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Among polymer-based gene delivery systems, poly(ethylene imine) (PEI) stands out as an effective polycation.
However, the toxic effects of PEI especially at higher molecular weights limit its usage. Although the effects of
PET’s architecture and molecular weight on gene delivery is controversial in literature, low molecular weight PEI
appears to be efficient at transfection while having lower toxicity. Herein, as an alternative to low molecular
weight, linear PEI, a methacrylate polymer bearing diamimoethane motifs, poly(2-((2-aminoethyl)amino)ethyl
methacrylate) (P(AEAEMA)), was evaluated in vitro as a new nucleic acid delivery agent. PCAEAEMA) (8 kDa)
showed low toxicity on Skov-3-luc and NIH/3T3 cell lines at polymer concentrations where PEI (8 kDa) was
highly toxic. P(AEAEMA) could efficiently form complexes with siRNA at an N/P ratio of 2 as shown by gel
electrophoresis. The diameter of PCAEAEMA)-siRNA complexes was found to be significantly lower than PEI-
siRNA complexes almost at all tested N/P ratios. P(AEAEMA) could improve the stability of siRNA in serum
containing media by protecting the siRNA against serum nucleases. siRNA and pDNA transfection efficiency of P
(AEAEMA) on luciferase expressing Skov-3-luc cell line and HEK 293T cell line, respectively was found to be
comparable to well-known nucleic acid carrier, PEL The transfection efficiency of both PCAEAEMA) and PEI was
found to be cell-type-dependent. None of the polymers were able to transfect MDA-MB-231 cells with siRNA or

pDNA.

1. Introduction

Gene therapy via gene insertion or interference offers an enormously
promising modality for treatment of a diverse range of diseases. The
current toolbox of gene therapy contains a number of nucleic acid
structures including plasmid DNA (pDNA), messenger RNA, small
interfering RNA (siRNA) and antisense oligonucleotides, some of which
have been approved for treatment of certain kinds of cancer, viral in-
fections and genetic diseases [1]. Among these structures, pDNA is used
to introduce genes to cells to increase or correct target gene expression
[2-4], whereas siRNA molecules are used to trigger specific gene
silencing [5-10]. Although they have significant structural differences,
both these nucleic acids suffer from certain common problems such as
poor in vivo stability and cellular uptake [11,12]. Various delivery sys-
tems have been developed and used to protect nucleic acids against
degradation and efficiently transport into the cell cytosol [13-17].
Although some delivery agents have shown successful results in both in

vitro and in vivo applications, developing a safe and effective delivery
system is still a major goal in gene therapy.

Asnucleic acid carriers, cationic polymers are widely used because of
their certain features. They can form complexes with nucleic acids via
simple electrostatic interactions, be tailored for desired applications and
show relatively high transfection efficiency [18,19]. Among
polymer-based delivery systems, polyethyleneimine (PEI) has stood out
as an effective polycation in the field [20,21]. The high buffering ca-
pacity of PEI enables endosomal escape via possible ‘proton sponge ef-
fect’ and this results in high transfection efficiency [21]. However, PEI is
non-degradable and the molecular weight of PEI affects the cytotoxicity
and gene transfer activity. The toxic effects of PEI especially at higher
molecular weights limit its usage in the delivery systems [22]. Although
the effects of PEI’s architecture and molecular weight on gene delivery
are controversial in literature, low molecular weight, linear PEI has been
shown to have superior transfection efficiency while having lower
toxicity in a significant number of publications [23-27].
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Several cationic polymers, including PEI, that are known to be suc-
cessful at endosomal escape and nucleic acid transfection, contain the
repeating units of the same structural motif, i.e. diaminoethane motif
[28]. Diaminoethane (DET) motif displays the two-step protonation
property providing the parent polymers high proton sponge capacity
and membrane destabilization capability during endosomal acidifica-
tion [29,30]. While the motif is partially protonated at physiological pH,
once it is inside the endosome it becomes fully protonated. This
pH-dependent protonation ability of the motif is known to provide high
transfection efficiency to the carrier system [29-33].

A new DET motif containing methacrylate polymer, poly(2-((2-
aminoethyl)amino)ethyl methacrylate) (P(AEAEMA)), was previously
synthesized as a potential gene delivery vector [34]. Different from
existing DET motif containing polymers in the literature, P(AEAEMA)
have been synthesized by reversible addition-fragmentation chain
transfer (RAFT) polymerization which provides in general several ad-
vantages such as ease in synthesis of complex architectures and modi-
fiability via functional end groups. In addition to these synthetic
advantages, this new polymer combines DET motifs with a relatively
hydrophobic methacrylate backbone, envisioning higher particulate
stability after complexing with genetic material and enhanced trans-
fection ability [35]. Moreover, P(AEAEMA) structure has DET motifs
linked to the backbone via an ester linkage, providing partial degrad-
ability to the polymer. We previously reported RAFT synthesis of P
(AEAEMA) and a few preliminary results showing the complex forming
ability of P(AEAEMA) with a 700-bp DNA fragment [34]. It is
well-known that the performance of delivery systems varies drastically
when it comes to siRNA due to short and rigid nature of siRNA [36-38].
In this work, siRNA and pDNA delivery potential of PCAEAEMA) has
been evaluated and compared to PEI that is known as a gold-standard in
the field. The molecular weight of PCAEAEMA) synthesized in this study
was intentionally kept low, similar to low molecular weight, linear PEI,
to be able to compare the efficiency of the polymers. The complex
forming ability of P(AEAEMA) with siRNA was determined via gel
electrophoresis. Size and surface charge of the polyplexes were also
investigated using dynamic light scattering (DLS) and electrophoretic
light scattering (ELS), respectively. Serum stability of the polyplexes was
also determined by gel electrophoresis. Toxicity, siRNA and pDNA
transfection efficiency of P(AEAEMA) was also investigated and
compared to PEI. The results have been presented below.

2. Experimental
2.1. Materials

N-Hydroxyethylethylenediamine (99% purity), di-tert-butyl dicar-
bonate and methacryloyl chloride were purchased from Aldrich. Chain
transfer agent, 4-cyano-4-(phenylcarbonothioylthio) pentanoic acid
(CPADB) was purchased from Aldrich. The initiator 2,2'-azobis(2-
methylpropionitrile) (AIBN) was used after recrystallization twice in
methanol. Silica gel (pore size 60 A, 70-230 mesh) was purchased from
Fluka. Mono- and di-basic phosphate salts were purchased from Merck.
Linear polyethyleneimine (PEL; Mn: 8 kDa) was purchased from Sigma-
Aldrich.

Toluene, ethylacetate, hexane, dichloromethane (DCM), tri-
fluoroacetic acid (TFA), deuterium oxide (D50), deuterium chloroform
(CDCl3), dimethyl sulfoxide-d6, triethylamine (TEA), hexylamine
(HEA), diethyl ether, methanol and N’,N’-dimethylacetamide (DMAc,
HPCL grade >99.9%) were purchased from Sigma. The dialysis mem-
brane (MWCO = 1000 Da) was purchased from Spectrum®Laboratories.

DMEM (Dulbecco’s Modified Eagle’s Medium) and r-glutamine were
purchased from Lonza. FBS (Fetal Bovine Serum) was purchased from
Sigma. Penicillin-streptomycin, non-essential amino acids and Trypsin-
EDTA were obtained from Biological Industries. 3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT), dimethyl sulfoxide
(DMSO) and phosphate buffer saline (PBS) were purchased from Sigma.
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Skov-3-Luc and MDA-MB-231-Luc cell lines were kindly donated by
Prof. Dr. Sacide ALTINKAYA (Izmir Institute of Technology) and Prof.
Ozgiir SAHIN (Bilkent University), respectively. HEK 293-T and MDA-
MB-231 cell lines were kindly provided by Assoc. Prof. Ozden Yalcin-
Ozuysal (Izmir Institute of Technology). Luciferase assay kit was pur-
chased from Promega. Commercial transfection reagents, Lipofectamine
RNAimax and DharmaFECT 3, were purchased from Invitrogen and
Dharmacon, respectively. Negative control siRNA, siGENOME Non-
targeting siRNA #3, was purchased from Dharmacon. Standard desal-
ted siRNA (sense: 5'-GCUAUGGGCUGAAUACAAAUU-3'; antisense: 5'-
UUUGUAUUCAGCCCAUAGCUU-3) was purchased from IDT DNA.
pIRES2-EGFP (Clontech Laboratories, USA) was used in pDNA trans-
fection assays. Agarose and ethidium bromide were purchased from
Sigma. 6X loading dye solution and DNA markers (100bp and 1 kb) were
purchased from Fermantas.

2.2. Instrumental methods

2.2.1. Nuclear magnetic resonance (NMR) spectroscopy

The chemical structure of synthesized compounds was determined
using 1H NMR spectroscopy (Varian, VNMRJ 400 spectrometer). CDCl3
and (CD3)2SO were used as NMR solvents. NMR samples were prepared
by dissolving the sample in a proper solvent at a concentration of 6 mg/
ml.

2.2.2. Gel permeation chromatography (GPC)

Molecular weight and dispersity (D) of the polymer were determined
by GPC. A Shimadzu modular system comprising an SIL-10AD auto
injector, PSS Gram 30 A and 100 A (10 pM, 8 x 300 mm) columns and an
RID-10A refractive-index detector calibrated with low dispersity poly
(methyl methacrylate) standards (410-67000 g/mol) were used. 0.05%
w/v lithium bromide containing DMAc was employed as mobile phase.

2.2.3. Agarose gel electrophoresis

Thermo Scientific Owl™ EasyCast™ B1 mini gel system was used to
investigate the complex forming ability of polymers with siRNA via
agarose gel electrophoresis.

2.2.4. Dynamic and electrophoretic light scattering

The hydrodynamic diameter and surface charge of the polyplexes
were determined using a NanoPlus DLS Nano Particle Size and Zeta
Potential Analyzer (Micromeritics) (measurement range for size: 0.1 nm
to 12.30 pm for zeta —500 to +500 mV; laser source: diode laser; laser
wavelength: 660 nm; laser power: dual laser 30 mW + 70 mW). Dynamic
Light Scattering (DLS) measurements were performed after an equili-
bration time of 120 s. 2 x 70 runs were carried out at 25 °C. The counts
were detected at an angle of 165°. Each measurement was performed in
duplicate. Electrophoretic Light Scattering was used to determine the
surface charge (-potential) of the particles. Smoluchowski equation was
used to calculate zeta potential from the mobility. 5 runs were carried
out for each measurement. Each experiment was performed in triplicate
at 25 °C.

2.2.5. Microplate reader

Thermo Electron Corporation Varioskan microplate reader was used
for the measurement of absorbance and luminescence for MTT and
luciferase assays, respectively.

2.2.6. Flow cytometry and fluorescence microscopy

Flow cytometry (BD FACSCanto TM, BD Biosciences) and fluores-
cence microscopy (Olympus IX83) were used to determine pDNA
transfection efficiency of the polymers. For both PCAEAEMA)-8 kDa and
PEI-8 kDa, completely the same experimental and instrumental set-up
were employed.
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2.3. Methods

2.3.1. Synthesis of poly(2-((2-aminoethyl)amino)ethyl methacrylate) (P
(AEAEMA))

First, the monomer 2-((tert-butoxycarbonyl) (2-((tert-butox-
ycarbonyl)amino)ethyl)amino)ethyl methacrylate (BocAEAEMA) was
synthesized according to the procedure reported by Kurtulus et al. [34].
Briefly, N-(2-hydroxyethyl)ethylenediamine (0.024 mol) and
di-tert-butyl dicarbonate (0.048 mol) were separately dissolved in dry
DCM (40 ml). Di-tert-butyl dicarbonate solution was added dropwise
into N-(2- hydroxyethyl)ethylenediamine solution at —10 °C. The solu-
tion was purged with nitrogen for 3 h and stirred for 24 h at room
temperature under nitrogen atmosphere. After the reaction, the pre-
cipitate was removed by filtration. Water-DCM extraction was per-
formed to remove unreacted starting compound.
Tert-butyl-2-(((tert-butoxycarbonyl)amino)ethyl)(2-hydroxyethyl)
carbamate (BocAEAE) was obtained after collecting the organic phase
and evaporating the solvent using a rotary evaporator.

At the second step, BocAEAE was reacted with methacryloyl chloride
to obtain methacrylate derivative of tert-butyl-2-(((tert-butoxycarbonyl)
amino)ethyl)(2-hydroxyethyl)carbamate (BocAEAEMA). Briefly,
BocAEAE (0.0154 mol) was dissolved in dry DCM at 0 °C. Under ni-
trogen, triethylamine (0.043 mol) was added dropwise to the solution
and the solution was allowed to stir for 30 min. Afterwards methacryloyl
chloride (0.029 mol) was dropped into the solution and the final solution
was stirred at 0 °C for 4 h under nitrogen. The solution was further
stirred at room temperature for 15 h. The final product was purified by
filtration, extraction and hexane-ethylacetate silica gel column chro-
matography as reported elsewhere [34]. Additionally, basic alumina
chromatography was performed using hexane and ethyl acetate at a
volume ratio of 1:1 to remove remaining methacrylic acid.

'H NMR (CDCl3, d in ppm): 6.10-5.57 (s, 2H, CH,=C(CH3) COO-),
1.94 (s, 3H, CHy=C-CH3), 4.25-4.23 (t, 2H, -COO-CH3-), 3.50-3.26 (t,
6H, —CH3-N(COO(CH3)3-CH,—CHo-NH(COO(CHs)3))), 1.45-1.42 (s,
18H, —-N(COO-(CH3)3)-CH-CH>-NH—(COO(CH3)3), 4.97-4.75 (s, 1H,
~CH,-NH-(COO(CHs)3).

The synthesized monomer BocAEAEMA was polymerized via RAFT
polymerization (Scheme 1). Briefly, monomer (BocAEAEMA) (0.486
mmol), corresponding amounts of the RAFT agent (CPADB) and initiator
(AIBN) ([BocAEAEMA]/[CPADB]/[AIBN]= 100/1/0.25) were dis-
solved in toluene (monomer concentration of 1.2 M). The solution was
purged with nitrogen for 20 min, then immersed in an oil bath at 65 °C.
At the end of the polymerization time (16 h), the reaction solution was
cooled in an ice bath and exposed to air. Polymer was purified by
precipitating the polymerization mixture in hexane three times. The
number average molecular weight (M) and molecular weight distri-
bution (D) of the polymer were determined by GPC.
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At the next step, (tert-butyloxycarbonyl) (Boc) groups were removed
from the purified polymer by using trifluoroacetic acid (TFA) (Scheme
1). Briefly, polymer (4.35 pmol) was dissolved in DCM (1 ml) and TFA
(0.5 ml) was added into the solution at 0 °C. The solution was allowed to
stir for 30 min at room temperature. After the solvent was evaporated,
the reaction mixture was washed with chloroform and diethyl ether. The
deprotected polymer P(AEAEMA) was dried in vacuum oven and char-
acterized by 'H NMR spectroscopy in DMSO-ds.

Thiocarbonylthio RAFT-end group of PCAEAEMA) was also removed
from the polymer in order to prevent possible cytotoxic effects of the
RAFT end-group by following a well-known protocol reported in the
literature [39]. Briefly, PCAEAEMA) was reacted with methyl acrylate
(MA) in the presence of hexylamine (HEA) and triethylamine (TEA) for
7 h under nitrogen atmosphere at room temperature ([P(AEAEMA)]/[-
HEA]/[TEA]/[MA] = 1/10/10/3). The polymer was precipitated in
diethyl ether and further purified by dialysis against water (MWCO
1000 Da). The polymer was dried using freeze-dryer and characterized
by H NMR spectroscopy in D20.

2.3.2. Cell culture

For cell culture experiments, Skov-3-luc (stably luciferase expressing
human ovary cancer cell line), MDA-MB-231-luc (stably luciferase
expressing human breast cancer cell line), HEK 293T (human embryonic
kidney cell line) and NIH/3T3 (mouse fibroblast cell line) were cultured
in high glucose DMEM medium supplemented with 10% fetal bovine
serum (FBS), 0.1 mM MEM Non-Essential Amino Acids, 2 mM 1-gluta-
mine and 1% penicillin-streptomycin at 37 °C and 5% carbon dioxide in
a humidified atmosphere. Subculture was performed when the cells had
approximately 80% confluency.

2.3.3. Determination of the effect of polymers on cell viability via MTT
assay

The effect of the polymers on the viability of cells was determined via
MTT assay. One day prior to sample exposure, the human ovary cancer
Skov-3-luc or NIH/3T3 cells were seeded at a density of 10* cells/well in
a 96-well plate. The polymer stock solutions were prepared in PBS at
predetermined concentrations. 5 pl of polymer stocks in PBS was added
to the wells in triplicate. In positive control experiments, 5 pul of PBS only
was added into the wells. The cells were incubated at 37 °C and 5% CO»
in a humidified atmosphere for 24 or 72 h. After the incubation period,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT)
stock solution prepared in PBS at a concentration of 5 mg/ml was added
to wells by adjusting the final concentration of dye to be 10% (v/v). The
cells were further incubated for 4 h in dark and humidified atmosphere
at 37 °C. Afterwards, the plates were centrifuged at 1800 rpm for 10
min. The supernatants were removed by tapping gently and the for-
mazan crystals were dissolved in DMSO. The absorbance at 570 and 690

O O m

NC S

DCM, RT
(@]

<}

02

NH,
2

HsN
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Scheme 1. Synthesis of poly(2-((2-aminoethyl)amino)ethyl methacrylate) (P(AEAEMA)).
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nm was determined using a microplate reader. The data were presented
as mean (n = 3) + standard deviation. Student’s t-test (two-tailed) was
used to analyse the data and p < 0.01 was considered statistically
significant.

2.3.4. Determination of polymer-siRNA complex formation

The siRNA binding ability of P(AEAEMA) was investigated by
agarose gel electrophoresis. The polymers were dissolved in 10 mM
phosphate buffer at pH 6 to yield a polymer stock solution of 107! mM.
Separately, siRNA was dissolved in RNase-free water at a concentration
of 10 uM. Corresponding amounts of polymers were added to 0.02 nmol
siRNA to obtain complexes at varying nitrogen/phosphate (N/P = moles
of polymer’s amine groups (N)/moles of nucleic acid’s phosphate groups
(P)) ratios (1, 2, 3, 4, 5, 10 and 30). The siRNA-polymer solutions were
incubated at room temperature for 15 min. The solutions were then
mixed with 6X loading dye and loaded into 3% agarose gel stained with
0.5 pg/ml ethidium bromide. The gel was run at 100 V for 25 min in 1X
TAE running buffer and analysed using UV illumination.

The particle size and zeta potential of the polyplexes were deter-
mined by NanoPlus DLS Nano Particle Size and Zeta Potential Analyzer.
The polyplexes at varying N/P ratios (2, 5, 10, 30, 50, 100 and 200) were
prepared as described above. The siRNA concentration in this case was 4
pM. To understand and define the complex formation better, the hy-
drodynamic volume of the polyplexes was measured in the media where
the complexes were formed in (phosphate buffer at pH 6.0). For this aim,
quartz micro volume cells (30 pl) were used. The zeta potential value of
the same polyplexes was also determined using micro volume disposable
cell (130 pl) using the same instrument. The data were presented as the
average (+standard deviation) of three measurements.

2.3.5. Investigation of serum stability of polymer-siRNA complexes

The siRNA protection ability of P(AEAEMA) against serum compo-
nents was investigated by agarose gel electrophoresis. The polyplexes
were prepared at an N/P ratio of 2 or 10 as described above and incu-
bated with equal volume of fetal bovine serum at 37 °C for pre-
determined times (30 min, 2 h, 4 h, 6 h or 24 h). At the end of the
corresponding incubation time, the aliquots were taken and immedi-
ately treated with 0.5 M EDTA to stop the degradation. The aliquots
were frozen and stored at —80 °C until the analysis. SDS (2%) was added
in equal volume to the polyplex solution in order to displace the siRNA
from the complex and the final solution (20 pl, 0.04 nmol siRNA) was
analysed by 3% agarose gel electrophoresis. The gel was run at 100 V for
25 min. 0.5 M EDTA treated serum (inactivated serum) was used in
control experiments. The serum stability of naked siRNA was also
determined by applying the same procedure.

2.3.6. Investigation of the transfection efficiency

In order to determine the siRNA transfection efficiency of P
(AEAEMA), luciferase assay was performed using Promega luciferase
assay kit. Two different commercial transfection reagents (lipofectamine
RNAimax and DharmaFECT 3) were used according to the manufac-
turer’s protocol. siRNA sequence synthesized against firefly luciferase
gene was used to selectively inhibit the expression of luciferase gene. A
non-targeting siRNA sequence (siGENOME Non-targeting siRNA #3)
was also used as a negative control. The luciferase expression level in
stably luciferase expressing Skov-3-luc or MDA-MB-231-luc cell line was
evaluated using a luminometer. Cells were seeded to wells at a con-
centration of 10* cells/well. After 24 h incubation at 37 °C and 5% COs,
the medium was removed and fresh complete medium without antibi-
otics (95 pl) was added to the wells. The cells were transfected with 5 pl
of polyplexes at a siRNA dose of 100 nM. As a control, 5 pl of 10 mM
phosphate buffer (pH 6) was added into the wells. Cells were incubated
with the samples for 24 h. Afterwards, the media were removed, fresh
complete media (100 pl) were added to the wells and the cells were
further incubated for 24 h. After the incubation period, the media were
discarded, and the cells were rinsed with 1X PBS. After removing PBS,
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20 pl of 1X lysis reagent was dispensed into the wells and the cells were
incubated with the lysis reagent for 10 min. The luminescence in each
well was recorded during 10 s upon introducing 100 pl luciferase assay
reagent using the dispenser of the luminometer. The data were pre-
sented as the average (+standard deviation) of two or three separate
experimental set-ups, each performed in triplicate.

pDNA (pIRES2-EGFP, 5.3 kb) transfection efficiency of the polymers
was determined by fluorescence microscopy and flow cytometry. For
this aim, MDA-MB-231 or HEK 293T cells were seeded to 24-well plates
at a concentration of 5 x 10* cells/well. After 48 h, medium was
removed and 475 pl of fresh medium was added to the wells. Cells were
transfected with 25 pl of freshly prepared pDNA-polymer complexes (at
N/P of 10 and 20 in case of PEI, and N/P of 50, 100 and 200 in case of P
(AEAEMA)). pDNA-polymer complexes were prepared in the same way
as siRNA-polymer complexes, using pDNA instead of siRNA. The pDNA
concentration was kept the same for all wells (50 nM). As a control, the
same amount of only pDNA (25 pl, 50 nM) was added to the wells. 48 h
post-transfection, GFP expression was investigated by fluorescence mi-
croscopy and flow cytometry. The assay was performed in duplicate.

Student’s t-test (two-tailed) was used to analyse the data and p <
0.05 was considered statistically significant.

3. Results and discussion
3.1. Synthesis and characterization of PCAEAEMA)

The procedure reported by Kurtulus et al. was followed to obtain
BocAEAEMA monomer and P(AEAEMA) polymer [34]. The protected
polymer P(BocAEAEMA) was characterized using *H NMR spectroscopy
and GPC (Supporting Information Fig. S1). GPC chromatogram showed
a monomodal distribution of molecular weight with a slight low mo-
lecular weight tail. The M, and D values of P(BocAEAEMA) were
determined to be 15.4 kDa and 1.40, respectively. The relatively large D
value might be attributed to the bulky structure of primary and sec-
ondary amine protected monomer. As reported before, for BocAEAEMA
polymers, dispersity has been increased with the increase in molecular
weight [34]. Particularly P(BocAEAEMA) homopolymers having an M,
above 10 kDa, have been found to have higher P values which imply the
restricted growing of the polymer chains above a certain polymerization
degree. The Boc-protected polymer was then deprotected to yield P
(AEAEMA) using TFA. Removal of Boc groups from the polymer was
verified by 'H NMR spectroscopy (Supporting Information, Fig. S1). The
disappearance of Boc group signals (around 1.43 ppm) on NMR spec-
trum proved that P(BocAEAEMA) was fully deprotected, revealing
functional amine groups on the polymer. The molecular weight of the
polymer after deprotection (P(AEAEMA)) was calculated theoretically
assuming all Boc groups were removed. The mass of Boc groups were
subtracted from the M;, of P(BocAEAEMA) and the molecular weight of
the deprotected polymer, P(AEAEMA), was found to be approximately 8
kDa (7870 g/mol).

3.2. Effect of polymers on cell viability

The cytotoxicity of PCAEAEMA)-8 kDa and PEI-8 kDa was investi-
gated using Skov-3-luc human ovary cancer cell line (the model cell line
used in this study for siRNA transfection assay), and NIH/3T3 mouse
fibroblast cell line (a very commonly used cell line to evaluate cyto-
toxicity of polymers and nanoparticles) via a well-known cell viability
assay, MTT. Five different concentrations of polymers (2.5, 5, 10, 20 and
40 pM) were tested for 24 h or 72 h of incubation. The percent viability
of the cells was determined with respect to the control wells containing
untreated cells.

For both polymers, dose-dependent increase in cytotoxicity was
observed (Fig. 1). Both cell lines exhibited the same toxicity profile. The
viability of the PCAEAEMA) treated cells at the concentration of 20 pM
and below was found to be higher than 50% for 24 h. Compared to this,
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Fig. 1. The percent cell viability of Skov-3-luc (A,B) and NIH/3T3 (C,D) cell
lines after incubation with polymers, PEI-8 kDa and P(AEAEMA)-8 kDa, for 24 h
(A,C) and 72 h (B,D).

PEI showed higher toxicity (cell viability < 50%) at all tested concen-
trations. The difference between PEI and P(AEAEMA) was statistically
significant at all concentrations for 24 h and 72 h. At longer incubation
period (72 h), the effect of polymer concentration was more profound
(Fig. 1B and D). P(AEAEMA) did not reduce the cell viability below 70%
at a concentration of 2.5 pM. In contrast, the viability of cells treated
with PEI was found to be drastically lower for all concentrations tested.

Protonation behaviour of polycations, particularly PEI, has been
investigated both theoretically and experimentally by various research
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groups to understand the relationship between protonation and gene
delivery efficiency of the carriers [16,22,24,40-42]. Although different
and conflicting results have been shown in the literature regarding the
protonation degree of linear PEI, approximately 50% of amine groups of
linear PEI (having pKa of 6.6) have generally been accepted to be pro-
tonated at neutral physiological pH [22,40]. Thus, PEI could complex
the genetic material at neutral pH and still could be protonated at acidic
pH and facilitate endosomal escape via protonation of free, uncom-
plexed amine groups. Similarly, the protonation capacity and pKa values
of a DET containing polyaspartamide derivative polymer (PAsp(DET))
(which has the same pendant DET motif with PCAEAEMA)) have been
studied by Kataoka and his group [22]. It was shown that 51% of DET’s
amine groups are protonated at neutral pH (pKa values of primary and
secondary amines are 8.9 and 6.2, respectively) [22]. Therefore, the
protonation degree of PEI and P(AEAEMA) can be assumed to be the
same at physiological pH. On the other hand, the same amount of PEI-8K
(186 repeating units, 186 mol secondary amine) and P(AEAEMA)-8K (41
repeating units, a total of 82 mol of secondary and primary amines) have
different amounts of amine density per mole of polymer. More specif-
ically, PEI bears 2.2-fold more cationic charge compared to PCAEAEMA)
which could be the reason for higher toxicity. Noticeably, P(AEAEMA)
at 40 pM showed approximately the same toxicity with PEI at 2.5 pM
(Fig. 1).

In summary, while low molecular weight liner PEI is known to be less
toxic than its branched and high molecular weight counterpart [25,43],
it showed significantly higher toxicity compared to PCAEAEMA) at all
concentrations tested. Thus, P(AEAEMA) stands out as a safer cationic
polymer which possesses promise for nucleic acid delivery.

3.3. Polyplex formation with siRNA

The ability of the P(AEAEMA) to form complexes with siRNA was
investigated via gel electrophoresis. In order to determine the amount of
polymer required to fully complex with siRNA, varying amounts of
polymers were complexed with siRNA at a fixed concentration. Com-
plexes prepared at varying nitrogen/phosphate (polymer/siRNA) ratios
were analysed by gel electrophoresis. The results showed that P
(AEAEMA) could efficiently complex with siRNA at an N/P ratio of 2
(Fig. 2A). As shown in the electropherogram, the siRNA band completely
disappeared at N/P of 2 which indicated that the amount of polymer was
enough to neutralize all siRNA molecules and all siRNA molecules
participated in the complex formation with cationic polymer.

The complex forming ability of PEI-8 kDa was also investigated
(Fig. 2B). PEI was also able to form complexes with siRNA at an N/P
ratio of 2, however smear was observed until the N/P ratio of 5, indi-
cating that all siRNA molecules were fully complexed with positively
charged polymer, PEI-8 kDa only at an N/P of 5.

Complex formation was studied by varying the N/P ratio. That is; a
fixed amount of siRNA (0.02 nmoles) was interacted with varying
amounts of PEI or PCAEAEMA) to eventually obtain complexes at the
same N/P ratio. This result implies that, even though PEI and P
(AEAEMA) have the same amount of charged amine groups, P
(AEAEMA) could bind siRNA more effectively. This may be attributed to
the presence of hydrophobic methacrylate backbone of P(AEAEMA)
which might facilitate formation and stabilization of siRNA-polymer
complex particles. Additionally, unlike PEI, P(AEAEMA) potentially
offers more sterically available amine groups (as pendant groups),
facilitating interactions with siRNA molecules.

Size and surface charge of the P(AEAEMA)-siRNA complexes at
varying N/P ratios were also investigated (Table 1, Table S1 and Fig. S2)
via dynamic light scattering measurements. Similar to other reports in
the literature, the average diameter of the complexes did not show a
trend that depends on N/P ratio [33,44]. Unimodal size distribution was
observed for all P(AEAEMA)-siRNA complexes except the polyplex
prepared at an N/P of 100 and 200. Since the polymer amount is highly
increased at N/P of 100 and 200, bimodal distribution indicating the
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Fig. 2. Agarose gel electropherogram of P(AEAEMA)-siRNA (A) and PEI-siRNA (B) complexes. Lane 1: DNA marker; Lane 2: naked siRNA; Lanes 3-9: complexes

prepared at an N/P ratio of 1, 2, 3, 4, 5, 10 and 30, respectively.

Table 1
The average intensity diameter of polyplexes determined by DLS.

N/P P(AEAEMA)-siRNA complexes (nm) PEI-siRNA complexes (nm)
2 199.6 + 3.2 375.3 +£ 4.9
5 171.5 + 3.2 787.4 + 24.4
10 155.0 + 13.4 528.6 + 20.9
30 166.9 + 12.7 323.0 + 44.0
50 213.6 + 26.8 413.6 + 20.2
100 9.4 +1.1 5.7 £ 0.5
588.5 + 1429 419.2 + 37.7
200 9.9 + 0.8 N/A
342.9 + 39.7

existence of free polymer chains along with polyplexes was observed.

In contrast to P(AEAEMA)-siRNA complexes, the average hydrody-
namic diameter of PEI-siRNA complexes was found to be significantly
higher at almost all N/P ratios tested (except N/P of 100) (Table 1 and
Fig. $3). This may suggest that the hydrophobic -C-C- backbone and
brush architecture of PCAEAEMA) lead to the formation of more compact
and smaller nanoparticles in the presence of siRNA molecules. This is
also supported by PDI values of P(AEAEMA)-siRNA complexes which
were relatively small in general (Table S2).

All polyplexes displayed positive zeta potential which was antici-
pated to enhance the cellular uptake of the complexes (Table S1).
However, the positive zeta potential would also be expected to lead to
non-specific interactions with serum components and aggregation of the
complexes in serum containing media. While it is not the focus of this
paper, this problem can be overcome by incorporating a neutral and
hydrophilic polymer block such as PEG [45]. Similar to size results, the
zeta potential values were between a certain range (3.76-9.31 mV) and
did not differ with the increase in N/P ratios.

3.4. Stability of the polymer-siRNA complexes against serum components

One of the important features that an ideal carrier for gene/nucleic
acid delivery should have is the ability to protect siRNA against nucle-
ases [46]. siRNA protecting ability of P(AEAEMA) against serum nu-
cleases was investigated by agarose gel electrophoresis. For this purpose,
the degradation rate of naked siRNA in FBS (50% v/v in phosphate
buffer) at 37 °C was first investigated. The aliquots of naked siRNA in
FBS solution taken at determined times and inhibited with EDTA were
run on the agarose gel.

The electropherogram showing the degradation of naked siRNA in
serum with time is presented in Fig. 3. As it can be seen, degradation was
not observed when siRNA was incubated in inactivated (EDTA treated)
serum (Fig. 3 Lanes 6-9). In contrast to this, active serum degraded the
naked siRNA at increasing extents with increasing incubation time
(Fig. S4). According to ImageJ analysis results, 54% of the siRNA was
degraded in the first 30 min. In 4 h, almost complete degradation of
siRNA was observed (80% degradation).

The siRNA protection ability of PCAEAEMA) was investigated at two

2 34 5 6 7 8 9

N N - ) T

|
Active serum Inactivated serum

Fig. 3. Agarose gel electropherogram of naked siRNA in FBS. Lane 1: DNA
marker; Lanes 2-5: siRNA incubated in active FBS at 37 °C during 30 min, 2 h,
4 h and 6 h, respectively; Lanes 6-9: siRNA incubated in inactivated FBS at
37 °C during 30 min, 2 h, 4 h and 6 h, respectively.

different N/P ratios (2 and 10) via gel electrophoresis. At the end of the
incubation periods, complexes were disassembled by adding SDS and
the mixture was run on agarose gel. As it can be seen in the electro-
pherogram, siRNA bands were clearly visible until 6 h which means
polymers could protect the siRNA against nucleases at least for 6 h
(Fig. 4). At longer incubation period (24 h) the intensity of the band
dramatically decreased which is indicating that almost all siRNA mol-
ecules were degraded by serum nucleases.

In brief, while naked siRNA was degraded by serum nucleases quite

g2 3 4 57677 8 9710v11°12

Fig. 4. Agarose gel electropherogram of P(AEAEMA)-siRNA in FBS. Lane 1:
DNA marker; Lanes 2-6: complexes prepared at N/P of 2 and incubated in FBS
at 37 °C during 30 min, 2 h, 4 h, 6 h and 24 h, respectively; Lanes 7-11:
complexes prepared at N/P of 10 and incubated in FBS at 37 °C during 30 min,
2 h, 4 h, 6 h and 24 h, respectively; Lane 12: control (complex prepared at N/P
of 10 and loaded in inactivated FBS).
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rapidly, when it is complexed with PCAEAEMA), increase in resistance
against nuclease degradation was observed. P(AEAMA) could shield the
siRNA molecules even at lowest complexation N/P ratio by blocking the
enzyme substrate interaction sterically, leading to increased stability of
the siRNA in serum containing media which is necessary for successful
gene delivery.

3.5. Transfection efficiency of polymers

The siRNA transfection efficiency of P(AEAEMA) was first deter-
mined using stably firefly luciferase expressing human ovary cancer cell
line, Skov-3-luc, as a model cell line via luciferase assay. An anti-
luciferase siRNA sequence was used to selectively inhibit the expres-
sion of the luciferase gene. A non-targeting siRNA was used as a negative
control. The transfection efficiency of two different commercial siRNA
transfection reagents, lipofectamine RNAimax and DharmaFECT 3, and
linear PEI (M, = 8K) was also determined and compared to PCAEAEMA).
The reduction in luciferase expression level was determined by
measuring the luminescence using Promega luciferase assay kit. The
cytotoxicity of the complexes was also determined via MTT assay in
parallel to luciferase assay.

The luciferase assay results of Skov-3-luc cell line were presented in
Fig. 5. The luciferase expression level of the cells not treated was
accepted as one hundred percent. The relative expression level of cells
after treatment with transfection agents or polyplexes was determined in
comparison with non-treated cells. As it can be seen in Fig. 5, when only
siRNA was applied to the cells, luciferase expression of cells did not
decrease. This was attributed to the instability of siRNA in serum con-
taining media, as supported by serum stability assay results. However,
when siRNA (25 nM) was complexed with the commercial transfection
reagents, significant reduction in luciferase expression (reduced to 27%
and 57% of the control, for Dharmafect® and RNAiMax®, respectively)
was observed which may be due to the enhanced stability, cellular up-
take and/or cytosolic release, leading to the RNAi mechanism. Also, a
siRNA having an irrelevant sequence (negative control) was used with
the commercial reagents to show the specificity of the anti-luc siRNA
sequence used in this study toward the firefly luciferase gene. When the
cells were treated with the complexes formed by negative control siRNA
and commercial reagents, no effect on the luciferase expression was
observed, indicating that the decreased luciferase expression of cells
treated with transfection agent-anti-luc siRNA sequence complexes was
due to the specific gene silencing.

Polyplexes of P(AEAEMA) with siRNA (100 nM) at varying N/P
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ratios were tested on Skov-3-luc cell line. Polymer dose dependent
decrease in luciferase expression was observed. In parallel with this, the
cytotoxicity was also slightly increased with increasing polymer dose. At
an N/P ratio of 2 (which was the lowest ratio at which complexes formed
according to gel electrophoresis results), gene silencing effect could not
be observed. At an N/P ratio of 50, the luciferase expression decreased to
77% while the polyplexes still did not show any toxic effect on the cells
(cell viability = 93%). When N/P ratio was increased to 200, the gene
silencing effect of the polyplexes was more clearly observed. At this N/P
ratio, the luciferase expression decreased to 41%. On the other hand, the
cell viability also slightly reduced to 76%. According to Student’s t-test
analysis results, the difference between viability and luciferase expres-
sion was found to be statistically significant (« = 0.05) at all N/P ratios
except N/P of 2. Hence, statistical analysis indicated that the decrease in
the luciferase expression with increasing polymer concentration was not
due to the increased toxicity.

The decrease in luciferase expression was directly proportional to the
increase in polymer concentration. The increase in the amount of free
polymer in the complex formulation clearly caused higher transfection
efficiency at high N/P ratio (200). The presence of free polymer in
complex formulation having N/P ratio of 200 was evidenced by DLS
measurements as presented in Table 1. Considering that the zeta po-
tential, hydrodynamic volume and siRNA protection ability of the
complexes prepared at varying N/P ratios did not differ significantly, the
higher transfection ability of complexes prepared at an N/P ratio of 200
cannot be attributed to the enhanced siRNA protection or cellular uptake
of these complexes. It might be possible that the increased polymer
amount in this complex formulation leads to enhanced cytosolic release
of siRNA molecules. Diaminoethane motif of P(AEAEMA) has been
known to cause strong membrane destabilization effect at acidic endo-
somal pH [47].

The transfection efficiency of linear PEI (M,: 8 kDa) was also
investigated (Fig. 6). Similar to PCAEAEMA), PEI was not effective at the
low N/P ratios. However, at N/P of 30 and 50, PEI could reduce the
luciferase expression level to 57% and 54%, respectively without
showing significant toxicity (cell viability 95% and 90%). When N/P
ratio was increased to 100, the toxicity of PEI-siRNA complexes signif-
icantly increased (cell viability = 63%). On the other hand, luciferase
expression level was less than 20% at this N/P ratio.

Since the transfection efficiency of the gene delivery vectors highly
depends on the employed cell line, the gene silencing ability of P
(AEAEMA) in comparison with PEI has been further investigated using
another cell line (MDA-MB-231-luc human breast cancer cell line stably

A Cell Viability
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Fig. 5. The percent luciferase expression and cell viability of Skov-3-luc cell line after the treatment with naked siRNA, Dharmafect-siRNA complexes, RNAimax-
siRNA complexes or P(AEAEMA)-siRNA complexes at N/P of 2, 10, 30, 50, 100 and 200. siRNA(+) and siRNA(-) indicates the positive and negative control

siRNA, respectively.
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Fig. 6. The percent luciferase expression and viability of Skov-3-luc cell line
after treatment with PEI-siRNA complexes at N/P of 5, 10,30, 50 and 100.

expressing luciferase) (Fig. S5). The same experimental method was
employed. As it can be seen in Fig. S5, neither PEI nor PCAEAEMA) was
able to reduce the luciferase expression of MDA-MB-231-luc without
showing toxicity at tested concentrations and conditions. In contrast, the
lipid-based transfection reagent Lipofectamine RNAiMax® was able to
show potent transfection efficiency. The data suggested that the trans-
fection ability of both PEI and P(AEAEMA) was cell-type dependent.

L,&“ 805
Control

P(AEAEMA) N/P 50

P(AEAEMA) N/P 100

- | N/P | | N/P |

PEIN/P 10 |

P(AEAEMA) N/P 100
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To further support this finding and also prove the nucleic acid de-
livery potential of newly presented P(AEAEMA), MDA-MB-231 cell line
and a human embryonic kidney cell line (HEK 293T) were transfected
with plasmid DNA (pDNA) complexes of both P(AEAEMA)-8 kDa and
PEI-8 kDa (Fig. 7, Fig. 8, Fig. S6 and Fig. S7). pDNA transfection effi-
ciency was determined by evaluating the GFP expression via fluores-
cence microscopy and flow cytometry. Naked pDNA was used as a
control. pDNA (50 nM) was complexed with PEI at an N/P ratio of 20
and 10. At N/P of 20, PEI-pDNA polyplexes were just below their toxic
threshold (cell viability > 70%), and at N/P of 10, the polyplexes were in
safe range (Fig. S7). In case of P(AEAEMA), the N/P ratio was kept
higher, similar to siRNA transfection assay, as PLCAEAEMA) was not toxic
at all at the tested ratios (Fig. 8B and Fig. S7). P(AEAEMA)-pDNA
complexes showed negligible toxicity even at N/P of 400, 800 and,
1600 (cell viability > 85%) (Fig. S7). Additionally, it was previously
shown that P(AEAEMA)-5K or P(AEAEMA)-10K was able to complex
completely with a DNA fragment of 700 bp at an N/P ratio of 10 and
above [34].

The results of pDNA transfection of MDA-MB-231 cell line, deter-
mined by flow cytometry, are shown in Fig. S6. Same with siRNA
transfection, both polymers showed almost no pDNA transfection effi-
ciency on MDA-MB-231 cells. Compared to MDA-MB-231, GFP-coding
pDNA transfection of HEK 293T cells was significant for both P
(AEAEMA) and PEI (Figs. 7 and 8). Both fluorescence microscopy and
flow cytometry data clearly indicated the potential of PCAEAEMA) as a
safer alternative for nucleic acid delivery. They also revealed that the

. PEIN/P 20 G

P(AEAEMA) N/P 200

P(AEAEMA) N/P 200

Fig. 7. Fluorescence and phase-contrast microscopy images of HEK 293T cells transfected with PCAEAEMA)-pDNA and PEI-pDNA complexes for 48 h (Scale bar:

100 pm).
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Fig. 8. Representative flow cytometer plots (A) and pDNA transfection results (B) of HEK 293T cells treated with PCAEAEMA)-pDNA and PEI-pDNA complexes for 48
h. GFP expression was determined by flow cytometry (A) and the data were quantified accordingly (B).

transfection efficiency of both PEI and P(AEAEMA) was highly depen-
dent on the cell line used.

The pDNA transfection efficiency of P(AEAEMA) or PEI did not
significantly differ with respect to N/P ratios suggesting that the
maximum efficiency was reached at the tested conditions (Figs. 7 and 8).
While we did not attempt to optimize the conditions in the current study,
further research towards the optimization of some important parameters
such as the number of polyplexes per cell and pDNA concentration needs
to be performed in future. As it can be seen in the flow cytometer plots
and fluorescence microscope images (Figs. 7 and 8), both polymers were
able to transfect HEK 293T cells with pDNA as evidenced by GFP
expression. The percentage of GFP expressing cells was quantified using
flow cytometry (Fig. 8B). PEI was generally found to be more efficient
compared to P(AEAEMA) at tested conditions. However, statistical
analysis performed via students t-test indicated that there was no sta-
tistically significant difference between PEI (at N/P of 10 or 20) and P
(AEAEMA) (at N/P of 100). In contrast to this, the difference was

statistically significant at other N/P ratios indicating slightly higher
efficiency of PEL On the other hand, it should be noted that PEI com-
plexes reduced the cell viability to 77% at N/P of 20 while P(AEAEMA)
complexes did not really affect the cell viability even at the highest N/P
ratio of 1600 (Fig. S7). Overall, PEI and P(AEAEMA) showed cell-line
dependent efficiency for transfection of both siRNA and pDNA. While
P(AEAEMA) was found to be slightly less effective than PEI in terms of
transfection, considering significantly less toxic nature of PCAEAEMA)
and other presented advantages of PCAEAEMA), it might be a preferable
cationic block alternative to PEI.

4. Conclusions

In this study, a diaminoethane motif bearing methacrylate-based
polymer, namely poly(2-((2-aminoethyl)amino)ethyl methacrylate) (P
(AEAEMA)), synthesized via RAFT polymerization was evaluated as a
potential nucleic acid delivery agent in comparison to a well-known
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gene delivery agent, linear PEI. PCAEAEMA) (M;, 8 kDa) showed almost
no cytotoxicity at the concentrations at which linear PEI (M, 8 kDa) was
highly toxic. PCAEAEMA) could form complexes with siRNA at an N/P
ratio of 2 which was 2.5-fold lower than LPEI. The hydrodynamic
diameter of PCAEAEMA)-siRNA complexes was found to be significantly
lower than PEI-siRNA complexes almost at all N/P ratios tested and all
polyplexes of PCAEAEMA) displayed positive zeta potential. PLAEAEMA)
could protect the siRNA against nucleases and improved the stability of
free siRNA even at an N/P ratio of 2. The siRNA and pDNA transfection
efficiency of PCAEAEMA)-8K was found to be comparable to or slightly
less than PEI-8K at the tested conditions. Importantly, the transfection
efficiency of both PEI and P(AEAEMA) was found to be highly depen-
dent on the cell line used.

P(AEAEMA), with its favourable features such as ease of synthesis via
RAFT polymerization offering structural tailoring ability for desired
applications, partially-degradable nature, significantly low toxicity,
high complex forming ability, and comparable transfection efficiency
show promise as an alternative to linear PEI. P(AEAEMA) can be
incorporated with neutral and hydrophilic polymers such as PEG to
minimize interactions with serum components to formulate better
nucleic acid carriers. Compared to linear PEI, linear P(AEAEMA) con-
tains sterically more available primary and secondary amines along with
methacrylate backbone which could facilitate the complexation with
nucleic acids and potentially enhance stability of polyplex particles. In
conclusion, considering all these properties, PCAEAEMA)-8K is poten-
tially a viable alternative to linear PEI-8K for nucleic acid delivery.
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