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CHAPTER |
INTRODUCTION

1.1 Introduction

Polymeric nanoparticles which can encapsulate hydrophobic guest molecules
within their interiors have been recognized as versatile cargos for many biomedical-
related applications ranging from therapeutic vehicles for drug, gene, protein, and
imaging agents to diagnostics [1-5]. Amphiphilic copolymers have continuously been
demonstrated as promising materials for nanoparticle formation that can be
conveniently driven by self-assembly process. Since this self-organized nanoassembly
is emulsion-free process, possible contamination from emulsifier is no longer of
concern. This issue is particularly critical if the generated nanocarriers are to be used

in contact with biological systems.

Amphiphilic copolymers can be broadly categorized into two major types,
block and random copolymers. Most attention has been paid to the self-assembly of
block copolymers having well-defined structures with unique and excellent assembly
characteristics [6-9] but the complicatedly synthetic methodologies can be time-
consuming. In case of random copolymer, its synthesis is relatively easier than the
block copolymer. Besides the conventional polymerization, the amphiphilic random

copolymer can be prepared by another route that is post-polymerization modification.

Post-polymerization modification or polymer analogous reaction of activated
ester-containing polymer [10] has recently emerged as an alternative and versatile
route to generate amphiphilic copolymers. In other words, the functionalization to
introduce either hydrophobic or hydrophilic entities would be performed on pre-
synthesized polymers having active functional groups on their side chains. In principle,
the ratio between hydrophobic and hydrophilic groups on the polymer backbone can

be practically tuned by the extent of modification of which may be varied as a function



of reaction time and concentration of modifiers. Here in this research,
pentafluorophenyl (PFP) ester-bearing polymer is chosen as a precursor polymer to be
subjected to post-polymerization modification to generate amphiphilic random
copolymers that are capable of forming self-assembled nanoparticles having potential
for biomedical applications, particularly as carriers for bioactive compounds. It is more
attractive than another previously invented precursor polymer based on N-
acryloxysuccinimide (NAS) (Figure 1.1) derivative mainly due to its better solubility in
many common organic solvents and higher hydrolytic stability of PFP in water and air
than NAS [11, 12]. Additional advantage lies on the fact that the reaction of the
pentafluorophenyl ester groups can be conveniently monitored by F NMR
spectroscopy [13]. PFP-bearing polymer also features a higher reactivity, allowing a
practically quantitative conversion with nucleophilic modifiers, especially amines
under mild conditions. The process has been reported as an effective route to
amphiphilic random copolymers with controlled composition [14]. This activated ester-
amine exchange yields a stable amide bond formation that is the basis of most
biological systems. It is believed that this chemistry can potentially mimic the synthesis

of many biological structures and help to comprehend their functions.

R
J >
o} (o}
O o}

F F |
os_N__o
N X7
F R =H, CH,
pentafluorophenyl (meth)acrylate N-acryloxysuccinimide)
(PEP(M)A) (NAS)

Figure 1.1 Chemical structures of activated ester monomers.

In 2012, Zhuang and coworkers [15] have prepared water-dispersible nanogels
of amphiphilic random copolymers synthesized from pentafluorophenyl acrylate
(PFPA) and poly(ethylene glycol) methacrylate (PEGMA) (Figure 1.2). The active PFPA

groups of the copolymer were employed for crosslinking with designated diamines and



surface decoration with additional amine (i.e. N-isopropylamine (IPA), N,N-

dimethylethylenediamine). Lipophilic guest molecules can be encapsulated during

C©
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IR 73 %

NG 2

NG 1

nanogel formation.
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Figure 1.2 Schematic representation of design and synthesis of the polymeric nanogels

[15].

In 2013, Li and coworkers [16] have synthesized both random and block
copolymers of vinyl dimethyl azlactone (VDM) and pentafluorophenyl acrylate (PFPA).
Functional units were introduced into polymer structures by successively reacting two
different activated ester functionalities (pentafluorophenyl (PFP) ester and azlactone
(AZ)) with various amine compounds (Figure 1.3). To exploit the difference in reactivity
of the two activated esters (PFP and AZ) toward different amino compounds, they
have demonstrated that a selective modification of the different activated ester groups
can be done under a controlled manner, therefore capable of introducing various
functional groups to the polymeric backbone. The developed functional copolymer

obtained after polymer analogous reaction can self-assemble into nanoparticles.



Figure 1.3 Schematic representation of functionalization of different polymers using

pfp and az activate ester groups [16].

In 2011, Allmeroth and co-workers [17] have employed polymer analogous
reaction to convert homopolymer of poly(pentafluorophenyl methacrylate) (PPFPMA)
and copolymer between PFPMA and lauryl methacrylate (LMA) to N-(2-
hydroxypropylmethacrylamide homopolymer (PHPMA) and amphiphilic random
copolymer between HPMA and LMA by reacting some of the PFP groups of the
(co)polymer with 2-hydroxypropylamine. Small percentage of the remaining of PFP
groups was conjugated with tyramine to form '®F-labelable HPMA-based precursor
(co)polymers. The radiolabeling procedure of the phenolic tyramine moieties via the
secondary labeling synthon 2-[*®Flfluoroethyl-1-tosylate (['°FIFETos) (Figure 1.4)
provided radiochemical fluoroalkylation so that pharmacokinetics and distribution of
both the homopolymer and copolymer aggregates can be monitored by positron

emission tomography (PET).
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Figure 1.4 Reaction scheme of polymeric precursor systems based on the reactive
ester approach and their polymer-analogous conversion for radioactive labeling using

['®F]FETos [17].

In order to improve the nanoparticle stabilities under certain changes in
biological systems, the hydrophobic core was stabilized by cross-linking. The thiol-
responsive degradable cross-linker is promising to use for nanoparticle cross-linking.
Due to reducing agents in the cytoplasm and nuclei of cells such as glutathione (GSH)
having a pendant thiol (-SH) groups, the formed disulfide cross-links can be cleaved
in response to reductive reactions, causing the nanoparticle dissociation, therefore the
loaded molecules were allowed to release. Chen and co-workers [2] produced
reduction-sensitive degradable nanogels developed based on poly(ethylene glycol)-
block-poly(2-(hydroxyethyl) methacrylate-co-acryloyl carbonate) (PEG-P(HEMA-co-AQC))
block copolymers for encapsulation and triggered intracellular release of proteins
(Figure 1.5). Cystamine was used as crosslinker of the nanogels via nucleophilic ring-
opening of cyclic carbonate with amino groups of cystamine. The obtained nanogels
show excellent stability with limited protein release under physiological conditions.
They were also rapidly de-crosslinked and disassociated under intracellular-mimicking

reductive environments, resulting in efficient intracellular protein release.
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Figure 1.5 Illustration of in situ forming reduction-sensitive nanogels for loading and

triggered release of proteins [2].

There is a variety of methodology for polymer synthesis. Recently, reversible
addition-fragmentation chain transfer (RAFT) polymerization, one kind of controlled
radical polymerization, is a living polymerization involving a conventional radical
polymerization in the presence of a reversible chain transfer reagent (CTA) such as 4-
cyanopentanoic acid dithiobenzoate (CPADB, Figure 1.6). By controlling the
concentration of CTA, it is possible to generate polymer with controlled molecular
weight and low polydispersity index (PDI) [18]. In addition, the RAFT is attractive for
synthesizing a variety of polymers. Some monomers capable of polymerizing by RAFT

include acrylates, acrylamides as well as other vinyl monomers.

There are four steps in RAFT polymerization with thiocarbonylthio CTA
involving initiation, chain transfer, reinitiation and equilibration as illustrated in Figure

1.7.

1. Initiation: The reaction is started by radical initiators such as 4,4'-Azobis(4-
cyanovaleric acid) (ACVA) and 2,2"-Azobis(2-methylpropionitrile) (AIBN). In this step, the
initiator (I) can react with a monomer to generate radical species starting active

polymerizing chain.



2. Reversible chain transfer: The active chain (Pn) can react with the dithioester
that eliminate the leaving group (R). This is a reversible step having an intermediate
species capable of loss either the active species (Pn) or the leaving group (R).

3. Reinitiation: The leaving group which is radical specie then reacts with other
monomers to start another active polymer chain. This active chain (Pm) is then able to
go through the reversible chain transfer or chain equilibration steps.

4. Equilibration: This is the fundamental step in the RAFT which can control the
majority of the active propagating species to be the dormant thiocarbonyl compound.
This helps to limit the possibility of chain termination. Active polymer chains (Pm and
Pn) are in an equilibrium whereas one polymer chain is in the dormant stage (bound

to the thiocarbonyl group), the other is still active in polymerization process.
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Figure 1.6 Structure of 4-Cyanopentanoic acid dithiobenzoate (CPADB).
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Figure 1.7 Mechanism of RAFT polymerization [18].



Unlike the works mentioned above, here preparation of amphiphilic
copolymers by both conventional polymerization and post-polymerization
modification routes were the scope of this thesis. In case of the conventional
polymerization, both block and random amphiphilic copolymer are attempted to
synthesize with PFPMA and OEGMA monomers by RAFT. In addition, the random
copolymer can be created via post-polymerization modification of PPFPMA with
nucleophilic modifier having hydrophilic entity, amine-terminated oligoethylene glycol
(OEG-NH,). The inherit hydrophobicity of the remaining PFP groups available in the
amphiphilic copolymer allows for hydrophobic guest molecules encapsulation and
nanoparticle formation to simultaneously occur upon water-induced micellization. It
should also be emphasized that micelles can be formed without the requirement for
additional post-functionalization with another hydrophobic modifier. The second post-
functionalization by crosslinker dually functionalized with amine, cystamine is
performed thereafter to retain structural integrity of the nanoparticles by forming
nanogels. By employing this disulfide crosslinker, a release of encapsulated
hydrophobic molecule, nile red (NR) and curcumin (CUR) can be induced by redox-
trigger such as glutathione (GSH), a naturally available reducing agent inside the cells.
Last step of modification with isopropylamine is carried out in order to get rid of the
remaining PFP groups in the nanogels to prevent the release of pentafluorophenyl
groups upon hydrolysis that may potentially cause adverse effect on biological systems
under physiological condition. Overall concept of this research work is summarized in

Scheme 1.1.
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Scheme 1.1 Schematic illustration of preparation of drug-encapsulated nanogel for

controlled release in the presence of glutathione (GSH).

1.2 Objectives

1. To synthesize and characterize amphiphilic copolymer containing of
activated esters PFPMA and OEG component.

2. To prepare drug-loaded redox-responsive nanogels and tandem modify
surface of the nanogels via post-polymerization modification.

3. To explore the drug release profile of the prepared nanogels.

4. To study cytotoxicity of the drug-loaded nanogels.
1.3 Scope of investigation

The stepwise investigation was carried out as follows:
1. Literature survey for related research work.
2. Synthesis and characterization of PFPMA and OEG-containing amphiphilic

copolymer.
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3. Preparation of drug-loaded redox-responsive nanogels and modification of
the nanogels via post-polymerization modification.

4. Release study of the drug-loaded nanogels under condition with and without
GSH as reducing agent.

5. In vitro cytotoxicity test of the developed nanogels against normal cells and
cancer cells.

6. Cellular uptake study of the developed nanogels using confocal laser

scanning microscopy.
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CHAPTER Il
MATERAILS AND METHODS

2.1 Materials

All solvents used for reactions are analytical grade and used as received, unless
otherwise specified. 1,4-Dioxane (anhydrous, 99.9%) and pentafluorophenol (PFP) were
commercially available from Merck, Germany. Dichloromethane (DCM) was dried over
CaH, under reflux and N, atmosphere. Aqueous solutions were made with Milli-Q water
purified by Millipore Milli-Q system that involves reverse osmosis, ion exchange, and
filtration steps. 4,4"-Azobis(d-cyanovaleric acid) (ACVA), dicyclohexylcarbodiimide (DCQ),
anhydrous N,N-dimethylformamide (DMF, 98.8%), methacrylic acid (MA), N-
isopropylamine (IPA), nile red (NR), oligo(ethylene glycol) methacrylate (average M,
360), phosphate buffered saline, pH 7.4 (PBS), pyrene, p-toluenesulfonyl chloride and
triethylamine were purchased from Sigma-Aldrich, USA and used as received. 4-
Cyanopentanoic acid dithiobenzoate (CPADB) was obtained from Santa Cruz
biotechnology, USA. Sodium azide was obtained from Riedel de Haén. Oligo(ethylene
glycol) 350 monomethyl ether and triphenylphosphine were purchased from Fluka. 3-
(4,5-Dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium (MTS) assay reagent containing the electron coupling agent phenazine
ethosulfate (PES) was purchased from Promega (USA). Curcumin (Acros Organics) was

used directly after purchase.
2.2 Instrumentations

The polymers before and after modification were characterized by nuclear
magnetic resonance spectroscopy (NMR) using a Varian, model Mercury-400 nuclear
magnetic resonance spectrometer (USA) operating at 400 MHz and Fourier transform
infrared spectroscopy (FTIR) using a Nicolet Impact 6700 FT-IR. "*F NMR spectra were

recorded on a Bruker AVANCE Il HD (500 MHz) FT-NMR spectrometer. UV-Vis spectra
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were recorded on an Agilent 8453 UV-Vis spectroscopy in a quartz cell with 1 cm path
length. Molecular weight of the polymers were measured by Waters 600 controller
chromatograph equipped with two HR (Waters) columns (HR2 and HR4) (MW resolving
range = 100-500,000 Da) at internal column temperature of 35°C and a refractive index
detector (Waters 2414). THF was used as a solvent for the polymers and as an eluent
for GPC analysis with a flow rate of 1.0 mL/min. Five polystyrene standards (996-
188,000 Da) were used for generating a calibration curve. The hydrodynamic size of
micelles were determined using a dynamic light scattering (DLS) instrument (Zetasizer
Nano ZS, Malvern Instrument Ltd., U.K. equipped with a He-Ne laser beam at 658 nm)
at a fixed scattering angle of 173°. The sample refractive index (RI) was set at 1.59 for
polystyrene. All samples were filtered through a Millipore 0.45 um Nylon membrane
before analysis. The morphology of nanoparticles was analyzed by transmission
electron microscopy (TEM) by a JEOL JEM-2100 (Japan). MTT assay and MTS assay were
performed by Thermo Scientific Multiscan FC microplate reader at 540 nm and
Biochrom® Anthos 2010 (UK) microplate reader at 492 nm. The confocal laser scanning
microscopy (CLSM) of cell analysis was performed using FluoView FV10i confocal

microscope (OLYMPUS).
2.3 Experimental Procedure

2.3.1 Synthesis of pentafluorophenyl methacrylate

Pentafluorophenyl methacrylate (PFPMA) was synthesized according to a
modified method from previously published works [19, 20]. PFP was dissolved in
dry DCM. MA was slowly added to the solution mixture on ice bath, and DCC in dry
DCM was then added dropwise to the mixture. After stirring for 2 h, the precipitate
of dicyclohexylurea was filtered, washed thoroughly with DCM. The filtrate was
evaporated, and the crude product was then purified by flash column
chromatography (column material: silica gel; solvent: hexane). Pure colorless liquid

was obtained in 67% yield.
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'H NMR (400 MHz, CDCly): &/ppm: 6.45 (t, 1H), 5.91 (t, 1H), 2.07 (t, 3H); "*F NMR
(CDCLly): & /ppm: 162.57 (dd, 2F), 158.22 (t, 1F), 152.80 (d, 2F); FT-IR (ATR-mode): 1780

cm™ (C=0 reactive ester band), 1529 cm™ (C=C aromatic band)

2.3.2 Synthesis of homopolymer by RAFT polymerization
2.3.2.1 Synthesis of poly(pentafluorophenyl methacrylate) (PPFPMA)

Poly(pentafluorophenyl methacrylate) (PPFPMA) was synthesized
following the previously reported method [14]. PFPMA (2.5 M), CPADB (25 mM),
and ACVA (5 mM) were dissolved in dry 1,4-dioxane (5 mL) in a vial. The mixed
solution in the sealed vial was purged with N2 gas for 30 min and then immersed
in a preheated oil bath at 70°C for 12 h. The solution was cooled down to room
temperature before precipitated in methanol three times, and dried under

vacuum. The product was obtained as pink powder with 71% yield.

2.3.2.2 Synthesis of poly(oligo(ethylene glycol) methacrylate) (POEGMA)

OEGMA monomer (1IM), CPADB (50 mM), and ACVA (6.2 mM) were
dissolved in dry 1,4-dioxane (3 mL). The vial was sealed with a rubber septum
and the solution was deoxygenated by purging with nitrogen gas for 30 min. The
mixture was then carried out at 70°C for 2 h. The polymer solution was purified
by precipitation with diethylether five times or dialysis against DMF for three days
and ethanol for two days. The product was then dried under vacuum to obtain

red viscous fluid.

2.3.3 Preparation of poly(oligo(ethylene glycol) methacrylate)-co-
poly(pentafluorophenyl methacrylate) (POEGMA-co-PPFPMA) copolymer

2.3.3.1 Synthesis of random copolymer of poly(oligo(ethylene glycol)
methacrylate)-ran-poly(pentafluorophenyl  methacrylate) (POEGMA-r-
PPFPMA)

The comonomer composition of PFPMA:OEGMA in the ratio of 1:1 was

synthesized by RAFT polymerization. PFPMA (0.5 M), OEGMA (0.5 M), CPADB (40
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mM), and ACVA (5 mM) were dissolved in dry 1,4-dioxane (1.5 mL). The mixture
was sealed and was bubbled with nitrogen gas for 30 min. The vial was put in
an oil bath at 70°C for 2 h. The resulting polymer was purified by precipitation
with diethylether five times. The product was then dried under vacuum to obtain

viscous fluid.

2.3.3.2 Synthesis of block copolymer of poly(pentafluorophenyl
methacrylate)-block-poly(oligo(ethylene glycol) methacrylate) (PPFPMA-b-
POEGMA)

According to the previously mentioned method (2.3.2.1), PPFPMA was first
synthesized and used as a macro chain transfer agent for POEGMAM synthesis.
The purified PPFPMA (10 mM), OEGMA (1 M), and ACVA (1.25 mM) were added
to a vial followed by 2 mL of dry 1,4-dioxane. The vial was sealed with a rubber
septum and the solution was purged with nitrogen gas for 30 min. Polymerization
was conducted at 70°C for 2 h. The polymer solution was precipitated in

diethylether five times and finally dried under vacuum at room temperature.

2.3.4 Synthesis of oligo(ethylene glycol) methyl ether amine (OEG-NH,)

Oligo(ethylene glycol) monomethyl ether (OEG-OH) (7.720 mL, 24.00 mmol,
1 eq.) and triethylamine (4.992 mL, 36.00 mmol, 1.5 eq.) were dissolved in dry DCM
(25 mL) and the mixture was then cooled to 0 °C. A solution of p-toluenesulfonyl
chloride (4.580 g, 24.00 mmol, 1 eq.) in DCM (25 mL) was then slowly added
dropwise. The solution was stirred for 2 hours at 0 °C and overnight at room
temperature. The reaction was quenched by addition of 1.2 M HCl solution and the
layers were then separated. The aqueous layer was extracted twice with DCM and
(20mL). The combined organic layers were washed with brine (3x15mL) and were
passed through anhydrous Na,SQOq, filtered and evaporated to dryness. The crude
product was purified by flash column chromatography (column material: silica gel;
solvent: ethyl acetate:methanol 99:1) to obtain 10.3811 ¢ (20.591 mmol, 86%) of

oligo(ethylene glycol) methyl ether tosylate (OEG-OTs) as colorless oil.
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The tosylate product (9.7336 ¢, 19.310 mmol, 1 eq.) was dissolved in N,N-
dimethylformamide (DMF) (40 mL) and sodium azide (3.1380 g, 48.280 mmol, 2.5
eq.) was added. The flask was purged with nitrogen for 30 min and the mixture was
stirred in a preheated oil bath at 67 °C for 12 h. The resulting mixture was diluted
with water (40 mL) and further stirred 30 min. The solution was cooled to 0 °C and
was then extracted with diethylether (5x30 mL). After combination of the organic
layers, the diethylether layer was washed with brine once, passed over Na,SO4 and

finally concentrated to afford the azide product (5.2637g, 13.460 mmol, 70%).

Oligo(ethylene glycol) methyl ether azide (OEG-N3) (5.2359 ¢, 13.390 mmol,
1 eq.) was dissolved in diethyl ether (40 mL) and the solution was cooled to 0 °C.
Triphenyl phosphine (5.0650 ¢, 19.310 mmol, 1.4 eq.) was added and the solution
was stirred at 0 °C for 1 h and 1.5 h at room temperature. The mixture reaction was
quenched with DI water (40 mL) and was then vigorously stirred for 4 h. Toluene
(30 mL) was added and the mixture was stirred overnight. After decantation, the
agueous layer was extracted with toluene (15 mL). The aqueous layer was
lyophilized to yield oligo(ethylene glycol) methyl ether amine (OEG-NH,) (2.7913 g,

7.6474 mmol, 57%) was obtained as yellow oil.

'H NMR (400 MHz, DMSO-dy): & /ppm 3.4-3.7 (m, 28 H), 3.3 (s, 3 H); FT-IR (ATR-mode):

2870 cm™ (C-H stretching), 1596 cm™ (N-H bending), 1100 cm™ (C-O stretching)

2.3.5 Post-polymerization modification of PPFPMA with OEG-NH,

PPFPMA (1 eq. of PFP groups) was dissolved in dry DMF. OEG-NH, of varied
equivalent to PFP groups of PPFPMA (0.25, 0.50, or 0.75 eq.) in DMF was mixed with
PPFPMA. The reaction mixture was stirred at ambient temperature for 24 h. The
polymer solution was precipitated in hexane. Amphiphilic copolymer of
poly(pentafluorophenyl methacrylate)-co-poly(oligo(ethylene glycol)

methacrylamide) (PPFPMA-co-POEGMAM)) having varied composition was obtained
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after re-dissolving the precipitate in THF and re-precipitating in hexane for two more

times.

2.3.6 Critical micelle concentration (CMC)

CMC of the copolymers were determined using pyrene as a fluorescence
probe according to the previously published method [21]. The polymeric solutions
were varied in different concentrations in a range of 0.3-12 mg/ml. To all of the
solutions, Five L pyrene solution in acetone (1.2 x 10™* M) was added and then
the mixture were dissolved in 1 mL PBS. The emission spectra were recorded on a

UV-vis spectrophotometer.

2.3.7 Preparation of hydrophobic molecule-loaded nanogels
2.3.7.1 Preparation of NR-loaded nanogels

The copolymer, PPFPMA7;-co-POEGMAM,; having designated composition
(21.0 mg, 0.056 mol PFPMA, 1 eq.) and NR (10.5 mg) were dissolved together in
100 pL THF. PBS buffer (3 mL) was added dropwise under vigorous stirring.
Cystamine of varied equivalent to PFP groups of the copolymer (0.3 or 0.6 eq.)
used as a crosslinker was added to stabilize the assembled nanoparticles by
forming nanogels. The reaction was performed for 24 h at ambient temperature.
The NR-loaded nanogels were purified by dialysis against Milli-Q water for 3 days
with water changes twice per day (dialysis membrane, MWCO = 3,500 Da) to
remove unreacted crosslinker. The dispersion was filtered through a 0.45 pm

syringe filter to remove the excess insoluble NR.

2.3.7.2 Preparation of CUR-loaded nanogels

The PPFPMA4-co-POEGMAMs, copolymer (21.0 mg, 0.035 mol PFPMA, 1
eq.) and CUR (10.5 mg) were dissolved in THF (100 uL). Three mL of PBS buffer
was added slowly under vigorous stirring. Cystamine (0.6 eq.) used as a crosslinker
was added to stabilize the assembled nanoparticles by forming nanogels. The

reaction was performed for 24 h at ambient temperature. The CUR-loaded
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nanogels were purified by dialysis against Milli-Q water for 3 days with water
changes twice per day (dialysis membrane, MWCO = 3,500 Da) to remove
unreacted crosslinker. The dispersion was filtered through a 0.45 pm syringe filter

to remove the excess insoluble CUR.

2.3.8 Post functionalization of NR-loaded nanogels

N-Isopropylamine (IPA) as another nucleophilic modifier was excessively
(71.8 pL, 0.836 mmol) added into the NR loaded nanogels suspension (7 mg/mL, 3
mL) for 24 h at ambient temperature in order to eliminate the remaining PFP
moieties left in the nanogels. The nanogels were purified by dialysis against Milli-Q
water with water changes twice per day for 3 days (dialysis membrane, MWCO =

3,500 Da) to remove unreacted IPA.

2.3.9 Redox-responsive release studies
2.3.9.1 Redox-responsive release of NR

The suspension of NR-encapsulated nanogels (7 mg/mL, 2 mlL) was
adjusted to pH 7.4 by adding PBS buffer. GSH was added to the suspension of
NR-encapsulated nanogels to give GSH concentration in the suspension of 20
mM. The absorbance spectra of NR encapsulated in nanogels were monitored
by UV/vis spectroscopy at certain time points and percentages of NR release
were calculated by (Ay - AJ/A; x 100%, where A, and A; represent the
absorbance (A = 543 nm) at t = 0 and a specific incubation time point,

respectively. The release studies were performed at 25 and 37°C.

2.3.9.2 Redox-responsive release of CUR

The suspension of CUR-encapsulated nanogels (7 mg/mL, 2 mL) was
adjusted to pH 7.4 by adding PBS buffer. GSH was added to the suspension of
NR-encapsulated nanogels to give GSH concentration in the suspension of 20
mM. The absorbance spectra of CUR encapsulated in nanogels were monitored

by UV/vis spectroscopy at certain time points and percentages of CUR release
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were calculated by (Ay — A)/A; x 100%, where A, and A; represent the
absorbance (A = 425 nm) at t = 0 and a specific incubation time point,

respectively. The release studies were performed at 37°C.

2.3.10 Cytocompatibility tests
2.3.10.1 Cytocompatibility test of nanogels

Mouse fibroblast L929 cells were cultured in RPMI 1640 medium
supplemented with 5% fetal bovine serum (FBS), penicillin (100,000 U/L) and
streptomycin (100 mg/mL). The cells were then plated at approximately 2x10°
cells/well into a tissue culture 96-well plates in 200 uL medium per well. Various
concentrations of the suspension of copolymeric micelles both before and after
forming nanogels were incubated with the cells at 37°C under 5% CO, containing
atmosphere for 24 h. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) solutions (10 pL) was then added into each well. After 4 h of
incubation, the supernatant solution was replaced with DMSO (150 uL) in order
to dissolve the purple crystals of formazan. The optical density of the samples

was measured by a microplate reader at 540 nm.

2.3.10.2 Cytocompatibility test of CUR-loaded nanogels

Cytocompatibility of CUR-loaded nanogels were analyzed using a MTS
cell viability assay. Suspension of mammary gland adenocarcinoma (MDA-MB-
231) cells (5,000 cells/mL 100 pL) was seeded into a tissue culture 96-well
plates, cultured for 24 h. The media was replaced with 100 pL of various
concentrations of CUR-loaded nanogels, nanogels and CUR in Minimum Essential
Medium with Earle's Balanced Salts (MEM/EBSS, GE Healthcare HyClone) and
maintained at 37 °C under 5% CO, condition for 24 h. 100 yL of the same
concentrations of CUR-loaded nanogels, nanogels and CUR in MEM were defined
as blank. MTS solution (10 ulL) was added. After incubation for 4 h, the cell

suspension was measured by a microplate reader at 492 nm.
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2.3.11 Cellular Uptake Study

MDA-MB-231 cells (2.5x10° cells) were plated into an 8-well Lab-Tek I
Chamber Slide w/Cover RS Glass Slide in 500 pyL of MEM, and cultured for 24 h. The
medium was removed and a total of 500 plL of free CUR, CUR-loaded nanogels
suspension was added immediately. After 4h incubation, the cells were softly
washed with PBS buffer twice. Nucleus staining dye, DAPI (0.02 mg/mL, 100 L) was
added, followed by incubation in dark with shaking for 5 min. After staining step,
these cells were softly washed with PBS buffer three times. Chamber was removed
from glass slide. The glass slide was dried and was then dropped with anti-fade
reagent (MOWIOL). It was finally closed with cover slip. The cell analysis was

performed by confocal microscope using FV10-ASW 4.2 Viewer as software.
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CHAPTER IlI
RESUILTS AND DISCUSSION

3.1 Preparation of PPFPMA-co-POEGMA copolymer by conventional

polymerization

3.1.1 Block copolymer

POEGMA-b-PPFPMA block copolymer, with OEGMA and PFPMA monomers
in the ratio of 1:1, was prepared, starting with POEGMA as the first block. OEGMA
was initially polymerized by RAFT with CPADB:ACVA in ratio of 4:1. Unfortunately,
the polymer had become gel since 2 h and the resulting product cannot dissolve
in any solvent. Therefore we changed the condition of polymerization to use
CPADB:ACVA in ratio 8:1 in order to reduce the polymerization rate and let the chain
transfer agent (CPADB) control the MW more effectively using reaction time of 4 h.
The obtained product was very viscous which was purified by dialysis against DMF
for three days and ethanol for two days before drying under vacuum. However, the
product was not pure because it still contained OEGMA monomer as displayed in
'"HNMR at 6 1.9, 5.6 and 6.1 ppm for allylic and olefinic protons, respectively (Figure
3.1c). After that, the purification step was improved from dialysis to reprecipitation.
The polymer was dissolved in THF and precipitated again in diethylether. Although
this reprecipitation was repeated more than four times, the product still contained
OEGMA monomers (Figure 3.1d). Due to the high viscosity of POEGMA, the polymer
may trap the monomer. For all the reasons mentioned above, this POEGMA is quite
difficult to purify to be pure that residue monomer can affect the polymerization
in the next step. So we tried to synthesize the block copolymer by another route

starting the first block with PPFPMA.
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Alternatively, PPFPMA was first polymerized (Figure 3.2b) by RAFT with
CPADB:ACVA in ratio of 4:1 and using PFPMA monomer, which was synthesized via
esterification reaction of pentafluorophenol and methacrylic acid. The PPFPMA was
used as a macro-CTA for the POEGMA synthesis The PPFPMA macro-CTAs with
molecular weights of 15.4 kDa with PDI 1.37 (theoretical M,, = 13.0 kDa for target
degree of polymerization of 50) were prepared as evaluated by GPC. POEGMA was
very viscous as mentioned before so this property negatively affected the
purification process of the copolymer. The product was not pure even though the
observed OEGMA peaks from 'H NMR spectra (Figure 3.2d) significantly decreased
comparing with the crude copolymer. According to 'H NMR spectra, the OEGMA

monomer remained as observed at 6 1.9, 5.6 and 6.1 ppm.
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3.1.2 Random copolymer

PPFPMA-r-POEGMA random copolymer was prepared using two monomers;
PFPMA and OEGMA with the ratio of 1:1. The obtained copolymer was purified by
reprecipitation five times but the product was still impure (Figure 3.3b) as observed
in the case of POEGMA block copolymer. Both OEGMA and PFPMA monomer peaks
also appeared in the 'H NMR spectra at 6 1.9, 5.6 and 6.1 for OEGMA, and 5.9 and

6.5 for PFPMA, respectively.

All of three methods used for preparation of POEGMA-containing copolymer
failed due to the purification step. The remaining OEGMA monomers cannot be
removed completely from the highly viscous polymer products. The procedure for
preparation of the desired amphiphilic copolymer was therefore modified from

conventional polymerization to post-polymerization modification.
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3.2 Preparation of PPFPMA-co-POEGMAM copolymer by post-polymerization

modification

3.2.1 Synthesis of OEG-NH,

(o] o]
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Figure 3.4 Methodology for synthesis of OEG-NH,

The desired oligo(ethylene g¢lycol) methyl ether amine (OEG-NH,) was
synthesized from the OEG-OH by three steps including tosylation, nucleophilic
substitution with sodium azide (NaNs), followed by Staudinger reduction (Figure

3.4).

According to the tosylation step, the terminal hydroxyl eroup of OEG-OH
was converted to tosylates by treating with p-toluenesulfonyl chloride. The reaction
was purified by column chromatography in order to remove unreacted p-
toluenesulfonyl chloride, yielding the tosylate product 86% yield. 'H NMR spectra
(Figure 3.5A) show the characteristic signals of OEG-OTs at 7.9, 7.4, and 3.4-3.7 ppm
which are attributed to aromatic protons of tosylate and -CH,O- and CH;O- of OEG

moiety.

The second step was substitution of OEG-OTs with azide to obtain OEG-N;
with 70% yield. The disappearance of aromatic protons signal (6 7.4 and 7.9 ppm)
in 'H NMR spectrum (Figure 3.5A, spectrum b) after azide substitution indicated that
the tosyl group was successfully eliminated yielding OEG-N,. The successful reaction
was also confirmed by the appearance peak of azide signal at 2100 cm™ from FTIR

technique (Figure 3.5B).
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The azide group at the chain end of OEG was converted to an amine group
by Staudinger reduction using triphenylphosphine. After the reduction, OEG-NH, was
obtained as yellow oil with 57% yield. The product was confirmed by FTIR showing
the disappearance of azide peak (2100 cm™) and the appearance of amine peak

(1596 cm™) (Figure 3.5B, spectrum d).
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Figure 3.5 (A) 'H NMR spectra in CDCls (a, b and ) and DMSO (d); (B) FTIR spectra.
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3.2.2 Post-polymerization modification of PFPMA with OEG-NH,

By performing RAFT polymerization, PPFPMA with M,, of 25.6 kDa and PDI of
1.34 was obtained as evaluated by GPC. The fact that the M,, of the polymer closely
resembles the theoretical value of 25,493 Da for target degree of polymerization of
100 with relatively narrow PDI suggests that the polymerization was reasonably
under control. Post-polymerization modification of PPFPMA with OEG-NH, yielded
amphiphilic OEG-containing copolymer (PPFPMA-co-POEGMAM). The emergence of
amide (C=0 stretching) signal at 1666 cm™ and the disappearance of amine (N-H
bending) signal of OEG-NH, at 1596 cm™ in FTIR spectra of the copolymers (Figure
3.6A) suggested that there was amide bond formation as a result of modification.
The remaining PFP groups in the copolymer can be evidenced from the ester C=O
signal at 1780 cm™. This signal is proportionally decreased as the POEGMA
composition increased which can be varied as a function mole equivalent of OEG-
NH, employed for post-polymerization modification. In addition, the small peak at
1721 cm™ which can be assigned to C=0 stretching of COOH strongly signified that
slight hydrolysis of PPFPMA unavoidably occurred due to small amount of water as
azeotropic mixture of OEG-NH,. The extent of hydrolysis estimated by FTIR was in
a range of 4-12%. Copolymer composition should be more accurately determined
by 'H NMR analysis (See calculation in appendix). 'H NMR spectra depicted in Figure
3.6B revealed the characteristic signals of PPFPMA-co-POEGMAM at 3.4-3.7, 3.3, 2.3,
and 1.3 ppm which are attributed to - CH,0- and CH;O- of OEG moiety, as well as -
CH,- and -CHs; of the copolymer backbone, respectively. The composition of
POEGMAM in the copolymer was found to be 27, 54, and 74% upon the post
functionalization of PPFPMA with 0.25, 0.50, and 0.75 eq. of OEG-NH,, respectively.
The presence of remaining PFP groups in the copolymer was also evidenced by *°F
NMR analysis. There are peaks appearing at -151.7, -152.7 (ortho), -158.2 (para), and
-163.3 (meta) ppm in the F NMR spectrum of PPFPMA;;-co-POEGMAM,; shown in

the inset of Figure 3.68B.
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Figure 3.6 FTIR (A) and 'H NMR spectra in CDCl; (B) of (a) PPFPMA, (b) OEG-NH,, the
copolymer with PPFPMA: POEGMAM composition of (c) 73:27, (d) 46:54 and (e) 26:74.
F NMR spectrum of PPFPMA;;-co-POEGMAM,- is given in the inset of (B).

3.3 Micelles formation of amphiphilic copolymer

The amphiphilic copolymers with three different compositions of POEGMAM
(27, 54 and 74%) could self-assemble in aqueous media to yield well-defined
spherical-like micelles of which morphologies and size are shown in Table 3.1. The
sizes of the micelles characterized by both techniques are well below 100 nm with

reasonably narrow particle size distribution. These dimensions are well suitable for
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intracellular drug carriers of which diameters should approximately be 200 nm or less
[1]. The micelles tended to progressively increase in size as the composition of
hydrophilic POEGMAM shell increased. The fact that the diameters detected by the
solution-based technique, DLS are greater than those evaluated by TEM truly

emphasized the swellability of the micelles in water.

Table 3.1 TEM micrographs and sizes analyzed by TEM and DLS of the micelles

assembled from the copolymers having different POEGMAM composition (scale bar is

100 nm).
PPFPMA,5-co-POEGMAM,;  PPFPMA,-CO-POEGMAMy,  PPFPMA,,-co-POEGMAM,
E ]
e
.
i
TEM
28+ 9 38 + 11 41 + 8
(nm)
DLS a6 + 0.1 61+ 0.2 67 £ 2
(nm) PDI = 0.199 PDI = 0.237 PDI = 0.540

The critical micelle concentration (CMC) of the copolymers was determined
using a pyrene fluorescence probe. The plot of fluorescence intensities against the log
of the polymer concentration were recorded (Figure 3.7). The onset of the change in
slope of the line was taken as the CMC. Figure 3.7A and Figure 3.7B show that the
CMC values of the copolymer PPFPMA;3-co-POEGMAM,; and PPFPMA4-co-POEGMAM;,4
were about 7 and 4 mg/mL, respectively. The CMC decreased with increasing
hydrophilic composition part, OEGMAM, in this case. This is because hydrophilicity can
enhance the thermo-dynamical stability and can thus promote self-assembly process
[22]. The CMC of PPFPMA-co-POEGMAM obtained are relatively high as compared with
those of OEG-based block copolymers of which hydrophobic and hydrophilic entitiles

are well-ordered. This may presumably due to random distribution of hydrophobic
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and hydrophilic entities along the polymer chains that weaken the driving force of self-
assembly. It is also possible that the hydrophobic PFPMA units are amorphous so that
greater concentration of polymer is thus required to form micelles. This has been
previously described by others for OEG-based copolymer, that the micelle formed with

amorphous cores exhibited higher CMC than those with semicrystalline cores [23].
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Figure 3.7 CMC determination of the copolymer using pyrene as fluorescence probe

(A) P(PFPMA5-co-PEGMAM,,) and (B) P(PFPMAs-co-PEGMAMsy).
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3.4 Formation of nanogels and subsequent post functionalization
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Figure 3.8 Reaction of post functionalization of copolymer

The copolymer having 27% POEGMAM (PPFPMA;;-co-POEGMAM,;) was selected
for the following investigation mainly because of their smallest dimension and highest
PPFPMA composition which should allow for a convenient handling of multi-step post-
polymerization modification to follow thereafter. Nanogels can be formed upon
micellar crosslinking of the assembled amphiphilic copolymer with cystamine (Figure
3.8). This diamine modifier provides dithiol linkage to stabilize the micelles and
simultaneously inherits redox-responsiveness to the resulting nanoassemblies. The
extent of crosslinking was also varied as a function of cystamine equivalent added in
comparison with PFP groups in the copolymer. As shown in Figure 3.9A, the FTIR
pattern of the nanogels obtained after crosslinking with 0.3 eq cystamine was not much
changed from that of the assembled micelles before crosslinking. Three characteristic
C=0 signals still remain except the ratio between the signal at 1666 cm™ to that at
1780 cm which corresponded to the amide C=O and ester C=O stretching,
respectively, became slightly higher implying that some of the PFP groups (43% as
estimated by FTIR) were consumed upon crosslinking. Level of crosslinking can also be
elevated by increasing the quantity of cystamine to 0.6 eq. The relative ratio between
the signals at 1666 cm™ to that at 1780 cm™ was much higher suggesting that the
majority of PFP groups (79% as estimated by FTIR) were employed. Further post

functionalization of the nanogels having 43% crosslinking was done thereafter using
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IPA as non-toxically nucleophilic modifier. Apparently, only trace signal due to ester
C=0 stretching peak was detected indicating that PFP groups were almost entirely
removed. There was approximately 2%PFP groups left in the nanogels according to
FTIR analysis. This assumption was also verified by F NMR analysis (Figure 3.9B). Only
trace amount of characteristic signals of PFP groups (-151.7,-152.7 (ortho), -158.2 (para),

and -163.3 (meta) ppm)) was observed.
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(a) C=0 of ester (1780 cm™) —
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Figure 3.9 FTIR (A) and "F NMR spectra (400 MHz) (B) of PPFPMA;5-co-POEGMAM,;
before (a) and after forming nanogels by crosslinking with 0.3 eq (b) and 0.6 eq (c)
cystamine, and nanogels after crosslinking with 0.3 eq cystamine and post

functionalization with IPA (d).
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3.5 Redox-responsiveness of nanogels

Glutathione (GSH), a tripeptide found in most living cell, contains sulfhydryl
groups of cysteine which can cleave disulfide linkage [24]. Therefore, GSH was selected
as a representative cellular reducing agent [25-27]. DLS was used as a tool to determine
redox-reponsive property of the nanogels by monitoring the change in their size under
reducing environment in the presence of GSH as a function of time. As shown in Figure
3.10, the size of nanogels having 79% crosslinking remained mostly unchanged in the
presence of GSH for up to 20 h. There was a small peak appearing above 1,000 nm
implying possible aggregation of the nanogels. However, degradation was found to be
more obvious for the nanogels having 43% cross-linking. Before incubation with GSH
(at 0 h), the average diameter of nanogels both before and after post functionalization
with IPA in PBS buffer (pH 7.4) were 50 nm (PDI = 0.239) and 53 nm (PDI = 0.214),
respectively. In the presence of 20 mM GSH, the peaks around 50 nm still remained
but the particle size distribution became broad and multimodal ranging from
approximately 250 nm to the aggregated form with the diameter over 2,000 nm within
2 h. This strongly suggested that GSH can destroy the disulfide bridges within the
nanogels, resulting in particle dissociation, agglomeration and change in particle size.
At 20 h, the broader distributions and the decrease of intensity of original peak (at 50
and 53 nm) were observed in both nanogels. In contrast, in the absence of GSH, the
size distribution of the two nanogels maintained their stability for up to 20 h. This set
of data also suggested that the stability and redox responsive property of the nanogels

was not affected by post functionalization by IPA.
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Figure 3.10 DLS profiles of nanogels prepared from PPFPMA;-co-POEGMAM,; having
79 (A) and 43 %crosslinking before (B) and after (C) post functionalization with IPA in

20 mM GSH solution over time having PBS buffer pH 7.4 as a control.

3.6 Preparation and characterization of hydrophobic drug-encapsulated nanogels

3.6.1 Encapsulation of NR

To investigate the capability of the nanoparticles to store hydrophobic
molecules by hydrophobic interactions, encapsulation of a hydrophobic guest
molecule model, NR, was first studied. As an inherently water-insoluble dye, NR
was dissolved in THF with the PPFPMA+3-co-POEGMAM,; copolymers before micellar
assembly in water. The crosslinker, cystamine was added thereafter to provide
stability to the micelles and form NR-encapsulated nanogels. The presence of NR
inside the nanoparticles was confirmed by pink suspension being observed which

can be detected by UV-vis spectroscopy (absorbance peak at 543 nm). As
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determined by TEM, the nanogels are spherical in shape with quite narrow size
distribution after NR encapsulation (Table 3.2). The NR-encapsulated nanogels were
slightly smaller in size than the original non-crosslinked micelles without
encapsulated NR. Post functionalization with IPA to remove the hydrophobic PFP
groups caused the nanogels to be more hydrophilic so that they were more
swellable and became larger in size. The zeta potential of all particles are slightly
negative indicating the particle shell layer is dominated by OEG entities

independent of NR encapsulation, crosslinking, and post functionalization.

Table 3.2 TEM micrographs and sizes and zeta potential values determined by DLS of
the NR-loaded micelles assembled from the PPFPMA;s-co-POEGMAM,; and their
corresponding NR-encapsulated nanogels both before and after post functionalization

with IPA (scale bar is 100 nm).

NR-encapsulated
NR-encapsulated NR-encapsulated
nanogels after post
micelles nanogels

functionalized with IPA

TEM (hm) 45+ 7 41 +7 a4 + 8
55+ 2 44+ 1 63 +1
DLS (nm)
PDI = 0.221 PDI = 0.343 PDI = 0.429
potential -11.0+ 1.1 -95+03 -10.4 £ 0.9

(mV)
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3.6.2 Encapsulation of CUR

Anticancer drug, curcumin (CUR), was chosen to be encapsulated in the
nanoparticles because it strongly exhibits therapeutic activity against various cancers
[28]. In order to encapsulate CUR in nanogels, the desired copolymer used for
forming the particles was changed from PPFPMA;;-co-POEGMAM,; to PPFPMA4-co-
POEGMAMs, To load CUR or other hydrophobic drugs containing hydroxyl group,
the drug-loaded nanogel or micelle cannot be modified with basic amino modifiers,
such as IPA. It is because the hydroxyl group of these hydrophobic drugs can be
easily deprotonated by basic amine as shown in Figure 3.11. That allowed the drug
become more hydrophilic so it can conveniently leak out from hydrophobic core
to surrounding water, resulting in indirectly affecting the drug loading content.
Although the reaction was performed in PBS buffer (pH 7.4), amine, which is strong
base, was needed to excessively add in order to eliminate toxic PFP moieties.
Therefore the resulting pH became as high as 12-13. However, crosslinking process
was still carried out all residue PFP groups inside particle to remove the toxic moiety
of PFP without further amine functionalization. Preparing the CUR-loaded nanosgel,
PPFPMA4-co-POEGMAMs4 and CUR were dissolved in THF and were then prepared
to be CUR-loaded micelle in water. Crosslinker, cystamine, was added to stabilize
the nanoparticle and the CUR-loaded nanogel was obtained. The presence of CUR
inside the nanoparticles was confirmed by yellow suspension being observed which
can be measured by UV-vis spectroscopy (absorbance peak at 425 nm). According
to TEM images, the nanogels are spherical in shape with quite narrow size

distribution (Table 3.3).
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Figure 3.11 Proposed CUR structure in (a) acidic, (b) neutral, and (c) basic environments

[26].

Table 3.3 TEM micrographs and sizes of the CUR-loaded micelles assembled from the
PPFPMAy¢-co-POEGMAMs4 and their corresponding CUR-encapsulated nanogels.

CUR-encapsulated micelles = CUR-encapsulated nanogels

TEM (nm) 75+ 14 61+ 14

3.7 Redox-responsive release of hydrophobic drug

3.7.1 NR release profile of NR-encapsulated nanogels

The NR release of the NR-encapsulated nanosgels prepared by PPFPMA+s-co-

POEGMAM,; was measured by the change of UV absorbance (A = 543 nm) as

demonstrated in Figure 3.12. In the absence of GSH, there was no NR release at
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25°C indicating that NR is stably trapped inside the nanogels. This characteristic is
highly favorable from application perspective in which the drug loaded nanogels
can be stored for a longer time before usage. Raising the temperature to 37°C,
approximately 10% cumulative NR release was detected. It was suspected that
there might be a small extent of disulfide bond breaking at such an elevated
temperature so that some NR can be released out. Redox-responsive release can
be realized in the presence of GSH. NR as high as 70% was released after 95 h at
25°C while the percentage of NR release reached 94% over the same period of time
at 37°C. The superior release behavior at elevated temperature was ascribed also
as a consequence of temperature-promoted degradation of disulfide crosslinking so

that more NR can be released.
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Figure 3.12 NR release profiles from the NR-encapsulated nanogels after post
functionalization with IPA without GSH at 25°C (blue triangles, solid line) and 37°C (red
circles, solid line) and with GSH at 25°C (blue triangles, dashed line) and 37°C (red

circles, dashed line) in aqueous solution of 20 mM GSH.
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3.7.2 CUR release profile of CUR-encapsulated nanogels

The release of loaded CUR from the nanosgels, initially prepared by
PPFPMA4-co-POEGMAM;s,, was monitored by the change of UV absorbance at 425
nm as shown in Figure 3.13. As high as 72% of CUR was released after 95 h in the
presence of GSH, while there was approximately 36% of released CUR in the
absence of GSH over the same period of time at 37°C. The result can confirm that

redox-responsive crosslinker was effective in the presence of reducing agent, GSH.
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Figure 3.13 CUR release profiles from the CUR-encapsulated nanogels without GSH
(orange squares, dashed line) and with GSH (green diamons, solid line) at 37°C in

aqueous solution of 20 mM GSH.

3.8 Cytocompatibility of nanogels

3.8.1 Cytocompatibility against normal cells (L929)

The results from cytocompatibility test against L929 cells shown in Figure
3.14 suggested that the micelles originally self-assembled from PPFPMA;;-co-
POEGMAM,,; became toxic once its concentration is above 0.15 mg/mL (%cell
viability < 90%). This detrimental effect comes from the toxic pentafluorophenyl

groups being cleaved off from the PFP groups in the copolymer upon hydrolysis



41

under physiological condition. This speculation can be confirmed by FTIR and *°F
NMR analyses. As demonstrated in appendix, the increasing relative intensity
between C=0 stretching of carboxyl groups at 1721 cm™ and C=0 stretching of ester
groups at 1780 cm™ implied that greater extent of hydrolysis was induced at 37°C.
The release of pentafluorophenyl groups was verified by the emergence of peaks
in the "F NMR spectrum at -164.2, -165.7, and -170.9 ppm together with the signals
of PFP groups in the copolymer. Since the PFP groups were consumed upon
crosslinking, the nanogels became much less toxic as opposed to their original
uncrosslinked micelles. %Cell viability remained slightly above 90% in a
concentration range of 0.016 - 2 mg/mL. As previously demonstrated by FTIR and
F NMR analyses (Figure 3.9), the remaining PFP groups which is the cause of
toxicity were almost entirely removed after post-functionalization with IPA. For this
reason, the resulting nanogels were essentially non-toxic with 100% cell viability for
the concentration up to 2 mg/mL. These tests truly signify the potential of the

developed nanogels for biomedical-related applications.
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Figure 3.14 Percentage of cell viability of L929 cells after incubation for 24 h with
micelles (a), nanogels before (b) and after (c) post functionalized with IPA as

determined by MTT assay.
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3.8.2 Cytocompatibility against cancer cells (MDA-MB-231)

MDA-MB-231 cells (mammary gland adenocarcinoma cells) as model for
cancer cells were treated with CUR, CUR-loaded nanogel and nanogel suspension
at equivalent concentrations of CUR and polymer for 24 h, followed by cell viability
measurements using MTS assay. We expected that bare nanogel should be
biocompatible and free CUR and CUR-loaded nanogel should be toxic against the
cells. However, the results (Figure 3.15) display that CUR, CUR-loaded nanogel and
nanogel are not toxic for the cells in all concentration range of 0.039 - 10 mg/mL
(%cell viability > 95%). Although these nanogels were not modified as same as IPA-
modified nanogels as previously mentioned, they are still biocompatible. That
means crosslinking can effectively eliminate toxic pentafluorophenyl groups of the
nanogels. However, both free CUR and loaded CUR in the nanogels had not
exhibited their toxicity to the cancer cells. It may be because this range of

concentration is too low that the therapeutic activity of CUR cannot affect the cells.
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Figure 3.15 Percentage of cell viability of MDA-MB-231 cells after incubation for 24 h
with nanogels (a), CUR-loaded nanogels (b) and CUR (c) as determined by MTS assay.
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3.9 Cellular Uptake Study

According to luminescent property of CUR, intracellular distribution of CUR can
be followed by confocal laser scanning microscopy (CLSM). MDA-MB-231 nuclei were
stained with DAPI. Free CUR and CUR-loaded nanosgels were administered to the MDA-
MB-231 cells and treated for 4 h before fixing them to study their uptake. Figure3.16
demonstrated that CUR formulation was successfully taken up by MDA-MB-231 cells.
A green fluorescent emission of CUR derived from CUR-loaded nanogels were observed
in the cytoplasm and the nuclei of the tumor cells as seen in the image of free CUR.
This can be implied that the CUR-loaded nanogels can penetrate the cells within a
period of 4 h and redox-responsive crosslinkers of the nanogels can degrade in
intracellular GSH condition, accelerating the release of CUR from the nanogels.
Moreover, the merged images of free CUR and CUR-nanogels show the green
fluorescence were overlapped with the blue DAPI-stained nucleus which can be seen
as slight cyan in the overlay image, suggesting that the concentration of both free CUR
and loaded CUR in the nanogels should be increased to make the images be more

obvious.
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Figure3.16 CLSM images of MDA-MB-231 cells incubated with free CUR and CUR-loaded
nanogels having 10 mg/mL of CUR for 4 h. (blue fluorescence: nucleus staining dye,

DAPI; green fluorescence: CUR; scale bar = 20 pm)
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CHAPTER IV
CONCLUSION AND SUGGESTION

Amphiphilic copolymers containing PFPMA and OEG can be successfully
prepared by post-polymerization modification of PPFPMA by OEG-NH, with well-
defined composition. As verified by DLS and TEM, the nanoparticles formed upon
water-induced micellization were spherical in shape and had diameters in the range
below 100 nm. Redox-responsive degradation of the nanogels formed after crosslinking
the nanoassembled micelles with cystamine was evaluated by DLS. The redox-
responsive release of model hydrophobic drug, NR concurrently encapsulated during
micellar self-assembly from the nanogels can be realized in the presence of GSH. As
high as 94% cumulative NR release was detected at 37°C. Post functionalization of the
nanogels with IPA was found to be essential to suppress the release of toxic PFP groups
which can be induced by hydrolysis under physiological condition. The fact that there
was no NR release at 25°C, w/o GSH implies that the nanogels should maintain their
stability upon storage at ambient condition. This information is useful from application
viewpoint. In case of CUR release, 72% of CUR can be released in the presence of GSH

that is a two-fold increase comparing with the CUR release without GSH.

The cytocompatibility evaluation (MTT assay) indicated that the nanogels post
functionalized with IPA were non-toxic in the concentration range of 0.016-2.0 mg/mL.
In vitro cytotoxicity evaluation by MTS assay suggested that the nanogels were no
longer toxic to MDA-MB-231 cells but free CUR and CUR-loaded nanogels were also
non-toxic. This is because of too low concentration of CUR-loaded nanogels incubated
with the cells. However, CUR-loaded nanogels can penetrate the cells as monitored

by CLSM.

Apparently, this research has demonstrated that biocompatible nanogels

having enormous potential for controlled-delivery applications can be conveniently
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and effectively developed from a single active-ester containing polymer by sequential

post-polymerization modification.

From the results of this work, it is suggested that CUR in higher doses (10-100
mg/mL) or other anticancer drugs should be incorporated in this nanogel system, with

the hope to develop a more effective controlled release carrier for cancer therapy.
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Figure A2 FTIR spectra of PPFPMA;;-co-POEGMAM,; nanogels before and after induced
hydrolysis in PBS at 37°C.
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