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Abstract

Reversible additioffragmentation chain transfer polymerization (RAHT3s
allowed the facile synthesis of taiorade cationic polyme which are
promising norviral gene delivery vectors. Advanced structaodivity
relationship studies between the polymers and gene expression have been
possible due to the remarkable control in the design of these polyradise
RAFT process.

In the first study, RAFT polymerization technique allowshe successful
synthesis of cationic glycopolymers containing pendant sugar moieties. A library
of cationic glycopolymers of prdetermined molar masses and narrow
polydispersities ranging from-30 kDa ha been synthesized. These polymers
differ from each other in their architecturdsock versusrandon), molecular
weights, and monomer ratios (carbohydrate to cationic segment). It is shown that
the abovementioned parameters can largely affect the toxiciDNA
condensation ability and gene delivery efficacy of these polymers. The effect of
serum proteins on statistical and diblock copolymer based polyplexdseand
gene delivery efficacysifurtherstudied.

In the second stud-methacryloxyethyl phgshorylcholine (MPC) cpolymers

are studied for their ability to produce ntwxic and biocompatible materials.
The cationic MPC copolymers of varying architectures (bleeksusrandon)

are produced bRRAFT polymerization techique. The copolymers producerk
further evaluated for thejr morphology, cellular uptake angene delivery

efficacy in the presere and absence of serum.



In anotherstudy, hyperbranched glycopolymers of varying molecular weights
and compositions are synthesizeid reversible addibn fragmentation chain
transfer (RAFT) process and are further explored for their gene expréssion
vitro. Galactose based hyperbranched polymers are compared to glecosel
hyperbranched polymers for their cellular uptake, toxidégtin interaconsand

gene expression. Furthermore, the cellular uptake and gene expression are
studied in two different cell lines in the presence of lectins.

Carbohydrate and phosphorylcholine based cationic polymers having a novel
architecture, different compositie and varying molecular weights are produced
and ar e t er meblbcksat sat t eopolymemsl dhese@ cationic
copolymers are evaluated for their gene delivery efficacies, interactions with
serum protein, cellular uptake and nuclear localizathalitya In addition, MPC

b asBblatksd at i copolynes bndl thesugar incorporated analogues are
prepared andre compared witktheir statistical analogudsr serum interactions

and gene expression
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PCL; polycarpol&tone

DMSO; N, MNidtnethyl sulfoxide

DTT; dithiothreitol

Boc-AEMA ; N-(tert-butoxycarbonyl)aminoethyl methacrylate
Boc-AHMA ; N-(tert-butoxycarbonyl)aminohexyl methacrylate
GAGs glucosaminoglycans

DIC; N, d®iMppropylcarbodiimide

ACVA; 4 | -a&dhis(4cyanovéeric acid)

OEGMA,; oligo(ethyleneglycol) methacrylate

CPADN,; 4-cyanopentanoic acid dithionaphthalenoate
DSDMA,; disulfide-based dimethacrylate

HT; high thoroughput

LCST; lower critical solution temperature

ITC; isothermal calorimeter

AFM; atomic force micrscopy

DLS; dynamic light scattering



GADPH,; (glyceraldehyde8-dehydrogenase)

pPSMA,; poly(styrenealt-maleic anhydride)

BSPAC 3-benzylsulfanylthiocarbonylsufanylpropionic acid chloride
MPEG, methoxyPEG

DOX; doxorubicin

GFP, green fluorescent protein

VEGTF; Vascular endothelial growth factor

ONPG O-Nitrophenylb-D-galactopyranoside

FITC; Fluorescein isothiocyanate

CHAPS 3-[(3-Cholamidopropyl)dimethylammonidl]-propanesulfonate
BSA; bovine serum albumin

CTP, 4-cyanopentanoic acid dithiobenzoate

DMF; N, Miethylformamide

GPC gel permeation chromatography

LDso; lethal dose50

MWCO; molecular weight cut off
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1.1 Introduction

Since the emergence of the concept of gene delivery in 1963ieaywvair viral

and nonviral gene delivery agents are produced and tested for their gene
delivery efficacies.[113] Due to the high immunogenicity and toxicity of viral
vectors in clinical trials, the development of mdral vectors has been
considered as promising approach to produce romwic and highly efficient

gene delivery systems [3,6,10,13] For the last two decades, a large number of
synthetic vectors have been synthesized and tested for their gene delivery
profiles.[218] However, no significarpirogress has been made so far in clinical
trial. The synthesis of stable and effective gene delivery vectors is still a
challenge, mainly due to the poor understanding of their interactions with cells at
molecular level. Some of the known barriers of geeévery vectors at the
cellular level are their low cellular uptake, low endosomal escape, and

translocation of DNA or polyplexes into nucleus.[3,6,10,13]

Gene therapy holds great potential for the treatment a variety of acquired and
genetic disorders sh as cancer, haemophilia and cystic fibrosis. The earlier
focus on gene transfer was the synthesis and use of cationic polymers for gene
expression.[6,13] Hence, cationic polymers such as poly(ethyleneimine) (PEI)
were extensively studied for gene therapye to the high proton sponge effect,
various mechanisms of uptake, efficient DNA coetption and facile DNA
releasein vitro and in vivo, PElI has become the gold standard for gene
expression experiments.[13] However, the high toxicity of cationic paigm

their nonspecific interactions with cells and proteimsvitro andin vivo and



ability to elicit immune response encouraged the researchers to produce
biocompatible analogues of cationic polymers.[6,122PThe modification of
cationic polymers wh nonionic moieties such as poly(ethyleneglycol) (PEG)
has been reported. In addition, analogues of cationic polymers with natural
moieties such as amino acids, lipids, and sugars have also been
prepared.[6,13,122] These modifications are shown to i@se the stability of
polyplexes, and cellular uptake, along with decreasing their toxicity.

Due to the limited control over the modification sites, reproducibility, molecular
weights and architecture of cationic polymers, such as PEI polymers there was
an inherent need to synthesize the cationic polymers withtarklted and well
defined properties such as molecular weights, compositions, shapes, and
architectures. With the recent advances in the field of polymer chemistry, it is
now possible to prodec libraries of cationic vectors of varying shapes,
compositions, and architectures and their gene delivery efficacies are evaluated
to identify funcionalstructures.[12,225] The breakthrough in the field of gene
delivery occurred with the advent of lignradical polymerization (LRP)
techniques in the 1990s.[12,26] LRP approaches, namely nitrmedéated
polymerization (NMP), atom transfer radical polymerization (ATRP) and
reversible addition fragmentation chain transfer polymerization (RAFT) has
allowed the synthesis of libraries of polymers of controlled dimensions in a
facile manner.[12,225] These polymers are then tested for their efficacy in
transfecting cellsn vitro and in an effort to establish the structaagivity

relationships between thehemical structure of the polymers and their gene



expression profile. Hence, LRP opened new avenues in understanding gene
expression, in a way which was not possible before. Various cationic polymers
with gene delivery efficacies similar to PEI along witdw toxicities were
identified. Moreover, different analogues of cationic polymers such as reducible
cationic polymer, star shaped polymers, hyperbranched polymers, and other
architectures of linear cationic polymers were also prepared. In the last decade,
most of the work focused on the use of cationic polymers prepaaediTRP
technique for gene delivery. Some recent reviews described the progress in the

field of gene delivery using ATRP based vectors.[123B

1.2.RAFT Polymers for Gene Delivery

In comparison to other LRP techniques, RAFT polymerization is the most
versatile and convenient tool, due to its tolerance to a variety of solvents,
reaction conditions and functionalities which can produce telechelic polymers in
the absence of metal cataly$26:31] RAFT polymers are synthesizeth a

chain transfer process, which relies on the use of chain transfer agents (CTAS).
CTAs are organic compounds containing thiocarbonylthiol moieties. The
mechanism of RAFT polymerization is well studied and isated inschemel-

1.
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Scheme 11. Schematics of RAFT polymerization.[1RTopyright 2011,
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Since the emergence of RAFT polymerization approach in 1998 and its
adaptation to produce watsoluble polymers in aquae media, there has been a
significant increase in the use of polymers synthesim&AFT for therapeutic
applications.[2632] An overview of advancement of RAFT polymerization in
the field of gene delivery is depicted in taldld. A number of reviews &ve
been published on the mechanism of RAFT polymerization, choice of

monomers, bioconjugation strategies and their biological applicatior&1[29



Table 1-1. A Timeline of progress made in thelfieof gene deliveryand the

use ofRAFT polymerization @proach.

Time line Progress Reference
1963 Advent of Gene Delivery 1

1990s Advent of LRP approach 26

1998 Aqueous RAFT Polymerization 27

2004 Synthesis of methacrylate based tertiary amj 35

2002, 2009 Synthesis of methacrylate and methacrylamiq 45,76

based glycopolymer in the absence of protec
group chemistry

19781990 Synthesis of phosphorylcholine based monor 81,82

2009 Synthesis of methacrylamide based primary | 34
amine in the absence of protected group
chemistry

2009 Synthesis of Hypdrranched Polymers 48

2009 Use of linear polymers for DNA and siRNA | 37,96,97
deliveryin vitro

2012 Use of hyperbranched polymers for DNA 78
deliveryin vitro

2011 Use of linear polymers for DNA and siRNA | 50

deliveryin vivo

Recently McCormickand cowakershave provided a brief outlook on the RAFT
process based copolymers for small inhibitory ribonucleic acid (SIRNA)
delivery.[33] The main focus of this review is to provide a comprehensive
overview of the progress made by RAFT polymerization in thiel e gene
delivery, including deoxyribonucleic acid (DNA) and ribonucleic acid (RNA)
delivery.

1.2.1 Cationic Polymers via RAFT

Acrylates, acrylamides, styrene derivatives, and vinyl esters are some examples
of monomers polymerizedia RAFT.[26,29] The suctures of monomers
polymerizedvia RAFT polymerizationfor gene delivery applications are shown

in schemel-2.
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Schemel-2. Structures of monomers polymerizeid RAFT polymerizationfor

gene delivery applicetn. Adapted from references [5341], [44], [55], [60],

[63], [45], [34, [79].

The polymerization of cationic methacrylamide based monomers in agueous
solution via RAFT process is welldocumented by our group and
others.[12,34,35] The first cationic polymer prepared was a tertiary amine,
namely N-(3-(dimethylamino)propyl) methacrylamide (DMAPMA) by
McCormick and coworkersin 2004.[35] This polymer and its copolymers
synthesized with -Biydroxypropylmethacrylamide (HPMA) were then studied
for their siRNA complexation efficacies and cellularak®.[12,36] HPMA is an

example of a biocompatible naonic moiety extensively used for gene delivery



applications to impart stealth layer to cationic vectors.[TBje copolymers of
DMAPMA and HPMA were synthesized and were functionalized with folic
acid. For this purpose, HPMA polymer was copolymerized with a small amount
of 3-aminopropyl methacrylamide (APMA) in random fashion and the
copolymer obtained was blocked with PDMAPMA macroCTA. The amine
content of APMA was further functionalized with folic dciand these
copolymers were complexed with siRNA. The polyplexes formulated showed
effective down regulation of survivin mRNA in KB cells specific for folate
receptors.[37] The synthesis of primary amine based polymers has been a
significant challenge, regring the need of protected group chemistry and
various steps of dprotection and purification.[34] The synthesis of 2
aminoethylmethacrylamide (AEMA) and -&@ninopropyl methacrylamide
(APMA) and their homopolymers were first reported by our group usiigTR
polymerization approach in aqueous solution in the absence of protected group
chemistry.[34]

The superior gene expression of PEI is thought to be associated with the
presence of a variety of amines in its polymeric structure. In order to determine
the effect of the type of amine moieties on gene expression, Zlaop
colleagues synthesized cationic polymerbearing pendant amine moieties
(primary, tertiary).[38] 2dimethylaminoethyl methacrylate (DMAEMA) is a
well-known methacrylamide based tertiary amjiwhich can be polymerized by

a variety of techniques to produce cationic polymer, which are studied for their

gene expression profiles.[12,38] A family of PDMAEMA based polymers



containing varying amount of primary and tertiary amine groups was prejpared
study the effect of type of amine type on transfection efficacies.[38] DMAEMA
was  copolymerized  with  protected primary  aminesN-(tert
butoxycarbonyl)aminoethyl  methacrylate  (BAEMA) or  N-(tert
butoxycarbonyl)aminohexyl methacrylate (BAEIMA) in random fashion. The
polymers were d@rotected by acid treatment. The high gene expression of PEI
is reported to be related to its high bufferrapacity, due to the presence of a
combination of both primary and tertiary amines in the polymer. Although,
incorporation of primary amines in DMAEMA decreased the buffering capacity
of DMAEMA polymer itself, the presence of primary amines significantly
enhanced their DNA condensation efficacy, gene expression and cell viability, as
compared to PDMAEMA alone.[38]

1.2.2 Degradable Polymers via RAFT Polymerization

Degradable polymers are important class of polymers because of theoxmon
and environmental friendly nature.[29] The introduction of disulfide bonds in
polymeric back bone is a common approach to prediegradable polymers
sensitive to reducing environment. These degradable andormnforms of
cationic polymers are highly desirable for gene delivery, due to the reduction of
disulfide bonds in acidic environment, hence facilitating the release of
DNA.[39,40] The degradable form of PDMAEMA was prepared by the RAFT
process.[41] The traditional methods yield DMAEMA based polymers with
broad polydispersities and pooidigfined enegroups chemistries, which greatly

limit the possibility to produce reducibleDMAEMA using bissulfhydryl



precursors. Bfunctional RAFT agent is used to obtain reducible PDMAEMA

with chain transfer residues at both ends of oligomers, as shown in stigme
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Scheme 1-3. Synthesis of reducible PDMAEMA using -hinctional RAFT
agent.[41] Copyright 2007, Elsevier Ltd. reproduced with permission.
Dithioesterfunctionalized PDMAEMA thus obtained was confirmed by
NMR. The conversion of dithioesters into thiol was done by aminolysis of
polymer in hexane. The thiol groups of polymers were further reduced by the
oxidation of terminal sulfhydryl groupf polymer inN , Miéfethyl sulfoxide
(DMSO). The reducible PDMAEMA showed higher polydispersities than
starting oligomers. The reduction of these polymers with dithiothreitol (DTT)
produced low molecular weight polymers, similar to those of originabolays

used for polymerization. These copolymers showed low toxicity and superior

gene expression than their n@ducible analogues.[41]
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Polycations which can degrade into benign compounds over time in the absence
of an intracellular trigger were also skesized. poly(@limethylaminoethyl
acrylate) (PDMAEA) is a tertiary amine based polymer which degrades into
anionic polymer over a period of a few days, hence providing enough time for
DNA release and preventing the accumulation of polymers in livingesssu
thereby decreasing their toxicity. The degradation of PDMAEA into
poly(acrylic) acid (PAA) is independent of pH of aqueous media, as shown in

schemel-4.
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Schemel-4. Synthesis of PDMAEA based polyplexes, and the degradation of
polymer in polyacrylicacid.[42] Copyright 2011,American Chemical Society,
reproduced with permission.

PDMAEA of 5 different molecular weights ranging froml3 kDa and narrow
polydispersities were prepared by RARJolymerization For comparison
purposes, quaternized analoguéghmse polymers were also prepared. These
polymers showed excellent DNA complexation, cell viability and cellular uptake
in Hela cells. The dissociation of polyplexes was occurred througicegealfysis

of polymers into acrylic acid over a period of oneek. The unquaternized
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analogue of 11 kDa polymer showed higher cellular uptake than other analogues

at low polymer/DNA ratio. However, no gene expression was studied.[42]

1.2.3 PEGylated Polymers via RAFT Polymerization

PEGylation of cationic polymers s wellstudied approach to mask the non
specific interactions of polymers with glucosaminoglycans (GAGSs).[lfs3
incorporation of hydrophilic PEG layer on the surface of polyplexes decreases
their interactions with anionic proteins (serum proteins, GAG®nce
increasing the stability of polyplexes in vitro and in vivo, and decreasing their
nonspecific interactions with cell surface.[1Bhe postmodification of cationic
polymers with PEG based monomers has been reported. However, these post
modification strategies also compromise the gene delivery efficacies of cationic
polymers.[12] RAFT polymerization technique allowed the synthesis of
PEGylated cationic polymers of varying chain lengths, architectures and
molecular weights to pinpoint the parametateal for optimum expression.
Three types of polymers namely diblock, statistical, and bblstk polymers
were synthesizedtia RAFT process All of these polymers contained constant
PEG weight fraction (0.2) while amine content of the polymer was védied

93). The polymers produced were from-2M kDa and of controlled
polydispersities. In order to synthesize diblock copolymers, PEG chains were
esterified by CTPvia N, dWildppropylcarbodiimide (DIC) coupling to yield
PEGmacroCTA. The macroCTA was copolymerized with DMAEMA in the
pr es e nc eazolms{4cyadoyademdj acid) (ACVA) to obtain diblock

copolymer. The statistical copolymers were made in one pot using DMAE

12



and oligo(ethyleneglycol) methacrylate); (OEGMA). The brbkitk
copolymers were made by polymerizing OEGMA to obtain macro CTA, which

was further copolymerized with DMAEMA vyielding brush block copolymer.

(Schemél-5)
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Scheme 1-5. Synthesis of dibldc statistical, and brushlock polymersvia
RAFT polymerization43] Copyright 2007, Elsevier Ltd. reproduced with

permission.

The DNA complexation efficacies of statistical block and brush like copolymers
were compared. The bruske block copolymers were found to bemore
effective in DNA condensation than their statistical analogues. It is thought that
steric crowding in shell due to brufike architecture of PEG chains is
responsible for fine tuning the size of polyplexes. Moreover, the gene erpressi

was significantly higher for statistical and brdgte block copolymers in Hep
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G2 and HEK 293 cells, as compared to block copolymers. However, the cell
viability and cellular uptake was higher for statistical copolymers based
polyplexes than their dibtk or brusHike block analogues.[43]

Another major drawback of PEGylation of cationic polymers is the masking of
cationic character, hence decreasing their proton sponge effect and DNA
release.[13] One possible approach to solve this problem-ghidieing of
PEGylatedpolyplexes inside the cells, in response to endosomal pH. Zuhg
coworkersemployed this approach to produce reducible PDMAEMA and PEG
based copolymersvia RAFT polymerization44] Disulfide based reducible
polymer are interesting assdilfide bonds are stable in extracellular environment
but are prone to reductive intracellular environment.[39,40] The linear triblock
polymers of PDMAEMAss-PEGPDMAEMA were prepared to trigger
reduction in intracellular environment. Bioreducible catoRDMAEMA were
prepared using PEG mae@TlA. For this purpose, -dyanopentanoic acid
dithionaphthalenoate (CPADN) was used as CTA to produced telechelic PEG
macreC T A, namel BSPEGSBSBPADNOG . CPADN i s a ver
RAFT agent and have produced vasotelechelic polymers. DMAEMA
monomer was then polymerizeda RAFT processin the presence of the
macroCTA to produce triblock copolymers. (Schel¥® Nonreducible control
using macreCTA, CPADNPEGCPADN was also prepared to geae

triblock PDMAEMA-PEG-PDMAEMA for the comparison purposes.
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Schemel-6. Synthesis of reducible triblock polymers RAFT polymerization

(i) p-NPC, toluene, 30 °C, 20 h; (igystamine, DMSO, rt, 27 h; (iiij) CPADN,

NHS/DCC, DCM, rt,48 hyiv) RAFT polymerization, THF, 60C, 24 h.[44]

Copyright 2012,American Chemical Society, reproduced with permission.

Both reducible and nereducible polymers showed efficient DNA complexation

and produced small particles of about 120 nm in diameter, with low zeta

potential values, due tihe shielding of cationic polymers with PEG chains. The
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deshielding of PEGylated polyplexes is depicted in figivke The treatment of
reducible polyplexes with DTT increased their size, within 1 hour of incubation
along with the shift in zeta potentidbwards positive side, indicating the
reduction of disulfide bonds in the polyplexes. In contrast, no change in size and
zeta potential values was observed for their-remtucible analogues upon the
treatment with DTT. As expected, reversibly shielded AREBd polyplexes
showed high cellular uptake in G@scells, as compared to noeversible

control.[44]

® AR

\9\%- AL :
® §5 ®  Plasmid DNA i ) Y

Complexation L'Z'

PDMAEMA-SS-PEG-SS-PDMAEMA Shielded DNA polyplexes

endocytosis

Vi fﬂf" )

nucleus

Glutathione C.Q

De-shielding and DNA release

16



Figure 1-1. Deshielding of PEGylated polyplexes in intracellular reductive
environmen{i) p-NPC, toluene, 30 °C, 20 hr.; (ii) cystamine, DMSO, it.l2.;

(i) CPADN, NHS/DCC, DCM, rt. 48 hr.; (iv) RAFT polymerization, THF, 60

°C, 24 hr[44] Copyright 2012, American Chemical Society, reproduced with
permission.

1.2.4 Copolymers of Varying Architecture for Gene Delivery

Another weltknown approach tg@roduce biocompatible netioxic polymeric
vectors is by the copolymerization of cationic monomers with aiomo
biocompatible monomer.[487] The controlled polymerization approach of
RAFT allows the synthesis of a variety of cationic polymers for gkshigery.

The block and statistical linear copolymers are the most studied forms for DNA
and si RNA delivery @&lopckdti ataitmlymarcsanddl n addi t
hyperbranched copolymers of statistical and block configurations have also been
syntheszed and studied for their DNA complexation efficacies. Linear
copolymers of zhydroxyethylmethacrylate (HEMA) and DMAEMA of varying
molecular weights (1290 kDa), architectures (blockersus statistical) and
cationic content were prepared by RARFocess The DNA complexation
efficacies of these polymers were studied and it was found that statistical
copolymers made larger polyplexes than their block analogues. The toxicity and
gene expression of these copolymers was dependent on their compositions and
molecular weights. The high stability of these polyplexes is believed to reduce

their gene expression, possibly due to slower dissociation of polyplexes in the
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cytoplasm, as compared to PEIl. The gene expression of these copolymers was
significantly improved s compared to PDMAEMA alone.[46]

The synthesis of hyperbranched polymefiss RAFT polymerization was
originally reported by Perrieand coworker$48] Davisand coworkerseported

the synthesis of biodegradable hyperbranched PDMAEMA of 290 kDa, using
disufide-based dimethacrylate (DSDMA) monomer, and -Hig{2(3-
methylbutal,3-dien-2-yloxy)ethyl)disulfane, as crosslinking agent. The
polymers produced were tested for their DNA binding efficacy however no gene
expression was studied.[49]

RAFT polymerization was used as an approach to produce a library of core shell
nanoparticles using higthroughput(HT) polymeric nanoparticle methodology.

This methodology is depicted in figuie2.
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Figure 1-2. Stepby-step approach to synthesize, characterize, anérsoge of
library of coreshell nanoparticlesn vitro and in vivo[50] Copyright 2011,
National Academy of Sciencesproduced with permission.

Block copolymers were designed to make a cationic core for SiRNA
complexation, with a biocompatible shell, whisaried in chain length of
polymers, number of protonizable amine and chemical properties. The block
copolymers were designed to carry a #meactive segment, and an epoxide
segment, in order to crosslink the core of nanoparticles with a variety of amines
(i.e. primary, secondary and tertiary amine). The-reattive segment was
varied to carry a variety of nefnnctional moieties such as zwitterionic
polymers, PEO, hydrophobic blocks, cationic and anionic moieties. The
automated HT procedure was used toeliegp a method for rapid synthesis,
characterization and screening of these polymers using 96 well microtiter plate.
Using HT system it was concluded that PEO based polymers bearing tertiary
amines show high cellular uptake and gene expregsiuvitro, and the selected
polymers were further evaluated for thigivivo gene expression.[50]

1.2.5 Stimuli Responsive Polymers via RAFT Polymerization

The synthesis of stimuli responsive copolymeis LRP is an important step
towards the synthesis of successind efficient gene delivery vectors. Stimuli
responsive copolymers contain a hydrophilic segment and stiegdonsive
segment, which undergoes conformational change upon the presence of external
stimuli, hence making seHissembling micelles with hyolphobic core and

hydrophilic corona under aqueous conditions.[23] These modifications of
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cationic polymers are found to have crucial effects on gene delivery efficacies.
For example, hydrophobic components of gene delivery vectors can significantly
alter teir physiochemical and biological properties, including enhanced gene
compaction, steric stabilization, and low toxicity.[2hA number of
thermoresponsive and pH responsive copolymers have been produced by RAFT
process The thermoresponsive polymers arevesstigated for their DNA
compaction and gene delivery efficacies. Phgopropylacrylamide),
(PNIPAam), is a temperature responsive polymer, with lower critical solution
temperature (LCST) close to physiological temperature. PNIPAam undergoes
temperaturenduced phase transition from coil (from hydrophilic) to globular
conformation  (to  hydrophobic) above LCST. Heterobifunctional
thermoresponsive polymers of NIPAM were prepared by Rp&lymerization

For example, PEPNIPAam conjugates have been synthe$iand studied for
DNA complexation and gene expression.[51] In addition, diblock polymers of
PNIPAam andsingle stranded DNA(ssDNA) were prepared. PNIPAam
macroCTA of 29 kDa was preparet RAFT process The obtained polymer
was hydrolyzed using NaBHo yield PNIPAamSH. ssDNAmaleimide was
synthesized and reacted with PNIPA&H via Michael addition reaction. The
phase transition behavior of PNIPAd®DNA was studied and LCST was
determined to be 32 °C, as compared to PNIPAam alone, for which LCST was
29 °C. The polymeric micelles of DNA were prepared above LCST, containing

PNIPAam core and hydrophilic DNA corona. These micelles were highly stable
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in high salt solution, and spontaneous aggregation of micelles occurred upon the
addition of complementafPNA strand in solution.[52]

Poly(ethyleneglycol) methacrylate) (PEGMA) is another temperatemsitive
polymer, which has been studied for producing thermoresponsive polymers and
nanogels.[53] In contrast to PNIPAam which is toxic upon its degradation in
monomeric units, PEGMA is reported to be biocompatible and is more suitable
for biomedical applications. Hyperbranched P(DMAEMA), P(DMAENA
PEGMA) and folic acid functionalized P(DMAEMB-PEGMA) were prepared.

The hyperbranched P(DMAEMA) was preparesing alkyne terminated RAFT
agent, in the presence of crdsgker. Chain extension of P(DMAEMA)
macroCTAs was performed to make P(DMAEMMWPEGMA). Folic acid was
conjugated to the polymessa click chemistry. The polymers produced were
complexed with DNA and complexation was studied using isothermal
calorimetery (ITC). The amount of polymer required to complex DNA was
higher for PEGMA based cationic polymers as compared to P(DMAEMA)
alone, possibly due to the shielding of cationic moieties by PEG. Tée aid
shape of polyplexes were studied by atomic force microscopy (AFM) and
cellular uptake of complexes was studied in Hela cells. Hyperbranched
P(DMAEMA) showed high cellular uptake along with high toxicity, their
copolymers with PEGMA were significagtless uptaken. The functionalization

of copolymers with folate residues significantly improved their cellular uptake
possibly due to the specific targeting of polyplexes towards folate receptors on

the surface of Hela cells.[54]
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The first successful pHesponsive block copolymersa RAFT processwere
reported by McCormickand coworkersThe copolymerization of DMAEMA
(which has relatively low charge density (50%) at physiological pH) with
diethylaminoethyl methacrylate (DEAEMA) has been found to beffattve
technique to produce pH responsive micelles. Moreover, the disruption of
endosome was enhanced by the incorporation of butyl methacrylate (BMA) in
the copolymers. The polymers were synthesized by blocking the macroCTA of
P(DMAEMA) (7 kDa) with st#istical copolymer synthesized using BMA and

DEAEMA as shown in Schente?.

M T~ “ s
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(ECT) Y\;H.ii"\s s (1)

V70 H
/N\ Dioxane 30°C 18h
/N\
DMAEMA pDMAEMA
N

(1) + o
H /H Dioxar::g()“c 6h /i H /H

DEAEMA  BMA p(DMAEMA-b-[DEAEMA-co-BMA])

Schemel-7. Synthesis of stimuli responsive DMAEMA copolymetia RAFT
polymerization[55] Copyright 2012, Elsevier Ltd. reproduced with permission.
The copolymers of moleculaxeights ranging from 123 kDa with different
feed ratios of BMA to DEAEMA were produced, which undergo pH dependent

phase transition from micelles to unimers. The pH dependent phase transition of
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copolymers was tuned by using different feed ratios of BMMAEAEMA, as
studied from dynamic light scattering (DLS) and hemolytic assay. The low BMA
content in polymer (20%) produced micelles which showed phase transition
behavior at physiological pH. In contrast high BMA content polymer showed no
phase transibin at studied pH values (574). Hence optimum BMA content
(40%) produced micelles with sharp phase transition from 6.6 to 5.8. Moreover
all the copolymers produced at low BMA content (20 and 40%) showed
optimum gene expression in macrophages and dinceits.'H-NMR and 3O
titration studies were performed to confirm cowgona structure of
micelles.[55]

These copolymers were further evaluated for their (glyceraldeByde
dehydrogenase) GADPH gene knockdown efficacies in Hela cells.[56] RAFT
CTA beamng folate functionalized group was also synthesized and was utilized
to make terpolymers containing P(DMAEMADMAEMA -stBMA-st-PAA).

The first block of copolymers shows DNA condensation ability while second
block shows endosomolytic and pH responsiveabih. These polymers were
studied for GADPH knock down in Hela cells.[9#e biotinylated analogues of
these polymers were prepared in another study. Biotinylated CTAs was used to
make DMAEMA macreCTA. The second block containing PAA, BMA and
additionaDMAEMA units was copolymerized and the micelles produced were
complexed with GADPHFsIRNA. The complexes were further functionalized
with streptavidin modified monoclonal antibody specific for CD22 receptors,

which binds to free biotin on the surface coexgs as shown in scherh.
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These complexes showed specific uptake in C22Pressing Hela cells.[58]

In another approach to make pH responsive micelles of block copolymers,
Staytonand coworkersynthesized micelles of poly(DMAEMA-BMA). These
micelles upon complexation witsiRNA were stabilized with poly(styreradt-
maleic anhydride) (pSMA), pPSMA was used as pH sensitive component to make
ternary complexes. These ternary complexes mediate effective cellular uptake
and efficient knockdown of Plk1 gene in both drug sensdive drug resistant
cancer cell lines. Moreover, @elivery of siRNA with anticancer agents was
also achieved.[59]

Poly-Ucarpolactone (PCL) is a biodegradable amphiphilic polymers used to
design micellar structures. Cationic micelles of PCL and pbJ$¢
(dimethylamino)propyl]methacrylamide) P(DMAPMA) were prepared, where
PCL make a hydrophobic core to entrap drughjlavPDMAPA is used to
condense DNA. The edelivery system is PEGylated to reduce its interactions

with serum proteins. (Schere9)
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based copolymers. Figure adapted from refer§@@e

The first step in the synthesis of -delivery system is the formation of
macroRAFFagent of PEG by reacting methe®EG (MPEG) with 3
benzylsulfanylthiocarbonylsufanylpropionic acid chloride (BSPAC), as shown in
schemel-7. HEMA-PCL was prepared bying-opening polymerization of
HEMA using initiator. NDAPM was copolymerized with HEMRCL using
PEGBSPAC as RAFTagent and AIBN as initiator at 70 °C in inert atmosphere.

MPEG-b-P(NADPM-co-(HEMA-PCL) of 57 kDa were obtained. The polymers
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are prepared wh decreasing hydrophobic block content and increasing cationic
component. The resulting compositions of polymers were determinéti-by
NMR. The micellization of MPE&-P(NADPM-co-(HEMA-PCL) was studied

in aqueous media using pyrene as fluorescent probX-IDaded micelles were
prepared and release of doxorubicin (DGXyitro was studied over a function

of time. The gene delivery efficacy of using green fluorescent protein (GFP) and
luciferase reporter plasmids was studied in HEK 293T cells. Tioeloeery of

DOX and plasmid DNA in 293T cells was confirmed using confocal
microscopy.[60]

Zhong and coworkersprepared triblock copolymer of PDMAEMRCL-
PDMAEMA for co-delivery of siRNA and palcitaxel.[61] The polymers were
obtained by chain extension of CPABRCL-CPADN with DMAEMA.
CPADN-PCL-CPADN was synthesized by coupling CPADN with dihydroxy
PCL. The triblock copolymers formed micelles in water. These micelles showed
effective loading of palcitexal and Vascular endothelial growth factor (VEGF)

siRNA, and heir delivery in PC3 cells.[61]

1.3. Role of Natural Polymers in Gene Delivery

1.3.1 Peptides for Gene Delivery

Another strategy to produce biocompatible gene delivery vectors is the use of
natural biomolecules for gene delivery. Polysine) (pLL) isa weltknown
natural degradable polypeptide for gene delivery applications. As expected,
similar to other cationic polymers, high cationic content of pLL also increases its

toxicity for gene delivery applications. The polymerization of lysine monomers
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occu by ring opening polymerization of protected amino acid, which is then
deprotected. The modifications of pLL with r@mnic moieties also compromise
their amine content, hence decreasing the gene expression efficacies of the
polypeptide as well.[6,13] Theopolymerization of lysine monomer with other
moietiesvia LRP requires the synthesis of lysine based methacrylate monomers.
A library of statistical copolymers of HPMA and olidgsine was preparedia

RAFT processby Pun and coworker$62] Oligo-lysine peptide monomer
(MAhxK) was first prepared and was copolymerized with HPMA in random
fashion in the presence of chain transfer agent, ethyl cyanovaleric
trithiocarbonat e {a@®AisR2-immazdin2-yl)propanelat or
dihydrochloride (VA044). The polymers with varying oligtysine chain length

(K5, K10 or K15), and different molecular weights were prepared. The amount
of lysine was kept constant in each of these polyn(dt85 mmol of
lysine/gram of polymerjo maintain the constant aminentent in the polymer.

The copolymers of high molecular weights produced stable polyplexes in
physiological conditions than their low molecular weight analogues. In addition
length of oligelysine chain was another important factor in dictating their gene
expression. The polymers with shorter peptide chain produced highly stable
particles and vice versa. The gene expression of these copolymers was in
agreement with the results obtained for the stability of polyplexes. Hence, high
molecular weight and smallgyeptide chain length copolymers showed high

gene expression.[62] In another study, HPMIAYo-lysine polymers containing
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either reducible or nereducible crosdinker were prepared, as shown in scheme

1-10.[63]
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Scheme1-10. Synthesis of oligdysine and HPMA based copolymers in the
presence and absence of reducible elioger.[63] Copyright 2012, Elsevier
B.V. reproduced with permission.

The two polymers had similar molecular weights (~ 80 kDa) and peptide
compositions. The polymers were then corepafor their gene expression and
cell viability. Although reducible polymers showed low toxicity, they formed
unstable polyplexes in physiological conditions, and hence lower gene
expression.[63]

1.3.2 Polysaccharides for Gene Delivery

Carbohydrates areel structural and functional unit of living cells. In addition to
providing a source of energy and metabolism, the advances at molecular biology
level has provided new understanding of the role of carbohydrates in cells.[13]
Carbohydrates are key componeaf cell membrane. All cell to cell

communication and interactions of pathogens, such as viruses, and bacteria
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occur atthe cell surface between carbohydrates and carbohydrate specific
proteins called o6l ectinsd. Thedestmsarent er acti o
very weak with Kl of 10° to 10° M, however, these interactions can be
enhanced by mul tivalency al so call ed 0cC
compared to monomers, polymers present a suitable class of materials for
providing multivalent inteactions.[64] Hence use of carbohydrate based
copolymers is a nature inspired approach to produce biocompatible gene
delivery vectors. The importance of carbohydrates based gene delivery vectors
has been wellecognized in research. Dextran modified polysneere one of

the first noncationic vectors used for gene delivery by Vaheri and Panago in
1965.[65] Some other polysaccharides which are largely used for gene delivery
applicati ons -cyalodextring schizoghglannand tleir cationic
analogue$13] Despite their noitoxic nature and high biocompatibility, low
gene expression of these polysaccharides was a major drawback for their use as
gene delivery agent. Chitosan (CS) is one of the most studied polysaccharide for
gene delivery purposes. CS t®mposed ofp-glucosamine andN-acetytp-

gl ucos ami n e(l4)glycokidcdinkdggs.[18] The gene expression of

CS is dependent on several factors such as molecular weight, degree of
deacetylation, polymer/plasmid ratio, pH, serum concentration, and cell type.
Moreover, modification of CSwvith various functional groups such as thiols,
amines, PEG, lipids, and peptides has been reported to improve its transfection
efficacies. The stimuli responsive chitosan was prepared by RAFT

polymerization by its modification with glutathione (GSH). d¥ous studies
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have shown that thiolated polymers show enhanced permeation in living tissues,
due to their improved mueadhesive properties. The facile and controlled
synthesis of GSH based polymeia RAFT procesdhas the potential to produce

a new genetion of polysaccharide vectors with improved gene delivery
efficacies. CS with 90% degree of deacetylation was modified with allyl
bromide to yield allyichitosan. A brush like PMPEG was prepared by RAFT
polymerizationand was grafted to C6 position ofiyb-chitosanvia radical
coupling reaction. (Schemell) Moreover reduced glutathione was introduced
at the COOH group of hydrophilic PEG chain by amide bond. The cellular
uptake of these polyplexes was studied and compared with itshiobexed
analoge. It was found that GBEG-GSH showed high cellular uptake than-CS
PEG or CS alone in NIH3T3 cells. Moreover, in the presence of GSH
(physiological conditions (10mN)CSPEGGSH based polyplexes showed

high DNA release, than CBEGbasedoolyplexes.[66]
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1.3.3 Synthetic Sugar-based Polymers for Gene Delivery

Due to the limited control over the molecular weight, modification sites and
polydispersities of polysacchdes based gene delivery vectors, it was not
feasible to produce libraries of polymers with wadifined properties, such as
compositions, molecular weights, shapes, and architectures. [Cands
coworkers provided some insight by studying the effect of réeg of
modification of cyclodextrin with cationic polymers.[67,68] Later on Reineke
and coworkersynthesized a variety of linear polyamidea polycondensation

of esterified p-glucaric acid with primary amines, in order to combine the
biocompatible prop#ies of CS with high gene expression of PEL[156973]

Earlier studies were focused on optimizing the length of cationic segment for
optimum gene expression.[69] The presence of sugar molecules in the back bone
of cationic polymers provided the valualihformation on the role of hydroxyl
group (OH) stereochemistry on gene delivery efficacies.[16] In addition it was
established through ITC that presence of OH groups in gene delivery vectors
plays an important role in DNA bindiraffinity of cationic poymers, possibly

due to the hydrogen bonding between DNA and OH groups of polymer.[74] In
order to mimic living systems, such as viruses, multivalent interactions of
carbohydrate based polymers with cells are required. Prior to 1990s, synthetic
techniques \ailable to synthesize and customize carbohydrates based polymers
of different design and configurations were limited.[75] Moreover, synthesis of
sugar based monomers required protecting group chemistries, which were time

consuming and costly. In 2000s Aesand coworkersuccessfully synthesized
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sugar based monomers in the absence of pnogegroup chemistry, these
monomers were further polymerizeda ATRP to produce weltlefined
glycopolymers with pendant sugar moieties.[76] With the help of controlled
radical polymerization techniques wddilored glycopolymers and their
copolymers of controlled architectures, molecular weights and narrow
polydispersities were synthesized with the reactive functional groups, without
the need of stringent reaction car@hs and deprotection steps.

1.3.4 Phosphorylcholine based Copolymers

Hemocompatibility in addition to netoxic nature of polymers is important for
their use in biomedical applications. The biocompatible materials depicting the
chemical structure obio-membranes have been reportéd,y§ Nakabayashi

and Ishiharaet al. designed a methacrylate based monomer namely, 2
methacryloxyethyl phosphorylcholine (MPC) in late 1900880] This
methacrylate based monomer has been extensively polymerizeddiféangnt

LRP techniques and these polymers have been used for biomedical applications
due to their noftoxic blood compatible nature.[f9

1.3.5 Nucleic Acid Based Polymers via RAFT Process

In addition to using electrostatic interactions for complexat6 nucleic acid

with a variety of cationic polymers, nucleic acids based polymers are also
preparedvia RAFT polymerizationdue to high tolerance of functional groups,
facile polymerization under mild reaction conditions and facile modification of
polyme end groups with biomolecules of interest. \Atgfined polymer

brushes on solid support have been reported. {pblfxmer bioconjugates on
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solid surface were grafted to produce a model study to show 1) the
biocompatibility of RAFT polymerization techniqu2) well-controlled surface
attachment chemistry and 3) the potential in Dbbsed biomedical
applications. ssDNA was used and modified with RAFT CVig, 1-Ethyl-3-[3-
dimethylaminopropyl]carbodiimide hydrochloridkehydroxysuccinimide
(EDC/NHS) chemistry.CTA-modifiedssDNA was adsorbed in the gold surface
via thiol bonding. The CTA modified gold surface was polymerized with
OEGMA to obtain a layer of PEGMA on DNA. The surface was characterized
by attenuatedotal reflectance Fourier transform infraregestroscopy (ATR
FTIR), AFM.[81] The DNA functionalized copolymers were also prepared by
McCormick and coworkers The copolymers of P(HPMAtAPMA) were
producedvia RAFT processin a random fashion. 89% of amine moieties of
APMA were converted to activiiols usingN-succinimidyl 3(2-pyridyldithio)-
propionate (SPDP). These active ends were then coupledhiol&ted siRNA,

via disulfide exchange reaction. The remaining amine content was modified with
folic acid to obtain multifunctional bioconjugatg2] Recently weHdefined
PEGacrylate polymerswere preparedria RAFT technique. Pyridyldisulfide
terminated poly(PE&crylate) (PPEGA) were synthesized and were conjugated
to thiol modified siRNAvia disulfide linkage.[8] These conjugates showed
high sability in serum containing media and optimum release of siRNA in the
presence of GSH. The sSiRNREG conjugates were ther modified with
KALA peptide and gene knockdown efficacy was studied in human

neuroblastoma cells. KALA is a fusogenic peptide, whighwell-known to
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promote endosomal escape of complexes. These conjugates caused effective
fluorescence inhibition in human neuroblastoma cells stably transfected with
GFP.[8] DNA copolymers prepared via LRP approaches have shown a great
potential to isadte specific ssDNA using affinity capillary electrophoresis
method. PEG based oligodinucleotide blocks were prepared by Maetla
coworkers and were used to separate complimentary oligonucleotides

specifically, using affinity capillary electrophoresistinad.[8]

14.RAFT Polymersbased Nanomaterials for Gene Delivery

Nanomaterials include a range of particles with wlefined shapes, and
dimensions (2,00 nm). Metallic nanoparticles (such as gold nanoparticles,
silver nanoparticles), organic nanopads (carbon nanotubes, fllurene, bucky
balls, microgels, nanogels), inorganic materials (silica nanoparticles, iron
nanoparticles, MnO particles), and semiconductors (quantum dots) are few
examples of nanomaterials extensively studied for gene delipptications.[3]

A number of reviews have been published on the synthesis and unique optical,
electronic, chemical and biochemical properties of these nanoparti@63gp,

The use of nanomaterials for biomedical applications require their passivation
with biocompatible polymers, hence telechelic polymers synthesiaedRAFT
processare used for the passivation of nanoparticles and for their use for various
biomedical applications.[589-98] In our laboratory a variety of hanomaterials
including gold naoparticles8,89], nanorods[18], carbon nanotube’9], silica
nanoparticles[10] and nanogels[54] are synthesized and surface functionalized

with biocompatible polymers preparedia RAFT polymerization These
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nanomaterials are further investigated fagitlgene delivery efficacies in Hela
cells.89-91] The synthesis of gold nanopatrticles stabilized with P(APS#A
GAPMA), and their functionalization & DNA is depicted in scheme112.
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Scheme 112. Synthesis of cationic glycopolymexsa RAFT polymerization,

the synthesis of glyconanoparticles using photochemical approach and the
complexation of cationic nanoparticles with ECFP plasmid.(Sopyright 2009,
American Chemical Society, reproduced with permission.

The gene expression of cationic glyconamtipies of varying sizes is found to

be dependent upon their diameter. Gold nanoparticles of 40 nm shows optimum
gene expression along with high stability in physiological conditions, as
compared to 10 nm nanoparticle@][Moreover, the mechanism of uptalof
glyconanoparticles was studied and was found to be receptor mediated
endocytosis.[9] In another report, McCormicknd colleaguessynthesized 10

nm gold nanopatrticles functionalized with P(DMAPMy¥YHPMA) copolymer.
These cationic nanoparticles weramplexed with siRNA and showed effective

gene silencing in Hela cells.[@DGlucose derived cationic glycopolymers were

36



synthesized and were used for the functionalization of carbon nanotubes. The
presence of cationic glycopolymers on the surface of nhastsignificantly
enhanced their wateolubility, along with their DNA condensation efficacies.
These nanotubes were found to be potent gene delivery vectors in HelaGjells.[9
Recently, thermosensitive nanomaterials, also called nanogels have been

prepaed using different polymerization approach@g.[

1.5. Toxicity of RAFT based Polymers

Rapid advancements in the synthesis and use of polyyetisesized by RAFT
processfor biological applications demands a detailed study of biocompatible
nature of thee polymers. The hyperbranched glycopolymers synthesized
RAFT processare shown to be hemocompatible, as well as-ayotoxic at
certain concentrations. Maynagehd colleague$have reported that toxicity of
RAFT based polymers is dependent on the Qis&d for its synthesis.[1D
Dithioester based macroCTAs of poly(ethylene glycol acrylate) (PEGA) showed
higher toxicity than trithiocarbonate based PEGAs. This change in toxicity of
PEG based polymers was found to be dependent on the hydrolysis of macro
CTAs, as free thioester groups in living tissues can interact with a variety of
protein, hence causing acute toxicity. End group modification of RAFT based
polymers is described as an invaluable tool before their use for systemic
applications.[1@] Later onBulmus and coworkergrovided a comprehensive
study on the toxicity of RAFT based polymers in different cell lines, using
different polymeric groups and CTAs. It was concluded that toxicity of RAFT

based polymers was dependent not only on the type of G3&d for the
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synthesis, but is also dependent on type of cell Isesl dor the study, and type

of functional units present in the polymer.[P9 Fortunately, facile
functionalization of polymeric endroups provides an appropriate solution to
the toxicity ssues related with these polymers, along with incorporating the

functional properties to these polymers.[22-104]

1.6.Concluding Remarks and Future Directions

The concept of gene delivery has been introduced in 1963 by Joshua Ledberg,
and within 26 yars the first human gene therapy trial, using viral vectors, has
been performed by Rosenbergal. However, the field of gene therapy entered
into a sluggish phase in 2002, upon the development of adverse side effects of
viral based gene therapies.[1] Thecus has shifted on the synthesis and
applications of notviral vectors. The inherent toxicities, poor control over the
molecular weights, polydispersities, architectures and shapes of cationic
polymers synthesized along with their low gene expressiosecoamajor
challenges in the advancement of field of gene delivery. LRP offers a feasible
solution to produce a variety of cationic vectors of controlled dimensions. RAFT
RAFT allows the synthesis of wedefined polymers and copolymers of varying
architectires, molecular weights, shapes and compositions, and their resultant
polyplexes are welllefined. These polymer libraries are independently
synthesized and studied by different groups using different typesreibnic
monomers and biocompatible residu&l.these results obtained within the last
eight years show the great potential of RAFT based polymers for gene therapy.

Some promising gene delivery vectors have been identified bynthatro
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studies. Carbohydrate based polymers are interesting catedidéor gene
delivery applications. Bwever, due to the complex synthetic procedures
involved in the preparation of glycopolymers, natural polysaccharides are mostly
used for gene delivery application. The facile synthesis of glycopolymers by
LRP allows tke preparation of cationic glycopolymers of varying architectures,
molecular weight, and compositions. RAFT polymerization approach is an
appealing technique to produce cationic glycopolymers for biomedical
applications. The linear statistical, and blockiardc glycopolymers can be
prepared by RAFT polymerization and are studied for their gene delivery
applications. In addition, hy pleck br anched
st at iasaloguesechnd@lso be synthesieeRAFT polymerization and their
gene delivery efficacies can be studi&tie in vitro experiments performed by
different research groups conclude that in addition to the molecular weight and
composition of polyplexes, their architecture is an important parameter to obtain
optimum gene gxression.
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Chapter 2. Objectives

Early studies on viral particles for gerexpression h& been established as
remarkable vectors for clinical uses. However, the high toxicities and immune
responses associated with viral vectors have hampered their further uses. Much
attention in recent years has therefore been devoted teWeébodment of non

viral vectors for gene delivenA variety of nonviral vectors is synthesized and

is evaluated fotheir gene expression, in an effort to produce efficient systems
with high gene expression and low toxicities. Cationic vectors are s id
choice, mainly due to the facile condensation of DNA, formulation of stable
polyplexes due to electrostatic repulsion and rapid uptake by mammalian cells.
The toxicity is one of the major and the most studied drawback of cationic
vectors. The modificain of cationic vectors with stealth layers such as PEG has
been reported to reduce their toxicities, however, this approach also
compromises their gene delivery efficacies. In this study, carbohydrates or
phosphorylcholine based polymers of varying madl@cweights, compositions

and architectures are synthesiagd RAFT to produce gene delivery vectors
with low toxicities and high gene expression. The use of carbohydrates in gene
delivery applications has been limited to targeting applications, possielyo

the stringent reaction conditions required in the past to producedefeied
carbohydrate based vectors. With the advances in the field of chentisgy,
now possible to synthesize carbohydrate basetomers in the absence of
proteced group clemistry The variety of monomers polymerizeth RAFT,

high tolerance to functional end groups, and absence of metal catalysts, allowed
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the synthesis of carbohydrates and phosphorylcholine bgeed delivery
vectors withwell-defined architectures, moletar weightsand compositions.

The cationic glyceand phosphorylcholinbased polymers of varying molecular
weights, morphologies, architectures, and compositions were prepared and were
studied in detail to determine the ideal characteristics requiregfar delivery.

The first part of the thesis focuses on the synthesiatidnic glycopolymers of
varying architectures (blockersus statistical configurationspnd molecular
weights.The linear cationic glycopolymers are synthesized ustagnihoethyl
methacrylamide AEMA) and 3-aminopropyl methacrylamideAPMA) and 3
glucanoamidopropyl methacrylamide (GAPMA)Copolymers of similar
molecular weights, and compositions but of different architectiesk versus
statistica) are prepared arae complexd w i-galactofidase plasmidrhese
complexesare studied for their gene delivery efficacies, as a function of amine
component and molecular weighits hepatocytes and Hela celldoreover, the
interaction of serum proteins with gene delivery vectoexdored in detail. It

is concluded that high molecular weight statistical copolymers show high gene
expression and low toxicities, as compared to their block analogues. However,
their aggregation in serum containing media can be a significant drawlrack fo
their use foin vivo applications.

In an attempt to produce cationic glycopolymer with improved gene expression,
cationic hyperbranched glycopolymers are synthesized in another study. The
polymers of branched architecture are reported to show higlh e@epression

than their linear analogues. In this Chaptgucosederived or glactosebased

55



hyperbranched cationic polymeese preparedvia RAFT polymerizationfor

gene delivery.This is the first approach, where hyperbranched polymers
synthesizedria RAFT processare studied for their gene expressionhiep G2

and HEK293Tcells. These polymers indeed show low toxicities and enhanced
gene expression, along with low interactions with serum proteins, possibly due
to high carbohydrate residues on the pt#dy surface. The presence of
carbohydrates on the surface of polyplexes is further confirmed by studying the
interaction of these hyperbranched cationic glycopolyBieA complexes with
galactose specific plant lectins, namdRiccinus CommunigRCA;29) ard
Jacalin

The use of MPC based copolymers for gene delivery purposes have been
explored by othersin an attempt to develop ndoxic polymer,a library of
MPC-based copolymers of statistical and block configuratisnsynthesized.

The copolymers proded are studied in detail for their toxicities, gene
expression and cellular uptake Hep G2 cells.These polymers based
polyplexes (regardless of their architecture) showed high stability in serum
containing media. In contrast to cationic glycopolymerk siatistical
configuration, MPC based statistical copolymers showed no gene expression.
To further investigate the significant differences in gene expression of MPC and
carbohydrate based copolymers, MPC and carbohydrates based analegues
preparedin Chapter 6.The cationic glycopolymers or MPC based cationic
pol ymers of a novelblaorcckhi ¢ tpaythénsatei ctaelrome d

preparedvia RAFT polymerization The polymersare then tested for their
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cellular uptake, nuclear localization abilitydahgene deliverylt is found that
dlock statisticad polymers show low interactions with serum proteins, along
with low toxicities and low gene expression, as compared to their statistical
analogues. MPGugar based analogues were also prepared and ipogsible

to enhance the gene expression of MPC based polymer by incorporating sugar

residues in the copolyme, low polymer/plasmid ratios
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The Effect of Polymer Architecture, Composition,
and Molecular Weight on the Properties of
Glycopolymer-based NonViral Gene Delivery
Systems
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58



3.1. Introduction

Gene therapy has the potential to treat bothuiaed and inherited genetic
disorders like cancer, and cystic fibrosis. [1[}je successful delivery of
exogenous DNA into malignant cells can also help to replace chemotherapeutic
treatment for these lethal diseases. A variety of-vicl vectors have den
synthesized, however, they all lack the inherent properties of viral vectors,
including their ability to bypass cellular barriers and immune defence
mechanisms, which are key to their success. [1,3] The control on the design of
the nonviral vectors iscrucial for enhanced biological functions, in the
development of cationic polymeric vehicles the following parameters such as
molecular weights and spacing of charged groups need to be set. Therefore, the
synthesis of welblefined polymers with prdeternined compositions and
structures are essential in improving the transfection efficiencies. [1,3] The
cationic polymer vehicles synthesized and largely utilized for gene delivery
today has been chosen from the library of polymers. Poly(ethyleneimine) (PEI),
poly(b-amino esters), poly(N, Mitnethylaminoethyl methacrylate)
poly(DMAEMA) are few examples of polymers that have been selected by the
screening method and now some of them are used as standard for gene delivery
purpose. [46]

The use of natural catec polysaccharides for gene delivery are the focus of
research from decades, as carbohydrates are thought to be involved in
condensing DNAvia hydrogen bonding, thus reducing the need of excess

cationic charge and hence decreasing the toxicity of themydi-13] The
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monomeric carbohydrate units are also found to interact with specific cell
receptors and may servas targeting agent without the need for further
modification of gene delivery vehicle with receptddst,19 A variety of natural
cationic pdysaccharides has been modified and studied for gene delivery.
Chitosan, dextraandb-cyclodextrin are a few examples of natural carriers that
are extensively studied7,9,1619] These macromolecules have been modified
by a variety of cationic or hydrtypbic molecules and the structiaetivity
relationship of these modified biomolecules is studied in defaid-22]
However, due to the limited control on the structure of these naturally occurring
carbohydratdbased carriers, it is desirable to producgtlsetic cationic
glycopolymers of controlled molecular weight and architecture to provide a clear
and concise overview of structure related gene delivery efficacies. Reindke
coworkers synthesized poly(glucoamidoamine) PGAs by polymerizing
oligoethylereamine monomers with monosaccharidea amide linkage in
random fashion, yielding cationic glycopolymers with high polydispersities.
[10-12] Somesystematic investigations of these PGAs were performed based
upon the hydroxyl group stereochemistry of godymers to determine how the
molecular structure are related to the biological activii2] To better
understand the role of carbohydrates in cationic gene delivery carriers, it is
desirable to produce wellefined glycopolymers of different architeauin the

past, synthesis of carbohydrate based polymers was largely limited due to the
excessive steps of protection and deprotection of carbohydrate groups, which

does not allow the synthesis of library of cationic glycopolymer of varying
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properties by @y facile method.[23] With the advent of living radical
polymerization, synthesis of carbairate based polymers facilitated as the
reactions can now occur in the absence of protected group chemistry, in aqueous
media and the polymers produced are @ftmlleddimensions[24,25 In this

work, welldefined cationic glycopolymers of varying molecular weight, cationic
chain length, carbohydrates to cationic contents and different architecture (block
versus random polymers) are synthesized by RAFT palyaten. The cationic
glycopolymers ranging from-30 kDa synthesized are then complexed \Bith
galactosidase plasmid and the resulting polyplexes are analyzed using dynamic
light scattering (DLS) and zeta potential for their size and charge, respectively

as shown in schemel3

Cationic Segment Glycopolymer Segment

1 |
[ \ \

’\’\/\/\/\/\/\/\

Diblock Copolymer Statistical Copolymer

| |
/O

Plasmid DNA

Diblock Copolymer Statistical Copolymer
based Polyplexes based Polyplexes

Scheme3-1. Synthesis of statistical and diblock copolymers basdgptexes

u s i +gaactbsidase plasmid.

61



The polyplexes obtained and polymers alone are subjected to cell viability assay.
It is found that the cell viability and the size and charge of polyplexes formed are
dependent on the copolymer architectures. Maggovthe transfection
efficiencies of these cationic glycopolymers are determined by uBing
galactosidase assay, the gene delivery efficacies of these copolymers are
evaluated as a function of polymanchitectureThe effects of serum proteins on

polyplexes were studied in detail.

3.2. Material and Methods.

3.2.1. Materials

Branched PEI (M= 25 kDa,), O-Nitrophenyl b-D-galactopyranoside, (ONPG)

(enzymatic), 37 wt. % formalin, Fluorescein isothiocyanate (FITE);
Mercaptoethanol, MTT assay kit to detene cell viability, and d(3-
Cholamidopropyl)dimethylammonid]-propanesulfonate (CHAPS)  were

purchased from Sigma Aldrich. Linear PEI (25 kDa) was purchased from

Pol ysciences Il nc. Cel | Cul ture medi a Dul
(DMEM; high and bw glucose with "Hylutamine and sodium pyruvate),

penicillin (10000 U/mL), and streptomycin (10 mg/mL), 0.25% trypsin,

Dul beccods modi fied Phosphate Buffer Sali.l
(FBS) were from Invitrogen. Micro BCA assay kit was obtained from Fisher

Sciertific. Gwiz b-galactosidase plasmid was purchased from Aldevron. Bovine

serum albumin (BSA) was from Promega Corporation.

3.2.2. Synthesis of Monomers and Polymers.
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The polymers of varying degree of polymerization and architecture were
synthesized using AT polymerization according to previously reported
protocols. [26,27] The statistical copolymerization of -&@ninopropyl
methacrylamide (APMA) or -amino ethyl methacrylamide (AEMA) and 3
gluconamidopropyl methacrylamide (GAPMA) was performed at 70 °@en t
presence of 4yanopentanoic acid dithiobenzoate (CTP) and-akdbis(4
cyanovaleric acid) (ACVA) as chain transfer agent and initiator, respectively. In
a typical protocol APMA (0.9, 0.56 mmol) and GAPMA (0.8, 0.93mmol)

was dissolved in doubly slilled water (1.5 mL) followed by the addition of
CTP (2.4 mg, 7.2 pmol) and ACVA (1.2 mg, 3.6 pmol) in 0.3 mL of DMF
(targeted DR = 105, Targeted molecular weight = RBa ). The mixture was
subjected to three freetlkraw cycles in 25 mL flask and flaskas placed in oll

bath for polymerization under nitrogen for 12 hours. The polymerization was
guenched using liquid nitrogen and polymer was precipitated in acetone. The
product was extensively washed with methanol anhd Mitethylformamide
(DMF) to remave the excess of monomers and was dried. The polymer was then
analyzed using Varian 500 NMR. The molecular weight and molecular weight
distributions of homo and copolymers were determined using aqueous GPC;
Viscotek GPC system.0.5 M sodium acetate/0.5Mi@aeeid buffer was used as
eluents at room temperature and at a flow rate of 1.0 mL/min and pullulan
standards (M= 500404,000 g/mol) were used for calibration.

In a typical diblock copolymerization experiment, APMA (3 g, 17 mmol) was

dissolved in dould distilled water (6 mL), followed by the addition of CTP (
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0.078 g, 0.3 mmol) and ACVA (0.026 g, 0.1mmol) in 1,4 dioxane (1.2 mL)
(Targeted DR= 60 , TargetedV,, = 10.7 kDa ). The mixture was subjected to
three freeze thaw cycles in 10 mL flask and wdascex in oil bath for
polymerization at 70 °C, under nitrogen for 6 hours. The polymerization was
guenched by submerging the flask in liquid nitrogen and polymer was
precipitated in acetone. The excess monomer was removed by washing the
polymer with methaol and polymer was dried and analyzed by GPC as
described above. The macro CTA obtained (0.1 gug8l) and GAPMA (0.2

g, 0.6 mmol) were dissolved in double distilled water, followed by the addition
of ACVA (3 mg, 9.3 umol) in DMF (0.2 mL) (Targeted PP 60 , Targeted,,

= 20 kDa). The polymerization was carried out at 70 °C overnight after three
freezethaw cycles. The polymer was precipitated in acetone and excess
monomer and macro CTA were removed by extensive washing with DMF and
methanol respectely. The final product was dried and analyzed by GPC as
described above.

3.2.3. Formation of Polyplexes.

Nanocomplexes were made by mixing varying concentrations-(&atid 4060
depending on the type of polymers usedl)polymers with0.4 mg/mL of b-
galactosidase plasmid in OMEM. The complexes were vortexed and incubated
for 30 minutes before their analysis. The particle sizes and surface charges were
measured using Brookhaven Zeta Plus (zeta potential and particle size analyzer)
instrument.

3.2.4. Cell Culture.
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Hela and Hep G2 cells were maintained in DMEM supplemented with 5 and
10% FBS, respectively and 1% penicillin/streptomycin solution in a humidified
atmosphere in the presence of 5%,@037 °C. Upon 80% confluency the cells
were trypsinized wh 0.25% trypsin and were seeded in tissue culture plates.
3.2.5. Determination of Lethal Dose50 (LD so0) Values.

Hela cells were seeded in 96 well tissue culture plates at the density of 9,000
cells per well. The cells were incubated overnight and weag¢etlewith varying
concentrations of polymers in the presence of serum containing media. The cells
were further incubated for 12 hours and 25 pL of MTT dye was added per well.
After 2 hours 100 pL of lysis buffer was added and cells were allowed to lyse
overnight. The absorbance was read at 570 nm using TECAN Genios pro
microplate reader. The untreated cells and media alone were used as positive and
negative controls, respectively. The percent cell viability was calculated (% cell
viability = (treated cell§ negative control)/ (untreated ceilsnegative control).

LDso values for different polymers were determined using Origin Pro software
and data was analyzed using Boltzman function to provide a sigmoidal fit.

3.2.6. Transfection.

Hep G2 and Hela cellseve seeded at the density of 100,000 and 50,000 cells
per well respectively, in 24 well tissue culture plates and were incubated
overnight. The media was removed and 150 pL of serum free OMEM or serum
containing media was added followed by the additiomasfing concentrations

of polyplexesprepared at varying +fatio. The cells were incubated for four

hours and polyplexes containing media were replaced with fresh serum
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containing mediaThe cells were allowed to grow for 48 hours before their lysis
(CHAPS in Sodium Phosphate lysis buffer) (pH=7.5) followed by a freeze thaw
cycle. The activity ob-galactosidase was detected udingalactosidase assay.
Briefly, (150 pL of 4 mg/mL) ONPG solution was added to varying amounts of
lysate volume in the presemmf 4.5 uL 100X Mg solution (5.12 pL db-
Mercaptoethanol in 400 pL of 0.1M Mgglin 96 well plate and plate was
incubated at 37 °C. The yellow color developed was detected using TECAN
Genios Pro microplate reader at 420 nm after four hours interval.tothe
content of protein in cell lysate was detected using micro BCA assay (Pierce).
For PEI transfection, polyplexes were incubated for 24 hours with cells in the
presence or absence of serum, the media was removed next day and replaced
with fresh seruntontaining media and cells were allowed to grow for another 12
hours before the detection lfgalactosidase activity.

3.2.7. Toxicity after Transfection.

Hep G2 Cells were seeded in 24 well tissue culture plates as described above and
were transfected with polyplexes in the manner identical to transfection
conditions. 48 hours postansfection25 uyL MTT dye was added per well
followed by the addition of 500 pL of lysis buffer after two hours of incubation.
The absorbance was read at 570 nm using TECAN plate reader. The untreated
cells and media alone were used as positive and negative corspétively

and percent cell viability was determined as mentioned iy k€ction.
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3.2.8. Quantification of Serum proteins on the Surface of

Polyplexes.

P(AEMA,-stGAPMA36) and P(AEMA,-b-GAPMA,49) based polyplexes were
synthesized as mentioned abovehia presence of 150 mM NaCl (rather than in
OMEM) and were incubated with 10% serum in OMEM for 30 minutes. The
mixture was centrifuged at 14000 rpm for two hours and supernatant was
removed, followed by the addition of OMEM without serum. The step was
repeated five more times to ensure the complete removal of free serum proteins
from the polyplexes surfaces. The amount of serum proteins in the supernatant
and on the surface of polyplexes was determined quantitatively using BCA
assay.

3.2.9. Fluorescence labelling of BSA.

Fluorescein isothiocyanate (FITC) was dissolved in DMSO at 1 mg/mL
concentration. BSA (2 mg/mL) was dissolved in 4%,0&; (pH adjusted to

8.5). Small aliquots of FITC (100 pL of FITC per mL of BSA solution) were
slowly added to BSA solun in dark while vortexing. The solution was
incubated in the dark overnight. The solution was dialyzed in dark (MWCO
6,000-8,000 Da) against d®nized water and purified solution was stored in the
dark at room temperature.

3.2.10. Uptake of Polyplexes using Confocal Microscope.

Hela and Hep G2 cells were seeded in 6 well tissue culture plates containing
glass coverslips. Upon 80% confluency media was removed and cells were

treated with FITGabelled BSA alone, or with P(AEMg-st-GAPMA3z6) and
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P(AEMAs-b-GAPMA,9) based polyplexes in the presence of Fl@kelled

BSA. The untreated cells were used as negative control. The cells were
incubated for 4 hours, media was removed and the cells were washed 2X with
DPBS before their fixation using 3.7% formalin DPBS. The cells were
rehydrated with DPBS and fixed on microscope slides. The samples were
analyzed using Fluoview FV10i Olympus confocal microscope and samples
were excited at 485 nm and emission spectra were detected at 535 nm, using
60X objective.

3.2.11. Flow Cytometer.

Hep G2 cells were grown on 24 well tissue culture plate at the density of
100,000 cells per well and were allowed to adhere overnight. The media was
then replaced with 150 €L of OMEM foll owec
in the presence of 10% FITBSA solution. The cells were further incubated for
3-4 hours. The cells were rinsed with DPBS two times to remove the adherent
polyplexes from the surface of cells, and were trypsinized and suspended in
DPBS containing 3.7% formalin. The uptake of polyplexeshie presence of
FITC-BSA was quantified using Beckman Coulter Quanta SC flow cytometer
using FL1 channel. The untreated cells and FBSA- treated cells were used

as negative control. The percentage of cells exhibiting the fluorescence and
mean fluoresence of cells in population was determined.

3.2.12. Agarose gel Electrophoresis.

The polyplexes were loaded in 1% agarose gel containing 1pug/mL ethidium

bromide in 1X tris acetate/EDTA buffer and the gel was run at 140 V for 30
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minutes and the DNA bandagere visualized using UV transilluminator (Alpha
Innotech; San Leandro, CA).

3.3. Results and Discussion.

The role of natural cationic polysaccharides and their derivatives for gene
delivery purposes is well explored field of research, however there fiscite
method that determines structure based gene delivery efficacy of these
compounds. The polydisperse nature of biomolecules is a major hindrance to this
approach. A facile approach to produce cationic glycopolymers of varying
molecular weights, cation to glycopolymer ratios and architecture (block
versus random polymers) with narrow polydispersities is required. With the
advent of living radical polymerization, synthesis of carbohydrate based
polymers is largely facilitated as the reactions can nosumwin the absence of
protected group chemistry in aqueous media and the polymers produced are of
controlled molecular weightf24,25 Reversible additiofiragmentation chain
transfer (RAFT) polymerization is a controlled radical polymerization technique
that allows the synthesis of a variety of polymeric structures of desired
molecular weight and narrow polydispersity due to the tolerance to various
solvents, monomers and mild reaction conditions. This polymerization approach
is also highly tolerant to wariety of functional groups and allows the synthesis

of well-designed telechelic block or random copolymg2?4,29 The successful

and facile synthesis of library of cationic glycopolymers by RABbcess
further allows the complexation of these polymeith DNA and their use as a

gene delivery vehicle. The benefits of using synthetic glycopolymer as pendant
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groups as gene delivery agent is that carbohydrate residues are accessible on
polyplexes and are available for cell targeting even when compleke®NA.

The first step in evaluating the synthetic cationic glycopolymers for gene
delivery purposes of varying architectures is the synthesis cationic monomers
(AEMA & APMA) and glycomonomer (GAPMA). The structures of these

monomers are shown in schefa.

<. = e

H> HN HN
NH,.HC| i %
CIH.H,N HO o HN
o
AEMA APMA y O@(o}
HO

GAPMA
Scheme3-2. Structures of monomers:-d&ninoethyl methacrylamide (AEMA),
3-aminopropyl  methacrylamide  (APMA) and -gbuconamidopropyl
methacrylamide (GAPMA).
Cationic homopolymers and copolymers of block and random architecture with
varying degree opolymerization are synthesized. (Schem® & 3-4) For this
purpose, AEMA and APMAare polymerized by RAFTprocessto yield
homopolymers of low and high degs of polymerization.GAPMA is
polymerized in the presence of PAEMA or PAPMA macroCTAs to yiedir th

corresponding diblock copolymers.
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Scheme 3-3. RAFT synthesis of block cationic glycopolymer using 4
cyanopentanoic acid dithiobenzoate (CTP) as chain transfer agent and 4,4'
azobis(4cyanovaleric acid) (ACVA) as initiator.

The statistical copolymersf AEMA or APMA and GAPMA are synthesized by
RAFT polymerization having similar QPas the diblock copgmers for

comparison purposes.
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Scheme 3-4. RAFT Synthesis of statistical cationic glycopolymers using 4
cyanopentanoic acid dithiobenzoate (CTP)chsin transfer agent and 4,4
azobis(4cyanovaleric acid) (ACVA) as initiator.

The carbohydrate segments in copolymers are varied to determine to role of
carbohydrate segment in masking the toxicity of cationic segment. Furthermore,
the role of carbohydratsegment in gene delivery efficacy is evaluafBoe
polymers synthesized are tabulated in t&ble

Table 3-1. Molar masses and molecular weightstdbution for RAFT

synthesizedhomopolymers and copolymers.

Three Carbon Chain Lerigt
Polymer Composition GPC M, PDI

kDa
Homopolymers
P(APMA), 3.2 1.40
P(APMA),; 10.2 1.20
P(AEMA)s4 8.9 1.4
Statistical Copolymers
P(APMA -stGAPMA,) 8.9 1.30
P(APMA,-stGAPMA,)  14.1 1.22
P(APMA, -stGAPMA,)  24.0 1.19
P(APMA,-stGAPMA_)  29.5 1.29
P(AEMA4-StGAPMAg,)  18.2 1.31
P(APMA ;b-GAPMA,)  10.4 1.18
P(APMA b-GAPMA_) 151 1.16
P(APMA,_-b-GAPMA_) 296 1.36
P(APMA, -b-GAPMA_)  26.1 1.3
P(APMA_-b-GAPMA_)  27.6 1.14
P(AEMAsyb-GAPMA,g) 245 113

1The composition of homopolymers and block copolymers is determined using gel permeation chromatography (GPC) aruhlo¢ gpatligtners
is determined using HNMR
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The determination of lethal dose 50 (dgp values for newly synthesized
biomaterials is gsential before their use for gene delivery. Toxicity studies are
performed using an MTT assay on Hela cells in order to determigg\values

of those synthesized polymer3he toxicity of polymers is found to be
dependent on the length of cationic, cgpaérs architecture and carbohydrate
segments and molecular weigh#ss shown in Table3-2, the cell viabilities
increase with decreasing molecular weights of the homo or copolymers.

Table 3-2. Lethal dose 50 (LE) values of the series of polymers obtainesing

MTT assay of cell viability using Hela cells.

Polymer Composition LDso (UM)
P(APMA)15 40+ 1.4
P(APMA15-b-GAPMA,)) 92.2+1.11
P(APMA;g-b-GAPMA3,) >373
P(APMA;5stGAPMA2() >373
P(APMA)47 <12.4
(APMA 47-b-GAPMAs;) 46.6 +1.02
P(APMA47-b-GAPMAg7) 52.9+1.19
P(APMAs-b-GAPMAs,) <12.4
P(APMAgsst-GAPMA,s) 105 +1.09
P(APMAs-st:GAPMAsy) 138.6+1.2
P(APMAgsst-GAPMA75) 125.3+1.13
P(AEMA)s, 12.4+2.2
P(AEMAs>b-GAPMA 40) 134.9 +1.97
P(AEMA4o-sSt GAPMA35) 123.03 £2.13

As expected, lowemolar massesf cationic homopolymersamely P(APMA)s
show higher cell viability than those of higher molar masses such as P(APMA)
and P(AEMA}.. It is also found that AEMA based polymet®ino, statistical

and block) have higher L9 values than th@es APMA based copolymer&.or
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example LB values of P(APMA); is determined to be less than 12.4, as
compared to P(AEMA), which has L[, value of 12.42.2 (despite of higher
cationic character of the later). Similarly, tDvalues of P(APMArb-
GAPMAg,) is less than that of (PAEMAb-GAPMA,g) (less than 12.4 versus
134.91.97 respectively)Furthermore, the cell viability studies clearly indicate
that the presence of carbohydrates indeed reduce the toxicity of these cationic
copolymers.The incorporatiorof carbohydrate segment in P(APMAJo form
P(APMA.s-b-GAPMA,,) increases LE) value from 4@1.4 to 92.21.11 uM.
Further increase in carbohydrate content produces biocompatible copolymers
with LDsg value higher than 37@M. The effect of carbohydrate tent on cell
viability is less pronounced for higher molecular weight copolymers. For
example, incorporation of carbohydrate segment in P(ARM#) produce
P(APMA,7~-b-GAPMAss) increases LBy values considerably (from less than
12.4 to 46.6x 1.02). Futher increase in carbohydrate segment such as in
copolymer, P(APMA~b-GAPMAg7), does not have a pronounced effect on cell
viability. Previous data based on structactivity relationship of natural
polysaccharides based cationic polymers showed simédadt and increase in
polysaccharide to cationic polymers ratio, showed increased cell via[8li2H
However, in our case with pendant carbohydrate residues, statistical copolymers
showed greater cell viability than their corresponding diblock copatynieo

the best of our knowledge this is the first study, which has evaluated the role of
glycopolymers architecture on gene expression. Therefore, the cell viability of

these polymers is not only dependent on their molecular weights, type of cationic

74



monaners used, and composition of carbohydrate segment, but also on the
architecture of the copolymers. This study may provide valuable information
about the design of carbohydrate based cationic polymers for optimal gene
expression and low toxicity.

The incease in cell death by increasing the cationic chain length),(bP by
decreasing the GAPMA content is expected due to increase in net cationic
character of these polymers. Hwamg al has synthesized-cydodextrin
conjugated poly(amek) of varying cationic chain lengths, and it has been
reported that the increase in charge density of these polymers, decreasggheir IC
values.[19] The increased cell viability for AEMA based polymers compared to
APMA based polymers is thought to be due to the greater distance between
amine group and back bone of polymers in the case of APMA compared to
AEMA, hence contributing towards higher toxicity. The architecture of polymers
is also found to contribute towardslpmer toxicity. The block polymers are
more toxic than thestatistical polymes; indicating that block configuration is
less able to mask the cationic component of copolymers effectively than those of
statistical configuration.The only exception to thisrénd is AEMA based
copolymers where P(AEM&-st GAPMA36) showed slightly lower cell viability

than P(AEMA-b-GAPMA,g). These homopolymers and copolymers are then
incubated withb-galactosidase plasmid at varying polymer to DNA ratios

Opti MEM for 30 mnutes, and stable polyplexes obtained are cheniaed

using DLS instrument.lt should be noted that although the complete

complexation of (1.2ug) plasmid with polymers was obtained at very low
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concentrations of polymers (&). DLS showed the presenckenoicron particles

under these conditions. (data not shown) Hence, the addition of slight excess of
polymers to the complexes was necessary to obtain nanometer sized polyplexes
as determined by DLS. The -+tfatios required to make nanometer sized
polyplexes is indicated and is used elsewhere to determine net charge,
transfection data and toxicity after transfection. (supporting information table
S1) It is found thatunder these conditionthe size of polyplexes formed is
dependent on the architecture ofywoer, length of cationic chain and molecular

weight of the polymers. (Figu@1)
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Figure 3-1. Dynamic light scattering (DLS) and zeta potential data for the
glycopolymerDNA polyplexes. All samples were prepared in Q@&EM
media at fixed plasmid conatation, while polymer concentrations were varied

to obtain stable particles.
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Regardless of the type of cationmmonomer used, low molecular weight
homopolymer (PAPMA) form smaller particles (~ 200 nm) with plasmid DNA
than higher molecular weights cdarparts P(APMA); and P(AEMA}, (~ 600

nm). These results are in agreement with previous literature, where effect of
polymer molecular weight on polyplex formation is studidd.The polyplexes
formed with block and statistical copolymers are signifigasmaller in size

than the corresponding high molecular weight homopolymers. Moreover, it is
found that copolymers of higher molecular weight form smaller particles. For
example, polyplexes formed using P(APMA-GAPMA,,) (~ 200 nm) are
smaller in sizeas compared to P(APMAb-GAPMAg7) (=80 nm).The increase

in molecular weight of copolymers does not affect the size of polyplexes and
polyplexes formed using P(APMAb-GAPMAss) and P(APMA-b-
GAPMAg7) are about 80 nm in diametdihe sizes of polyplexdsrmed are also
found to be dependent on the architecture of polymers. The statistical
copolymers produce particles of larger sizes than their corresponding diblock
copolymers, indicating the difference in DNA condensation ability of these
copolymers. It $ hypothesized that the diblock copolymers condense DNA
efficiently in their core with a shell of the carbohydrate segment and hence
yielding smaller particles as compared to statistical copolymers.

The net charge of polyplexes is an important paramétatr dictates their
transfection efficiencies. The zeta potential of polyplexes varies as a function of
polymer architecture and their molecular weights. As expected, homopolymers

of higher DR produce polyplexes with higher net positive zeta potentialegalu
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In general, statistical copolymers (regardless of molecular weights) produce
polyplexes with higher positive zeta potential values than their corresponding
block copolymers. This further indicates that the complexation of plasmid DNA
to diblock copolyrers is different than the statistical copolymers. Therefore, in
the case of diblock copolymers, the plasmid is more likely complexed with the
cationic segment of the copolymer in the core of the nanopatrticles leaving a shell
of carbohydrate segment. In ¢mast, in the case of statistical copolymers, the
complexation to DNA is random and hence there is an equal probability that
carbohydrates and cationic segments will be displayed on the surface of
polyplexes, indicating the higher zeta potential valueg. Jupport to this core

shell hypothesis of diblock copolymer based polyplexes comes from a recent
work, a molecular dynamics simulation of complexation of anionic
macromolecules with diblock copolymer has been performed. The results
indicatethe complexaton of diblock copolymers with anionic macromolecules
like DNA, where one block of the polymer is cationic while the other block is
hydrophilic, this system is found tproduce small particles with a welefined
corecorona structurg2§]

The modificatimm of cationic polymers with various biocompatible moieties is
intensely studied approach in order to reduce the toxicity of former, without
disrupting their gene delivery efficacy29-36] One of the most common
modification used for this purpose is PEGka (polyethyleneglycol
modification). Bonet al has produced diblock and statistical copolymers of

PEG and cationic telomers. The conjugation of amines with PEG, regardless of
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copolymer architecture significantly decreased their transfection efficggncie
compared to the cationic homopolymer. The shielding effect provided by PEG
was found to decrease the interaction of polyplexes with cell surface proteins.
[30] In an effort to produce carbohydrate based gene delivery vehicles with less
toxicity and enhaced gene expression, Azzamnal. has modified the backbone

of various polysaccharides with different cationic polymg2d] The backbones

of arabinogalactan, dextran, and pullulan are modified with PEI, spermine or
with other cationic polymers and it fisbeen shown that charge ratio and
carbohydrates type play important role in gene delivery efficacy of the gene
delivery agent. Dextran based conjugates are found to show better gene delivery
efficacy than other polysaccharide conjugates. Study of steuchativity
relationship for cationic polysaccharides was explored by Detvas. work. [9]
Cyclodextrin molecules are functionalized with polycation of DP 10 or lower
and it has been shown that length of cationic component and size of
carbohydrate molecelplays important role in determining the toxicity and gene
transfer ability of these polymeric vehicles. These are some examples of natural
polysaccharides based cationic systems, which are studied in literature for gene
delivery purposes, however none diese reports discuss the effect of
polysaccharides based copolymer architecture on gene expresEmen.
polyplexes, formed at +fatio of 4060 depending upon polymer types, showed
size range of 80 nm to 600 nm, with net positive zeta potential vahgeara
further subjected to transfectiofffigure 31) The gene expression is detected

using b-galactosidase assay in Hep G2 and Hela cells. The type of cationic
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monomer (AEMA vs. APMA), DR, content of GAPMA residues in copolymers,
DNA dose, presence anabsence of serum are evaluated during the gene
expression experiments and will be discussed in detail here.

Gene expression is found to be dependent on the molecular weight of the
copolymers studied, which is in agreement with previous literaf@.As a
result, high molecular weight copolymers are found to be better transfecting
agent as compared to their lower molecular weights counterparts (Supporting
information FiguresS4 S6). It is interesting to note that copolymers of high
DP, show transfectiorefficiencies comparable to linear PEI which is used as
positive control. The gene expression for the linear homopolymers and
copolymers are found to be higher than linear PEI of similar molecular weights
at the studied DNA doses and are comparable tacbeshPEI i1,, = 25 kDa) at

DNA dose of 0.6ug. (Figure3-2) This is quite remarkable results, considering
the lower toxicity of these cationic glycopolymers as compared to PEI, therefore
these high molecular weight glycopolymers are considered promising gen

delivery agents.
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Figure 3-2. Gene expression of high molecular weights homopolymers and
copolymers, in the absence of serum using Hep G2 cells. Gene expression is
eval uat eadactosglase assapat DNA dose 0.6 & 1.2 pg as shown.

The gene expresm of homopolymers with the corresponding copolymers is
compared. As shown in figui@2, homopolymers of AEMA and APMA show
low transfection efficiencies (285 U/mg) in the absence of serum, compared to
their copolymers. In the case of homopolymershé&igdDNA doses (1.2 ug) lead

to very high toxicities, which further compromised gene express$i@ia not
shown) The general trend is that, regardless of cationic monomer type, the
statistical copolymers show higher transfection than their corresponitilogid
copolymers. In contrast, diblock and statistical copolymers of PEG and cationic

monomer did not show any difference in gene expression as a function of
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polymer architecture. The gene expression of copolymers was lower than their
corresponding homopanmers.[30] This indicates that, regardless of architecture

of polymer, PEG masks the net cationic character of the polyplexes, hence
decreasing their cellular uptake. In contrast, the presence of carbohydrate
residues on the surface of polyplexes inistiaal architecture not only helps to
mask the cationic charge, but alemhance the gene expression of these
copolymers  For example, the transfection efficiency of P(APMAt:
GAPMA;s5) (52.9 U/mg) is higher than P(APMAb-GAPMAss) (19.21 U/mg).
Howe\er, further increase in QR polymers improved the transfection ability

of block copolymers specifically in the absence of serum. As shown in figure

3, P(APMAs,-b-GAPMAss) copolymers show transfection efficiency of up to
106 U/mg, while gene expressidor p(AEMAsx-b-GAPMA,g) are 77 U/mg.

The enhanced gene delivery of high molecular weight diblock copolymers in the
absence of serum, further indicates that surface carbohydrate of polyplexes
interacts with cell surface proteins, and aids in enhanced gepeession,
howevera longer cationic segment in copolymers is required. Similar to APMA
based copolymers, P(AEMAb-GAPMA4g) show higher transfection 17
U/mg) than P(AEMAgSstGAPMA3e) (52.4 U/mg). The increase in DNA dose
(1.2 pg) significantly decreas cell viabilitiesand transfection efficiencies in

the case of diblock copolymers, but statistical copolymers show slight increase
in transfection efficiencies.

The role of GAPMA content of cationic glycopolymers on transfection efficacies

is also studid and results obtained are consistent with previous literature.
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[29,3] The increase in carbohydrate content decreased the transfection
efficiencies of these copolymers. (Fig&8) The decrease in gene expression
upon increasing the carbohydrate resglus thought to be due to increased
hydrophilicity of the polyplexeq437] As shown in figure 3, for constant cationic
component, increase in carbohydrate content leads to a proportional decrease in
transfection efficiencies. It is estimated that idedlordor carbohydrate to
cationic content of copolymers regardless of polymer architecture €.0.9
However, an increase in carbohydrate residues of copolymer increases cell

viability but significantly decreases transfection efficiencies of these

copolyners.
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Figure 3-3. Effect of carbohydrate content in the absence of serum on the

transfection efficiencies of high DPn polymers using Hep G2 cells. Gene



expression i s -ghlectosdaseiassay ét DNA dosed.6 And 1.2
Hg as shown on graph.

These results are in agreement with previous work, where effect of
carbohydrates content of cationic polysaccharides on gene delivery efficacies
was studied and it was found that carbohydrate to cationic component of 0.5:1
0.75:1 is required for optimum gemxpression[29,37 The copolymers used

for gene delivery evaluation have a cationic to carbohydrate contentbf00®

higher as those compositions are found to be more cell viable as compared to
cationic homopolymers. Toxicity studies were also pengd after gene
expression and the results will be discussed later.

The stability of polyplexes in the presence of serum is an important criterion for
gene delivery vehicles. It has been found that PGAs and some carbohydrates
based gene delivery agents shiow or no gene delivery in the presence of
serum.[11] The gene delivery efficacy of chitosan in the presence of serum is
enhanced by incorporating oligosaccharides to the chitosan structuigne

high molecular weighthtomopolymers and copolymers dyesized by RAFT
polymerizationare tested for their gene transfer efficacy in the presence of
serum. (Figur&-4, Figure S6)Interestingly, the gene expression for copolymers

in the presence of serum is @epent on polymer architecture.
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Figure 3-4. Gere expression as a function of high emilar weight copolymer
architectures in the presence of serum proteins using Hep G2 cells. The
transfection effi ci eralactesglaseaassy ad ®NAe r mi ne d
dose 0.6 and 1.2 pg as shown on graph.

The homopolymers showed improved transfecidficacies in the presee of
serum.In general, block copolymers of any PBhow very low transfection
efficiencies in the presence of serum, while transfection is enhanced or remain
unaffected by the presence of serum for statistical copolyrrersexample,

gene expression of P(APMAb-GAPMAss)-polyplexes decreased from 8.5
U/mg to 5.3 U/mgand 19 U/mg to 14 U/mgvhen transfection is done in the
presence of serum containing media at DNA dosel& and 0.6 ug,
respectively However, no significant fference in gene expression was
observed in the presence and absence of serum for P(AHMBAPMAg7), as

the transfection waminimal and was close to the negative control under these

conditions. The effect of serum on transfection was more pronounced fo
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P(APMAs-b-GAPMAs,) copolymer, the transfection efficiency decreased by
half at low DNA dose (27 U/mg versus 58U/mg). The higher DNA dose also
showed significant decrease in transfection (66U/mg versus 106U/mg) Similar
trend was found for P(AEM&-b-GAPMA,4g) copolymer based polyplexes. The
presence of serum decreased the transfection efficacy of this copolymer from
77U/mg to 30 U/mg at DNA dose of 1.2 pg. In the case of statistical
copolymers, presence of serum did not affect the transfection efficiency
significantly. The exception to this trend is P(APMAt+GAPMAgze)-polyplexes

at higher DNA dose (1.Rg), where a slight decrease in gene expression in the
presence of serum has been observed. We attribute this decrease due to the slight
aggregation of thse polyplexes (due to strong net cationic character) in serum
containing media, as shown by DLS data below. These results are further
supported by the transfection d#tat lower DNA dose of this copolymer based
polyplexes (0.6ug) slightly enhance theege expression in the presence of
serum.This indicates that serum proteins interact differently with statistical and
block copolymer based polyplexes. It should be noted that effect of serum on
copolymer architecture has not been studied in detail, inque literature based

on gene expression of copolymers as a function of archite¢8@jeAlthough,

some natural polysaccharides based polyplexes are found to work in the presence
of serum, the significance of synthetic glycopolymer based polyplexé®irs t
monodispersity and presence of carbohydrate segments on the surface of
polyplexes, which can additionally serve for targeting purposes in specific cell

types. We further explored the role of serum proteins in gene expression as a
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function of polymer echitecture. Several experiments were performed to
evaluate the interaction between serum proteins with statistical and block
copolymer based polyplexes. The idea is to determine whether the serum
proteins are interacting with the surface of the polyplexekif so, whether they

are responsible for the differences in gene expression for those two copolymer
systems.

The interaction of the serum proteins with the polyplexes is first evaluated using
confocal microscopy. For this experiment, Hela and Hep &% on glass
coverslips are treated with FITBSA alone or with FITEBSA incubated
polyplexes formed using PIAEMAs-b-GAPMA) and P(AEMA 4o-st
GAPMA3e) andb-galactosidase plasmid respectively. (Fig8f8) The images
show that statistical copolymer bagsalyplexes arevell uptaken by both cells
lines Figure3-5-1, images B,E) in the presence of BSA, as compared to block
copolymers based polyplexdsidure 35-1, images C,I- To obtain quantitative

data, the polyplexes in the presence of FB®A are aalyzed using flow
cytometer. (Figure 35-2) The resultsshow that lower fluorescene of block
polymer based polyplexes may be due toltheer uptake othesepolyplexes in

the presence of BSA than statistical copolymer basdgblexes, which further
explan the lower gene expression of block copolymers based polyplexes in the
presence of serunit should also be noted that these polyplexes (block and
statistical) aggregate over time in the presence of serum proteins as revealed by
DLS data, for both copotger types. (Supporting informationfable <)

However, this aggregation of polyplexes in the presence of serum proteins is not
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an issue for the gene expressigossibly because the uptake of polyplexes
occurs before their aggregatiofihe size of polypleas is not thought to be the
major factor of difference in the uptake of diblock and statistical based
polyplexes, as diblock copolymer based polyplexes are only ~200 nm in
diameter after their aggregation, while size of statistical copolymers based
polyplexes increases upto ~900 nm. We speculate that lower uptake of diblock
copolymer based polyplexes is due toith@wer zeta potential values which is
further reduced in the presence of negatively charged serum prossins

compared to their correspondintgtsstical copolymer based polyplexes.
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Figure 3-5. The study of uptake of polyplexes synthesized using copolymers of
varying architectures. The uptake of polypleBA complexes using confocal
microscope (1) and flow cytometer (2). Confocal microscopages (1) A-C
show the treated Hep G2 cells, whileF3show treated Hela cells. Images A & D

represent cells treated with FITESA (in the absence of polyplexes). Images B
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& E represents P(AEMA-stGAPMA3g)-plasmid complexes uptaken by cells in

the presnce of BSAFITC. Images C & F represents P(AEMA-GAPMA,g)-
plasmid complexes uptaken in the presence of FBBA.

The interactions of polyplexes with serum proteans studiedThe polyplexes

are incubated with 10% FBS for 30 minutes. The polyplexesabsequently
washed and centrifuged to remove excess serum proteins. The purified
polyplexes andsupernatantare analyzed by agarose gel electrophoresis to
confirm that the polyplexes are actually well separated from free serum proteins
after centrifugion. (Figure S8) In order to determine the protein content on the
polyplexes and supernatant, a bicinchoninic acid (BCA) assay is performed. The
results indicate that, in the case of statistical copolymers, content of serum
proteins is higher on the polgxes than in supernatant. In contrast, block
copolymers based polyplexes show 4X less serum proteins on their surface. The
interactions of serum proteins with two types of polyplexes can be explained in
terms of their zeta potential values. The statistopolymers based polyplexes
possessing higher net positive zeta values strongly interact with negatively
charged serum proteins, as compared to block copolymers based polyplexes,
which have lower positive zeta values. (Supporting information, Figu®18p

The selected polymer samples which showed enhanced gene delivery in Hep G2
cells were used to transfect Hela cells. (Figg#@) It is found that statistical
copolymers show enhanced gene delivery than the corresponding block
copolymers. Gene expressiin Hela cells follow a similar trend as in Hep G2

cells with transfection efficiencies for statistical glycopolymers better the blocks
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The difference in gene expression values in the two cell lines has been reported
previously and is referred as aldale dependent effect on gene expression.

[38]
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Figure 3-6. Gene expression of statistical and diblock copolymers of varying
molecular weight, using Hela cells in the absence of serum.

Cytotoxicity studies are performed after transfection using HepeB&for the
selected samples whickhowed enhanced gene delively is found that
statistical copolymersbased polyplexesshow better cell viability post
transfection than blockopolymers based polyplexeas determined by MTT
assay. (Supporting inforation Figure S11)

3.4. Conclusion

In short, a library of cationic glycopolymers is synthesized using RAFT

polymerization technique and the synthesized polyraersevaluated for their
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cytotoxicities and for their ability to serve as adral gene delivey carriers.It

is interesting to note thahe physiological properties of these polymers are
dependent on the polymer architecture as well as onrttudécular weight and
content of carbohydrate residue¥/e have identified that the statistical
copolymes show similar gene expression as Rickhe presence of serum with
significantly lower toxicity. It should be noted thahé high molecular weight
statistical copolymers such as, P(AEMAtGAPMA3s) and P(APMA4St
GAPMA,5) show greater cell viabiliteand gene expression, as compared to the
diblock copolymers of similar compositionBurthermore, n the case othe
diblock copolymers, the gene expression is significantly reduced in the presence
of serum. The interaction of serum proteins with stastiand diblock
copolymers based polyplexes is studied in detail, and it has been found that
serum proteins do not affect the uptake of statistical based polyplexes by cells.
The block copolymers based polyplexes show less interactions with BSA, and
their gene expression is significantly low. The study provides a platform for the
synthesis of cationic glycopolymers with specific carbohydrate residues for cell
targeting purposes. Overall, the statistical configuration of the cationic
glycopolymers is foundot be the idealcandidate for gene deliverywhere
pendant carbohydrate residues are present on the surface of polyplexes for
enhanced ceburface interactions and therefore can interact to specific cell
receptors as well as masking the toxicltythe ner future in vivo studieswill

be conductedo determine the efficacy and stability of statistical copolymers. It
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is thought that statistical copolymer based polyplexes will selectively target the
specific cells and will successfully deliver the genentériesin vivo.
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Chapter 4. Well-controlled Cationic Water-soluble
Phospholipid PolymerDNA Nano-complexes for
Gene Delivery

Marya Ahmed, Neha Bhuchdr Kazuhiko Ishiharaand Ravin Naraih

The content of tis chapter was published in Bioconjugate Ch&®l1, 22,

12281238.
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4.1. Introduction

The successful treatment of genetic disorders by gene therapy is dependent on
the facile synthesis of nammunogenic and noetoxic gene dévery vectors in
reproduciblemanner? A variety of nonviral gene delivery vectors have been
produced and their transfection efficiencies are being evaluated, in an effort to
determine the ideal gene delivery vector with enhanced gene expression and low
toxicity.>** Poly(ethyleneglycol) (PEG) isone of the watesoluble andow-

toxic polymes that has been extensively explored in cationic gene delivery
vectors to decrease the immunogenicity and toxicity of the 3afef?>*?The
drawbacks associated wiBEGylated gene delivegystems are thiew uptake

of polyplexes and hencelower gene expressiof herefore, there is a need to
developalternative biocompatible polymershich can be used as cationic gene
delivery vehicles.

The role of phospholipid polymers for biologidahctions is well studied and it

has been found that these polymers have the potential to produaeerbio
surfaces for specific biological applicatiofs? 2-Methacryloxyethyl
phosphorylcholine (MPChas phosphorylcholine group in the molecule and
shows very high watesolubliity™>. The MPCcan be polymerized by a variety

of radical polymerization techniques to yiette phospholipid polymer$
Hence, the production dhe cationicMPC copolymer basedectors for gene
delivery purposess thought tobe a useful technique to produce geledivery
agentsof desired propertieS:?! Lam et al and others have producklbck-type

MPC copolymers by incorporation of tertiary amines with MPpGlymer
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segmentyia Atom transfer Radical Polymerization Techniddd RP) and their

role for gene and drug deliveries are investigafethe incorporation of MPC
units to tertiary amines is found to impact the DNA condensation ability and
gene transfer efficiencies of cationic polym&rs?* Chim et al. has further
exdored the role DNA condensation abilities of catiokiPC block copolymers
using atomic force microscopy (AFM) and transmission electron microscopy
(TEM).*® The increase in MP@olymer segmerin diblock copolymers is found

to decrease the DNA condensatigificacies and hencihe gene expression of
the corresponding block copolyméfs? It is shown thaapproximately three

fold increase in tertiary amine component of copolymers is required to produce
enhanced gene expressionvitro.?® However,anincrease in cationic character
also induces sewvertoxicity, and hence produce a major barrier towards the
synthesiof biocompatiblenontviral gene delivery vector.

We propose the synthesis whtersoluble and cationic polymers composed of
the MPC and metharylate with primary amine as block and random
architectures by reversible addition fragmentation chain transfer (RAFT)
method.The RAFT process is extensively studied for the synthesis of a range of
polymeric materials for biomedical applicati6hand ischosen here due to the
ease of synthesis of those hydrophilic polymers under aqueous conditnens.
role of primary amines in gene delivery is well studied and is found to be
superior than tertiary aminésThe synthesis otationic polymers composed of
the MPC andmethacrylate withprimary amine ér gene delivery purposes are

thought toimprove the gene exgssion of the MPC copolymers, pyomoting
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enhancedDNA condenston abilities The predetermined ratio diie MPC

units to primary amine componeig targeted to be one. The determination of
this ratio of monomers for copolymer synthesis is based on the previous work
which showsthat polymers of tls composition can deliver the gene of interest
with higher efficacies and low toxicity and their gengression is dependent on
the architecture of the polymers.The cationic polymers and MPC based
copolymers of varying degree of polymerizatiorere synthesized and their
toxicity profiles were determined. These polymensere then tested for their
DNA condensation ability and gene expression. To the best of our knowledge,
this is the first approach whereationic MPC copolymers of similar
compositions and of different architectures (block versus random) are
synthesized by RAFT method and their gene teanabilities are explored in
detail.

Cationic Segment  MPC Segment

| |
I \ \
W /\/\/\
Diblock Copolymer Statistical Copolymer

| |
/O

Plasmid DNA

Y

Diblock Copolymer Statistical Copolymer
based Polyplexes based Polyplexes

W
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Scheme4-1. Synthesis of statistical and diblock copolymers based polyplexes
usingb-galactosidase plasmid.

The polyplexesvere synthesized at varying polymer to DNA ratias shown in
scheme 41, and their sizeand net chargeweredetermined using transmission
electron microscopy (TEM), dynamic light scattering (DLS) instrument atal z
potential respectively. The polyplexes synthesizeste subjected to agarose gel
electrophoresis to determine their stability in electrophoretic environment. The
gene expression of polyplexes synthesized using copolymers of block and
random architectesin the presence and absence of sewere then compared
and their toxicities after transfectiomere evaluated. Moreover, the uptake of
polyplexes in Hep G2 cellsas studied in detail using confocal microscopy and
flow cytometer

4.2.Material and Methods

4.2.1. Materials.

O-Nitrophenyl b-D-galactopyranoside, (ONPG) (enzymatic), 37 wt% formalin,
Fluorescein isothiocyanate (FITCf-Mercaptoethanol, MTT assay kit to
determine cell viability, Phosphotungstic acid (PTA), and{(33
Cholamidopropyl)dimethgmmonio}1-propanesulfonate (CHAPS)  were
purchased from Sigma Aldrich. Linear polyethyleneimine (PEW)~ 25 kDa)
was purchased from Polysciences | nc.
Eagle Medium (DMEM; low glucose with glutamine and sodium pytejva
penicillin (10000 U/mL), and streptomycin (10 mg/mL), 0.25% trypsin,

Dul beccobds modified Phosphate Buffer
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(FBS) were obtained from Invitrogen. Micro BCA assay kit was obtained from
Fisher Scientific. Gwib-galactosidase plasmid was purchased from Aldevron.
MPC was obtained from NOF Co, Tokyo, Japan, which was produced by the
previous reported methdd.'® Cy5' plasmid labelling kit was purchased from
Bio Mirus. 4cyanopentanoic acid dithiobenzoate ($TRas synthesized in lab
and 4,4'azobis(4cyanovaleric acid) (ACVA) was from Sigma Aldrich.

4.2.2. Synthesis of monomers and polymers

The cationic monomersnd polymers of varying degree of polymerization and
architecturavere synthesized according teepiously reported protocofs:?®

4.2.3. Synthesis of P(AEMA) macroCTA by RAFT polymerization:

MPC macroRAFT agent vgasynthesized using our previous protdcop-
Aminoethyl methacrylamide hydrochloride (AEMA) (1.0 g, 6.0 < foles), 4
cyanopentanai acid dithiobenzoate (CTP) (0.042 g, 1.5 ¥* 1foles) and 4,4'
azobis(4cyanovaleric acid) (ACVA) (0.014 g, 5.0 x 1@noles) were disseed

in 2.0 mL water ina 10 mL reactor. The solution wg@urged withnitrogen for

30 min.After degassing, the soloth was placed in an oil bath at a temaieire

of 60 C. The reaction wastopped after 6 hours by quenchin liquid nitrogen.
Polymer wa obtained by precipitating the mixture in acetone and washthg 3
times to obtain a white powder. pnremaining trace of monomer we
removed by washing the solution in watece®ne (1:7). The final powder wa
freezedried. The P(MPg) macoCTA molecular weight and PDI wesfound to

be 2.5 x 18g/mol and 1.2, respectively, by Gel Permeation Chromatography.
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4.2.4. Synthesis of P(AEMA-b-MPC) by RAFT polymerization:

Chain extension w& carried out using MPC as the second block and
AEMA/APMA macroRAFT agent. In a typical reaction procedure, MPC (0.40 g,
2.4 x 10° moles), and AEMA macroCTA (0.D g, 80 x 10° moles) wee
dissolved in 2 mL water. Stock solution of ACVA (0.011 d) ¥ 10° moles) in
2-propanol wa prepared and mixed with theaction solution. The reactor s/a
placed in an oil bath at 7@ for 20 h. The dblock copolymer P(AEMAs-b-
MPC,7) was obtained ¥ precipitating the solution in acetone and washing the
solution with methanol: atone (1:7). The final powder wdreezedried. The
molecular weigt of the resulting copolymer wdound to be B x 10° g/moland

PDI 13.

4.2.5. Synthesis of P(AEMA-st-MPC) by RAFT polymerization:

The ran@m copolymers of MPC and AEMA we synthesized by adding the
monomers in the required molar ratio. A typical polymerization procedure for
the copolymerization of MPC and AEMA in ratd3 is given as follows: MPC
(0.48 g 1.6 x 10°mol), andAEMA (0.20 g, 1.2 x 10 mol) were dissolved in 3
mL water. CTP (0.022 g, 8.1 x amol) and ACVA (70 mg, 2.7 x 10 mol)
were dissolved in D mL of 2-propanol and mixed with the agueous solution of
monomers. The reaction mixtuneas degased and kept at 70C in an oil b#h

for 20 h. The reaction vgastopped by quenching liquid nitrogen.The polymer
was precipitated in acetone and washed repeatedly to obtaiwdep Any un
reacted monomer vgaemoved by washing the powdeth water:acetone (1:7).

The powder ws freezedried to remove any traces of acetone. The molecular
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weight of the resultant copolymer P(AEMst-MPC,) wasfound to be @& x
10° g/mol and the PDI wafoundto be 1.2 by aqueous GPC.

The molecular weightand molecular weight disttions of homo and
copolymers wee determined using aqueous GPC; Viscotek GPC systam.
sodium acetate/acetic ac{@.50 mol/L / 0.50 mol/Lpuffer was used as eluents
at room temperature and at a flow rate of 1.0 mL/min amidlpn standardsMw

= 5.0 x 167 4.0 x10 g/mol) wae used for calibratioriThe compositions of
statistical copolymers were analyzed usiHgNMR.

4.2.6. Formation of polyplexes

Polyplexes wee made by mixing varying concentrations of polymers with 0.4
mg/mL of gwizb-galactosidase ptanid in OMEM. The complexes we
vortexed andncubated for 30 min before their analysis. The pkrtsizes and
surface charges we measured using Brookhaven Zeta Plus (zeta potential and
particle size analyzer) instrunten

4.2.7.Cell culture

Hela and Hep52 cells wee maintained in DMEM supplemented wittD@and
10 % FBS, respectively and.@ % penicillin/streptomycin solution in a
humidified atmosphere in the presence of 5%,CG®D 37 °C.Upon 80%
confluency the cells we trypsnized with 0.25 % trypsin and we seeded in
tissue culture plates.

4.2.8. Determination of lethal dose50 (LDso) values

Hela cells wee seeded in 96 well tissue culture plates at the density of 95

cells per well. The cells we incubated osrnight and were treated with varying
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concentrations of polymers in the presence ofraerantaining media. The cells
were further incubated fot2 h and 251L of MTT dye wa added per well.
After 2 h 100 pL of lysis buffer was added and cells weallowedto lyse
overnight. The absorbance svaead at 570 nm using TECAN Genios pro
microplate reader. The treated cells and media alonerev@ised as positive and
negative controls, respectiyelThe percent cell viability weacalculated (% cell
viability = (treated cells negative control)/ (untreated cellsegative control).
LDso values for different polymers we determined usin@rigin Pro software
and data waanalyzed using Boltzman function to provide a sigmoidal fit.
4.2.9. Transfection

Hep G2 cellswere seeded at the dsty of 1.0X1G cells per wellin 24 well
tissue culture plates and meeincubated overnight. The mediasvwemoved and
150 L of serum free MEM or serum containing media wadded followed by
the addition of varying concentrahs d polyplexes. The cells we incubated
for four hours ad polyplexes containing media weereplaced with fresh serum
containing mediaThe cells wee allowed to grow for 48 h before their lysis
(CHAPS insodium phosphate lysis buffer) (pH 7.5) followed ly a freeze
thaw cycle. The activity ob-galactosidase vgadetected usin@-galactosidase
assayas described befafd

4.2.10. Toxicity after transfection

Hep G2 Cells wee seeded in 24 well tissue cultyrlates as described above and
were transfected with polyplexes in the manner identimal transfection

conditions. 48 h podtansfection 125 pL MTT dye wa added per well
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followed by the addition of 50QL of lysis buffer after two hoursf incubation.
The absorbance waread at 570 nm using TECAN plate reader. Theeated
cells and medi alone wee used as positive and negative controls respégtive
and percent cell viability weadetermined as mentioned in 4g3ection.

4.2.11. Fluorescence labelling of copolymers

Fluorescein isothiocyanate (FITC) wadissolved in DNO at 1.0 mg/mL
concentration. P(AEMAs-b-MPC,7), and P(AEMAgstMPC,1) (57 mg/mL)
were dissolved in D % N&aCOs; (pH was adjusted to 8.5). Small aliquots of
FITC (2.4 mg of FITC per 100 g of polymer) were slowly added to the polymer
solutiors in dark while vortexing.The soltion was incubated in thedark
overnight. The solution vgadialyzed inthe dark (MWCO = 6,000-8,000 Da)
against deaonized water and purified solution wastored in the dark at room
temperature.

4.2.12. Fluorescent labelling of plasmid

Gwiz-b-Galactosidae ptmid wa labelled according to thenanufacturer
protocol. In brief, plasmid DNA (1.0ug) was incubated with DNA labelling
buffer and cy5' fluorescent dye at 3Z for 2 h. The cy5'labelled plasmid was
purified and labelling of plasmid wasnfirmed using confocal microscope.
4.2.13. Uptake of Polymers and Polyplexes using Confocal

Microscope

Hep G2 cells wee seeded in 6 well tissue culture plates containing glass
coverslps. Upon 80 % confluency media was removed and celle weated

with FITC-labelled polymers alone, FIF@abelled polyplexes, or with cy5'
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labelled polyplexes in the presence or absence of serum. The untreated cells
were used & negative control. The cells meincubated for 4 h, media was
removed and the cells weewashd twice with DPBS before their fixation using

3.7 % formalin in DPBS. The cells we rehydrated with DPBS and fixed on
microscope slides. The samplesrevanalyzed using Fluoview FV10i Olympus
confocal microscope and samples reveexcited at 485 650 nm ard were
detected at 53and 670nm, for FITC and Cy5labelled samples respectively,
using 60X objective.

4.2.14. Flow Cytometer

Hep G2 cells wee grown on 24 well tissue culture plate at the derdHity.0 x

10° cells per well and we allowed © adhere oernight. The media veathen
replaced with 150 €L of OMBEMC-labelled owe d
polymers or polyplexes and cy5' labelled polyplexes in the presence or absence
of serum The cells wee further inculted for 34 h. The cells we rinsedwith

DPBS two times to remove the adherent polyplexes the surface of cells,

and wee trypsinized and suspended in DPBS containing?8.formalin. The
uptake of polymers andpolyplexes was quantified using Beckman Coulter
Quanta SC flow cytomete® FACS Quantausing FL1 channelor FITC and

FL-4 channel for cySlabelled samples, respectivelyhe untreated cells we

used as negative control.

4.2.15. Agarose gel Electrophoresis

The polyplexesvere synthesized using conditions identical to transfectio

experiment and we loaded in D % agarose gel containingding/mL ethidium
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bromide in 1X tris aetate/EDTA buffer and the gel waun at 140 V for 30 min
and tre DNA bands wee visualized using UV transilluminator (Alpha Innotech;
San Leandro, CA).

4.2.16. Stability of Polyplexes in the Presence of Serum Proteins
P(AEMA26-b-MPCy7) & P(AEMA 15-stMPGC;;) polyplexes were prepared in
OMEM as described above and their size was determined using DLS. The
polyplexes were then incubated with 10 % fetal bovimerseand change in size
and polydisperisty of polyplexes as a function of time was monitored for four
hours period.

4.2.17. Determination of Protein Content on the Surface of

Polyplexes

P(AEMA,¢-b-MPC,7) and P(AEMAgstMPGC,;) polyplexes were prepared in
deionized water under conditions used for transfection purposes. The polyplexes
were incubated with 10 % fetal bovine serum for 30 min. The polyplexes were
centrifuged at 14,000 g for 60 min and supernatant was collected. The
polyplexes were redispersed ieidnized water and were washed two more
times to ensure the removal of free proteins in solution. The supernatant and
polyplexes were subjected to BCA assay to determine the amount of protein in
supernatant and on the surface of polyplexes. The perceaeirpio solutions

was determined by dividing the protein in solution by total amount of protein

added to the sample.
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4.2.18. Transmission Electron Microscopy

Transmission electron wrioscope (TEM) images of polyplexsamplesstained

with Phosphotungsticcad (PTA) (synthesized using conditions identical to
transfection experiments) wee obtained using Philips Transmission electron
microscope equipped witnCCD camera.

4.3.Results and Discussion

Phospholipid polymers, in particular, the phosphorylcholgteups bearing
polymers have high potential in the biomedical field due to their excellent
biocompatibility of the resulting biomateriafé’ Among them, the water
soluble MPC polymers are attractive for the development of gene delivery
vectors that showbiocompatible properties, including low toxicity and low
protein activation ability. The copolymers composed of the MPC udABNMA

& APMA units were prepared by reversible addition fragmentation chain
transfer (RAFT) polymerization metho@he series otationic copolymers of
controlled dimensions and architecture in the absence of metal catabrsts

prepared’ > The chemical structures of MPC, APMA and AEMA were shown.

(Schemet-2)
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Schemed-2. Structures of monomers;d&@minoethylmethacrylamiddgEMA), 3-
aminopropylmethacrylamide (APMA) and -reethacryloxyethyl
phosphorylcholine (MPC).

The synthesis of statistical and diblock copolymers composed of the MPC
polymer segment and AEMA polymer or APMA polymer segment was depicted

in schemed-3 & 4-4.
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Scheme4-3. RAFT synthesis of diblock cationic MPC polymers using CTP as

chain transfer agent and ACVA as initiator at 70 °C.
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Scheme4-4. RAFT synthesis of statistical cationic MPC copolymers using CTP
as chain transfer agent and Y& as initiator at 70 °C.

The cationic homopolymers and their corresponding MPC copolymers of
varying degrees of polymerization and molecular weights were synthesized and
their GPC data were shown in Taldld. (Supporting Information Figure S1 &

S2) Subsquently, the copolymers were evaluated for their transfection

efficiencies as a function of their molecular weight and architectures.
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Table 4-1. GPC data showing the molecular weights and PDI of cationic

homopolymers and their corresponding copolynsynthesized by RAFT

method.
Polymer Samples TargetedVl,, (kDa) AchievedM,, (kDa) PDI
P(AEMA), 2.5 2.5 1.2
P(PAEMA), 6.6 6.0 1.2
P(AEMAlS-b-MPCﬂ) 8.3 7.6 1.3
P(AEMAZG-b-MPC27) 1.9 12 1.3
P(AEMAgG-b-MPCm) 18.4 18 1.3
P(AEMAlO-st-MPClS) 8.3 6.0 1.2
P(AEMAlg-st-MPC21) 12.9 9.0 1.2
P(AEMA4O-st-MPC36) 18.3 17 1.2
P(APMA) 2.7 3.3 1.2
P(APMA),, 7.1 6.7 1.1
P(APMAlB-b-MPCm) 8.6 8.2 1.1
P(APMA, -b-M PC37) 13.3 15 1.3
P(APMA_-b-M PC4O) 20.4 18 1.3
P(APMA -st-M PC14) 8.6 5.4 1.2
P(APMA14-st-MPC22) 13.3 9.0 1.2
P(APMAg-st-MPCsy) 20.4 15 1.2
P(MPC)4 15.9 16 11

The copolymers (statistical and blocks) were designed in such a way that they
have a similar content of cationic and phosphorylcholine groups. Such a
composition was targeted to generaaionic vectors of low toxicity and
improved DNA condensation ability and hence gene expres&ivaluation of a

series of polymers for gene delivery is one way to select and understand the gene
delivery efficacy of such materiat$® Lam et al. synthaized a variety of MPC
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block copolymers with tertiary amine groups by ATRP and their detailed study
allowed the selection of copolymers with superior gene expression. However,
the study revealed that a very high content of tertiary amine to the MPC unit is
required to produce stable polyplexes for moderate gene expr&ssinthis

work, we evaluated the transfection efficiencies of primary amine based cationic
homopolymers and their corresponding the MPC copolymers of varying
architecture (blocks statstical) and chain length.

One of the important criteria that determine the biocompatibility of these
copolymers was their cytotoxicity. The homopolymer and copolymers
synthesized were subjected to cell viability assay and theip i8lues were
determinedn Hela cells (Tablel-2). As expected, the cationic homopolymers
P(AEMA) and P(APMA) showed high transfection efficacy and high toxicity as
compared to the P(MPC) which wearentoxic but showed ngene expression.

217 18The combination of these tvgystems were therefore expected to produce
nonttoxic and efficient gene delivery vectors, once the copolymers of specific
architecture and compositions were identified. As expected, the presence of
MPC polymer segment in cationic copolymers strongly eoédnthe cell
viability, regardless of the copolymers architecture (TabB. The previous
studies showed the synthesis of the MPC copolymers as gene delivery vectors,
however, no toxicity data was provid&dln general, homopolymers of low
molecular weghts P(AEMA)s and P(APMA) s showed lower toxicity than their
corresponding higher molecular weight counterparts. In contrast, P(MPC)

showed no significant toxicity at the concentration of 0. The statistical
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copolymers were found to be more cell V@althan their corresponding block
copolymers. For example, P(AEMAstMPC,;) showed higher cell viability,
indicating LDy of 165 uM as compared to P(AEM#&b-MPC,;), for which
LDso was 92.6uM Moreover, P(APMA) and their corresponding copolymers
were found to be more toxic than P(AEMA). The kpvalues for P(AEMA)s
was found to be 14M, as compared to P(APM4yfor which LDso was 12.4
MM,

Table 4-2. Determination of lethal dose 50 (LD50) values of cationic

homopolymers and their corresponding MPC dppers using MTT assay.

Polymer Samples LD 50 (MV1)
P(AEMA) 15 141+ 1.16
P(AEMA)6 <12.4

P(AEMA15-StMPCyo) 188+ 1.33
P(AEMA;5-b-MPC;-) 546+1.42
P(AEMA19-stMPCy) 165+ 1.97
P(AEMA6-b-MPCy) 92.6+ 1.1
P(AEMA40-5t-MP Cg) 316+ 1.23
P(AEMA40-b-MP Cse) 266+ 1.06
P(APMA)15 <12.4
P(APMA)s7 <12.4
P(APMAg-StMPCy¢) 520+ 1.5
P(APMAs-b-MPCyq) 112+ 1.43
P(APMA+-StMPCy») >745
P(APMAse-b-MPCy7) 131+ 1.04
P(APMAg-stMPCs)) 271+ 1.2
P(APMAg-b-MPCyo) <12.4
P(MPC)4 > 745
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The increaed cell viability for AEMA based polymers compared to APMA
based polymers was thought to be due to the greater distance between amine
group and back bone of polymers in the case of APMA compared to AEMA,
hence contributing towards higher toxicfTheseresults were consistent with
previous study, where the effect of architecture of cationic glycopolymers on cell
viability was studied? The MPC copolymers synthesized were then studied for
their DNA complexation ability at various/w ratios. The compleation of
plasmid DNA with MPC copolymers was achieved by titrating the copolymers
with fixed amount (1.21g) of DNA and polyplexes formed were studied by DLS

for their sizes. At lower plasmid/polymers w/w ratios, aggregates ranging from
2-5 micron was obseed. The increase in w/w ratio lead to formation of stable
polyplexes andhe sizes of these polyplexes were measured using DLS and their
charges were studied with zeta potential analyzbe DLS data showed the
presence of stable naptexes of in the ange of 56200 nm in diameter in
deionized water with strong net positive zeta values. (Figtre These results

were consistent with previous study, where polyplexes formation using MPC
block copolymers was studiéd.In general, polyplexes synthesizeding
statistical copolymers were larger in diameter, as compared to the corresponding
diblock copolymers. In contrast, P(MPC) did not allow the formation of stable

polyplexes at any concentration of polymers to DNA ratios, as studied by DLS
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Figure 4-1. Dynamic light scattering (DLS) and zeta potential data for the MPC
copolymersDNA polyplexes. All samples were prepared in deionized water at
fixed plasmid concentration, while polymer concentrations were varied to obtain
stable particles

The instability of MPC diblock copolymers based polyplexes in physiological
conditions was found to ba major hurdle for their usage for gene delivery
purposes® Thus only a few reportwere available that shazd the useof MPC
diblock copolymers for gne or drug delivery purpos&s®?° The conditions
were optimized for the formation of polyplexes with a net positive zeta values in
OMEM media. The polyplexeswere also subjected to agarose gel

electrophoresis to determine their stability in the med{8upporting
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information, Figure S3) The TEM images of polyplexese then obtainedo
determine the role of polymer architectures on polyplexes morphology. (Figure

4-2)

Figure 4-2. TEM images of polyplexewerestained with PTA; A) P(AEMAs-
stMPGC,;,)-polyplexes, B) P(AEMAs-b-MPC,7)-polyplexes, C) P(APMA-st
MPGC,,)-polyplexes, D) P(APMAg-b-MPC,7)-polyplexes. The scale bar is 0.5
pm for images A, C and D and 0.2 pum for B.

Diblock copolymers based polyplexes such as P(ARMAMPC,;) and
P(APMAs-b-MPC,7) showed the presence of spherical particles as compared to
their statistical copolymers based polyplexes, such as P(AEMtAMPC,;) and
P(APMA.4+-stMPC,,) based polyplexes, which showed irregular shapes. Hence,
in addition to the composition of copomers, their architecture was found to

play a dominant role in determining the shape of polyplexes. These results were
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also in agreement with DLS data, where net diameter of statistical copolymers
based polyplexes was found to be greater than their condisigo diblock
copolymers.The DNA condensation ability of MPC block copolymers was
discussed by others with the help of TEM imaffe$® It was shown that for
tertiary amine and MPC block copolymers, content of the MPC unit to amine
ratios higher than &ere required to produce spherical wadhdensed patrticles,
MPC unit to amine ratios lower than 2 produced irregular structures ranging
from toroids, to rods® *° It should be noted that in our case the diblock
copolymers with an equal amount of primmaamine and the MPC polymer
segment produce spherical well condensed particles, as revealed by TEM
images.

The stable polyplexes synthesized were tested for their gene delivery efficacy in
Hep G2 cells usin@-galactosidase assay. The hydrolysis of sutesttae to the
production of b-galactosidase enzymes was detected by measuring the
absorbance at 43 ghawed thengene trafsiegionrability of
MPC copolymers of varying degrees of polymerizations. The gene expression of
these copolymers wdsund to be dependent on the copolymer architectures and
molecular weights of the copolymers. The copolymers of low molecular weights
(6-7 kDa) showed lower gene expression, as compared to the copolymers of high
molecular weights (302 kDa), for DNA dosef 0.6 ug and the gene expression
was comparable to that of linear PEI, which was used as a positive control.

Further increase in molecular weights of copolymers-1@7kDa) led to a
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decrease in gene expression most likely due the high toxicity of these

copolymers.
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Figure 4-3. Gene expression as a function of copolymer architectures in the
absence of serum proteins using Hep G2 cells. The transfection efficiencies are
det er mi n egdlactosglase gssay at DNA dose 0.6 pg. The standard

deviations a& shown by light color on the columns.
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Hence the copolymers P(AEMAb-MPC,7) and P(APMAgeb-MPC,7) showed
superior gene transfection as compared to the other copolymers of varying
molecular weights. The gene expression of low molecular weight cationic
homopolymer was higher than other homopolymers and copolymers, however
the toxicity of the homopolymers was a major issue for their use for gene
delivery agents. Moreover, the statistical copolymers showed lower gene
expression as compared to their correspantlock copolymers. For example,
gene expression was found to be 23 + 1 U/mg for P(ARMAMPC,7) and was

1.9+ 0.1 U/mg for P(AEMAgstMPC,,). This significant difference in gene
expression was attributed to the architecture of copolymers, which le@s a
shown to affect the polyplexes morphology. Saletkal produced the MPC
copolymers having primary amino group of statistical architecture, which were
shown to possess some gene delivery effitacyhe block copolymers
composed of the MPC polymergeent and polymer segments with tertiary
amines have also been prepared and are shown to possess gene expression, and
the optimum gene expression is obtained at tertiary amine to cationic ratio of 2
or higher’® However, to the best of our knowledge, thisr@o study where the
effect of MPC copolymers architecture on gene expression has been studied.
Here in, it is clearly shown that, in addition to the copolymer compositions, the
architecture of copolymers plays a significant role in determining the gene
expression. The effect of DNA dose on gene expression was further studied, in

an effort to produce enhanced gene deliverggithese copolymers.
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Figure 4-4. Gene expression of diblock copolymers in the absence of serum
proteins using Hep G2 cells. Thensfection efficiencies are determined using
b-galactosidase assay at DNA dose 0.6 and 1.2 pg, as indicated on the graph.
The standard deviations are indicated by light colors on the columns.

As shown in Figure 4, the AEMA copolymers showed improved gene
transfection ability at higher DNA does (148) as compared to APMA based
copolymers. The gene expression was found to be highest £3%/mg) for
P(AEMA¢-b-MPC,;) based copolymers, although P(AEM&-MPCs) based
polyplexes also showed enhanced gene expressian§33mg), the toxicity of
these copolymers was a majaiagvback at the higher DNA dose.

An important factor that determined the gene expression of polymeric vectors

was their cellular uptake, which was dictated by a number of factors including
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the net charge of polyplexes, their masfugy and content of serum proteins on

the surface of polyplexés? Although all MPC copolymers based polyplexes
showed strongly positive zeta potential values, as determined, the morphology of
these polyplexes was found to vary as a function of copolyarehitecture, as
shown by TEM images. To determine if lower gene expression of statistical
copolymers based polyplexessva r el at ed t o t-baéactasidasee | | ul ar
plasmid and copolymers individually were labelled to fluorescent dyes and their
uptake by HepG2 cells was explored using confocal microscopy and flow
cytometry. The FITdabelled copolymers of P(AEMA-b-MPC,;) and
P(APMA2s-b-MPC,7) and cy5' labelled plasmid were used for this purpose. The
polyplexes were formed by the incubation ofs%yabel free plasmid with FITC
labelled polymersThese polyplexes and polymers alomere incubated with

Hep G2 in theabsence of serum and uptake of polymers and polypleges
studied using confocal microscopad flow cytometer. (Figurd-5, Supporting

Information Figure Spb
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Figure 4-5. Polyplexes uptake by Hep G2 cells after four hournsa@ibation by
flowcytometer analysis. A) FITC labelled polymers and polyplexes in the
absence of serum proteins, B) Cldbelled polyplexes in the presence and
absence of serum proteins, the data indicates the amount of plasmid delivered to

the cells (i line) and number of cells counted (in bars).
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These images shaa that FITC-labelled polymers and polyplexes were well
uptaken by HepG2 cells, regardless of polymer architecfline uptake of
FITC-labelled copolymers and their corresponding polyplexes wWather
confirmed and quantified by flow cytometer analysis. It was shown that
P(AEMA,-b-MPC,7) and P(AEMAgstMPGC,;) and their polyplexes were
uptaken by Hep G2 cells, and lower transfection of statistical copolymer was not
related to their lower upka.

To further confirm that these results refetthe uptake of plasmid DNA and

not the polymers alone (although these polyplexee found to be stable as
determined by agarose gel electrophoresis, the association of polyplexes with
cell membrane protes can lead to dissociation of plasmid from polyplexes,
hence attributing t owar dgalactbswase plasmicdpt ake of
was labelled with cyb' fluorescent dye and &-labelled polyplexesvere then
prepared by incubating label free copualrs with labelled plasmid. The uptake

of cy5tlabelled polyplexesvas then studied using confocal microscope and flow

cytometer as before. (Figudes & 4-6)
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Figure 4-6. Confocal Microscope images of polyplexes uptake by Hep G2 cells
after four hows of incubation. A) P(AEMAs-b-MPC,7)-cy5' labelled polyplexes

in the absence of serum proteins, B) P(AEMB-MPC,,)-cy5' labelled
polyplexes in the presence of serum proteins, C) P(ARMAMPC,j)-cy-5'
labelled polyplexes in the absence of serum pisiD) P(AEMA -sStMPC,;;)-

cy-5' labelled polyplexes in the presence of serum proteins, E) Untreated cells.
The results obtained further supported the previous results that uptake of
polyplexes by Hep G2 cells was independent on copolymers architecture and

polyplexes produced as both block and statistical copolymer were well uptaken.
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Hence, lower gene expression of statistical copolym@ssnot related to their
lower uptake. The modification of living cells by exogenous DNA is a complex
process, and sucadal uptake of foreign gene does not always results in its
expression. Laymaret al. and others hae also studied the relation between the
cellular uptake of polyplexes and their gene expression, and it has been shown
that successful uptake of polyplesiesiotalwaysrelated to the transfectioft.

It was thought that the mechanisms of uptake of block and statistical copolymer
based polyplexewere different. The dblock copolymer based polyplexesre
probably uptaken by endocytosis owing to the lnaize of the particles and
hence the facile release of DNA from the polyplexes, which contribute towards
their higher gene expression, as compared to the statistical copolymer based
polyplexes.

The main purpose to produce MPC copolymers for gene dglpgposes was

to produce gene delivery vectors that showed minimum toxicity with enhanced
gene expression, as well as minimum or no interactions with serum proteins.
The previous studies indicated that MPC polymers served as an excellent stealth
layer and did not allow the adsorption of proteins on cationic or anionic surfaces
modified with MPC polymer segmenits Although, a handful of studies show

the significance of synthesis of cationic MPC copolymers, no data has been
shown so far that indicates thsuccessful use of these copolymers based
polyplexes in the presence of sertifh. Chim et al produced tertiary amine and
MPC copolymers and it was shown that incorporation of MPC polymer segment

in cationic segment greatly compromise the DNA protectbility of these
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copolymers from serum proteins and nuclea$@sis data indicated that MPC
copolymers were not ideal polymeric vectors to deliver the exogenous DNA in
physiological conditions. The synthesis of MPC copolymers with primary
amines was expged to change their physiological properties. The primary
amines based polymers show better DNA condensation ability, DNA protection
and thus show better gene expressitinvas thought that synthesis of primary
amine based copolymers would offer grealNA protection from serum
proteins and nucleases. However, a major concern in this approach was to
determine if MPC polymer segment was able to mask the cationic component of
these copolymers. For this purpose, selected MPC copolymers based polyplexes,
PAEMA cb-MPC,;) and P(AEMAgstMPC;;) based polyplexes were
prepared under conditions identical to those used for transfection purposes and
these polyplexes were incubated with 10% serum for four hours. The polyplexes
were centrifuged to remove the excesserum proteins and were washed three
times with deionized water. The amount of serum proteins in the supernatant and
on the surface of polyplexes was determined quantitatively using BCA assay.
(Supporting information, Table S1) It was found that relgasl of polymer
architecture, almost 890% of protein was present in supernatant 1, and
minimal amount of serum protein was detected in supernatant 2, & 3 and on
polyplexes surfaces. These results further confirmed the antifouling properties of
MPC polyme based vectors, indicating that these copolymers had the potential
to be used for gene delivery purposes site specifically. Moreover the stability of

these polyplexes in serum media as a function of time was determined using
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DLS. The polyplexes synthestteusing MPC copolymers were found to be
relatively stable in serum containing media, the slight aggregation of these
polyplexes was reflected by higher polydispersity of the polyplexes upon the
addition of serum proteins. (Supporting Information, Table $Ris slight
aggregation of polyplexes was also apparent by confocal microscope images
(Figure4-6 B& D), the increase in polyplexes size in these imagesp@apared

to no serum treatments (Figude6 A & C) further supported the DLS data
obtained. It shold be noted that after the addition of serum, polyplexes were
strongly associated to the cell surface, however their aggregation did not hinder
the uptake of polyplexes by cells completely, which was further confirmed using
flow cytometer analysis. (Figar4-6 B, D, & F) The data indicated that
fluorescence intensity reduced by almost half upon the addition of serum to the
labelled polyplexes, possible due to the aggregation of polyplexes. The results
obtained showed that this trend of polyplexes uptak# aggregation was
independent of copolymer architecture. P(AEMB-MPC,;) and P(AEMAg-
stMPGC;,;) based polyplexes were then subjected to transfection and as expected
a slight decrease in gene expression was observed possible due to the lower
uptake of tlese polyplexes in the presence of serum. However, it should be noted
that the gene expression significantly was still comparable to serum free
treatments.

The toxicity after transfection of selected copolymer samples was then
determined in Hep G2 cellsS@pporting information, Figure S6) These results

further concluded that P(AEM#&Db-MPC,;) based copolymers were excellent
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gene delivery agent and showed enhanced gene expression with minimum

toxicity (~60% cell viability).

4.4, Conclusiors

In short, thesynthesis of a variety of MPC copolymers by RAiocess
allowed the careful selection of copolymer of specific architecture and molecular
weight, which was found to show enhanced cell viability and gene expression. It
was found that type of cationic monem molecular weight of copolymers and
their architecture plays significant role in determining the transfection efficacies
of these copolymers. The low molecular weight copolymers of MPC (~ 7 KDa)
were found to be less efficient in gene transfer, whileh@ case of high
molecular weight copolymers (~18 KDa) the gene expression was compromised
due to their high toxicities. In addition to molecular weight architecture of
copolymers was also found to be an important criteria in gene delivery. The
statisticd copolymers (regardless of their molecular weights) did not show any
gene expressiolR(AEMA,s-b-MPC,;) based polyplexes were found to be ideal
MPC copolymer for gene delivery purposes, which retained antifouling
properties of MPC units, in combination tivienhanced gene expression of
amine component. These polymers were found to work well in the presence and
absence of serum. These diblock copolymers and their corresponding polyplexes
also showed high cellular uptake in the presence and absence of waétiam,
further supported their role as an ideal candidate for higher gene expression.

Further, studies will be performed to produce MPC copolymer for targeting
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purposes and their role as specific gene delivery agefitro andin vivowill be

evaluated.
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Chapter 5. The Effect of Molecular Weight,
Compositions and Lectin Type on the Properties of
Hyperbranched Glycopolymers as NorViral Gene
Delivery Systems

Marya Ahmed, Ravin Narain

The content offtis chapter was published in Biomaterials 2012, 33, 39@1l.
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5.1. Introduction

The synthesis ofjene delivery vectors and the study of their gene delivery
efficacies is essential to treat genetic disorders like cancer and cystic fifirosis.

3] The progess in the field of chemistry and biology has allowed the preparation
of well-tailored gene delivery vectors and their structure activity relationghips
vitro are establishe[B-16] Reversible Addition Fragmentation Chain Transfer
(RAFT) polymerizationis a living radical polymerization technique which has
allowed the synthesis of cationic carbohydiladsed polymers of controlled
molecular weight, compositions and architectures in the absence of protected
group chemistry17-19] These carbohydta basedbolymers and theolymers
functionalized nanoparticles are then well studied for their gene delivery
efficacies and are found to be arcebdent materials with decreased toxicity

well as enhanced gene expres§i®ri316] When compared to
poly(ethylenglycol) (PEG), carbohydrate stealth layer incorporated into cationic
vectors enhances the cellular uptake and DNA condensation ability of these gene
delivery agents, hence resulting in high gene expreggjom addition, the
architectureof cationic glyopolymers is also found to play an important role in
determining their gene delivery efficacigs8] It is shown that linear statistical
copolymers show higher cell viability and gene expression as compared to their
corresponding linear block copolymgE. The gene expression of these linear
statistical copolymer is found to be higher than linear poly(ethyleneimine) (PEI),
which is used as a positive control for gene delivery experimgnt¥he

compositions, architectures and designs of gene delivetprgeare known to

139



alter their biological propertid8,7,9 For instance, cationic branched polymers
have excellent DNA binding ability and show higher gene expression than their
linear analogues. Dendrimers, branched PEI and branched poly(amidoamines)
area handful of examples, which are studied for gene expression in comparison
to their linear analogudg6,17-24] Recently, hyperbranched polymers of
poly(dimethyl aminoethyl methacrylate) (PDMAEMA) has been synthesized by
atom transfer radical polymerizatio(ATRP) and it is found that although
hyperbranched homopolymer of PDMAEMA fails to show enhanced gene
expression, as compared to its linear analogue, copolymerization of PDMAEMA
with ethyleneglycol dimethacrylate (EGDMA) enhances the gene expression of
its branched structure in the absence of s¢Blmit is concluded that
incorporation of second monomer increases the degree of branching and hence
the gene expression in this specific exanipleBranched PEI is the most
commonly used gene delivery vectand it is a very effective gene carrier.
However, the major drawback for the use of branched PEI for gene delivery is its
high toxicity and immunogenicity. To overcome this issue, branched PEls are
often modified by various moieties, including carbohydsd@teimprove the cell
viability.[6,23,25] However, these modifications require complex chemical
approaches, which decrease the charge density of the polymers and often
compromise their gene expression, depending upon the extent of subst@ution.
Hence, 1 is desirable to produce hyperbranched cationic glycopolymers in one
step, in the absence of protected group chemistry. Therefore, hyperbranched

cationic glycopolymers of desired compositions and molecular weights are
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synthesizedria RAFT polymerizationand are studied for their gene expression.
The synthesis of hyperbranched glycopolymers and MPC based hyperbranched
polymers has been reportef26-28] However, there are no reports of the
synthesis of hyperbranched cationic glycopolymers and of their ase f
biological applications. These hyperbranched glycopolymershangght to be
excellent gene delivery vectors studiéok gene delivery applications, as
branched architecture of polymers exhibits multivalent functional groups
(carbohydrates) on their sace, as well aprovide higher DNA condensation

ability.[27]
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Scheme5-1. Synthesis of hyperbranched cationic glycopolymers by RAFT
process

The hyperbranched glycopolymers are synthesized by Rp®lymerization

using  2aminoethyl  methacrylamide (AEMA),  3-glucoamidopropyl
methacrylamide (GAPMA) and -[ctobionamidoethyl mettrylamide
(LAEMA) as shown in sheme5-1. The hyperbranched polymers of varying
molecular weights and compositions are synthesized and their gene expressions
are evaluated itwo different cell lines. Furthermore, the roles of two different
lectins (Jacalin and RGAy) on the interactions with the polyplexes and hence

their effect on cellular uptake and gene expression are studied in detalil.
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5.2. Materials and Methods

5.2.1. Materials

Branched PEINl, = 25 kDa,),O-Nitrophenyl b-D-galactopyranoside, (ONPG)

(enzymatic), 37 wt. % formalify -Mercaptoethanol, MTT assay kit to determine

cell viability, agglutinin (lectin fromRicinus commun)sRCAs,, b-lactose,
Phosphotungsticai d ( PTA), Dul beccods phosphate bu
[(3-Cholamidopropyl) dimethylammonib-propanesulfonate (CHAPS) were

purchased from Sigma Aldrich. Jacalin was from vectors lab. Cell Culture media

Dul beccob6s Modified Eagfe wWguiaminednd DMEM) | o
sodium pyruvate), OptMEM (OMEM), penicilin (10000 U/mL), and
streptomycin (10 mg/ mL) , 0.25% trypsin,
Buffer Saline (DPBS) and Fetal Bovine Serum (FBS) were from Invitrogen.

Micro BCA assay kit was dhined from Fisher ScientifiéGwiz b-galactosidase

plasmid was purchased from AldevrdW,N-Methylenebis(acrylamide) was

purchased from BioRad Laboratories Inc.

5.2.2. Synthesis of Hyperb ranched Cationic Glycopolymers

The monomers -gluconamidopropyl méacrylamide (GAPMA), zaminoethyl
methacrylamide (AEMA) and-factobionamidoethyl methacrylamide (LAEMA)

are synthesized according to previously reported prot¢t)$8,29] The
hyperbranched cationic glycopolymers of-a@inoethyl methacrylamide

(AEMA) and 3-gluconamidopropyl methacrylamide (GAPMA) or- 2
lactobionamidoethyl methacrylamide (LAEMA) are synthesized at 70 °C in the

presence of 4yanopentanoic acid dithiobenzoate (CTP) and-akdbis(4
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cyanovaleric acid) (ACVA) as chain transfer agent antator, respectively.
N,N-Methylenebis(acrylamide) is used as a cilodang agent. In a typical
protocol, AEMA (0.25 g, 1.5 mmol) and GAPMA (0.25 g, 0.75 mmol) are
dissolved in doubly distilled water (1.25 mL) followed by the additiotNdi*-
methylenels(acrylamide) (27.5 mg, 0.18mmol), CTP (25 mg, 89 umol) and
ACVA (5 mg, 17.8 pmol) in 1 mL of DMF (targeted PR 25, Targeted
molecular weight = 7.5 kDa). The mixture is subjected to three Hibexe
cycles in 25 mL flask and is placed in oil bath folymerization under nitrogen
atmosphere for 24 hours. The polymerization is quenched using liquid nitrogen
and polymer is precipitated in acetone. The product is extensively washed with
methanol to remove the excess of monomers and dried under vacuum. The
polymer is then analyzed using Varian 36BNMR. The molecular weight and
molecular weight distributions of hyperbranched glycopolymers are determined
using aqueous GPC; Viscotek GPC system.0.5 M sodium acetate/0.5 M acetic
acid buffer is used as elueras room temperature and at a flow rate of 1.0
mL/min and pullulan standards (M= 500404,000 g/mol) are used for
calibration.

Similarly, hyperbranched statistical copolymers of LAEMA and AEMA
monomers are synthesized as follows. AEMA (0.16 g, 0.96 mmdILAEMA
(0.45g, 0.96mmol) are dissolved in double distilled water (3.5 mL), followed by
the addition of CTP ( 21 mg, 74 umol) and ACVA (4.2 mg, 14.8 umol) and
N,N-methylenebis(acrylamide) (10.5 mg, 68 pmol) in DMF (3 mL) (Targeted

DP,= 25, Targeted,, = 8 kDg. The mixture is subjected to three freeze thaw
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cycles in 10 mL flask and is placed in oil bath for polymerization at 70 °C, under
nitrogen for 24 hours. The polymerization is quenched by submerging the flask
in liquid nitrogen and polymer is prexdiated in acetone. The excess monomer is
removed by washing the polymer with methanol and polymer is dried and
analyzed by GPC arfti-NMR as described above.

5.2.3. Polyplexes Formation

Polyplexes are made by mixing varying concentratingolymers wih 1.2 pg

of b-galactosidase plasmid) in deionized water, PBS or OMEM. The complexes
are vortexed and incubated for 30 minutes before their analysis. The particle
sizes and surface charges are measured using Brookhaven Zeta Plus (zeta
potential and partiel size analyzer) instrument in deionized water. The
polyplexes are also formulated in OMEM and their hydrodynamic diameter is
measured before and after the addition of 10% fetal bovine serum (FBS).

5.2.4. Transmission Electron Microscopy (TEM) of Polyplexe s
Hyperbranched glycopolymers are cdme x e d -galactodidas® plasmid in
PBS as described above. TEM images of polyplexes stained with 1%
Phosphotungstic acid (PTA) are obtained using Philips Transmission electron
microsc@e equipped with a CCD camera.

5.2.5. Agarose Gel Electrophoresis

Hyperbranched glycopolymgiasmid complexes are synthesized in OMEM at
varying polymer/plasmid molar ratio. The complexes are allowed to formulate
for 30 minutes, followed by the addition of DNA loading buffer. DNA alone

(400 ng/well) is used as a contrdhe polyplexes are loaded in 1.0 % agarose
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gel containing 1.0 pg/mL ethidium bromide in 1X tasetate/EDTA buffer and
the gel is run at 140 V for 45 min. The DNA bands are visualized using UV
transilluminator (Apha Innotech; San Leandro, CA).

5.2.6. Study of Polyplexes -lectin Inter actions using DLS and BCA

Assay

Hyperbranched glycopolymer or PEI based polyplexes (DNA concentration 20
ng/mL) are synthesized at predetermined polymer/plasmid molar ratiosin Ca
and Md" containing DPBS and are allowedstmbilize for 30 minutes. The size

of complexes is measured using DLS, followed by the addition of lectins, Jacalin
and RCAy at final concentrations 160 and 180 pg/mL, respectively. The
polyplexes are allowed to stabilize for 20 minutes, and their aizemeasured
using DLS.

To determine the content of lectins on the surface, the polyplexes synthesized
above are centrifuged to remove the excess of polymers and the complexes are
re-dispersed in Cd and Md" ions containing DPBS to maintain the
concentation of DNA (20 pug/mL). The complexes are incubated with Jacalin
(final concentration 160 pg/mL) or RG4 (180 pg/mL) for 20 minutes in
buffer at room temperature. The complexes are centrifuged and amount of
lectins in the supernatant and on the surfaicpolyplexes is determined using
BCA assay.

5.2.7. Transfection

Hep G2 and HEK293 are maintained in low glucose DMEM supplemented with

10% FBS, and 1% penicillin/streptomycin solution in a humidified atmosphere
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in the presence of 5% GGCat 37 °C. Upon 8% confluency the cells are
trypsinized with 0.25% trypsin and are seeded in tissue culture plates.

Hep G2 and HEK293 cells are seeded at the density of 100,000 and 150,000
cells per well, respectively, in 24 well tissue culture plates and are incubated
overnight. The media is removed and 150 pL of serum free OMEM or serum
containing media is added followed by the addition of polyplexes prepared at
varying polymer/plasmid molar ratios, in the presence and absence of lectins.
The cells are incubated for 2,04 24 hours and polyplexes containing media is
replaced with fresh serum containing media. The cells are allowed to grow for
48 hours before their lysis (CHAPS in Sodium Phosphate lysis buffer) (pH=7.5)
followed by two freezeéhaw cycles. The activity db-galactosidase is detected
using b-galactosidase assay. Briefly, ONPG solution (150 pL of 4 mg/mL) is
added to 50 pL of lysate volume in the presence of 4.5 uL 100X Mg solution
(2.3 pL of b-mercaptoethanol in 400 pL of 0.1M Mgglin 96 well plate and

plate is incubated at 37 °C. The yellow color developed is detected using
TECAN Genios Pro microplate reader at 420 nm after 4 hours. The total protein
content in cell lysate is detected using microBCA assay (Pierce).

5.2.8. Lectin Induced Aggregation of Hyp erbranched copolymer -

polyplexes

RCA120 induced aggregation of polyplexes is studied using - UV
spectrophotometer as a function time. Briefly, polyplexes are made at
predetermined polymer/plasmid molar ratios at final DNA concentration of 20

pg/mL in 250 pL of DPBS. The polyplexes are allowed to stabilize for 35
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minutes, RCAyo at final concentration of 180 pug/mL is added, and change in
UV absorbance at 450 nm is studDed as a
Lactose (200 pL of 10 mg/mL) is then added ah@nge in UV spectra as a
function of time is observed for 5 minutes.

5.2.9. Uptake of Polyplexes by Flow Cytometer

G-wiz b-galactosidase plasmid is labeled with-8yabeling dye, according to
manufacturer protocol. The labeled polyplexes are formiilateing Cy3'
labeled plasmid and hyperbranched glycopolymers, as described above. Hep G2
and HEK293 cells are seeded in 24 well tissue culture plates. At about 80%
confluency, the cells are treated with polyplexes alone (DNA dose 1.2 ug) or
RCA120(45ug/mL), or Jacalin, (160 pg/mL9r lactosecontaining polyplexes and

are incubated for two hours. The cells are then washed twice with serum
containing DPBS, and are rinsed with DPBS. The cells are trypsinized, followed
by the addition of 3.7% formalin in PBShe uptake of polyplexes is studied
using FL2 channel of flow cytometer.

5.2.10. Confocal Microscopic Imaging of Cellular Uptake of

Polyplexes

Hep G2 cells are seeded in 6 well tissue culture plates containing glass slides.
The cells are allowed to adhereernight. The media is changed and fresh serum
containing media containing €3/ labeled polyplexes (DNA dose 1.2 ug) or-Cy

3' labeled polyplexekectin conjugates are added. After two hours, cells are
washed twice with DPBS, and are fixed with 3.7 wtfd¥nalin in DPBS. The

cells are rehydrated and are fixed on glass slides. The slides are imaged using
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Fluoview FV10i Olympus confocal microscope and samples are excited at 512
nm and are detected at 570 nm, for &gBeled samples using 60X objective.
5.2.11. Toxicity of hyperbranched glycopolymers, Polyplexes,

Lectins, and polyplexes -lectin Conjugates Post-Transfection

Hep G2 Cells are seeded in 96 well tissue culture plates in complete serum
containing media. Upon 80% confluency the cells are treatiéd warying
concentrationof Jacalin (0.01pg/mL 570 pg/mL), RCA 12 polyplexes or
RCA20-polyplexes conjugates for 2 howswith hyperbranched glycopolymers

for 24 hours The media is then replaced with fresh serum containing media and
cells are allowd to grow for 48 hours. 25 pL MTT dye is then added per well
followed by the addition of 100 pL of lysis buffer after two hours of incubation.
The absorbance is read at 570 nm using TECAN plate reader. The untreated cells
and media alone are used as peosiand negative controls respectively. The
percent cell viability is calculated (% cell viability = (treated céllsegative
control)/ (untreated cells negative control)Lethal dose 50 (LE) of polymers

is then calculated using sigmoidal fit curve.

For the study of toxicity post transfection, polyplexes are formulated at
predetermined polymer/plasmid ratios. Hep G2 cells are transfected using
method described above. After 48 hours of incubation time, toxicity of
polyplexes post transfection is dettusing MTT assay.

5.3. Results and Oscussion

The use of hyperbranched polymers for gene delivery is well explored. A variety

of cationic hyperbranched polymers have been synthesized and studied for gene
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delivery[20,21] Poly(ethylenimine) (PEI) is onefdhe most commonly used
branched polymers that has shown great potential towards gene delivery.
However, the toxicity and immunogenicity associated with REjuires its
modifications withPEG, which can compromise the gene expred€i@38,30

321 In our recent study, we have shown that linear statistical cationic
glycopolymers of controlled molecular weight and compositions by RAFT
polymerizationare excellent alternative to produce gene delivery vectors which
also showlow toxicity andenhanced genexpressior(5] As branched polymers

are usually better than their linear counterparts, it is hypothesized that
hyperbranched cationic glycopolymers candxeellent gene delivery vectors
Therefore, hyperbranched glycopolymers of statistical architectures a
synthesized and evaluated for their efficacy in gene expression.

5.3.1. Synthesis of Hyperb ranched Cationic Glycopolymers

The cationic hyperbranched polymer of varying molecular weights and
compositions are synthesized by RARDlymerization using AEMA and
LAEMA monomers and are analyzed by GPC for their molecular weights and
polydispersities (PDI). The hyperbranched polymers are also characterized by
'H-NMR for their compositions which is critical in this study. The statistical
hyperbranched glycopatyers are synthesized in a one pot approaehthe
RAFT process and in the absence of protecting group chemistry. These
hyperbranched polymers, once purified and characterized, are then explored for
their potential to serve as gene delivery vectors. Tme gxpression of these

glycopolymers is evaluated in the presence of two different lectins, namely
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Jacalin and RC#yg Two types of hyperbranched cationic glycopolymers are
synthesized having either galactose or gluaeeed open sugar as pendent
groups The PDI of these copohgrmmanmchkngare O1.
nature, as shown in tablel5

Table 5-1. Molar masses and molecular weight distribution for RAFT

synthesized hyperbranched cationic glycopolymers.

Polymer Compositich Crosslinker GPC M, M./M,
(mol-%) (kDa)
P(AEMA75-St-LAEMA 5;) 3.5 53 3.60
P(AEMAg,-StLAEMA 5q) 3.5 27 1.82
P(AEMAg,-stLAEMA 5) 3.5 11 1.55
P(AEMA g-stLAEMA ¢) 3.5 6 1.26
P(AEMA1;-st-LAEMA +¢) 7.0 51 2.60
P(AEMA;-StLAEMA 4) 7.0 31 2.10
P(AEMAz-stLAEMA 17) 7.0 13 1.70
P(AEMA 4+st-GAPMAgs) 7.0 60 11.2
P(AEMA ;-st GAPMA,s) 3.5 27 2.50
P(AEMA,;-stGAPMA,;) 7.0 4.5 2.80

®The compositions of copolymers were determined-b)NMR.

It should be noted that, in the absence of the dmksr N, Méthylene
bisacryamide, linear statistical copolymersMy{/M, < 1.3) are obtained by
RAFT procesaunder same experimental conditigsf.The molecular weight of
the copolymers are further controlled by varying the degree of polymerization,
monomer compositions and conaatibn of crosdinker. The synthesis of
hyperbranched polymers by living radical polymerization (LRP) is relatively

new and carries great potential to produce biologically active
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macromoleculef9,23,2§ The use of RAFT process to synthesize
hyperbranchedpolymers offers better control on the branching process, as
primary chains are relatively monodispef28@ Hyperbranched cationic
homopolymers have previously been prepared by Rp&lymerizationand are
shown to possess DNA binding capability, howewegene expression for these
polymers has been evalua{&3)

Cationic galactoskased hyperbranched polymers of two compositions (amine
to galactose ratio 1.7:1 and 3:1) and varying molecular weilyhts 6-53 kDa)

are obtained by varying the concentatiof crosdinker from 3.5-7 mol%
(Table 5-1, Supporting Information Figure $34). Further increase in cross
linker concentration leads to the formation of macrogels, especially for higher
targeted degree of polymeation. The galactoskased copolymeP(AEMA s
stLAEMA) show low PDI (similar to linear copolymers) under these
conditions. For the comparisomf gene expression of galactdsased
hyperbranched copolymers with glucederived copolymers, a series of
glucosederived hyperbranched copolymeid,=5-60 kDa) are also produced
under same conditions. In this study, two groups of galactose based
hyperbranched copolymers of varying molecular weight6@5kDa) are
produced which differ from each other by their compositions. The role of
galactose redues for hepatocytes targeting has been studied previ@isBf]
Galactose based linear cationic polymers has been synthesized by RAFT
polymerizationand are found to show optimum gene expression in Hela and

HepG2 cells in the absence of seri8f] The gability and transfection
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efficiencies of galactose modified cationic polyplexes is found to be dependent
upon the extent of galactosylation. The increase in galactose residue on
polymers, is associated with lower stability of polyplexes formed and hewce |
gene expression, possibly due to decreasationic content of copolymer85

The galactose based hyperbranched polymers are interesting, as no further
modification of amine groups is required to introduce targeting moieties, and
branched architectarof copolymers is

expected to increases the availability of galactose residues on the surface of
polyplexes, after the complexation of polymers with DNA.

5.3.2. Determination of LD 5o values

The modification of cationic polymers with carbohydrate moiedesease their
toxicity.[5] However, this involves complex chemical reactions and compromise
the amine content as well as gene delivery efficacy of the polymers. The linear
statistical cationic glycopolymers synthesized RAFT processshow high cell
viability than their block analogues. [5] lsbvalues of hyperbranched statistical
cationic glycopolymers has been studied using MTT assay and are found to
dependent on the molecular weight of the polymers, as well as type of

carbohydrates used for the syrdise (Tables-2)

Table 5-2. Lethal Dose 50 (LD50) values of hyperbranched cationic

glycopolymers, as determined by MTT assay.
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Polymer Compositich GPC M, My/M, Lethal Dose50

(kDa) (LDsg) uM

P(AEMA,;5stLAEMAs;) 53 3.60 527
P(AEMAg,StLAEMA ;5) 27 1.82 407
P(AEMAs,-stLAEMA:) 11 1.55 >870
P(AEMAgStLAEMAy) 6 1.26 >870
P(AEMA,-SstLAEMA ;) 51 2.60 <15
P(AEMA;sStLAEMA ) 31 2.10 631
P(AEMA;-StLAEMA ;) 13 1.70 >870
P(AEMAgs-stGAPMA,,) 60 11.2 <15
P(AEMA,-stGAPMA,s) 27 2.50 <15
P(AEMA;-stGAPMA;;) 4.5 2.80 >870
PEI 10 2.5 8

In general, high molecular weight polymers-@DkDa) are more toxic than low
molecular weight polymers. The galactose derived hyperbranched polymers
show high LB values than glucose derived avgles. This is due to the longer
carbohydrate chain of galactose derived polymers which mask the toxicity of
cationic component better than glucose derived glycopolymers. Hence,
P(AEMA4-stGAPMA,s) show high toxicity than corresponding galactose
based poimers. Low molecular weight hyperbranched polymers are very cell

viable even at high concentrations.
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5.3.3. Polyplexes Formulation using Hyper branched Cationic
Glycopolymers

The hyperbranchedocp ol ymer s pr oduc e d-gatactasidaseo mpl ex ed
plasmid at varying polymer/plasmid molar ratios in OMEM. The DNA binding
efficacies of these hyperbranched polymers are studied using agarose gel
electrophoresis. (Supping Information Figure S$13 Table S1) As expected,

the higher the molecular weight of the copolymers, the lower the amount of
polymer required to complex the plasmichese results are in agreement with
the previous literature, where the effect of molecular weight of copolymers on
DNA complexation and gene delivery is studj@®83] The net surface charge

and size of polyplexes at polymer/plasmid molar ratios (showing optimum gene
expression) is also measured in water. It is found that regardless of molecular
weight of hyperbranchedopolymers, the polyplexes produced in water are

about 76200nm in diameter (see Figufel).
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Figure 5-1. Dynamic light scattering (DLS) and zeta potential data for the

All samples are prepared in

hyperbranched glycopolym@&NA polyplexes.
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deionizedwater at varying polymer/DNA molar ratios. Transmission Electron
Microscope (TEM) images of polyplexes formulated in PBS using branched PEI
and hyperbranched glycopolymers, and stained with 1% PTA solution (bottom).
The polyplexes show low net surface @ and in some caséise charge is

close to neutralThe higher polydispersitises of zeta potential values may be
associated Wi polydisperse nature of hymeanched copolymers produced.
This data is in contrast with the polyplexes formulated using rlis&istical
copolymers, where monodisperse particleghvgirongly positive zeta poteal

values are obtaing®] The block copolymers based polypkx show lower net
cationic charge, as compared to statistical copolymers based polyplexes, due to
the pesence of larger number of carbohydrate residues on the surface of
polyplexed5] TEM images are obtained for the selected samples. These images
confirm the formation spherical polyplexes in PBS (Fight®). It should be

noted that TEM images show polypés of smaller sizes, as compared to DLS.
DLS measures the hydrodynemradius of polyplexes in sdion, while
polyplexes are in ried state for TEM, this may ecunt for the change in
diameter of these polyplexes.

5.3.4. Transfection Efficacies of Hyper branched Cationic

Glycopolymers

The polyplexes produced usi-gagctohidageer br anc h
pl asmid are then studied i n-gabetdsidasd f or t he
assay. Th egalactosidase ierizyme m manbnalian calldetermined

in Units/milligram (U/mg) of protein. The galactose based hyperbranched
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copolymers are first compared as a function of their molecular weights and
compositions. It is found that molecular weights of these hyperbranched
copolymers play an imptant role in determining their gene expression. All
statistical hyperbranched copolymers of high molecular weightss@5RkDa)
show very low gene expressiagardless of composition and polymer/plasmid
ratio used (Supporting information Figure S1915). The glycopolymers,
P(AEMA;75stLAEMA;), and P(AEMA;i-stLAEMA ;) are studied at
varying polymer/plasmid ratios. Although, the toxicity of these polyplexes is
dependent upon their polymer/plasmid ratios (Supporting information Figure

S14), they shoMow gene expression under all conditioas,shown in Figure-5
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Figure 5-2. Gene expression of galactose based polymers of varying molecular
weights, in the presence (*) and absence of serum using Hep G2 cells. Gene
expression is evaluated usibgyalactosidase assay at DNA dose 0.6 and 1.2 ug
and varying polymer/plasmid molar ratios as shown.

The galactosébased hyperbranched copolymers of molecular weights 5, 15 and
30 kDa show high gene expression, at different polymer/plasmid molar ratios
studed. P(AEMAgs-stLAEMA,g) and P(AEMAgstLAEMA ;) based
polyplexes show optimum gene expression at low polymer/plasmid ratios (
molar ratios of 1 and 2 respectivelglong with high cell viability (Figure5-2,
Supporting information figure S)4-urtherincreasen polymer/plasmid molar
ratios(up to 12) of this copolymer doest improve the transfection efficiencies.
(Supporting Information Figure S15, S16, and 31This difference in gene
expression of copolymers of similar molecular weights at varying

polymer/plasmid molar ratios is attributéal the high specificity of P(AEM#y-
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StLAEMA 4;) towards Hep G2 cells, as compared to P(AEM#LAEMA ,g)

based polyplexes.

The galactose based hyperbranched copolymers of 15 kDa or lower are found to
show low gee expression at low polymer/plasmid molar ratios. This is in
agreement with agarose gel electrophoresis data, which show that high
polymer/plasmid ratios are required to complex DNA for lower molecular
weight copolymers. The statistical copolymers of1blkDa show low gene
expression at polymer/plasmid molar ratio of 2 (Supporting Information Figures
S14 & S15). The polymer/plasmid molar ratios of 6 or higher are required to
show efficient gene expression using low molecular weight polymers,ein th
pres@éce of serum, however, the increase in polymer/plasmid ratio of these low
molecular weight polymers also compromise their cell viability (FigoH®
supporting information Figure S14rom these results, it can be concluded that
galactose based hyperbctwed polymers of molecular weights ~30 kDa are ideal
to obtain high gene expression at low polymer/plasmid molar ratios. Morimoto
et al has compared the gene expression of galactosylated PEI of varying
molecular weights M,=1.8, 10 and 70 kDa) and has chmed that
galactsylated PEI of molecular weigh® kDa shows optimum gene expression

in hepatocytes, due to the balance between cytotoxicity and availability of
ligandson the surface of polyplexes.[30he galactose based hyperbranched
copolymers of mlkecular weights %0 kDa are then compared to glucose

derived copolymers having similar molecular weight. It is found that in addition
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to the extent of glycosylation of cationic polymers, their molecular weight and
N/P ratios are also important in determntheir gene expression.

As discussed above, the high molecular weight copolymers (60 kDa) show low
gene expression, regardless of the type of monomers (GAPMA versus LAEMA)
and composition of copolymers used for the study. (8ctmg Information,
Figures S15, S16, S17, and 918he galactose based copolymers P(AEMA
StLAEMA 2g) and P(AEMAy-st-LAEMA 4;) show high gene expression than
copolymer P(AEMA-stGAPMAys). The glycopolymer, P(AEM#-st
LAEMAg), is then compared with P(AEMAStGAPMA,;) for thdr gene
expression. P(AEMA-stGAPMA;) shows high gene expression at high
polymer/plasmid molar ratios {82) than other GAPMA based hyperbranched
copolymers of higher molecular weightén contrast, P(AEMAg-st:LAEMA )
based polyplexes do not show sfgrant increase in gene expression at
polymer/plasmid molar ratio of 10. This difference in gene expression of
LAEMA and GAPMA based copolymers of similar molecular weights can be
explained in terms of their polyplexes stability and size. Although bothesk
polyplexes show similar surface charge in water (+6), the polyplexes produced
by P(AEMAig-stLAEMA) are three times larger in size as compared to
P(AEMA;:-stGAPMA;7) based polyplexes(Figure 5-1) This difference in
transfection efficacies of glose derived and galactose based copolymers is
probably due to lower ability oP(AEMA;1g-stLAEMAG) to produce stable
particles as compared to P(AEM¥#st-GAPMA ;). The transfection efficiencies

of these hyperbranched glycopolymers are also studied in rédsenge and
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absence of serum. It ®ideenfound that linear cationic glycopolymers of
statistical architecture show higher gene expression or their gene expression is
not affected in the presence of serum as compared to the corresponding block
copolymerd5] In this study, hyperbranched glycopolymers of varying
molecular weights synthesized are expected to serve as excellent gene delivery
agent in the presencd serum. (Figure ) It is found that the presence of
serum indeed improves the gene expressibthese copolymers regardless of

molecular weights and compositions.
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Figure 5-3. Comparison of gene expression of-13 kDa galactose based
polymers, in the presence (*) and absence of serum using Hep G2 cells, at DNA
dose 1.2 ug and varying polymeldsmid ratios. Gene expression of glucose
derived and galactose based polymers of varying molecular weights and
compositions, in the presence of serum using Hep G2 cells, at DNA dose 1.2, 1.8
and 2.4 ug, and at incubation times of 4 and 24 hours.

The sebcted galactose based and glucose derived copolymers, P(HEMA
LAEMA 29), P(AEMA;¢-StLAEMA 41), and P(AEMA;-stGAPMA;7), which

show high gene expressiand low toxicityin Hep G2 cells aréhen compared

to branched PElas a function of DNA dose andcibation time(Figure 5-3)

Figure 5-3 shows that gene expression of all these selected polymers is indeed

comparable to branched PEI at DNA dose of 1.2 pg and for an incubation time
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of 4 hours. An increase in incubation time with the polyplexes to 24sHour
branched PEI and P(AEM#StLAEMA ), significantly increases the
transfection efficacieshese polyplexesThe increase in DNA dose for these
polyplexes is also studied and it is found that P(AEM#tLAEMA ,5) show
higher gene expression than lrhed PEI at high DNA dose (1.8 and 2.4 ug).

The gene expression of the selected copolymers is also studied in HEK293 cells
which do not have asialoglycoprotein receptors (ASGHPIt is found that
transfection efficiencies of these copolymers in HEK29& aale dependent on

the extent of carbohydrate content on the polyplexes surfacppd8ing
Information Figure S1P The copolymers with high carbohydrate content show
lower gene expression. P(AEMAstLAEMA 41) shows lower gene expression

in HEK293 cellsas compared to P(AEM#Ast-LAEMA ,g). It should be noted

that P(AEMA-stLAEMA 41) polymer shows optimum gene expression at
polymer/plasmid molar ratio of P(AEMAgs-stLAEMA ,5) shows comparable
gene expression to branched PEI, indicating that increffsgngmine content in

the polymers is associated with the high gene expression, and hence there is no
specificity of these polyplexes towards HEK293 cell line. These results are in
agreement with others, where the role of galactose and other sugars on gene
delivery is investigated.31-33] Bettingeret al has compared the transfection
efficacies of galactose and glucose substituted hyperbranched PEI in different
cell lines and it is shown that cationic polymers with high galactose content can
effectively epress gene in BNL.CL2 murine hepatocytes at any

polymer/plasmid ratios studied. In contrast glucose modified PEI show lower

163



gene expression in hepatocytes. However, the gene expression is not dependent
upon the type of glycosylation in other nspecificcell lines[31] These studies
discuss the cationic homopolymers of same molecular weight substituted with
different carbohydrates, and role of molecular weight of different glycosylated
copolymers in DNA condensation ability, serum stability and gene ssipreis

not explored in detail.

5.3.5. Toxicity Post -transfection

MTT assay is performed to determine toxicity post transfection of
hyperbranched glycopolymgolyplexes at polymer/plasmid ratios which show
high gene expression. (supporting informatioigufe S14) It is found that
toxicity of polyplexes is dependent upon their molecular weights as well as
polymer/plasmid ratios used for the study. High molecular weight
hyperbranched glycopolymers (B0 kDa) show high toxicity (at
polymer/plasmid ratio 2jhan low molecular weight polymers. The relatively
low cell viability of low molecular weight hyperbranched glycopolymers (13, 6
kDa) is due to the high polymer/plasmid ratios required for optimum
transfection.lt should be noted th&(AEMA7o-StLAEMA 41) and P(AEMAgs-
StLAEMA ), and P(AEMA-stGAPMA1;) maintain high cell viability (60
80%), along with high gene expression, as compared to branched PEI (cell
viability is 35%).

5.3.6. Interactions of Lectins with Polyplexes

The clustered arrangement of leainydrates around proteins produces

multivalent interactions, which further increases their affinities and

164



specificity[36] The measurement of binding affinities of synthetic glyco
conjugates can be done using agglutination a§88ysRCA;,o (lectin from
Ricinus communisis a plant lectin which specifically interacts with galactose
residues on the surface of glyconjugates, these carbohydrat®tein
interactions can be studied using agglutination ag§$dy33,37 Jacalin is
another galactose specitietrameric protein that has four galactose binding sites
per moleculd38] Others have utilized this method to detect the presence of
galactose residues on the surface of gat@atopolymers based polyplexeXilf
33,39 To determine the role of galactosesidue for targeting purposes,
P(AEMAgs-StLAEMA 55) and P(AEMA-stLAEMA 4;) based polyplexes are
subjected to agglutination assay and P(AEM#-GAPMA;;) is used as a

control (see Figuré-4).
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Figure 5-4. Lectin induced aggregation of polyplexeslyptexes are allowed to
stabilize for 2000 seconds and Rzfat 180 pg/mL was added, followed by the
addition of lactose at 4000 sec.

It is found that P(AEMA4,-stLAEMA ,¢) based polyplexes do not aggregate in
the presence of RGAy, and the result is simair for P(AEMA;1;-stGAPMA;7)

based polyplexes which lack galactose specific residues on the surface.
However, significant aggregation is observed for P(AEMEELAEMA 41)

based polyplexes in the presence of REA

This data is in agreement with previougerature, showing that optimum
concentration of galactose residues are required on the surface of polyplexes to
induce the cluster glycoside effd¢8-33, 6] The interaction of polyplexes with
RCA;20 and Jacalin are further studied by DLS and B&3&ay!lt is found that
agglutination assay do not show the aggregation of PEIl, P(AZSA
LAEMA ,g), P(AEMA;-stGAPMA;7) polyplexes in the presence of RG4 all

these polyplexes interact with R and Jacalin as revealed by the DLS and
BCA analysis (Suppting Information Table S2, S3). Therefore, the polyplexes
do interact with lectins either specifically or nspecifically in solution,
however these interactions are insufficient to cause agglutination, except when
there isa high density of galactose i@ises on the surface of the polyplexes.

5.3.7. Lectin Mediated Gene Expression

To determine the significance of the lectins on the gene expression, transfection
experiments are carried out with Hep G2 and HEK293 cell lines. It is found that

gene expressn is dependent on the type of polypleladin conjugates (Jacalin

166



vs RCA;z0). Conjugates of Jacalin with P(AEMAStLAEMA ,4;) based
polyplexes show a significant increase in gene expression in HEK293 cells and
remarkably, the gene expression is comiplaréo that of branched PEI. It should

be noted that, however, in the absence of Jacalin this polyplex shows low
transfection in HEK293 cells (see Supporting Information Figure S18, S21).
Hence, this threéold increase in gene expression may be assakiaith high
uptake of Jacalin mediated interactions of polyplexes with HEK293 cells. PEI
and P(AEMA;-stGAPMA;7) based polyplexes show slight decrease in gene
expression in the presence of Jacalin. Gene expression is unaffected for
P(AEMAgsstLAEMA »5) based polyplexes in the presence of Jacalin (see
Supporting Information, Figure S21). In contrast, these Japalyplexes
conjugates show no significant change in gene expression in Hep G2 cells
(Supporting Information, Figure S21). These differencesramsfection are
attributed to cell line dependent effect. Further mechanistic studies are required
to investigate the role of Jacalin on transfection. Rpolyplexes conjugates

are then studied for their role on gene expression. It is found that tlee gen
expression is completely knocked down (even for that of PEI) in the presence of
RCA20in Hep G2 cells at a concentration of 45 pg/mL (data not shown).
RCA120is well-known to inhibit protein synthesis in cell87] and, therefore
inhibition of transfetion in Hep G2 cells is most likely due to RGAat this
concentration. The effect of RG#A on transfection and toxicity is found to be

concentration dependent (Figue®).
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Figure 5-5. MTT assay for toxicity of RCAyoy RCA2¢P(AEMA7¢-St
LAEMA ;1) and RCA,¢PEI based polyplexes conjugates.

The gene expression and toxicity of Rz#polyplexes conjugates is studied at
varying concentration of RGAy, and it is found that decreasing the
concentration to 0.5 pg/mL does not compromise the cell vialiibyvever, the

gene expression is significantly reduced in Hep G2 cells for hyperbranched
copolymer based polyplexes. The gene expression is not significantly reduced
for PEI based polyplexes at the concentration of 0.5 pg/mL of RCA
(Supporting Informatin, Figure S20). In contrast, HEK293 cells show lower

sensitivity in the presence of RgAfor all polyplexes at a concentration of 45
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Hg/mL as the gene expression is not completely inhibited (Supporting
Information, Figure S21).

5.3.8. Cellular Uptake o f Polyplexes in the P resence of Lactose

and Lectins

To investigate, if impaired gene expression of polypldgesns conjugates is
associated with lower uptake of polyplexes, flow cytometer studies are
conducted. The uptake of PEI, P(AEMSELAEMA 5), P(AEMA;-st
GAPMA;7), and P(AEMAg-stLAEMA 41) based polyplexes is studied in both

Hep G2 and HEK?293 cells (FiguBeb).
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Figure 5-6. Flow cytometer analysis showing the uptake of-3yabelled
uptake of polyplexes, in Hep G2 (top) and HEK 293 (bo}jtocells in the
presence of lectins (45 pg/mL) after incubation time of 120 minutes.

It is found that the polyplexes uptake in both cell lines is higher in the presence
of lectins, irrespective of the chemical compositions of the polymers. PEI
polyplexesdo not show significant increase in uptake in the presence of lectins.
The uptake of polyplexes in the presence of Jacalin is most significant in the
case of P(AEMAs-stLAEMA ,5) based polyplexes, as compared to P(AEMA
stLAEMA 4;) based polyplexes. Thikigh uptake of polyplexes with low
galactose residues is probably due to their aggregation in the presence of Jacalin.
This is in agrement with gene expression datay P(AEMAgs-st-LAEMA ,5)

based polyplexes, which show no incressgene expressioim the presence of
Jacalin. In contrast to gene expression results, flow cytometer analysis show that

the cellular uptake of polyplexes is significantly increased for hyperbranched
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polyplexesRCA;20 conjugates. To further confirm flow cytometer analysis,
confocal microscopy is performed to get a better picturealular uptake of
polyplexes.

Moreover, inhibition of cellular uptake of galactose based polyplexes in the
presence of free lactose was studied in Hep G2 cells, to investigate the role of
ASGPR in theuptake of polyplexes. It is shown that in the presence of free
lactose, uptake of galactose based polyplexes significant decreased in Hep G2
cells, as compared to PEI based polyplexes, indicating the specific uptake of
galactosebased polyplexes by ASGPIReceptors of Hep G2. (Supporting
information Figure S22)

5.3.9. Confocal Microscopic Imaging of RCA120-Polyplexes Uptake
Confocal microscopic images are obtained for PElI and P(ARMA
LAEMA 43) based polyplexes in the absence and at two different ctatens

of RCA120 (0.5 and 45 pg/mL). The addition of RgA at 0.5 pug/mL, shows
slight aggregation of polyplexes on the cell surface as revealed by the confocal
images. However, no significant effect on the uptake PEI polyplexes is observed

at the studdd concentrations of RGAy (Figure5-7).
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Figure 5-7. Confocal Images of G§' labeled polyplexes in the presence and
absence of lectins.

The increase in concentration of RGAto 45 pg/mL significantly increases the
aggregation of polyplexes for P(AEMAStLAEMA 4;) and the resulting large
aggregates are found to adhere to the surface of cells, while the number of
particles internalized in cells are significgndmall (Figure5-7). From these
results, it is concluded that reduced gene expressionhéomgalactose based
polyplexes in the presence of RGAis due to theaggregationof polyplexes

and theidow internalizationin cells.

5.4. Conclusion

This study reports the efficacy of cationic hyperbranched glycopolymers for
genedelivery. The role ofjlucosederived and galactose based hyperbranched

polymers in DNA complexation, polyplexes stability in serum and gene

expression is evaluated in detail. It is found that, in addition to the architecture,

the compositions and molecular weight can signifiyainfluence the stability
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of polyplexes and hence gene expression. The hyperbranched polymer with high
galactose content, P(AEM&StLAEMA 4;) can efficiently transfect hepatocytes

at low polymer/plasmid ratios in the presence and absence of seruomtiast,
hyperbranched polymers with high amine content are found to show enhanced
gene expression in both cell lines at higher polymer/plasmid ratios. Moreover,
P(AEMA7¢-stLAEMA 4;) polyplexes also show significant interactions towards
galactose specifidectins. These lectin conjugated polyplexes are further
explored for genalelivery purposes. Jacalin is found to improve the uptake of
galactose based polyplexes and subsequently an increase in gene expression is
noted for those polyplexes. However, deethe protein inhibitory role of
RCA20 and aggregation, the gene expression is strongly compromised in the
presence of RCAo Further studies will be done to explore the role of lectins on
gene expression in different cell lines.

Supporting Information A vailable.

GPC curves andH NMR data for polymer synthesis, molecular weight
dependent gene expression, DLS data, BCA assay, MTT assay for jacalin, gene
expression of polyplexes in the presence and absence of lectins in Hep G2 and
HEK293 and agarose gel eetrophoresis. This information is available at
http://elsevier.com
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6.1.Introduction

The synthesis of netoxic cationic polymers of controlled molecular weights
and desired architectures is important to produce efficient gene delivery
vectors[1-2] The modification of matgals with phospholipids and
carbohydrates is a natdirespired approach to produce materials with antifouling
and biocompatible properti¢3-5] For instancethe modification of cationic
vectors with monesaccharides or polysaccharides is a \stidiedapproach to
produce gene delivery vectors with low toxidi6¢9] With the recent advances

in the field of polymer chemistry, synthetic carbohydrate and phospholipid based
polymers of predetermined molecular weights and narrow polydispersities can
be synhesized by facile approaches{l18] These carbohydrate and
phosphorylcholine based polymers are extensively studied to produce effective
gene delivery carriers with low toxiciti¢$6-24] Recently, carbohydrates and
phosphorylcholine based synthetic geletivery vectors of controlled molecular
weights and architectures are evaluated for their structure activity
relationshipg17-19] It has been reported that linear statistical cationic
glycopolymers are superior gene transfecting agents as compared tadble
analogues. The statistical cationic glycopolymers show enhanced gene
expression along with low toxicities, as compared to the block copolymer
systemg17]

However, as compared to diblock copolymers which show higher stability in
serum containing edia, statistical cationic glycopolymers show high interaction

with serum proteins and hence show an aggregation over time, which could
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significantly compromise their uses for vivo applications.[17] Hence, it is
important to produce a copolymer withnavel architecture, which can show
high gene expression, along with the low interactions with serum proteins. To
solve this issue, we have designed linear cationic glycopolymers with novel
architectures, which are expected to maintain high gene delivécaoiés,

along with low toxicities and high stability in physiological conditions.
Phosphorylcholinddased polymers are wédhown for imparting antifouling
properties to materia[8-4] Their low interactions with serum proteins and hon
toxic nature makéhem ideal candidates for gene delivery vectors. A number of
studies have shown that phosphorylcholine based cationic polymers can show
some gene expression and their efficacy is found to be dependent upon the
composition and architecture of the copolysi@®-21] In a detailed study of
structureactivity relationship of phosphorylcholideased polymers, it is
reported that the linear diblock copolymers show some gene expression, along
with high toxicities underin vitro conditions. In contrast, their sigtical
analogues show high cell viability but poor gene expreg4ignin this study,

we have developed a new type of copolymers and the gene expression is studied
in hepatocytes and human dermal fibroblasts. First, carbohydrate and
phosphorylcholine basl homopolymers are synthesized via the reversible
addition fragmentation chain transfer (RAFT) polymerization of 3
gluconamidopropyl  methacrylamide  (GAPMA), -latobionamidoethyl

methacrylamide (LAEMA) or 2 methacryloxyethyl phosphorylcholinglPC)
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and ae subsequently used as macro chain transfer agents (macroCTAs). The

structure of the monomers is shown in schérie
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Scheme 6-1. Chemical structure of monomers, -niethacryloxyethyl
phosphorylcholine (MPC), -8lucanoandopropyl methacrylamide (GAPMA),
2-lactobionamidoethyl methacrylamide (LAEMA), and -atino ethyl
methacrylamide (AEMA), chain transfer agent (CTP) and initiator (ACVA).
These macroCTAs are then used in the RAFFpagmerization of 2
aminoethyl methacrylaide (AEMA) with GAPMA or LAEMA or MPC to
produceblockstatisticalcopolymers of varying molecular weights. These novel
cationic blockstatistical copolymers are then investigated for their DNA
condensation efficacies. The size and net charges of thérgsquolyplexes are
determined using dynamic light scattering (DLS) and zeta potential analyzer,

respectively. The gene expression of these copoWrased polyplexes is
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evaluated at varying polymer/plasmid ratios usinf-galactosidase assay in
hepatocyeés and human dermal fibroblasts. Moreover, the interaction of these
polyplexes with serum proteins, their cellular uptake and nuclear localization
efficacies of these novel polymers based polyplexes is studied. The toxicities
posttransfection of these pgllexes at varying polymer/plasmid ratios is
determined using MTT assay.

6.2.Materials and Methods

6.2.1 Materials

2-aminoethyl methacrylamide (AEMA),-@uconamidopropyl methacrylamide
(GAPMA), 4-cyanopentanoic  acid  dithiobenzoate (CaiR) 2
lactobionandoethyl methacrylamide (LAEMA) were synthesized according to
previously reported procedure.F1B] 2-Methacryloxyethyl phosphorylcholine
(MPC) was obtained from NOF Co, Tokyo, Japan, which was produced by the
previous reported method. [1Bfanched PEINl, = 25 kDa,),O-Nitrophenylb-
D-galactopyranoside, (ONPG) (enzymati®@thidium bromide, 4azobis(4
cyanovaleric acid) (ACVA), 37 wt. % formalin, b -Mercaptoethanol,
Ethylenediaminetetraacetic acid (EDTA), MTT assay kit to determine cell
viability, Dul bec c oBP8S)fdinmakng37 att %), danadi f f er s al
3-[(3-Cholamidopropyl) dimethylammonib-propanesulfonate (CHAPS) were
purchased from Sigma Al drich. Cel | Cul tur
Medium (DMEM) low glucose with iglutamine and sodium pyruvate), Opti
MEM (OMEM), penicillin (10000 U/mL), and streptomycin (10 mg/mL), 0.25%

trypsin, Dul beccods modi fied Phosphate Bu
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with  EDTA and Fetal Bovine Serum (FBS) were from Invitrogen.
Phenylmethanesulfonyl fluoride (PMSF), HEPES, and rMiBCA assay kit
were obtained from Fisher ScientificGGwiz b-galactosidase plasmid was
purchased from Aldevron. C¥ and Cy5' DNA labeling kit were from Mirus

Bio.

6.2.2 Methods

6.2.3 Synthesis of Macro Chain Transfer Agents (macroCTA)

The macroCTAs ofSAPMA, LAEMA or MPC were synthesized according to
previously reported protocols. [12,13,15] In a typical protocol, GAPMA (1 g, 3.1
mmol) was dissolved in 5 mL of distilled water. CTP (58 mg, 0.2 mmol) and
ACVA (19 mg, 0.07 mmol) were dissolved in 1 mLDMF. The solutions were
mixed in Schlenk tube and mixture was purged with nitrogen for 45 minutes.
The tube was sealed and polymerization was carried out in inert atmosphere in
an oil bath at 70 °C for 12 hours. The polymerization was quenched using liquid
nitrogen and the macroCTA was precipitated in acetone. The macroCTA was
washed with excess amount of methanol to remove residual monomers. The
polymer was dried and was analyzed for its molecular weight using agueous
GPC: The chromatograms were obtaineding conventional Viscotek GPC
system, Sodium acetate (0.5 M) / acetic acid (0.5 M) buffer as eluent, two
Waters WATO011545 columns at room temperature and a flow rate of 1.0
mL/min. Pullulan standard$4, = 500404,000 g/mol) were used for calibration.

In a typical MPC macroCTA synthesis, MPC (1 g, 3.4 mmol) was dissolved in 3

mL of distilled water. CTP (63 mg, 0.23 mmol) and ACVA (21 mg, 0.08 mmaol)
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were dissolved in 1 mL of-gropanol. The solutions were mixed in a Schlenk
tube and the mixture was purgedwnitrogen gas for 45 minutes. The tube was
put in oil bath in inert atmosphere at 70 °C for 12 hours. The polymerization was
guenched using liquid nitrogen, and MPC macroCTA was precipitated in
acetone. The macro CTA was dried and was analyzed forolescalar weight

using aqueous GPC, as described above.

6.2.4 Synthesis of Block-statistical Cationic Glycopolymers

In a typical synthesis, the macroCTAs synthesized above were used as chain
transfer agent and were blocked with statistical copolymer of AE/siAd
GAPMA. In a typical protocol, GAPMA or MPC (0.5 g, 1.5 mmol) and AEMA
(0.5 g, 3 mmol) were dissolved in 2.5 mL distilled water. GAPMA macro CTA
(0.25 g, 50 umol) and ACVA (7mg, 25 pmoles) were dissolved in 0.5 mL DMF.
The solutions were mixed in Selmk tube and mixture was purged with nitrogen
gas for 45 minutes. The tube was sealed and polymerization was carried out in
Schlenk tube for 24 hours in inert atmosphere at 70 °C. The polymerization was
guenched using liquid nitrogen and polymer was predgd in acetone,
followed by excessive washing with methanol. The polymer was dried and was
analyzed for its molecular weight using agueous GPC as described above. The
composition of polymer was determined usifayian 500'H NMR.

6.2.5 Synthesis of Block-Statistical Phosphorylcholine Based

Cationic Polymers

In a typical synthesis, the macro CTAs of MPC synthesized above were used as

chain transfer agent and were blocked with statistical copolymer of AEMA, and
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GAPMA, or MPC. In a typical protocol, MPC .@b g, 0.75 mmol) and AEMA
(0.125 g, 0.75 mmol) were dissolved in 2.5 mL distilled water. GAPMA
macroCTA (80mg, 17 pmoles) and ACVA (3mg, 8 umol) were dissolved in 700
pL of 2-propanol. The solutions were mixed in Schlenk tube and the mixture
was purged wh nitrogen gas for 45 minutes. The tube was sealed and
polymerization was carried out in Schlenk tube for 24 hours in inert atmosphere
at 70 °C. The polymerization was quenched using liquid nitrogen and polymer
was precipitated in acetone. The polymer waed and was analyzed for its
molecular weight using aqueous GPC as described above. The composition of
polymer was determined usigrian 500'H NMR.

6.2.6 Polyplexes Formation

Polyplexes of cationiblockstatisticalc o p o | y me-gakctosidase Iplasimid
were synthesized in opfEM or deionized water. Varying concentrations of
polymers were mixed with 1.2 ug of plasmid to obtain different polymer/plasmid
molar ratios. The mixture was slightly vortexed and was a@tbw complex for

30 minutes. The polyplexes formed were analyzed for their sizes (in OMEM, as
a function of time) and surface charge (in DI water) uSingpkhaven Zeta Plus
(zeta potential and particle size analyzer) instrument.

6.2.7 Agarose Gel Electrophoresis

The pol ypl exes -gadctositlager ptasndd were formuldbed in
OMEM at varying polymer/plasmid ratios, as described ab®tie. polyplexes
were loaded in 1% agarose gel containing 1pug/mL ethidium bromide in 1X tris

acetate/EDTA bufferThe gel wasun for 45 minutes at 130 V. The gel was
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illuminated with UV light andthe DNA bands were visualized using UV
transilluminator (Alpha Innotech; San Leandro, CA).

6.2.8 Stability of Polyplexes in Serum

The polyplexes were synthesized at different polyntesmid ratios, as
described above in OMEM. The complexes were allowed to stabilize for 30
minutes, followed by the addition of 10% FBS. The change in size of polyplexes
in the presence of serum proteins, as a function of time was studied using DLS
instrument.

6.2.9 Gene Expression in Hepatocytes

Hep G2 cells were grown in low glucose DMEM, supplemented with 10% FBS
and 1% antibiotic in humidified atmosphere, containing 5 % &@7 °C. Upon

80% confluency, cells were trypsinized using trypsin with EDTA amete
seeded in 24 well tissue culture plates at the density of 60,000 cells/well. The
cells were allowed to adhere overnight. The media was then removed and was
supplemented with OMEM or OMEM supplemented with 10% FBS. The
polyplexes formulated as dedmed above were added to the wells and the cells
were incubated for 4 hours in the presence of the polyplexes at 37 °C. The media
was then removed and was supplemented with fresh serum containing DMEM.
The cells were allowed to grow for another 48 hour® Gélls were then lysed
and wer e a n-galactosidase adtivty, using -trophenytb-D-
galactopyranosidase, as a substrate, according to previously established protocol.

[17]
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6.2.10 Gene Epression in Human Dermal Fibroblasts

Human dermal fibrobkts (CRL=2522) were maintained in low glucose DMEM,
supplemented with 10% FBS and 1% antibiotic, 5% ,C@ humidified
atmosphere. The cells in their passage 24 were trypsinized &@rid0c2lls/mL

were diluted and were seeded in 24 well tissue cultategl cells are at 70%
confluency in the well. The cells were allowed to adhere overnigloick
statisticalcopolymers based polyplexes were prepared at polymer/plasmid molar
ratio of 0.4, as described above. For BR$ed polyplexes, the complexes were
prepared at polymer/plasmid w/w ratio of 2.5. The media was removed and
serum free OMEM media was added in well, followed by the addition of
preformed complexes. The cells were incubated for 8 hours. The treatment was
then removed and fresh serum containingdia was added per well. The cells
were allowed to grow for another 48 hours followed by their lysis. The amount of

b-galactosidase was determined in terms of mU/mg, as described above.

6.2.11 Cellular Uptake of Polyplexes

Hep G2 cells were seeded in &4l tissue culture plate at cell density of 60,000
cells/well. The cells were allowed to adhere overnight at 37 °C, in humidified
atmosphere, and 5% GOThe polyplexes were formulated usi@g-3' labelled
plasmid at varying polymer/plasmid ratio¥he melia was replaced with
polyplexes containing media, and cells were incubated with polyplexes for 4
hours in the presence of serum proteins. The media was then replaced with fresh
serum containing media and cells were further incubated for 2 hours. The media

was then removed, and cells were washed with PBS, followed by their
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suspension in deionized water. The cells were lysed-b\r8eze thaw cycles

and centrifuged at 14,000 rpm for 10 minutes. The supernatant was detected for
the presence of C§' labeledplasmid using TECAN microplate reader. The
untreated cells were used at negative control. The amount of plasmid in
microgram was determined by the graph constructed using the fluorescence
intensity as a function of plasmid concentration. The fluoresceneasity of
polyplexes treated supernatant was normalized with fluorescence intensity of
untreated cells and final value was read from the graph, and was expressed in
terms of microgram of plasmid present in the sample.

6.2.12 Confocal Microscopy

Hep G2 ells were seeded in 6 well tissue culture plates containing glass cover
slips. The cells were allowed to adhere overnight at 37 °C, 5% 60O
humidified atmosphere. The cells were treated with fresh serum containing
media containing G%' labeled polyplexe as described above. The cells were
incubated for two hours. The media was removed and cells were allowed to
incubate for two hours in fresh serum containing media. The cells were washed
2X with PBS, and were fixed on glass cover slips using 3.7 wt. Ptafor. The

cells were rehydrated and were mounted on glass slides using 90% glyberol.
samples were analyzed using Fluoview FV10i Olympus confocal microscope
and samples were excited at 485 & 650 nm and were detected at 535 and 670

nm, for FITC and CyStabelled samples respectively, using 60X objective.
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6.2.13 Quantification of Cy -3' labeled DNA in Nucleus and

Cytoplasm

Hep G2 cells were seeded in 24 well tissue culture plates, as described above.
The cells were treated with € labeled polyplexes fofour hours in the
presence of serum proteins. The media was then replaced with fresh serum
containing media and cells were further incubated for two hours. The cells were
then wash with PBS and were suspended in ice cold hypotonic buffer (10mM
Hepes, pH 5; 2 mM MgCh; 25mM KCI) containing 1mM DTT and 1mM
PMSF. The cells were centrifuged at 2000 rpm for 10 minutes at 4 °C. The
supernatant was removed and pellet wasuspended in hypotonic buffer, and
cells were allowed to swell on ice for 10 minutese Tells were lysed on ice by
gentle strokes and were centrifuged at 1000 rpm for 10 minutes at 4 °C. The
pellet containing nuclei was collected, suspended in hypotonic buffer and was
probed for the presence of Gylabeled plasmid. Similarly, cytoplasnegtracts

of samples (supernatant) were collected and were probed for the presenee of Cy
3' labeled plasmid, as described above. The untreated cells were used as controls.
The percent fluorescence intensity in cytoplasm and nuclei of samples were
collectedfrom total normalized fluorescence intensity values of samples.

6.2.14. Toxicity Post -Transfection

Hep G2 cells and human dermal fibroblasts were seeded in 24 well tissue culture
plate, and were transfected with polyplexes under conditions used for gene
expression experiments. After 4 and 8 hours for H&p and fibroblasts

respectively, the media was replaced with fresh serum containing media and
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cells were allowed to grow for another 48 hours. 125 uL of MTT dye/well was
added, and cells were incubated fohours, followed by the addition of lysis

buffer. The plate was read at 570 nm using TECAN micro plate reader.

6.3 Results and Discussion

The ability to synthesize wetlefined and advanced gene delivery vectors with
novel architectures and composit®ohas allowed a better understanding of the
structureactivity relationship of those newiral gene delivery systeni8:9, 16

21, 2527] Major advances in the field of gene delivery have therefore been
made by careful engineering of the materials whickel@/ercome some of the
major drawbacks of previously studied vectdrs,19 Recently, we have
reported synthetic carbohydrate and phosphorylcholine basedimabivectors

of different architectures, molecular weights and composifibiid.9]. We have
shown that changes in those parameters can significantly affect their
performance in gene expressionvitro.  For instance, gene expression of
phosphorylcholindbased vectors is significantly lower than carbohydbased
carriers. Moreover, carbohydrabased statistical cationic polymers show
significant aggregation in the presence of serum proteins, as compared to their
diblock analogues. However, these block copolymers showed high toxicity post
transfection undein vitro conditions. Herein, we repoa novel architecture of
these polymers prepared by reversible addittagmentation chain transfer

polymerization (RAFT) process as depicted in schéife
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Scheme6-2. Synthesis of linear bloektatistical copolymers byAFT process

To design these cationic polymers of nobklck-statistical configurations, low
molecular weight homopolymers of GAPMA, LAEMA or MPC were first
synthesizedria RAFT polymerizationand subsequently used as macroCTA for
the copolymerization wit AEMA and GAPMA, LAEMA or MPC. The
resulting block-statistical copolymers were characterized by gel permeation
chromatography (GPC) for their molar masses which revealed to be between 14
40 kDa. (Supporting information Figure 2) The copolymers were als
characterized byH NMR to determine their compositions. These results are
summarized in Table6-1. (Supporting Information Figure $6). The
compositions of the statistical segment are carefully designed for better
performance in DNA condensation atyiland hence for high gene expression.
As shown in our previous reports, a higher amine to carbohydrate or MPC
content is necessary for optimal gene expresfiahl9

The polymers produced were studied for their DNA complexation by agarose gel

electrophoesis. The results obtained were consistent with previous studies, and
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showed that low polymer/plasmid ratios were required to complex plasmid DNA
for high molecular weight copolymers as compared to low molecular weight
copolymerd.1§|

Table 6-1. Molecular weights, molecular weight distributions, and compositions
of Dblockstatistical copolymers as determined from gel permeation

chromatography (GPC) ariti NMR.

Polymer Compositions M (kDa) Mu/M
P(AEMA_-stGAPMA ) 30 13
P(AEMA30-stMP Cy) 14 1.3
P(AEMA _-stGAPMA )-b-GAPMA, 1 28 1.4
P[(AEMA ,-stGAPMA_ )-b-GAPMA 4 40 1.4
P[(AEMA -StLAEMA )-b-LAEMA 20 1.3
P[(AEMA, -StLAEMA )-b-LAEMA 42 1.3
P[(MPC,-StAEMA  )-b-MPC 14 1.4
P[(MPC, -StAEMA _ )-b-MPC 26 1.5
P[(AEMA_-sStGAPMA _)-b-MPC, 1 34 1.5
PI(AEMA -stMPC, )-b-GAPMA 4 39 1.5

These molecular weight dependent DNA complexations were not affected by the
type of copolymer used, as GAPMA, LAEMA and MPC based copolymers
showed similar DNA condensation efficacies. (Suppgrtimformation Figure
S9S14) The formation of polyplexes usinglockstatistical copolymers is

depicted inschemes-3.
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Scheme6-3. Polyplexes formation using cationic blestatistical copolymers

As di s cus ghe Olocks & mlt i lynmers @pdduiced are of varying
molecular weights. The gene expression of the polymers is dependent on their
polymer/plasmid ratio, which in turn is dependent on their molecular weights. In
general, the polymers of high molecular weights and amine content show
optimum gene expression and vice versa. A range of polymer/plasmid ratios for
each polymer sample were studied to obtain optimum gene expression. The
polymer/plasmid ratios which showed high gene expression were then tested for
their net size and charges andlslity in the presence of serum containing
proteins. These results are depicted in figérg. All of these polyplexes
showed strong positive zeta potential values, in deionized water. The sizes of the
polyplexes in media were dependent on the moleautght of copolymers;

low molecular weight copolymers produced large polyplexes as compared to

high molecular weight copolymers. (Figug€.a)
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Figure 6-1. Dynamic light scattering (DLS) (in media) and zeta potential (in

deionized water) values of [yplexes formulated at varying polymer/plasmid

ratios (shown at the top of bars) (A). DLS analysis of aggregation of polyplexes
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formulated at varying polymer/plasmid ratios (shown at the top of bars) in serum
containing media as a function of time (B).

The statistical copolymers, although they can condense DNA efficiently, are
susceptible to aggregation over time in the presence of serum pfafins.
Polyplexes produced usirgock-statistical polymers is expected to show high
stability in serum containgh media due to the presence of carbohydrate/MPC
shell on the surface of the polyplexes hence preventing the aggregation of
polyplexes. The aggregation of these polyplexes is studied in the presence of
serum containing media over ah8ur time period. Astatistical cationic
glycopolymer, P(AEMA~stGAPMA4) and a phosphorylcholine based
cationic polymer P(AEMAx-stMPCzo) are used as a control to evaluate the
sizes ofblockstatistical polymers based polyplexes in comparisorstatistical
copolymers bagk polyplexes in serum containing media. The size of
P(AEMAg-stGAPMA,g) based polyplexes increase over time, due to the
aggregation of polyplexes in serum containing media and continue to increase
over a period of 120 minut¢$7] In contrast, allblockstatistical cationic
glycopolymers show no significant aggregation in serum containing media. The
polyplexes formulated with MPC based copolymers show better stability in
serum containing media than those formulated with carbohybdested
copolymers. (Figte 6-1b) These results are consistent with previous literature
where interactions of MPBased materials with serum proteins are studiéd.

It should be noted thdilockstatistical copolymers significantly improved the
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stability of both phosphorylcholemand carbohydrateased polymxes in high
serum conditions.

The gene expression of theSlck-statistical copolymers in the presence and
absence of serum proteins is then evaluated at varying polymer/plasmid ratios,
and is compared with statistical gbpolymer P(AEMA7-StGAPMA,g),
statistical MPGbased copolymer P(AEM#&-stMPCso) and branched PEI, as
controls. Diblock copolymers show low gene expression along withehigh
toxicity, as compared to their statistical analogues, possibly due to the high
density of amine in the cofd7] Therefore,blockstatistical copolymers are
designed with a statistical cationic segment which can condense DNA and is
significantly less toxic. The gene delivery efficacies of theleekstatistical
copolymers are studigd Hep G2 cells usinf-galactosidase assaly.is found

that carbohydratbased copolymers show high gene expression than the MPC
based analogues. The gene expression of GAPMA and LAEMA lidsed
statistical polymers was dependent upon their moleculaights. P[(AEMAs-
stGAPMA3g)-b-GAPMA 5] (M, = 28 kDa) based polyplexes showed higher
gene expression than P[(AEMAsStGAPMAz)-b-GAPMA;s]  based
polyplexes. In contrast, P[(AEMAStLAEMA 0)-b-LAEMA 15] based
polyplexes showed higher gene expressicm tR[(AEMAyg-StLAEMA 10)-b-
LAEMA 15] based polyplexes. (Figu@2) The low gene expression of the high
molecular weight GAPMA based copolymer P[(AEMAStGAPMA3,)-b-

GAPMA 5] is probably due to its high toxicity at high polymer/plasmid ratio.
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Figure 6-2. Transfection efficacies dblockstatistical copolymers in Hep G2
cells at wvarying pol ymer {gapdctasglase aksay, at i oS ,
in thepresence (*) and absence of serum.

MPC basedlockstatisticalpolymers efficiently condensed DNA and produced
strongly positive polyplexes of &70 nm in diameter, they showed poor gene
expression, at polymer/ plasmid ratios comparable to the carboépdised
analogues. However, the increase in polymer/plasmid ratio (polymer/plasmid
ratio of 5870) of these MPC based copolymers significantly improved their
gene expression, as compared to P(ARMBEMPC3g) based polyplexes (which
showed low gene exprasn, at all studied polymer/plasmid ratios and showed
high toxicity at high polymer/plasmid ratio). The several fold increase in
transfection efficacy of both carbohydrate and MPC basledk-statistical
polymers as compared to their statistical analogaed their superior stability
towards serum containing media, show the effect of architecture and design of
copolymers on gene expression.

Although, MPGbased blocistatistical copolymers based polyplexes showed
superior gene expression than their stiah$ analogues, the gene expression is
still low as compared to carbohydrates based polyplexes. The low adhesion of
proteins and living cells on MPC modified cationic surfaces is-statlied[4]

The low gene expression of MPC based copolymers may beiassbwith the

poor uptake of these complexes in hepatocytes. Two factors that may be
responsible for poor gene expression of MPC based copolymers are low

interaction of MPC based vectors with proteins and living cells, as well as poor
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DNA condensation fality of MPC basedstatistical polymers. [4,19 The
cellular uptake of these polyplexes has been studied in detailed and will be

discussed below.

==z Relative Fluorescence Intensity
-=— Amount of DNA (ug)
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