reason could be that the hydrophilic dye attempted to exit from the hydrophobic
polymer and leaked into the W-phase during the preparation process, resulting in low dye load
(Table 8) and smaller particle sizes (Figure 23A). The blank NS formulation showed zeta
potential of -19 mV (Figure 23B). Since, both dyes represent noninonic or neutral molecules,
they did not have any detectable effect on zeta potential values ranging between -17 mV
and -22 mV, compared to blank NS. As seen before the freeze-drying process increased particle
size and PDI, which was more pronounced by the RhB NS (Figure 23A) presumably due to the

lowest zeta potential.
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Figure 23 Average hydrodynamic size (A), PDI (A) and zeta potential (B) of blank, RhB- and C6-loaded PLA NS.
Results are reported as mean + SD of at least three independent samples.

The results of dye encapsulation are shown in Table 8. The entrapment efficiency of the C6 dye
with around 30% was considerably higher than for RhB with less than 1%. The encapsulation
of RhB by conventional nanoprecipitation is generally less ineffective due to its good water
solubility, hydrophilic nature, and low molecular weight. Attempts of the hydrophilic dye to
exit from the hydrophobic polymer, resulted in accumulation at the particle surface, and a lower
encapsulated amount in the polymer matrix and reduced entrapment efficiency [257, 258].
Zhukova et al. calculated the affinity of three dyes with different hydrophilicity to the NS
polymer matrix. A more hydrophilic dye could easier leave the NS matrix leaking into W-phase
than a hydrophobic dye [230]. In addition to the entrapment efficiency, the dye load was also
determined for both dyes. As for entrapment efficiency the same trend was shown for the dye
load values, where C6 NS loaded 0.09% and RhB NS less than 0.01% of the dye. The
hydrophobic dye could be entrapped more efficiently in PLA NS.

Table 8 Dye load, entrapment efficiency of the different NS and dye release after ultrasound treatment determined
by fluorescence spectroscopy (mean = SD, n=3).

RhB PLA NS C6 PLA NS
Dye loading [%] 0.00073+0 0.09 £ 0.05
Entrapment efficiency [%] 0.45+0.01 30.60 £ 8.07
Dye release after ultrasound treatment [ %] 79.2+2.6 53.0+13.5

The ultrasound cavitation diagrams in Figure 24 indicated that C6 NS were more active as
RhB NS. The cavitation of C6 NS was comparable with blank NS. Both formulations were

ultrasound active the whole 560 s of treatment (Figure 24A). In contrast, the cavitation signal
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of RhB NS vanished after 300 s, indicating at no activity afterwards. In the 560 s of treatment
time, the AUC of VSD of RhB NS was about 1.8 x 10* Vs/Hz'?, which was 50% less than for
C6 NS (Figure 24B). The reason for this difference could be the difference in hydrophobicity
of the dyes and their impact on the characteristic of NS surface. As mentioned before the
hydrophilic dye attempts to exit from the hydrophobic polymer and accumulates at the particle
surface, which induces a more hydrophilic surface characteristic. Hydrophilic surface of
particles can poorly stabilize gas-pockets leading to low cavitation activity [239]. Dye release
after ultrasound treatment from RhB NS was greater than that from C6 NS (Table 8). This may
be due to the higher hydrophobicity of C6 compared to RhB. Similar observations were
published by Son et al. [259], who loaded chlorin e6 and pheophorbide a with similar structure
but different hydrophobicity into polymer nanoparticles and discovered a difference in release
patterns, biodistributions, and therapeutic results. The drug with moderate hydrophobicity was
released faster from nanoparticles compared with highly hydrophobic drug due to the better
solubility in the aqueous environment. They anticipated that rapid release of less hydrophobic
drug from nanoparticles could better occur in blood flow before nanoparticles accumulate at
tumor sites. However, the release of C6 after ultrasound treatment was with 53% distinctly

higher as when no external stimuli was applied (<2%) in a study of Purr ef al. [260].
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Figure 24 Ultrasound activity of blank, RhB- and C6-loaded PLA NS presented as VSD over time (A) and AUC
of VSD. Results are reported as three individual samples (A) and as a mean £ SD from three independent
samples (B). Measurements were performed in set-up 1 at 750 kHz and 1.02 MPa.

5.2.5 Effect of Polymer Type on Dye Encapsulation and Cavitation Activity of Nanospheres
Different types of polymers were evaluated for their suitability to prepare acoustically active
NS. Besides PLA also PLGA has been used in several drug formulations which have been
approved by the FDA [261-263]. Both polymers are linear, lipophilic, and biodegradable.

However, methyl side groups of PLA makes the polymer more hydrophobic than PLGA
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resulting in absorbing less water and degrading slower than PLGA [262]. Blank and C6-loaded
NS were prepared using 3% PLA (Resomer® L206 S) or 3% PLGA (Resomer® RG 752 H) in
1:500 dye-to-polymer ratio with the nanoprecipitation method and purified by centrifugation.

As stabilizer, 0.27% poloxamer 188 was used.

The hydrodynamic diameter of prepared NS, shown in Figure 25A, varied between 115 nm and
160 nm with PDIs less than 0.2 after purification. Blank PLGA NS were 40 nm bigger than
blank PLA NS, while C6-loaded PLGA NS were 30 nm smaller than loaded PLA NS. Loading
NS with C6 resulted in lower zeta potentials for both polymer types compared to unloaded NS
(Figure 25B). Rafiei et al. showed that incorporation of hydrophobic drug reduced zeta potential
of nanoparticles [264]. He suggested that a hydrophobic drug and PLGA could interact
non-covalently (van der Waals or hydrogen bonds), which resulted in different organization of
polymer endings on the surface of nanoparticles leading to reduced surface charge. After freeze-

drying particle size increased up to 40% due to the aggregation stress of the freeze-drying

process (Figure 25A).
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Figure 25 DLS measurements of blank and C6 NS prepared with PLA or PLGA polymer: (A) particle size and
PDI, (B) zeta potential (means + SD, n = 3).

A similar dye load was obtained for C6 regardless of the polymer type with 0.09% and 0.06%
for PLA NS (Table 8) and PLGA NS (Table 9), respectively. Entrapment of the fluorescent dye
was for both formulations around 30%, which was comparable to reports by others for C6 [265,
266]. The difference of the polymers did not play any essential role for dye load and
encapsulation efficiency. Due to the high hydrophobicity of C6, it could be successfully
entrapped in PLA and PLGA NS.
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Table 9 Dye loading and entrapment efficiency of C6-loaded PLGA NS and dye release after ultrasound treatment
determined by fluorescence spectroscopy (mean + SD, n=3).

C6 PLGA NS
Dye loading [%] 0.06 £0.01
Entrapment efficiency [%] 31.53 £6.06
Dye release after ultrasound treatment [%] 48.6+3.2

After ultrasound treatment the particle size of PLA and PLGA NS did not changed significantly
and the sizes stayed below 200 nm (Figure 25A). The use of PLGA polymer led to a decrease
in ultrasound activity of NS independent of the presence of dye (Figure 26A). In comparison to
PLA NS, which were generally active over the total ultrasound time of 560 s, PLGA NS were
only active in the first 200 s. Obviously, the hydrophobic side chain of PLA rendered the NS
surface more hydrophobic providing a better stabilization of air pockets on the surface of NS
followed by a higher acoustic cavitation [239]. Figure 26B shows that C6 PLA NS
accomplished a significantly higher (p<0.0001) ultrasound activity with an AUC (VSD) of
3.5 x10™* Vs/Hz"? than C6 PLGA NS with an AUC (VSD) of about 1.0 x 10 Vs/Hz"2. Both,
loaded PLA NS and PLGA NS, had an inertial cavitation of 1.0 x 10 Vs/NHz, which decreased
after time. In case of PLGA NC reached the ground platform after 200 s and in case of PLA
NC between 350 s and 500 s. In spite of the lower cavitation activity of PLGA NS, 48% of C6
was released after 560 s of ultrasound treatment (Table 9). This is in the same range as released
amount of C6 from PLA NS (Table 8). It appears that the initial high inertial cavitation is
responsible for the destruction of NS and dye release, while later cavitation activity below

1.0 x 10" Vs/\Hz did probably not play an important role in dye release.

The cavitation activity profile of NS appears to be independent on the hydrophilicity of the
polymer. However, this does not have a significant influence on the amount of dye release.

Probably, release of the dye appears only by higher VSD values around 1.0 x 10 Vs/vHz.
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Figure 26 Ultrasound activity of blank and C6-loaded NS prepared with PLA or PLGA polymer: (A) VSD versus
time for the replicate individual sample and (B) AUC of VSD (n=3). Measurements were performed in set-up 1 at
750 kHz and 1.02 MPa. Statistically significant difference (one-way ANOVA Tukey’s multiple comparisons test)
is marked with asterisk: ** (p<0.01); *** (p<0.001).

5.2.6 Impact of Different Types of PLGA Nanocarriers on Acoustic Cavitation

Since PLGA NS did not have a high acoustic activity, alternatively oily core NC based on
PLGA (Resomer® RG 752 H) were prepared and characterized. Whereas polymer NC with
a matrix structure present a solid colloidal particle in which active molecules are encapsulated
within the polymer matrix [84], polymer NC are a soft-vesicular systems including an inner
reservoir with drug confined in a liquid and surrounded by a polymer membrane acting as
a shell [84, 267]. NC could be advantageous over NS, as their thermo-mechanical properties
differ resulting in a lower mechanical rigidity of the capsule which could enable them to uncage
and release drugs more easily [267]. In the first step, C6-loaded PLGA NS and NC were
prepared at a dye-to-polymer ratio of 1:500 with 0.27% poloxamer 188. Both types of
nanoparticles were formed with the same nanoprecipitation technique using two connected
syringes. However, NC formation was critical as indicated by large particle size and
a multimodal size distribution (data not shown). Therefore, in the first step the emulsification-
diffusion evaporation technique according to Quintanar-Guerrero et al. [203] was successfully
applied. The dye-to-polymer ratio of 1:500 was kept constant. The dye was dissolved in ethyl
acetate with 5% Miglyol® 812 and homogenized with 2% PVA aqueous solution using the
Ultra Turrax® at 20.000 rpm for 8 min. The NC were compared with NS and evaluated by DLS

and in the ultrasonic field.

The size of Cé6-loaded NS and NC, presented in the Figure 27A, differed significantly
(p<0.0001). PLGA C6 NS demonstrated a size range of about 130-150 nm, which was not
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influenced by purification, freeze-drying or ultrasound examination. In contrast, PLGA C6 NC
revealed larger particle sizes about 250 nm that increased after purification and freeze-drying
by about 290 nm and 325 nm, respectively. The ultrasound treatment reduced again the size
down to size after the purified NC. The difference in particle size between NS and NC has
already been reported in recent studies. Varela-Fernandez et al. encapsulated lactoferrin in
PLGA NS and NC, where the NC were two times larger than NS and measured between 180 nm
and 280 nm [214]. In another study, Valente et al. explained that NC formulation is more
complex process compared to NS formulation, because it involves the oily droplet formation
and the deposition of the polymer wall. The polymer functions as a stabilizer of the oily droplet,
and it is necessary to ensure that the concentration of the polymer in the solution is sufficient
to provide complete coverage of all the oily droplets. When the oil to polymer mass ratio is not
low enough, larger NC sizes are normally obtained due to insufficient polymer amount available
for the formation of smaller oil drops [268]. Increase in size due to centrifugation force in
purification process has been shown before [269]. It was demonstrated that the structural
integrity of NC with thin shell can be damaged by centrifugation [270], which induces oil

leaking and aggregation.
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Figure 27 (A) Particle size and PDI before purification, after purification, after freeze-drying (FD) and after
ultrasound treatment (US) as well as (B) zeta potential after purification of C6-loaded PLGA NS and PLGA NC
(n=3). Statistically significant difference (t-test) is marked with asterisk: **** (p<0.0001).

An additional increase in size appeared after freeze-drying. The PDI was below 0.2 for NS and
NC suggesting monodisperse populations. Regarding the surface charge, negatively zeta
potential values were obtained due to the acidic character of the polyester polymer (Figure
27B). PLGA NC had a higher zeta potential (-12 mV) as PLGA NS (-22 mV), supporting the

idea that C6 in NC is preferentially encapsulated in the inner oil reservoir protected by the
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polymeric shell, while C6 could adhere to the surface of NS matrix followed by a changing of
the surface properties. Varela-Fernandez et al. reported a higher surface charge, when drug was

incorporated in NC as when the drug was encapsulated in NC [214].

C6 showed a tendency to lower dye load (0.06%) and entrapment efficiency (32%) using NS
as nanocarrier in comparison to the NC (dye load of 0.16% and entrapment efficiency of 79%),
as presented in Table 10. Similar findings were also reported by Bazylinska et al. [271], who
obtained a 10% higher encapsulation efficiency for cyanine loaded in NC than in NS. The
observed phenomenon could probably be caused by improved incorporation of drug in the oleic
core reservoir. In case of NS the retention of C6 closure is provided only by hydrophobic

polymeric matrix.

Table 10 Dye loading and entrapment efficiency of Cé6-loaded PLGA NC and dye release after ultrasound
treatment determined by fluorescence spectroscopy (mean + SD, n=3).

PLGA C6 NC
Dye loading [%] 0.16 £ 0.04
Entrapment efficiency [%] 79.34 £22.26
Dye release after ultrasound treatment [%] 422+254

In the ultrasonic measurement set-up, both types of PLGA-based nanoparticles showed similar
cavitation profiles (Figure 28A). Kinetic VSD profiles started at 1.2 x 10°® V/YHz and
continually declined in broadband noise over time, when finally no cavitation activity was
detected anymore (300 s). The AUC of VSD presented in Figure 28B did not show any
significant difference in ultrasound signal between NS and NC. Despite the physicochemical
difference between the two nanocarriers, obviously the type of nanocarrier did not affect the
cavitation activity or the dye release after the ultrasound treatment (Table 10). The dye release

of NS was with 48.6% comparable to NC with 42.2%.
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Figure 28 Effect of different types of PLGA nanocarriers on the ultrasound intensity at 750 kHz, 1.02 MPa
(set-up 1) for 560 s. (A) Ultrasound response of C6-loaded PLGA NS and NC given as plot of VSD, versus time
for three replicate individual sample. (B) AUC of VSD for two different nanocarriers (n=3).

To summarize, loading of hydrophobic dye was two times higher in NC than in NS, however
dye release after ultrasound treatment did not change significantly when using different type of
nanocarriers. A crucial feature of nanocarriers for a strong and long cavitation activity is the
polymer material they are made of. It is important that the nanoparticle surface has hydrophobic

characteristics to successfully stabilize nanobubbles on its surface.

64



Results and Discussion

5.3 Optimization of the Formulation of Nanocapsules for Ultrasound Model Drug
Delivery

5.3.1 Effect of Stabilizer Concentration on Physicochemical Properties and Inertial
Cavitation of Nanocapsules
Based on the previous results regarding physicochemical properties and cavitation, for the
following experiments NC were selected. NC are normally prepared by an emulsion-diffusion
evaporation method where the formulation of NC is governed by a fabrication of an emulsion
of oil, polymer and ethyl acetate, dilution with pure water allowing ethyl acetate to diffuse out
of the droplets, finally leaving a dispersion of NC [202]. The properties of NC can be varied by
changing their composition and the formulation process. In the present study, three different
polymer NC loaded with the hydrophobic dye C6 at 1:250 dye-to-polymer ratio were prepared

using the Ultra Turrax®

at a homogenization speed of 20,000 rpm. Different types of
commercial PLGA polymers with or without PEG, but all with a 50:50 lactide:glycolide ratio
were used. The shell of NC was made of PLGA 502 (Resomer® RG 502), PEGak-PLGA 11 sk
(PEG average M, 2,000 g/mol, PLGA average M, 11,500 g/mol) or PEGs-PLGA7 (PEG
average M, 5,000 g/mol, PLGA average My 7,000 g/mol). The concentration of the steric
stabilizer PV A in the formulation was varied (1.5%, 2.0% and 2.5% m/V) in order to investigate
its influence on the NC stability and cavitation activity. PVA is the gold standard for the
production of PLGA particles due to its amphiphilic properties and high biocompatibility [272].
Lower molecular weight PVA could result in lower stabilization of nanoparticles, while higher
molecular weight PVA could result in decreased aqueous solubility and increased viscosity of

aqueous PVA solutions [273]. Therefore, PVA with middle molecular weight (31,000 g/mol)
and partially hydrolyzed grade (88.7 mol%) was used in this study.
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Figure 29 Hydrodynamic diameter (A), PDI (B) and zeta potential (C) of C6-loaded NC prepared with 2.5%, 2.0%
or 1.5% PVA. Results are presented as mean + SD (n = 3).

The stabilizer forms a layer on the surface, which not only enables particle formation, protecting
against coalescence and agglomeration, but also prevents the active or model substance from
transferring from the inner to the outer W-phase [274]. The used stabilizer PVA, which is
classified as a flexible polymer, is typically used to sterically stabilize PLGA nanoparticles
[204, 205]. As shown in Figure 29A, PLGA 502 NC and PEGs-PLGA7« NC were less
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influenced by the PVA concentration than PEGx-PLGA11.5c NC. PLGA 502 NC resulted in
particle sizes of around 250 nm and PDI <0.3. Stability of nanoparticles depends on the affinity
of stabilizer to polymer [275]. In comparison to PLGA NC, has surface of PEG-PLGA NC
more hydrophilic characteristic, due to PEG group [262]. Gorich [276] prepared polymer
microparticles and explained the behavior of PVA adsorption on two polymers, which differ in
hydrophilicity. The folding of the flexible polymer PV A on the surface of the more hydrophilic
polymer is not as pronounced; the substance lies more "flat" on the surface. Thus, the
stabilization is poorer, resulting in larger microparticles compared to those from the more
lipophilic polymer. In this study, nanoparticles probably undergo similar behavior, since the
hydrophobicity of PEGsk-PLGA7x NC was lower comparing to PLGA 502 NC resulting in

lower stabilization and increased particle size.

The size was measured 362 nm, 315 nm and 382 nm for formulations with 1.5%, 2.0% and
2.5%, respectively. The hydrodynamic diameter of PEG2k-PLGA 1.5« NC was found to increase
with lower concentrations of PVA (Figure 29A) suggesting to an insufficient stabilization effect
of PVA. The particle size was about 700 nm and 2000 nm for 2.0% and 1.5% PV A, respectively,
and the PDI suggested for both formulations multimodal distribution (Figure 29B). By using
2.5% PV A, NC achieved an acceptable particle size around 250 nm with a PDI <0.3. A possible
explanation is that a higher stabilizer concentration formed a closer layer, which prevent
formulation of larger particles. PVA is a flexible polymer that has multiple attachment
possibilities and adheres relatively closely to the surface at low concentrations. At higher
concentrations, the PVA folds more strongly, the "trains" become shorter, and the "loops"
become larger. Consequently, the stabilization is improved, and the resulting particles are
smaller than those at lower PVA concentration [277]. When comparing two variants of PEG-
PLGA polymers with distinct molecular weights of PEG, it was observed that PEGsk-PLGA7
NC demonstrated greater stability among the three tested PVA concentrations, whereas PEGak-
PLGA 1.5k NC did not exhibit the same level of stability (Figure 29A). PEGylated PLGA has
surface active properties similar to that of surfactant and thus can act as an additional stabilizer
[278]. PEGsk-PLGA 7 with a PEG chain of 5000 Da is probably long enough to preserve a better
stabilization effect as PEGx-PLGA1ix with a PEG chain of 2000 Da at lower PVA
concentrations. However, the particle size of more than 300 nm and the PDI over 0.4 made
a PEGsi-PLGA7 not an appropriate candidate unless the production method is further

optimized for future experiments.
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Particles prepared from PLGA 502 were negatively charged with a zeta potential
around -20 mV (Figure 29C). In the presence of different PVA concentrations, the charges of
the nanoparticles did not change and remained negative. Similar results were published by
Tham et al., who stabilized PLA nanoparticles with PVA [279]. The zeta potential of PEGylated
NC ranged independent of PV A concentration around -25 mV and -15 mV for PEG2k-PLGA 11 5k
NC and PEGsk-PLGA 7 NC, respectively (Figure 29C). The higher the PEG molecular weight
was, the less negative was the zeta potential. The increase of PEG molecular weight increases

the PEG layer thickness [280], which results in a higher zeta value.

Table 11 Dye load (DL) and entrapment efficiency (EE) of C6 in PLGA 502 NC and PEG-PLGA NC prepared
with three different PVA concentrations. Results are presented as mean + SD, n > 3.

PLGA 502 NC PEG2-PLGA11.5k NC PEG:s-PLGA7NC

DL EE DL EE DL EE
2.5%PVA 0.12+0.03 6.83+£3.05 0.10+0.04 2.89 +1.03 0.09 +£0.02 2.53+0.94
2.0%PVA  0.10+0.02 431+0.54 0.10+0.03 13.39 £16.95 0.07 +£0.02 2.55+1.29
1.5% PVA  0.13+0.03 13.61 £9.27 0.16£0.05 48.94+46.15 0.12+0.04 3.78 £0.52

In Table 11 it is shown that dye loading and entrapment efficiency decreased with increasing
surfactant concentration for all formulations. This effect is highly pronounced due to a constant
dye-to-polymer ratio, which makes surfactant concentration the sole factor influencing
characterization parameters. The highest dye load and entrapment efficiency values were
observed for 1.5% PV A formulations: PLGA 502 NC with dye load of 0.13% and entrapment
efficiency of 13.61%, PEG2-PLGA 1.5k NC with dye load of 0.16% and entrapment efficiency
48.94% and PEGsk-PLGA7 NC with dye load of 0.12% and entrapment efficiency of 3.78%.
Entrapment efficiency of PEG2k-PLGA 1.5k NC prepared with 1.5% PV A was the highest, while
it might be related to its largest mean particle size (Figure 29A). During preparation and
application of high-speed homogenization the surface area increases, which causes leakage of
dye into the surrounding fluid leading to lower dye load and entrapment efficiency [281]. Table
11 indicates decrease in entrapment efficiency and dye load with decreasing PVA

concentration.
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Figure 30 Diagrams comparing the inertial cavitation (VSD) of C6-loaded NC prepared with three different PVA
concentrations made of (A) PLGA 502, (B) PEGx-PLGA1s¢ and (C) PEGsx-PLGA7%. (D) AUC of VSD
representing the ultrasonic cavitation noise signal at 750 kHz and 1.02 kPa (set-up 1) for different PEGylated NC
for the first 560 s. Results are presented as mean + SD (n = 3).

Furthermore, it was important to find out to what extend the PVA concentration not only
stabilizes the NC, but also influence the cavitation behavior of the NC. The results of cavitation
activity are presented as the trend of the VSD over time in Figure 30A, B and C and as the AUC
of VSD, which was calculated to generate a suitable comparison parameter in Figure 30D.
Generally, strong ultrasound enhancement was achieved at lower PVA concentrations (1.5%),
and a reduction in the generated intensity was observed with increasing PV A concentrations for

PEGylated formulations, while for PLGA formulations the cavitation activity stayed constant.
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The AUC of VSD for all formulations with 1.5% PVA was between 2.5 X 10*V/Hz!? and
3.0 x 10*V/Hz'"2. Both PEGylated formulations had a lower cavitation activity at higher PVA
concentration (Figure 30B and C). PVA molecules on the surface of NC cause a more
hydrophilic character. Higher PVA concentrations and therefore a more hydrophilic surface of
NC prevented a formation of air-rich layers around NC and resulted in a low cavitation activity
[239]. Another possible explanation for the different cavitation activity is the difference of NC
sizes. As described in section 5.2.1 and presented by Kwan et al. the probability of inertial
cavitation could be directly proportional to the likelihood of a suitable size cavity being
presented in the ultrasound field [235]. Using 1.5% of PVA resulted in larger PEG2-PLGA 11 5k
NC (Figure 29A), which demonstrated the strongest cavitation activity as smaller particles

prepared with 2.0% and 2.5% PV A or other polymer.

All three PLGA NC without PEGylation had comparable cavitation profiles independent of the
PVA concentration (Figure 30A). The acoustic cavitation was between 1.8 x 10 V/Hz!? and
2.5 x 10*V/Hz"2. Due to absence of hydrophilic PEG chains, the overall hydrophobicity of
the NC surface was probably higher [282] resulting in a better stabilization of air nanobubbles
on the NC surface [239] and higher cavitation activity. The PVA concentration had a stronger

effect on PEGylated NC as on non-PEGylated NC.

Based on the DLS and ultrasound results, 2.5% of PVA concentration was found to be optimal
to obtain NC with high echogenicity and good dispersibility and, thus, used in the rest of the

studies.

5.3.2 Influence of Homogenization and Polymer Type on Nanocapsule Cavitation

For future optimization of the formulation of sonosensitive NC was to adapt the
(1) homogenization speed and (ii) the PLGA molar mass and terminal end group in order to
improve entrapment efficiency and dye load. Different types of commercial PLGA polymers
(Resomer® RG 502, Resomer® RG 503, Resomer® RG 504, Resomer® RG 505, Resomer® RG
502H) with varying molar masses (7,000-69,000 g/mol) with and without terminal ester groups
were used to evaluate the influence of these parameters on particle properties and to select
suitable polymers for the ultrasound treatment. In addition, the effect of homogenization speed
on particle physicochemical characteristics and ultrasound sensitivity was investigated
selecting three different homogenization speeds 11,000 rpm, 12,600 rpm and 15,000 rpm. In
the emulsion-diffusion process the 2.5% (m/V) PVA and 1:250 C6-to-polymer ratio were kept

constant based on the results reported before.
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Figure 31 Hydrodynamic diameter (A), PDI (A) and zeta potential (B) of C6-loaded NC prepared with five
different PLGA polymers at different homogenization speeds. Results are presented as mean + SD, n = 3.

When prepared at 11,000 rpm, NC made of PLGA 502 measured 238 nm in contrast to
PLGA 505 with particles of 285 nm (Figure 31A). The hydrodynamic diameter was found to
be directly correlated with the molar mass of the polymers. The higher the molar mass of the
PLGA polymers from PLGA 502 to PLGA 505, the larger were the sizes. Different authors
[205, 283] showed a similar effect that was explained by the increased viscosity of the organic
solution due to the increased molar mass of the polymer, which prevented emulsification into
smaller droplets. PDIs followed a similar pattern as particle sizes and increased from 0.1 to 0.25
by increasing molar mass of PLGA independent on homogenization speed (Figure 31A). TEM
pictures (Figure 32) revealed the presence of spherical hollow NC and particle sizes comparable

to the DLS values (Figure 31A).
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Figure 32 TEM of PLGA NC made of (A) PLGA 502, (B) PLGA 505 and (C) PLGA 502H at 11,000 rpm.

The two major forces responsible for particle size reduction in rotor-stator systems are the
mechanical impingement against the wall due to high fluid acceleration, and the shear stress
generated in the gap between rotor and stator, due to the rapid rotation of the rotor. The particle
size can be altered by controlling the emulsification power [284]. By increasing
homogenization speed the hydrodynamic diameter increased for polymers of higher molar mass
(Figure 31A). When prepared at 15,000 rpm, NC of PLGA RG 504 formed aggregates with
large particle sizes (333 nm) and PDI >0.3 while PLGA RG 505 formed particles larger than
600 nm with PDI >0.4. At high homogenization speeds, the emulsion droplets could increase
in size due to supply of more energy resulting in a high rate of re-coalescence of new droplets.
This phenomenon is named “over-processing” of the system and has been noted by several
authors during high-pressure emulsification [284-286]. They observed that although the
increased energy input during emulsification, the emulsions have larger droplet sizes rather than
expected smaller sizes. High molar mass PLGA is in this case even more affected due to
increased viscosity of the organic solution. With increasing viscosity of the dispersed phase,
droplet disruption was more difficult and hence, emulsion droplets increased size [284]. The
acid terminated polymer (PLGA 502H) influenced the NC size, but only at the highest
homogenization rate. In comparison to PLGA 502 NC, at 11,000 rpm and 12,600 rpm
comparable hydrodynamic ratios were observed, only at 15,000 rpm about two times larger NC
sizes were reached. This could be due to high energy input in homogenization, which could
cause hot spots that aggregate nanoparticles.

The values of zeta potential for NC produced at 11,000 rpm were found to be between -30 mV
and -22 mV indicating negative surface charges (Figure 31B). With increasing homogenization
speed the zeta potential increased up to -10 mV. Reduced emulsifying efficacy at higher
homogenization speeds could be consistent with the marked increase in zeta potential evidenced

at 15,000 rpm. Less negative zeta potential may also be related to smaller total surface area
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(higher droplet size). A less net negative surface charge would reduce the electrostatic
repulsion, thus promoting droplet coalescence [287].

During the formulation process 2.5% PVA (M, 31,000 g/mol) was used as stabilizer. Although
NC preparation included purification steps, a fraction of PVA could remain associated with the
nanoparticle. This appeared because PVA is supposed to form an interconnected network with
the carbonyl group of PLGA on the particle surface [288]. The residual PVA could influence
different physicochemical properties of nanoparticles such as particle size, zeta potential, drug
loading and surface hydrophobicity [204]. As a result of higher surface hydrophilicity,

a reduction in cellular uptake has to be considered [204].
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Figure 33 Bar charts comparing the residual amounts of PVA of blank and C6-loaded NC samples prepared at
11,000 rpm. Results are presented as mean = SD, n = 3.

In the present study, quantitative determination of the residual PVA content via UV/VIS
spectroscopy was performed by a colorimetric method based on complex formation between
residual PVA and Io/KI solution [204]. As shown in Figure 33, an influence of the molar mass
of the polymer could be observed. NC of higher molar mass polymers (PLGA 503, PLGA 504
and PLGA 505) exhibited lower amounts of PVA (<0.2%) than PLGA 502 and PLGA 502H
(<2%). This was also reported by Grune et al. showing a lower residual PVA content by
nanoparticles made of PLGA polymers with higher molar mass [205]. Despite the acid end
group and therefore a higher hydrophilicity of the nanoparticle surface, the amount of residual
PVA was around 1% comparable to values of PLGA 502. Study from Grune ef al. [205] also
presented comparable values for PLGA 502 and PLGA 502H nanoparticles at about 1.5%. In
addition, unloaded NC showed 0.2% higher amount of PVA adsorbed on their surfaces as
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loaded NC indicating that dye loading could have an effect on the amount of PVA associated
within the NC. Hydrophobic dye could decrease hydrophilicity of the NC surface resulting in
lower amount of residual PVA. All PVA values were in a range <4% which was expected by
Sahoo ef al. [204] to have no influence on the biological characteristics. Compared to other
studies, the residual content of PVA in this work can be classified as low. Shkodra et al.
demonstrated for partially hydrolyzed PV A with the molecular weight of 31,000-205,000 g/mol
an increased residual amount ranging from 9.3% to 13.3%, which could be reduced by
additional washing steps [289]. A similar decrease in residual PVA was also shown by
Zambaux et al. with a PVA concentration of 5%. While they quantified a residual content of
24% after the first washing step, the PVA amount decreased to 12% after the third washing
process [290]. Furthermore, they demonstrated that reducing the PVA concentration to 2% also

decreased the PV A residual content to approximately 6% [290].

Table 12 Dye loading (DL) and entrapment efficiency (EE) of C6 in NC prepared with five different PLGA
polymers (PLGA 502, PLGA 503, PLGA 504, PLGA 505 and PLGA 502H) at 11,000 rpm, 12,600 rpm and
15,000 rpm. Results are presented as mean = SD, n = 3.

11,000 rpm 12,600 rpm 15,000 rpm
Polymer DL EE DL EE DL EE
PLGA 502 0.163+0.023 51.22+14.63  0.155+0.033  1.93+0.39 0.115+0.007 237+0.14
PLGA 503 0.120+£0.009  20.62+1.37 0.154+0.005 33.0+1.07 0.057+0.011 3.97+0.40
PLGA 504 0.086 +£0.007 10.48+0.67 0.089+0.006 2.89+0.17 0.032+0.017 2.75+1.61
PLGA 505 0.093+0.009 7.21+0.72 0.101£0.045 3.12+1.54 0.050 £0.004 1.66+0.11
PLGA 502H 0.142+0.014 38.72+7.38 0.148+0.006 2.86+0.132 0.116+0.023  0.81+0.05

Table 12 indicates changes of the dye load and entrapment efficiency of NC by varying
homogenization speed and polymer type. At 11,000 rpm and 12,600 rpm homogenization
speed, dye load and entrapment efficiency were comparable while at 15,000 rpm dye load and
entrapment efficiency were reduced. A higher homogenization rate increased the surface area
which may cause dye diffusion into the surrounding fluid leading to lower entrapment
efficiency values [281, 291]. NC prepared with polymers of lower molar mass (PLGA 502 and
PLGA 502H) resulted in higher and almost comparable dye load and entrapment efficiency
values compared to polymers of higher molar masses. The dye load and entrapment efficiency
increased from 0.09% to 0.16% and 7.21% to 51.22%, respectively, as molar mass decreased
from 54,000-69,000 g/mol (PLGA 505) to 7,000-17,000 g/mol (PLGA 502). According to
Mittal et al. [283] the increased viscosity with increasing molecular mass might decrease the

diffusion rate of solvent into the external W-phase. Therefore, solvent removal is slowed down
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and it takes more time for dye to enter the W-phase, resulting in low entrapment efficiency.
Acid-terminated PLGA 502H showed about 10% lower entrapment efficiency than the same
molecular weight PLGA with the ester terminus. This observation can likely be attributed to

the higher hydrophilicity of PLGA 502H and thus, the lower affinity to hydrophobic dye [292].

The best performing particles in terms of particle size, zeta potential and dye load were
formulated with 11,000 rpm. Hence, this setting was used for further investigations.
Table 13 T, and Ty of PLGA from pure polymer, physical mixture of C6 and polymer, and C6-loaded NC,

determined by DSC in two heating-cooling cycles at 10 °C/min; Tr, was calculated from the first run and T, from
second run.

Sample Tm [°C] Tg [°C]
PLGA 502 45.15 33.43
3 PLGA 503 47.74 38.85
§ PLGA 504 47.28 39.17
& PLGA 505 49.01 40.22
PLGA 502H 46.53 31.28
. PLGA 502 46.02 3741
g PLGA 503 53.30 43.20
E PLGA 504 52.94 44.49
i PLGA 505 53.00 43.61
<=
& PLGA 502H 51.08 38.71
PLGA 502 46.02 36.42
S PLGA 503 49.88 35.01
g PLGA 504 49.88 37.53
v PLGA 505 50.55 37.64
“ PLGA 502H 47.01 31.72

A DSC analysis was carried out to investigate the solid state characteristics of the NC. The aim
was to characterize the thermal profile of the NC, and the interaction between the C6 and the
polymer. Each sample was measured in two heating and cooling cycles (from 5 °C to 220 °C),
with the first cycle used to determine Tm and the second cycle to determine T,. Table 13
summarizes the Tm and Tg values. Figure 34 shows the thermograms of the first and second
runs of the active ingredient C6 and the C6-loaded NC prepared from different PLGA polymers.
Free C6 showed a sharp endothermic melting peak at 211 °C in the first run, comparable to
observations at Trapani et al. [293]. This peak was absent in almost all NC formulations
probably due to low encapsulation rates of C6, thus an influence of the dye could not be

observed. In PLGA 504 formulation, an exothermic peak was observed, indicating a possible
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crystallization or oxidation event of the dye [294]. This peak disappeared in the second run.
The pure polymers showed a sharp endothermic melting peak between 45.15 °C and 49.01 °C,
which could also be observed for the polymer NC (46.02-50.55 °C) indicating that polymer as
well as NC are in crystalline state [205] and that encapsulated Miglyol 812 did not change the
thermic properties of NC. In the second run Ty was measured. PLGA polymers with a 50:50
lactide to glycolide monomer ratio typically have Ty of >42 °C, which increases with higher
molecular weight [295]. In this study, the values were lower. Polymers showed Ty values
between 31.28 °C and 40.22 °C, while their physical mixtures with C6 showed a higher values
(37.41-44.49 °C). Cé6-loaded NC showed similar Tg as polymers with an observed molar mass
dependency (31.72-37.64 °C). Ty is influenced by the amount of free polymer chain ends in
PLGA. The local mobility of low molar mass polymer is hindered due to higher concentration
of chain ends leading to lower T. With increasing molar masses, the end groups have higher
mobility due to their local excess free volume, which results in higher Ty [296]. The
encapsulation of C6 demonstrated plasticization of the NC, which reduced the T by 1-6 °C
compared to the physical mixture. This could be attributed to the formation of hydrogen bonds
between amine groups of C6 and the carbonyl groups of PLGA. The reduction in Tg was also
correlated with entrapment efficiency of the C6 (Table 12). The higher the entrapment
efficiency, the greater was the reduction. The only exception was PLGA 502, where a reduction
in Tg was only 1 °C despite high entrapment efficiency. A similar reduction in the Ty by
approximately 8 °C was reported for diflapolin [297] and 13 °C for flurbiprofen [298] and

thymoquinone [299] after encapsulation in PLGA nanoparticles.
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Figure 34 DSC graphs comparing the thermal behavior of C6 and C6-loaded NC. Analysis was performed in two
heating-cooling cycles at 10 °C/min.
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Upon freeze-drying, rehydration and ultrasound exposure, all loaded polymer NC were capable

of seeding cavitation. The profiles of acoustic cavitation are shown in Figure 35A, B, and C.
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Figure 35 Diagrams comparing the inertial cavitation (VSD) of C6-loaded NC prepared with five different PLGA
polymers at (A) 11,000 rpm, (B) 12,600 rpm and (C) 15,000 rpm at 750 kHz and 1.02 kPa (set-up 1) for three
individual measurements. (D) Release of C6 after ultrasound treatment is presented as mean + SD, n = 3.

The higher the polymer mass, the higher was the cavitation activity, independent of the
preparation conditions. NC made of PLGA 504 and PLGA 505 were active for the whole time
of treatment with decreased kinetic profiles from 10 x 107 V/Hz to 5 x 107 V/\Hz.
The cavitation of lower molar mass polymers (PLGA 502 and PLGA 502H) started at
5 x 107 V/NHz and reached the minimum after 300 s. A possible explanation might be
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a stronger hydrophilic characteristic of PLGA 502 comparing to polymers with higher
molecular mass resulting in a weaker cavitation activity. Additionally, hydrophilic PVA on NC
surface can induce a reduction in ultrasound activity [204]. The effect of higher PVA
concentration on the cavitation activity was already discussed in section 5.3.1. Different
homogenization rates did not show relevant differences in cavitation activity of NC. However,
the release of C6 from NC induced by ultrasound inertial cavitation was lower in formulations
prepared with a polymer of higher molar mass (Figure 35D). PLGA with higher molar mass
possesses higher hydrophobicity, resulting in an increased affinity of C6 towards lipophilic
polymer compared to the surrounding aqueous medium. Comparing different homogenization
rates, NC prepared at 11,000 rpm exhibited in highest dye release up to 47%, while particles
prepared at 15,000 rpm with a maximum of 16%. NC prepared at lower homogenization rate
were characterized with smaller particle sizes (Figure 33A) and consequently in larger surface
area, which give NC a better opportunity to be imploded in smaller parts during ultrasound

explosion and accomplish a higher dye release.

5.3.3 Impact of PEGylation on Ultrasound Cavitation of Nanocapsules

The goal of PEGylation is to prevent opsonisation of NC in order to achieve a longer blood
circulation [300] after systemic application. In the present study, it was aimed to evaluate the
ability of the PEG chains at NC surface to effect the NC cavitation capability. Various blends
of PLGA 502 with PEGux-PLGA115c or PEGsk-PLGA7« were prepared leading to final
PEGylation degrees between 0% and 38% (w/w) presented in Table 3 (see section 4.1.1.3). An
O-phase with 2% (w/w) total polymer content and C6 (1:250 dye-to-polymer ratio) was
homogenized with W-phase (2.5% (m/V) PVA) using the standard emulsion-diffusion

evaporation method.

According to Figure 36A and B it could be found that increasing the degree of PEG induced an
increase of the hydrodynamic diameter of the obtained NC. This effect was stronger presented
in NC made of PEGsk-PLGA7 (Figure 36B). NC prepared with 38% PEG led to a mean
hydrodynamic diameter of more than 1000 nm compared to the preparation of NC by using
only PLGA 502 (non-PEGylated), which led to a particle diameter of 255 nm. Similar findings
were reported by Dirauf ef al., who could not form separable solid nanoparticles, but rather self-
assembled structures, when high PEG to PLGA ratios were used [301]. PEG-PLGAs are
copolymers with amphiphilic properties, enabling the formation of diverse drug delivery
systems depending on several factors such as the PEG and PLGA chain length and the PEG

degree [302]. The findings in the literature indicate a preference for micelle formation when the
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PEG fraction is between 25% and 45% [302]. Figure 36B shows a PDI >0.2 for NC with PEG
content above 20%, which suggested a polydisperse size distribution of the resulting NC. NC
prepared of PEG2k-PLGA 1.5k did not show an increase in particle size with an increased degree

of PEG, most probably, due to low degree of PEGylation.
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Figure 36 Hydrodynamic diameter (A, B), PDI (A, B) and zeta potential (C, D) of C6-loaded NC prepared with
PLGA 502 and PEGx-PLGA |15 (A, C) or PEGsi-PLGA7 (B, D) at different percentage of PEG. Results are
presented as mean + SD from two independent batches.

In the present study, percentage of PEG in PEGok-PLGA 1.5« was probably not high enough to
have an effect on zeta potential and the zeta potential stayed below -20 mV. With increasing
PEG fraction in PEGsk-PLGA7/PLGA 502 blends, the zeta potential of NC stayed between
—22 mV and —15 mV (Figure 36D). A minor increase in zeta potential could be explained by
the shielding effect of PEG, which masks the surface charges of uncapped PLGA residues.
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Figure 37 Dye loading (A, B) and entrapment efficiency (C, D) of C6 in PEGylated NC prepared with PLGA 502
and PEGx-PLGA 15k (A, C) or PEGsi-PLGA 7% (B, D). Results are presented as mean &+ SD from two independent
batches.

Figure 37 shows that dye load and entrapment efficiency increased when a certain percentage
of PEG was added to the polymeric blend of PEGa-PLGA15/PLGA 502 and PEGsk-
PLGA7/PLGA 502. In fact, for a fraction between 5% and 10% PEG the maximum of dye load
was obtained, corresponding to 0.20% and 0.19% for PEGok-PLGA11.5/PLGA 502 and PEGsk-
PLGA7/PLGA 502, respectively. The maximum of entrapment efficiency was observed at
3.7% PEG for PEGok-PLGA11.5/PLGA 502 (80%) and at 9.6% PEG for PEGsk-PLGA7/PLGA
(86%). For the formulations with an increased percentage of PEG, independent of the polymer,
the dye load and entrapment efficiency considerably decreased probably due to a higher
percentage of the hydrophilic PEG polymer and formation of micelles, which could alter the
process of encapsulation of lipophilic dye [302]. NC prepared with PEGs-PLGA7/PLGA 502
could encapsulate higher amounts of dye compared to PEG2x-PLGA11.5./PLGA 502 at higher
PEG degrees. This is most likely, due to larger particles (Figure 36B), which was already
noticed in other publications [303, 304].
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Figure 38 (A, B) Diagrams comparing the inertial cavitation (VSD) of C6-loaded PEG-PLGA NC prepared with
different % of PEG2-PLGA |1 5¢ (A) or PEGsi-PLGA 7 (B). Three individual measurements were made at 750 kHz
and 1.02 kPa (set-up 1). (C, D) AUC of VSD representing the ultrasonic cavitation noise signal for the first 560 s
and release of C6 after ultrasound treatment for NC prepared with PEG-PLGA 15k (C) or PEGsi-PLGA 7% (D).
Results of dye release are presented as mean = SD, from two independent batches.

Additionally, all formulations were examined in the ultrasonic field and, subsequent dye release
was fluorimetrically quantified (Figure 38). The NC of pure PLGA 502 showed a decreased
cavitation kinetic with a starting cavitation at 1.0 x 10 V/NHz (Figure 38A and B) and
AUC =0.9 x 10*V/Hz"? (Figure 38C and D). With increasing PEG the maximum cavitation
response was achieved with 14.8% and 28.8% PEG for PEGux-PLGA1s5/PLGA 502
(AUC=22x10*V/Hz'?, Figure 38 C) and PEGs-PLGA7#/PLGA 502
(AUC =2.6 x 10*V/Hz!?, Figure 38 D), respectively. Cavitation activity decreased when
higher PEG concentrations were used in PEGsk-PLGA7«/PLGA 502 blends and reach with 40%
PEG similar values as pure PLGA 502 (AUC = 1.2 x 10 V/Hz"?). This suggested that higher
amount of PEG chains on PLGA NC increased the surface hydrophilicity [305] and provided
reduction in cavitation activity of NC. Previous studies found that a more hydrophobic surface
of nanoparticles is required to prepare air stabilizing nanoparticles with high acoustic activity
[306-308]. In case of PEGx-PLGA11.5/PLGA 502, no decrease in acoustic cavitation was

shown, most likely due to lower amounts of PEG (<15%).
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Dye release after ultrasound exposure followed the cavitation pattern (Figure 38C and D). At
lower PEGylation degrees, cavitation activity as well as dye release were lower. When
formulation consisted up to 11.3% and 19.2% of PEG, the dye release was the highest for
PEGok-PLGA11.5/PLGA 502 (69%) and PEGsk-PLGA7/PLGA 502 (52%), respectively. At
higher PEG concentrations, the dye release decreased, reaching no dye release after using
PEGylation degree of more than 30%. Although larger nanoparticles enhance cavitation
activity, as shown before, the observed decline in acoustic activity and subsequent reduction in
dye release can likely be attributed to hydrophobic nature of PEGsx-PLGA7/PLGA 502 NC,
leading to less stable nanobubbles on their surface. However, for PEG2-PLGA11.5«/PLGA 502

the highest available PEG concentration was 14.8% and further comparison was not possible.

The obtained results clearly showed that there is a necessity to adapt the PEG degree in
preparation of PEG-PLGA NC in order to achieve comparable particle size, dye encapsulation
and cavitation activity as for NC made of pure PLGA. As for the future development of
PEGylated NC, the optimal degree of PEG should be around 10% when using PEGok-
PLGAI11.5/PLGA 502 blends to get NC with monomodal particle size distribution, negative
zeta potential, high dye load and high acoustic activity as well as high dye release after
ultrasound treatment. In case of PEGsk-PLGA7/PLGA 502 blends, the most optimal degree of
PEG should be below 5%.
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5.4 Stability of Nanocapsules

5.4.1 Storage Stability of Lyophilized Nanocapsule Formulations

PLGA 502 (Resomer® RG 502) NC and PEGak-PLGA 11 s« NC with (1:250 C6-to-polymer ratio)
or without C6-loading were selected for a storage stability test at 2-8 °C (refrigerator), 25 °C
(room temperature) and 40 °C (accelerated temperature) for up to 6 months. All formulations
were prepared by emulsion-diffusion method with homogenization speed of 11,000 rpm (8 min)
including an O-phase of 2% (w/w) selected polymer and 5% (w/w) Miglyol® 812, and W-phase
of2.5% (w/V) PVA followed by freeze-drying in 15% (m/V) aqueous trehalose solution before
storage under controlled conditions. After reconstitution, samples were analyzed for particle
size, zeta potential and cavitation activity. Solid-state characterization of lyophilizates included
Karl-Fischer titration, DSC and XRD measurements. Freeze-dried samples were closed in vials
with stopper as well as sealed with aluminum peal-off seals and stored at three different
temperatures for 6 months. The lyophilizates were dissolved by adding 3 mL ultrapure water.
During reconstitution, the vials were gently swirled to ensure wetting of the complete
lyophilizate. All lyophilizates instantaneously (<5 s) dissolved upon reconstitution.
Trenkenschuh et al. shown that higher concentrations of cryoprotectant reduce the
reconstitution time of lyophilized nanoparticles [309]. In their case, the presence of 10% of
cryoprotectant (<6 s) reduced reconstitution time compared to 2.5% cryoprotectant (>50 s).
A comparison of different excipients showed in other studies that trehalose is preferable with
respect to other cryoprotectans to obtain a redispersible lyophilized nanoparticle product [310-
312]. This was usually related to characteristics of trehalose, which are low hygroscopicity, the
absence of internal hydrogen bonds thus allowing a more flexible formation of hydrogen bonds
with nanoparticles, a very low chemical reactivity and, a higher T, [313]. For these reasons,

trehalose was chosen as a cryoprotectant in this study.

The initial particle size of loaded and blank PLGA 502 NC was 280 nm and 330 nm,
respectively, with a PDI below 0.2 for both formulations (Figure 39A). PLGA NC revealed
significant (p<0.05) increase in particle size and higher PDI when the C6 was incorporated. The
hydrophobic dye could be encapsulated in NC made of hydrophobic polymer and oily core with
a high dye load resulting in size increase. After storage under different conditions none of the
PLGA NC lyophilizates showed changes of particle size or PDI after 6 months of storage
independent of the presence of C6 (Figure 39A), which suggested that stabilization was
provided without signs of aggregation over time. PEGylated NC showed initial sizes of 305 nm

and 280 nm for loaded and unloaded NC, respectively (Figure 39B). PLGA 502 NC showed
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a modern increase in particle size, when C6 was loaded. However, the particle size of loaded
PEG-PLGA NC did not show a distinct trend in increased particle size. The PDI of blank PEG-
PLGA was initially 0.2 and increased up to 0.3 after 12 months of storage, while PDI of loaded
PEG-PLGA NC increased from 0.1 to 0.2. However, particle size values did not revealed

an increase.
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Figure 39 Diagrams comparing particle size and PDI (A, B), zeta potential (C, D) of PLGA 502 NC (A, C) and
PEGx-PLGA 15« NC (B, D) with (+) and without (-) C6 after 0 weeks, 6 weeks, 12 weeks and 6 months of storage.
Results are reported as mean = SD (n = 3).

Zeta potentials between -20 mV and -30 mV did not change upon 12 weeks of storage (Figure
39C and D). After 6 months of storage, the negative charges of all formulations decreased, and
with the extension of the storage time, the absolute potential values of the zeta potential of the
different groups decreased up to -15 mV. Alshememry et al. assumed that this phenomenon can
be due to the trapping of the cryoprotectant on the surface of the nanoparticles [314]. The
increase of the surface charge of the PLGA nanoparticles after long term stability studies was
reported also in other studies [315, 316], providing indicator of nanoparticles modification upon

storage.

The Tg of NC lyophilizates are summarized in Figure 40A, B, C and D. The Ty is one of the
determinants of storage stability [317] and was evaluated with DSC. Thermograms of PLGA
502 NC and PEG2-PLGA 1.5« NC remained unchanged after storage at 4 °C, 25 °C and 40 °C
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and were all characterized by one T, between 80 °C and 110 °C. This endothermic event should
be attributable to trehalose. According to Hinrichs et al. [318], DSC curves of trehalose showed
aTg around 120 °C. Disaccharides, such as trehalose, possess a much higher T, than
monosaccharides, do not contain reducing groups and are therefore often used as stabilizers for
lyophilization [319]. It is recommended that lyophilizates should have a T, value 20 °C above
the ambient storage temperature to minimize mobility [320]. Referring to this recommendation,
the T, of lyophilizates ( >80 °C) is in this study at least 40 °C higher as storage temperature
assuming that temperature should not have a significant effect on storage stability of
lyophilizates. Since the concentration of trehalose was high, thermal properties of NC could not

be detected and the comparison between PLGA and PEGylated PLGA as well as dye influence

were not possible.
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Figure 40 Diagrams comparing T, of blank (A, B) and Cé6-loaded (C, D) PLGA 502 NC (A, C) and PEGxx-

PLGA 1.5« NC (B, D) lyophilizates using 15% trehalose as cryoprotectant after 0 weeks, 6 weeks, 12 weeks and
6 months of storage.

DSC results were in agreement with XRD measurements. For blank NC, the XRD pattern
showed no distinct peak at the time point 0 (Figure 41). After storage, samples remained fully
amorphous independent of the NC type. Ebied ef al. characterized a pure C6 powder by XRD,
which exhibited a pattern of several diffraction peaks of various intensities, indicating that the

C6 is polycrystalline [321]. However, the absence of peaks on the XRD patterns for C6-loaded
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PLGA 502 or PEGx-PLGA 115« NC in Figure 41 was most probably indicated to high

concentration of trehalose and its amorphous state [322].
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Figure 41 Diagrams comparing XRD measurements of blank (-) and C6-loaded (+) PLGA 502 NC (A) and PEGax-
PLGA 1.5« NC (B) lyophilizates using 15% trehalose as cryoprotectant after 6 weeks, 12 weeks and 6 months of
storage. Grey and black line represent lyophilizates of blank NC and Cé6-loaded NC, respectively, at time point 0

weeks.

It is widely believed that the stability of nanoparticle lyophilizates depends on reduced

molecular movement, which helps to prevent chemical reactions in the dried state. As a result,

it is commonly assumed that lower moisture levels can lead to improved stability [323].

Therefore, the purpose of this study was to investigate how different storage conditions affect

the moisture contents and storage stability of NC formulations. Residual moisture levels at time
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point 0 were around 1% for blank PLGA NC and PEGylated NC (Figure 42A and B). This
indicates that PEGylated polymer despite its more hydrophilic nature as PLGA polymer did not
have an effect on the residual moisture content of lyophilizates. However, the dye encapsulation
showed an effect on residual moisture with increase of 0.2% in PLGA 502 NC and decrease of
0.3% in PEGak-PLGA11.5x NC. Upon 6 months of storage, the solid-state properties of the
lyophilizates showed an increase in residual moisture content over time up to 2%. This
phenomenon could be attributed to three possible factors: i) transfer of moisture from the
stopper to the sample [324], ii) diffusion of moisture diffusion through the stopper, and iii) the
existence of microleaks in the seal connecting the stopper and the vial [317]. Sasaki et al. noted
that in the early phase of storage the moisture content within the lyophilized sample increase
due to moisture transfer from the stopper to the sample. However, in later stages, this increase
was a result of external permeation through the stopper [325]. The low fill volume and thus
lyophilizate mass contributes to the pronounced increase of water content upon uptake of only
little absolute water amounts. In general, the most pronounced increase in residual moisture
was observed upon 40 °C. Increased residual moisture could be an indicator for water taken up
during storage. In this case, water could act as a plasticizer, which lowers the T,. When Ty drops
below the storage temperature, it results in a poor stabilization [326]. However, in this case the
water content increased up to 2%, which is still in the range of the residual moisture content of
commercial lyophilized products between <1.0% to 3% [327-329] and did not increase that
much to effect the stability of NC, shown as constant particle size and zeta potential during

storage (Figure 39).

PLGA 502 NC PEG,-PLGA, 5, NC

Residual moisture [%]
Residual moisture [%]

0 weeks 6 weeks 12 weeks 6 months 0weeks 6 weeks 12 weeks 6 months

Figure 42 Diagrams comparing residual moisture of blank (-) and C6-loaded (+) PLGA 502 NC (A) and PEGak-

PLGA 1.5« NC (B) after 0 weeks, 6 weeks, 12 weeks and 6 months of storage. Results are reported as mean + SD
(n=3).
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Figure 43 Diagrams comparing the inertial cavitation (VSD) of C6-loaded (+) and unloaded (-) PLGA 502 NC
and PEG-PLGA s« NC after 0 weeks, 6 weeks, 12 weeks and 6 months stored at 4 °C, 25 °C and 40 °C.
Ultrasonic cavitation noise signal was measured at 750 kHz and 1.02 kPa (set-up 1) for 560 s. Three individual
measurements are shown for every sample.

All cavitation signal curves (VSD versus time) are represented in Figure 43. It can be seen that
profiles remained comparable over the period of 6 months for loaded or unloaded PLGA 502
NC. Thus, the cavitation activity was not affected by the encapsulation of dye. However,
samples stored at 40 °C showed an increase in cavitation intensity and duration already after
6 weeks. The samples tested at 0 weeks were ultrasound active for 300 s and 350 s for blank
and Cé6-loaded PLGA 502 NC, respectively. After 6 month of storage at 40 °C, PLGA 502 NC
were ultrasound active at least for 500 s, which is 200 s more than at the beginning. However,
a greater effect on cavitation activity during storage was noted for PEGylated NC. Both loaded
and unloaded formulations showed lower level of broadband noise during storage. Cavitation

activity after 6 months of storage decreased up to 75% and 20% for unloaded and loaded
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PEGylated NC, respectively. The reason could be a low Tg of PEG2x-PLGA 1.5« NC, which was
measured for the loaded NC at 31.95 °C (data not shown). While samples were stored near or
above Ty, it could affect polymer thermal properties. Polymer could transit from glassy to
rubbery state, resulting in an increased molecular mobility, removal of the pores and vanishing
of air pockets from the surface during storage. The decrease of cavitation air nuclei resulted in
lower cavitation profiles. The variability in sonic responses between the replicate samples of
unloaded PEGylated NC is quite large in comparison to loaded formulations. Loaded PEGak-
PLGA11.5x NC appeared in smaller particle sizes, which could affect the lower cavitation

activity already at the time point 0, which was already explained in section 5.2.1.
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Figure 44 Diagrams comparing C6 release after ultrasound treatment of (A) PLGA 502 NC and (B) PEGx-
PLGA 1.5« NC after 0 weeks, 6 weeks, 12 weeks and 6 months of storage. Results are reported as mean £ SD
(n=3).

To further prove that lyophilized C6-loaded NC are stable under long-term storage conditions,
C6 release after cavitation measurements was quantified (Figure 44). PLGA 502 NC released
up to 20% of dye, while PEGylated NC up to 80%. The results indicated that both NC
formulations exhibited a decrease in dye release after 6 months storage. The decrease was more
obvious for PLGA 502 NC with up to 60% reduction of dye release after 6 months. In
comparison, PEG2k-PLGA 1.5k NC released 20% of dye less after 6 months than at the starting
point. A possible explanation could be lower cavitation activity of PEGak-PLGA1.5¢ NC after
time. Overall, PLGA 502 formulations showed a higher stability in cavitation activity, while
PEG2x-PLGA 15k NC had a better release data upon storage up to 6 months independent of

storage conditions.

The storage stability study with PLGA 502 and PEG2k-PLGA 1.5k NC showed promising results.
This study plays a crucial role in confirming that the formulation characteristics, which

significantly affect its performance remained in an acceptable range after storage.
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5.4.2 Determination of the Physicochemical Properties and Ultrasound Activity of
Nanocapsules after Incubation in Different Biologically Relevant Media
Nanoparticles are usually dispersed in a physiological solution before being used for biological
in vitro and in vivo studies [330]. The main question addressed in the present chapter was,
whether different dispersion media used for rehydration of nanoparticles affect their
physicochemical stability and cavitation activity. For this purpose, PLGA (Resomer® RG
502) NC were prepared by emulsion-diffusion method and loaded with C6 in 1:250 dye-to-
polymer ratio. NC were lyophilized with 15% trehalose aqueous solution and redispersed to a
final concentration of 1 mg/mL in six analyzed media: ultrapure water, 5% glucose, 0.9% NaCl,
PBS, RPMI and ALF. Properties of the dispersion media are summarized in Table 14. The pH
was kept constant between 7.0-7.4, while ALF was used as an acidic media with pH 4.5. The
ionic strength and conductivity of ultrapure water and 5% glucose was zero, while no ions were

presented in a solution, which could conduct electricity.

Table 14 Characteristics of the media used to disperse PLGA NC at 25 °C.

Dispersion media pH Ionic strength Osmotic concentration  Conductivity**
[mM] [mOsm/L] [mS/cm]

Ultrapure water 7.1 0 0 0.001 £ 0.0

5 % glucose 7.0 0 326+ 1 0.002+0.0

0.9 % NaCl 7.0 154.0 334+3 15.52 +0.56
PBS 7.3 166.5 322+ 12 14.94 +0.52
RPMI 7.4 NA 278%* 13.90 £ 0.0
ALF 4.5 979.8 40 +£2 15.83 £ 0.06

Abbreviation: NA (not applicable). *Reported by the manufacturer. **Measured with Zetasizer NanoZS.

In Figure 45A no differences in size of NC between dispersion media was observed. The
hydrodynamic diameter of NC was scattered around 290 nm for all samples. Compared to
freshly redispersed NC in ultrapure water (PDI <0.1), similar PDIs were found for the other
dispersion media. The PDI values were all below 0.2 indicating monodisperse NC. In Figure
45B could be seen that zeta potential values were around -26 mV when measured in ultrapure
water and 5% glucose. NaCl, PBS, RPMI and ALF increased the zeta potential from -26 mV in
ultrapure water to an average of -1 mV in the other four media due to counter ions presented in
these complex media. This indicates that electrolytes in media likely constitute a part of the

surface charge increase [331].
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Figure 45 Hydrodynamic diameter (A), PDI (A) and zeta potential (B) of PLGA NC incubated in different
biologically relevant media for 1 h. Data are means of three independent experiments.

Upon rehydration in different dispersion media all PLGA NCs showed ultrasound activity
(Figure 46A). The cavitation profiles all started at 1.0 x 10 V/\Hz and declined until they

reached a minimum cavitation after 300 s, PLGA NC dispersed in 5% glucose already after

200 s.
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Figure 46 Diagrams comparing the inertial cavitation (VSD) (A) and AUC of VSD (B) for C6-loaded PLGA 502
NC redispersed in six different biologically relevant media. Ultrasonic cavitation noise signal was measured at
750 kHz and 1.02 kPa (set-up 1) for 560 s. Results are presented as three individual measurements for every sample
or are presented as mean = SD, n = 3.

Additionally, the AUC of the first 560 s of VSD curves was calculated and presented in a Figure
46B. The graph indicates a higher activity of NC dispersed in RPMI compared to ultrapure
water. All other dispersion media had similar cavitation activity as water
(AUC =2.3 x 10*V/Hz!"?) or lower. The lowest activity was observed by PLGA NC
redispersed in 5% glucose (AUC = 1.6 x 10"* V/Hz"?). The 5% glucose solution had a viscosity
of 1.023 mPa.s, which is higher compared to water with 0.895 mPa.s. Nazari-Mahroo et al.

proposed that the viscosity could affect the air bubble dynamics in the collapse phase of
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cavitation process, particularly at high ultrasonic amplitude and high viscosity [332]. By higher
viscosities the expansion amplitude of the cavitation bubble is decreased, and the collapse time
is shortened with the increase of viscosity [333]. Luo et al. proved that the viscosity of the
media could suppress the formation of the micro-jet in the collapse phase, as well as delays the
velocity of the micro-jet flowing toward the surface [334]. Therefore, it is possible that by
5% glucose solution, a higher viscous media, the cavitation effect was weaker due to reduction

in air bubble dynamic.
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5.5 Investigation of Parameters Influencing Acoustic Measurements

5.5.1 Cavitation Activity of Nanocapsules at Different Frequencies

The following chapter focuses on the cavitation intensity evaluated as VSD in the frequency
and pressure range enabled in ultrasound measurement set-up. The broadband FUS transducer
covered a frequency range from 0.5 MHz to 1 MHz and was in this work calibrated for four
frequencies: 650 kHz, 750 kHz, 850 kHz and 950 kHz. At each frequency, a range of different
peak negative pressure was achieved by variable settings of the input voltage from 1 Vto 3.5V
(Figure 47). For each of the frequencies the peak negative pressure of 1.02 MPa was selected
for further experiments, which resulted at input voltage of 3.20 V, 2.37 V, 2.28 Vand 3.40 V
for frequencies of 650 kHz, 750 kHz, 850 kHz and 950 kHz, respectively.
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Figure 47 Calibration curves of threshold pressure between 1 V and 3.5 V of input voltage for 650 kHz, 750 kHz,
850 kHz and 950 kHz.

The NC were investigated for the inertial cavitation activity at the already mentioned ultrasound
frequencies. Three different dye-to-polymer ratios (1:500, 1:250 and 1:100) were used to
prepare C6-loaded PLGA (Resomer® RG 752S) NC by emulsion-diffusion preparation

technique using 2.5% PVA as stabilizer. Prepared NC dispersions were lyophilized with 15%
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trehalose. For each of the selected frequencies, NC redispersed in ultrapure water were placed
in a standard polystyrene cuvette, their inertial cavitation was measured, and the VSD profile

was calculated.
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Figure 48 Cavitation profiles of C6-loaded PLGA (RG 752S) NC prepared at different dye-to-polymer
concentrations (1:500, 1:250 and 1:100) at 650 kHz, 750 kHz, 850 kHz and 950 kHz and 1.02 MPa in the set-up 1.
The results are given as plots of the VSD versus time for the replicate individual samples.

Figure 48 shows the resulting inertial cavitation activity of the three different C6-loaded NC
over time. In general, the VSD profile of NC prepared with 1:500 dye-to-polymer ratio showed
the longest and strongest cavitation activity. The activity started at 1.5 x 10°V/\VHz or
1.0 x 10 V/VHz depending on the frequency and lasted at least 300 s. In comparison to NC
of 1:500 dye-to-polymer ratio, the other two NC preparations had lower initial cavitation,
steeper decrease in the kinetic profile and shorter duration time independent on frequency.
Similar findings were reported in section 5.2.2 for the RhB NS. Comparing different
frequencies, a typical cavitation behavior can be recognized, since NC showed a decreased
cavitation activity using higher frequencies (Figure 48). From the literature, it is known that the
rarefaction pressure phase is longer at lower frequencies where bubbles have relatively long

growth periods. Whereas at high frequencies, collapse and fragmentation of bubbles occurs
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more quickly due to decrease in the rarefaction period, thus smaller bubbles are produced.
Therefore, the cavitational collapse is more energetic and violent at lower frequencies [335,
336]. At all frequencies, the VSD began at a local maximum value and decreased continuously.
Surface air bubbles so called cavitation nuclei are destroyed over time resulting in a reduction
of the total amount of residual nuclei and the weaker inertial cavitation activity. The highest
cavitation activity of all NCs was observed at 650 kHz. The difference in cavitation intensity
between 750 kHz, 850 kHz and 950 kHz was not as pronounced as the difference comparing
650 kHz to other three frequencies.

5.5.2 Impact of Water Tank Temperature on Ultrasound Cavitation of Nanocapsules

The human body temperature differ between individuals by nearly 2.2 °C [337] depending on
sex [338], age [339], health condition [340] and time of the day [341]. Temperature changes
could influence tissue properties, which was demonstrated to have an influence on inertial
cavitation threshold of gas bubbles [342]. In the following, a study was designed to evaluate
the cavitation of PLGA (Resomer® RG 502) NC across water tank temperatures of 25-40 °C in
the ultrasound set-up under atmospheric pressure. A digital thermometer was used to record the
water temperature. Previous studies described the importance of temperature, since various
factors such as viscosity, density, vapor tension, surface tension and gas content depend on it
and thus affect bubble cavitation activity [343]. C6-loaded NC were prepared using a standard
emulsion-diffusion method followed by lyophilization with 15% trehalose. Lyophilized NC
were redispersed in 3 mL ultrapure water and evaluation of ultrasound activity in ultrasound

device.

The signal profiles of VSD (Figure 49A) showed a clear temperature-dependent response.
Despite the offset degree of broadband noise was the same at all temperatures
(1.2 X 10°V/\Hz), this temperature-dependency was observed already after 50 s when the
individual profiles for the highest measured temperature (40 °C) start to diverse. Cavitation
activity of NC increased on moving from 40 °C onto 25 °C, which gave the highest response
of all investigated temperatures. The values for mean average AUC of VSD in Figure 49B
increased linearly with temperature from 40 °C to 25 °C. Phan et al. experimentally and
numerically investigated the single cavitation bubble dynamics and the thermodynamic effects
at ambient temperatures varying between 20 °C and 80 °C [344]. He found that collapsing time
increased and collapsing intensity decreased with an increase in the ambient temperature. The
bubble collapse is controlled by liquid inertia at lower temperatures, while heat transfer from

the bubble to the liquid is the controlling mechanism at higher temperatures. Similar analytical
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and experimental data were obtained by Florschuetz et al.[345] and Takada et al. [346]. Another
explanation for temperature-dependent response could be the low Ty of PLGA forming the shell
of NC. NC made of Resomer® RG 502 have shown a T, at 39.46 °C (section 5.3.2). At this
temperature the polymer transits from glassy to rubbery state resulting in vanishing of surface
pores and air pockets along the surface of the NC. The loss of air bubbles could cause lower
acoustic activity at higher temperatures. The previous observations by Blum et al. [347] also
supported this so called “defect hypothesis”. They used phospholipids to stabilize hydrophobic
MSNs. The nanoparticles could initiate cavitation when the lipids were kept in gel phase below
their melting temperature. As soon as the temperature reached Twm of the lipids, the nanoparticles
lost their acoustic activity. The authors verified that the cavitation activity is depended on the

thermal properties of the surface of nanoparticles.
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Figure 49 Effect of temperature on the acoustic response of PLGA (RG 502) NC in the ultrasound set-up 1 at
750 kHz and 1.02 MPa and different water bath temperatures. (A) The results are given as plots of the VSD versus
time for the replicate individual samples. (B) Linearity of AUC of VSD at different water bath temperatures with
R? 0f 0.9676 is presented (n=3).

5.5.3 Impact of the Presence of Ethanol on Acoustic Cavitation of Nanocapsules

In this study, PLGA (Resomer® RG 502) NC loaded with C6 in 1:250 dye-to-polymer ratio
were prepared with emulsion-diffusion technique and after purification lyophilized in
15% trehalose aqueous solution. After rehydration of NC, water was unable to wet all the pores
due to Cassie-Baxter state and Laplace pressure and air could be entrapped on the hydrophobic
surface of NC [180, 223]. For this reason, the air nanobubbles remain stable on the hydrophobic
surface of NC and continuously grow under ultrasound insonation following with collapse and

disruption of neighboring NC.

To further elucidate the role of air pockets on the surface of NC in the acoustic cavitation
process, ethanol with a lower surface tension as water [348] was used to potentially wet the

air-filled pores and exchange the entrapped air. The ultrasound response of the NC dispersions
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was measured in the presence of different amounts of ethanol (Figure 50). The surface tension
of the ethanol-water mixture at 30 °C is 46.88 mN/m and 37.38 mN/m for 10% (m/V) and
20% (m/V) ethanol, respectively [348]. The addition of 10% (m/V) ethanol to the NC dispersion
(333 mg/mL) quenched the ultrasound signal for about 50%. Doubling the ethanol
concentration resulted in a quenching for more than 70%. With increasing ethanol
concentration, the surface tension decreased, which provided a better wetting effect of the pores
on the NC surface. The ethanol seems to destroyed the bubbles and displace the entrapped gas,

which lowered the acoustic cavitation response.
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Figure 50 Quenching of the ultrasound response of PLGA (RG 502) NC in the presence of water,
10% (m/V) ethanol or 20% (m/V) ethanol and measured for the acoustic cavitation in the set-up 1 at 750 kHz and
1.02 MPa. The results are given as plots of the VSD versus time for mean of three replicate individual samples.

According to the previous studies the broadband cavitation response depends on the air volume
set into inertial cavitation [221, 349]. A possible explanation for the cavitation response of
nanocarriers could be nano-sized gas pockets trapped on the rough surface of the nanoparticles,

which acts as nucleation sites for inertial cavitation.

5.5.4 The Use of Tissue Mimicking Phantoms

To provide a more clinically realistic ultrasonic environment, a tissue-mimicking phantom was
used to simulate biological tissue. The most important biological properties of materials for
ultrasound experiment are sound speed, mass density, attenuation coefficient, and backscatter
coefficient [350]. In this study, a tissue mimicking phantom consisting of 10 % PV A and 90 %
ultrapure water was chosen. Braunstein ef al. produced 10% PV A hydrogel with a sound speed
of 1556 m/s [351], which is similar to soft tissue [352]. Additionally, a 3 mm canal was set up
through the phantom, which imitated a smaller blood vessel [353]. A peristaltic pump provided

perfusion through the canal of the phantom with a constant velocity of 10 cm/s, similar to the
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human circulatory system with values between 0.1 cm/s and 40 cm/s depending on the blood
vessel type [354]. The phantom was placed in the central zone of the FUS transducer, NC water

dispersion was pumped through, and inertial cavitation was measured.

The aim was to show cavitation behavior of PLGA (Resomer® RG 502) NC in a through-flow
phantom system. NC were prepared with standard emulsion-diffusion method and loaded with
C6 in a dye-to-polymer range of 1:250, resulting in 0.22% dye load. The average VSD of NC
at three different frequencies (550 kHz, 750 kHz and 950 kHz) and constant peak negative
pressure of 1.02 MPa across a ratio of Mls from 0.3 to 1.9 is shown in Figure 51. As material
erosion can occur, the frequency and peak negative pressure must be chosen to not put tissue
under mechanical destruction. It is necessary to adjust limit values using MI to describe the
mechanical bioeffects. The FDA has approved MI value of 1.9 as a maximum in clinical use
[182]. At low acoustic power (MI below 0.3) the acoustic response is considered as linear and
no special enhanced signal is generated. Therefore, this study focused on intermediate
(MI =0.2-0.5) and high (MI >0.5) acoustic powers, where bubbles undergo rarefaction that is

greater than compression. This non-linear oscillation results in bubble destruction [181, 183].
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Figure 51 Average VSD of NC at different MIs and different burst excitation frequencies (=550 kHz, /=750 kHz
and /=950 kHz). 80 pulses were applied for each sonication set in set-up 3.

In Figure 51 cavitation of NC was already shown at MI 0.3 for all frequencies, which matches
previous literature for different contrast agents [221, 355]. In general, VSD increased linearly
with increasing MI. At lowest frequency (550 kHz) a slight deviation from the linear trend at
the higher MIs (MI >1.3) was observed, presumably due to different behaviors of the bubbles

from pulse to pulse [349]. In general, the strongest inertial cavitation was obtained at 550 kHz,

98



Results and Discussion

due to an increase in rarefaction period and production of bigger bubbles, already discussed in

the section 5.5.1.

At all three frequencies dye release was measured. At 550 kHz (Figure 52A) dye release
increased potentially from 17% to 25% with increasing MI and reached the platform at 0.7 ML
Higher frequencies, 750 kHz (Figure 52B) and 950 kHz (Figure 52C), showed different dye
release profiles. At MI below 0.7 dye release was constant at 19% and 20% for 750 kHz and
950 kHz, respectively. Dye release increased up to 29% at MI higher than 0.8 but no further
release occurred by going beyond MI of 1.1. PLGA NC showed inertial cavitation below 1.9
and are therefore possible carriers for ultrasound-targeted drug delivery. This study has
elucidated that among three different frequencies, dye release at 950 kHz was the highest. This

may provide a reliable basis for acoustic parameter optimization in ultrasound-assisted dye

delivery.
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Figure 52 Release of C6 from PLGA NC over a range of MIs from 0.3 to 1.9 and at different frequencies: (A) 550
kHz, (B) 750 kHz and (C) 950 kHz (n=3).
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5.6 Analysis of Protein Corona Composition on Nanocapsules

The “biomolecule corona” refers to the layer of biomolecules that can adsorb onto the surface
of nanoparticles when they come into the contact with biological fluids [356]. It is formed due
to the interaction between nanoparticles and biomolecules such as serum proteins, enzymes,
lipids, and carbohydrates, depending on the nanoparticle surface properties and the
characteristics of the biological fluid [357]. However, studies have primarily focused on
examining the protein component of biomolecule corona, therefore it can also be referred as

protein corona [331, 358-361].

The adsorption of proteins onto the nanoparticles surface in biological fluids is known to affect
their acoustic activity [239, 308]. To assess, to what extend the ultrasound cavitation response
is affected by bounded proteins, a batch of NC was prepared by an emulsion-diffusion
evaporation method employing 2% (w/w) Resomer® RG 502, Resomer® RG 502H,
Resomer® RG 505 or PEGok-PLGA 11 sk polymer as well as 5% (w/w) Miglyol® 812 in O-phase
and 2.5% (m/V) PVA in W-phase. The loaded NC were prepared in 1:250 C6-to-polymer ratio.
The process parameters stayed the same as in the section 5.4.1. Physicochemical NC

characteristics are given in Table 15.

Table 15 Average hydrodynamic diameter, PDI, zeta potential and entrapment efficiency of the C6 for all used
formulations. Data are means from three samples with SD values.

Sample Hydrodynamic PDI Zeta potential Entrapment
diameter [nm] [mV] efficiency [%]

PLGA 502 NC (blank) 2753 +2.1 0.06 +£0.01 -19.4+04 -
PLGA 502 NC (C6) 290.7 £ 14.5 0.09 £ 0.01 -25.8+2.1 435+2.5
PLGA 502H NC (blank) 286.3+7.1 0.06 +0.01 -223+59 -
PLGA 502H NC (C6) 350.0+ 1.4 0.16 £0.01 -25.8+04 954+2.7
PLGA 505 NC (blank) 3823+29 0.19 £0.02 -24.8+0.8 -
PLGA 505 NC (C6) 367.0+11.1 0.32+0.03 -26.9+0.9 6.9+0.9
PEGx-PLGA |15k NC (blank) 203.7+4.0 0.09 +£0.04 -304+1.9 -
PEGx«-PLGA 1.5« NC (C6) 229.0+3.0 0.12+0.02 -22.3+0.6 41.9+0.3

The NC batch for these studies shows a higher hydrodynamic diameter of the NC. However,

the rest of the results are in accordance with previously reported batches. Average

hydrodynamic particle diameters measured by DLS were found to be between 203 nm (PEGok-

PLGA 115« NC) and 328 nm (PLGA 505 NC) with direct correlation with the molar mass of the

polymers, already described in section 5.3.2. The PDI for all formulations was <0.2, suggesting

narrow size distributions, except for PLGA 505 NC (C6) with a PDI 0.32. In general, C6-loaded
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NC were found to have higher average hydrodynamic diameters and PDIs as unloaded NC. All
particles exhibited negative zeta potentials, ranging from -19.4 mV (PLGA 502 NC)
to -30.4 mV (PEG2-PLGA 115k NC). The entrapment efficiency of C6 was higher for PLGA
502 NC (43.5%) than for PLGA 505 NC (6.9%). C6 was encapsulated considerably more
efficiently with 95.4% found for PLGA 502H NC.

5.6.1 Effect of the Inertial Cavitation of Nanocapsules on the Serum Protein Adsorption

An initial hypothesis-generating experiment was conducted to assess the influence of the
inertial cavitation of NC on the protein corona. C6-loaded PLGA (Resomer® RG 502) and
PEG2x-PLGA 1.5k NC were redispersed in ultrapure water and (i) incubated in 10% FBS for
60 min and exposed to ultrasound, (ii) incubated in 10% FBS for 60 min without ultrasound
exposure or (iii) incubated in 10% FBS for 1 min and directly exposed to ultrasound. The
concentration of NC was kept at 0.5 ug/mL for all experiments. The NC were washed by
centrifugation, the proteins bound to the NC surface detached and subsequently, analyzed using

SDS-PAGE (Figure 53A).
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Figure 53 (A) A picture of reducing SDS-PAGE of proteins desorbed from PLGA 502 NC and PEGux-
PLGA 1.5« NC following incubation in 10% FBS for 1 min and ultrasound exposure (US), incubation in 10% FBS
for 60 min and ultrasound exposure (Inc + US) or incubation in 10% FBS for 60 min without ultrasound exposure
(Inc). 5% FBS was used as positive control. (B) BCA assay of proteins desorbed from NC. Data are representative
of three samples from one batch.

5% diluted FBS, which was used as reference, did not demonstrate any difference between
samples expose to ultrasound or not under the chosen conditions. The most prominent band at
approximately 66 kDa was likely to correspond to BSA [362]. The NC samples were
characterized by a protein pattern composed of multiple protein bands ranging from 16 kDa to
270 kDa. An accumulation of protein bands occurs between 37 kDa and 95 kDa and a sharply
defined band was located at the top of the gel above 130 kDa. Besides, two distinctive bands
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appeared around 30 kDa. Figure 53A shows that the composition of the protein corona of
PEGylated NC as well as non-PEGylated NC remained stable after ultrasound insonation. As
the M1 of ultrasound settings remain under 1.9, it was not expected to see any changes in protein
properties and their binding affinities. However, if a high dosage of ultrasound is used, it can

thermally and sonochemically induce denaturation of proteins [363].

To focus on the behavior of the protein corona formed around NC upon exposure to ultrasound,
the BCA assay was applied after purification and separation of the NC from unbound serum
proteins. With this quantitative colorimetric assay the total amount of proteins bound to the NC
was determined (Figure 53B). Control experiments confirmed that the particles and the C6 did
not interfere with photometric measurement of the Pierce™ BCA assay (data not shown). After
protein corona formation and centrifugation, the redispersed pellets in 1% SDS were heated to
detach bound proteins and 10 uL of each sample were mixed with 200 pL of the freshly
prepared BCA solution. Following 1 h incubation at 37 °C, the samples were measured for a
protein concentration. The amount of bound proteins was in the same concentration range for
PLGA 502 NC and PEGok-PLGA 11 5k, with around 400 pg/mg. The amount of bound proteins
did not change after ultrasound treatment, which correlates with SDS-PAGE data. It was

suggested that in this setting the ultrasound had no influence on the protein binding.

5.6.2 Influence of Serum Incubation Temperature on Cavitation Activity

A variation of the water tank temperature of the ultrasound set-up has been shown to exert an
impact on the inertial cavitation, as previously shown in section 5.5.2. In order to assess the
influence of the incubation temperature of NC with serum proteins on their ultrasound activity,
an investigation was conducted to examine the effect of temperature variations. For this
purpose, C6-loaded PLGA (Resomer® RG 502) NC were incubated in aqueous 10% BSA or
10% HSA with a concentration of 40 mg/mL. Serum albumin represents the most abundant
protein component in the blood plasma of all vertebrates and constitutes around 60% of all
proteins in serum [364-366]. Due to its high prevalence in serum, it is a suitable option to
consider before conducting experiments with serum or blood. In HS, the concentration of serum
albumin typically ranges from 35 mg/mL to 50 mg/mL [364]. Although BSA and HSA share
only 76% similarity in their structure, chemical composition and biological functions [367,
368], BSA is widely used as a substitute for HSA in many biochemical and pharmacological

applications due to its lower production costs and ready availability [367].

Incubation of NC in BSA or HSA was performed at 25 °C and 37 °C for 60 min before exposed
to ultrasound. Additionally, NC were redispersed in ultrapure water, 10% BSA or 10% HSA
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without incubation. In Figure 54A (BSA) and B (HSA) VSD of NC ultrasound response is
plotted over time of 560 s. NC redispersed in water were ultrasound active for 300 s with the
initial VSD level of 1.0 x 10 V/YHz. A comparable cavitation profile was detected for NC
only redispersed in 10% serum albumin with no difference between BSA or HSA. NC that were
additionally incubated at 25 °C for 60 min in BSA or HSA demonstrated a similar cavitation
trend as non-incubated NC. When the temperature was increased to 37 °C, the decrease in
cavitation activity was observed for both types of serum albumins. Qi et al. [369] showed
theoretically and practically that BSA molecules are adsorbed on the bubble wall, when air
bubbles are exposed to aqueous BSA solution, which affect cavitation activity of air bubbles.
As the temperature increases (from 25 °C to 37 °C), the cavitation intensity profiles showed a
concomitant decrease. The change in the wall properties of nanobubbles on the NC surface due
to increased temperature may increase the shell elasticity of bubble wall resulting in lower
cavitation intensity at 37 °C. Guo et al. [370] showed that the higher the shell elasticity and
viscosity, the higher the damping, leading to higher threshold values, which could mean lower
cavitation intensity. NC incubated in HSA showed two times higher initial cavitation activity
(0.5 x 10°° V/NHz) (Figure 54A) as NC incubated in BSA (0.25 x 10 V/NHz) (Figure 54B).
A difference was also observed in the duration of inertial cavitation. NC incubated in HSA were
100 s longer active as NC incubated in BSA. This indicates that not only incubation temperature

has an impact on ultrasound activity of NC but also the type of serum albumin.

In order to investigate the different acoustic activity of BSA and HSA, serum albumins without
NC were exposed to ultrasound. Results in Figure 54C and D represent the cavitation profiles
of both serum albumins incubated at 25 °C and 37 °C for 60 min. Cavitation activity of BSA
was low, starting at 0.25 x 10 V/\Hz when incubated at 25 °C and was active for 150 s. When
BSA was incubated at 37 °C, no signal was detected already at the start of the measurement. In
contrast, the inertial cavitation profiles of HSA showed higher initial broadband noise of
0.5 x 10 V/NHz at 25 °C and 1.0 x 10 V/NHz at 37 °C as well as a longer cavitation duration
of about 300 s. Evidently, serum albumins alone could have a specific acoustic activity, which
could provide additional inertial cavitation to NC in the body. Why albumins are acoustically
active, has not been described in the literature yet, but most probably proteins could induce
a heterogeneous nucleation on the NC surface in a liquid, resulting in different inertial
cavitation. Consequently, differences of albumins from different mammalian species could
have an importance on ultrasound cavitation. Some major differences in electrophoretic
behavior [371], thermal and chemical stability [372], binding and photochemical properties

[373] exist between BSA and HSA. The difference in acoustic cavitation between BSA and
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HSA is likely due to their hydrophilic and thermal properties. As mentioned before, the
structure of BSA and HSA differ, affecting their hydrophilicity. HSA is more hydrophobic than
BSA [368, 374], which could improve the acoustic activity [239]. Regarding the thermal
characteristics, Michalik et al. showed in a DSC study that HSA has a higher thermal stability
than its bovine counterpart [375]. This could also be an explanation why BSA lost ultrasound

activity at 37 °C (Figure 54C).
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Figure 54 Ultrasound response of (A) C6-loaded PLGA 502 NC redispersed in ultrapure water and 10% BSA,
(B) C6-loaded PLGA 502 NC redispersed in ultrapure water and 10% HSA, (C) 10% BSA and (D) 10% HSA at
750 kHz and 1.02 kPa (set-up 1) after incubation at different temperatures for three individual measurements.

To further validate the effect of incubation parameters on inertial cavitation of NC, FBS was
used since it represents a complex mixture of various molecules (proteins, lipids, carbohydrates,
hormones, enzymes) [376] and gives a more realistic representation of biological environment
as just BSA or HSA. The effect of incubation time was investigated on C6-loaded PLGA
(Resomer® RG 502) NC incubated in aqueous 10% FBS at 37 °C for different time slots
followed by ultrasound exposition. NC measured directly after adding 10% FBS showed high
inertial cavitation with an initial value of 1.2 x 10°° V/NHz and 300 s of signal duration (Figure
55A). With increasing incubation time, ultrasound profiles changed. After 5 min of incubation

in 10% FBS, inertial cavitation of NC started at 0.9 x 10® V/vVHz and lasted for 200 s. After
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10 min of incubation the ultrasound response was negligible. Following transformation of the
VSD values to AUC, the resulting signal-response curve exhibited distinct decline in inertial
cavitation intensity (Figure 55B). According to Figure 55B, the NC-induced ultrasound
response reached a plateau with about 0.3 x 10 V/Hz'"? at 10 min of incubation. As mentioned
before temperature could affect the shell elasticity of protein wall that occurs on nanobubble
surface after incubation [370]. It seem that 10 min of incubation is sufficient for proteins to
cover all surface of nanobubbles on NC followed by the decrease in the cavitation activity due

to increased shell elasticity of bubble wall as a result of higher temperature.
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Figure 55 Effect of incubation time of C6-loaded PLGA 502 NC in 10% FBS on acoustic response in the ultrasound
at 750 kHz and 1.02 kPa (set-up 1). (A) The results are given as plots of the VSD versus treatment time of the
three replicate individual samples. (B) AUC of VSD at different incubation times presented in means + SD of
replicates from three independent experiments.

In summary, temperature and duration of incubation of NC in serum have a strong impact on
inertial cavitation. In agreement with previous experiments, lower incubation temperatures lead

to higher ultrasound response.

5.6.3 Determination of Physicochemical Properties and Ultrasound Activity of
Nanocapsules after Incubation in Different Culture Media
Numerous studies suggested that the protein corona composition plays a crucial role in dictating
the interaction of nanoparticles with their surrounding environment. One of the factors that
determine the composition of the nanoparticle protein corona could also be the composition of
media used for dispersion of nanoparticles for biological experiments [377]. Strojan et al. has
determined the effect of different dispersion media, including divalent ions and
macromolecules, on the composition of the protein corona of nanoparticles [331]. To
investigate, whether different dispersion affect the resulting protein corona, their
physicochemical properties and ultrasound activity, dispersions of C6-loaded and unloaded

PLGA 502 NC were prepared in six different biologically relevant media: ultrapure water,

105



Results and Discussion

5% (m/V) glucose, 0.9% (m/V) NaCl, PBS and RPMI. Properties of the media used were
presented in Table 14. The dispersion media in this study are commonly employed in most cell
culture laboratories or typically applied in humans and have the potential to serve as dispersion
media for NC in in vitro experiments [378-381]. The protein corona was formed in 10% FBS

since this is typically used the cell culturing [382].

In Figure 56A no difference in size of C6-loaded PLGA 502 NC between dispersion media was
seen with a hydrodynamic diameter around 280 nm for all samples. The formation of the protein
corona in 10% FBS increased the hydrodynamic diameter up to 370 nm independent of
dispersion media. Upon contact with proteins, some of the proteins adhered to NC surface [383,
384] and increased the hydrodynamic diameter [361, 385, 386]. Yu et al. [387] and Lee et al.
[388] reported similar increase in particle size, when PLGA nanoparticles were incubated in

10% PLGA, which is normally attributed to the protein adsorption on the nanoparticle surface.
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Figure 56 Characterization of C6-loaded PLGA 502 NC in different dispersion media with or without 10% FBS.
Hydrodynamic diameter (A), PDI (A) and zeta potential (B) are presented. Data are means = SD from three
independent experiments.

In comparison to freshly redispersed lyophilizates in ultrapure water, an increase in PDI was
observed for almost all other dispersion media (Figure 56A). In generally, higher PDI values

(>0.3) were found for NC incubated in 10% FBS. The size distribution profiles (data not shown)
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of the NC incubated in 10% serum indicated three different particle size groups attributed to
non-attached proteins, NC and NC agglomerates resulting in increased PDI values. Similar
profiles were presented by Zhang et al. who incubated PLGA nanoparticles in PBS and
10% FBS and reported multimodality of nanoparticle distribution [389].

The zeta potential of polymer NC exhibited different affects upon incubation in various media
(Figure 56B). It was observed that the intrinsically negative charged NC dispersed in water
became less negative in 0.9% NaCl, PBS and RPMI. When the ionic strength of media increased
(Table 14), the absolute values of the zeta potential were reduced [390]. Multivalent ions in the
presence of NC seemed to reduce the overall net charge [391]. Regardless of the dispersion
media, the presence of FBS led to a change of the zeta potential values of NC due to the
formation of the protein layer at the NC surface [391]. In Figure 56B, FBS was found to change
the surface charge from an initial value of about -25 mV from redispersed NC in ultrapure water
to more than -20 mV in addition of FBS. In addition, NC dispersed in other media revealed an
increase of the zeta potential between -18 mV and -12 mV, when FBS was added. Very similar
values demonstrated that zeta potential in media with 10% FBS, which was suggested to be
dominated by the presence of charged proteins presented in the outer shell due to electrostatic
interactions [331], while in media without FBS the ion composition (i.e. ionic strength, type

and concentration) determined the zeta potential [392].

In order to gain a deeper understanding on the impact of different dispersion media on NC in
the biological system, it is crucial to examine how dispersed NC interact with proteins in the
biological environment. To assess the overall protein adsorbed onto the NC, SDS-PAGE protein
separation was employed. The pattern of detached proteins from NC that were dispersed in
different media and incubated with 10% FBS appeared to be very similar (Figure 57A). In
addition, C6-loaded NC did not showed any greater diversity of profiles than unloaded NC.
Moreover, four prominent bands of small molecular weight protein (65 kDa, 37 kDa, 30 kDa
and 16 kDa) appeared in all NC staining profile, regardless of the dispersion media. These
identified proteins are also present in the positive control of 5% FBS. Among all tested samples,
the protein with the molecular weight of approximately 65 kDa is the most prevalent, and its
molecular weight is consistent with the molecular weight of albumin [362]. The appearance of
bands around 30 kDa and 37 kDa could be related to binding of apolipoprotein E (ApoE,
34 kDa) [393] or beta-2-glycoprotein I, also known as apolipoprotein H (ApoH, 38 kDa), which
was also detected by Partikel ef al. [359] in protein corona of PLGA nanoparticles incubated in
FBS. The band below 16 kDa is most likely relative to apolipoprotein C (ApoC) [394] or
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hemoglobin fetal subunits also reported by Antonio et al. [395] and Partikel et al. [359]. The
results were emphasized by the colorimetric BCA assay to analyze the total amount of
accumulated proteins (Figure 57B). The quantified protein amount of samples redispersed in
water was about 300 pg/mg. Higher protein amount was detected for the NC dispersed in media
containing ions with the highest amount of 500 pg/mg for the NC dispersed in RPMI. Evidences
in the literature suggest that higher ionic strength of surrounding media allows proteins to
adsorb in a more dense packed layer due to shielding effect [396]. The ionic strength values of
different media were given in Table 14. Ultrapure water have an ionic strength at 0 mM, while
media containing ions at around 160 mM. The experimental results shown that amount of bound
protein in media with high ionic strength was higher than in water. However, the results of 5%

glucose media was also higher than water though the ionic strength of 5% glucose is 0 mM.
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Figure 57 (A) SDS-PAGE and (B) BCA assay of proteins desorbed from C6-loaded (+) and unloaded (-) PLGA
502 NC dispersed in different media and incubated in 10% FBS for 60 min. 5% FBS on the right is reported for
reference and positive control derived from pure serum diluted with ultrapure water. “Bunte Tobias” denotes lane
loaded with molecular mass standards. BCA assay data are representative of three independent experiments.

After redispersion in different media and 10% FBS all formulations were examined in the
ultrasonic field (Figure 58). The VSD profiles showed no differences between the various
dispersion media. All dispersion media are water-based and have a surface tension similar or
higher to water [397-400], suggested to be unable to wet all the pores on the NC surface
enabling the entrapment of air. In contrast, the results presented in Figure 50 showed that
ethanol with lower surface tension as water wetted the surface much better, which caused poor
inertial cavitation. All samples in Figure 58 had an initial cavitation activity between
1.0 x 1°° V//Hz and 1.5 x 10°® V/NHz, which decreased during treatment and approached the
bottom after 300 s. In the previous section, it was already demonstrated that incubation in FBS
for more than 10 min has an adverse effect on cavitation activity, therefore the 10% FBS was

added to the dispersion directly before the treatment. Despite several studies showing that
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proteins and other biological molecules on the hydrophobic nanoparticle surfaces in biological
fluids reduce their acoustic activity [308, 401], there was no difference observed in cavitation

profiles, when FBS was added to the NC dispersed samples.
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Figure 58 VSD plotted over time of C6-loaded PLGA 502 NC dispersed in five different media with or without
10% FBS for three individual samples. Ultrasound response was measured at 750 kHz and 1.02 kPa (set-up 1).

In general, there were no obvious differences in protein corona profiles and ultrasound activity,
when NC were redispersed in different biologically relevant media. The media composition
was found to influence the NC surface charge differently but without inducing irreversible

aggregation.

5.6.4 Effect of Polymer Molar Mass and PEGylation on the Protein Corona and Depending
on the Serum Type
The present study examined the protein corona that forms around various types of PLGA NC
using two different serum types, FBS and HS. NC investigated in this study were composed of
the biodegradable polymer PLGA, which was stabilized with PVA and synthesized using
an emulsification-diffusion method. Various commercial PLGA polymers were utilized
differing in their molar mass (7,000-69,000 g/mol), terminal groups (ester or acid) and
PEGylation, but all with 50:50 lactide:glycolide ratio to evaluate the influence of these
parameters on the protein corona. NC were prepared with or without C6 incorporation in a
concentration of 1:250 dye-to-polymer ratio. After NC were dispersed in water at the
concentration of 0.5 pg/mL, incubated in serum and washed of unbound proteins, the protein

corona was characterized by SDS-PAGE and BCA assay.
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The results obtained from SDS-PAGE demonstrated a noticeable contrast in corona protein
identity between the two different biological incubation fluids (Figure 59). Three separate
electrophoresis runs were conducted to ensure accuracy of the results. The protein patterns were
reproducible and one representative example of the gel used for the incubation of different NC

with FBS is presented in Figure 59A.
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Figure 59 SDS-PAGE of adsorbed serum proteins obtained from the protein corona of PLGA and PEG-PLGA NC
following incubation in (A) 10% FBS and (B) 10% HS. NC were loaded with C6 (+) or unloaded (-). 5% FBS or
5% HS on the right lane were reported as reference and positive controls derived from pure serum diluted with
ultrapure water. “Bunte Tobias” denotes the lane loaded with molecular mass standards.

The presence of a dominant band at around 65 kDa, corresponding to serum albumin, was
prominent in the positive control (5% FBS). The protein pattern of the NC displayed numerous
protein bands with molecular weights ranging from 6.5 kDa to 270 kDa. Prominent bands were
observed at about 30 kDa, 37 kDa and 65 kDa. Figure 59A shows that the pattern of the protein
corona remained comparable over a wide range of different types of NC, while the intensity of
the protein bands at around 30 kDa, 37 kDa and 65 kDa for different NC changed. In
comparison to the corona of PLGA 502 NC and PLGA 502H NC, the PLGA-PEG NC yielded
a protein pattern consisting of less protein bands with considerably lower intensity, which was
also reported by Partikel et al. [358]. The most prominent change in the band intensity was at
around 37 kDa. The bands at 37 kDa showed a higher density for PLGA 502 NC and PLGA
502H NC, independent on the presence of the dye. Based on the size, the appearance of these
bands could be related to ApoE (34 kDa) [393] or ApoH (38 kDa) [359]. The PEGylated NC
have a higher hydrophilicity than non-PEGylated NC because of the hydrophilic PEG chains
[358]. Owing to their lipid-binding domains, apolipoproteins tend to have a preference for
adsorbing onto hydrophobic nanoparticles [402-404], such as PLGA 502 NC. This could be the
reason, why the band at 37 kDa was not seen at PEGylated NC, but it was seen at PLGA 502
NC. Furthermore, Hartl ez al. has identified overproportional amount of ApoE presented on

nanoparticles with the lowest hydrophilicity [405]. Bertrand ef a/. has shown that nanoparticles
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with higher PEG density appeared to have lower abundance of ApoE [360]. It was seen that
hydrophilicity according to acidic ending of PLGA 502H polymer did not have such a strong
effect on the interaction with ApoE or ApoH. However, the molecular mass of polymer could
play an important role by interaction between polymer and protein. With increasing molecular
weight (PLGA 502 NC to PLGA 505 NC), however, less protein seemed to bind to the NC
surface, underlining the effect of a lower number of presented polymer end groups.
Spreen et al. [406] explained that higher molecular weight polymer results in lower amount of
polymer chains to form a NC of a fixed size. Consequently, this phenomenon results in
a reduced number of terminal ester groups on the nanoparticle surface available for further
protein interaction. For FBS incubation (Figure 59A), this observation was confirmed with

lighter band at 37 kDa for PLGA 505 NC compared to its counterpart of lower molecular mass.

Another interesting observation made by the current study was that the composition of the
protein corona changed when HS was used instead of FBS. When using HS, the protein
signature was found to be dominated by three intense protein bands on the SDS-PAGE (Figure
59B), with corresponding molecular weights of about 30 kDa, 52 kDa and 65 kDa. It is likely
that the 65 kDa band corresponds to HSA, while the bands at 30 kDa and 52 kDa are presumed
to correspond to the light and heavy chain subunit of immunoglobulin G (IgG), respectively.
Another band slightly below 95 kDa could resemble transferrin with molecular mass of 75 kDa
[407]. In comparison to FBS, the use of HS resulted in visibility of bands that represent IgG
light and heavy chains, which could be consistent with the reduced antibody content of FBS.
Pisani et al. described the same phenomenon of the reduced amount of immunoglobulins in the
FBS protein corona [408]. Pusch ef al. also observed that the pattern with nanoparticles
incubated in the presence of FBS and HS appeared distinctively different [409]. In general, the
intensity of all protein bands was stronger when HS was used instead of FBS at the same

concentration.

Additionally, the quantification of corona proteins was preformed by BCA assay and revealed
a higher adsorbed amount of proteins after NC incubation in HS as in FBS (Figure 60). The
results indicated that the total concentration of proteins was approximately twice as high after
incubation in 10% HS compared to 10% FBS. For example, the amount of protein bound to C6-
loaded PLGA 502 NC after the addition of 10% serum was 185 pg/mg for HS and 450 pg/mg
for FBS. This provides additional evidence that the different adsorptive capacities of PLGA NC
for two serum types were a result of higher affinity of multiple human proteins to the surface

of NC. In general, the quantity of bound proteins was higher in comparison to FBS, which could
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be attributed to the higher protein content of HS and stronger affinity of HS to the nanoparticle
surface [359]. Thereby, surface properties regarding the end groups (either acidic- or ester-
terminated) seemed to impact the binding behavior. For FBS and HS, the protein amount bound
to PLGA 502H NC was twofold as high as on PLGA 502 NC. Due to the amphiphilic
constitution of proteins and their permanently charged state [410], ionic interactions between
amino acids of the proteins and carboxylic residues on the nanoparticle surface overweighed

potential hydrophobic attraction to the lipophilic polymer backbone.
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Figure 60 Quantification of the total amount of proteins adsorbed on C6-loaded (+) or unloaded (-) NC after
incubation with (A) 10% FBS and (B) 10% HS for 60 min at 37 °C and subsequent purification (n=3, mean £ SD).

The acquired data revealed that the type of serum had a profound effect on corona composition
in both quantitative and qualitative terms. Regarding the molecular weight of the polymer and
polymer hydrophobicity, adsorption profiles on NC systems with similar physicochemical
characteristics differ qualitative, while surface end group identity differ quantitative. The
findings suggested that the origin of the protein source is a critical determinant in defining the
biological identity of NC. As such, caution must be exercised in extrapolating results obtained
from animal models directly to humans [409]. Nevertheless, FBS remains a widely used protein

source for examining of the reaction at the interface between nanoparticles and biomolecules

[385, 411].

5.6.5 Influence of pH and Ionic Strength on Protein Corona and Inertial Cavitation

Using artificial body fluids for the testing of nanoparticles ensures a constant composition as
well as easy accessibility compared to physiological body fluids like plasma or blood but lacks
the biomolecule (proteins, lipids) content [209]. During uptake in cells, the protein corona is
suggested to be retained and afterward degraded in lysosomes. In this study, we used as
dispersion media for NC an ALF (pH 4.5), which mimics the conditions within lysosomes [208,

209] to examine the influence of lower pH values on biomolecule adsorption as well as
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cavitation behavior of NC. As before, the same four different PLGA NC were selected for this
study either loaded with C6 or not. To investigate changes of the protein corona, NC were
redispersed in ALF and incubated in 10% FBS. NC were separated by centrifugation and the

remaining proteins were visualized using SDS-PAGE as described above.

A protein binding preference and structure change in response to pH, which can dramatically
alter its stability and biological activity [377, 412, 413]. Protein adsorption is preferred at its
isoelectric point (pI) because electrostatic repulsion and protein-protein interactions are
minimized, allowing compact protein molecules to tightly pack onto the surface of the
nanoparticles [414]. The pl value of HSA and BSA is around 4.7 [415], which is close to the

pH of ALF media and albumin adsorption to NC could reach its maximum.
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Figure 61 Qualitative determination by SDS-PAGE of the FBS-derived protein corona of four different PLGA NC
loaded with (+) or without (-) C6 and dispersed in ALF. 5% FBS on the right is reported for reference and positive
control derived from pure serum diluted with ultrapure water. “Bunte Tobias” denotes lane loaded with molecular

mass standards.

An overview of the bound proteins on different NC incubated in FBS and ALF is visualized in
Figure 61. The most dominant protein was FBA at around 65 kDa. The intensity of its band was
much stronger as by other proteins indicating a stronger protein adsorption. Besides the fact
that FBA is the most abundant protein in the serum [364-366], also its pl lies in the same range
as ALF pH. Some other proteins, such as fibrinogen (pI 5.5-5.8), IgG (pI 5.9-6.1), transferrin
(pI ~6), hemoglobin (pI 6.3), ApoE (pI 5.3), apolipoprotein A1 (plI 5.9-5.5), clusterin (pI 4.9-
5.4) [414] own higher pl. At pH less than pl, protein molecules are strongly positively charged,
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which adsorb onto the negatively charged nanoparticle surface by electrostatic attraction. Due
to a high net charge of proteins, electrostatic repulsion exist between protein molecules
adsorbed on the nanoparticles and unadsorbed molecules in bulk. The electrostatic repulsion
between the adsorbed and unadsorbed molecules hinders the further adsorption and limits the

amount of the surface adsorbed protein at pH 4.5 [416].

Along with pH, the surrounding solution ionic strength is an essential parameter that greatly
influences the architecture and biological activity of protein corona [377, 413]. Ionic strength
of media used for NC redispersion were presented in Table 14. The ionic strength value of
pH 4.5 ALF aqueous solution was calculated as 979.8 mM. It was seen that this value was about
six times higher as the values of 0.9% NaCl and PBS solutions. Higher ionic strength results in
a shielding effect where the adsorption of charged proteins to oppositely charged nanoparticles
is hindered, while the adsorption to similarly charged nanoparticles is enhanced [377, 417, 418].
These shielding electrostatic interactions allow proteins to adsorb in a more closely packed

layer [396].
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Figure 62 BCA assay quantification of the total amount of proteins adsorbed on C6-loaded (+) or unloaded (-)
PLGA 502 NC redispersed in ALF pH 4.5 after incubation with 10% FBS for 60 min at 37 °C and subsequent
purification (n=3, mean + SD).

The quantification of the total amount of proteins adsorbed on PLGA 502 NC after redispersion
in ALF (Figure 62) showed higher values as other redispersion media (Figure 60), when
incubated in FBS. Comparing ALF values to ultrapure water with ionic strength at 0 mM, the
adsorbed amount of proteins was three times higher, while this value was just two times higher
as in the media with ionic strength about 160 mM (0.9% NaCl, PBS). This observation
confirmed the fact that ionic strength influence the adsorption of proteins onto nanoparticles.

However, excessively high ionic strength can cause charge screening, leading to unwanted
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aggregation of protein-nanoparticle complexes [419]. In ALF redispersed PLGA 502 NC
showed after incubation in FBS a hydrodynamic diameter of more than 1000 nm and
polydispersity (data not shown). In comparison with other dispersion media (Figure 56), the
ALF solution induced a greater aggregation of NC. In general, pH and ionic strength conditions
that lead to a less stable conformation for the protein in solution will lead to an increased

adsorbed mass, assuming that the protein molecule is more stable on the solid surface [377,

420].

However, in the present study, the NC were incubated in ALF medium for 1 h. In contrast,
Rabel ef al. [421] incubated nanoparticles for 72 h, observing rapid reduction in the quantity of
adsorbed proteins during the first hours of incubation in ALF. This reduction is likely attributed
to the strong electrostatic interactions of negatively charged proteins and the cationic polymer.
In the present study, no cationic polymers were used, which could result in slower dissociation
and degradation of the proteins from the nanoparticle surface. However, still further studies of
long time stability are needed to see if the ALF has a degradation effect on NC protein corona.
Rabel et al. [421] also found that a small amount of aggregated or denatured proteins remained
on the surface of nanoparticles over the entire testing period. Similar findings were reported by
Bertoli et al. [422] who investigated the lysosomal degradation of corona-bound proteins and
demonstrated that the majority of these proteins were degraded in the lysosomes within 8-16 h

following cellular uptake.

Additionally, the influence of lower pH value on the cavitation activity of NC was investigated

(Figure 63). The aim was to stress NC and to observe their cavitation behavior.
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Figure 63 VSD plotted over time of C6-loaded PLGA 502 NC dispersed in ALF pH 4.5 with or without 10% FBS.
Ultrasound response was measured at 750 kHz and 1.02 kPa (set-up 1) for three individual measurements.
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Comparing cavitation profiles of NC dispersed in ALF with results of other dispersion media
from Figure 58, a difference was not observed. Cavitation profile started at 1.0 x 10 V/\'Hz
and decreased over time until it reached the baseline after 300 s. Addition of 10% FBS before
ultrasound measurement did not change the cavitation profile as already seen before using other

dispersion media.

In summary, these results indicate that the protein corona of NC changes after dispersion in an
acidic ALF media and incubation in FBS for 1 h. However, the change in the pH did not
influence the cavitation activity of NC, and the cavitation profile was comparable with NC in

other used dispersion media.

116



Results and Discussion

5.7 Biological Studies of NC Suitable for Ultrasound Model Drug Delivery

Administration of nanoparticles may cause irritating effects on cells or tissues and demands for
careful evaluation of biocompatibility [423]. Therefore, assessment of nanoparticle toxicity is
necessary in biomedical applications. In this study, the in vitro cytotoxicity of a variety of
polymer NC considered as drug delivery systems was examined using different methods to
measure changes in cell viability. The colorimetric MTS assay was selected to determine
metabolic activity and it is based on the selective ability of viable cells to reduce MTS
tetrazolium salt to colored formazan, which relies on their metabolic activity and is frequently
used for screening of cytotoxicity [424]. Since the MTS assay allows for determination of
metabolically active cells, the LDH assay can be applied to measure the degree of all membrane
damaging effects [425]. Membrane damage was quantified by the release of the cytosolic
enzyme LDH since a potential site of interaction of NC is the cell membrane [426]. The LDH
test was applied to provide information on the effects of NC after short incubation times. As
target cells LNCaP cell line and PBMC were used. LNCaP cell line represents a candidate for
prostate cancer and has often been used to study different aspects of prostate cancer progression
[427]. When NC enter the body through injection, into the circulatory system, they can come
in direct contact with human PBMC before ultimately being distributed to the tumor where they
can accumulate [428]. Despite the likely increased exposure to NC, a potential cytotoxicity in
PBMC after exposure to NC, was investigated in this study. The physicochemical
characteristics of PLGA (Resomer® RG 502) NC and PEG2k-PLGA 115« NC considered for the

cytotoxic experiments are given in Table 16.

Table 16 Average hydrodynamic diameter, PDI, zeta potential and entrapment efficiency of the C6 for all
formulations used in the biological experiments. Data are means from two charges with SD values.

Sample Hydrodynamic PDI Zeta potential Entrapment
diameter [nm] [mV] efficiency [%]
PLGA 502 NC (blank) 2703 +£5.7 0.10+0.01 -159+0.7 -
PLGA 502 NC (C6) 275.0+3.0 0.13+0.01 -155+04 435+2.5
PEG2-PLGA 115 NC (blank) 246.7+4.0 0.14+0.01 -22.0+1.1 -
PEG2-PLGA 115k NC (C6) 289.0+3.0 0.18 £0.02 -20.4+0.9 58+0.1

Average hydrodynamic particle diameters measured by DLS were found to be between 270 nm
and 275 nm for PLGA NC and between 247 nm and 289 nm for PEGylated NC. The PDI for
all formulations was <0.2 suggesting narrow size distributions. For PEGx-PLGA115c NC
loading of the NC led to higher average hydrodynamic diameter. In contrast, for PLGA 502 NC

a loading did not show impact on particle sizes. All particles exhibited negative zeta potentials
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ranging from -15.5 mV (PLGA 502 NC) to -22.0 mV (PEG2k-PLGA 115« NC). The entrapment
efficiency of C6 was higher for PLGA 502 NC (43.5%) than for PEGok-PLGA 1.5« NC (5.8%).

The underlying effects were discussed already above.

5.7.1 Influence of PLGA NC with and without PEG on Metabolic Cell Activity

The MTS assay was chosen as a test for the influence of C6-loaded and unloaded PLGA
(Resomer® RG 502) NC and PEG-PLGA (PEG2k-PLGA115x) NC on the metabolic activity of
LNCaP prostate cancer cell line and PBMC. Cells were incubated with the NC at concentrations
of 6 pg/mL, 60 pg/mL, and 600 ug/mL for 72 h. Figure 64 displays the calculated cell viability,
with cell viability below 70% being considered cytotoxic according to DIN EN ISO 10993-5
[211]. The NC dilutions were prepared with concentrations ensuring that the highest
concentration sample did not surpass 1 mg/mL. This precaution was taken as at higher NC
concentrations an interference between the assay and the unspecific absorption of the
nanoparticles could not be excluded [429]. Additionally, excessive high concentration of
nanoparticles could completely cover the cells hindering their access to nutrients and oxygen
in the medium and potentially resulting in unspecific cell death, which could lead to
misinterpretations of in vitro results [430]. Untreated cells were used as negative control and
were set as 100% viable cells. The applied positive control (9% Triton X-100 solution) resulted
in a reduction of cell viability to 6.2 + 4.0% and 3.4 + 0.1% for LNCaP cell line and PBMC,
respectively, thus confirming the validity of the method [431, 432]. An interaction of the NC
with the cell culture medium was excluded by incubating the particles without cells, where

a low absorbance was comparable to the background.

At the concentrations of 6 ug/mL and 60 ug/mL, none of the tested nanoparticles showed a
cytotoxic effect on LNCaP cell line (Figure 64A) or PBMC (Figure 64B) after 72 h, independent
of C6 incorporation and PEGylation. The viability values were comparable to those of the
negative control (100%). This confirmed and supplemented previous research in the literature
regarding the high biocompatibility of PLGA and PEG-PLGA nanoparticles [433-435]. In the
previous studies, Ernst et al. [429] and Arnold et al. [436] determined that blank PLGA
nanoparticles with or without PEG are non-toxic in concentrations up to 1 mg/mL using the
MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) assay. Another study
presented examples indicating the crucial role of size and zeta potential of PLGA nanoparticles
in defining the resulting cytotoxicity. An ideal nanoparticle size can provide an EPR effect,
enhancing drug uptake by cancer cells, while proper zeta potential contribute to improved

nanoparticle stability [437]. The systematic review indicated that PLGA nanoparticles with
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sizes of less than 300 nm and an absolute zeta potential of ~20 mV are advantageous, aligning

with the characteristics observed in this study for NC.

According to Figure 64A and B, at the highest test concentration (600 pg/mL), cell viability
values were below 70% showing a moderate cytotoxicity for all PLGA and PEG-PLGA NC,
except for blank PEG-PLGA NC, which appeared as non-toxic on both cell lines, most probably
due to the stealth effect of PEG [438, 439]. Gryparis et al. reported a decrease in cytotoxicity
with increasing PEG degree in the mPEG-PLGA copolymer used to prepare the nanoparticles
[440]. The low viability values in Figure 64 could be attributed to technical settings and high
water levels in the samples. Stock solutions of NC were prepared in water, while further
dilutions were prepared with cell culture medium. Consequently, the highest NC concentration
was in a more hypotonic environment as the other two NC concentrations, where the amount
of water was negligible. The effect of water was previously shown by Bozi€ et al. [441] where
the results show that the media with very low osmolarity, such as distilled water, lead to low
cell viability. Similar findings were observed with water controls, where the metabolic activity
of cells was affected in a concentration-dependent manner when water was added in three
different dilutions to the LNCaP cells (Figure 64A) or PBMC (Figure 64B). The cell viability
decreased to 48.65-76.59% (D1), probably due to a hypotonic environment that was caused by

the addition of water in the cell culture.

Comparing two types of cell lines, the metabolic activity in the presence of different quantities
of the four NC formulations tested mostly resulted in similar effects, as seen in Figure 64.
However, PBMC showed a slight higher cytotoxicity, which might be attributed to their higher
cell sensitivity. Blood cells have the highest turnover value per day [442], which could mean
they are constantly regenerating, and are, therefore, the most sensitive type of cells. However,
different nanoparticles have different toxic effects in human PBMC or LNCaP.
Schleifman et al. [443] used PLGA nanoparticles and observed no significant cytotoxic effects
on PBMC up to nanoparticle concentration 2 mg/mL. Gryparis et al. tested blank mPEG-PLGA
nanoparticles at various concentration on LNCaP cells and showed that more than 600 pg/mL

nanoparticles were required in order to cause cell growth inhibition after 24 h [440].

The data revealed that the blank and C6-loaded PLGA and PEG-PLGA NC had no relevant
cytotoxic effect on both cell lines. This result is consistent with other reports, which showed no
cytotoxicity of blank PLGA and PEGylated nanoparticles up to 600 pg/mL indicating that such

delivery systems could be ideal for cancer-targeting purposes.
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Figure 64 In vitro MTS viability assay after 72 h showing the effects of different NC formulations on (A) LNCaP
cells and (B) PBMC compared to untreated cells (negative control). Cells treated with 9% Triton X-100 solution
were used as positive control. Three different dilutions were prepared from stock solution using cell culture
medium resulting in NC concentration of 6 ng/mL (D3), 60 pg/mL (D2) and 600 pg/mL (D1). A cell viability
>70% was considered as non-toxic according to DIN EN ISO 10993-5 (dotted line). Statistically significant
differences (two-way ANOVA Dunnett’s multiple comparisons test) are marked with asterisks: * (p<0.05);
** (p<0.01); **** (p<0.0001).
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5.7.2 Determination of Membrane Damage in LNCaP Cells Detected by LDH Assay

To assess the damage of cell membranes of LNCaP cells as the initial point of interaction with
NC, the extracellular concentration of LDH was quantified. Three different concentrations
(6 pg/mL, 60 pg/mL and 600 pg/mL) of C6-loaded and unloaded PLGA (Resomer® RG
502) NC and PEG-PLGA (PEGx-PLGA1151) NC were tested over 6 h (Figure 65). The
incubation of cells with 9% Triton X-100 solution was used as positive control and set as 100%
LDH release. In control cells, which were not treated with NC, the release of the enzyme was

found to be at 32.5% (negative control).

As shown in Figure 65 cytotoxicity of the NC formulations was not dose dependent and no
additional cytotoxicity was observed with LNCaP cell lines as a result of dye-loading in PLGA
and PEGx-PLGA11.5x NC when compared to the negative control. Hwang et al. [444] and
Ma et al. [445] also reported a negligible change in LDH release when different types of cells
were incubated with blank PLGA nanoparticles. In contrast, in cells to which water control was
added, significant LDH release was detected, which was already discussed above for the MTS

assay.

Controls PLGANC PLGA NC PEG-PLGA PEG-PLGA Without NC
(blank) (C6) NC (blank) NC (C6) (water)

150

Cytotoxicity [%LDH release]

Figure 65 In vitro LDH membrane damage assay carried out on LNCaP cells, treated with three different
concentrations (6 pg/mL (D3), 60 pg/mL (D2) and 600 pg/mL(D1)) of the different nanoparticle formulations.
Dotted lines represent the negative (untreated cells) and positive (cells treated with 9% Triton X-100 solution)
controls. Statistically significant difference (two-way ANOVA Dunnett’s multiple comparisons test) is marked
with asterisk: **** (p<0.0001).

Although different assays and cell types were used, the results and the rank order of the polymer
NC with regard to their cytotoxicity were in a comparable ranges. MTS and LDH assay gave
similar results, since membrane damage after 6 h (LDH) was always followed by a decrease of
the metabolic activity (MTS) 72 h after exposure to the NC.
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6 Conclusion

The use of therapeutic ultrasound represents an effective and promising method for achieving
a controlled drug release to a region of interest without disrupting surrounding tissue. Its
increased popularity over the last decade for cancer treatment is mostly due to its ability to
transmit energy in a non-invasive, non-ionizing and painless way into the body, while focusing
the beam with a high precision on the diseased tissue at overall relatively low-costs. The
ultrasound thereby is used to induce inertial cavitation at microbubbles, liposomes, vaporizing
nanodroplets or gas nanobubbles resulting into bubble disruption and release of the drug. The
disadvantage of the before mentioned drug delivery systems is their relatively large particle
size, which prevents targeted transport by passive drug targeting making them less effective for
cancer therapy. Alternatively, polymer nanoparticles can be used as drug delivery system as
they are able to enter the tumor site and release the drug via ultrasound cavitation locally. The
aim of this project was to develop and produce different dye-loaded polymer based NS and NC,
which were used as inertial cavitation nuclei leading to cavitation under diagnostic ultrasound
parameters with sufficient dye release. The polymer nanoparticles showed a capability of
trapping and stabilizing air bubbles on the surface after lyophilization with 15% trehalose and
reconstitution, resulting in generation of a high broadband noise at frequencies of 750 kHz and

peak negative pressure of 1.02 MPa.

For this purpose, biodegradable nanoparticles based on the polyesters PLA and PLGA were
prepared by nanoprecipitation and emulsion-diffusion method. By varying concentration and
type of polymer, dye-to-polymer ratio, purification procedures and types of dye, NS in the size
range of 95-221 nm and with negative zeta potential were formed and characterized. The
concentration of the polymer was found to have a pronounced effect on the hydrodynamic
diameter, while the more lipophilic dye C6 resulted in considerably higher entrapment
efficiency as RhB. No differences were shown between PLA NS and PLGA NS in terms of
physicochemical properties. Additionally, the NC were prepared with different homogenization
rates, different quantities of the stabilizing agent (PVA) and different types of PLGA polymers
varying in the end groups (free acid group, ester-terminated and PEGylated) and molecular
weights (7,000 — 69,000 g/mol). In comparison to NS, NC revealed larger particle sizes about
250 nm, but with a higher encapsulation efficiency probably due to the improved incorporation
of dye in the oleic core reservoir. The homogenization rate during preparation could be
selectively altered to produce particles with defined hydrodynamic diameters and dye

encapsulation. Stabilizer concentrations below 2.5% and PLGA polymers with high molecular
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weights induced an increase in hydrodynamic diameter. In addition, the copolymer PEG-PLGA
was used to investigate the influence of hydrophilic surface modification on NC properties.
Increasing the amount of PEG in the copolymer led to an increased hydrodynamic diameter and
considerable decrease in C6 entrapment efficiency. The latter observation can be linked to the
increased hydrophilicity of the nanoparticle thereby impacting the encapsulation process of the

lipophilic dye.

A decisive criterion for effective sonosensitive therapy is a high inertial cavitation of
nanoparticles and efficient drug release. Therefore, all formulations were tested in an ultrasound
device. The hydrophobic dye and larger particles supported higher inertial cavitation of polymer
nanoparticles. The hydrophilic differences of the PLGA polymers were reflected in modified
cavitation profiles, independent of the homogenization rate. The higher the molecular weight
and the more hydrophobic the polymer (free acid group), the higher was the detectable
cavitation activity. In addition, the dye release induced by ultrasound inertial cavitation was
dependent on the molecular weight and hydrophobicity of the polymer. The PEGylated PLGA
nanoparticles showed higher cavitation profiles compared to PLGA nanoparticles. The decrease
in cavitation activity was observed when the PEGylation degree exceeded 40%. The dye release
after ultrasound treatment decreased with increasing PEG concentration, reaching the lowest
dye release at a PEGylation degree of more than 30%. Since the differences in particle sizes
and cavitation profiles between NS and NC were considered negligible, but a higher
encapsulation efficiency for NC was observable, the focus for further examination was on C6-
loaded NC prepared from PLGA 502 or PEGa-PLGA11.5x. Both lyophilized formulations
showed a high physicochemical stability as well as cavitation activity under different storage

conditions.

In the following, the preparation process of NC was optimized with respect to a successful
sonosensitive response, and several ultrasound parameters were tested to improve cavitation
activity and dye release at the highest possible frequencies as well as the lowest peak negative
pressures. Low peak negative pressure is necessary to stay below the maximum values of the
MI=1.9, an ultrasound security parameter given by the FDA. The broadband focused ultrasound
transducer covered a frequency range from 0.5 MHz to | MHz and was in this work calibrated
for four frequencies (650 kHz, 750 kHz, 850 kHz and 950 kHz). For each of the frequencies
the peak negative pressure of 1.02 MPa was selected for further experiments. Comparing
different frequencies, a typical cavitation behavior could be recognized. NC showed a decreased

cavitation activity using higher frequencies due to less energetic and violent cavitation collapse.
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Another aspect was the testing of NC at different temperatures as well in the presence of
ethanol. Although, it was found that inertial cavitation decreased with increasing temperature,
NC still exhibited high cavitation activity at normal body temperature (37 °C). Ethanol provided
a better wetting effect of the pores on the NC surface, which probably lowered the inertial

cavitation response.

Before nanoparticles are further used for biological studies, they are usually dispersed in
a physiological solution. For this purpose, the PLGA NC were tested in different biologically
relevant media. The media composition was found to influence the NC surface charge but
without inducing aggregation. On contact of nanoparticles with biological fluids the direct
formation of a protein corona occurs, which changes the physicochemical and biological
properties of the particles. The assessment of this change is therefore of high interest for the
applicability of the particles in vivo. To stimulate the interaction of the particles with
biomolecules of the blood, particles were incubated with FBS or HS, and the binding of proteins
was studies. The protein corona of the individual NC differed in the amount of bound proteins
and in their composition under selected conditions. It was found that the PEGylated PLGA NC
and PLGA polymers with higher molecular mass showed a different protein composition as
lower molecular mass PLGA polymers potentially due to the hydrophilic interactions. The total
amount of bound proteins was distinctly affected by the choice of serum and pH of dispersion
media. The protein corona of the NC was also investigated after ultrasound treatment and
showed that protein composition did not change after ultrasound treatment, as the MI of
ultrasound settings remained below 1.9 all the time. No differences were observable between
different biologically relevant media in terms of cavitation profiles. However, in contrast to

FBS, HS itself led to a slightly increased broadband noise.

For intravenous applications, the biocompatibility of the nanoparticle containing formulations
is essential. To determine the toxicity of the NC, the interactions with isolated prostate cancer
cells, and PBMC, were both examined with in vitro cytotoxicity assays. The metabolic activity
and membrane effects were assessed after 72 h or 6 h incubation, respectively. In both cell lines,
NC did not show a cytotoxic effect irrespective of dye loading and PEGylation up to
600 pg/mL.

The present work provides inside in the mechanism of ultrasound sensitive nanoparticles for
tumor targeted drug delivery. However, the results were obtained using model substances to
understand and improve the function of sonosensitive nanoparticular system. For further
development the presented results should be verified using a broader range of different drug
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types. Particularly those molecule classes considered as potential drug candidates for tumor
therapy need to be tested. Besides small molecules biologics like monoclonal antibodies,
bispecifics, and antibody-drug conjugates or nucleic acids for gene therapy are used to treat
cancer. The combination of sonosensitive nanoparticles and ultrasound could potentially
enhance the tissue permeability and increases the efficiency of delivery of macromolecular
drugs to target tissue. However, for clinical application, it is necessary to proof the ability for
targeted drug delivery and safety profiles in vivo. Besides, the effects of ultrasound in biological
tissue will be require a more thorough investigation to understand the short- and long-term
effects of ultrasound on the body and the complex environments of tumors. Eventually, one
challenge is to overcome the upscaling of the laboratory process to production scale for industry
production of nanoparticles and the development of a robust and reliable manufacturing

process.
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7 Zusammenfassung

Der Einsatz von therapeutischem Ultraschall ist eine wirksame und vielversprechende Methode
zur gezielten und kontrollierten Freisetzung von Wirkstoffen in einer bestimmten Region des
Korpers ohne das umgebende Gewebe zu schidigen. Ultraschallwellen einer bestimmten
Wellenlédnge fiihren dabei zur Induktion von Inertialkavitationen beispielsweise an
Mikrobldschen, Liposomen, verdampfenden Nanotropfchen oder Gas-Nanoblasen, was
schlussendlich zum Platzen der Blaschen und zur Freisetzung des Wirkstoffes zur Folge hat.
Die zunehmende Beliebtheit des Ultraschalls zu diesem Zweck in den letzten zehn Jahren ist
vor allem auf seine Féahigkeit zuriickzufiihren Energie zu geringen Kosten auf nicht-invasiven,
nicht-ionisierende und schmerzfreie Weise in den Korper zu {ibertragen und gleichzeitig den
Strahl mit hoher Préizision auf das betroffene Gewebe fokussieren zu konnen. Der Nachteil
dieser Wirkstofffreisetzungssysteme ist jedoch ihre relativ grofe Partikelgrofe, die einen
gezielten Transport durch passives Drug-Targeting verhindert und damit die Krebstherapie
weniger wirksam macht. Alternativ konnen Polymer-Nanopartikel als
Wirkstofftransportsystem verwendet werden, da sie in der Lage sind in den Tumor einzudringen
und den Wirkstoff durch Ultraschallkavitation lokal freizusetzen. Ziel dieses Projekts war die
Entwicklung und Herstellung verschiedener farbstoffbeladener Polymer-Nanosphéren
und -Nanokapseln, die als Inertialkavitationskerne verwendet wurden und unter diagnostischen

Ultraschallbedingungen zur Kavitation mit ausreichender Farbstofffreisetzung fiihren.

Zu diesem Zweck wurden biologisch abbaubare Nanopartikel auf der Basis der Polyester PLA
und PLGA durch Nanoprizipitation und Emulsions-Diffusions-Methode hergestellt. Durch
Variieren der Polymerkonzentration und des -typs, des Farbstoff-Polymer-Verhéltnisses, der
Aufreinigungsverfahren und der Farbstofftypen wurden NS im GrdéBenbereich von 95-221 nm
und mit negativem Zetapotenzial gebildet und charakterisiert. Es wurde festgestellt, dass die
Konzentration des Polymers einen ausgeprigten Einfluss auf den hydrodynamischen
Durchmesser hat, wéhrend der lipophilere Farbstoff C6 zu einer deutlich hdheren
Beladungseffizienz als RhB fiihrte. Hinsichtlich der physikochemischen Eigenschaften wurden
keine Unterschiede zwischen PLA NS und PLGA NS festgestellt. Dariiber hinaus wurden die
NC mit unterschiedlichen Homogenisierungsraten, unterschiedlichen Mengen des
Stabilisatorens (PVA) und unterschiedlichen Typen von PLGA-Polymeren hergestellt, die sich
in den Endgruppen (freie Carbonsduren, Ester-terminiert und PEGyliert) und den
Molekulargewichten (7.000 - 69.000 g/mol) unterschieden. Im Vergleich zu NS wies NC eine

groflere Partikelgrofle von etwa 250 nm auf, jedoch mit einer héheren Verkapselungseftizienz,
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die wahrscheinlich auf den verbesserten Einbau des Farbstoffs in das Olkernreservoir
zurlickzufithren ist. Die Homogenisierungsrate wéhrend der Herstellung konnte selektiv
verandert werden, um Partikel mit definierten hydrodynamischen Durchmessern und
Farbstoffeinkapselung zu erzeugen. Stabilisatorkonzentrationen unter 2,5% oder PLGA-
Polymere mit hohen Molekulargewichten fiihrten zu einer Zunahme des hydrodynamischen
Durchmessers. Dariiber hinaus wurde das Copolymer PEG-PLGA verwendet, um den Einfluss
der hydrophilen Oberflichenmodifikation auf die Eigenschaften des NC zu untersuchen. Die
Erhohung des PEG-Anteils im Copolymer fiihrte zu einer VergrofSerung des hydrodynamischen
Durchmessers und zu einer betrachtlichen Verringerung der Effizienz der C6-Verkapselung.
Die letztgenannte Beobachtung kann mit der erhohten Hydrophilie des Nanopartikels in
Verbindung gebracht werden, was sich auf den Verkapselungsprozess des lipophilen Farbstoffs

auswirkt.

Ein entscheidendes Kriterium fiir eine wirksame sonosensitive Therapie ist eine hohe
Inertialkavitation von Nanopartikeln und eine effiziente Wirkstofffreisetzung. Daher wurden
alle Formulierungen in einem Ultraschallgerét getestet. Der hydrophobe Farbstoff und die
groferen Partikel unterstiitzten eine hohere Inertialkavitation der Polymer-Nanopartikel. Die
hydrophilen Unterschiede der PLGA-Polymere spiegelten sich unabhingig von der
Homogenisierungsrate in  verdnderten Kavitationsprofilen wider. Je hoéher das
Molekulargewicht und je hydrophober das Polymer (freie Carbonsdure), desto hoher war die
nachweisbare Kavitationsaktivitdt. Dariiber hinaus war die durch Ultraschall-Inertialkavitation
induzierte Farbstofffreisetzung abhéngig vom Molekulargewicht und der Hydrophobie des
PLGA-Polymers. Die PEGylierten PLGA-Nanopartikel zeigten im Vergleich zu PLGA-
Nanopartikeln hohere Kavitationsprofile. Die Kavitationsaktivitit nahm ab, wenn der
PEGylierungsgrad 40 % tiberstieg. Die Farbstofffreisetzung nach der Ultraschallbehandlung
nahm mit steigender PEG-Konzentration ab und erreichte die niedrigste Farbstofffreisetzung
bei einem PEGylierungsgrad von mehr als 30 %. Da die Unterschiede in den Partikelgrofen
und Kavitationsprofilen zwischen NS und NC als vernachléssigbar angesehen wurden aber eine
hohere Verkapselungseffizienz fiir NC zu beobachten war, konzentrierte sich die weitere
Untersuchung auf C6-beladene NC, die aus PLGA 502 oder PEG2k-PLGA11.5k hergestellt
wurden. Beide lyophilisierten Formulierungen zeigten eine hohe physikochemische Stabilitét

sowie Kavitationsaktivitdt unter verschiedenen Lagerungsbedingungen.

Im Folgenden wurde der Herstellungsprozess von NC im Hinblick auf eine erfolgreiche

sonosensitive Reaktion optimiert und es wurden verschiedene Ultraschallparameter getestet,
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um die Kavitationsaktivitdt und die Farbstofffreisetzung bei mdglichst hohen Frequenzen und
niedrigen Spitzenunterdriicken zu verbessern. Ein niedriger Spitzenunterdruck ist notwendig,
um unter den Hochstwerten des MI=1,9 zu bleiben, einem von der FDA vorgegebenen
Ultraschall-Sicherheitsparameter. Der fokussierte Breitband-Ultraschallwandler deckt einen
Frequenzbereich von 0,5 MHz bis 1 MHz ab und wurde in dieser Arbeit fiir vier Frequenzen
(650 kHz, 750 kHz, 850 kHz und 950 kHz) kalibriert. Fiir jede der Frequenzen wurde der
Spitzenunterdruck von 1,02 MPa fiir weitere Experimente ausgewdhlt. Beim Vergleich der
verschiedenen Frequenzen konnte ein typisches Kavitationsverhalten erkannt werden. NC
zeigte bei hoheren Frequenzen eine verringerte Kavitationsaktivitiat aufgrund eines weniger
energiereichen und heftigen Kavitationskollapses. Ein weiterer Aspekt war die Priifung von NC
bei verschiedenen Temperaturen sowie in Gegenwart von Ethanol. Obwohl festgestellt wurde,
dass die Inertialkavitation mit steigender Temperatur abnahm, zeigten NC bei normaler
Korpertemperatur (37 °C) immer noch eine hohe Kavitationsaktivitit. Ethanol sorgte fiir eine
bessere Benetzung der Poren auf der NC-Oberfldche, was wahrscheinlich eine Verringerung

der Inertialkavitation zur Folge hat.

Bevor Nanopartikel fiir biologische Studien weiterverwendet werden, werden sie
normalerweise in einer physiologischen Losung dispergiert. Zu diesem Zweck wurden die
PLGA-NC in verschiedenen biologisch relevanten Medien getestet. Es wurde festgestellt, dass
die Zusammensetzung des Mediums die Oberflichenladung der NC beeinflusst ohne dabei eine
Aggregation auszulosen. Beim Kontakt von Nanopartikeln mit biologischen Fliissigkeiten
kommt es zur direkten Bildung einer Proteinkorona, die die physikochemischen und
biologischen Eigenschaften der Partikel verdandert. Die Bewertung dieser Veranderung ist daher
von groflem Interesse fiir die Anwendbarkeit der Partikel in vivo. Um die Wechselwirkung der
Partikel mit Biomolekiilen des Blutes zu stimulieren, wurden die Partikel mit FBS oder HS
inkubiert und die Bindung von Proteinen untersucht. Die Proteinkorona der einzelnen NC
unterschieden sich in der Menge der gebundenen Proteine und in ihrer Zusammensetzung unter
ausgewihlten Bedingungen. Es wurde festgestellt, dass die PEGylierten PLGA NC und PLGA-
Polymere mit hoherem Molekulargewicht eine andere Proteinzusammensetzung aufwiesen als
PLGA-Polymere mit niedrigerem Molekulargewicht, was moglicherweise auf die hydrophilen
Wechselwirkungen zuriickzufiihren ist. Die Gesamtmenge der gebundenen Proteine wurde
insgesamt durch die Art des Serums und den pH-Wert des Dispersionsmediums deutlich
beeinflusst. Die Proteinkorona der NC zeigte auch nach der Ultraschallbehandlung keine
Verdnderung der Proteinzusammensetzung , da der MI der Ultraschalleinstellungen stets unter

1,9 blieb. Hinsichtlich der Kavitationsprofile waren zusétzlich keine Unterschiede zwischen
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den verschiedenen biologisch relevanten Medien festzustellen. Im Gegensatz zu FBS fiihrte HS

selbst jedoch zu einem leicht erhohten Breitbandrauschen.

Fiir intravendse Anwendungen ist die Biokompatibilitit der nanopartikelhaltigen
Formulierungen von entscheidender Bedeutung. Um die Toxizitdit der NC zu bestimmen,
wurden die Wechselwirkungen mit isolierten Prostatakrebszellen und PBMC mit In-vitro-
Zytotoxizitétstests untersucht. Die metabolische Aktivitdt und die Membraneffekte wurden
nach 72 Stunden bzw. 6 Stunden Inkubation bewertet. Bei beiden Zelllinien zeigten NC
unabhingig von der Farbstoffbeladung und der PEGylierung keine zytotoxische Wirkung, bis
zu 600 pg/mL.

Diese Arbeit gibt einen Einblick in den Mechanismus von ultraschallsensitiven Nanopartikeln
fiir die gezielte Wirkstofffreisetzung an und in Tumorgeweben. Die Ergebnisse wurden jedoch
ausschlieBlich unter Verwendung von Modellsubstanzen generiert, um die Funktion des
sonosensitiven nanopartikuldren Systems zu verstehen und zu verbessern. Fiir die weitere
Entwicklung miissen die vorgestellten Ergebnisse mit einer breiteren Palette von Wirkstoffen
und Wirkstoffklassen verifiziert werden, insbesondere mit solchen, die als potenzielle
Kandidaten fiir die Tumortherapie gelten und schon in Anwendung sind. Dazu gehoren kleine
Molekiile oder Biologika wie monoklonale Antikorper, bispezifische Antikorper und
Antikorper-Wirkstoff-Konjugate sowie Nukleinsduren fiir die Gentherapie. Die Kombination
von auf sonosensitiven Nanopartikeln und Ultraschall konnte die Gewebedurchlissigkeit
verbessern und die Effizienz der Abgabe von makromolekularen Arzneimitteln an das
Zielgewebe erhohen. Um eine klinische Anwendung in Betracht zu ziehen, miissen jedoch die
Féhigkeit des Systems zur Verabreichung von Arzneimitteln und dessen Sicherheitsprofile in
vivo untersucht und bewertet werden. AuBlerdem sind die Auswirkungen von kurz- und
langfristigem Ultraschall in biologischem Gewebe und in der komplexen Umgebung von
Tumoren noch nicht ausreichend geklért. Ein weiterer Forschungsaspekt sollte sich mit der
Ubertragung des Laborverfahrens auf den ProduktionsmaBstab fiir die industrielle Herstellung
von Nanopartikeln und der Entwicklung eines robusten und zuverldssigen

Herstellungsverfahrens befassen.
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