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Abstract

Gene therapy is an attractive treatment option for diseases of genetic origin, including several
cancers and cardiovascular diseases. While viruses are effective vectors for delivering exogenous
genes to cells, concerns related to insertional mutagenesis, immunogenicity, lack of tropism, decay
and high production costs necessitate the discovery of non-viral methods. Significant efforts have
been focused on cationic polymers as non-viral alternatives for gene delivery. Recent studies have
employed combinatorial syntheses and parallel screening methods for enhancing the efficacy of
gene delivery, biocompatibility of the delivery vehicle, and overcoming cellular level barriers as
they relate to polymer-mediated transgene uptake, transport, transcription, and expression. This
review summarizes and discusses recent advances in combinatorial syntheses and parallel
screening of cationic polymer libraries for the discovery of efficient and safe gene delivery
systems.
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INTRODUCTION

Gene therapy is an attractive therapeutic option in order to correct disease at the genetic
level by either replacing abnormal genes using exogenous DNA or transiently delivering
DNA resulting in the expression of a therapeutically active protein [1-7]. Several strategies
using both, viral and non-viral delivery vectors, have been widely employed in order to
transfer exogenous genetic material to host cells. Viral vectors include genetically altered
retroviruses, lentiviruses, adenoviruses and adeno-associated viruses and have traditionally
demonstrated high efficiencies for transgene delivery and expression [8-11]. However,
limitations related to immunogenicity, reduced efficacies due to neutralizing antibodies
during repeated administration, safety, insertional mutagenesis into the host genome,
inflammatory responses, and issues pertaining to scale up of production and purification
with viral vectors, necessitate an increasing focus on effective and safe non-viral vectors.
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Polymers are synthetic gene delivery vectors which possess the ability to deliver genetic
material to target cells [3, 4, 12, 13]. Cationic polymers neutralize the negative charge on
plasmid DNA resulting in the formation of nanoscale polymer-DNA complexes
(polyplexes). However, a variety of complex biological barriers including those in the
extracellular body fluid, extracellular matrix (ECM), and at the cellular level (cellular entry,
escape from endo-lysosomal vesicles, cytoplasmic trafficking, DNA unpackaging, and
nuclear translocation of the therapeutic DNA, transcription, and translation) limit the
transgene expression efficacy associated with polymeric delivery vectors. While viruses
have evolved over millions of years for delivering exogenous material to cells, polymeric
vectors have only been recently explored for transgene delivery. This limitation associated
with polymeric vectors, can be somewhat overcome by designing and synthesizing large sets
of these compounds and screening them in parallel for transgene delivery. High-throughput
screening techniques have been widely employed in the pharmaceutical industry for
facilitating the rapid evaluation of small molecule drugs leading to the identification of
novel therapeutic candidates [14-19]. Combinatorial chemistry and parallel screening
techniques have recently evolved as attractive options for rapidly generating polymer
libraries consisting of candidates that possess a wide range of physicochemical diversities.
This review outlines the high-throughput screening and combinatorial approaches for the
synthesis of polymers for transgene delivery; small-to-medium sized libraries and
derivatives based on poly(ethylenimine), poly--amino esters, branched polyaminoesters,
polymethacrylate, cyclodextrin, chitosan, dendrimers, polysaccharide-based polymers and
polydisulfide amines, and miscellaneous polyamines will be discussed.

POLYETHYLENE IMINE (pEl)

Polyethylene imine or pEl is traditionally considered as the gold standard for polymer-
mediated transgene gene delivery, since it was one of the earliest polymers identified to
possess high transfection efficacies [20, 21]. This activity is attributed to the ‘proton sponge’
effect, in which, partially protonated polycations absorb protons transported into
intracellular endocytic vesicles by the ATPase proton pump. This leads to an accompanying
influx of chloride ions to the vesicles resulting in osmotic swelling and rupture of the
endocytic vesicles [21]. The ability of pEl to destabilize lysosomal membranes enables pEl-
DNA complexes (polyplexes) to escape subsequent degradation in acidic endolysosomal
vesicles. Further trafficking through the cytoplasm and nuclear import of the delivered DNA
result in high transgene expression in a variety of cell lines [22—26]. Different lengths,
molecular weights, and morphologies (branchned and linear) of the polymer are
commercially available. It has been demonstrated that low molecular weight (2kDa) pEl is
less efficient for transgene expression than the branched high molecular weight (750kDa)
pEl. However, polymer cytotoxicity was also found to increase with increasing molecular
weights[27]. The dose-dependent toxicity associated with pEI limits the application of the
polymer in vivo due to the high concentrations that are typically required for expression of
therapeutic transgenes.

Combinatorial approaches have been employed to optimize the transgene expression
efficacy and toxicity of pEI for transgene delivery. Thomas et al. developed a library of 144
pEIl polymer derivatives by crosslinking either 423Da linear pEl or a pEIl polymer mixture
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of 423Da linear and 1.8kDa branched pEls (1:1 w/w ratio) with twenty four bi- and
oligoacrylate esters (Figure 1) at three pEl:acrylate molar ratios of 10.5:1, 21:1 and 42:1
[28]. Cross-linked pEI derivatives were employed to transfect COS-7 monkey kidney cells
with plasmid DNA (pDNA) containing a transgene expression 3-galactosidase at
nitrogen:phosphate (N:P) ratios varying from 10 to 20. The highest luciferase expression
was found with 423Da pEI cross-linked with tricyclo-5.2.1.0-decane-dimethanol diacrylate
at an N:P ratio of 20:1 showing 3670-fold enhancement than the non-crosslinked pEI. The
relative transfection efficiency of this polymer was moderately (two-fold) higher than 22kDa
linear pEl; molecular weights of the cross-linked polymers were not reported in the study.
Eight polymers, derived from crosslinking pEl polymer mixture (1:1 weight ratio of 423Da
linear pEl and 1.8kDa branched pEIl) and diacrylates, demonstrated up to 850-fold
enhancement in transgene expression compared to their parent polymer mixture at
nitrogen:phosphate (N:P) ratio of 20:1. Retroorbital administration of the polyplexes,
generated from the five most effective polymers and DNA containing luciferase gene, into
6-8 week old Black Swiss male mice resulted in preferential accumulation of the polyplexes
in the lungs (1-5x10° RLU/mg) followed by spleen, liver, heart and kidney, indicating the
potential use of these polymers in therapeutic gene delivery for lung cancer. Van Vliet et al.
investigated functional modalities of branched 25kDa pEI (pEI-25) by functionalizing the
primary, secondary or tertiary amines of the polymer by methylation, benzylation and n-
dodecylations [29]. A library of 435 polymers was evaluated in a high-throughput microwell
format for DNA binding activity, toxicity and transgene expression efficacy; CHO-K1
(chinese hamster ovary) cells were transfected with an enhanced green fluorescent protein
(EGFP) reporter gene in order to evaluate transgene expression. Three of the most
efficacious pEI derivatives resulted in 19-28% enhanced green fluorescent protein positive
(EGFP+) cells at an N:P ratio of 10:1 with negligible toxicities (=97% cell viability), while
jet pEI, Lipofectamine and unmodified pEI-25 expressed ~30, 10-20 and 0.3% EGFP+
cells, respectively.

POLY-B-AMINO ESTERS (PBAES)

PBAEs are promising gene delivery vectors because of the presence of hydrolytically
degradable ester groups in the building blocks of the polymers, low cytotoxicities and an
enormous structural diversity [30, 31]. Anderson et al. synthesized a library of 2350
structurally different PBAEs in a semi-automated fashion by employing 94 different amine
monomers and 25 diacrylate monomers [32]. Parallel screening of the polymer library for
luciferase expression following transgene delivery to COS-7 cells resulted in forty six
polymers that showed luciferase expression levels as high as or better than that demonstrated
by pEI-25. In subsequent studies, 486 polymers were re-synthesized at a larger scale than
the previous micro-scale synthesis in order to examine the effects of molecular weights of
the polymers on their transfection efficiencies [33]. Transfection of COS-7 cells indicated
that polymers with molecular weights between 10-61kDa showed the highest transfection
levels.

Three polymers from the library, C32, JJ28 and C28, derived from reactions between amino
alcohols (5-amino-1-pentanol (32); 4-amino-1-butanol (28)) and diacrylate monomers (1,4-
butanediol diacrylate (C); 1,5-pentanediol diacrylate (JJ)) demonstrated the highest
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transfection efficacies (Figure 2) and were found to be structurally similar while differing
from each other by only one carbon in their repeating units. Green et al. studied the effect of
several parameters including PBAE polymer type, polymer molecular weights, amount of
DNA loading, and size, -potential, and temporal stability of polymer:DNA complexes on
the transfection efficacy in human umbilical vein endothelial cells (HUVECS) [34]. It was
found that C32, JJ32 and C28 polymers formed complexes with pDNA (encoding the GFP
protein) in the size range of ~190-230nm with -potentials ranging from -6 to —14mV in
serum-containing media. GFP expression was observed in 25-47% cells (GFP+ cells) after
48h of transfection [34]. The best performing polymer (C32) was then coated with Arg-Gly-
Asp (RGD) peptide through electrostatic polymer-ligand self-assembly in order to target
integrin receptors that are overexpressed in many tumor cells [35]. The C32-RGD ligand
delivered GFP gene demonstrated approximately 50% GFP+ cells in HUVECSs in presence
of serum. Following these in vitro studies, the C32 polymer was then used to deliver a
suicide gene encoding diphtheria toxin into prostate cancer xenografts in 8-week old nu/nu
male mice [36] and 8-16 week old TRAMP mice [37]. Intratumoral injections of the C32-
diphtheria toxin polyplexes suppressed tumor growth in 40% of the nu/nu mice [36],
whereas delivery to intraprostate tumors induced apoptosis in 80% of the tumor cells at the
site of injection in the TRAMP mice [37] .

Further studies [38] resulted in the development of a library of end-modified C32 polymers
using 36 different amine group containing small molecules as end-capping reagents (Figure
3) [38, 39]. End-group modifications of the C32 polymer with amines enhanced its DNA
binding affinities; highest efficacies were seen with moieties that contained a three-carbon
spacer between amine end groups (>N-CH2-CH2-CH2-NH2) [38, 39]. Five of these amine
modified C32 polymers (named C32-102, —116, —86, —123 and —87) at a polymer:DNA
weight ratio of 100:1 exhibited higher luciferase expression levels (1.2x10°RLU) than those
of both unmodified C32 (9x10%RLU) and pEI-25 (5%10*RLU). One polymer, C32-108,
demonstrated same levels of luciferase expression as unmodified C32 at much lower
polymer:DNA ratio (20:1 w/w) than that (100:1) required for the unmodified C32 [38].
Intraperitoneal delivery of polyplexes using nine selected polymers into six-week-old FVB/J
male mice indicated that four polymers (C32-103, —116, —117 and —122) resulted in 4 to
12-fold and 15 to 42-fold higher luciferase expression (5x10’photons/sec) than that
demonstrated by unmodified C32 and pEI-25 polymers, respectively. Structural
modifications of the polymers also altered their biodistribution profiles; ten-fold higher
accumulation of these polymers was observed in the lungs compared to that seen with
unmodified C32. In a different study, a library of 60 polymer derivatives was further
generated by modifying the di-amine end-groups of C32 polymer [39]. Polymers with
variations in their terminal amines were evaluated with HelLa (cervical cancer cell line),
HepG2 (hepatocellular carcinoma cell line) and DC 2.4 (bone marrow derived dendritic
cells) cells, in addition to HUVECs, hMSC (human mesenchymal stem cells) and COS-7
cells, in presence of serum. Five lead polymers (named C32-117, —221, -213, -227 and
-228) showed 75-90% GFP+ cells in these six different cell types. The end-group modified
C32-117 polymer demonstrated 70% GFP+ cells in HUVECs using 100:1 polymer:DNA
weight ratio while pEI-25 exhibited ~1.5%, and adenoviral MOl titers of 100 and 500
expressed approximately 75 and 90% GFP+ cells, respectively [40]. Intraperitoneal injection
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of polyplexes using the modified polymer C32-117 into MISIIR/TAg female transgenic
mice containing ovarian tumors exhibited two-orders of magnitude higher luciferase
expression (107 photons/sec) than those (10° photons/sec) in mice injected with polyplexes
using the unmodified C32 polymer. Plasmid DNA coding for luciferase protein were used in
these studies[40]. The C32-117 polymer also demonstrated moderate levels of GFP
expression (approximately 22% GFP+ cells) in undifferentiated human embryonic stem cells
(hESC), indicating that transfection efficiency of the terminal group modified C32 polymer
was also dependent on the cell line employed [41]

BRANCHED POLY(AMINO ESTER) (PAE)

The lead PBAE polymers described in the previous section are linear PAES in which tertiary
amines remain in the backbones of the polymer structures with hydroxyl ion side chains and
primary amine end groups [30, 31, 42]. Branched PAESs containing tertiary amines in the
core and primary/ secondary amines at the periphery have also been investigated as gene
delivery carriers [43, 44]. The tertiary amines within the branched PAEs provide endosome-
buffering activity similar to that with pEl and the primary amines with hydroxyl end-groups
increase binding capacities with DNA or any ligand [44]. However, insoluble polymer
formation during the synthesis of the branched PAEs and their short half-life of less than
thirty minutes in vivo can be of significant concern. Kim et al. employed a library-like
approach to identify biodegradable cross-linked PAE vectors at different monomer
compositions, temperature gradients and optimum pressure that avoided gel formation of the
polymers during the polymerization reactions resulting in excellent solubility in both
aqueous condition and organic solvents such as DMF, DMSO etc. [44] . The network-type
polymers, nt-PAE were synthesized from two types of monomers containing methyl ester
groups in one type and hydroxyl groups in another. The synthesis temperature was increased
from 80 to 120°C gradually to avoid any loss of monomers and then maintained at a
pressure of 70 cm Hg to obtain average molecular weights of 10-25kDa. Lysine and
aminohexanoic acid was used to conjugate primary amines to the hydroxyl groups of the
polymers in order to enhance the DNA binding efficacy of the polymers. The amine
concentration of the polymer that demonstrated the highest transfection efficacy was four
times lower than in pEI-25, indicating lower toxicity of the lead nt-PAE. Concomitantly, the
N:P ratios (18:1 and 36:1) at which nt-PAE demonstrated the highest transfection
efficiencies were indeed higher than that in case of pEI-25(8:1).

Jere et al. evaluated a mini polymer library of sixteen PAE polymers, composed of PEG and
aminosilane. Six different polymer:DNA weight ratios were tested for each of these
polymers for transgene expression efficacy in 293T and HeLa cells [45]. The polymers were
synthesized using Michael’s addition reaction between amine-containing y-aminopropyl-
triethoxysilane (APES) and polyethylene glycol diacrylate (PEGDA; 258Da) at different
mole ratios in which the APES was linked to PEGDA by hydrolysable ester linkages. The
lead polymers named sequentially from R117 to R121 contained APES:PEGDA mole ratios
from 4:1 to 6:1, exhibited higher luciferase transgene expression (in the range of
1x10°05x108 and 1x10°-5x10°RLU/mg in absence and presence of serum, respectively)
but lower cytotoxicities (>70% cell viability) than pEI-25 (1x10%-2x106 and 1x10%-
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7x10%RLU/mg in absence and presence of serum, respectively with <50% cell viability) and
lipofectamine standards at polymer:DNA weight ratios of 40, 60 and 90.

POLYMETHACRYLATES

Polymethacrylates are a class of materials that are used in several commercial applications
due to their wide range of properties. Polymethacrylate derivatives have been commonly
used in biomedical devices utilized for restorative dental composites, bone cement, and
contact lenses [46]. One feature that allows the wide range of properties in
polymethacrylates is the fact that a single methacrylic repeat unit is capable of having a wide
range of functional pendant ester groups incorporated to them. In addition, the ease of
synthesis of either homo-, co-, and terpolymers via free radical polymerization and the
combining of repeat units with different functionalities, further allows for changes in
material properties [46].

Several studies have explored small sets of polymethacrylate derivatives and their ability to
form polyplexes with DNA, for transgene delivery and expression [47]. Poly(2-
(dimethylamino)ethyl methacrylate), or p(DMAEMA), has been demonstrated to bind and
form polyplexes with DNA, resulting in transgene expression [48]. In a study carried out by
van de Wetering et al. a small library of methacrylate/methacrylide polymers with structures
similar to that of p(DMAEMA) was synthesized in order to further test transfection efficacy
based on structural differences [47]. In this study, either side chains or functional groups of
the p(DMAEMA) monomer were replaced with different side chains or functional groups to
form six synthetic monomers (Figure 4). Polymers were then generated via radical
polymerization and used for transfection in vitro. It was found that even with significant
differences in structure, the polymers resulted in the formation of polyplexes with similar
particle sizes as well as {-potentials compared to those with p(DMAEMA). It was also
observed that the p(DMAEMA\) analogues were 3-9 fold less cytotoxic than p(DMAEMA)
itself. However, it was found that the transfection efficacies of the polymer analogues were
5-400 fold lower than that of p(DMAEMA\). Thus, in this study, it was concluded that
though the difference in structure may not affect the polyplex formation, it can still greatly
affect both cytotoxicity as well as transfection potential.

It has been reported that the inclusion of hydroxyl groups in polycations results in a decrease
in cytotoxicity as well as an increase in transgene expression (55). Ma et al. synthesized a
small library of four polymethacrylate polymers, poly(aminoethyl methacrylate) (PAEMA),
poly(3-amino-2-hydroxypropyl methacrylate) (PAHPMA), poly(2-(2-aminoethylamino
ethyl methacrylate) (PAEAEMA), and Poly(3(-2-aminoethlamino) 2-hydroxylpropyl
methacrylate (PAEAHPMA) (Figure 5 (i)) in order to evaluate the effect of hydroxyl groups
on DNA binding, transgene delivery, and cytotoxicities of polymeric vectors [49]. Atom
transfer radical polymerization (ATRP) was used to polymerize glycidyl methacrylate
(GMA), N-tert-butoxycarbonyl-aminoethyl methacrylate (Boc-AEMA) and, N,N’-di-(tert-
butoxycarbonyl)-2-(2-aminoethylamino)ethyl methacrylate (Boc-AEAEMA) in order to
obtain polymers with similar degrees of polymerization. The polymers were further
characterized with nuclear magnetic resonance (NMR), Fourier transform infrared (FT-IR)
spectronomy and gel permeation chromotography (GPC). Heparin displacement assay was
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employed to demonstrate that hydroxyl groups on the side chains of PAHPMA may
facilitate DNA binding; however, data from a gel retardation study indicated that when
hydroxylated polymers were used there was no apparent difference in DNA binding
compared to polymers without hydroxyl groups. Polymers with hydroxy! groups on the side
chains, PAHPMA and PAEAHPMA, exhibited both, lower zeta potentials as well as lower
cytotoxicities when compared to similar polymers (PAEMA and PAEAEMA) that did not
possess these hydroxyl groups. It was found that PAHPMA polyplexes possessed lower
transfection efficacies than PAEMA polyplexes in the absence of serum, whereas
PAEAHPMA and PAEAEMA polyplexes possessed similar transfection efficacies (Figure 5
(ii)). However, in the presence of serum, both and PAHPMA and PAEAHPMA retained
similar transfection efficacies as that observed in the absence of serum while PAEMA and
PAEAEMA showed slightly lower efficacies. Thus, it was found that introduction of
hydroxyl groups may result in lower gene transfection efficacies due to the formation of a
polyplex with a lower zeta potential and stronger DNA binding via of hydrogen bonding.
Due to lower zeta potentials, a shielding effect may occur, in which hydroxyl groups can
shield polyplexes from the serum proteins, leading to reduced interactions of the polyplexes
with molecules in the medium. Thus, this shielding effect may allow for maintained
transfection efficacies due to limited interactions between serum proteins and
polyplexes[49].

Dubruel et al. evaluated the physicochemical and biological properties of cationic
polymethalcrylates possessing functional side groups of varied pK, values to be used as
vectors for gene delivery. These side groups consisted of tertiary amines, pyridine and,
imidazole groups in addition to methacrylic acid acting as an acid group These groups were
chosen in order to mirror the buffering / protonation states of pEl which allow it to act as a
“proton sponge” during transgene delivery [50]. A library of polymers was synthesized
consisting of PDMAEMA at molecular weights of 93, 110, 166 and 201kDa,

P(DMAEMA g»>-c0-MA 1g) at 108 kDa, P(DMAEMA g5-c0-MA 35) at 316 kDa,
P(DMAEMA g-co-HENIMA 1) at 140 kDa, P(DMAEMA gg-co-HENIMA( 11) at 164
kDa, P(DMAEMA g4-co-HYMIMMA o¢) at 99.5 kDa, P(DMAEMA; gg-CO-
HYMIMMA 1,) at 72 kDa, and P(DMAEMA g1-co-HYMIMMA 19) at 54 kDa. Synthesis
was carried out via radical polymerization of a set of co-monomers (Figure 6) [51]. Minor
modifications in either the chemical composition or the molecular weight could cause major
differences on the DNA condensation abilities of the polymers. Of the polymers tested, only
the tertiary amine-containing PDMAEMA (molecular weight of 201kDa) possessed
transfection efficacies similar to that of pEI-25 and remained non-toxic to the monkey
kidney fibroblast Cos-1 cell line. Polymers with imidazole and pyridine groups or the acid
groups were unable to transfect the Cos-1 cells, although they were less cytotoxic than
PDMAEMA. Thus, the tertiary amine-containing polymer showed successful transfection
when compared to those with the other side groups[50]. A later study demonstrated
polymers with imidazole and acid group side chains were taken up by cells via endocytosis,
but were slowly released from the acidic vesicles. Thus, not only the buffering properties of
the different side chain on the polymethacrylates, but also the kinetics of endosomal release
may influence successful transgene delivery and expression[52].

Comb Chem High Throughput Screen. Author manuscript; available in PMC 2015 January 14.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Barua et al. Page 8

CYCLODEXTRIN (CD)-BASED POLYMERS

Cyclodextrins (CD) are natural cyclic oligosaccharides composed of 6, 7 or 8 glucose units
(called a-, B-, or y-CD, respectively) and have been explored for transgene delivery [53].
However, most studies with these polymers have focused on the development of relatively
small sets of derivatives, rather than on library / combinatorial approaches. Davis and co-
workers[54] developed polymers based on B-cyclodextrin grafted with linear and branched
poly(ethyleneimines) for transgene delivery both, in vitro and in vivo. The transfection
efficiency of these agents was dependent on the degree of p-cyclodextrin grafting; increased
degree of grafting resulting in reduced transfection efficacies. It is possible that the pKa of
amines in pEl was influenced by CD grafting resulting in reduced protonation and buffering
effect in the endosomal compartment. However, increased CD grafting resulted in reduced
cytotoxicities of the resulting polymers.

Gonzalez et al.[53] developed three -cyclodextrin-based linear cationic polymers by
condensation of two comonomers (A and B) namely, diamino CD monomer (A) and
diimidate comonomer (B). The transfection efficiency of the 3-CD-based polymers was
comparable to that of pEI-25 and no mortalities in mice were reported after single
intravenous (i.v.) and intraperitoneal (i.p.) doses as high as 200 mg/kg. Yang et al. [55]
synthesized a small library of four cationic a-CD-oligoethyleneimine (OEI) star polymers
by conjugating multiple linear or branched OEI arms onto an a-cyclodextrin core (Figure 7).
The molecular structures of the a-CD-OEI star polymers formed complexes with plasmid
DNA at N/P ratios from 8-30 where the sizes of the complexes ranged from 100-200 nm in
diameter. The polymers showed excellent gene transfection efficiency in HEK293 and
COS-7 cells but lower cytotoxicity than that of pEI-25. The LDsq values (50% cell growth
inhibition) of the a-CD-OEI polymers were in the range of 88-560ug/ml in HEK293 and
COS-7 cells, while the value for pEI-25 was only 12pg/ml in both cell lines. The OEI chain
lengths had significant effect on transfection efficacy of the a-CD-OEI polymers by
enhancing gene expression with the increase in OEI arm chain length. Increased OEI arm
chain length increased the number of primary amines in the star polymers resulting in
enhanced binding ability with plasmid DNA and stability of the polyplexes that led to
enhanced transfection efficiency. Further studies by Yang et al. [56] focused on the
development of four supramolecular cationic polyrotaxanes to enhance transgene delivery.
In this study, eight OEI-grafted a-CD rings were threaded over reverse pluronic
poly(propylene oxide)-poly(ethylene oxide)-poly(propylene oxide) (PPO-PEO-PPO)
amphiphilic triblock copolymer that enabled the a-CD rings to rotate freely along the
polymeric chains, enhanced interactions between DNA and polyrotaxanes, and thus led to
high transfection efficiencies. These polymers exhibited lower cytotoxicity compared to
those of pEI-25 as can be predicted from their LD50 values. The LDsg values of the cationic
polyrotaxanes were in between 55 and 155ug/ml, while it was 25ug/ml for pEI-25. Cationic
polyrotaxanes with longer OEI chains and at an N/P ratio of 30 exhibited higher gene
transfection efficiencies but lower cytotoxicity than pEI-25 in HEK293 cells.

Li et al.[57] developed four cationic B-cyclodextrin-based star-shaped polymers using ATRP
reactions. These polymers, containing primary amines, tertiary amines and quaternary
ammonium groups, condensed pCMV-Luc plasmid DNA to 80-180 nm sized particles. The
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polymers with primary and tertiary amino groups exhibited higher cell transfection
efficacies in CHSE-214 (chinook salmon embryo) cells than the polymers containing
quaternary ammonium groups. Srinivasachari et al. [58] developed five polycationic a-
cyclodextrin “click clusters” by linking a per-azido-a-cyclodextrin core moiety to
oligoethyleneamine dendrons. These click clusters formed stable complexes with pDNA at
N/P ratio 5. Sizes of the polyplexes ranged from 80-130 nm and their zeta potentials ranged
from 0 to 25mV. Transfection efficiencies of the polymers depended on the number of
oligoethyleneamines in the cluster. Polymers with higher number of oligoethyleneamines
showed higher gene transfection efficiencies, presumably due to increased number of
amines in the cluster. These polymers were able to effectively deliver Cy5-labeled pDNA
and pDNA encoding the luciferase reporter protein into HeLa and H9c2 cells with minimal
toxicity (>75% cell viability without any damage in the cell membrane).

Cryan et al. [59] synthesized seven polycationic cyclodextrins with pyridylamino,
alkylimidazole, methoxyethylamino groups by the modification of the hydroxyl group
attached to the 6! carbon atom of the glucose unit in the cyclodextrins. Among the
synthesized polycationic derivatives, heptakispyridylamino functionalized cyclodextrin
exhibited 4000-fold higher transfection levels than the uncomplexed (naked) DNA. Pun et
al. [60] developed seven B-CD-linear (IpEl; 25kDa) and branched pEl (bpEl; 25kDa)
derivatives with varying degree of CD grafting onto pEl polymers that were further
modified by PEGylation using admantane-PEG (AD-PEG)moieties in order to increase the
stability of polymer:DNA complexes in 150mM Salt concentration. The CD-grafted IpEI
(CD-IpEl) and bPEI (CD-bpEl) polyplexes exhibited approximately 25 and 15% EGFP
expressing cells in in vitro PC3 cells while the expression levels were ~15, 15, 10 and 2%
using the ungrafted IpEI-25, bpEl, and CD-IpEI with AD-PEG (CD-IpEI+AD-PEG) and
(CD-bpEI+AD-PEG), respectively. Taking into account the advantages of reduced
cytotoxicity, polyplex stability in physiological salt concentration and comparable
transfection efficiency of the (CD-IpEI+AD-PEG) polymers with that of CD-IpEl,
polyplexes of (CD-IpEI+AD-PEG) formulated with 120ug pDNA were administered via tail
vein injection into female Balb/c mice containing PC3 xenografts. The polyplexes
accumulated mostly in the liver and also demonstrated detectable gene expression in the
organ.

Reineke et al. [61] synthesized seven amidine-based polycations containing the monomers
of hexamethylenediamine, D-trehalose and B-cyclodextrin to study the effects of the
carbohydrate size (trehalose vs. p-CD) and its distance from the cationic amidine groups on
gene transfection efficiencies and cytotoxicities. Among the polyamidines, the
hexamethylenediamine derivative (AP1), which did not have any carbohydrate moiety,
demonstrated the lowest transfection efficiency with a concomitant high degree of cell death
(IC50=6.6uM) in BHK-21 (Syrian hamster kidney fibroblast) cells. Addition of carbohydrate
moieties to the polycation backbone not only improved gene expression levels (108108
RLU/mg) but decreased the cytotoxicities (IC5p=23uM-1.1mM) drastically. Decreasing the
length of DNA binding centers (cationic groups) from the carbohydrate moieties resulted in
reduced toxicities of the polymers. Polymers containing 3-CD showed the highest luciferase
expression with minimal toxicities in BHK-21 cells.
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CHITOSAN (CS)

Chitosan, a naturally occurring cationic polysaccharide is an attractive candidate for gene
delivery because of its several advantages, such as biocompatibility, biodegradability and
low toxicity [63, 64]. Mumper et al.[65] introduced chitosan as a non-viral vector for gene
delivery. The primary amine groups of chitosan can readily form complexes with negatively
charged nucleotides in plasmid DNA by means of electrostatic interactions. Combinatorial-
based approaches have not been extensively investigated with chitosan; most studies have
focused on a limited set of derivatives. The binding affinities of chitosan derivatives for
DNA are dependent on several factors, including molecular weights, degree of
deacetylation, N/P ratio, and plasmid concentration [66-69]. Although chitosan possesses
several inherent advantages including biocompatibility, biodegradability and low toxicity,
properties like poor solubility, low transfection efficiencies, and low cell specificities limit
their potential as gene delivery carriers. To improve the solubility and transfection efficiency
of chitosan, Zhang et al.[70] developed PEGylated chitosan that exhibited higher
transfection efficiency than the CS-DNA complexes in HepG2 (hepatocellular carcinoma)
cells both in vitro and in vivo.

Jiang et al.[62] prepared chitosan grafted-polyethylenimine (CS-g-pEl) copolymers
involving an imine reaction between the ketones of periodate-oxidized chitosan and amines
of pEI-25 polymers (Figure 8). These copolymers exhibited low cytotoxicity compared to
the pEI-25. The CS-g-pEI/DNA complex showed higher transfection efficiency than pEI-25
in HelLa, 293T and HepG2 cell lines. Lu et al.[71] developed a small library of twelve N-
maleated chitosan grafted oligoamine (NMC-g-OEIl) conjugates by altering the oligoamine
side chain and molecular weights. The grafted polymers were synthesized by the Michael
addition of N-maleated chitosan with diethylenetriamine (DETA), triethylenetetramine
(TETA), tetraethylenepentamine (TEPA) and IpEI. At conjugate/DNA weight ratios from 5—
11, the polymers condensed plasmid DNA in a size range of 200-500nm. Transfection
studies using the EGFP or luciferase reporter genes showed that NMC(10kDa)-g-pEl
(423Da) had higher transfection efficiencies than the unconjugated chitosan and similar
efficacy (luciferase expression levels 108-10% RLU/mg) but lower cytotoxicity (~85% cell
viability) than that of pEI-25 (~70% cell viability) in presence of serum (10%) in 293T and
Hela cells.

DENDRIMERS

Dendrimers are synthetic, hydrophilic branched polymers with positively charged terminal
groups, typically characterized by spherical symmetry [72]. The positively charged groups
can bind DNA or antisense oligonucleotides [73, 74] like many other cationic polymers, and
are termed as dendriplexes similar to lipoplexes and polyplexes [72]. Dendrimer derivatives
have been generated in order to help them overcome cellular obstacles including
intracellular internalization through nanoscale hole formation in plasma membranes as
induced by cationic dendrimers [75, 76]. Russ et al. synthesized twelve cationic dendrimers
containing branched 800 Da oligoethyleneimine (OEIl) in the core linked by oligoamines in
the surface of the polymers [77]. The dendrimers exhibited lower toxicites and similar levels
of reporter gene expression compared to 22kDa linear and 25kDa branched pEI in Neuro2A

Comb Chem High Throughput Screen. Author manuscript; available in PMC 2015 January 14.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Barua et al. Page 11

neuroblastoma cells. The results were consistent in male A/J mice studies following
intravenous tail-vein injection; significantly lower accumulation (15000-fold) of the
dendriplexes was observed in the lung compared to 22kDa linear pEl. A small set of seven
dendrimers was built for gene delivery based on proline branching units by Sanclimens et al.
[78]. Second-generation dendrimers were synthesized using two imidazoline-2-carboxylic
acid groups and surface-functionalized with PEG. One candidate dendrimer containing
arginine residues at its C-terminal surface showed appreciable DNA binding ability,
transport of the dendriplexes, accumulation inside cell nucleus and high GFP expression in
epithelial HelL a cells.

POLYSACCHARIDE-BASED POLYMERS AND POLYDISULFIDE AMINES

Polysaccharide-based cationic polymers are promising gene delivery polymers due to their
high aqueous solubilities and low immunogenicities [79, 80]. Schizophyllan (SPG), a fungus
produced extracellular polysaccharide, is a 3-(1,3)-glucan binding with glucose side chains
via B-(1,6)-glycoside. Schizophyllan has been used as an adjunctive gynecological cancer
treatment agent [81, 82] and its oligoamine derivatives have also been investigated for gene
delivery by Nagasaki et al. [83]. In 2004, Nagasaki et al. developed a set of eleven
schizophyllan-based oligoamine polymers; the oligoamines included ethanolamine (AE),
spermidine (SPD), spermine (SP), and N,N’-bis(3-aminopropyl)-1,3-propanediamine
(APPD) (Figure 9). The oligoamines were introduced only at the side chain by periodate
oxidation and reductive amination. Amine-conjugated schizophyllan derivatives
demonstrated a maximal 4.5 fold higher transfection efficiency in vitro than amine-
conjugated dextran derivatives (~ 9x10° RLU/mg), and was suggested to be best suited for
long-term expression based on the slow degrading characteristic of the $-(1,3)-glucan.
Among all schizophyllan derivatives at the molecular weight of 34kDa, schizophyllan
conjugated with APPD oligoamine has the highest in vitro transfection efficacy (~
5x10°RLU/mg), higher than that of pEI-25 (~ 1x10°RLU/mg). However, APPD-conjugated
schizophyllan derivative (34kDa) was more toxic (~ 70% cell viabilty) than pEI-25 (100%
viable cells) under similar conditions. Higher molecular weight schizophyllan derivatives
(80kDa) demonstrated higher transfection efficacies (~ 10°RLU/mg protein), but exhibited
higher toxicities (60% cell viability) as well. PEGylation of schizophyllan derivatives
resulted in a 30% improvement in their cytotoxicity performance (100% cell viability), but
resulted in reduced transfection efficacies (1x10°RLU/mg protein). Thus, a balance between
the degree of PEG conjugation and molecular weight of schizophyllan derivatives is critical
for high transfection efficacies, low toxicities and long-term gene expression.

Liu et al. described the role of the number of amine units in polymers by developing a
library of twelve poly(glycoamido)amines [84]. The polymers were synthesized using the
poly-condensation reactions of carbohydrates with secondary amines, tested for cytotoxicity
and characterized for their abilities to bind, and deliver pDNA to BHK-21 human cervical
adenocarcinoma, HeLa human cervix adenocarcinoma, and HepG2 liver carcinoma cells.
Three polymers, poly(D-glucaramidopentaethylenetetramine) (D4),
poly(galactaramidopentaethylenetetramine) (G4) and poly(D-
mannaramidopentaethylenetetramine) (M4), which had four secondary amines between the
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carbohydrates formed complexes with DNA in the size range of 110-180nm and showed
high luciferase reporter transgene expression ranging from 108-10% RLU/mg.

POLYAMINE-BASED AND OTHER LIBRARIES

We synthesized a library of 80 cationic polymers by employing a ring-opening reaction of
diglycidyl ethers by polyamine monomers [85]. The reaction was carried out at room
temperature for 16 h after which, the highly viscous polymers were dissolved in phosphate
buffered saline (PBS) solution and adjusted for pH. The reaction kinetics and equilibrium
were measured by the percentage decrease of primary amines during the polymerization
reaction. Disappearance of epoxide groups and appearance of hydroxyl peaks in fourier
transform infrared (FT-IR) spectroscopy were also employed to ascertain polymer
formation. The polymers were then rapidly screened for DNA-binding affinities using a
fluorescence-based ethidium bromide displacement assay. Transgene expression efficacies
of selected polymers were carried out using a luciferase-expression reporter system. One
polymer, 1,4C-1,4 Bis (23.5kDa molecular weight) showed the highest luciferase expression
in PC3-PSMA cells with up to 80-fold enhancement over pEI-25 (Figure 10(i) and (ii)).
Three more polymers, EGDE-3,3", EGDE-1,4 Bis and NPGDE-1,4 Bis from this library also
showed higher transgene expression compared to those observed with pEI-25. The
EGDE-3,3’ polymer was further employed for generating stable nanoassemblies with gold
nanorods (GNRs) [87].

EGDE-3,3’ not only stabilized the complexes in biological media, e.g., PBS buffer, serum-
free and serum-containing media, but also demonstrated up to 11-fold higher luciferase
expression in PC3-PSMA compared to GNR assemblies generated using pEI-25 [87].
Polymer-mediated transgene expression levels were eight times higher in PC3 prostate
cancer cells than that in its sub-clone PC3-PSMA cells for the same polymer employed [86].
The differential expression levels were in part due to differences in sub-cellular distribution
of the polyplexes in the two cell types [86]. Polyplexes were distributed throughout the
cytoplasm in PC3 cells resulting in higher probability of delivery inside the nucleus for
transgene expression than those which were arrested in the single perinuclear recycling
compartments (PNRC) in PC3-PSMA cells (Figure 10(iii) and (iv)). Mediators of
intracellular trafficking, specifically, tubacin which inhibits the cytoplasmic histone
deacetylase 6 (HDACS), resulted in enhanced transgene expression in both cell types
(Figure 10(v) and (vi)). The EGDE-3,3’ polymer also improved adenovirus-mediated gene
delivery to bladder cancer cells with low levels or no coxsackie adenovirus receptor (CAR)
expression on the cell surface [88]. In addition to enhanced GFP expression, polymer-
adenovirus hybrids were able to induce apoptosis in bladder cancer cells, following delivery
of TRAIL-expressing adenovirus.

A library of 37 water-soluble cationic polymers was generated by cross-linking low
molecular weight polyamines with three different crosslinkers, dithiobis-succinimidyl
proprionate (DSP), dimethyl dithiobis-propionamidate (DDBP), and hexanediol diacrylate
(HD) [89]. The ester reactive groups in the DSP and DDBP reagents reacted with the
polyamines to form amidines which under physiological conditions are completely
protonated. In addition, presence of a disulfide bond in DSP and DDBP linkers made the
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polymers degradable under reducing environments. The HD linker reacted with primary and
secondary amines of the polyamine monomer forming esters, which in a secondary reaction,
were converted into amides by intermolecular aminolysis. Luciferase expression using the
polymer library showed that one polymer resulted in 5-10 fold higher transgene expression
compared to that obtained with 22kDa linear pEI, while demonstrating minimal toxicity.

Ou et al. carried out a two-step reaction to synthesize five bioreducible poly(disulfide
amine)s differing in the number of oligomethylene (-(CH2)n-, n=2-4) spacers in the main
and side chains of the polymers [90]. In the first step of the reaction, five oligoamine
monomers (sacrylamidespermine (SP), 3-aminopropyl-1,3-propanediamine (APPD), 3-
aminopropyl-ethylenediamine (APED), 2-aminoethyl-1,3-propanediamine (AEPD) and
triethylenetetramine (TETA)) were reacted with 2-acetyldimedone (Dde-OH) followed by
addition of disulfide containing bisacrylamide in the second step. Introducing disulfide
bonds in the polymers was hypothesized to result in the formation of stable complexes with
DNA in the oxidative extracellular environment, while ready release of DNA could be
facilitated via the cleavage of the disulfide bonds by glutathione and thioredoxin reductases
in the cytoplasm in cells [91]. Polymers containing relatively longer oligomethylene side
chains showed higher DNA binding activities, buffering capacities, and gene transfection
efficacies compared to the polymers with short side chains. All polymers demonstrated
greater transfection activities (10°~10°RLU/mg) than pEI-25 (5x103-10*RLU/mg) in
C2C12 mouse myoblast and HeLa human cervical cancer cells (Figure 11).

Sun et al. reported the synthesis of a small library of amine-functionalized polymers
following reaction of poly(2-vinyl-4,4-dimethylazlactone) (PVDMA) with twelve different
R-NH, amines [92]. Most of the twelve polymers employed ranged from 30 to 43kDa in
molecular weight and from 1.4-2.0 in polydispersity indices (PDI). The polymers were
complexed with DNA at varying polymer:DNA weight ratios of 1:1 to 10:1. Three
polymers, P3, P7 and P8, demonstrated maximal luciferase and EGFP expression at
polymer:DNA weight ratios of 5:1, 8:1 and 4:1; the transgene expression levels were as high
as that with linear pEI and branched pEl. It was suggested that molecular weight of the
polymers as well as other physicochemical properties (e.g., size, zeta potential) played an
important role in transfection efficiencies of the polymers.

Chen et al. developed a library of 13 polylysine-graft-imidazoleacetic acid conjugates by
altering percentage moles of imidazole from 0 to 90 in the side chains of cationic lysine
center [93]. The imidazole moieties were employed for their pH buffering / proton-sponge
activity in endosomes, while the lysine groups were used for DNA condensation.
Transfections using luciferase and EGFP reporter gene revealed that polymers with ~50%
imidazole content had higher buffering capacities compared to the polymers having low
imidazole content, high gene expression (500-2500 relative light units and 200-300 GFP
expressing cells for luciferase and EGFP gene respectively), and low levels of toxicities.

Wong et al. studied a series of thirty-seven pH sensitive polymers, generated by
functionalizing poly(methacryloxysuccimide) with different side groups such as 1°, 2° or 3°
amines, imidazole, butyl, hexyl or octyl groups, as gene carriers [94]. Polymers containing
1° amines possessed enough DNA binding efficacies to decrease the fluorescence of
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ethidium bromide/DNA by 40-60%, and resulted in polyplexes size of 200-300nm; higher
transgene transfection efficiencies compared to polymers containing 2° or 3° amines were
observed. Transfection efficacies of the polymers were comparable to pEI-25. The polymers
possessed minimal cytotoxicity towards NIH/3T3 mouse fibroblast cells; the ICgq values for
eight of the ten highest transfecting polymers were > 200ug/ml while that for pEI-25 was
5ug/ml.

MICROARRAY SCREENING

The large number of polymers that can be synthesized for gene delivery necessitates a
method of evaluating the polymers that is reproducible and reliable. Traditionally, the
synthesis of polymers and their subsequent evaluation have been performed separately but
eventually, the process evolved into performing the synthesis and the evaluation in parallel
[30]. The sheer size of the polymer libraries that can be synthesized makes it highly
desirable to develop screening methods that are high-throughput in nature. In addition, high-
throughput screening platforms that integrate polymer synthesis are also of tremendous
value. In this section, we will summarize some of the high-throughput technologies that
have been used for evaluating gene delivery.

Potential of the DNA microarray based screening is largely based on the work described as
“transfected cell microarrays” (TCM) in 2001 [95]. TCMs are created by printing plasmids
as spots on a glass slide from an aqueous gel solution. The plasmid spots are then exposed to
a transfection reagent and then placed into a cell culture with adherent mammalian cells. In a
successful transfection, the cells localized at a particular plasmid spot will exhibit the
desired properties of the DNA in that location. Sabatini and co-workers group demonstrated
the controlled transfection using plasmids expressing GFP, Cy3, and several drug receptors.
The Bradley group described the use of transfection cell microarrays for screening effective
transfection reagents in 2004[96]. In these studies, TCMs were first printed with the GFP
plasmid and then the plasmid spots on the array were exposed to different transfection
reagents. The effectiveness of a transfection was evaluated by the extent to which the cells
express GFP. These microarrays were used to measure the gene delivery efficacy of several
transfection agents which included: Effectine, Superfect, dendrimers, cationic lipids, and
polycationic polymers (G3.0 and G4.0 PAMAM, poly-L-Lys, poly-L-Arg, poly-L-Orn,
poly-L-Lys-L-Tyr, polyeneimine, polyeneimine ethoxylated,
poly(diallyldimethylammonium chloride), polyarylamide-co-diallyl dimethylammonium
chloride and poly(dimethylamine-co-epichlorohydrin-coethylenediamine)). The microarray
screen identified five cationic lipids that showed significant transfection activities;
traditional transfection methods were also employed to verify these activities. However,
certain problems with microarrays as a tool for screening transfection agents were also
identified in this study. First, the aqueous gel solution which is used to print the plasmids is
more amenable to certain types of transfection agents based on the composition of the
solution. For instance, in this study it was determined that the standard Effectine preformed
better when the gelatin concentration was increased from 0.1% to 0.4% w/v. Additionally
during this study, the authors were unable to show any transfection activity using Superfect,
which was used as a positive control in other experiments carried out by the group.
Therefore, the performance of the transfection agents used in this screen was not definitive,

Comb Chem High Throughput Screen. Author manuscript; available in PMC 2015 January 14.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Barua et al.

Page 15

since in many cases, the gels can interfere with the efficacy of the transfection reagents. Of
the five lipids that showed significant transfection activity in this case, all were cholesterol
derivatives. Other transfection agents derived from fatty acids showed minimal transfection
in the microarray experiment or in well-plate experiments, which indicated a role for the gel
composition used in determining transgene expression activity. However, it would be more
desirable to develop universal TCMs that could screen transfection agents based on their
activity and not be limited by structural interference. Further developments in microarray-
based screening are necessary for screening transfection agents in the future.

CONCLUSIONS

Combinatorial library approaches result versatile polymer libraries to identify cationic
polymers for transfecting a variety of cell lines in a rapid fashion. Although screening of
several cationic polymers and / or their derivatives has been carried out, the diversity of
chemical structures among several polymers has made it difficult to correlate between the
polymer physicochemical properties, transfection efficiencies, and differential cellular
responses following DNA delivery. Further developments in polymer chemistries,
elucidation of physicochemical factors influencing uptake, intracellular processing, and
transgene expression following delivery of polymer-DNA complexes, cellular responses to
delivery and interactions with various cell types in an automated, high-throughput fashion
will facilitate the identification of efficient polymeric vectors for gene delivery. It will also
enable structure-efficacy correlations for the rational development of effective polymers for
transgene delivery and expression. These investigations, in concert with in vivo studies will
be critical to advance polymeric vectors towards clinical applications.
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Figure 1.
Chemical structures of several bi- and oligoacrylate esters used to crosslink pEl by Thomas

et al. [28] Reprinted from Ref. [28] with permission from Elsevier.
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Figure 2.
Diacrylate esters and amine monomers to synthesize the lead poly-beta-amino esters, C32,

JJ28 and C28, as demonstrated by Anderson et al. [33]. Reprinted from Ref. [33] by the
permission of Nature Publishing Group.
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Figure 3.

A reaction schematic of the synthesis of (a) C32 polymer and (b) amine-capping C32
polymer [38, 39]. Reprinted by permission of Nature Publishing Group.
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Figure4.
General structures of some of cationic methacrylate/methacrylamide polymers investigated

by van de Wetering et al. [47]. Reprinted by permission of American Chemical Society.
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(i) Chemical structures of methacrylate containing polymers [49]; (ii) Comparison of
transfection efficiency among PAHPMA, PAEMA, PAEAHPMA, PAEAEMA and pEI-25
polymers in 293T cells. The polyplexes were formed at N:P ratio of 20,30 and 40 for the
methacrylate based polymers and at an N/P=10 for pEI-25. Transfection was carried out in
serum-free DMEM medium [49]. Copyright © 2010, Elsevier; the figure was reprinted with

the permission from Elsevier.
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The chemical structures of polymethacrylates used for gene delivery by Dubruel et al [50].
Reproduced with permission from Elsevier.
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Figure7.
Synthesis procedures and the structures of a-CD-oligoethyleneimine (OEI) star polymers as

described by Yang et al.[55]. The hydroxyl groups of six glucose subunits of a-CD were
activated using 1,1’-carbonyldiimidazole (CDI) following the reactions with multiple OEI of
different lengths to produce the a-CD-OEI polymers. Adopted from Ref. [55] by permission
from Elsevier.
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Figure8.
Schematic representation of chitosan grafted pEIl copolymer (CS-g-pEl) as proposed by

Jiang et al. [62]. The reaction was carried out in two steps in which periodate-oxidized
chitosan was prepared in the first step followed by an imine reaction with an amine group of
pEIl. Adopted from Ref. [62] with permission from Elsevier.
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Figure9.

Synthetic scheme of various oligoamine conjugated cationic schizophyllan (SPG)
polysaccharaides as shown by Nagasaki et al. [83]. The figure is reprinted with permission

from American Chemical Society.
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(i) Comaprison of transfection efficiency of lead polymers of a diglycidyl ether polyamine
library representing their relative luciferase gene expression in PC3-PSMA prostate cancer
cells [85]. The polymer, 1,4C-1,4 Bis demonstarted 80-fold higher luciferase expression
than that of pEI-25. (ii) Cytotoxicity of 1,4 C-1,4 Bis, pEI-25, and their polyplexes in PC3-
PSMA cells at different polymer DNA weight ratios. 1,4C-1,4 Bis polymer had lower
toxicity than pEI-25 [85]. Figures are reprinted by permission of Americal Chemical
Society. (iii) Subcellular localization of polymer:DNA complexes are important for
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diffusion of DNA inside nucleus as a necessary step of efficient gene expression [86].
Confocal microscopic images of fluorescein labeled DNA and polymer complexes showed
their distribution throughout the cytoplasm in PC3 prostate cancer cells (left) which, in
contrast, displayed their accumulation in single spots inside the cytoplasm of a sub-cell line,
PC3-PSMA cells (right). The figures are reproduced with permission from Elsevier. (iv)
Modulation of the polyplex trafficking behavior using a histone deacetylase 6 inhibitor,
tubacin diffused the polyplexes all around the cell nuclei (right) rather transported them to
one single spot on top of the nuclei (left) [86]. Following tubcain treatments and
simultaneous transfection of both (v) PC3-PSMA and (vi) PC3 cells using luciferase DNA
performed 40 and 35-fold higher luciferase gene expression, rescpectively compared to the
untreated control cells [86]. Reprinted with permission from Elsevier.
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Figure 11.
Transfection efficiencies of polydisulfide amines demonstrating higher activity than 25kDa

branched pEl in Hela and C2C12 cancer cells [90]. Reproduced by permission of Elsevier.
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