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ABSTRACT

REDOX-RESPONSIVE BIODEGRADABLE POLYMERIC
MATERIALS FOR
BIOMEDICAL APPLICATIONS

In recent years, biodegradable and stimuli-responsive polymeric materials have gained
importance in cancer research and biomedical applications. Such materials can be used as
implants in the body and a nano-sized drug delivery system. Within the scope of this thesis,
three different stimulus-sensitive biodegradable polymer dendron conjugate systems were
prepared, and micellar nanostructures were obtained with these structures. The hydrophobic
drug was physically loaded into the micelle structures in the first three projects. In the first
and second projects, a targeting group was used to increase the efficiency of the drug delivery
system. These micellar carriers make the hydrophobic drug water-soluble in body fluid and
use both passive and active targeting pathways to ensure that the drug is collected in tumor
tissues. The size of micellar structures was appropriate in all three projects when examined
in terms of their suitability for delivery based on the enhanced permeability and retention
(EPR) effect. The first two projects used cyclic RGDfK as the targeting group. It was
observed that the drugs incorporated into the micellar nanostructures with the targeting
group accumulated more effectively in the breast cancer cells. Doxorubicin was used as a
chemotherapy agent. The last study synthesized cryogels containing varying amounts of a
thiol-reactive monomer. Facile and reversible functionalization of cryogels were
demonstrated through the attachment of a fluorescent dye (Bodipy-SH) and bioactive ligands
such as biotin-thiol and mannose-thiol to recognize Streptavidin and Concanavalin-A,
respectively. The proteins bound to the cryogels were amenable to release through treatment
with a thiol-containing reducing agent such as dithiothreitol (DTT). Overall, the novel thiol-
reactive macroporous cryogel structures will be a fascinating platform for various

biomedical applications where a catch and release approach of analytes is necessary.
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OZET

REDOX'A DUYARLI BiYOBOZUNUR POLIMERIK
MALZEMELERIN
BiYOMEDIKAL UYGULAMALAR

Son yillarda biyobozunur ve uyaranlara duyarli polimerik malzemeler kanser
arastirmalarinda ve biyomedikal uygulamalarda 6nem kazanmistir. Bu tlir malzemeler
viicutta implant olarak ve nano boyutlu bir ilag tasima sistemi olarak kullanilabilir. Bu tez
kapsaminda, uyariciya duyarli ii¢ farkli biyobozunur polimer dendron konjugat sistemi
hazirlanmis ve bu yapilarla misel nanoyapilar elde edilmistir. ilk ii¢ projede hidrofobik ilag
fiziksel olarak misel yapilarina yiliklenmistir. Birinci ve ikinci projelerde, ila¢ dagitim
sisteminin etkinligini artirmak i¢in bir hedefleme grubu kullanildi. Bu misel tasiyicilar,
hidrofobik ilaci viicut sivisinda suda ¢oziiniir hale getirir ve ilacin timor dokularinda
toplanmasini saglamak i¢in hem pasif hem de aktif hedefleme yollarin1 kullanir. Artmis
gecirgenlik ve alikonma (EPR) etkisine dayali olarak teslime uygunluklar: incelendiginde,
misel yapilarinin boyutu her {i¢ projede de uygundur. Ilk iki proje, hedefleme grubu olarak
dongiisel RGDfK'yi kullandi. Hedefleme grubu ile misel nanoyapilarina dahil edilen
ilaglarin meme kanseri hiicrelerinde daha etkin bir sekilde biriktigi gozlemlendi. Kemoterapi
ajan1 olarak doksorubisin kullanildi. Son ¢alisma, degisen miktarlarda tiyol reaktif monomer
iceren kriyojelleri sentezledi. Kriyojellerin kolay ve tersine ¢evrilebilir iglevsellestirilmesi,
sirasiyla Streptavidin ve Concanavalin-A'y1 tanimak igin bir floresan boya (Bodipy-SH) ve
biyotin-tiyol ve mannoz-tiyol gibi biyoaktif ligandlarin eklenmesiyle gosterildi. Kriyojellere
baglanan proteinler, ditiyotreitol (DTT) gibi tiyol i¢eren bir indirgeyici madde ile isleme tabi
tutularak saliverilmeye miisaitti. Genel olarak, yeni tiyol reaktif makro gozenekli kriyojel
yapilari, analitleri yakalama ve birakma yaklasiminin gerekli oldugu ¢esitli biyomedikal

uygulamalar i¢in biiyiileyici bir platform olacaktir.
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1. INTRODUCTION

1.1. Biomedical Applications of Polymeric Materials

Polymeric materials have developed as an indispensable component of various
biomedical devices that find applications in areas ranging from diagnostic to transport.
Polymeric materials are highly desirable since they can be imparted with several functional
attributes based on their chemical composition and physical properties, apart from their low-
cost and easy availability. Some examples of widely encountered polymeric materials are
micelles, nanoparticles, nanofibers, nanogels, cryogels, hydrogels, micropatterns, and

polymeric aggregates in Figure 1.1 [1-6].
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Figure 1.1. Examples of common polymeric materials for biomedical applications.



Over the past decades, polymers' role in biomedical devices has changed considerably.
For example, the fundamental purpose of the first-generation polymers used for the
implantable device was to ensure biological inertness and structural compatibility [7]. The
changing perspective of has led to the development of new types of coating materials that,
apart from providing inertness, interact with biological material/environment at a molecular
level and are biocompatible [8, 9]. Synthetic polymeric materials appear close to natural
tissues compared to their inorganic counterparts, such as metals and ceramics [10, 11]. Due
to applications impacting human life quality, such as drug-based therapies, genetic therapies,
diagnostic bioimaging, tissue engineering, regenerative medicine, and medical device
implants, research in polymeric materials is actively pursued [12]. In particular, polymer-
based drug delivery systems appear to provide solutions to many challenges in this area,
such as temporal and spatial control over delivery. Needless to say, the ability to

preferentially target the disease site will have ramifications in diagnostics and cures.

Along with drug delivery, polymeric materials play an important role in several other
areas. Many areas such as diagnostic platforms, bio-separation, and growth of artificial
tissues are addressed using smart polymeric structures [13-15]. These soft materials possess
the ability to mimic the biological systems. Hydrogels, in particular, are polymeric scaffolds
of high interest since these 3D-constructs swell in water, and can be designed to be stimuli-
responsive. These materials can be designed to permanently immobilize proteins for
biological assays, as well as for protein isolation and subsequent release using the catch-and-
release strategy [16]. Changes in pH, temperature, or redox environment can cause hydrogels
to undergo physical changes such as expansion/contraction or chemical changes such as
bond cleavage [17-20].

1.2. Stimuli-Responsive Biomaterials in Drug Delivery System

Significant progress has been made in creating controlled biomaterials for specific
applications throughout the past several decades [21-23]. Our ability to comprehend, design,
and orchestrate materials that interface with biological frameworks in a predictable and
regulated manner has advanced significantly in recent years. Because of advancements in

organic and polymer synthesis, monomer accessibility, and improved handling techniques,



scientists have progressed beyond their reliance on commercial forerunners to make specific
materials with application-specific characteristics. This shift has enabled the area of stimuli-
responsive biomaterials to advance from static to dynamic materials that respond to specific
inputs on demand. Materials into which stimuli-responsive behavior has been incorporated
range from nanoparticles, hydrogels [24], cryogels [19], and polymeric structures. Even in
nano, micro, or macroscopic materials, the biodegradability of polymeric materials is critical
in biomedical applications. When implanted systems reach the end of their useful life, they
require removal from the tissue [25]. Ideally, the polymer-based implants must biodegrade
so that the patient does not have to undergo surgery, unless the implanted component is a
long-term requirement. The choice of polymeric materials is crucial so that the lifetime of
the implant is tunable. Furthermore, the nature of the degraded components should be such
that they are amenable to elimination from the body without causing harm. Advances in the
design and synthesis of synthetic polymeric materials are enabling specific tailoring of

materials based on the particular demands of the application

On the other hand, stimuli-responsive biodegradable polymers have long been used in
drug delivery systems such as nanocarriers [27, 28]. Conventional chemotherapy,
radiotherapy, and surgery are common cancer treatments with limited efficacy against
advanced tumors. During the last few decades, stimuli-responsive nanoparticles (SRN) have
been extensively studied as effective drug delivery vehicles in tumor immunotherapy [28].
Nanoparticles responsive to endogenous (pH, enzyme, ROS, hypoxia, redox) and exogenous
(radiation, electromagnetic, thermal) stimuli have been employed to increase the

effectiveness of drug delivery in Figure 1.2 [29].
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Figure 1.2. Intrinsic/extrinsic stimuli and stimuli-responsive nanocarriers (NCs).
Reprinted from [29].

In this thesis, we will focus on polymeric DDS, which are sensitive to pH and
environmental redox changes. Both of these are endogenous stimuli, and thus can be
effectively utilized to design delivery agents which will predominantly release the
therapeutic cargo upon reaching the disease site. It is well established that tumor and cancer
cells have lower pH than normal tissues. The thiol-containing tripeptide glutathione (GSH)
expression is upregulated in several types of cancers. Over the past several decades,
polymer-based nanostructures responsive to either or both of these stimuli have been
fabricated, but minimal work has been reported with dendritic structures, which is one of the
main focus of this thesis. The sections below briefly highlight some examples of pH and

redox-sensitive polymer-based DDSs.

1.2.1. pH-Responsive Polymeric Materials for Drug Delivery Systems

The pH value varies throughout organs, tissues, and cellular compartments, making it
an appropriate stimulus for regulated medication release. Because they can administer
medications regulated at a specified site and time, pH-responsive drug delivery systems have

gained increasing interest as "smart" drug-delivery systems for addressing the drawbacks of



standard drug formulations [31, 32]. Utilization of acid-sensitive structures in the DDS to be

prepared will often provide easy release of the transported drug in the targeted area in Figure

1.3.
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Figure 1.3. pH changes at the cellular and organism levels. Reprinted from [32].

In recent years, many pH-sensitive drug delivery systems have been used. Micelles
[34-36], dendrimers [37-39], nanogels [39], and hydrogels [40] are among the most

common structures used as pH-sensitive DDS. Acid labile linkers on polymeric materials

are generally employed in drug delivery systems to impart pH sensitivity. Since the pH of
healthy tissue is 7.4, acid-labile linkers enable drug release predominantly in tissues/cells,

where the pH is lower than in healthy cells. pH-sensitive DDS are gaining popularity because



they can be engineered to release active drugs at a precise time based on the disease's
pathophysiology, resulting in better patient treatment efficacy and compliance. Asthma [41],
peptic ulcer, cardiovascular disorders [43-45], cancer, and hypertension [45] are some of
the circumstances where pH-sensitive DDS show potential.

As a typical example, Hruby and coworkers developed and characterized a new
polymeric micellar pH-sensitive method for doxorubicin drug delivery. The authors used a
copolymer composed of a biocompatible hydrophilic poly(ethylene oxide) (PEO) block and
a hydrophobic block containing doxorubicin covalently attached to the carrier by a pH-
sensitive hydrazone bond. The drug release kinetics in aqueous buffers at pH 5.0 (near to
endosome pH) and 7.4 were investigated (pH of blood plasma). At pH 5.0, the drug was
released significantly faster than at pH 7.4. Static (SLS) and dynamic light scattering were
used to investigate the changes in the particle at pH 5.0 and 7.4, which differentially

degraded under these different environments [46].

1.2.2. Redox Responsive Polymeric Materials for DDS

Changes in redox conditions could provide an effective stimulus in biological systems
that rely on the considerably different redox states in the circulation/extracellular fluids and
intracellular compartments. Various redox-responsive polymeric systems have been created
by incorporating redox-responsive linkages [48, 49]. Disulfide linkage with redox-
responsive polymers has spurred interest in several therapeutic applications, from drug
delivery vehicles to diagnostic interfaces. The cleavage of the disulfide linkage in the
presence of an endogenous reducing agent (GSH), which is present in higher concentrations
in diseased tissues, has promoted the integration of this specific linkage into several
therapeutic platforms. GSH is a thiol-containing tripeptide that breaks down disulfide bonds
in biological systems. In animal cells, glutathione/glutathione disulfide has been shown to
be one of the most prevalent redox pairs [50, 51]. These redox pairs determine the anti-
oxidative capability of cells. While GSH concentrations in the cytosol reach 2-10 mM, they
decline to roughly 2—20 pmolar outside the cell [51]. Furthermore, in vivo research revealed
that the tumors have a GSH concentration at least 4-fold higher than normal tissue.

Researchers have designed several polymeric-based drug delivery systems that can utilize



this difference in the redox environment between normal and cancerous tissues to release
the drug at the disease site. Thiol-disulfide exchange events with redox-active molecules like
glutathione can cleave the disulfide bonds in the DDS to release the active ingredient [53—
55].

Drugs may be conjugated to a polymeric drug carrier through disulfide bonds to
achieve redox-triggered drug release. For example, Wang and coworkers reported redox-
responsive micellar nanostructures to combat multidrug-resistant cancer in Figure 1.4. A
disulfide-containing redox-responsive diblock copolymer was utilized. MCF7 breast cancer
cell line and MCF7-ADR multidrug-resistant cancer cell line were employed. Multidrug
resistance (MDR) is a crucial barrier to cancer treatment success. One of the most well-
known and significant plasma membrane proteins is the P-glycoprotein, which can effluxion
numerous anti-cancer medicines (e.g., doxorubicin and paclitaxel) out of MDR tumor cells

due to its overexpression in the plasma membrane [54].
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Figure 1.4. (a) Chemical structure of disulfide-bridged PCL-SS-PEEP block
copolymer and schematic illustration of redox-responsive nanoparticles for overcoming

cancer cell multidrug resistance (b). Reprinted from [54].



The thiol-disulfide exchange reaction has been extensively utilized as a tool to
fabricate disulfide-containing polymeric materials. An activated disulfide moiety, namely,
pyridyl disulfide (PDS) is employed to obtain disulfide-containing constructs with high
efficiency and selectivity [55] . The PDS-thiol exchange chemistry has been used to obtain
various redox-responsive polymeric materials ranging from soluble polymers, surface

coatings, and crosslinked materials such as nanogels and hydrogels in Figure 1.5.
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Figure 1.5. Examples of functional materials fabricated using pyridyl-disulfide

containing polymers. Reprinted from [55].

The PDS-thiol exchange reaction has been exploited to engineer redox-responsive
nanogels. The Thayumanavan and coworkers have made seminal contributions in this area.
Over the past several years, they have constructed redox-responsive nanogels to deliver
therapeutic molecules and biomolecules. For example, in one of their reports, copolymers
containing the PDS-based monomer and PEG-based methacrylate were assembled as
nanostructures by heating them above their lower critical solubilization temperature.

Subsequent crosslinking of these self-assembled nanosized aggregates through inter-chain



cross-linking by partial hydrolysis of the PDS groups using DTT led to stable redox-

responsive aggregates in Figure 1.6 [56].
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Figure 1.6. Fabrication of redox-responsive nanogels using the pyridyl-disulfide thiol

exchange reaction. Reprinted from [56].

Incorporating the PDS group on polymeric interfaces such as coatings and crosslinked
scaffolds is beneficial because it enables adding functional molecules to these materials
through a reversible linkage [57]. In this regard, Sanyal and coworkers have reported the
fabrication of hydrogels containing the PDS group in Figure 1.7. The PDS groups on the
hydrogel could be modified with bioactive ligands and cell-adhesive peptides. Importantly,
proteins and cells immobilized onto the hydrogels could be harvested by treatment with a
thiol-containing reducing agent such as dithiothreitol (DTT).
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Figure 1.7. Pyridyl-disulfide group containing hydrogel coating for selective

attachment and release of target proteins and cells. Reprinted from [57].
1.3.  Stimuli-responsive Polymers in Drug Delivery Systems for Cancer

Cancer is one of the most severe health issues facing humanity. It is a dangerous and
chronic condition that causes fear and disorientation by producing powerlessness and
uncertainty [58]. Normal cells go through a predictable cycle of growth, division, and death
[59]. On the other hand, cancer cells do not follow this cycle. They don't die; instead, they
replicate and generate other aberrant cells [60]. These cells can infect organs like the breast,
liver, lungs, and pancreas. They may also spread to other areas of your body via your blood
and lymph system. Today, however, breakthroughs in cancer diagnosis and therapy have
raised patient survival rates. Chemotherapeutics are used to treat cancer in the majority of
cases, in addition to radiation therapy and surgery [61]. Chemotherapy is a drug treatment
that uses powerful chemicals to kill fast-growing cells in your body. Many different
chemotherapy drugs are available. Chemotherapy drugs can be used alone or in combination
to treat various cancers. Though chemotherapy is an effective way to treat many types of

cancer, chemotherapy treatment also carries a risk of side effects. Some chemotherapy side
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effects are mild and treatable, while others can cause serious complications. While this sort
of therapy has shown to be effective in some cancers, it has not been as effective in other

cancers. Furthermore, it is harmful to healthy tissue.

1.3.1. Passive and Active Targeting in Cancer Therapy

Researchers develop medicines by learning how tumor cells differ from healthy cells.
Because of their architectural and pathological abnormalities from healthy tissue, solid
tumors have a different enhanced permeability and retention (EPR) effect [62].
Macromolecular medicines may selectively collect and stay in solid tumor tissues, but they

might not distribute widely in healthy tissue [63].
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Figure 1.8. Representation of the mechanism for active and passive tumor targeting.
Reprinted from [64].

Most solid tumors have a higher vascular density than normal tissues and organs,
indicating angiogenesis, which is one of the most crucial properties of tumors to maintain
their rapid growth [65]. Vascular angiogenesis could be seen even when tumor nodules were
less than 0.2 mm [67, 68]. In addition, tumors frequently have uneven or variable blood flow.
Many solid tumors have a defective structure. There are large spaces between endothelial

cells and no smooth muscle layers. Thus, large molecules escape from the blood vessels to
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the tumor area and accumulate there selectively in Figure 1.8. In addition, impaired
lymphatic function is always present in tissues for the recovery of macromolecules in tumor
tissues. As a result, once macromolecules accumulate in tumor tissues, they are not cleared

from the tumor tissues and stay there for a long time.

Particle size of the drug delivery system is important in passive targeting. Organs
select foreign particles like a sieve and deliver them to the desired area [69-71]. As the
particle size decreases, the probability of the drug to penetrate the organs and the body
increases. Cabral and coworkers investigated whether a series of micellar nanomedicines
with diameters smaller than 100 nm and carrying the powerful tumoricidal drug 1,2-
diaminocyclohexane-platinum(ll) (DACHPt) (the parent complex of oxaliplatin) might
accumulate and penetrate weakly permeable pancreatic tumors [70]. They discovered that
long-circulating polymeric micelles' anti-tumor efficacy depends on micelle size and tumor
penetration. Sub-100 nm micellar nanomedicines demonstrated no size-dependent limits on
extravasation and penetration in hyper vascular tumors with a highly permeable structure.
Nanomedicines smaller than 50 nm, on the other hand, can penetrate minimally permeable
hypovascular tumors [71]. Moreover, utilizing a transforming growth factor signaling
inhibitor to increase the permeability of hypo vascular tumors increased the formation and
distribution of micelles with size bigger than 70 nm, suggesting a viable technique to
enhance the effectiveness of larger nanomedicines [72].

Active targeting is achieved by conjugating bioactive molecules that will specifically
attach to cell-specific receptors on the surface of the cells to be treated [73]. In the targeted
smart drug delivery system, the component on the surface of the delivery system first
recognizes the target, binds, and delivers the drug to the desired area to show the therapeutic
effect [74]. Nanomedicine can be functionalized with targeting ligands to provide active
tumor targeting. These ligands help cells recognize and bind to each other. The ligands on
the nanoparticles bind to the receptors on the surface of the cancer cells to induce receptor-
mediated endocytosis occurs [75]. Once internalized by the cells, the nanoparticles
successfully release the cargo they carry. Table 1.1 shows some examples of commonly used

targeting ligands.



Table 1.1. Commonly utilized targeting moiety examples. Reprinted from [75].

Class

Antibodies

Peptides

Proteins

Aptamers

Small molecules

Ligand

a-Herceptin
Rituxan
b-CD19

a-RGD
b-NGR

a-Transferrin
LHRH

a-Pegaptanib

a-Folate
b-Galactose

Targets

-HER2
-CD20
-CD19 antigen

-avb3 mtegrins,
-Aminopeptidase N

-Transferrin
receptor

-LHRH receptor

-VEGF receptor

-Folate receptor
-Asialoglyco-
protein

receptor

Advantages

High affinity and
strong binding:
already in clinical
trials;
therapeutic
potential

High affinity

Already in clinical
trials

Possible to develop
for any target

Low production
cost,

low molecular
weight; simple
chemistry

Limitations

High production
cost;
pharmacokinetics;
‘binding site
barrier effect™;
potential
mmunogenicity

Reduced circulation
half-life

High production
cost

High production
cost

Could reduce
circulation time

Clinical approve

a-Approved as
antimetastatic
breast cancer (i.e.
trastuzumab).
b-Approved as HIV
Medicines.

a-['8F] Galacto-
RGD is approved as
RGD PET tracer in
human.
b-NGR-hTNF/DOX
as vascular
targeting agent is in
phase 1b.

a-SGT-53. ascFv
anti-TfR1 liposome
complex is in Phase
T and II.

a-Approved as
Macugen
(Pegaptanib
Sodium)
Injection.

a-Phase II.
b-Not approved yet
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For example, Miura and coworkers utilized PEG-poly glutamic acid and maleimide

conjugated PEG-poly glutamic acid in the study. Integrins, abundantly expressed in

angiogenetic areas and malignancies, were targeted with cRCD peptides in Figure 1.9. As a

control experiment, the non-targeting ligand cRAD was also employed. When compared to

micelles decorated with non-targeted ligand cRAD, confocal laser scanning microscopy

studies revealed that cRGD linked polymeric nanoparticles gathered quickly and had high

permeability from vessels into the tumor cell parenchyma, even though both cRGD and

cRAD-linked micelles have similar size, surface charge, and amount of loaded drug [76].
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Figure 1.9. The design and synthesis strategy for the ligand-linked DACHPt/m is
depicted in this diagram. Reprinted from [76].

1.3.2. Polymeric Nanocarriers in Cancer Treatment

Conventional chemotherapy agents comprised of small molecule cytotoxic agents are
typically used to treat cancer. As chemotherapeutic drugs are toxic, they perform well, but
they also harm healthy cells, causing side effects that can impair their overall effectiveness.
Many drugs used in cancer treatment are hydrophobic and must be dissolved using a toxic
solubilizer, which can cause adverse side effects. Hydrophobicity is also linked to poor
Kinetics, a high amount of protein binding, and thus a small apparent volume of distribution
[77]. Because cancer medications are small molecules, they influence the entire body,
including healthy cells. They can produce side effects such hair loss, nausea and vomiting,
exhaustion, hearing loss, and infection susceptibility [78]. They also have a short half-life
and undergo rapid clearance. As a solution to these challenges, incorporating chemotherapy
agents within biodegradable nanomaterials through physical encapsulation or chemical

linkages has been actively investigated.

Nanoparticles employed in medical therapy often have certain diameters, shapes, and
surface composition since these three factors significantly impact the effectiveness of
nanocarriers transport and hence therapeutic effectiveness control [79, 80]. Nanocarriers
have been used for many years, and there are even those on the market in Figure 1.10.
Nanomaterials with a size of 10 to 100 nm are commonly used in cancer treatment because

they may carry medications efficiently and have an increased permeability and retention



15

(EPR) effect. Smaller particles can easily leak from normal vasculature, causing harm to

normal cells, and can be quickly processed by kidneys (just under 10 nm in diameter),

however particles bigger than 100 nm are more likely to be eliminated from circulatory by

phagocytic cells. Furthermore, nanoparticle surface properties can affect bioavailability and

half-life. Nanocarriers coated using hydrophilic materials like as polyethylene glycol (PEG),

for example, reduce deposition and hence prevent immune system clearance. As a result,

nanocarriers are frequently modified to render them hydrophilic, which prolongs drug

circulation and improves drug permeation and retention in malignancies [81, 82].

Nanocarriers' therapeutic impact in cancer management is determined by their many features

taken together.
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Figure 1.10. Timeline of FDA Approval of Therapeutic Nano and Microparticles.
Reprinted from [83].

1.3.3. Polymer Dendron Conjugates as Drug Delivery Systems

The architectural perfection of dendritic structures distinguishes them from traditional

polymers [84—-86]. Dendrimers are spherical monodisperse macromolecules that are usually

highly symmetric [87, 88]. Dendrimers and dendrons are tree-like branched polymeric
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architectures in Figure 1.11 [89]. Depending on the generation, the size of dendrimer can be
tuned from 1 to 10 nanometers. Dendrimers are made up of three major components: core,
branches, and changeable periphery. These well-defined monodisperse architectures are
synthesized using a stepwise manner using highly efficient organic reactions. Dendrimers
can be made using one of the two methods: a divergent approach, or a convergent approach.
In the divergent method, synthesis starts with a reactive core to generate generation, and then
functionalize the molecule's periphery. Higher generation dendrimers are obtained by
following these reactions in an iterative manner, usually requiring a protection-deprotection

sequence.

® core + focal point
Y repeat branched units
? surface group

dendrimer dendron

Figure 1.11. Schematic structural illustration of a dendron. Reprinted from [89].

In recent years, dendron-polymer copolymers have emerged as an attractive polymeric
precursors for the fabrication of nanosized drug delivery systems in Figure 1.12 [90].
Dendrons can be combined with polymers to obtain architecturally different constructs [91],
[92]. While linear polymers usually have a random-core structure, addition of dendrons onto
the polymer backbone makes the structure more extended due to the steric hindrance. Thus,
the conformation takes a cylindrical or rod like structure after attachment of several
generations of dendrons to side chains or polymer ends. Dendron conjugated polymers have
been widely used in drug delivery and pharmaceutical applications due to their improved

physical properties and multifunctionality [93]. Among the possible structures, the dendron-
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polymer conjugates such as linear AB diblock or ABA triblock copolymers have been

extensively studied to assemble in micellar form.

Dendron-Polymer \

Diblock

Dendronized Polymer

Nanostructures
For Drug-Delivery

Dendron-Polymer Dendritic Core
Triblock Star Polymer

Figure 1.12. Various dendron-polymer conjugates utilized for fabrication of

nanosized drug delivery systems. Reprinted from [90].

Polymeric micelles are an emerging class of promising platforms for cancer
therapeutics. In general, amphiphilic macromolecules composed of a hydrophilic and
hydrophobic block are used as building blocks for polymeric micelles [94]. Micellar drug
formulation has been proven in preclinical and clinical research to have various advantages,
including improved drug solubility, longer drug circulation duration, passive tumor targeting
via EPR effects, and improved drug tolerance [95]. Moreover, targeting group can be used
to improve accumulation of nanoparticle in tumor tissue. Since micelles are stabilized
through non-covalent hydrophobic interactions, their stability can be compromised upon
dilution, usually a situation confronted upon in vivo administration. To further improve their
aqueous stability, core and shell crosslinked micelles have been investigated as pragmatic

drug delivery systems.
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An early example of dendron-polymer conjugate based DDS was reported by Pan and
coworkers. When compared to a linear polymer-DOX conjugate, Pan and colleagues found
that a dendronized polymer-doxorubicin (DOX) hybrid (DPDH) had better in vivo drug
delivery efficiency for cancer therapy (LPDC). Since a larger proportion of DOX is released
at pH 5.2 at a faster pace than at pH 7.4, the in vitro drug release pattern of DOX implies
that DPDH exhibits pH-responsive drug release due to hydrazone bond cleavage. DPDH
penetrates 4T1 cells efficiently and releases DOX, causing cytotoxicity and apoptosis.
DPDH has a substantially longer blood circulation duration than LPDC because to its
dendronzied structure. Cancer progression inhibition, TUNEL assessment, and histological
analysis all show that DPDH significantly outperforms LPDC and free medication in
suppressing tumor growth in a 4T1 breast cancer model. Hemolysis, body weight
fluctuations following treatment, and pathological investigation all indicate DPDH's
biosafety. This research shows that using dendronized polymer-DOX hybrids for specific

drug molecules is a promising drug delivery method [96].

More recently, Sanyal and coworkers reported that two types of micellar systems using
polymer—dendron conjugates in Figurel.13. AB type diblock build utilizing a 2K PEG and
an ABA type triblock construct using a 6K PEG as the B block. The hydrophobic component
used in both constructions was a fourth generation polyester dendron (block A). The micellar
system was created with the ability to insert varying amounts of targeted ligands onto their
surface. An additional dendron—polymer construct with a cyclic RGD targeting group was
introduced to achieve this. The micellar carrier was utilized to encapsulate the widely used
anti-cancer medication docetaxel, and the effect of the micellar carrier on treatment efficacy
was tested in vitro on two RGD-sequence recognizing cancer cell lines, the MDA-MB-231
human breast cancer and the A549 human lung cancer. From this study it was deduced that
micellar nanostructures with high degree of stability could be obtained by using an AB-type
dendron-polymer conjugate by employing a fourth-generation dendron which provided an
ideal hydrophilic-hydrophobic balance. Thus in this thesis, most of the constructs are
fabricated using higher generation dendrons. Although, it should be noted that it is possible
to obtain stable constructs with lower generation dendrons, provide the micellar structures

are covalently crosslinked after their self-assembly.
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Figure 1.13. Micelles can be passively and actively targeted in the tumor

environment. Reprinted from [97].

Micellar systems formed in PDC can also be designed to be sensitive to stimuli. Some
variables, including as pH, reduction, and light intensity, are extremely sensitive to these
polymeric micelles [98]. The pH of tumor tissues differs from that of normal tissue. The pH
of tumor tissue is roughly 5.5. This acidic media allows polymers to disperse into unimers.
In acidic environments, ortho ester, hydrazone, cis-aconityl, and acetal bonds, for example,
are extremely vulnerable to breaking down, and thus can be used as linkages to conjugate

the drug or stabilize the micellar constructs during transport and accumulation in the tumor.

1.4. Cryogels as an Emerging Scaffold for Biomedical Applications

Apart from soluble and dispersible polymeric supports, solid polymeric interfaces are
also indispensable for various biomedical applications. In particular, hydrogels, a class of
crosslinked hydrophilic polymers with high water uptake capacity is employed as
bioimmobilization support for diagnostic applications, as drug delivery devices and
scaffolds for tissue engineering. Although over the past several decades hydrogels have been
investigated as scaffolds enabling therapeutic delivery of both small molecules and
biomolecules, their performance can be limited due to lack of high porosity. Presence of
large pores are often desirable so that biomolecules and cellular materials can infiltrate into

the interior of the scaffold. This characteristic is especially important if these scaffolds are
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utilized as scaffolds for biomolecular separations, where facile flow through the polymeric
materials is advantageous. Likewise, macroporosity is an inherent requirement for scaffolds
if they are going to be employed for tissue engineering. Cells should be able to spread
throughout the polymeric materials to enable three-dimensional tissue formation. A special
class of gels, termed as cryogels, provides a viable solution to many of the limitations of
hydrogels. In recent years, cryogels (CGs) have emerged as a compelling alternative to
hydrogels [99]. Figure 1.14 shows that cryogels are macroporous gel networks created by
crosslinking of monomers and/or polymeric precursors at subfreezing temperatures.
Cryogels have a larger porosity than typical hydrogels, resulting in improved swelling ability
and, as a result, improved loading and release characteristics. Apart from simplicity of
fabrication of cryogels, an added advantage is possibility of using aqueous solvents,
depending on the choice of monomers. In spite of the highly porous nature of these materials,
these materials possess adequate osmotic durability and mechanical strength, thus making

them materials of interest for a number of biomedical applications.

Ice crystal

Gel
Formation

Initial System (polymer or Ice crystals formed
monomer, cross-linker and/or
initiator)

Figure 1.14. Schematic illustration of cryogelation technique.

Although there is renewed interest in these materials, early reports on cryogels dates
back to 1908 [100]. Lottermoser was perhaps one of the first to describe the creation of
honeycomb structures in materials when they were frozen. Bobertag et al. observed
structural changes in the first frozen, then remelted material, which they explained as the
result of expanding ice crystals exerting forces on the matter, which is expelled from the
liquid carrier and trapped between the crystals as it freezes. According to the literature, the

first few applications of cryogels was published by Lozinsky et al. They were focused on



21

the immobilization of bacterial cells and enzymes onto cryogel matrices. Citrobacter

intermedius cells were entrapped in 10% poly(vinyl alcohol) cryogel beads [101].

Some of recent studies proved that cryogels outperform standard hydrogels for the
conjugation and release of anti-cancer medicines in a study. Sanyal and coworkers reported
that the development and testing of novel bulk hydrogels and cryogels with N-
hydroxysuccinimide (NHS) activated carbonate moiety as reactive groups for drug molecule
attachment and slow release via a hydrolyzable carbamate linker in Figure 1.15. Hydrogels
and cryogels containing different ratios of reactive monomers were synthesized. When the
water holding capacity and drug release profile of hydrogels are compared due to their
nonporous structure, it was observed that they had worse water holding capacity and drug
release than cryogels, as expected. Cryogels with very porous microstructures were created
to achieve a significant level of drug release in a short period of time. Through the creation
of a hydrolyzable carbamate link, the resulting cryogels were functionalized with the amine-
containing anti-cancer medication doxorubicin. At somewhat acidic conditions, the release
of doxorubicin from the cryogel was significantly boosted and sustained, according to the

release studies [102].
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buffer pH = 5.4. Reprinted from [102].
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Apart from drug delivery scaffolds, cryogels can be used as polymeric interfaces for
diagnostic purposes such as protein sensing. The macroporous nature of cryogels allows easy
diffusion of large biomolecules and thus interact with the ligands throughout the gel matrix.
In this regard, cryogels containing ‘clickable’ reactive groups are quite attractive since they
can be decorated with ligands of interest in a facile and efficient manner. In a recent work,
Sanyal and coworkers described cryogels with thiol-reactive maleimide groups for protein
attachment and identification. They used furan-protected maleimide-containing monomers
to introduce the reactive maleimide group into the cryogel matrix. The monomer contains a
lengthy hydrophilic linker that acts as a spacer seen between thiol-conjugation domain and
the cryogel matrices. The resulting cryogels were successfully prepared with a thiol-
bearing protein, including such albumin, or with thiol-bearing ligands to provide ligand-
targeted protein immobility or detection. The ability of cryogels to bind ligand-directed
proteins including streptavidin as well as Concanavalin A (ConA) proves its viability as a
protein detection platform. In particular, a comparison was made between hydrogels and
cryogels to demonstrate that the higher matrix porosity of cryogels leads to their superior
performance in Figure 1.16.

s

Accessibility

=~

Figure 1.16. Schematic illustration of impact of linker length and porosity on the
extent of biomolecule conjugation onto gel substrates. Reprinted from [103].
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The short overview presented above suggests that polymeric materials play a vital role
in providing solutions to many health-related areas. The increasing demands for functional
materials in the health sector necessitate the design and fabrication of novel materials to
meet present challenges. This thesis explores the fabrication of novel stimuli-responsive
polymeric materials and assesses their preliminary performance in drug delivery and

biomolecular sensing areas.
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2. RESEARCH OVERVIEW

This thesis includes four research projects involving the design and synthesis of
polymeric materials for biomedical applications. These projects can be classified under two
broad topics: fabrication of dendron-polymer conjugate (DPC) based stimuli-responsive
micellar nano-aggregates as drug delivery vehicles, and stimuli-responsive macroporous

cryogel (CG) scaffolds for applications such as protein immobilization and cell culture.

The first three chapters focus on the fabrication and application of micellar structures
derived from the self-assembly of DPCs in aqueous media. Obtained nano-aggregates are
characterized and evaluated for loading and release of anticancer drugs. Also, in two
chapters, cyclic peptides are integrated into DPC structures to enable targeted delivery to
cancer cells that over-express specific receptors. A critical aspect of such delivery platforms
is their stability upon dilution; a scenario faced upon intravenous administration. Two
different approaches are evaluated in this thesis. The first approach involves stabilization
through crosslinking of the self-assembled nanostructures. In the second approach,
utilization of higher generation hydrophobic dendrons and changing the architecture of DPC
from diblock to the side-chain dendronized copolymer. Furthermore, while the constructs in
the first chapter are acid-sensitive degradation, the latter two chapters use a disulfide-based
redox-responsive linkage between the dendron and the polymer.

In the final chapter, we employ disulfide-based chemistry to fabricate redox-
responsive cryogels. It is demonstrated that scaffolds obtained using cryogenic photo-
polymerization can be reversibly functionalized using thiol-containing small molecules and
bioactive ligands. Selection protein immobilization/sensing on such scaffolds was evaluated.
Cytocompatibility of such materials is also evaluated to assess their suitability for possible

tissue engineering applications.
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In conclusion, employing developments in contemporary organic and polymer
chemistry, this dissertation describes the design and synthesis of novel micellar

nanostructures and gel-based materials that can be adapted for various biomedical

applications.
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3. DENDRON-POLYMER CONJUGATE BASED CROSSLINKED
MICELLES: A ROBUST AND VERSATILE NANOSYSTEM FOR
TARGETED DELIVERY

The materials in this chapter have been adapted from the following article:
Calik, F., A. Degirmenci, M. Eceoglu, A. Sanyal, and R. Sanyal, "Dendron-Polymer
Conjugate Based Cross-Linked Micelles: A Robust and Versatile Nanosystem for
Targeted Delivery", Bioconjug. Chem., VVol. 30, No. 4, pp. 1087-1097, 2019.

3.1. Introduction

Nanoparticle based drug delivery carriers are emerging as a viable platform since they
are able to address many of the challenges faced in conventional cancer therapeutics such as
high toxicity and non-specificity of drug molecules toward disease cells and their short
residence time in the body. Nano-therapeutic platforms based on liposomes have been
clinically administered for decades to elongate the residence time of therapeutic agents in
the body, as well as reduce their systemic toxicity. Due to the fragile nature of liposomal
constructs, investigations in recent years have focused on the evaluation of polymer based
micellar structures. The enhanced stability of these nanostructures, coupled with the wide
variety of possible structural and compositional variations make these promising candidates
for drug delivery. As with most nanosized carriers, polymeric micelles benefit from
preferential accumulation in tumor tissues due to the enhanced permeability and retention
(EPR) effect. Furthermore, recent advances in design and synthesis of functionalizable

polymers, allow conjugation of various receptor homing groups to allow ‘active’ targeting.

While micellar delivery platforms have many of the abovementioned positive
attributes, several aspects still require further consideration and improvement [104]. One of
the main challenges is the stability of such systems upon dilution. After intravenous

administration, micelles are diluted and thus encounter risk of dissociation, which would
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cause premature drug release before the micelles reach the target diseased tissue. Among
several approaches toward further stabilization of micelles, core or shell crosslinking based
strategies have been evaluated. Apart of resisting disassembly upon dilution, crosslinking of
the structure may also modulate the drug release profile. An ideal micellar system would
exhibit a large difference in release rates under physiological condition encountered during

transport versus under in acidic or redox environment of cancerous cells.

Dendritic structures have been utilized as components that form the hydrophobic core
to increase the stability of micellar constructs. In an amphiphilic dendron-polymer
conjugate, the branched structure of hydrophobic dendrons leads to enhanced hydrophobic
interactions which stabilizes the structure. Unfortunately, the requirement of high volume of
the hydrophobic component to obtain a suitable amphiphilic balance calls for employment
of high generation dendrons, unless very hydrophobic peripheral groups like aromatic ones
are employed [105]. While micelles may be obtained with lower generation dendrons, they
usually disassemble upon dilution. In this regard, core-crosslinking of micellar structures
after their assembly has been exploited as a viable strategy to address this challenge. Thus,
we envisioned that it should be possible to employ dendron polymer conjugates with a lower
generation dendron, which upon crosslinking should gain the desired stability against

dilution.

Herein, we report the fabrication of dendron-polymer conjugate based targeting group
bearing core-crosslinked micellar structures as drug delivery vehicles in Figure 3.1. The
dendron polymer conjugates are obtained using Huisgen type ‘click’ reaction based coupling
of an orthogonally functionalizable dendron containing an alkyne unit at the focal point and
alkene functional groups at the periphery with an azide terminated hydrophilic copolymer.
Polyester dendrons were chosen due to their biodegradable and hydrophobic nature.
Hydrophilic copolymers containing amine reactive activated ester groups as side chains and
azide group at chain end were obtained using controlled/living polymerization. While the
chain end azide unit provides conjugation with the alkyne containing dendron, the amine
reactive groups were used as handles to install cyclic peptide based targeting moieties.
Obtained peptide bearing dendron-polymer conjugates were evaluated for preparation of
micelles loaded with doxorubicin, a clinically administered anticancer drug. The micellar

structures were core-crosslinked with tetrathiol-based crosslinkers using the alkene groups
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at the periphery of dendrons using the radical thiol-ene reaction. The non-crosslinked and
crosslinked micelles were compared with regard to their stability and drug release under
neutral and acidic conditions. Finally, in vitro cytotoxicity and internalization studies were
carried out with the best micellar candidates against MDA-MB-231 breast cancer carcinoma

cells.

[
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Figure 3.1. lllustration of fabrication of drug loaded core-crosslinked targeted
micelles.

3.2. Experimental Section

3.2.1. Materials

2,2-Bis(hydroxymethyl)propionic acid, Dowex X50WX2, propargyl alcohol, 4-
pentenoic anhydride and N,N-dicyclohexylcarbodiimide (DCC) were purchased from Alfa
Aesar. Pentaerythritol tetrakis(3-mercaptopropionate), di(ethylene glycol) methyl ether
methacrylate (DEGMA), N,N,N' N",N'-pentamethyldiethylenetriamine (PMDETA) and
copper(l)bromide  (Cu(l)Br) were purchased from Aldrich. 2,2-Dimethoxy-2-
phenylacetophenone (DMPA) was obtained from Acros. Synthesis of cRGDfK was
achieved through solid phase peptide synthesis (SSPS, PS3 Peptide Synthesizer, Protein
Technologies Inc., USA) [106]. All solvents were purchased from Merck and used as
obtained without further purification unless otherwise noted. Ultrapure water was obtained
using Milli-Q Water Purification System (Milli-Q system, Millipore, Billerica, MA, USA).
Azide functionalized initiator was synthesized according to literature procedures [107]. N—
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hydroxysuccinimide methacrylate (NHSMA) monomer was synthesized using literature
procedure [108]. Third generation polyester dendron containing alkyne unit at the focal point

was synthesized according to literature [109].

3.2.2. Instrumentation

Chemical compositions of small molecules, dendrons and polymer were characterized
using *H NMR spectroscopy (Varian 400 MHz). Micellar formations were characterized
their critical micellar concentration and size using fluorescence spectrophotometer (Varian
Cary Eclipse, Agilent, USA) and Zetasizer Nano particle analyzer (Malvern), respectively.
The molecular weights of the polymers were estimated by size exclusion chromatography
(SEC) analysis using a PSS-SDV (length/ID 8 x 300 mm, 10 um particle size) Linear M
column calibrated with polystyrene (PS) standards (1-150 kDa) using a refractive-index
detector. Tetrahydrofuran (THF) was used as eluent at a flow rate of 1.0 mL/min at 30 °C.
UVP Black-Ray B-100AP/R High Intensity UV lamp (100 Watt / 365 nm) was used for
crosslinking experiments. During the internalization experiments, cells were visualized
using Zeiss Axio Observer inverted fluorescence microscope (Carl Zeiss Canada Ltd,
Canada). The dry micellar constructs were visualized on a holey carbon film coated 300
mesh Cu-grid (Pacific Grid Tech, USA) using a LVEMS electron microscope on

transmission electron microscopy (TEM) mode (Delong Instruments, USA).

3.2.3. Synthesis of cRGDfK Containing Polymer-Dendron Conjugate (PDC-R)

In order to attach targeting moiety, polymer dendron conjugate (PDC) was synthesis
according to previously reported protocol [110]. After obtaining PDC, targeting group was
utilized on it. In a 5 mL reaction flask, conjugate (5.0 mg, 0.00075 mmol), cRGDfK (10.8
mg, 0.018 mmol) and DMAP (12.8 mg, 0.104 mmol) were added, sealed and purged with
N2. The mixture was dissolved in anhydrous DMF (0.25 mL). The reaction was stirred at
room temperature for 5 days. Then 1-amino-2-propanol (1.65 pL, 0.021 mmol) was added
to the reaction mixture and stirred at room temperature 24 h, to convert the residual reactive

groups. After evaporating DMF, residue was dissolved in water (2 mL) then acidified with
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HCI solution (0.1 M, 0.25 mL). Polymer containing solution was dialyzed with deionized
water to remove unbound cRGDfK. The solution in dialysis bag was freeze-dried to obtain
the cRGDfK containing conjugate (70 % yield). For fabrication of non-targeting group
containing micelles for control experiments, a polymer dendron conjugate (PDC-C) was
synthesized by converting all NHS-groups by treatment with 1-amino-2-propanol using the

abovementioned protocol (58% yield).

3.2.4. Micelle Formation from Polymer-Dendron Conjugate and Related

Measurements

Co-solvent evaporation method was used to prepare micelle solution and measure
critical micelle concentration (CMC). Briefly; various concentrations of the conjugate,
ranging from 10° M to 10° M (in 3 mL water) were dissolved in 500 uL THF. Pyrene
solution was added to all samples and the last concentration of pyrene was set to 6.107 M
for each sample. Then, Milli-Q water (3 mL) was added to all samples dropwise and these
mixtures were kept open to air to evaporate the organic phase. Fluorescence experiments
were carried out for all samples to determine the CMC. Pyrene excitation spectra were
recorded using a fluorescence spectrometer at emission wavelength of 390 nm. The
excitation fluorescence at 300 and 360 nm was monitored. The intersection of the CMC

values were calculated while extrapolating the intensity ratio Iszs/ l33a.

3.2.5. Core Crosslinking Experiments.

Polymer-dendron conjugate (PDC-R or PDC-C) (3 x 10> mmol) was dissolved in THF
(300 pL). Concentration of copolymer was approximately 100 fold above CMC. In a
separate dark vial, solution of pentaerythritol tetrakis(3-mercaptopropionate) (6 x 107°
mmol) in THF (30 pL) and solution of DMPA (2.4x10° mmol) in THF (10 pL) were
prepared and added into the polymer solution. Then, Milli-Q water (3 mL) was added
dropwise. Mixture were kept open to air to evaporate the organic phase. The resulting
solution was crosslinked by applying UV irradiation (365 nm) for 30 min from a distance of
10 cm.
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3.2.6. Stability Experiments

In order to check the stability of micelle, size measurement was performed using
dynamic light scattering (DLS). NCL and CL micelle samples at CMC concentrations were
prepared using PDC-R. Samples were diluted to CMC x 107, Then, size of micelles were
examined using DLS. In addition, the colloidal stability of the CL micelles was also

evaluated after 72 hours of incubation in 10% FBS solution.

3.2.7. Encapsulation and in vitro release of DOX

DOX was loaded into micelles using co-solvent evaporation method. The amount of
DOX loaded was calculated by fluorescence spectrophotometer. For determination of drug
loading content, the DOX-loaded NCL and CL micelles were freeze-dried and dissolved in
DMSO and the DOX content was evaluated via fluorescence measurement using DOX
calibration curve. The drug-loading capacity (DLC) were calculated as

DLC (wt%) = (weight of loaded drug/total weight of polymer with drug) x100%

and efficiency (DLE) as

DLE (%) = (weight of loaded drug/weight of drug in feed) x 100%.

To determine the release kinetics of DOX from CL and NCL micelles in vitro, dialysis
membrane (MWCO 3500) was used under sink conditions with gentle shaking (260 rpm) at
37°C in two different buffer media. Drug loaded CL and NCL micelle solutions (1 mg/mL)
were prepared by co-solvent evaporation method. These solutions were placed into dialysis
bags and immersed in 20 mL of acetate buffer (pH 5.4) and phosphate buffer (pH 7.4)
separately and incubated at 37 °C for 30 hours. At predetermined time points, the outer phase
of dialysis membrane was removed and replenished with an equal volume of fresh release
media. The amount of DOX released was determined by using fluorescence spectroscopy
(excitation at 485 nm). The release experiment results presented are average data with

standard deviations.
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3.2.8. Invitro Cytotoxicity.

In this study, MDA-MB-231 human breast cancer cells (purchased from ATCC (LGC
Standards, Germany)) were used for cytotoxicity experiments. Cells were grown in RPMI
medium according to manufacturer’s culture method requirements and incubated at 37 °C in
a humidified atmosphere of 5 % CO> and kept in logarithmic phase of growth throughout all
experiments. The edge row and column wells of a 96-well plate was filled with distilled
water (100 pL/well). The cells were seeded in rest of the wells, with a 5,000 cell/well density

having medium (100 pL/well) in quadruplicates for each drug concentration.

After 24 h incubation, micelle solutions (in medium) containing DOX between
10*- 1012 M, were placed onto the cells (100 pL/well). For free DOX treatment, DOX was
dissolved in 1mL PBS buffer. After 48 h of incubation, CCK-8 assay was applied to
determine cell viability. For this assay, CCK-8 solution (10 %) containing medium (60
pL/well) was applied and incubated for additional 2 h. The absorbance measurements were
obtained with a plate reader (Multiscan FC, Thermo Scientific, USA) at 450 nm. Based on
these absorbance values, EC50 values of different micelles and free DOX were calculated

with Graph Pad Prism software by nonlinear regression analysis.

3.2.9. Cellular Internalization

For cellular internalization, MDA-MB-231 adenocarcinoma cells (75 000 cells/well)
were seeded in 12-well plate as duplicate in culture media (1 mL). The cells were incubated
at 37 °C for 24 h. Neutral doxorubicin (DOX), DOX-doped targeted and non-targeted
micelles (0.04 mg/mL DOX concentration) were added onto the wells. For competitive
internalization, free RGDfV was added as an inhibitor to another set of wells containing
DOX-doped targeted micelles. After addition of micelles, cell media were removed at
several time points (1, 3, 24 h) during incubation. Then, cells were washed with PBS (3 x
500 uL). Cells were fixed using 4 % formaldehyde solution for 10 min at 37 °C and incubated
for 15 min for DAPI nuclei staining. Images of stained cells were obtained using Zeiss

Observer Z1 fluorescence microscope and processed with AxioVision software.
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3.3. Results and Discussion

3.3.1. Synthesis of Targeting Group Containing Polymer-Dendron Conjugate

Well defined hydrophobic dendron and hydrophilic polymeric building blocks were
used for synthesis of the amphiphilic polymer-dendron conjugate. The hydrophilic
copolymer segment also contained N-hydroxysuccinimide (NHS) activated ester groups to
enable installation of the amine group bearing cyclic peptide based targeting ligand [111].
An orthogonally functionalizable dendron was designed to enable reactions in a selective
manner at its focal point for conjugation to the polymer and its periphery for subsequent
micellar crosslinking. Such dual clickable dendrons allow facile access to various multi-
functionalizable polymer-dendron conjugates using click reactions [112]. The hydrophobic
polyester dendron was synthesized from the third generation dendron containing an alkyne
group at the focal point and hydroxyl groups at its periphery. Deprotection of the acetonide
groups of the dendrons was achieved via treatment with DOWEX, H* yielding hydroxyl
surface groups. Alkene units required for subsequent crosslinking of the micellar core was
incorporated by treatment with an alkene-containing anhydride. The azide group containing
hydrophilic polymeric segment was synthesized using atom transfer radical polymerization
(ATRP) of di(ethylene glycol)methacrylate (DEGMA) and NHS-methacrylate (NHSMA).
Number average molecular weight (Mn) for the DEGMA-co-NHSMA copolymer was
deduced as 3.4 kDa from SEC analysis. The incorporation of the amine reactive NHS group
on the polymer chain was confirmed from the presence of proton resonance at 2.77 ppm

belonging to the methylene protons of the succinimide ring in the *H NMR spectrum.

To obtain the amphiphilic dendron-polymer conjugate, the two blocks were coupled
using the Huisgen-type Cu(l) catalyzed alkyne-azide ‘click’ reaction. After purification of
the conjugate by precipitation in ether to remove the unreacted dendron, the product was
analyzed using *H NMR spectroscopy. As expected, a proton resonance at 7.70 ppm
belonging to the triazole proton was observed, apart from the characteristic proton
resonances from the polymer and dendron components in Figure 3.2. Additionally, a

molecular weight increase to Mn = 5900 Da upon attachment of dendron to the polymer was
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evident upon comparison of the SEC traces of the dendron, copolymer and the polymer-

dendron conjugate (PDC) in Figure A2.
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Figure 3.2. *H NMR spectrum of polymer-dendron conjugate

Thus obtained reactive PDC was utilized for attachment of cRGDfK using DMAP as
a catalyst in DMF at room temperature in Figure 3.3. The residual peptide was removed
through dialysis against water. Successful conjugation of the cyclic peptide onto the PDC to
afford the targeting group containing construct PDC-R was verified by H NMR
spectroscopy in Figure 3.4. Residual NHS-activated ester groups on the conjugate were
treated with 1-amino-2-propanol to eliminate any undesirable interaction in the biological
media. The characteristic peaks of cRGDfK were clearly observed in the *H NMR spectra
of PDC-R. The newly formed doublets between 7.23 ppm and 7.18 ppm belong to the
protons of the phenyl group in cRGDfK. Extent of peptide functionalization was deduced as
close to 10%, which was deemed to be sufficient since a micellar construct will possess a
large number of polymeric chains, which would display multiple targeting motifs. For
control experiments, a dendron-polymer conjugate (PDC-C) devoid of any targeting peptide
was prepared where all activated ester groups were converted to unreactive form by

treatment with 1-amino-2-propanol in Figure Al.
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3.3.2. Determination of Critical Micelle Concentration (CMC)

CMC of the PDC-R was determined using pyrene, a hydrophobic fluorescence probe.
Micelle formation above a certain concentration of the amphiphilic conjugate in aqueous
media, results in an increase in the amount of solubilized pyrene, which is accompanied by
an increase in the intensity of the pyrene emission peak. In addition, the maxima of the peak
shifts from 334 nm to 338 nm upon micelle formation. The CMC is calculated from the
intersection when extrapolating the intensity ratio lsss/lss4 at low and high concentration
regions. Using this approach, CMC value of PDC-R and PDC-C constructs were determined
as 7.47 x 107 M and 1.02 x 107 M, respectively in Figure 3.5 and Figure A3. The CMC
values of the conjugates are close to each other since they have similar molecular weight

and they both have the same hydrophobic core.
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Figure 3.5. Pyrene excitation spectra of PDC-R based micelles. Left inset: 133g/l334 VS
log concentration graph to calculate CMC value.

3.3.3. Preparation and Characterization of Crosslinked Micelles

Stability towards severe dilution as experienced upon injection into the bloodstream is
an important aspect for consideration. Stability of micellar integrity also warrants minimal
drug release before reaching the target tissue. Increased stability through core crosslinking

was investigated in this study. After determination of the CMC of polymer-dendron
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conjugates, thiol-ene chemistry was applied to undertake core-crosslinking. A hydrophobic
tetra-thiol crosslinker and a photoinitiator 2,2-dimethoxy-2-phenylacetophenone (DMPA)

was utilized for crosslinking under UV irradiation (365 nm) for 30 min in Figure 3.6.

DMPA, H,0

Thiol-ene
Core Crosslinking

Figure 3.6. Synthesis of CL-R from copolymer PDC-R.

The diameter of micelles assembled from PDC-R with and without encapsulation of
DOX were determined using DLS. Without any drug encapsulation, it was observed that
targeting group containing non-crosslinked (NCL) micelles NCL-R were slightly larger in
size when compared to the core crosslinked (CL) micelles CL-R, suggesting that
crosslinking leads to decrease in their diameter in Figure 3.7a-e. It was also observed that
drug loaded micelles possessed slightly smaller average size when compared with the empty
ones (122.1 nm vs 126.6 nm). It can be postulated that this happens due to hydrophobic
interactions between DOX, a hydrophobic drug, and the hydrophobic polyester dendron
core. Size analysis of dry micellar constructs using TEM showed that drug loaded
crosslinked micelles possessed a well-defined and slightly larger size than the non-
crosslinked drug loaded micelles in Figure 3.7f. The average size of dry micelles from TEM
were calculated as 29.8 nm and 50.4 nm for the drug loaded non-crosslinked and crosslinked
micelles, respectively. As expected, the sizes of drug loaded micelles measured using DLS
are larger than measured from TEM, since the micelles are in their hydrated state in the
former measurement. The size difference in hydrated and dry states suggests that a more
collapsed structure smaller in size in the dry state is formed for the drug loaded NCL
micelles, while the drug loaded CL micelles shows less compaction upon drying, perhaps

due to increased rigidity of the core due to crosslinking.
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Figure 3.7. (a-d) Size distributions of drug loaded and empty crosslinked (CL-R) and

non-crosslinked (NCL-R) micelles from PDC-R, (e) comparative Z-average diameter of

micelles as determined by DLS at 37 °C, and (f) TEM micrographs of drug loaded NCL-R

and

CL-R micelles.

In order to check the colloidal stability of these micelles, DLS measurements were

taken. Each of the samples was extensively diluted using water and the change in size with

respect to concentration was monitored via DLS. Although CMC value of PDC-R is

7.47x1077 M, upon dilution micelles remained stable even at 7.47x10*° M, which suggests

that the crosslinked micelles are quite resistant to severe dilution However, as expected, the
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non-crosslinked micelle disintegrated into unimers below the CMC value in Figure 3.8a-b.
Additionally, crosslinked micelles maintained their size upon exposure to 10% fetal bovine

serum (FBS) solution, thus suggesting that they should remain stable in biological milieu in
Figure A4.
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Figure 3.8. Stability of a) Crosslinked (CL-R) and b) Non-crosslinked (NCL-R)
micelles from PDC-R against dilution as probed using DLS.

3.3.4. Drug Loading into NCL and CL Micelles and Release

Drug loaded micelles were obtained by dropwise addition of distilled water to a THF
solution of DOX and PDC-R under stirring at room temperature, allowing complete
evaporation of the organic solvent in the dark. The DOX-loaded micelles were crosslinked
as described above using a tetra-thiol and a photoinitiator DMPA under UV irradiation. The
drug loading capacity was determined by fluorescence spectroscopy, using a calibration
curve of the drug at five different concentrations. A slightly higher amount of drug loading
was observed for the NCL-R micelles compared to the CL-R micelles (10.72 £ 0.18 vs 7.25
+ 0.19) with corresponding drug loading efficiencies as 89.3 £ 1.5 and 60.4 £ 3.2,

respectively. This can be expected due to the congestion of the micellar core after the
crosslinking.
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In vitro release behavior of DOX from NCL-R and CL-R micelles were studied
simulating extracellular environment (pH 7.4) and lysosomal environment (pH 5.4) at 37°C
under sink conditions in Figure 3.9. As expected, the release of DOX from the carriers was
observed to be pH dependent. For PDC-R micelles, DOX release was much faster and higher
in acidic medium compared to release in neutral pH. Importantly, a much slower DOX
release was observed from the CL-R micelles compared to NCL-R micelles at pH = 7.4
(12% vs 34% respectively at 8 h). While crosslinking of micelles decreased the overall drug
release (ca. 50%), it is important to note that there was a significant decrease in the drug
release at the extracellular condition (pH 7.4). Since the local drug concentration in the tissue
is expected to be high upon selective accumulation, it is important that drug release from the
carrier is minimum during its transportation to the tumor site. The remarkable change in the
drug release profile due to core crosslinking of the micelles highlights the advantage for
these systems [113].
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Figure 3.9. In vitro release of DOX at pH 7.4 and 5.4 from NCL-R and CL-R

micelles.

3.3.5. Invitro Cytotoxicity and Cellular Internalization

In order to investigate the cytotoxic effect of DOX loaded polymeric micelle and
targeting group-bearing micelle, in vitro cytotoxicity tests were performed using a human
breast cell line, MDA-MB 231. The cells were exposed to a series of equivalent
concentrations of free DOX or DOX encapsulated targeted and non-targeted micelles; drug
concentration was varied between 10* M and 102 M. Cytotoxicity assays revealed that
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while free DOX exhibited an EC50 = 5.698 x 10 M, the DOX loaded non-targeted micelles
(CL-C) and targeting group bearing micelles (CL-R) possessed an EC50 of 7.67 x 107 M
and 1.305 x 10”7 M, respectively in Figure 3.10. As expected, the free drug was found to be
more active than drug loaded polymeric micelles i.e. DOX loaded micelles exhibited lower
cytotoxicity when compared with free DOX for the same drug concentration. Faster
diffusion of the free DOX into the cell nuclei might be the reason for this observation.
Additionally, a slightly better cytotoxic effect was observed for the targeting group bearing
construct (CL-R). Only slight increase observed in the in vitro experiments after 48 h is as
expected since during this time period both the constructs get sufficiently internalized and
release the drug. As expected from the benign chemical composition of the polymeric
building blocks, the polymeric micelles formulated using PDC-R, devoid of any cytotoxic

agent did not show any loss of cell viability.
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Figure 3.10. Viabilities of MDA-MB-231 cells incubated with polymer (PDC-R),
DOX loaded non-targeted micelle (CL-C) and DOX loaded targeted micelle (CL-R), and

free drug after 48h treatment as (a) dot plot and (b) as histogram.

The intracellular localization of free DOX and DOX-loaded polymeric micelles into
the breast cancer cells were investigated using fluorescence microscopy. The MDA-MB 231
cells were incubated with free DOX, DOX loaded CL-C, DOX loaded CL-R, and DOX
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loaded CL-R along with free cRGDfV peptide as a competitive ligand. Each group
demonstrated different level of internalization. Figure 3.11 shows that after 3 h, free DOX
exhibited strong fluorescence intensity in cell nuclei due to faster diffusion [114]. In contrast,
DOX loaded polymeric micelles showed significant fluorescence intensity in the perinuclear
region rather than the cell nuclei in Figure A5. This result demonstrate that DOX loaded
micelles have to diffused into the cells through endocytosis. In addition to this, fluorescence
intensity showed that targeting group bearing micelle (CL-R) showed higher internalization
capacity when compared with drug loaded CL-C micelles. On the other hand, when free
cRGDfV peptide was added with CL-R, since free competitive inhibitor group blocks the
integrin receptors located on the cell membrane, it inhibits the interaction of micelles with
cancer cells. These results clearly demonstrate that the cRGDfK peptide as a targeting
moiety on the micelles facilitates intracellular uptake of DOX loaded micelles and aid

transportation of the drug into the cell, raising the intracellular drug concentration.

Free DOX CL+{ree cRGDfV

Figure 3.11. Fluorescence microscopy images of MDA-MB-231 cells treated with
free DOX and DOX loaded non-targeted (CL-C) and targeted (CL-R) micelles. Cell nuclei
were stained with DAPI (blue). Scale bar = 50 um.

3.4. Conclusions

In summary, polymer-dendron conjugate based crosslinked micelles containing a

peptide based targeting moiety were synthesized. The polymer-dendron conjugate was
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synthesized by clicking an orthogonally reactive hydrophobic biodegradable polyester
dendron together with an azide-terminated copolymer containing activated esters as amine
reactive groups. This micelle precursor was appended with an amine group containing
peptide based targeting group, namely cRGDfK, to fabricate micelles for targeting cancer
cells with overexpressed integrin receptors. While the dendron-polymer conjugates
assembled to provide micelles with low CMC, the constructs were not stable in highly dilute
conditions. To add extra stability against dilution, the alkene bearing dendritic core of these
micelles were crosslinked using the photochemical radical thiol-ene reaction. These drug
loaded core crosslinked and non-crosslinked micelles showed appreciable drug release under
acidic conditions, although slightly higher in case of the non-crosslinked ones. Importantly,
lower drug release under neutral conditions was observed for the core crosslinked micelles
compared to their non-crosslinked micellar counterparts. Thus, the core crosslinking not
only provides very stable micellar constructs, but also suppresses drug release in neutral
environment. Treatment of MDA-MB-231 breast cancer cells with non-targeted and targeted
micelles demonstrated higher internalization of the targeted construct. Furthermore, in vitro
cytotoxicity assay revealed that targeted micelles possessed higher cytotoxicity than the non-
targeted crosslinked micelles. Additionally, the parent polymer PDC-R based construct
devoid of any drug showed no appreciable cytotoxicity. These results suggest that these
dendron-polymer based micellar constructs are benign and biocompatible drug delivery
vehicles. Due to the modular design of the construct, any particular drug and targeting ligand
combination can be incorporated to address different types of cancerous cells. Facile
fabrication of this versatile drug delivery platform suggests that the construct bears potential

for further exploration as a drug delivery vehicle.
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4., REDOX-RESPONSIVE DENDRON-POLYMER CONJUGATES:
VERSATILE BUILDING BLOCKS FOR FABRICATION OF
STIMULI-RESPONSIVE TARGETED DELIVERY SYSTEMS

4.1. Introduction

Cancer is evolving into a widespread global health issue confronting humanity. It has
a far greater mortality rate than many other diseases [115]. Chemotherapy is one of the most
widespread therapeutic approaches for cancer treatment, aside from surgery and
radiotherapy [116]. Unfortunately, most chemotherapy drugs have inherent weaknesses such
as limited water solubility, poor bioavailability, poor distribution network, quick blood
clearance, substantial side effects, and cancer cell drug resistance [117]. For this reason,
designing a drug carrier that predominantly targets and delivers the drug to cancerous tissues
has become an actively investigated approach in recent years. With a better understanding
of the tumor environment in recent years, it has been established that the tumor tissue
generally differs significantly from that of normal tissues, with a low pH and large amounts
of glutathione (GSH) [118]. Besides their nanosized dimensions, attachment of cell-specific
recognition unit and imparting stimuli responsiveness have gained significant attention in
the development of DDS.

Among the stimuli-responsive polymeric materials studied to date, the most common
ones are responsive to changes in the pH and/or redox environments. It is relatively simple
to integrate such stimuli-responsive linkages in the precursors containing hydrophilic and
hydrophobic block domains. In particular, acid-sensitive or reduction-sensitive units are
employed when combining the two blocks at the junction point [119, 120]. If the structures
sensitive to stimuli can be adjusted to disrupt the hydrophilic-hydrophobic balance when the
polymeric assembly reaches a different pH and redox environment, cargo release will occur.
Disulfide bonds are commonly used as a reduction-responsive linkage to aid in the quick
and differential release of anticancer agents in tumor cells and improve antitumor
effectiveness [121, 122].
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Herein, we report the fabrication of redox-responsive dendron-polymer conjugate-
based micellar structures as targeted drug delivery vehicles. The dendron polymer
conjugates were obtained using the thiol-disulfide exchange reaction between a polyester
dendron containing a thiol-reactive pyridyl-disulfide unit at the focal point with a thiol
terminated hydrophilic linear PEG polymer. The choice of the hydrophobic component was
polyester dendrons due to their hydrophobic and biodegradable characteristics. Micelles
constructed using a PEG-thiol and third and fourth-generation dendrons were fabricated, and
their stability in forming micelles was evaluated. After that, a hetero-telechelic PEG polymer
containing a thiol- and carboxylic acid group at chain ends was then utilized to obtain
dendron-polymer conjugates containing functional carboxylic acid group at one end of the
PEG polymer. An activated ester of the carboxylic acids was employed to obtain peptide-
bearing conjugates. A mixture of dendron-polymer conjugate with and without peptide was
used to prepare a targeting group containing micellar aggregates. These constructs were
loaded with doxorubicin, a clinically administered anticancer drug. Obtained micelles were
evaluated for their stability and drug release under neutral and acidic conditions in the
presence and absence of GSH. In vitro cytotoxicity and the cellular internalization of the

drug-loaded aggregates were carried out against MDA-MB-231 breast cancer carcinoma

/—/‘f ° .. d
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—
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Figure 4.1.General scheme of cleavage of disulfide bond reductive environment.
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4.2. Experimental Section

4.2.1. Materials

2,2-Bis(hydroxymethyl)propionic acid, Dowex X50WX2, N,N-
dicyclohexylcarbodiimide (DCC) were purchased from Alfa Aesar. Synthesis of cRGDfK
was achieved through solid phase peptide synthesis (SSPS, PS3 Peptide Synthesizer, Protein
Technologies Inc., USA) [106]. Glutathione reduced ethyl ester (GSH-OEt) was purchased
Cayman. All solvents were purchased from Merck and used as obtained without further
purification unless otherwise noted. Ultrapure water was obtained using Milli-Q Water
Purification System (Milli-Q system, Millipore, Billerica, MA, USA). Third generation
polyester dendron containing pyridyl disulfide group at the focal point was synthesized

according to literature [119].

4.2.2. Instrumentation

Chemical compositions of small molecules, dendrons and polymer were characterized
using *H NMR spectroscopy (Varian 400 MHz). Micellar formations were characterized
their critical micellar concentration and size using fluorescence spectrophotometer (Varian
Cary Eclipse, Agilent, USA) and Zetasizer Nano particle analyzer (Malvern), respectively.
The molecular weights of the polymers were estimated by size exclusion chromatography
(SEC) analysis using a PSS-SDV (length/ID 8 x 300 mm, 10 um particle size) Linear M
column calibrated with polystyrene (PS) standards (1-150 kDa) using a refractive-index
detector. Tetrahydrofuran (THF) was used as eluent at a flow rate of 1.0 mL/min at 30 °C.
UVP Black-Ray B-100AP/R High Intensity UV lamp (100 Watt / 365 nm) was used for
crosslinking experiments. During the internalization experiments, cells were visualized
using Zeiss Axio Observer inverted fluorescence microscope (Carl Zeiss Canada Ltd,
Canada). The dry micellar constructs were visualized on a holey carbon film coated 300
mesh Cu-grid (Pacific Grid Tech, USA) using a LVEMS electron microscope on

transmission electron microscopy (TEM) mode (Delong Instruments, USA).
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4.2.3. Synthesis of 3" Generation Polyester Dendron (DG3)

As previously described in the literature, a 3" generation polyester dendron containing

a PDS group at the focal point was synthesized [119].

4.2.4. Synthesis of 4" Generation Polyester Dendron (DG4)

According to the literature, a deprotected third-generation polyester dendron with a
PDS group at the focal point was synthesized [119]. For protection of hydroxyl end groups
of 3" generation dendron with acetal groups, acetonide-2,2-bis(methoxy)propionic
anhydride ( 3.82 g, 11.5 mmol) and DMAP (0.293 g, 2.30 mmol) were dissolved in 40 mL
of CH.Cl in a round-bottom flask. Deprotected 3™ generation dendron (0.722 g, 0.73 mmol)
in 10 mL of CH2Cl; and pyridine (1.052 mL, 12.99 mmol) were also added into this mixture.
The reaction was stirred for 48 h, then water (1.052 mL) was added to the reaction flask and
stirring was continued for an additional 2 h. The reaction crude was extracted with 1 M
NaHSO; solution (3 x 20 mL), then 10% Na2COs solution (3 x 20 mL), and with brine
solution (20 mL). The organic layer was dried with solid anhydrous Na,SO4 before being
filtered. To obtain pure product, the solvent was removed under reduced pressure. After that,
the crude product was purified using a column chromatograph using silica gel as the
stationary phase and ethyl acetate/hexane as the eluent. Under vacuum, the pure product was
dried into a viscous colorless liquid (0.856 g, 72% yield).*H NMR (400 MHz, CDCls) § 8.48
(t, J=7.2 Hz, 1H), 7.64 (dt, J = 57.9, 28.6 Hz, 2H), 7.18 — 7.06 (m, 1H), 4.41 (t, J = 6.3 Hz,
2H), 4.36 — 4.19 (m, 32H), 4.12 (t, J = 11.9 Hz, 19H), 3.61 (d, J = 12.2 Hz, 18H), 3.08 (t, J
= 6.3 Hz, 2H), 1.56 (s, 18H), 1.40 (s, 27H), 1.34 (s, 28H), 1.30 (s, 4H), 1.27 (s, 13H), 1.25
(s, 6H), 1.14 (s, 27H) in Figure 4.2.*C NMR (101 MHz, CDCl3) § 173.48 (s), 171.83 (s),
171.73 (s), 171.42 (s), 159.36 (s), 149.85 (s), 137.15 (s), 121.02 (s), 119.98 (s), 98.10 (5),
66.32 (s), 65.95 (d, J =5.2 Hz), 65.53 (s), 64.83 (s), 63.02 (S), 46.84 (S), 46.73 (S), 42.04 (5),
36.98 (s), 25.14 (s), 22.14 (s), 18.53 (s), 17.70 (S), 17.54 (s) in Figure A.6.



48

4.2.5. Conjugation of Linear PEG Dendron (PEGDG4, PEGDG3 and HOOC-
PEGDG4)

PDS core of the G4 dendron (61 mg, 0.038 mmol) was reacted with thiol functional
groups on mPEG2K-SH (50 mg, 0.025 mmol) in the presence of catalytic amount of
CH3COOH (37.5 pL) in 200puL DMF purge with N2 20 minutes before the reaction. To get
rid of the unreacted dendron, crude was precipitated twice in 40 ml of cold diethyl ether. The
pure substance was dried into a white solid under vacuum (0.074 mg, 85% yield). *H NMR
(400 MHz, CDCl3) § 4.39 (t, J = 6.5 Hz, 1H), 4.35 — 4.21 (m, 6H), 4.14 (d, J = 11.8 Hz, 4H),
3.65 (d, J=5.3 Hz, 126H), 3.38 (s, 2H), 2.97 — 2.86 (m, 2H), 1.41 (s, 6H), 1.35 (s, 6H), 1.27
(s, 5H) in Figure 4.4. The same manner was applied to construct PEGDG3 in Figure A.7 and
HOOC-PEGDG4 in Figure A.8.

4.2.6. Synthesis of cRGDfK Containing Linear Peg Dendron Conjugate

In a reaction flask, N-hydroxysuccinimide (NHS) (, 5.05 mg 0.044mmol), HOOC-
PEGDG4 (55 mg, 0.011 mmol), 1-Ethyl-3-(3-Dimethylaminopropyl) Carbodiimide (EDCI)
(10.51, 0.054 mmol) were dissolved in anhydrous CH2Cl> (0.2 mL) and purged with No.
After 24 hours, cRGDfK (9 mg, 0.015 mmol) was dissolved in DMF (0.2 mL) and added to
reaction vessel. DIPEA (0.11 mg, 0.85 mmol) was added dropwise to the PEG solution, and
the reaction mixture was maintained at 45 °C for 24 hours in Figure 4.6. Reaction mixture
was diluted with MeOH (2 mL) and inserted in a 3.5 kDa cutoff dialysis bag. Dialysis was
performed for 2 days using methanol to get rid of unbound cRGDfK and impurities. To get
cRGDfK functionalized PEG dendron conjugate (R-PEGDG4), the solvent was evaporated
and dried under vacuo (25mg, 74% yield).

4,.2.7. Micelle Formation from Polymer-Dendron Conjugate and Related

Measurements

Co-solvent evaporation was used to make three sets of pyrene doped micelles namely
R-PEGDG4, PEGDG4 and PEGDGS3. In order to calculate CMC values, 3 stock solutions
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of conjugate were prepared. In 500 mL THF, various quantities of the conjugate were
dissolved, ranging from 10° M to 10° M (in 3 mL water). Pyrene stock solution was added
to all samples, and the final concentration of pyrene for each sample was adjusted to 6.10”
M. The organic phase was then evaporated after adding Milli-Q water (3 mL) dropwise to
all samples and leaving them open to air. To determine the CMC, fluorescence studies were
performed on all samples. A fluorescence spectrometer was used to record pyrene excitation
spectra at a wavelength of 390 nm. The excitation fluorescence was measured at 300 and
360 nm. While calculating the intensity ratio lsss / Is34, the intersection of the CMC values

was calculated.

4.2.8. Stability Experiments

The size of micelles was measured using dynamic light scattering to ensure their
stability (DLS). R-PEGDG4 and PEGDG3 were used to make 1 mL of micelle samples at
10° M. Using PBS was used to dilute the samples. The size of micelles was then investigated
using DLS.

4.2.9. Release of NR from PEGDG4 in Response to Two Stimuli

The co-solvent evaporation approach was used to make NR doped micelles. Briefly,
Nile Red solution in THF (50 L, 0.6 mg/mL) was added to 1 mL of the PEGDG4 solution
(6 mg/mL). 6 milliliters of water was then added dropwise to the solution and left open to
air to allow it to evaporate. To get rid of unloaded nile red, the solution was filtered (0.45 p
PES filter) and divided into 6 equal parts. Each solution were mixed with 5mM, 10 mM
GSH in PBS (pH = 7.4), acetate buffer at pH = 5.4, 5mM, 10 mM GSH in acetate buffer at
pH 5.4 and PBS with pH 7.4 as control. Their fluorescence spectra were taken at specific

times to track the intensity of fluorescence at its maximum wavelength.
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4.2.10. Encapsulation and in vitro Release of DOX

Dox loaded micelles were arranged by co-solvent evaporation method. Filtration was
performed to get rid of the unloaded dox in the prepared micelles. A fluorescence
spectrophotometer was used to calculate the amount of DOX injected. DOX loaded micelles
were freeze-dried and dissolved in DMSO to determine drug loading content, and the DOX
content was determined by fluorescence detection using a DOX calibration curve. The

following equations were used to compute the drug-loading capacity (DLC) as

DLC (wt%) = (weight of loaded drug/total weight of polymer and loaded drug) x 100%

and efficiency (DLE) as

DLE (%) = (weight of loaded drug/weight of drug in feed) x 100%.

A dialysis membrane (MWCO 3500) was utilized with gentle shaking (260 rpm) at
37°C in four different buffer media with or without 10mM GSH to assess the release kinetics
of DOX from micelle solutions in vitro. The outer phase of the dialysis tubing was
withdrawn and replaced with an equal volume of fresh release medium at predefined time
intervals. Fluorescence spectroscopy has been used to calculate the amount of DOX emitted
(excitation at 485 nm).The data reported in the release study are averages with standard

deviations.

4.2.11. Procedure of GSH-mediated Cytotoxicity

MDA-MB-231 cells (6000 cells/well) were seeded in a 96-well plate in 100 pL
DMEM supplemented with 10% fetal bovine serum (FBS) and incubated at 37 °C for 24 h
for cells to adhere completely. After 24 hours, the cells were divided to three groups. Only
one group cells were incubated with 5mM GSH-ester for 5 hours. End of 5 hours, GSH
solution was removed and the cells were washed with 1XPBS (3 times). R-PEGDG-4 micelle
dispersions and free DOX solutions with different DOX concentrations (10#-10"12 M) were

prepared in DMEM. Free DOX and R-PEGDG4 micelle solutions were applied the cells. In
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addition to this, GSH-ester treated cells were incubated with RPEGDG4 micelle solutions
for 24 hours. After 24 hours incubation, micelle solutions were removed and the cells were
washed with 1xPBS. CCK-8 solution (10 %) (100 uL) was added to every well and after
incubation for 2h, absorbance values at 450 nm were measured using a microplate reader.

Results were obtained by GraphPad prism software using in nonlinear regression mode.

4.2.12. Procedure for Internalization and Flow Cytometry

For the cellular internalization, MDA-MB-231 adenocarcinoma cells (75 000
cells/well) were seeded in 12-well plate as duplicate in 1 mL of culture media (DMEM). The
cells were incubated at 37 °C for 24 h. Doxorubicin (DOX), DOX loaded PEGDG4-M and
R-PEGDG4-M micelles (0.04 mg/mL DOX concentration) were added on the wells. For
competitive internalization, free RGDfV and R-PEGDG4-M micelles were used. After
addition of micelles, cell media were removed at several time points (1, 3, 24 h) during
incubation. At each time point, cells were washed with PBS (500 pL) three times. Cells were
fixed using 4% formaldehyde solution for 10 min. at 37 °C. After being washed with PBS
three times, cells were incubated at 37 °C for 15 min. for DAPI nuclei staining. Cell images
were collected using Zeiss Observer Z1 fluorescence microscope and processed with

AxioVision software.

For flow cytometry experiment, the cells (200 000 cells/well) were treated similarly
and after incubation periods, supernatants were discarded, cells were washed with PBS and
cells are removed using trypsin. Intracellular Dox fluorescence intensities were determined
by flow cytometry (Guava easyCyte) and results were processed on GuavaSoft software.
The statistical processing of the data was done using one-way ANOVA analysis employing
GraphPad Prism software.
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4.3. Results and Discussion

4.3.1. Synthesis of Redox-responsive Polymer-Dendron Conjugates

Fabrication of redox-responsive dendron-polymer conjugates was undertaken by
coupling a linear PEG polymer with a polyester dendron through a disulfide bridge in Figure
4.3. In particular, a thiol-containing linear PEG polymer was coupled with a polyester
dendron containing a pyridyl-disulfide group at its focal point. The fourth-generation
dendron was synthesized using a previously reported protocol with minor modifications. A
well-established divergent synthetic approach used a bis-MPA unit as a building block to
obtain the hydrophobic, acid degradable polyester dendron. A pyridyl disulfide containing
alcohol was used as a starting material to install the thiol-reactive exchangeable group at the
focal point. The purity of the fourth generation dendron was confirmed using *H and 3C
NMR spectroscopy in Figure 4.2 and Figure A.6. The peaks (8.48, 7.64, 7.18 — 7.06 ppm)
belonging to the PDS unit on the focal point of dendron and characteristic peaks from the

acetal group of dendron (between 1.56 and 1.14 ppm) were visible.
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Figure 4.2."H NMR spectrum of generation 4 dendron.
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Figure 4.3. Representative synthesis of PEG-SS-DEN4.

Redox-responsive amphiphilic dendron-polymer conjugates were obtained through
the disulfide-thiol exchange reaction. The displacement of the PDS group by the thiol-
terminated PEG polymer was suggested by the change of color of the reaction mixture from
clear to yellowish. The release of the thiopyridone unit was observable by UV-Vis
spectroscopy, with its characteristic peak present at 343 nm in Figure A.7. The dendron-
polymer conjugate was purified by precipitation in cold ether to remove the unreacted
polyester dendron and the released pyridothione by-product. The purity of the obtained
product was analyzed using *HNMR spectroscopy. As expected, while the methylene groups
of the PEG at 3.37 ppm and characteristic resonances from the polyester dendron at 4.39,
1.41, 1.35, and 1.14 ppm were present, the proton resonances belonging to the pyridyl
disulfide moiety were absent. A proton resonance belonging to methylene groups next to the
newly generated disulfide was observed at 3.01-2.78 ppm, along with the conventional
proton resonances from the polymer PEG and dendron components in Figure 4.4.
Furthermore, an increase in the molecular weight of the obtained product to M, = 4652 Da
upon conjugation of dendron to the polymer as observed in the SEC trace also supported

successful coupling of the dendron and polymer component in Figure A.9.
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Figure 4.4. 'H NMR spectrum of (PEGDGA4).

After successfully synthesizing the dendron-polymer conjugate, the strategy was
extended to synthesize the targeting group containing conjugate in Figure 4.5. We used a
hetero-telechelic PEG containing an acid group at one end and a thiol group at the other end.
Since we plan to use a substantial amount of this conjugate in the construction of the targeted
micellar construct, we chose to make this also degradable under reducing environments;
hence a conjugate similar in composition to the main building block was utilized. Coupling
of the thiol- and carboxylic acid group-containing PEG with dendrons containing the pyridyl
group at the focal point resulted in dendron-polymer conjugates in Figure A.10. The
carboxylic acid group was activated to an NHS-ester, followed by the addition of an amine-

containing cyclic peptide reaction to obtain the targeting group containing precursor.
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SH

The purity of the peptide-conjugated dendron-polymer conjugate was determined using

'H NMR spectroscopy in Figure 4.6. The presence of characteristic proton resonances

belonging to methylene units of PEG at 3.50 ppm and dendrons at 1.34, 1.21, and 1.01 ppm,

along with the proton resonances from the peptide fragment at 7.27, 7.18 ppm, confirmed

the composition of the peptide-containing dendron-polymer conjugate. Additionally, the

increase in molecular weight was evident from SEC analysis in Figure A.11.
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Figure 4.6.'HNMR spectrum of polymer-dendron conjugate
R-PEGDGA.

4.3.2. Determination of Critical Micelle Concentration (CMC)

Pyrene, a hydrophobic fluorescence probe, was used to evaluate the CMC of the PEG
based conjugate. Micelle assembly in aqueous environments causes a rise in the amount of
solubilized pyrene, as well as an increase in the intensity of the pyrene emission peak, above
a specific concentration of the amphiphilic conjugate. Furthermore, as micelles form, the
peak's maximum moves from 334 to 338 nm. When extrapolating the intensity ratio 133s/l3z4
at low and high concentration locations, the CMC is computed from the junction. Using this
approach, CMC value of PEGDG3, PEGDG4 and R-PEGDG4 constructs were determined
as 3.76x10° M, 1.62x10® M and 2.57x10°® respectively in Figure 4.7.



57

a)
~ 1 PEGDG3
O 8 t
2
< s
= 3 J
3 4 CMC:3.76E-06 M
o J
< 2
"“% [PRRTRTY e Y. %
0 IR w Yoy Trrreeray AL A - "
-10 -9 -8 -7 -6 5 a
Log Concentration (M)
b)
14 PEGDG4
8 13 ‘....
D 12
< .
< CMC: 1.62 E-06 M
(3] 1 ....
g
‘HED > LR b
3 08 P SRR e
0.7
10 2 8 7 6 5 4
Log Concentration (M)
c)
R-PEGDG4
- 25
S . oo
<
3 CMC: 2.57 E-06 M .
S 1
3
= 00 '"".""'"""""‘."."."""'.'.'""!'-"b
0
-10 -9 -8 7 6 s 4

Log Concentration (M)

Figure 4.7. Pyrene excitation spectra of non-targeted producing PEGDG3, PEGDG4
and 20% RGD containing micelles R-PEGDG4. Insets: ls3s/l334 Vs log concentration graph

to calculate CMC value.
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4.3.3. Preparation and Characterization of RGD-containing Micelles

Micelles containing targeting group were obtained by mixing of PEGDG4 and R-
PEGDG4 dendron polymer conjugates in a weight ratio of 80:20, respectively. Drop by drop
addition of PBS to a THF solution of DOX, R-PEGDG4 and PEGDG3 separately under
stirring at room temperature, enabling complete evaporation of the organic solvent in the
dark, yielded drug-loaded micelles. While it was observed that the drug loading capacity
was almost the same in the structures (8.69 £ 0.91 vs 8.7 = 0.27) with and without the
targeting group bearing  micellar structures producing 4th generation dendrons,
interestingly, it was observed that the drug loading capacity was half as much in the other
structure prepared with the 3rd generation dendron compared to other structures (4.19 +
0.92).This result can be predictable because of increasing in dendron generation makes the
hydrophobic micelle core more stable, the drug loading capacity has also increased due to

the hydrophobic interaction.

The diameter of the micellar structures prepared with the 3™ generation Dendron
(126.2 nm) was smaller than the structures prepared with the 4" generation dendrons (168.5
nm). Presumably, the more branched higher generation hydrophobic dendron leads to

micellar aggregates, which are larger in Figure 4.8 and Figure 4.9.
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Figure 4.8. The diameters of (a) empty (b) DOX loaded (c) DOX loaded (after 2

days) micelles assembled from a mixture of R-PEGDG4 dendron-polymer conjugate.
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On the other hand, a decrease in the micellar structure diameter was observed after
drug loading. This may be due to the increasing hydrophobic interaction between the drug
and the micelle core. R-PEGDG4 and PEGDG3-based aggregates' diameters after drug
loading are 130.2 and 109.0 nm, respectively. Notably, no significant change was observed

when the diameters were determined after 2 days.
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Figure 4.9. The diameters of (a) empty (b) DOX loaded (c) DOX loaded (after 2

days) micelles assembled from a mixture of PEGDG3 dendron-polymer conjugates.

At the same time, the images obtained from TEM mean that the micellar core is
relatively small in the dry state in Figure 4.10. Size determinations smaller than those
obtained using DLS can be expected since the micellar structures are likely to shrink

considerably in the dry form.

Figure 4.10. TEM micrographs of drug-loaded micelles fabricated using (a) R-
PEGDG4 and (b) PEGDG3 dendron-polymer conjugates.
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Using DLS measurements, the aggregates obtained by mixing R-PEGDG4 and
PEGDG4 were investigated for their colloidal stability. Increasing amounts of
PBS was added to nanoparticle samples with 1 x 10° M copolymer concentrations, followed
by standard dilution with PBS in Figure 4.11. Even though the CMC values are very close
to each other in each micelle structure, it was observed that the results are different. While
the structure prepared with the 4" generation dendron was quite resistant to dilution, it was
observed that the aggregate prepared with the 3" generation conjugate started to disperse at
higher concentrations. Based on this information, it was deduced that the PEGDG4-based

dendron polymer conjugates possessed higher stability and were deemed suitable for further

studies.
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Figure 4.11. Stability under dilution in aqueous environment.
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4.3.4. Drug Release Studies and in vitro Studies.

Combined acidic pH/reduction-responsive disintegration was investigated with
aqueous micelles in diverse stimuli-responsive environments. Standardized fluorescence
intensity stayed unchanged for the control structure, implying no significant micelle
breakdown and consequently no NR release. For this purpose, six different solutions were
prepared, and the intensity of each solution with FL was measured at predetermined intervals
in Figure 4.12. While a decrease in NR intensity was observed in solutions containing either
GSH or an acidic pH of 5.4, the most dramatic degradation was observed in solutions
containing GSH (10 mM) and with a pH value of 5.4. Most likely, this exposure to dual
stimuli caused the hydrophilic and hydrophobic blocks to separate from each other by
breaking of the disulfide bond, while the acidic environment caused the acetal groups in the
dendron to disintegrate, causing the structure to separate into its complete components.

control
5 mM+GSH

10 mM+ GSH

Normalized
Fluorescence Intensity

pH:5.4

—8—pH:5.4 + 5 mM GSH

pH:5.4 +10 mM GSH

Time (h)

Figure 4.12. Change in the fluorescence intensity of NR-loaded micelles after
incubation with and without 5/10 mm GSH at pH = 7.4 and 5.4.

Fluorescence spectroscopy was used for in vitro release of DOX from the micellar
structures. Dox release over time in the presence of dual pH = 5.4 and 10 mM GSH, vs single
stimuli (pH = 7.4 and 10 mM GSH) and a control (pH: 7.4) without stimuli. It was observed
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that drug release studies led to a result similar to the NR dispersion study. In the environment
containing GSH where the pH value is 5.4, the drug release reaches almost 100% in both
structures, while the most striking difference was seen at pH 7.4. While 60% of the drug was
released at the physiological pH value in the structure prepared with the 3 generation
dendron, it is seen that this value remains at 20% in the structure prepared with the 4™
generation dendrons in Figure 4.13. Drug release occurs up to a point in an environment
with a single stimulus, while a remarkable increase in drug release occurs when two stimuli
are used together.
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Figure 4.13. In vitro release of DOX at pH 7.4 and 5.4, with and without 10 mM

GSH from micelles.
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4.3.5. Invitro Cytotoxicity and Cellular Internalization.

The obtained micelles were first tested as efficient nanocarriers of antitumor drugs via
redox induced intracellular transport of therapies in sensitivity to GSH. Fluorescence
microscopy was used to analyze the intracellular location of free DOX and DOX-loaded
polymeric micelles in breast cancer cell line, MDA-MB 231. The cells were exposed to a
series of comparable concentrations of free DOX or DOX loaded targeted micelles with and
without GSH-OEt, with drug concentrations ranging from 10 to 1012 M. First of all, the
cell line demonstrated almost 100% viability for all concentrations of the free polymer. This
leads to the conclusion that the main structure is not cytotoxic in Figure 4.14a. Cellular GSH
ethyl ester (GSH-OEt) can cross cellular membranes and swiftly achieve a high intracellular
GSH content in biological systems. To ensure a known maximum internalized content of
GSH, MDA-MB 231 cells were incubated with a 10 mM aqueous GSH-OEt solution. They
were then cultured for 48 hours with different quantities of DOX-loaded micelles. Cells that
had not been injected with GSH-OEt were also treated with DOX-loaded micelles and free
DOX for comparison. While free DOX had an EC50 of 6.53E® M, DOX loaded targeted
micelles with and without GSH-OEt had EC50 of 2.78E° M and 4.92E® M, respectively,
according to cytotoxicity tests in Figure 4.14b. As expected, the free drug is more active than
DOX loaded micelles. DOX-loaded micelles are less cytotoxic to breast cancer cells when
compared to the same concentration of drug. This discovery could be due to faster diffusion
of free DOX into the cell nucleus. Additionally, when MDA-MB 231 cells were incubated
with GSH-OEt in the presence of DOX-loaded micelles, viability was much lower than when
the cells were not treated with GSH-OEt. The presence of increased GSH in MDA-MB 231
cells causes quick and regulated liberation of DOX to useful therapeutic levels with disulfide
linkage cleavage, resulting in decreased viability of MDA-MB 231 cells.
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Figure 4.14. Viabilities of MDA-MB-231 cells incubated with polymer free DOX,
DOX loaded targeted micelle R-PEGDG4 with or without GSH and free drug after 48h

treatment as (a) dot plot and (b) as histogram.

Fluorescence microscopy was used to analyze the intracellular location of free DOX

and DOX-loaded micellar structures in breast cancer cells. Free DOX, DOX loaded
PEGDG4, DOX loaded R-PEGDG4, DOX loaded R-PEGDG4, and DOX loaded R-
PEGDG4 were treated with free cRGDfV peptide as a competitively ligand in MDA-MB

231 cells. High internalization was observed even at the end of the first hour in the targeting

group-bearing micellar structure in Figure 4.15. DOX-loaded polymeric micelles, on the

other hand, showed significant fluorescence intensity in the perinuclear region rather than
the nuclei of the cells in Figure A.11 when compared with free DOX. This finding indicates

that DOX-loaded micelles must diffuse into cells via endocytosis.
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Figure 4.15. Fluorescence microscopy images (Scale bar = 50 um).

Flow cytometry was used to study the cellular uptake of DOX loaded targeted and
non-targeted micelles. The free cyclic peptide cRGDfV was used as a selective antagonist
of conjugated cRGDfK for integrin binding to illustrate the RGD dependent internalization
in Figure 4.15. It is well known that cRGDfV binds to integrin regions on cell surface
membrane with a higher affinity, hence addition of this free peptide should diminish the
enhanced uptake of the targeted micelle s can be seen from the flow cytometry plots and
histograms showing comparative fluorescence, even after 1 hour, the targeting group-
bearing construct showed a higher mean fluorescence intensity compared to the other
constructs and free drug in Figure 4.16. As expected, addition of free peptide as a
competitive inhibitor of the integrin receptors leads to decree in the uptake of the targeting

group bearing micelles.
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Figure 4.16. Flow cytometry histograms, of MDA-MB-231 cells treated with free
DOX and DOX targeted micelles with and without GSH.

4.4. Conclusion

In summary, redox-responsive polymer-dendron conjugate-based micelles
containing a cyclic peptide targeting moiety were synthesized. The polymer-dendron
conjugate was synthesized using the thiol-disulfide exchange reaction. Disulfide bonds were
introduced between the hydrophilic PEG segment and the hydrophobic dendron. When the
micellar structures were compared, although there was no significant difference between the
CMC values, it was observed that the structure prepared with the 4™ generation dendron was
more resistant to dilution. In addition, it was observed that the structure prepared with 4™
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generation dendron was very stable at physiological pH. MDA-MB-231 breast cancer cells
treated with micellar structures containing targeting groups showed very high
internalization. Furthermore, in vitro cytotoxicity assay revealed that targeting group-
bearing drug-loaded micelles was more cytotoxic under a reducing environment. These
findings show that dual stimuli-responsive cleavable linkages in polymeric building block-
based micellar precursors allow engineering DDS with improvised drug release

characteristics.
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5. MICELLAR TYPE NANOCARRIER FOR DRUG DELIVERY
SYSTEMS FROM DENDRONIZED POLYMERS

5.1. Introduction

The use of polymeric nanomaterials as drug delivery systems has considerably
increasing in recent years. Polymer-based nanomaterials find a wide variety of applications,
especially in the area of smart drug delivery systems for disease diagnosis and treatment. It
is well established that combining existing drugs with nano-sized carrier (NC) physically or
chemically increases the effectiveness of drugs. Carrying the drug as cargo in a nano-sized
structure increases the water solubility of the drug molecules which are mostly hydrophobic.
The comparatively large size of the NC positively affects the plasma elimination half-life,
tumor accumulation and renal excretion rate. As a result, targeting the transport of various
therapeutic agents with NCs to reduce the overall toxicity and increase their efficacy has
been exploited using polymeric NCs.

Conjugates containing dendritic structures among NC systems have attracted
considerable attention in recent years. Dendrimers have a synthetically repetitive branched
polymeric architecture. Dendritic molecules are characterized by their structural perfection.
Dendrimers and dendrons are monodisperse and are usually highly symmetrical branched
compounds. Since their discovery, considerable research has been done on dendritic
macromolecules for the last 20 years, and many challenges related their synthetic and

analysis have been resolved.

The conjugation of dendrons to polymeric structures imparts them with additional
properties such as clustered multi-valency, and depending on the nature of the blocks enables
their self-assembly into nanostructures. The two parts of the polymer-dendron conjugates
may have different chemical and physical properties, and nanocarriers designed by utilizing
these different offer a unique DDS. Dendron polymer conjugates can be designed as AB

diblock, ABA triblock, star polymers with dendritic core or dendronized polymers.
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Dendronized polymers carry more dendrons in the polymer backbone than AB type diblock
and ABA type triblock polymer dendron conjugates, and thus provides more opportunities
to benefit from the structural advantages of the dendron. Catalysis, biosciences, synthesis of
hierarchically structured materials for optoelectronic applications are some of the main areas
benefiting from dendronized polymers. However due to the steric bulk of the dendritic
groups it is challenging to conjugate them along the side of polymers. Basically, the complex
interactions that occur with the growth of dendron size, the distance between dendrons, and
polymer backbone flexibility or stiffness, and solvent dendron interactions may make
synthesis very difficult. However, if these difficulties are overcome, a unique structure that

finds application in many areas emerge.

Herein we report a class of new dendronized copolymers comprised of a PEG-based
hydrophilic polymeric chain appended with hydrophobic biodegradable dendrons that are
connected through a redox-responsive disulfide linkage in Figure 5.1. Synthesis of such
constructs starts with biodegradable and biocompatible poly(ethylene glycol) methyl ether
methacrylate (PEGMEMA) based copolymers containing pyridyl disulfide (PDS) groups as
side chains. Thus obtained copolymers were modified with polyester dendrons containing
thiol groups at their focal point. The highly reactive PDS group undergoes efficient thiol-
disulfide exchange reaction with the thiol-containing dendrons to yield dendronized
copolymers. After their synthesis, formation and stability of self-assembled nanosized
aggregates in aqueous environment was evaluated. Finally, drug loading and release, and

cellular internalization and cytotoxicity of these DDS were evaluated.

Figure 5.1. lllustration of fabrication of dendronized polymer-based nanoaggregate.
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5.2. Experimental Section

5.2.1. Materials

2,2-Bis(hydroxymethyl)propionic acid, Dowex X50WX2, propargyl alcohol, and N,N-
dicyclohexylcarbodiimide (DCC) were purchased from Alfa Aesar. All solvents were
purchased from Merck and used as obtained without further purification unless otherwise
noted. Ultrapure water was obtained using Milli-Q Water Purification System (Milli-Q
system, Millipore, Billerica, MA, USA). Azide functionalized initiator was synthesized
according to literature procedures [107]. Third generation polyester dendron containing

alkyne unit at the focal point was synthesized according to literature [120].

5.2.2. Instrumentation

Chemical compositions of small molecules, dendrons and polymer were characterized
using *H NMR spectroscopy (Varian 400 MHz). Micellar formations were characterized
their critical micellar concentration and size using fluorescence spectrophotometer (Varian
Cary Eclipse, Agilent, USA) and Zetasizer Nano particle analyzer (Malvern), respectively.
The molecular weights of the polymers were estimated by size exclusion chromatography
(SEC) analysis using a PSS-SDV (length/ID 8 x 300 mm, 10 um particle size) Linear M
column calibrated with polystyrene (PS) standards (1-150 kDa) using a refractive-index
detector. Tetrahydrofuran (THF) was used as eluent at a flow rate of 1.0 mL/min at 30 °C.
UVP Black-Ray B-100AP/R High Intensity UV lamp (100 Watt / 365 nm) was used for
crosslinking experiments. During the internalization experiments, cells were visualized
using Zeiss Axio Observer inverted fluorescence microscope (Carl Zeiss Canada Ltd,
Canada). The dry micellar constructs were visualized on a holey carbon film coated 300
mesh Cu-grid (Pacific Grid Tech, USA) using a LVEMS electron microscope on
transmission electron microscopy (TEM) mode (Delong Instruments, USA).
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5.2.3. Synthesis of Thiol group Containing Polyester Dendron

According to the literature, acetal-protected first, second, and third generation
polyester dendrons with a thiol unit at the focal point were produced [120]. Briefly, at room
temperature, 2-hydroxyethyl disulfide (0.93 g, 6.04 mmol) and 4-(dimethylamino)pyridine
(DMAP) (0.589 g, 4.86 mmol) were dissolved in pyridine (1.46 mL) and CHCl, (4.5
mL).The solution was spiked with acetonide-(2,2-bis(hydroxymethyl)propionic anhydride)
(6 g, 18 mmol). After synthesizing generation 1 polyester dendrimer general acetonide
deprotection-protection and cleavage of the disulfide bond procedures were applied to obtain
reactive dendron containing thiol unit. A solution of protected dendron 2 (1.0 g, 0.97 mmol)
and Dowex X50WX2 spatula tip in methanol (15 mL) was heated to 40 °C and stirred for
deprotection. The end of the reaction was followed by TLC. Dowex was then removed
through filtration, followed by methanol evaporation under decreased pressure. Disulfide-
containing substances were dissolved in CH.Cl before being purged with nitrogen gas. The
solution was spiked with DTT (2 eq) and triethylamine (4 eq). Extraction was done twice
with NaHSO4 once complete cleavage was achieved. The solvent was evaporated after the
organic phase was dried on Na2SOs. Column chromatography was used to purify the crude

product.

5.2.4. Synthesis of p(PEGMEMA)-b-p(PDSM) Block Copolymer

The PEGMEMA-b-PDSM block copolymer was made by via reversible addition—
fragmentation chain transfer RAFT copolymerizing PEGMA and PDSM monomers in dry
DMF utilizing AIBN as the initiator. PEGMEMA (0.4 g, 1.3 mmol) and PDSMA (48 mg,
0.19 mmol), were dissolved in anhydrous DMF (0.2 mL). To the polymer solution was added
CTA (14.9 mg, 0.053 mmol) as chain transfer agent and AIBN (0.97 mg, 0.0059 mmol) as
initiator. Reaction mixture was stirred under N> for 30 min. Reaction was sealed and heated
70 °C reaction was left at 21 hours. Following that, the polymer was then precipitated in
cold Et20 after evaporation of DMF to a minimal amount. Ether was decanted after the
mixture was kept in the cold to aid precipitation. Copolymer was dried under vacuo to yield
pink substance Molecular weight and PDI of polymer were checked by gel permeation
chromatography (GPC). (0.358 g, 70 % vyield). The ratio of incorporated monomers in the
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copolymer was determined from *H NMR spectrum as [PEGMEMA]:[PDSM]= 85:15. H
NMR (400 MHz, CDCI3) & 8.51 (s, 9H), 7.90 (s, 2H), 7.73 (s, 18H), 7.55 (s, 2H), 7.38 (s,
3H), 7.17 (s, 9H), 4.18 (d, J = 58.0 Hz, 125H), 3.63 (d, J = 40.7 Hz, 792H), 3.41 (s, 146H),
3.07 (s, 18H) in Figure 4.4. Mn sec = 9.4 KDa, Mnnvr = 15.6 KDa, Mw/Mn = 1.3.

5.2.5. Synthesis of Dendronized Polymer (DP)

Reactive PDS monomer including copolymer (50 mg 5.31 mmol) was mixed in DMF
(1 mg/mL), then thiol reactive polyester dendrons (G1,G2,G3) and TEA (7.26 mg, 0.071
mmol) were added to the solution and stirred at room temperature for 24 hours. To obtain
the required dendronized polymer, any unconjugated dendron was removed by dialysis
against THF (MWCO 3500) after the process. The stoichiometric ratio of reactive monomer

on co-polymer and dendron was adjusted to 1:10 for each conjugation.

5.2.6. Obtaining Micellar Nanoparticles from Dendronized Polymers

Micelle solutions were prepared and critical micelle concentration (CMC) were
measured using the co-solvent evaporation method. Various quantities of the conjugate were
dissolved in 500 puL THF in order to adjust final concentration of DP from 10° M to 10° M
(in 3 mL water). Nile red solution (0.03mg/mL, 50uL) was added to all samples and then 3
mL PBS was added drop wise in a genteelly manner. The organic phase was evaporated by
leaving the mixtures open to the air. Fluorescence measurements were taken with a
fluorescence spectrophotometer at a wavelength of 550 nm for excitation and 580 to 660 nm
for emission. While extending the intensity ratio, the intersection of the CMC values was

calculated.
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5.2.7. Stability Experiments

The size of the micelle was measured using dynamic light scattering to ensure that it
was stable (DLS). DP was used to make P-SS-G1, P-SS-G2, and P-SS-G3 micelle samples
at CMC concentrations. Each micelle solution was diluted at 1000 times its original
concentration. The micelle size was then measured using DLS. After the micelles were
prepared, 10 mM DTT was added to the solution and the stability of the micelles was
checked in both DLS and GPC.

5.2.8. Encapsulation and in vitro release of DOX

The co-solvent evaporation approach was used to load DOX into micelles.
Fluorescence spectrophotometry was used to calculate the amount of DOX loaded. The
DOX-loaded P-SS-G2 and P-SS-G3 micelles were freeze-dried and dissolved in DMSO to
determine drug loading content, and the DOX content was determined by fluorescence
detection using a DOX calibration curve. The following equations were used to compute the

drug-loading capability (DLC) as

DLC (wt%) = (weight of loaded drug/total weight of polymer and loaded drug)x100%

and efficiency (DLE) as

DLE (%) = (weight of loaded drug/weight of drug in feed) x100%.

Dual acidic pH/reduction-responsive disintegration and drug release were studied in
micelles. Dialysis membrane (MWCO 3500) was utilized under sink circumstances with
gentle shaking (260 rpm) at 37°C in four different buffer media to investigate the release
profile of DOX from P-SS-G2 and P-SS-G3 micelles in vitro. Dox-loaded micellar aliquots
(2.5 mg mL1, 2 mL) were transferred into dialysis bag (MWCO=3500 g mol1) and immersed
in outer buffer solutions (20 mL) prepared under different conditions: aqueous PBS at pH =
7.4 and aqueous acetate buffer solution at pH = 5.4 with and without 10 mM GSH. The outer

phase of the dialysis membrane was withdrawn and replaced with an equal volume of fresh
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release medium at predefined time intervals. Fluorescence spectroscopy (excitation at 485
nm) was used to determine the amount of DOX emitted. The data reported in the release

experiment are averages with standard deviations.

5.2.9. Cellular Internalization

MDA-MB-231 adenocarcinoma cells (100 000 cells/well) were seeded in 12-well
plate as duplicate in 1 mL of culture media (DMEM). The cells were incubated at 37°C for
24 h. Nile Red-loaded SCM-G3 micelle solution and free Nile Red were added on the wells
with the same concentration (0.05 mg/mL). After 1h, 3h and 24 incubation process, Nile Red
and micelle solution were removed from cells and the cells were washed with 1 x PBS (1
mL x 2 times). Cells were fixed by using 3.7% formaldehyde solution at 37°C for 10 min.
After fixation process, cells were washed with 1 x PBS (1 mL x 2 times). Then cell nuclei
were stained by DAPI for 15 min at 37°C. After washing the cells, cell images were taken
using Zeiss Observer Z1 fluorescence microscope and processed with Zeiss Zen Blue lite

software.

5.2.10. In vitro Cytotoxicity

Cytotoxicity of DOX-loaded SCM-G3 micelle was determined using CCK-8 assay.
MDA-MB-231 human breast cancer cells (purchased from ATCC (LGC Standards,
Germany) were used for cytotoxicity experiments. The cells were grown in DMEM
supplemented with 10% fetal bovine serum and incubated at 37 °C. MDA-MB-231 cells
(7000 cells/well) were seeded in a 96-well plate in 100 uL. DMEM and incubated at 37 °C
for 24 h to adhere completely. After 24 h incubation, free DOX and DOX-loaded SCM-G3
micelle solutions (10 and 10°12 M) were separately placed onto the cells (100 uL/well). For
GSH mediated cytotoxicity, the cells were treated with glutathione ethyl ester (GSHOEt, 5
mM) for 5 hours. After that, GSH solution was removed from cells and the cells were washed
with 1 x PBS (1 mL x 3 times). Then the cells were treated with DOX-loaded SCM-G3
micelle solutions. After 48 h incubation, drug solutions were removed from cell containing
wells, and the wells were washed with PBS (1 mL x 2 times). CCK-8 solution %10 in
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DMEM was added onto cells (100 uL/well) and incubated for 2h. The absorbance
measurements at 450 nm were done with a plate reader. EC50 values of DOX-loaded SCM-

G3 micelles and free DOX were calculated using Graph Pad Prism software.

5.3. Results and Discussion

5.3.1. Synthesis and Characterization of Dendronized Polymer

Three different dendronized polymer structures namely P-SS-G1, P-SS-G2 and P-SS-
G3 were synthesized using a ‘graft-to’ approach. In this approach, well-defined dendrons
with a thiol group at focal point were grafted to a PDS group containing copolymer. Different
generations of thiol group containing polyester dendrons were produced in accordance with
the literature [120]. Briefly, to obtain the 1% generation dendrimer, first, 2-hydroxyethyl
disulfide was reacted with bis-MPA anhydride, followed by acetal deprotected by treatment
with acidic Dowex resin. The same procedure was continued until the 3™ generation
dendrimer was obtained in Figure 5.2. Using this methodology, generation 1, 2 and 3 acetal-
protected polyester dendrons were obtained. The purity of each dendron was verified by *H

NMR spectroscopy in Figure A13, Figure Al4 and Figure A15.
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Figure 5.2. Synthesis of 1, 2"@ and 3" generation polyester dendrimers.

The above protocol to obtain thiol-containing dendrons circumvents any side reactions
with thiol group by using a disulfide group. The disulfide group can be viewed as a protected
thiol group, which can be reduced to obtain thiol-containing dendrons by simple reduction
prior to their utilization. To obtain the thiol containing dendrons, the 1%, 2" and 3"
generation dendrimers were treated with 1,4-dithiothreitol (DTT) in dichloromethane in
Figure 5.3.
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Figure 5.3. Synthesis of 1%, 3@ and 2" generation thiol-containing polyester

dendrons.

The purity of the dendron blocks was confirmed using tHNMR spectroscopy. Notably,
in all of the 'H NMRs, the characteristic triplet peak from the proton in the thiol group at
1.48 ppm is clearly observable. Additionally, a multiplet around 2.76 ppm belonging to the
protons from the methylene group adjacent to the thiol group also supports successful

disulfide cleavage in Figure 5.4.
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Figure 5.4. *H NMR thiol group containing 1% and 2" generation polyester dendron.

5.3.2. Synthesis and Characterization Copolymer

Commercially available 2,2'-dithiodipyridine (Sigma-Aldrich)

reacted with

mercaptoethanol to yield product 1. The resulting pyridyl disulfide ethanol was reacted with

methacryloyl chloride dropwise to a trimethylamine-containing dichloromethane solution to

obtain pyridyl disulfide ethyl methacrylate (PDSM) monomer in Figure 5.5. The PDSM

structure was confirmed by from the presence of proton resonances at 7.14, 7.48 and 7.70

ppm belonging to the protons of the PDS group in the *H NMR spectrum in Figure 5.6.
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Figure 5.5. Synthetic route of PDSM bearing random copolymer.
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Figure 5.6. *H NMR spectrum of pyridyl disulfide ethyl methacrylate (PDSM)

monomer.

Desired block copolymer was synthesized by RAFT polymerization utilizing PDSM
and hydrophilic monomer PEGMEMA. First, PDS group bearing copolymer was
synthesized via AIBN initiated RAFT polymerization in DMF. Synthesized copolymers
were characterized by using 'HNMR spectroscopy to determine individual monomer
compositions in the copolymers in Figure 5.7. The existence of proton resonance at 7.14,
7.48 and 7.70 ppm refer to the aromatic protons of the ring in the *H NMR spectrum showed
the insertion of the reactive PDS group along the polymer chain. Furthermore, the molecular
weight (9.4 KDa) and distribution (1.3) of resulting copolymers were determined through
size exclusion chromatography (SEC). Ratio of incorporation of monomers were determined
using 1H NMR spectroscopy as 85:15 for PEGMEMA and PDSM respectively.
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Figure 5.7. 'H NMR spectrum of random copolymer.
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5.3.3. Synthesis of Dendronized Polymer

Thiol-containing dendrons were attached to the polymer backbone with the reactive
PDS group in their side branches by the thiol-disulfide exchange reaction. Successful
conjugation of the dendrons onto the polymeric backbone was confirmed using *HNMR
spectroscopy. The copolymer containing PDS group was dendronized with the three
generations of thiol-containing dendrons to yield three dendronized copolymers with

variation in the side-chain residues in Figure 5.8.
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Figure 5.8. Synthesis of dendronized polymer using 1%, 2" and 3" generation

polyester dendron.

Successful conjugation was demonstrated by *H NMR. As a result of the thiol-
disulfide exchange reaction in the main polymer, it was observed that the peaks from the
PDS disappeared and the new peaks from the dendron appeared. (1ppm-1.5 ppm) in Figure
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5.9. The increase in the generation of the attached dendron brings with it the result that the
acetal group protons coming from the dendron become more prominent in the *HNMR
spectrum. The increase in molecular mass after the main polymer has become dendronized
has been demonstrated by size exclusion chromatography (SEC) in Figure 5.10. While the
molecular mass of the main polymer is 9.4 KDa, P-SS-G1, P-SS-G2 and P-SS-G3 have a
molecular weight of 11.2 KDa 14.3 KDa 17.7 KDa, respectively.
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Figure 5.9. 'TH NMR spectra of dendronized copolymers P-SS-G1, P-SS-G2, and P-
SS-G3.

The product was examined using *H NMR spectroscopy after purification of the
conjugate by precipitation in ether to eliminate the unreacted dendron. Apart from the typical

proton resonances from the polymer and dendron components, a proton resonance at 2.91
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ppm belonging to methylene groups next to the newly produced disulfide was discovered.
When comparing the SEC traces of the parent polymer and dendronized polymer constructs,

amolecular weight rise to Mn = 10KDa was seen when dendron was attached to the polymer.
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Figure 5.10. SEC traces of parent polymer and dendronized polymers.

5.3.4. Preparation and Characterization of Micelles.

After synthesizing the conjugates containing dendrons in the side branches, the critical
micelle concentration (CMC) of each conjugate was calculated. The CMC of the conjugate
was determined using pyrene, a hydrophobic fluorescent probe. Above a certain
concentration, micelle formation makes pyrene soluble and causes an increase in the
emission peak. In addition, the peak of the peak changes from 334 to 338 nm after micelle
formation. CMC values of dendronized polymers are given in table 5.1 in mg/mL in Figure
5.12. Itis clearly seen that the CMC value decreases as the dendron generation used increases
in Figure 5.11.

The CMC values of the block copolymers were determined by measuring the
fluorescence intensity of pyrene as a parameter of polymer concentration to determine the
minimum needed concentration of amphiphilic polymers to produce micelle type polymeric
nanoparticles by self-assembly.
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Figure 5.11. Is3s/l334 vs. log [mg/mL] graph to calculate CMC value.

When the P-SS-G3 dendronized conjugate is compared with the other conjugates, the
CMC value is 0.00417 mg/mL. On the other hand P-SS-G2 and P-SS-G1 have higher CMC
value 0.01267 and 0.01867 mg/mL respectively. This value indicates that it will be highly
resistant to dilution conditions, especially after drug loading. It shows that dendronized
conjugates obtained using 3™ generation and 2" generation dendrons are more suitable for

forming micellar structure.

DLS was used to estimate the diameter of micelles made from P-SS-G3 with and
without DOX encapsulation. It was discovered that drug-loaded micelles had a somewhat
smaller average size than empty micelles (134.4 nm vs 100.1 nm). This is thought to occur
due to hydrophobic interactions between DOX and the hydrophobic polyester dendron
moiety. When the drug-loaded micelles were held at room temperature for a week and
measured again using DLS, it was discovered that the micelles remained stable with a low
PDI in Figure 5.12.

When the sizes of the structures prepared with every 3 generations are compared, it
is seen that the size of the micelles increases as the generation of the dendron used increases.
While average size of P-SS-G3 was 135.8 nm, P-SS-G2 and P-SS-G1 had slightly smaller
size (124.5 nm and 114.7 nm). P-SS-G3 micelles had a well-defined and somewhat bigger

size than P-SS-G2 micelles, according to TEM investigation of dry micellar constructions.



84

Since the micelles are in their wet environment in the former measurement, the diameters of

drug loaded micelles assessed using DLS are bigger than those measured using TEM in

Figure 5.13. This may be explained by the increased generation of dendrons causing greater

accumulation. When micelles with CMC concentration were diluted 1000 times below the

CMC concentration with PBS, it was observed that the micellar structures prepared with P-

SS-G3 preserved their stability and size, while dispersion was observed in the other two

structures. This situation brings with it the result that the micellar structure prepared with

the increase of dendron generation is more resistant to harsh dilution circumstances in Figure

P-SS-G3 (empty) P-S5-G3 (Dox Loaded)

Size Distribution by Intensty Size Distribution by Intensity Size Distribution by Intensity

Intensty (Percent)
Intensity (Percent)
5 o o
Intensity (Percert)

Noe ® @

TR

+ o'l
1 10 100 1000 100 1 10 100 1000 10000
Size (d.nm) Size (d.nm) Size (d.nm)
Z-Average (d.nm): 134.4 Z-Average (d.nm): 1002 Z-Average (d.nm): 9223
Pdt: 0.085 Pdi: 0.180 PdE 0.199

Intercept: 0.958 Intercept: 0.633 Intercept: 0.728
Result quality : Good Result quality : Good Result quality : Good
1 week later

Figure 5.12. Effective size diameters of empty and DOX loaded P-SS-G3 micelles
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Figure 5.13. TEM micrographs of a) P-SS-G3 b) P-SS-G2 dendronized copolymer

based micellar nanosized aggregates.
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Figure 5.14. Stability of micelles from P-SS-G3, P-SS-G2 and P-SS-G1 against
dilution as probed using DLS.

Extra stability studies were performed using DTT. After micellar solutions were
prepared, 10 mM DTT was added to it. When checked with DLS after 1 hour, it was seen
that the micelles could not maintain their stability in the reducing environment in Figure
5.15. When the same situation was tested for the P-SS-G3 structure in GPS, it was observed
that the sample, which was normally seen as a single peak, was divided into two different

structures in Figure 5.16.
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Figure 5.15. Stability of micelles from P-SS-G3, P-SS-G2 (a-c) before (c-d) after
DTT treatment.
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Figure 5.16. SEC traces of parent polymer and P-SS-G3 before and after DDT

treatment.

5.3.5. Drug Loading and Release into Micelles Obtained from Dendronized Polymers

After calculating the CMC values, drug-loaded micelles were prepared with

neutralized doxorubicin (DOX). DP and drug were dissolved in organic solvent (THF) and
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distilled water was added dropwise. The organic solvent was then allowed to volatilize in
the dark at room temperature. The drug loading capacity was determined by fluorescence
spectroscopy, and the calibration curve of the drug was prepared using solutions containing
drugs at different concentrations. The drug loading capacity was found to be considerably
higher in the structure obtained using 3" generation dendrons compared to the structure
prepared using 2" generation dendrons (9.7 + 1.25 vs 6.2 + 0.69). This result may be actually
an expected situation. Since 3" generation dendrons strengthen the hydrophobic structure in
the dendronized structure, it may cause the drug in the hydrophobic structure to be loaded

more by physical interaction.

The in vitro release of the hydrophobic drug DOX, P-SS-G2 and P-SS-G3, was
studied. For drug release studies, four different pH environments were prepared. A pH:7.4
PBS was used to simulate the extracellular environment, and a pH:5.4 acetate buffer solution
was used to mimic the lysosomal environment. While preparing the other two buffer
solutions, 10mM buffer solutions were prepared with glutathione (GSH), which is more
abundant in cancer cells than in the extracellular medium. As expected, the release of DOX
was dependent on the pH environment and it was observed that it was higher in the acidic
environment compared to the neutral environment. In the acidic environment, the acetal
groups of the dendrons are broken and the structure becomes completely hydrophilic, and
thus the drug release is more. In addition to all these, it is seen that the release is quite high
in the solution containing 10mM GSH in an acidic environment. This result is very important
for the drug-loaded micelles to carry cargo stably in the extracellular environment. The
maximum drug release in the P-SS-G3 dendronized conjugate structure was observed in the
solution containing 10mM GSH at pH=5.4. When this structure was compared with P-SS-
G2, it was observed that the drug release was very low in the extracellular environment. In
addition, the micelle structures degrade quite rapidly in the reducing (GSH) environment,

releasing their cargo in Figure 5.17.
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Figure 5.17. In vitro release of DOX at pH 7.4 and 5.4 with and without GSH for
a) P-SS-G2 and b) P-SS-G3 dendronized copolymers.

5.3.6. Cellular Internalization and in vitro Cytotoxicity

P-SS-G3 micelles were treated with MDA-MB-231 human breast cancer cells to
determine cellular internalization. Micelles were doped with a hydrophobic dye, Nile Red,
in visualizing internalization of the cargo. After 1 hour of incubation, the treated cells with
micellar carriers showed an increase in NR intensity when compare to control well, wherein
NR was introduced to cell containing media without any micelles. The NR signal increased
significantly in all wells excluding the control after 3 hours, demonstrating that cell
internalization of NR was greatly improved once encapsulated into micelles, and uptake

increased over time in Figure 5.18.
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Figure 5.18. Fluorescence microscopy images showing the comparison of
internalization of Nile Red and Nile Red-loaded micellar aggregate by MDA-MB-231

human breast cancer cells. Scale bar is 100 pm.

In vitro cytotoxicity assays were performed on a human breast cell line, MDA-MB
231, to explore the cytotoxic effect of DOX loaded polymeric micelles. The cells were
subjected to a range of comparable doses of free DOX or DOX-loaded micelles, ranging
from 10 to 1012 M. The cytotoxicity of DOX-loaded micelles was also investigated in the
context of GSH-responsive degradation. Cellular GSH ethyl ester (GSH-OEt) can cross
cellular membranes and swiftly achieve a high intracellular GSH content in biological
systems [121]. While free DOX had an EC50 of 5.69x10® M, the DOX loaded micelles P-
SS-G3 and the same structures with GSH had an EC50 of 1.01x10® M and 7.24x107 M,
respectively, according to cytotoxicity tests in Figure 5.19. The vitality of the cells reduced
as the amount of free and encapsulated DOX increased, implying that DOX inhibits cell
proliferation. When MDA-MB 231 cells are treated with GSH-OEt in the presence of DOX
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loaded particles, a further lowering of viability was observed. The presence of increased
GSH concentration in the MDA-MB 231 cells causes quick release of DOX to efficient
therapeutic levels upon disulfide linkage cleavage, resulting in decreased viability of MDA-
MB 231 cells.

MDA-MB-231
100 ~#- free dox
-# Dox loaded P-SS-G3
£ 75- ¢ -+ Dox loaded P-SS-G3+GSH
.'-_E:
x}
= 50+
= s
25
0 I | I |
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Log[DOX], M

Figure 5.19. Viabilities of MDA-MB-231 cells treated with DOX loaded P-SS-G3

under normal and redox environments.

5.4. Conclusion

In this project, redox-sensitive polymer-dendron conjugates that can respond to the
reducing environment in diseased tissues were fabricated. In these dendronized polymers,
the dendrons in the side chains are connected to the main polymer backbone by disulfide
bonds. While the polymer is hydrophilic, the attached dendrons were selected to be
hydrophobic. This construct yield nanosized micellar aggregates when dispersed in an
aqueous environment. Synthesized micellar structures were evaluated for drug delivery
studies, and there performance was evaluated under reducing environment and at various pH
values. The drug carrying capacity of the structures prepared with 3™ generation polyester
dendrons was found to be 1.5 times higher than the structures with 2" generation dendrons.
Thus, the increase in dendron generation increases the drug loading capacity of the multiplex
structure. Importantly, it was observed that the drug release was very low at physiological
pH for the 3rd generation dendronized copolymer. The P-SS-G2 and P-SS-G1 constructions
also assembled to micellar with low CMC, but they were unstable in excessively dilute
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environments. On the other hand, the micellar constructs obtained using generation G3-
dendrons were stable upon dilution. Cellular internalization of hydrophobic agents was
facilitated by encapsulation in these micellar constructs, as demonstrated with internalization
of Nile red into MDA-MB-231 breast cancer cells treated with dye-loaded P-SS-G3
micelles. Overall, the redox-responsive macromolecular structure designed in this study
offers an attractive candidate for creating micellar nanocarriers responsive to endogenous
stimulus, and is capable of effectively transporting therapeutically active agents. One can
envision that the design of the present construct can be further improved to obtain specific
targeting, as well as administration of multiple drugs in a synergistic fashion to address some

of the challenges encountered in combating complex diseases.
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6. ‘CATCH AND RELEASE’ CRYOGELS: FABRICATION,
FUNCTIONALIZATION AND REVERSIBLE PROTEIN
IMMOBILIZATION

6.1. Introduction

Three-dimensional polymeric scaffolds such as cryogels (CGs) are emerging as an
attractive alternative to traditional hydrogels as hydrophilic crosslinked soft material in
enabling a wide range of biomedical applications, such as diagnostics, drug delivery to tissue
engineering scaffolds [123-125]. While their important role is indisputable, for some
applications, traditional hydrogels require further structural refinements to improve their
suitability. One important attribute that governs performance of these crosslinked polymeric
scaffolds in several applications is the porosity of these materials. Imparting macroporosity
to hydrogels is not trivial, and one has to often resort to approaches like utilizations of
porogenic agents to enhance porosity. While this approach can increase the porosity of these
materials, it not only introduces other components during hydrogel fabrication which would
be needed to be removed, but also may compromise the preservation of the macroporous
structure after their removal [126, 127]. In this regard, cryogels, macroporous crosslinked
polymeric networks have emerged as an attractive alternative. It is a simple approach, where
gelation occurs at subzero temperatures, the frozen solvent domains act as porogens [128-
133]. Thawing the material post-crosslinking and removal of the solvent provides access to
a highly interconnected polymeric network with macroscopic voids. While there has been
renewed interest in these macroporous materials, their suitability in applications such as
acting a cell scaffolds and stationary phase for separation and purification of proteins have
been long recognized [134]. In both of the aforementioned applications a highly porous
structure with interpore connectivity is desirable. To further enhance the properties of
cryogels as scaffolds various functional groups have been introduced as reactive handles for
conjugation of bio-relevant ligands, which as promote specific interactions between the

biological entities such as proteins and cells with the polymeric matrix.
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A survey of functionalizable cryogel scaffolds which have been reported in recent
years for applications involving protein attachment and their release, reveals that reactive
functional groups such as epoxide, hydroxyethyl methacrylate, acrylamide and maleimide
have been utilized [135]. For example, Ingavle and coworkers reported that the possible use
of macroporous monolithic cryogels for biotoxin removal using anthrax toxin protective
antigen (PA). Using covalent immobilization technic, cryogel adsorbents with different
containing hydroxyl and epoxy-derivatized physical and mechanical properties for binding
of anthrax toxin specific antibodies [135]. While most of these examples utilize permanent
conjugation of a bioactive ligand, one can utilize reversible linkages to the polymeric matrix.
In this regard, the thiol-group based thiol-disulfide exchange chemistry has been exploited
since thiol-groups are either inherently present in several proteins, or can be introduced using
site-directed mutagenesis. In particular, sephadex microbeads containing thiol-reactive
pyridyl disulfide group has been commercialized for protein purification [136]. While
disulfide-containing reactive handles have been used for reversible conjugation on
polymeric interfaces such as surface coatings and hydrogels to the best of our knowledge,
this reactive functional group has not been exploited as a reversible handle in cryogels. Given
the increasing adaptation of cryogels in many areas, one can envision that fabrication of
cryogels that can be reversibly functionalized using the efficient thiol-disulfide exchange

chemistry will further expand their utility.

Herein, we report fabrication of reversibly thiol-reactive cryogel scaffolds and
demonstrate their application in biomolecular immobilization, protein detection and
purification using a catch and release strategy. To this end, a pyridyl disulfide group
containing oligoethylene glycol based methacrylate monomer was synthesized, and
subjected to cryogelation using polyethylene glycol (PEG) based co-monomers and
crosslinker. Cryogels with varying amount of the reactive PDS group could be obtained by
varying the monomer compositions in the cryogel precursors. Obtained cryogels were
characterized in terms of their morphology, water uptake capacity and chemical composition
using various analytical techniques. Reversible attachment on the cryogels is demonstrated
through attachment and release of fluorescent dyes, and proteins such as Streptavidin and
Concanavalin A (Con A). Finally the non-cytotoxic nature of these materials is demonstrated

through successful culture of fibroblasts on these macroporous scaffolds.
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6.2. Experimental Section

6.2.1. Materials

2,2-dipyridyldisulfide was purchased from TCI chemicals. Methacryloyl chloride,
DTT, cysteamine were purchased from Alfa Aesar. Biotin—thiol (Biotin—SH), and
mannose—thiol (Man—SH) were manufactured in relation to the literature [137].
Poly(ethylene glycol) methacrylate (PEGMEMA, Mn= 360 g mol—1) and poly(ethylene
glycol) dimethacrylate (PEGDMA, Mn = 550 g mol—1) were purchased from Sigma-Aldrich
and purified by passing it via an activated aluminum oxide column prior to usage. D-(+)-
mannose were purchased from Alfa-Aesar. Concanavalin A (FITC conjugate) was
purchased from ThermoFisher. Sigma-Aldrich provided the 2,2-dimethoxy-2-
phenylacetophenone (DMPA). Pierce provided rhodamine-conjugated streptavidin (TRITC-
Streptavidin). Silica gel 60 (4360 m, Merck) was used for column chromatography. Silica
gel plates were used for thin layer chromatography (Kieselgel 60 F254, 0.2 mm, Merck). All
gelation processes were carried out at a distance of 10 cm using a UV lamp with a 100 W
spot bulb (absorbance maxima ca. 365 nm). All solvents were purchased from Merck and
used as obtained without further purification unless otherwise noted. Ultrapure water was
obtained using Milli-Q Water Purification System (Milli-Q system, Millipore, Billerica,
MA, USA).

6.2.2. Instrumentation

Chemical compositions of small molecules were characterized using *H NMR
spectroscopy (Varian 400 MHz). A Thermo Scientific Nicolet 380 FT-IR spectrometer was
used to obtain Fourier transform infrared (FTIR) spectra. We used an ESEM-FEG/EDAX
Philips XL-30 (Philips, Eindhoven, The Netherlands) scanning electron microscopy (SEM)
apparatus operating at 10 kV to characterize the cryogel morphology. Prior to SEM
examination, cryogel samples were swelled in water and lyophilized. A fluorescent

microscope was used utilized to confirm the attachment of FITCBSA and TRITC-
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Streptavidin to the cryogels (HBO100 ZEISS Fluorescence Microscope, Carl Zeiss Canada
Ltd., Canada).

6.2.3. Synthesis of 2-(pyridin-2-yldisulfanyl)ethanamine (PDS-NH2)

Pyridyl disulfide ethylamine was synthesized according to reported procedures [6].
Briefly, in a round bottom flask equipped with a magnetic stirrer, 2,2-dipyridyldisulfide (415
mg, 4.54 mmol) was dissolved in methanol (3 mL) and acetic acid (0.26 mL, 5.54 mmol)
was added into solution and the mixture was stirred under N2. Cysteamine (143 mg, 1.26
mmol) was dissolved in methanol (2 mL) and added dropwise to the reaction flask. Then, it
was allowed to stir at room temperature for 3 hours to give desired compound. After the
formation of pyridyl disulfide ethylamine, solvent was evaporated in order to obtain a yellow
liquid. Reaction mixture was added to cold diethyl ether dropwise. White solid product 2
was precipitated and collected by filtration method (300.21 mg, 73.5 % yield).

6.2.4. Synthesis of PEG-Based 2-(acryloyloxy)ethyl methacrylate

Poly(ethylene glycol) methacrylate (1.11 g, 3.08 mmol) was dissolved in anhydrous
CH2Cl> (20 mL) and triethylamine (0.85 mL, 6.16 mmol) was added to the solution. The
mixture was cooled to 0°C in an ice bath under N2. Methacryloyl chloride (0.37 mL, 4.62
mmol) was added dropwise with continuous stirring into the mixture. The reaction was
stirred at room temperature for 24 hours. After completion of reaction mixture, 30 mL
CHCl> was added and extraction was done using with NaHCOs3 (2x10 mL) and with brine
(2x10 mL).Organic layer was collected and dried over anhydrous Na>SOa. In order to obtain

pure product 1 column chromatography was used.
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6.2.5. Synthesis of PEG-Based Pyridyl-Disulfide Group Containing Methacrylate
(PDS-PEG-MA) Monomer

PEG-Based 2-(acryloyloxy) ethyl methacrylate (0.312g, 0.75 mmol) was dissolved in
ethanol (5mL) then triethylamine (0.11mL, 0.82 mmol) and pyridyl disulfide ethylamine
(0.18mg, 0.81 mmol) were added to the reaction flask and stirred at room temperature for
24 hours. Thereafter, reaction solvent was evaporated and mixture was diluted with CH2Cl,
(20mL) and extracted with brine solution (3 x 30mL). Organic layer was dried by adding
solid anhydrous Na>SOs and then it was filtered. Solvent was removed under reduced
pressure to yield pure product. (0.368 g, 82% yield).!H NMR (CDCls, §, ppm) 8.47 (d, J =
3.5Hz, 1H), 7.77 - 7.56 (m, 2H), 7.10 (d, J = 5.0 Hz, 1H), 6.13 (s, 1H), 5.57 (s, 1H), 4.40 —
4.15 (m, 4H) in Figure 6.1. *C NMR (CDClIs, ) 167.36, 166.16, 136.01, 131.35, 131.01,
128.29, 128.01, 126.09, 125.74, 63.88, 63.70, 62.36, 62.18, 18.32 in Figure A.16.

6.2.6. Fabrication of PDS-PEG-MA Functionalized Cryogels

For production of PEG-PDS-MA cryogel (30% reactive monomer), a classic method
is followed. PEGMEMA (55.14 mg, 0.183 mmol), poly(ethylene glycol) dimethacrylate
(144.42 mg, 0.262 mmol), PEG-PDS-MA monomer (50.00 mg, 0.078 mmol), and DMPA
(3.36 mg,0.013 mmol) 1,4-dioxane (1.8 mL) were placed into glass vial and sonicated for 1
minute to provide a homogeneous transparent solution. The reaction vessel containing (0.6
mL) was then placed in a cryostat at -13 °C and treated to UV light (365 nm) from 15 cm
away (1 h). After gelation procedure, cryogels were cleaned with ethanol in order to remove
unreacted substances and rinsed carefully washed with water and dried under vacuum. The

same procedure was applied to obtain 20% and 10% reactive monomer containing cryogel.

6.2.7. Fabrication of Control Cryogel

Control cryogels were fabricated in a parallel method as overhead without using

reactive monomer.
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6.2.8. Water up taking of Cryogels

Swelling measurements were carry out by taking certain amount of cryogel in a vessel
having distilled water at ambient temperature. At predetermined intervals the change in mass
of the cryogel samples were recorded up to the point where the mass of the cryogel no longer
changed. The percentage weight variation was calculated from fractional weight change

using the simple equation as

Percentage of Swelling (%) = (Wwet -Wary) / Wary % 100,

where Wwet and Wary refer to the weight of wet and dry cryogels respectively.

6.2.9. Pyridothione Release Studies

The cryogels sample were placed into a DTT solution (3 mL, 10 mM in PBS) in vial
and incubated at 37 °C. At predetermined time points, 0.3 mL samples were taken from the
solution and replaced with the same amount of fresh DTT solution. UV—vis spectrum of the
solution was note down to decide the absorbance at 343 nm, fitting to the free pyridothione
fragment. The total pyridothione amount was calculated on the basis of the molar extinction
coefficient of pyridothione, and the percent release was obtained using the equation below
as

Nrel (%) = (Nact/Ntheo) % 100,

where Nnrel, Nact, and Nieo represent the released, actual, and theoretical molar amounts of

pyridothione.

6.2.10. Scanning Electron Microscopy (SEM)

The morphology of dried cryogels were characterized with scanning electron
microscopy (SEM) using an ESEM-FEG/EDAX Philips XL-30 (Philips, Eindhoven, The

Netherlands) instrument with an accelerating voltage of 10 kV.
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6.2.11. Direct immobilization of BODIPY-SH

Different mol ratio pyridyl disulfide reactive group containing cryogel samples were
immersed in BODIPY-SH (the stoichiometric ratio of pyridyl disulfide to thiol was 1:1.1)
solution in DMF and catalytic amount of acetic acid was added over the reaction solution at
room temperature. After 18 hours, gels were washed using DMF several times to remove
unreacted. As a control experiment, cryogel preparing without reactive monomer was treated
with a solution containing BODIPY-SH and acetic acid with the same approach. All cryogels

were analyzed using fluorescence microscopy for evaluating dye attachment.

6.2.12. Catch and Release of Streptavidin onto the Biotinylated

Cryogels. Pyridyl disulfide containing cryogels were treated with Biotin-SH
(Img/mL) in MeOH/THF (1:1) containing trace amount of acetic acid for 18 hours at room
temperature. Afterwards, the gels were washed several times with the identical solvent to
get rid of unbounded Biotin-SH. Swollen biotinylated cryogels was treated with a solution
of TRITC—streptavidin (1 ug/mL in PBS) for 20 min. Fluorescence microscopy was used to
examine protein-immobilized cryogels that had been extensively washed with PBS. To
demonstrate the least amount of nonspecific interactions with the cryogel, a cryogel without
a biotin attachment was employed as a reference. Cryogels incubated with DTT solution
(10mM, 3mL) at room temperature for 3 hours to release streptavidin. Cryogels samples
were visualized using fluorescence microscopy after and before DTT treatment. Cryogels

samples were visualized using fluorescence microscopy after and before DTT treatment.

6.2.13. Immobilization ConA from Lectins Mixture.

Cryogels containing pyridyl disulfide were treated with a mixture of mannose-SH in
methanol. Pyridyl disulfide to thiol has a stoichiometric ratio of 1:1.1.After allowing the gels
and mannose to react overnight, they were carefully cleaned with methanol and distilled
water before proceeding to the following stage. The mannose decorated cryogels were

incubated in a solution that contains 0.05 mg/mL of FITC-ConA and rhodamine-PNA in
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HEPES buffer (20mM, pH: 7.4) for 20 minutes before being completely washed with
HEPES buffer. Cryogels incubated with DTT solution (10 mM, 3 mL) at room temperature
for 3 hours to release FITC-ConA.

6.2.14. Cellular Attachment on Cryogel

L929 mouse fibroblast cells were used for cell attachment experiment and cells were
grown under a 5% CO containing atmosphere at 37 °C and cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum (FBS). Before cell
seeding, control cryogels, 20% PDS containing cryogels, mercaptoethanol-conjugated
cryogels and linear RGD-conjugated cryogels (round disk around 2.5 cm?) were incubated
in DMEM for 2 hours to allow swelling. At the end of 2 hours, L929 cells (100 000 cells per
100 uL) were seeded onto cryogel samples and they were incubated at 37 °C under 5% CO>
atmosphere for 1 h. After that, the cell medium (3 mL) was added to each well containing
cryogels. At the end of 24 hours incubation, the cell medium was removed and cryogels were
washed with 1 x PBS (1 mL, 3 times) and the cells were fixed by using 3.7 % formaldehyde
solution at 37 °C for 10 min. After fixation, the cells were washed with 1 x PBS (1 mL x 2
times). For F-actins staining, the cells were treated with 0.1% Triton X-100 in PBS for 5
min. After washing with 1 x PBS (1 mL, 2 times), the cells were incubated with Alexa Fluor
488 phalloidin solution (5 units/mL) in 1 x PBS solution including 1% BSA for 20 min at
37 °C. After washing with PBS (1 mL, 3 times), cell nuclei were stained by DAPI for 15 min
at 37 °C. After washing the cells, cell images were taken using Zeiss Observer Z1

fluorescence microscope and processed with Zeiss Zen Blue lite software.

6.3. Results and Discussion

6.3.1. Fabrication, Characterization, and Functionalization of Pyridyl Disulfide

Containing Cryogels

Macroporous cryogels containing pyridyl disulfide reactive groups in different molar

ratios were successfully fabricated using photo-polymerization in Figure 5.1a. Firstly, to
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synthesize the pyridyl disulfide containing PEG-based methacrylate (PDS-PEG-MA)
monomer, pyridyl disulfide ethylamine (PDS-NH2) was obtained according to literature
protocol.27 The PDS-amine was attached to a PEG-based 2-(acryloyloxy) ethyl
methacrylate (PEG-AC-MA) in the presence of an organic base trimethylamine to yield
PDS-PEG-MA monomer in good yield (82%). The purity of the PDS-PEG-MA monomer
was confirmed evaluated *H NMR in Figure 6.1a and in addition to this **C NMR in Figure
A.16. The characteristic peaks of pyridyl group were clearly observed in the *H NMR spectra
of monomer at 8.47, 7.77 — 7.56 and 7.10 ppm, along with the peaks conforming to the vinyl
protons on the methacrylate unit at 6.13 and 5.57 ppm in Figure 6.1b.
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Figure 6.1. (a) Synthesis of PDS-containing monomer, and (b) *H NMR spectrum of
PDS-PEG-MA.
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Figure 6.2. Synthesis PDS-PEG-MA monomer and fabrication of PDS-PEG-MA

containing cryogels.

PEG-based pyridyl disulfide monomer PDS-PEG-MA and PEGMEMA (Mn =300 g

mol™) were utilized in the cross-linking process in the presence of the PEGDMA crosslinker

and DMPA as a photoinitiator in Figure 6.2. Cryogels CG-CTRL, CG-PDS-PEGMA-10,
CG-PDS-PEGMA-20, CG-PDS-PEGMA-30 containing 0, 10, 20, and 30 mol %,

respectively were produced with high conversions (84-98%). After washing the cryogels

with copious amounts of THF and water, samples were lyophilized to obtain them in dry

form. To ascertain the quantity of the thiol-reactive PDS-disulfide groups, samples were

treated with DTT (10 mM). Upon reaction with DTT, the disulfide group is cleaved to release

a pyridothione fragment, which has a characteristic absorbance (343 nm in PBS).

Cumulative PDS Release (%)

b)

—e—CR-PDS-10

—e— CR-PDS-20

—e— CR-PDS-30

wet cryogel

dry cryogel

Time (min)

Figure 6.3. (a) Pyridothione release profiles from cryogels, and (b) photographs of

the top views of dry, and wet cryogels.



102

The total amount of released pyridothione was calculated on the basis of the molar
extinction coefficient of pyridothione (8080 M~cm™ in PBS) [128]. It was concluded that
the incorporation of the PDS monomer in the cryogels was similar to the feed composition
in Table 6.1. This indicated that the PDS groups did not undergo any decomposition during
the cryogenic photo-polymerization. Additionally, the release of the pyridothione group was
quite fast, with quantitative release observed with an hour, while the change in the amount
of the PDS monomer within the gels had only a slight effect on their release profile in Figure
6.3a. The fast release observed for the cryogels are presumably due to their rapid and high
swelling in aqueous media in Figure 6.3b, which allows the reducing agent to rapidly

permeate through the gel scaffold.

Table 6.1. Conformation of cryogels with changing quantities of pyridyl disulfide

monomer.
Cryogel [PDS-PEG-MA] [PDS-PEG-MA] Gel Swelling
:[PEGMEMA] :[PEGMEMA] Content %
Feed Ratio Obtained Ratio %
Mol % Mol %

CG-C 0:100 0:100 95 916+30
CG-PDS-10 10:90 9:91 88 733140
CG-PDS-20 20:80 22:88 84 640+29
CG-PDS-30 30:70 31:69 91 446+30

Morphology of obtained cryogels were analyzed using SEM analysis in Figure 6.4 and
Figure A.17. Upon immersion in agueous media, the cryogels underwent rapid swelling and
reached equilibrium swelling capacity within a few minutes in Figure A.18. The final
equilibrium swelling of the cryogels was found to be dependent on the amount of PDS-
monomer incorporated into the matrix in Figure 6.4d. After 1 minute, the swelling ratio of
CG-PDS-PEGMA-10 was 916 percent, whereas the swelling ratios of CG-PDS-PEGMA-20
and CG-PDS-PEGMA-30 were 733 percent and 446 percent, respectively. The macroporous
morphology and high swelling capacity is quite different from what was observed for a
conventional hydrogel with similar composition, where hydrogels were predominantly non-

porous and had lower water uptake.
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Figure 6.4. Scanning electron micrographs of cryogels synthesized using (a) 10% (b)
20% (c) 30% PDS (scale bar is 50 um), and (d) graphical representation of the equilibrium

swelling values of cryogels.

6.3.2. Direct immobilization of BODIPY-SH

Thiol-reactive cryogels were functionalized with a thiol-containing fluorescent dye,
BODIPY-SH. All cryogels were treated with BODIPY-SH and the mole ratio of pyridyl
disulfide to thiol was adjusted to 1:1.1. For the dye conjugation, a control gel (CG-CTRL)
without reactive monomer and gels with a gradually increasing amount of the reactive
monomer were used. As expected, fluorescence microscopy analysis revealed that gels
devoid of the reactive PDS monomer did not show any noticeable fluorescence (Figure 6.5a).
On the other hand, the gels containing the PDS group exhibited high fluorescence, which
was consistent with the increase in the amount of the reactive monomer (Figure 6.5b, c, d).
All samples were sonicated using fresh solvent to remove the dye was physically trapped in
the gel network before the fluorescence image was taken. The amount of dye for the control

gel was adjusted as in the sample containing the most reactive monomer. These results show
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that we can adjust the amount of dye to be immobilized on the gels by changing the reactive

monomer ratio in Figure 6.5d.
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Figure 6.5. (a.b,c,d) Fluorescence microscopy images of the BODIPY-SH-
immobilized cryogels and (e) the cryogels' relative fluorescence intensities after being
functionalized with BODIPY-SH.

6.3.3. Catch and Release of Streptavidin onto the Biotinylated Cryogels

There is a well-known strong non-covalent interactions between biotin and
streptavidin. Streptavidin is widely used in molecular biology because, apart from its
exceptional affinity for biotin, extreme pH, temperature and organic solvents do not affect
the binding of this protein to biotin [138]. In order to immobilize streptavidin on the gels,
firstly, the gels were treated with Biotin-SH. Biotinylated cryogels were incubated in a PBS
solution containing TRITC-streptavidin for 20 minutes, then extensively washed with PBS
to remove unbound protein. Likewise, as a control experiment, cryogels devoid of any PDS
groups were also treated with a dye-labeled protein solution, and washed to remove any
unbound protein [139, 140]. As expected, fluorescence microscopy analysis revealed that
while negligible protein attachment was observed in the gels that did not bind Biotin-SH, as
the control did not contain reactive monomers in Figure 6.6a. On the other hand, the increase
in the amount of PDS-based monomer significantly increased the fluorescence intensity in
Figure 6.6b, c, d. The fluorescence results show that protein immobilization can be tuned

during the construction of gels by using different amounts of reactive monomer.
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Fluorescence microscopy analysis revealed that there was a significant reduction in the

intensity of red fluorescence in cryogels treated with DTT, suggesting the release of

a) b)
e)
| - | -

Figure 6.6. (a,b,c,d) TRITC-Streptavidin immobilized cryogels fluorescence

streptavidin in Figure A.19.
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microscopy pictures, and (e) Fluorescence intensity intensities of cryogels upon protein

attachment

6.3.4. Immobilization ConA from Lectin mixture.

Lectins are glycoproteins that play an important role in biological recognition
phenomena involving cells, carbohydrates , proteins and thus various strategies to detect as
well as purify lectins have been developed [141]. Various sugar-based ligands are known to
interact specifically with certain lectins, and thus have been widely conjugated to various
interfaces. To evaluate the efficiency of the PDS-containing cryogels toward lectin
immobilization, cryogels were decorated with mannose-SH, and exposed to a mixture of
fluorescent dye-labeled proteins [142]. In particular, the mannose conjugated gels were
immersed into a HEPES buffer solution containing a mixture of FITC-ConA and TRITC-
PNA. Thereafter, protein attachment onto the cryogels was analyzed using fluorescence
microscopy. After treatment with protein mixture containing solution and before any
subsequent washing, presence of both green and fluorescence indicated that both FITC-
ConA and TRITC-PNA were present in the gels in Figure 6.7a, but upon subsequent washing

to remove unbound protein, gels exhibited only green fluorescence This suggests that
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mannose conjugated cryogels were able to selectively retain the targeted protein ConA in
Figure 6.7b.

control 10 % PDS 20 % PDS 30 % PDS

| ----

Figure 6.7. Fluorescence microscopy images of ConA and TRITC-PNA immobilized

a

FITC-ConA

FITC-ConA RhB-PNA

RhB-PNA

cryogels (a) before washing (b) after washing.

6.3.5. Cytotoxicity and RGD-based Cell Attachment

The survivability and proliferation of cells enclosed inside gel-based 3D scaffolds are
critical measurements [143]. To increase the attachment of L929 fibroblast cells, the CG
slides were treated with a thiol-containing ligand binding peptide (RGD-SH) in Figure 6.8.
The actin cytoskeleton of these L929 fibroblast cells was detected with Alexa Fluor 488, and
the nuclei was labeled with DAPI reagent. The first group is the control group without
reactive monomer. When incubated with this group of cells, it was observed that no cells
were attached. Cells did not adhere or spread on the normally bioinert surface without the

addition of the cell-adhesive peptide to the cryogel. CGs containing active monomer and
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mercaptoethanol-treated gels did not show significant cell attachment, as was the case with
the control CGs. Through the non-cleavable disulfide bond, L929 fibroblast cells were
grown on an RGD-SH connected cryogel and observed by fluorescence microscopy. Cells
attached homogeneously and uniformly to the cryogel treated with RGD, growing across the

full surface of the scaffold.

o Mercaptoethanol RGD-SH
Control 20% PDS conjugated conjugated

Figure 6.8. Images of cells trapped on the RGD-attached cryogel layer captured with

AF 488 Phalloidin

Merged

fluorescence microscopy. After detachment, merged fluorescence microscopy pictures

indicate viable (green) cells.

This is expected because the cell adhesion peptide is bound to the CG via a covalent
disulfide bond in these CG. The ability of this platform to adapt to potential applications
depends on cell survival following separation. The versatility of this platform to adapt to
potential applications depends on cell survival following separation. Surface-detached cells
were placed in a well plate and stained with an alexafluor488 to see if this was true. The
majority of detached cells were alive following detachment from the surface, according to

combined fluorescence microscopy images.
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6.4. Conclusion

Fabrication of a new catch-and-release cryogel platform demonstrated based on the
thiol-disulfide exchange reaction. Poly(ethylene glycol)-based cryogels containing thiol-
reactive functional groups was synthesized using photo-polymerization method. The
macroporous structure has given gels an incredible ability to swell water and also release
profile. Equilibrium swelling in water, morphology, immobilization capacity and release

profile adjusted changing reactive monomer.

Cryogels were also functionalized effectively with bodipy-thiol and mannose thiol,
resulting in the immobilization of the proteins TRITC-Streptavidin and Concanavalin A, as
well as the release of immobilized protein after DTT treatment. Mannose-thiol conjugated
cryogels were assessed for selective binding toward ConA. Both separation and purification
of ConA from a mixture of ConA and PNA, cryogels functionalized with mannose were
utilized. Overall, novel thiol-reactive macroporous cryogel constructs will be used charming

platform for various biomedical applications.
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7. CONCLUSION

This thesis focused on the design, synthesis, and applications of stimuli-responsive
biomaterials. The methods outlined here yield materials that can find possible applications

in drug delivery, biosensing and tissue engineering.

In the first chapter, dendron-polymer conjugate-based self-assembled nano-sized
aggregates are fabricated as drug-delivery systems to address diseases like cancer. In
particular, an orthogonally reactive hydrophobic biodegradable polyester dendron was
clicked together with an azide-terminated copolymer containing amine-reactive monomers
to create a dendron-polymer conjugate. The targeting unit containing (CRGDfK) the amine
group was successfully attached to the side chain of the polymer. A core-crosslinking
strategy was applied to provide stability to the obtained micellar aggregates. For this
purpose, a radical thiol-ene reaction was utilized. It was established that such a core
crosslinking strategy increases the stability of aggregates against high dilution. It was also
observed that apart from increasing the stability, crosslinking also enables a more controlled
drug release by reducing the passive release in the absence of any stimuli. In addition to all
these, it was observed that the micellar structures carrying the targeting group demonstrated

higher internalization into the MDA-MB-231 breast cancer cells.

The second chapter is related to the construction of micellar structures based on redox-
responsive dendron-polymer conjugates as controlled drug delivery vehicles. The construct
consists of a hydrophobic biodegradable dendron conjugated to a linear PEG-based polymer
through a disulfide linkage. In particular, a thiol-disulfide exchange reaction was utilized to
synthesize these redox-responsive diblock copolymers. The same reaction was used to obtain
a dendron-polymer conjugate that could be functionalized with a peptide-based targeting
group. While the micellar aggregates obtained using the DPCs comprised of the third-
generation dendrons were not stable against dilution, the aggregates prepared using the
fourth-generation dendrons were resistant to dilution and possessed a higher drug loading
capacity. In addition, it was observed that the structure carrying the targeting group showed

faster and higher internalization than the structures devoid of targeting groups. When the
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durability and drug release of the micellar aggregates were tested in neutral and GSH-
containing environments, it was observed that both drug release and cytotoxicity were higher

in a GSH-rich environment, which is in abundance in cancerous cells.

In the third chapter, a dendron-polymer conjugate with architecture different than the
one utilized in the first two chapters was evaluated for obtaining micellar aggregates. In this
study, 1%, 2" and 3" generation dendrons were connected to the side branches of the polymer
chain through disulfide linkages. Attaching dendrons as side groups enabled the structure to
be equipped with more dendrons than a linear polymer dendron conjugate. The self-
assembly of thus synthesized structures was examined, and their degradation and drug
release behavior was investigated in a reducing environment at various pH values for drug
delivery investigations. While the nano-sized aggregates prepared with 3 generation
dendrons had a higher drug loading capacity, they were also more stable upon dilution.
Encapsulation and efficient transport of hydrophobic agents using these micellar constructs
into cells were achieved. Notably, a higher cytotoxic behavior was observed for drug-loaded
aggregates upon internalization by GSH-enriched cells. This preliminary investigation using
the utilization of a dendron-polymer conjugate with a different architecture offers an

alternative platform for drug delivery.

Unlike the previous ones, the last chapter focuses on the design, synthesis, and
application of a different biomaterial, namely cryogel. A photo-polymerization approach
was used to make poly(ethylene glycol)-based cryogels containing a new disulfide-based
thiol-reactive unit. Obtained gels possessed an exceptional ability to swell due to their
macroporous structure. Changing the reactive monomer ratio is straightforward
for adjusting equilibrium swelling in water, immobilization capability, and controlled
release. Attachment and release of various thiol-containing dyes and bioactive ligands were
demonstrated. These scaffolds were also amenable to facile functionalization with specific
sugar molecules for immobilization and sensing of target lectins. Finally, it was
demonstrated that cell-adhesive peptides could be conjugated to these other anti-biofouling

polymeric gels to promote cellular attachment onto these scaffolds.
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Figure A.1.*H NMR spectrum (in CDCls) of polymer-dendron conjugate (PDC-C).
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Figure A.2. SEC traces of polymer-dendron conjugate (PDC), copolymer and
dendron .
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Figure A.3. Pyrene excitation spectrum of PDC-C micelles. Left inset: [33s/1334 vs log

concentration graph to calculate CMC value.
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Figure A.4. Size stability of crosslinked (CL-R) micelles from PDC-R in 10% FBS.
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Figure A.6. >*C NMR spectrum of 4™ generation polyester dendron.
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Figure A.7.UV-Vis spectrum of pyridine-2-thione released from pyridyl sulfide-thiol

exchange reaction during PEG-SS-DEN4 conjugation.
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Figure A.9. GPC traces of dendron G4, PEG and PEG-SS-DEN4.
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Figure A.12. Fluorescence microscopy images of MDA-MB-231 cells treated with
free DOX and DOX loaded micelles.
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Figure A.16.°C NMR spectrum of PEG-based pyridyl-disulfide group containing
methacrylate (PDS-PEG-MA).

Figure A.17. Scanning electron micrograph of control cryogel synthesized without

reactive monomer.
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Figure A.18. Water uptake profile of cryogels.

10% PDS

20% PDS 30% PDS

Figure A.19. Fluorescence micrographs of TRITC—streptavidin immobilized

cryogels after DTT treatment.
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