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ABSTRACT

Water soluble multifunctional nano structures are promising candidates as imaging
agents for early and post-treatment diagnostics. In this thesis, design and synthesis of novel
multifunctional nanogels have been achieved by chemically crosslinking nanogels obtained
via polymer self-assembly. A poly(ethylene glycol)methacrylate (PEGMA) based maleimide
bearing polymer was synthesized via atom transfer radical polymerization (ATRP). In
particular, a PEGMA containing amphiphilic copolymer was used to synthesize the nanogels
due to its lower critical solubility temperature (LCST) behavior. These polymers form nano-
size aggregates in aqueous solutions upon heating. Due to the presence of thiol-reactive
maleimide units on these polymers they can be crosslinked via thiol bearing crosslinkers to
obtain nanogels. After gelation, functionalization of residual maleimide groups in the
nanogels are available for conjugation of imaging agents, as shown via addition of a thiol
bearing fluorescent dye (BODIPY-SH). In addition, to demonstrate multifunctionality of
nanogels, thiol bearing cyclic peptide based targeting group, cRGDfC, and maleimide
bearing dye N-(fluoresceinyl) maleimide were sequentially conjugated to nanogels under
mild conditions. Parent nanogels did not show any in vitro toxicity on cancerous breast cell
lines. Presence of the targeting group on the nanogels increased the internalization of
nanogels into the cancerous breast cell lines as deduced from fluorescence microscopy and
flow cytometry studies. Overall, facile synthesis of a multifunctional nanogel that can serve
as a promising candidate in the field of diagnostics was achieved.
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OZET

Suda ¢oziinen, ¢ok islevli nano yapilar goriintilleme ajani olarak tedavi oncesi ve
sonrasinda diagnostik alanlarda kullanim a¢isindan gelecek vaat etmektedir. Bu tezde, ¢oklu
islevi olan nanojeller kendiliginden diizenlenen polimerlerin kimyasal sekilde g¢apraz
baglanmasiyla sentezlenmistir. Poli (etilen glikol) metakrilat bazli, maleimid tasiyan
polimerler atom transfer radikal polimerlesmesi (ATRP) yoluyla sentezlenmistir. Bu
amfifilik polimerler alt kritik ¢6ziinme sicakligi 6zellikleri nedeniyle nanojel sentezinde
kullanilmiglardir. Bu polimerler sulu ¢ozeltide 1sitildiginda agregalar olusturdugu igin, tiyol
bulunduran capraz baglayicilar yoluyla ¢apraz baglanarak iyi tanimlanmis boyutlarda
nanojeller elde edilebilir. Jellesme sonrasinda, artan maleimid gruplarinin
islevsellestirilmesi tiyol tasiyan hidrofobik boyanin (BODIPY-SH) eklenmesi ile
gosterilmistir. EK olarak, nanojellerin ¢oklu islevselligini géstermek igin, tiyol bulunduran
siklik peptit bazli hedefleme grubu, cRGDfC, maleimide tasiyan boya N-(Floresinil)
Maleimid sirasiyla nanojellere hafif kosullarda conjuge edilmistir. Nanojeller meme kanseri
hiicre hatlar1 iizerinde citotoksisiteye neden olmamistir. Nanojeller {izerinde hedefleme
grubu bulunmasi, nanojellerin meme kanseri hiicre hatlarina girmesini kolaylagtirmistir.
Sonug olarak, kolay sentezlenen, coklu islevli ve iyi tanimlanmis boyutlarda nanojeller

tasarlanmistir ve bu nanojeller diagnostik alanda gelecek vaat etmektedir.
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1. INTRODUCTION

1.1. Nanomaterials for Bioapplications

Particles having size smaller than 100nm are generally accepted as nanomaterials
which are promising candidates for applications in controlled drug delivery, biosensing,
tissue engineering and bioimaging [1]. The high performance of nanomaterials for the above
mentioned areas are caused by their distinct physical characteristics such as their 3D shapes
and high surface over mass ratio, therefore they contain highly functionalizable surface
which allows them to react, adsorb and transport more efficiently. In order to formulate
nanomaterials, a wide variety of chemically diverse materials can be used. Natural products
like dextran, hyaluronic acid, chitosan, lipids and phospholipids, or synthetic polymers,
silicon and metals have been utilized to formulate nanomaterials depending on the

application [2].

Liposomes, nanoparticles, nanogels, nanotubes, quantum dots and micelles are the
most frequently used types of nanomaterials which allow facile surface modification (Figure
1.1) [3]. Modifications on the surfaces of nanoparticles which have the size similar to
biomolecules serve as excellent probes for various bioapplications. Surface modifications
facilitate their solubility in aqueous medium, increase their biocompability and allow

biosensing.

The nanomaterials can be tuned to achieve targeting, respond to physiological stimuli
(pH, temperature or redox) and embody imaging characteristics which makes them suitable
candidates for various biomedical and pharmaceutical applications [4]. In order to display
these features, polymers are widely used as either the core material or as an outer shell of
inorganic nanomaterials. Among various nanomaterials, the formation of nanogels and
polymeric nanoparticles involve convenient and straightforward synthesis methods to obtain

various nanomaterials that either interact or respond or do both in biological settings [5].



Nanoparticles Liposomes Nanotubes

Micelles Quantum Dots Nanogels

Figure 1.1. Various nanoparticles for bioapplications

1.2. Polymeric Nanoparticles for Bioapplications

Throughout the last few decades, usage and development of polymeric nanoparticles
has extensively increased in biological applications, especially for controlled and targeted
delivery purposes. Interest on the utilization of polymeric nanoparticles for drug delivery
have witnessed this increase because it can increase the therapeutic effect and overcome the
limitations of liposomes, a class of nonmaterial that is currently used in clinical formulations.
Although, liposomes can be used for targeted delivery with lower drug degradation and toxic
effects, they often suffer from rapid leakage and lower encapsulation efficiency compared
to polymeric nanoparticles [6]. Moreover tailoring of polymeric nanoparticles, both their
surface and shell part, is easier due to versatility, modularity and variety of polymers.

Most of the widely reported polymeric nanoparticles consist of natural products like
hyaluronic acid, dextran, or synthetic polymers like poly (D,L -lactic acid) , (PLA),
poly(D,L-lactide-coglycolide) (PLGA), and poly(caprolactone), (PCL) because of their
biodegradability [7,8]. Nanoparticles have specific passive targeting ability for tumor tissue
through the large pores caused by the disordered vasculature and lymphatic drainage. This
characteristic is referred as the enhanced permeability and retention (EPR) effect.
Biodegradable nanoparticles can carry their cargo to tumor tissue and release their cargo



after degradation in the cells. Moreover, the solubility and blood circulation of the

nanoparticles are enhanced by conjugating PEG chains to their surface [9].

Figure 1.2. Polymeric nanoparticle formation methods. Reprinted with permission from
[10].

Most common methods to obtain polymeric nanoparticles through dispersed
polymers are solvent evaporation, salting-out, nanoprecipitation and dialysis (Figure 1.2.).
Solvent evaporation method uses a volatile solvent system, where after evaporation of one
of the solvent the polymers are trapped in the other solvent as mini-emulsions [11]. Salting-
out uses a solvent system consist of water and water-miscible solvent and high concentration
of salt emulsification is achieved [12]. Nanoprecipitation generally employs water and a
water miscible low boiling solvent. Diffusion of polymers in water is rapid, thus it favors
formation of polymeric droplets [13]. Dialysis is another widely used method in which the
polymer is dissolved in an organic solvent and dialysis is performed against a solvent which
is not favored by polymer. After displacement of the solvent homogeneous nanoparticles
can be obtained [14].



1.3. Nanogels for Bioapplications

Nanogels are nanosized three dimensional polymeric meshes which are formed by
physical or chemical crosslinking of monomers or polymers. Nanogels are generally used
for tissue engineering, biosensing and mainly for drug delivery purposes like most of the
other nanomaterials. Nonetheless, ordinary polymeric nanoparticles contain hydrophobic
parts of polymers densely packed in the core and free volume increases towards the shell.
On the other hand, nanogels can have a more homogeneous interior network compared to
polymeric nanoparticles [15]. Formulation using hydrophilic building blocks affords

nanogels that are amenable to diffusion of small molecules into and out of these structures.

Sizes of nanogels are tunable depending on their formation method. Drugs, cell
targeting ligands and contrast agents can be covalently attached to the surface of the
nanogels. Nanogels can be engineered to be biodegradablewhen synthesized using
biodegradable polymers or biodegradable crosslinkers. Upon arrival to the target they can
release their cargo quickly and cause a drastic increase in the local concentration of drugs.
Disulfides, peptides, anhydrides, esters and acetals are widely used linkages to tailor

biodegradability into nanogels [16].

Drug delivery agents always aim to have high encapsulation efficiency, however
high encapsulation efficiency does not guarantee that a nanomaterial can be used safely and
effectively. If the cargo is not stably encapsulated, it can cause leakage which will damage
the healthy tissue and have minor impact on tumor tissue. Thus, the stability of the nanogels
conjugates make them more advantageous than the self-assembled non-crosslinked
nanoparticles, since the stability enables nanogels to carry their cargo to the site of action at

a concentration within the therapeutic window [17].

Encapsulation stability is important for nanogels. However, upon desire a nanogel
system should be able to release their cargo at the target in addition to stability during
circulation in the body. Thus nanogels should be stimulus responsive. Those responses can
be obtained by forming nanogels with chemical bonds which may be pH, temperature, redox,

light reactive or cleaved by enzymes [18].



Size control is another important issue to have desirable nanogels for drug delivery
purposes. In order to passively target tumor tissue and utilize EPR effect, sizes of the
nanogels should be more than 20 nm. Nanogels among that size have the passive targeting
ability due to disarranged cellular structure in the tumor tissue. Moreover, sizes more than
200 nm is not desirable for nanogels since sizes higher than 200 nm can limit the efficient

endocytosis of particles into the cells [19].

In addition to passive targeting caused by the EPR effect, nanogels can undertake
active targeting by incorporating antibodies or receptor binding ligands to their surface.
Surface recognition facilitates selective delivery of the cargo to the target. For instance, Lyon
and coworkers used folic acid as a ligand which has high affinity for folic receptors
overexpressed in some types of tumors. They designed a poly (N-isopropylacrylamide)
(pNIPAmM) based nanogel with the N,NO -methylenebis(acrylamide), biscrosslinker and folic
acids were conjugated to amine groups on the nanogels surface which increased the

efficiency of nanogels in SiRNA delivery [20].

Toxicity and anti-biofouling character is a must for a nanogel to be used in the drug
delivery. Most of the nanogel systems have an acrylic or methacrylic core which are known
to be harmless and generally hydrolyzed into small alcohols and methacrylic acid. Moreover,
nanogel systems generally use non-toxic oligo ethyleneoxide based monomers to favor self—
assembly behavior and antibiofouling effect [21]. Another non-toxic and biodegradable
group is disulfides which can be reduced wtih the help of glutathione molecules in the body.
Thus disulfide bearing crosslinkers are widely used for the biodegradable nanogel synthesis.
For instance, Li and coworkers designed a nanogel system with oligo ethylenoxide and six-
member cyclic ortho ester group bearing acrylates and disulfide containing bisacrylate with
the help of miniemulsion polymerization. When they add dithiothreiotol (DTT) or decrease

the pH, nanogels release their cargo after degradation [22].

1.4. Synthesis of Nanogels using Surfactants

In order to synthesise nanogels, there are two main approaches. The first one involves
polymerization of monomers with a crosslinkable monomer which has at least two

polymerizable functional units. Monomers with bisfunctional groups will crosslink the



polymers during polymerizations. In order to, prepare gels from monomers usual approach
involve using miniemulsions or inverse miniemulsions to trap monomers in a nanosized
emulsion. Thus, polymerization undergoes in the nanosized emulsions and thus controls the
size of the nanogels [23]. For example, Matyjaszewski and coworkers formed inverse mini-
emulsions by using the surfactant Span80 in water and cyclohexane. Within these
miniemulsions they polymerize polyethylenglycol methacrylates with a disulfide bearing
polyethylengycol dimethacrylate crosslinker. They perform Inverse Miniemulsion ATRP to
obtain biodegradable nanogels (Figure 1.3.) [24].

OEOMA AGET ATRP P 5
Cu(ll)Br,/TPMA \ o
PEO5000-Br —| Ascorbic acid Particle of
in water P(OEOMA) with
No DMA-PEOSS . MM, <13
Span 80 in
Cyclohexane

[W)‘o/\ﬂ\n/vsxl

MA-PEOSS

\ ¢

P(OEOMA) nanogel with "
disulfide linkages i Styrene

CuBr/PMDETA
anisole

P(OEOMA)-ce-PS
nanogel with disulfide
linkages

Figure 1.3. Nanogel synthesis by PEGMA monomers by using AGET ATRP in the inverse
mini emulsions. Reprinted with permission from [24].

Second approach to synthesize a nanogel involves crosslinking of polymers via a
crosslinker. In order to synthesize the nanogel in a controlled manner, stable aggregates are
necessary just like the synthesis of nanogel by crosslinking monomers. Polymers in
miniemulsions will have a high local concentration, therefore facilitate the gelation despite
their low total concentration. Mini-emulsion technique can again be used for the synthesis
of nanogels [25]. Surfactants can trap polymers as mini emulsions or inverse miniemulsions

in aqueous or oil phase and yield nanogels (Figure 1.4.). For instance, Moeller and coworkers



formulated a nanogel system by crosslinking polymers in inverse miniemulsions. They use
a star shaped poly (ethylene oxide-stat-propylene oxide) (sP(EO-stat-PQ)) and linear
poly(glycidol) (PG) bearing grafted thiols. They formed inverse minielmusions in the
presence of span 80 and tween 80 in a mixture of PBS buffer and hexane. After oxidation of
thiol groups they obtain biodegradable nanogels crosslinked through disulfides within the

inverse miniemulsions [26].

Water in Oil Inverse Miniemulsion

0N Hydrophilic Polymer
* Hydrophilic Mini Emulsion

— Hydrophobic Surfactant

Hydrophobic Polymer

-
»~{}~= Hydrophobic Mini Emulsion

==.._  Hydrophilic Surfactant

Figure 1.4. Nanogel synthesis via polymers in miniemulsion and inverse miniemulsion

1.5. Synthesis of Nanogels via Self — Assembly

Use of surfactants enables synthesis of nanogels via polymers in a controlled manner
with a narrow size. Nonetheless, removal of those surfactants after the synthesis is a
challenge and even the trace amounts of those surfactant can affect the applications of
nanogels in vitro and in vivo systems. On the other hand, self — assembly characteristics of
associating polymers can be used to obtain stable polymeric aggregates for the synthesis of
nanogels [27]. Polymers containing groups with charges or hydrogen bonding ability can
associate in the water. Although, those physical bonds are weak forces, when many of those
groups are gathered in a small volume they possess quite a strong interaction [28]. Due to
the lower critical solubility temperature (LCST) behavior of the temperature responsive
hydrophilic polymers, above a certain temperature solubility of those polymers decrease
greatly. Therefore, they start to form stable aggregates in the aqueous solutions due to the



strong interactions among those polymers. [29]. Using self-assembling polymers for the
synthesis of nanogels is advantageous because they can form stable aggregates above their

LCST and remove the necessity of surfactants to form stable aggregates (Figure 1.5.).
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Figure 1.5. Nanogel synthesis via polymers after their self—assembly above their LCST

N-isopropylacrylamide (pNIPAm) is one of the most extensively used polymers in
the biomedical applications since it has a LCST temperature at 32°C which enables structural
switches between room temperature and body temperature [30]. In recent years, use of
derivatives of poly (2-oxazoline), polyethers and poly vinyl alcohols in biomaterials was
increased to utilize their self-assembly behavior. Addition of these polymers add
thermosensitive characteristics to the materials and enable self-assembly above their LCST.
[31].

Disulfide formation is one of the most extensively used methods for the crosslinking
of polymers to obtain nanogels via self-assembly. For instance Thayumanavan and
coworkers used a polymeric system including polyethyleneglycol (PEG) and pyridyl
disulfide (PDS) units to form nano sized aggregates in the water. PEG groups add
hydrophilicity and thermoresponsive characteristic to the polymer whereas pyridyl
disulfides are the hydrophobic parts and can be converted to thiols with little amount of
dithiotheitol (DTT). After heating the polymers above their LCST temperature, DTT is used



to form free thiols which lead to formation of disulfides among different polymers via

oxidation and yields a disulfide bridged nanogels (Figure 1.6.) [32].

X y X y' z' X y" z

:%’C

1x:y=5:5, M,=6 K; 2 x:y=5:5, M,=12 K; ﬁz/
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\it

The lipophilic interior of Crosslinking reaction forms
Random copolymer the aggregate can sequester the nanogel, where lipophilic
forms a nanoaggregate lipophilic molecules in water guest molecules are locked in

Figure 1.6. Nanogel synthesis after cleaving PDS groups of polymers with DTT and
formation of interchain crosslinking among polymers. Reprinted with permission from
[32].

Amine groups can be used for the synthesis of the nanogels because they can react
with isocyanides, carboxylic acids and activated esters. Addition of diamine bearing
crosslinkers can yield nanogels after obtaining self-assemblies of random copolymers or
micellar assemblies of block copolymers [33], [34]. For instance, Davis and coworkers
designed a block copolymer in which one block consists of PEG acrylate and other block
consists of a random polymer of vinylbenzyl chloride and pentafluorophenyl acrylate. After
obtaining a micellar assembly by changing the solvent from DMF to water, a diamine
crosslinker is used to obtain nanogels [35].

Besides covalent bonding, physical bonds such as electrostatic, host—guest and
hydrophobic interactions are used to form nanogels [36], [37]. Although, physically
crosslinked nanogels do not possess the stability of chemically crosslinked nanogels, , they
still can maintain their nanogel forms as micelles above a concentration [38]. Cholesterol

bearing hydrophilic polymers such as mannan, chitosan, poly(amino acids) and pNIPAm are
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used to form nanogels since the interaction between the hydrophobic cores are strong and
enables formation of stable nanogels. Advantageous parts of the formation of physically
crosslinked nanogels are not using the toxic surfactants, crosslinkers or catalyst during their

preparation.

Bastos-Gonzalez and coworkers prepared a physically crosslinked nanogel system
with electrostatic interactions. Slow addition of tripolyphosphate (TPP) to a solution of
chitosan yields nanogels. Although, it is a facile method to obtain hydrophobic nanogels,
nanogels are not as stable as covalently crosslinked nanogels. They tend to fuse and form
larger particles. Moreover, chitosan groups of the particles are degraded without the enzymes
in an aqueous medium. On the other hand, this system is highly sensitive to pH changes and
it can be disrupted in highly acidic or basic media [39].

1.6. Utilization of ‘Click’ Chemistry and Michael Addition in Nanogel Formation

In 2001, the concept of ‘click’ chemistry is defined by Sharpless to indicate modular,
selective and efficient reactions for large and small scale applications. Reactions which are
defined in the click chemistry group occur at mild conditions with high yields and produce
byproducts which can be removed easily without chromatography. Moreover, the reactions
are not sensitive to water and oxygen and can be performed even in water. These
characteristics of ‘click’ type reactions boost their use in the field of polymers,
macromolecules, and biomolecules. Thus, the macromolecules and biomolecules can be

functionalized without damaging them thanks to ‘click’ chemistry [40].

‘Click’ chemistry is important especially for the synthesis of clickable nanogels
because there has to be functionalizable groups on the nanogels after crosslinking for many
applications. Thus, mild and selective ‘click’ chemistry is generally preferred for the
synthesis of nanogels. For example, Haag and coworkers prepared a nanogel by using a two
different type of poly vinyl alcohol (PVA). First one is functionalized with a carboxylic acid
group and disulfide containing alkyne end group. The other polymer PVA is functionalized
with azide groups. Two different polymer are mixed in different phosphate buffer saline

(PBS) solution with CuSO4 and mixed with acetone. Thanks to copper catalyzed Huisgen
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click reaction triazole groups are formed between azides and acetylenes. Thus, pH sensitive,

biodegradable nanogels are formed as in figure 1.7 [41].

Michael addition is very efficient reaction and it utilizes the coupling of nucleophiles
with electron deficient olefins. Michael addition is selective, produces no byproduct and it
can be used with a vast number of polymerizable monomers and functional precursors.
Especially for the bioapplications where the concentrations are too low and temperature
cannot be elevated, Michael addition is widely used for the conjugation of proteins without
damaging any other groups. Nucleophiles like amine and thiol groups on the surfaces of
proteins are easy targets for maleimide, acrylate and methacrylate groups [42]. Especially,
thiol and maleimide conjugation is more effective with base catalysis as in figure 1.8.
Therefore, this facile and selective reaction is widely used for the synthesis of nanogels.
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Figure 1.7. Nanogel formation via Huisgen click reaction. Reprinted with permission from
[41].
For instance, Moller and coworkers prepared a six armed star shaped PEG which is

terminated with acrylate groups. In order to crosslink this star shaped PEG, it is mixed with
hen egg ovalbumin protein containing 15 lysine groups on its surface. By using a water in

oil emulsion, stable aggregates of the polymers and proteins are obtained. Thanks to
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accessibility of amine groups of lysines, acrylate groups of PEG polymers interact with them

easily and perform a Michael addition to obtain nanogels [43].

Another approach to synthesize nanogels is made by Kazunari and coworkers by using
a modified pullulan. They have used a pullulan which has cholesterol and acrylate groups.
The pullulans are dissolved in PBS and mixed with a four armed PEG polymer terminated
with thiols groups. Michael addition can be performed easily between acrylate and thiol
groups. The mixture is put in polytetrafluoroethylene (PTFE) membranes and kept there for
1h to obtain disk—shaped nanogel crosslinked hydrogels. Those nanogel including hydrogels

have 10 times more storage capacity thanks to amphiphilic nanogels in the core [44].
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Figure 1.8. Thiol — Maleimide Michael addition reaction in presence of EtsN catalyst.
1.7. Atom Transfer Radical Polymerization (ATRP)

ATRP is one known as one of the most powerful and robust polymerization techniques
for the rapid synthesis of high molecular weight poly (methacrylates). It proceeds by first a
homolytic cleavage of a halogen from an initiator by a metal complex in a lower oxidation
state. It is widely performed by using a tetradentate Cu' complex with a tertiary alkyl
bromide. During initiation the process metal complex go to a higher oxidation step with the
addition of halide and a radical is formed on the initiator [45]. After that this radical can
attack to monomer and start the propagation of polymer. Halide bound the oxidized state of
metal can be transferred to end of the propagating polymer which is the controlling cap of
ATRP as in figure 1.9. Therefore, ATRP can be used to synthesize complex polymers with

low poly dispersity and target molecular weight [46].
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Figure 1.9. Mechanism of ATRP

13



14

2. AIM OF THE STUDY

The aim of this study is to synthesize multifunctional and well-defined nanogels for
application in targeted cellular imaging. Nanogels can be synthesized using a maleimide
bearing poly(ethylenglycol)methacrylate based amphiphilic copolymer due to its LCST
behavior via nucleophilic thiol-ene reaction. Above the LCST of polymers, they form stable
aggregates, which enables their crosslinking in very dilute concentrations. Unreacted
maleimide and leftover free thiols on nanogels can be further functionalized with targeting
groups and fluorescent dyes (Figure 2.1). Cellular targeting and internalization of these
nontoxic fluorescent nano structures can be enhanced by the addition of a peptide based

targeting group.

Thermoresponsive Clickable-Nanogel Functional-Nanogel
Reactive Copolymers

Figure 2.1. General scheme of the project
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3. RESULTS AND DISCUSSION

3.1. Design and Synthesis of Thiol Reactive Polymers

For the bioconjugation of small peptide groups to the nanogels, the usual reactive
groups can be thiol or amine groups of the amino acids. Amine based conjugation may
exhibit challenges due to abundance of amine groups on the protein and peptide groups.
Thus, amine based conjugation may lead complications as conjugation to redundant amines
or undesired crosslinking. Since thiol groups of cysteines are more specific targets and
unlikely to cause complications during bioconjugations, thiol groups are better candidates
for facile bioconjugation [47]. Conjugation of maleimide to thiol is a promising candidate in
the field of bioorthogonal chemistry. This reaction can occur even in mild and very dilute
conditions with excellent yield and no byproduct [48-52]. Nevertheless, in order to have
maleimide groups in polymeric materials, they have to be protected before polymerization
due to their susceptibility to attack of free radicals. Diels-Alder (DA) chemistry of furan and
maleimide groups were previously used to protect maleimide groups which can be
reactivated after the polymerization [53]. To synthesize thiol reactive hydrophilic
copolymer, PEG methacrylate monomer and a furan protected maleimide containing
methacrylate monomer were used via ATRP. After obtaining the Poly(PEGMEMA-co-

FuMaMA), its maleimide groups were activated via retro Diels —Alder reaction (Figure 3.1).
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Figure 3.1. Preparation of Thiol Reactive Polymer
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3.1.1. Synthesis of Copolymers Bearing Maleimide Side — Chains

The furan protected maleimide containing monomer was used to synthesize the
masked maleimide group containing monomer as in figure 3.2. [54]. The monomer was
synthesized according to a procedure developed in our laboratory [55]. Firstly, Diels-Alder
reaction was performed between furan and maleic anhydride. After that 3-aminopropanol
was added to the cycloadduct to obtain a furan protected maleimide group. Then
methacryloyl anhydride was added to second product to obtain a furan protected maleimide

bearing monomer. (Figure 3.2.)
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Figure 3.2. Synthesis of FuMaMA monomer

The masked maleimide containing monomer was polymerized with the commercially
available poly(ethylene glycol)monomethylether methacrylate (PEGMEMA, M, = 300 g
mol™) at room temperature via ATRP according to previously reported procedure from our
group (P1, Figure 3.3)[56]. PEGMEMA monomer was selected in order to have hydrophilic
polymers with anti-biofouling and LCST characteristics. ATRP was selected because it can
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be conducted at low temperatures and yields high molecular weight polymers in a very short
time. Molecular weight and polydispersity of polymer was analyzed via GPC (My, 21000;
PDI 1.6, Figure 3.4). Poly (PEGMEMA-co-FuMaMA) was synthesized with 5 : 1 feed ratio
of PEG units to the maleimide groups. The ratio of incorporation of monomers was deduced
via comparing the area of NMR peaks belonging to the double bond protons at 6.53 ppm,
and bridgehead protons at 5.25, against methoxy protons of PEG side chain appearing at
3.37 ppm. (Figure 3.5.) Feed ratio of PEG unit to maleimide groups are calculated as 4.6:1.
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Figure 3.3. Synthesis of P1 via ATRP
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Figure 3.4. Size exclusion chromatogram of P1 analyzed via GPC
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Figure 3.5. NMR Spectrum of P1

3.1.2 Activation of Maleimide Units of poly (PEGMEMA-co-FuMaMA)

After the polymerization maleimide groups were activated into their thiol-reactive
forma via retro Diels-Alder reaction by refluxing in toluene at 110 °C (P2, Figure 3.6).
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Figure 3.6. Activation of maleimide groups of P1 via retro Diels-Alder reaction
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Activation of the maleimide groups were analyzed via 1H NMR spectroscopy.
Double bond peak in the spectrum shifted to 6.77 ppm. Feed ratio of PEG units to maleimide
moieties were calculated as 4.98:1. As expected, the feed ratio of monomers were mostly
preserved and there was little decomposition of the maleimide group and it was verified via
comparing the area of IHNMR peaks belonging to the double bond protons at 6.77 ppm,
against methoxy protons at 3.37 ppm. (Figure 3.7.)
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Figure 3.7. NMR spectrum of P2
3.2. Design and Synthesis of Multifunctional Nanogels

As mentioned before, chemically crosslinked nanogels are more desirable than the
physically crosslinked ones due to the stability issues. In addition, synthesis of surfactant
free nanogels are important since surfactants are difficult to remove and leftover surfactants
might have toxic effect on biological systems. Nanogels already have passive targeting
ability due to their size and EPR effect. If the nanogels have any clickable group on their
surface their selectivity can be improved via addition of targeting groups. In order to achieve
all the above mentioned attributes, a methacrylate based copolymer bearing PEGMEMA and

maleimide moieties along the side chains was used to obtain a nanogel. This amphiphilic



20

water soluble copolymer forms stable aggregates above its LCST. Thus, surfactant free
nanogels can be synthesized and the size of the self-assembly can be tuned according to

temperature or concentration.

3.2.1 Formation of Self-Assembly

In order to form stable self-assembled structures, copolymer P2 has to be heated
above its LCST. Size of the self-assembly play the key role in the size of nanogel. Maleimide
moieties can be used for crosslinking with the addition of a dithiol bearing crosslinker. In
addition both leftover maleimides and thiols on the surface can be modified after the
gelation. Prior to gel formation, P2 was heated the in aqueous solution to 60 °C to obtain the
self-assembly. The size of this aggregate was investigated by using dynamic light scattering

(DLS). It was measured as 192 nm at 60 °C and 7 nm at room temperature (Figure 3.8).
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Figure 3.8. Self-Assembly formation of P2 in aqueous solution above its LCST
temperature and its size measurements via DLS at 25 and 60 °C
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To determine the LCST temperature, 2 mg/mL aqueous solution of P2 was analyzed
using UV spectroscopy. Measurements were made at 600 nm between 5 °C intervals from
30 to 70°C. LCST of P2 was determined around 55°C according to transmittance change of
P2 solution (Figure 3.9).
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Figure 3.9. Variation in % transmittance of P2 at 600nm with temperature

3.2.2 Synthesis of Multi-clickable Nanogels

To synthesize the nanogel 5 mg of polymer is dissolved in 1.5 mL dH20. After
formation of the polymeric self-assembly, half mole percent of 2,2’-(ethylenedioxy)-

diethanethiol was added against total maleimide units of the polymer as in Figure 3.9.

Nanogels were characterized by using DLS and transmission electron microscopy
(TEM). Hydrodynamic diameter of the nanogel solution is found as 88 nm via DLS and 80
nm via TEM (Figure 3.10). This size difference is expected due to swelling of the gels in
the solution. Normally, the aqueous polymer solution was clear at room temperature. The
solution became turbid and white colored upon heating to 60 °C. This self-assembly and
turbidity formation was reversible for polymer, however solution maintained its turbidity at

room temperature after gelation reaction.
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Figure 3.10. Schematic presentation of gelation reaction of P2, nanogel size at 25 °C and
TEM image

3.2.3. Effect of Concentration and Temperature on Size of Nanogels

To investigate the effect of concentration on the size and yield of nanogels, 5 mg of P2
was dissolved in the 1.0, 1.5, 2.0, 3.0 mL dHO respectively. The size of the nanogels were
measured using DLS. (Samples were filtrated using 225nm Cellulose Acetate membrane.)
Nanogel synthesized with 5.0, 3.3, 2.5 mg/mL polymer had 111, 88, 76 nm size respectively
(NG1, NG2, NG2, Figure 3.11). Nanogels were filtrated prior to DLS analysis. The yields

of gelation reactions were 40%. The P2 solution of 1.6 mg/mL yield no nanogel.
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Figure 3.11. Sizes of the nanogels prepared with different P2 concentrations

To investigate the effect of temperature on the size and yield of nanogels, 3.3 mg/mL
polymer reaction was run at 60, 65 and 70 °C (NG2, NG4, NG5). No significant size increase
of nanogels was observed according to temperature. However, 4.5 % of the formed nanogels
at 65 and 70 °C nanogels had sizes around 500-600nm as in Figure 3.12. However, the yield
was 52 % and 90% for the nanogels synthesized at 65 and 70 °C. As expected, increase of
the temperature increased the speed of reaction however, it disrupted the size control and
caused larger aggregates.
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Figure 3.12. Sizes of the nanogels prepared at different temperatures
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3.3. Synthesis BODIPY Dyes

BODIPY is a hydrophobic dye which contains a dipyromethene complex with a
disubstituted boron. A BODIPY based dye with bromine end group and a new BODIPY
based thiol bearing dye is synthesized for the conjugation to the maleimide groups of the

nanogels.

3.3.1 Synthesis of BODIPY-SH via BODIPY-Br

BODIPY-Br was synthesized according to literature [57] . For the synthesis of
BODIPY-SH, BODIPY-Br was used as in the figure 3.13. Bromine group of BODIPY-Br

was attacked by a thio acetate base. After that the acetate groups was hydrolyzed.

Acetone, Reflux, 2h EtOH, 40 °C, 6h

Figure 3.13. Synthesis of BODIPY-SH via BODIPY-Br

3.4. Characterization of Multi-clickable Nanogels

To characterize the nanogels, different dyes with thiol or maleimide groups were
conjugated to nanogels. In addition, P2 polymer and NG2 were compared using FTIR

spectroscopy. Lastly, a targeting group, cyclic peptide, was conjugated to nanogels.

3.4.1 Conjugation of BODIPY Dyes to Nanogel

Conjugation of the dye, BODIPY-SH, to the nanogels were carried out in the THF
since the dye is insoluble in the water (Figure 3.14). To help the Michael addition reaction

trimethylamine was used as a catalyst.
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Figure 3.14. Conjugation of BODIPY-SH to NG2

In addition, to prove dye was not incorporated in the core of the nanogel but
chemically bound to maleimide another BODIPY dye (BODIPY-Br) is used for conjugation.
After the reaction of the nanogel with both BODIPY—SH and BODIPY-Br, nanogels were
dispersed in water again. When two samples were exposed to UV light, there was no
fluorescence emission from the nanogel treated with BODIPY —Br however the nanogel
treated with BODIPY-SH (NG6) showed fluorescence (Figure 3.15)

Figure 3.15. Photograph of UV-illuminated aqueous solutions of NG2 after treated with
BODIPY-Br (Left) BODIPY-SH (Right)

In addition, the fluorescence of the nanogels were observed via fluorescence
spectroscopy as shown in figure 3.16. While strong fluorescence was observed for dyes
chemically conjugated to the nanogels, very little fluorescence was observed for nanogels
treated with a BODIPY-Br dye that did not possess any thiol group. The experiments proved
the thiol-maleimide conjugation of dye and nanogel and there was no physical encapsulation
of the dye. The fluorescence emerged from the dye enables the nanogel to be used as an

imaging agent in aqueous solutions.
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Figure 3.16. Fluorescence spectra of nanogels reacted with BODIPY-Br and BODIPY-SH
3.4.2 Conjugation of cRGDfC and N-(Fluoresceinyl) Maleimide to Nanogel

To show the multifunctional nature of the nanogels, their maleimide groups were
conjugated with a cyclic peptide consisting of five amino acids carrying a free thiol, cRGDfC
(NG7, Figure 3.17).
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Figure 3.17. Conjugation of cRGDfC to NG7

NG2

Due to the hydrophilic nature of the cRGDfC, the reaction was conducted in aqueous
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media at room temperature. The leftover unreacted peptide was removed via dialysis. In
order to calculate the total amount of conjugated cRGDfC, bicinchoninic acid (BCA Assay)
was used. The nanogel samples were incubated in BCA working reagent for 1h at 60 °C.
After incubation absorbance of the solution was measured in UV spectrometry at 562 nm.
Calibration curve of BSA standard was used to calculate the amount of cRGDfC in nanogels.
Weight % of cRGDfC in nanogels calculated as 9%. (0.16 pmol cRGDfC in 1mg NG).

After that reaction thiol groups of the NG6 were conjugated with N-(fluoresceinyl)
maleimide (NG8, Figure 3.18). Concentration of the leftover dye is calculated using a UV
calibration curve at 480 nm. Weight % of N-(fluoresceinyl) maleimide in nanogels
calculated as 1.25%. (0.026 pmol dye in 1mg NG).
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Figure 3.18. Conjugation of N-(Fluoresceinyl) maleimide to NG8
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To functionalize the residual free thiols on the nanogels, a maleimide bearing
hydrophilic fluorescent dye, N-(fluoresceinyl) maleimide was used.. It can be conjugated to
free thiol groups of the nanogels by using its maleimide units via Michael addition. Free
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thiol groups on the nanogel depend on the molar ratio of P2 over crosslinker. When the ratio
of crosslinker over P2 is increased it is expected to have more thiol groups in the nanogel.
To investigate this phenomena, three nanogels with different maleimide units of P2 to thiol
groups of crosslinker ratio were synthesized; 100%, 50% and 25% respectively (NG9,
NG10, NG11). Then, polymers were treated with N-(fluoresceinyl) maleimide. After the
reaction yellow powder-like nanogels were obtained which were white prior the addition of
the dye. The change of UV peak at 480nm via UV spectroscopy was measured. It was
observed that the UV absorbance at 480nm increased upon increase of crosslinker ratio to
P2 (Figure 3.19). Therefore, it is concluded that the amount of maleimide and thiols can be
changed by altering crosslinker ratio without changing the size of the nanogels. Moreover,
as a control experiment, we treated NG2 with ethyl maleimide (NG12). After treating the
NG11 with N-(fluoresceinyl) maleimide, no color change was observed and no peak at
480nm appeared. Therefore, it proves that the dye is not physically encapsulated but it is

conjugated to nanogel via the thiol-maleimide addition.
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Figure 3.19. UV Spectra of N-(fluoresceinyl) maleimide treated nanogels

FTIR spectra of P2 and NG2 were compared. The peak at 1725 cm™ was from the

carbonyl group of the ester, whereas the peak at the 1703 cm™ was due to the imide of the
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maleimide ring (Figure 3.20.). Both P2 and NG2 possesed these peaks. Thus, it was

concluded that no hydrolysis of maleimide ring occurred during gelation.
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Figure 3.20. FTIR Spectra of P2 and NG2

3.5. In Vitro Cytotoxicity Assay

To use the nanogels as imaging agents they should not possess cytotoxicity. To
investigate this effect, MDA-MB-231, human breast adenocarcinoma cells, were treated
with nanogels. Cells were incubated in 96-well plates and treated with nanogels, NG2, for
48h at 37 °C. CCK-8, a colorimetric assay, was performed to distinguish cell viability.
Absorbance values at 450 nm were measured by GraphPad prism software which uses non-
linear regression curve with a sigmodial dose response equation. The nanogels did not show
any cytotoxicity even at highest concentration as in Figure 3.18. Thus, it can be concluded
that the ECso value, the concentration at which the toxicity of the construct causing toxicity

over the half of the cells, should be higher than 1 mg/ml. The nontoxic behavior of the
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nanogels have indicated the potential of nanogels as a promising imaging agent.
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Figure 3.21. Cytotoxicity assay of NG2 on MDA-MB-231 cells. Cell viability was

determined via CCK-8 assay

3.6. Cellular Internalization

To investigate the cellular uptake of the fluorescein conjugated nanogels,
adenocarcinoma MDA-MB-231 human breast cell line were treated with the nanogels.
Green fluorescence ability of the fluorescein enabled the visualization of the cells. To stain
and visualize the nuclei of the cells DAPI, 4°,6-diamino-2-phenylindole, was used due to its
blue fluorescence. Cultured cells were treated with nanogel samples (50 pg/ml) and
incubated at 37 °C. Two constructs were designed for the experiment; one is conjugated to
only fluorescein the other is conjugated to both fluorescein and cRGDfC. The overexpressed
integrin proteins on the surface of MDA-MB-231 cells make them a good target for the
constructs carrying cRGDfC on their surface. Cellular uptake of the nanogels were screened

at time points (3, 6 and 24h) via fluorescence microscopy (Figure 3.22). The cells treated
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with nanogels including RGD group have shown higher fluorescence intensity than the cells
treated with nanogels lacking RGD group on their surface. The results conclude that the
targeting group, cRGDfC, on the nanogels boost their internalization and increase their
potential as a selective imaging agent.
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Figure 3.22. Merged fluorescence images of MDA-MB-231 cells are treated as
following (A) Control, (B) Nanogels with only Mal - Flu, and (C) Nanogels first conjugated
with cRGDfc then Mal- Flu.Cells were incubated at 37 °C for different time points (3, 6, and
24 h). The scale bar is 50 um.

3.7. Quantification of Internalized Dye via Flow Cytometry

In order to quantify and compare the amount of internalized fluorescent dye in the
MDA-MB- 231cells, flow cytometry experiment was performed. For the experiment, the
nanogel conjugated with only N-(Fluoresceinyl) maleimide (NG10) and nanogels
conjugated with both N-(Fluoresceinyl) maleimide and cRGDfC (NG8) were used. After the

incubation of the cells with 0.1 mg/mL nanogel constucts, cells were trypsinized and
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centrifuged at 3h, 6h and 24h. Change of media enable the removal of free nanogels and by

using flow cytometry only internalized nanogels were quantified.

The flow cytometry results show that in 3h, amount of fluorescence in cells were
similar to internalization experiment. Nanogels having cRGD group (blue histogram)
showed more fluorescence than the nanogels without cRGD group (red histogram) in 3h as
in Figure 3.23.
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Figure 3.23. Flow cytometry histogram data of NG8 and NG10 on MDA-MB-231 cells at
3h

In addition the fluorescence intensity of the cells, increased at 6h and nanogels
bearing cRGD group (blue histogram) showed greater fluorescence intensity than the
nanogels without cRGD group (red histogram) as in Figure 3.24. Yellow histograms were
control group cells which were incubated with no nanogel. Since intensity of the cells treated
with NG8 are higher than cells treated with NG10, positive effect of targeting group in

cellular internalization is proved.
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Figure 3.24. Flow cytometry histogram data of NG8 and NG10 on MDA-MB-231 cells at

6h
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4. EXPERIMENTAL

4.1. Synthesis of Maleimide Bearing Polymers

To synthesize the copolymer, the furan protected monomer (FuMaMA) (0.2 g, 0.69
mmol) and PEGMEMA (1.00 mL, 3.47 mmol) were dissolved in 3 mL degassed MeOH.
The monomer solution was added into the flask containing CuBr (5.1 mg, 0.041 mmol) and
2,2’ bipyridine (12.7 mg, 0.082 mmol) in 3 mL degassed H,O. TEGME-Br (12.6 mg, 0.041
mmol) initiator was introduced into the stirring solution and the reaction was stirred at 25 °C
for 15 min. Reaction was finished upon opening the flask to the atmosphere. The MeOH was
evaporated under vacuum whereas lyophilizer was used for the removal of H>O. The
polymer was dissolved in minimum amount of THF and precipitated in cold diethyl ether.
After precipitation, the remaining copper complex is removed via passing the polymer
through an aluminum oxide column. After purifications polymer was obtained as colorless
and viscous solid. ([Mo]/ [lo] = 100, [FuMaMao]: [PEGMEMAo] = 1:5, [lo]: [CuBr]:
[PMDETA] = 1:1:2, conversion 75% Mn theo = 30135 Mn cpc = 21kD, Mw/Mn =1.54 relative
to PS. ([FuMaMa]:[PEGMEMA] = 1:4.6) 'H NMR, (CDCls, §, ppm) 6.53 (s, 2H, CH=CH),
5.25 (s, 2H, CH bridgehead protons), 4.07 (s, 2H, OCH> ester protons of PEGMEMA), 3.91
(brs, 2H, OCH), 3.65 — 3.54 (m, 4H, OCH2 of PEGMEMA an NCH), 3.37 (s, 3H, OCH3s
of PEGMEMA), 2.88 (s, 2H, CH-CH, bridge protons), 1.88 —0.85 (m, 7H, NCH2CH2CH-0,
CH: and CHz protons along polymer backbone).

4.2. Activation of Maleimide Groups of Copolymers via Retro Diels/Alder Reaction

The polymer (300 mg) is dissolved in anhydrous toluene and heated for 24h at 110
°C. (380 mg, 96% vyield) Degradation of oxabicyclic group and activation of maleimide
groups was analyzed by *H NMR anaylsis. ([FuMaMa]:[PEGMEMA] = 1:4.98) H NMR,
(CDCls, 8, ppm) 6.77 (s, 2H, CH=CH), 4.07 (s, 2H, OCH: ester protons of PEGMEMA),
3.94 (br s, 2H, OCHy), 3.65 — 3.54 (m, 4H, OCH; of PEGMEMA an NCHy), 3.37 (s, 3H,
OCHs of PEGMEMA), 1.91 —0.86 (m, 7H, NCH.CH>CH>0O, CH2 and CHz protons along

polymer backbone).
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4.3. Synthesis of Nanogel

Nanogel with 3 different polymer over crosslinker ratio were synthesized. In each 3
flasks, 5 mg polymer was dissolved in 1.3 mL water and heated at 60 °C for 10minutes. After
10 minutes, 0.1 mL of 16.6 mM, 8.3 mM, 4.2 mM 2,2’-(Ethylenedioxy)-diethanethiol were
added into polymer solutions respectively. After addition of crosslinker 0.1 mL of 4.2, mM,
2.1 mM, 1.1 Mm EtsN were added into polymer solutions respectively and the reactions
were stirred at 60 °C for 1h. The nanogels were centrifuged at 7000 rpm for 25 min to remove

the leftover polymer and catalyst. (2 mg, 40% yield)

4.4. Synthesis of BODIPY-SH and BODIPY-Br

BODIPY-Br was synthesized according to literature [57]. For the synthesis of
BODIPY-SH, BODIPY-Br was used. BODIPY-Br (100mg, 0.204 mmol) was added into
potassium thioacetate (28 mg, 0.236mmol) in 5mL and stirred under reflux for 2 h. After
that, acetone was evaporated and the crude was dissolved in 150 mL DCM and washed with
water. It was further purified by silica column chromatography using hexane: ethyl acetate
(90:10 v/v) as the eluent. (86 mg, 0.176 mmol, 86% yield) The BODIPY - thioacetate (50
mg, 0.104 mmol), was added to potassium carbonate (43mg, 0.312 mmol) and stirred in
ethanol for 6 hour at 40 °C under N2 atmosphere and protected from light. It was then washed
with NH4Cl and extracted with DCM. It was further purified using silica gel column

chromatography using hexane:ethyl acetate ( 90:10 v/v) as the eluent. (50 mg, 91% yield)

4.5. Conjugation of Nanogel to BODIPY

For the conjugation of the BODIPY — SH to the nanogel, nanogels were precipitated
via centrifuge and dispersed in THF (1 mg/mL). BODIPY-Br (0.11 mg, 0.22 umol) was
added into a nanogel solution (1 mg/mL) and the solution was stirred at room temperature
for 24h. BODIPY-SH (0.1 mg, 0.22 pumol) and EtsN (0.22 umol) was added into another
nanogel solution (1 mg/mL) and the solution was stirred at room temperature for 24h. After
both of the reactions the nanogels were centrifuged at 7000rpm for 25 min and were

dispersed into water. Nanogel solutions (1 mg/mL) were exposed to UV light at 365 nm. A
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handheld UV lamp was used for UV light. (Blak-Ray UVP model B-100AP/R High Intensity
UV lamp with a 100-watt spot bulb and 7° beam width). They were 80X diluted and their

fluorescence spectra were analyzed.

4.6. Conjugation of Nanogel to Ethyl Maleimide

The nanogel (1 mg/mL) was dispersed in THF. After that ethyl maleimide (125 ng,
1 umol) was introduced into the nanogel solution and the reaction was stirred for 24 h at
room temperature. For the removal of leftover ethyl maleimide, nanogels were centrifuged

at 7000 rpm for 25 min and dispersed in water.

4.7. Conjugation of cRGDfC to Nanogel

To the 1 mL nanogel solution (2 mg/mL) in water cRGDfC (250 pm, 0.430 pmol)
was added and the reaction was stirred for 24h at room temperature. For the removal of the
leftover peptide centrifuge and dialysis was used. After purification of the nanogel 100 uL
of the sample was mixed with 2mL BCA working reagent. Then the blue mixture is
incubated for 1h at 60 °C. After 1h the blue mixture turned into purple and its absorbance

was measured at 562 nm via UV spectroscopy.

4.8. In Vitro Cytotoxicity

Cytotoxicity of the nanogel is investigated via CCK-8 viabiltiy assay on MDA-MB-
231 adenocarcinoma cells. Cells (5000 cells/well) were seeded on the 96-well plate as
triplicates in 100 uL culture medium and incubated at 37 °C for 24 h for cells to grow and
adhere completely. Nanogels with 7 different concentrations (1.0, 0.5, 0.1, 0.05, 0.01, 0.005,
0.001 mg/mL) were prepared in PBS (ph 7.4). Nanogel samples were added on the cell media
and the cells were incubated at 37 °C for 48 h. After 48 h solutions were removed and the
cells were washed with 100 pL PBS twice. To measure the cell viability CCK-8 was used.
6 uL CCK-8 reagent were used to form the 60 uL of cell media and the cells were incubated
at CCK-8 reagent carrying media for 3 h. After 3h of incubation the absorbance values at
450 nm were measured via microplate reader. Results were obtained by GraphPad prism
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software using in nonlinear regression mode.

4.9. Cellular Internalization Assay

For the cellular internalization experiment MDA-MB-231 adenocarcinoma cells
(50,000 cells/well) were seeded 12-well plate as triplicate in 1 mL culture media. The cells
were incubated at 37 °C FOR 24 h. One of the plates were treated with nanogel (0.1 mg/mL)
conjugated to only N-(Fluoresceinyl) Maleimide whereas the other one is treated with the
nanogel (0.1 mg/mL) conjugated to both N-(Fluoresceinyl) Maleimide and cRGDfC. After
addition of nanogels cellular media are removed at several time points (3, 6 and 24h) during
the incubation. After removal cells were washed with 500 uL PBS and then DAPI (5
mg/mL) containing PBS were added to the plates. Cell were incubated at 37 °C for 20 min
for DAPI to stain nuclei. After DAPI staining cell images were obtained by using Zeiss

Observer Z1 via fluorescence microscope.

4.10 Flow Cytometry

For the flow cytometry experiment MDA-MB-231 adenocarcinoma cells (50,000
cells/well) were seeded into 12-well plate as dublicate in 1 mL culture media. The cells were
incubated at 37 °C for 24 h. One of the plates were treated with 0.1 mg/mL NG10 whereas
the other one is treated with the 0.1 mg/mL NG8. After 3h, and 6h cell media were removed
and the cells were trypsinized with 0.05 % trypsin solution. After trypsin neutralization cells
were centrifuged at 300 rpm for 5 min. Then the cells were resuspended in 1X PBS buffer

and analyzed via flow cytometry.
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5. CONCLUSION

Multifunctional and stable nanogels with well-defined size were synthesized using a
copolymer consisting of PEG and maleimide moieties. Due to the PEG chains and
maleimide moieties, these amphiphilic polymers have LCST temperature around 55 °C.
Above their LCST they start to form aggregates. Gelation was performed in those aggregates
in very dilute conditions. It is shown that size can be tuned via changing the concentration
and temperature. PEG groups add anti-biofouling character and water solubility to nanogels.
Since the nanogels carry both maleimide and thiol groups they can be multifunctionalized
using different groups. Thiol containing targeting group, cRGDfC, and maleimide bearing
dye (imaging group) were conjugated to the nanogel. Cytotoxicity experiments showed that
the nanogels bear no toxicity to cancerous cell lines. Internalization experiments showed the
targeting group improved the cellular internalization of the nanogels as deduced from
fluorescence microscopy and flow cytometry. Overall, facile synthesis of both thiol and
maleimide reactive nanogels were achieved and it was demonsted that they can be used as

an imaging agent via conjugating fluorescent dyes.
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