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Abstract

The poly(cystaminebis(acrylamide)-diaminohexane) (poly(CBA-DAH)) was designed previously
as a bio-reducible efficient gene delivery carrier. However, the high weight ratio required to form
the polyplexes between poly(CBA-DAH) with pDNA is still a problem that needs to be addressed.
To solve this problem and increase the transfection efficiency, poly(ethylenimine) (PEI, 1.8 kDa)
was conjugated to poly(CBA-DAH) via disulfide bond. The PEI conjugated poly(CBA-DAH)
(PCDP) can bind with pDNA at a very low weight ratio of 0.5 and above, like PEI 25 kDa, and
form the polyplexes with nano-size (102 ~ 128 nm) and positive surface charge (27 ~ 34 mV).
PCDP and PCDP polyplexes had negligible cytotoxicity and indicated similar or better cellular
uptake than the comparison groups such as PEI 25 kDa and Lipofectamine® polyplexes. To
confirm the transfection efficiency, the plasmid DNA (pDNA) encoded with the luciferase reporter
gene (gWiz-Luc) and green fluorescent protein reporter gene (GFP) were used and treated with
PCDP into the A549, Huh-7, and Mia PaCa-2 cells. PCDP/pDNA polyplexes showed highest
transfection efficiency in all tested cell lines. In the luciferase assay, PCDP polyplexes showed
10.2 times higher gene transfection efficiency than Lipofectamine® polyplexes in mimic in vivo
conditions (30% FBS, A549 cells). The VEGF siRNA expressing plasmid (pshVEGF), which is
constructed as a therapeutic gene by our previous work, was delivered by PCDP into the cancer
cells. The VEGF gene expression of PCDP/pshVEGF polyplexes was dramatically lower than
control and the VEGF gene silencing efficiencies of PCDP/pshVEGF (w/w; 10/1) polyplexes were
54% (A549 cells), 77% (Huh-7 cells), and 66% (Mia PaCa-2 cells). In addition, PCDP/pshVEGF
had reduced cell viability rates of about 31% (A549 cells), 39% (Huh-7 cells), and 42% (Mia
PaCa-2 cells) and showed better results than all comparison groups. In the transfection efficiency
and VEGEF silencing assay, PCDP polyplexes showed better results than poly(CBA-DAH) at 4-fold
lower weight ratio. The data of all experiments demonstrate that the synthesized PCDP could be
used for efficient gene delivery and could be widely applied.
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1. INTRODUCTION

Gene therapy is the administration of genetic materials (plasmid deoxyribonucleic acid
(pDNA), small interfering ribonucleic acid (siRNA), and messenger RNA (MRNA), etc.)
into specific cells for the treatment of genetic and acquired disorders (Niidome & Huang,
2002; Stone, 2010). In the early days, gene therapy only focused on inherited genetic
disorders, but it has recently been applied in various disorders including different forms of
cancers, vascular diseases, some autosomal dominant disorders, emphysema, retinitis
pigmentosa, diabetes, hemophilia, and neurodegenerative disorders (Katz, Fargnoli,
Williams, & Bridges, 2013; Nayerossadat, Maedeh, & Ali, 2012). However, there are
limitations in delivering only the genetic materials itself. Genetic materials have low cellular
uptake efficiency due to their hydrophilic property, large size, high anionic charge density,
and susceptibility toward nuclease-mediated degradation (Al-Dosari & Gao, 2009; Layek &
Singh, 2013). Therefore, the carriers (commonly called vectors) have been used to solve the
problem without any degradation of genetic materials.

Viral vectors such as adenovirus, lentivirus, retrovirus, adeno-associated virus, and herpes
simplex virus served as vehicles for efficient gene transfer. However, viral vectors have
serious concerns including inflammation, difficulty in production, inflammatory response,
immunogenicity, and carcinogenicity (Al-Dosari & Gao, 2009; Bouard, Alazard-Dany, &
Cosset, 2009; Layek & Singh, 2013; Yin et al., 2014). Non-viral vectors such as liposomes,
micelles, polycationic polymer, and polyanionic polymer are alternatives that addresses the
concerns of viral vectors. Non-viral vectors have lower gene transfection efficiency than
viral vectors, but are less toxic and immunogenic than viral vectors (Al-Dosari & Gao, 2009;
Eroglu et al., 2013; Xu, Wang, & Pack, 2010; Yin et al., 2014). In addition, non-viral vectors
have some advantages such as the potential for repeated administration and ease of
modification and production.

Over the past decade, our group synthesized various types of polycationic polymers are
evaluated their application as a genetic materials delivery carrier (T. I. Kim, Ou, Lee, &
Kim, 2009; H. Y. Nam, Nam, Lee, Kim, & Bull, 2012; J. P. Nam, Nam, Nah, & Kim, 2015;
K. Nam, Jung, Nam, & Kim, 2015; Ou et al., 2008). To enhance transfection efficiency,
these polycationic polymers required important properties such as the ability to form nano-
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sized polyplexes with genetic materials (T. I. Kim et al., 2009; H. Y. Nam et al., 2012; J. P.
Nam et al., 2015; K. Nam et al., 2015; Ou et al., 2008), bio-reducible property (T. I. Kim et
al., 2009; H. Y. Nam et al., 2012; J. P. Nam et al., 2015; K. Nam et al., 2015; Ou et al.,
2008), cell penetrating property (T. I. Kim et al., 2009; J. P. Nam et al., 2015), and endosome
escape property (H. Y. Nam et al., 2012; J. P. Nam et al., 2015; K. Nam et al., 2015). These
polycationic polymers showed enhanced transfection efficiency, however, the problems that
needs to be solved in order to develop a more effective gene carrier still remain. These
problems include higher weight ratio above 40 that is optimized ratio to form formation
nano-sized polyplexes (T. I. Kim et al., 2009; J. P. Nam et al., 2015; Ou et al., 2008), but
limits its use in vivo, and complex synthesis steps (H. Y. Nam et al., 2012; K. Nam et al.,
2015).

Here, we synthesized poly(ethylenimine) (PEI) conjugated poly(cystaminebis(acrylamide)-
diaminohexane)) (poly(CBA-DAH)) (PCDP) to decrease weight ratio and increase
transfection efficiency. We hypothesized that the PEI provide increased binding ability and
enhanced endosome escape property to poly(CBA-DAH), leading to formation of polyplexes
with low weight ratios and high transfection efficiency. In addition, PEI was conjugated to
poly(CBA-DAH) through the disulfide bond. Poly(CBA-DAH) is composed of multiple
disulfide bonds, where these disulfide bonds can be cleaved in the cytoplasm by an
intracellular reducing agent such as glutathione (GSH) (Doss, Debottam, & Debajyoti, 2013;
Hong et al., 2006; Ou et al., 2008; Oupicky & Li, 2014; Wen et al., 2011). GSH is composed
tri-peptide and synthesized in the cytosol from precursor amino acids (Chakravarthi, Jessop,
& Bulleid, 2006). The intracellular concentration of GSH (1-10 mM) is extensively higher
than extracellular levels (2 UM in plasma) (Hassan & Rechnitz, 1986; Hong et al., 2006).
These different intracellular or extracellular concentrations of GSH lead to selective
intracellular release of genetic materials from the polycationic polymer, which also contains
disulfide bonds (Hong et al., 2006; Oupicky & Li, 2014).

In this study, to confirm the successful synthesis and polyplexes formation with pDNA,
PCDP was characterized using the luciferase reporter gene (gWiz-Luc) or the green
fluorescent protein (gWiz-GFP). Moreover, vascular endothelial growth factor (VEGF)
siRNA expressing plasmid (pshVEGF) as a therapeutic gene was used to investigate the
therapeutic efficiency in various cancer cells.

2. EXPERIMENTAL SECTION

2.1. Materials

gWiz-Luc and gWiz-GFP were amplified in E.coli DH5a and isolated by NucleoBond®
Xtra Maxi Plus EF kit (MACHEREY-NAGEL GmbH & Co. KG, D(ren, Germany). The
luciferase assay kit, agarose, and 5X reporter lysis buffer were purchased from Promega
(Madison, WI). pshVEGF was designed and conducted according to our previous work (H.
A. Kim, Nam, & Kim, 2014). fert-Butyl-N-(6-aminohexyl) carbamate (A-Boc-1,6-
diaminohexane, A-Boc-DAH), 3- [4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromide (MTT), 1,4-dithiothreitol (DTT), trifluoroacetic acid (TFA), piperidine, N, -
diisopropylethylamine (DIPEA), triisopropylsilane (TIS), dimethylformamide (DMF),
dimethyl sulfoxide (DMSQO), methanol (MeOH), and trypan blue solution (0.4%) were
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purchased from Sigma-Aldrich (St. Louis, MO). Fetal bovine serum (FBS) was purchased
from Seradigm (Radnor, PA). Branched poly(ethylenimine) (bPEI, Mw = 1.8 kDa and 25
kDa), N,\V-Cystaminebisacrylamide (CBA) was purchased from PolySciences, Inc.
(Warrington, PA). Spectrapor dialysis membrane was purchased from Spectrum
Laboratories, Inc. (Rancho Dominguez, CA). Dulbecco’s modified Eagle’s medium
(DMEM), human VEGF ELISA kit, YOYO-1 iodide (1 mM solution in DMSO),
Lipofectamine® 2000 (DNA transfection reagent, 1 mg/mL), Opti-MEM® medium, trypsin-
like enzyme (TrypLE™ Express), Dulbecco’s phosphate buffered saline (DPBS), and
propidium iodide (P1, 1 mg/mL in H,O) were purchased from Invitrogen (Carlsbad, CA).
Ellman’s reagent, Traut's reagent, succinimidyl 3-(2-pyridyldithio) propionate) (SPDP) cross
linker and BCA assay kit were purchased from pierce (Rockford, IL).

2.2. Synthesis of the PEI conjugated Poly(CBA-DAH) (PCDP)

Poly(CBA-DAH), the backbone of PCDP (poly(disulfide amine)), was synthesized as per
our previous work (Ou et al., 2008). To introduce the sulfhydryl group, purified poly(CBA-
DAH) was dissolved in a non-amine buffer (0.1 M sodium phosphate buffer), then 4.4 equiv.
of Traut’s reagent was added to the polymer in solution for 4 h at room temperature. After 4
h, the reacted solution was dialyzed against ultrapure water using a dialysis membrane
(dialysis membrane (MWCO = 3,000)) to remove unreacted Traut’s reagent. Then, the
product (poly(CBA-DAH)-SH) was filtered and lyophilized. The produced sulfydryl groups
were measured using Ellman’s reagent.

To react between the activated NHS ester of SPDP and amine of PEI, PEI (Mw; 1.8 kDa)
was dissolved in 0.1 M phosphate buffer. 1.2 equiv. of SPDP dissolved in DMF and then
added to PEI solution (final solvent ratio; 1:9 (DMF:0.1 M phosphate buffer)) for 4 h at
room temperature. The product (PEI-SPDP) was dialyzed against ultrapure water using a
dialysis membrane (dialysis membrane (MWCO = 1,000)) and lyophilized.

Eight equiv. of PEI-SPDP was added to a prepared poly(CBA-DAH)-SH solution in 50 mM
phosphate buffered saline and the mixture was stirred for 12 h at room temperature. The
released pyridine-2-thione (leaving group) was monitored by UV spectroscopy at 343 nm to
confirm the reaction (Carlsson, Drevin, & Axen, 1978). The final product (PCDP) was
dialyzed against ultrapure water using a dialysis membrane (dialysis membrane (MWCO =
10,000)) and was filtered, followed by lyophilization. The synthesis of PCDP was estimated
by measuring 'H NMR (Bruker, 400 MHz, D,0).

2.3. Acid-base titration

The buffering capacity of PCDP was measured by acid-base titration. 10 mg of each
poly(CBA-DAH) and PCDP were dissolved in 10 mL of H20 (1 mg/mL). The solutions
were adjusted to pH = 10 by 0.1 M NaOH and then titrated to pH = 3 with 0.01 M HCI.

2.4. Characterization of PCDP/pDNA polyplexes

PCDP was dissolved in HEPES buffer (10 mM HEPES, 1 mM NacCl, pH 7.4) at 10 mg/mL
and diluted (1 mg/mL or 5 mg/mL) to form polyplexes, then mixed at a certain weight ratio
ranging from 0.05 to 5 based on 300 ng of pDNA (gWiz-Luc). The mixtures were then
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incubated at room temperature for 30 min before use. Gel retardation assay was used to
evaluate the pDNA condensation ability of PCDP. After 30 min, the incubated mixtures were
loaded on a 0.8% agarose gel with Pl-included loading dye (5% in 10X loading dye, v/v),
followed by electrophoresis in TAE buffer (10 mM tris/HCI, 1% v/v acetic acid, 1 mM
EDTA) at 100V for 40 min (J. P. Nam et al., 2015). Naked pDNA was used as a control. The
migration of Pl-stained pDNA in the agrarose gel was visualized by an UV illuminator (Gel
Documentation System, Bio-Rad, Hercules, CA). In addition, PEI 25 kDa and poly(CBA-
DAH) were used as comparison groups with same (PEI 25 kDa, w/w, 0.05 to 5) or different
(poly(CBA-DAH), w/w, 1 to 20) conditions.

The particle size and zeta-potential of PCDP/pDNA polyplexes were measured by dynamic
light scattering (DLS) and laser Doppler velocimetry (LDV), respectively by a Nano ZS
(ZEN3600, Malvern Instruments, UK). The polyplexes were prepared in HEPES buffer (10
mM HEPES, 1 mM NacCl, pH 7.4) at various weight ratios ranging from 0.05 to 5 based on 4
ug of pDNA (gWiz-Luc). After incubation time (30 min), the polyplexes solutions were
diluted using distilled water to 600 uL before measurement. In addition, to confirm the
dissociation of polyplexes by a reducing agent such as DTT, the particle size and zeta-
potential of PCMD/pDNA polyplexes (weight ratio 10) were measured with or without 5
mM DTT. PEI was used as a comparison group (weight ratio 1).

2.5. Cell culture and cytotoxicity assay

Human lung adenocarcinoma epithelial (A549), human hepatocellular carcinoma (Huh-7),
and human pancreatic carcinoma (Mia PaCa-2) cell lines were selected and obtained from
American Type Culture Collection (ATCC) (Manassas, VA). The cells were cultured in high
glucose DMEM supplemented with heat-inactivated FBS (10%, v/v), without antibiotic
agent at 37°C in a humidified atmosphere containing CO, (5%, v/v).

The cytotoxicity of PCDP and PCDP/pDNA polyplexes were evaluated in cultured cells
assessing cell killing using the MTT assay. When the A549, Huh-7, and Mia PaCa-2 cells
reached 70 ~ 80 %, the cells were harvested by trypsinization and centrifugation, then
seeded in a 24-well plate at a density of x 10% cells/well in full DMEM medium. After 24 h,
the culture medium was replaced by serum-free DMEM, then the cells were treated with
polymers (PCDP and PEI 25 kDa) or polyplexes (PCDP, PEI 25 kDa, poly(CBA-DAH), and
Lipofectamine® polyplexes with pDNA (gWiz-Luc)). The concentration range of the treated
polymers (PCDP and PEI 25 kDa) was 1 ~ 20 ug/mL. In addition, PCDP/pDNA polyplexes
were prepared at various weight ratios ranging from 1 to 20, based on pDNA (gWiz-Luc,
500 ng). Poly(CBA-DAH), PEI 25 kDa, and Lipofectamine® were used as comparison
groups and formed polyplexes with pDNA at 1:40 (optimized ratio by previously work (Ou
et al., 2008)), 1:1 (optimized ratio by previously work (T. I. Kim et al., 2009; J. P. Nam et
al., 2015)), and 1:2 (manufacture’s recommended ratio) weight ratio, respectively. After 4 h,
the medium was replaced by serum-containing DMEM (10% FBS, without antibiotic agent)
and the cells were further incubated for 48 h. 30 pL stock solution of MTT (2 mg/mL in
PBS) was added to each well, and the plates were incubated for another 2 h. The medium
and unreacted MTT were removed by aspiration, then 300 L of DMSO was added to each
well to dissolve the formazan crystals formed in live cells. The absorbance of each well was
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measured at 570 nm using a microplate reader (Model 680, Bio-Rad Laboratory, Hercules,
CA), and the relative cell viability (%) calculated as: Cell viability (%) = ((OD sample) -
(OD blank)) I ((OD control) — (OD blank)) x 100%.

2.6. Cellular uptake study

To confirm the cellular uptake of PCDP/pDNA polyplexes, A549, Huh-7, and Mia PaCa-2
cells were seeded at a density of 1 x 10° cells/well in a 12-well plate in DMEM (10% FBS)
and incubated for 24 h before cellular uptake. The medium was replaced by serum-free
DMEM, then the cells were treated with polyplexes. The polyplexes of PCDP, poly(CBA-
DAH), PEI 25 kDa, and Lipofectamine® were prepared with pDNA (YOYO-1 stained gWiz-
Luc, 1 molecule of the dye per 50 bp of nucleotide, 1 ug) using the same protocol as the
cytotoxicity experiments. After 4 h, the medium was removed and washed with PBS. The
cells were collected by trypsinization and centrifugation (3 min and 3,000 rpm). The degree
of cellular uptake was investigated by a BD FACscan analyzer at a minimum of 1 x 104 cells
gated per sample. The data was analyzed using De NoVo FCS Express 5 Plus software.

2.7. GFP and Luciferase expression assay

A549, Huh-7, and Mia PaCa-2 cells were seeded at a density of 5 x 104 cells/well in a 24-
well plate in DMEM (10% FBS) and incubated for 24 h. To confirm the luciferase and GFP,
the both gWiz-Luc and gWiz-GFP were used. pDNA (gWiz-Luc or gWiz-GFP) was
complexed to form the polyplexes with the PCDP, poly(CBA-DAH), PEI 25 kDa, and
Lipofectamine® at various weight ratio described above, respectively. The prepared
polyplexes were treated using the same protocol as the cytotoxicity experiments. In addition,
to create an in vitro environment that mimics in vivo conditions more accurately, cells were
treated with polyplexes (with gWiz-Luc) in 30% FBS.

The GFP expression was visualized after 48 h using an EVOS microscope (AMG, Bothell,
WA) and each of the GFP expression levels were quantified by measuring the absorbance at
485 nm for excitation and 535 nm for emission on a Tecan Infinite M200 Pro.

For the luciferase analysis, the medium was removed after 48 h, and the cells were washed
with DPBS 3 times. Then, the cells were lysed by 1x reporter lysis buffer and collected by
scraping and centrifugation. Luciferase quantification was analyzed using a Tecan Infinite
M200 Pro (Tecan Group Ltd., Mannedorf, Switzerland). The amount of protein in the cell
lysate was measured using a Pierce® BCA protein assay kit (Pierce®, Rockford, IL)
according to the manufacturer’s protocol.

2.8. VEGF silencing and cancer cell growth inhibition of PCDP polyplexes

VEGEF silencing efficacy of PCDP polyplexes was evaluated by ELISA using VEGF siRNA
expressing plasmid (pshVEGF). A549, Huh-7, and Mia PaCa-2 cells were seeded at a
density of 5 x 104 cells/well in a 24-well plate, then the PCDP/pshVEGF polyplexes were
treated as described above. Poly(CBA-DAH), PEI 25 kDa, and Lipofectamine® were also
used as comparison groups. After incubation time (48 h), the medium of each well were
harvested and the VEGF expression was measured by human VEGF ELISA kit according to
the manufacturer’s protocol. In addition, to confirm the cell growth inhibition, the cells were
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treated with PCDP/pshVEGF polyplexes at weight ratios 10 and 15 as described above and
cell viability was investigated by MTT analysis.(Mosmann, 1983) Cells were also
transfected with polyplexes using gWiz-Luc at the same conditions, and the cell viability
was investigated by MTT analysis for comparison purposes.

2.9. Statistical analysis

The all data were expressed as mean * standard deviation (SD). Statistical significances
were performed by one-way analysis of variance (ANOVA) using SPSS Statistics 17 (SPSS
Inc.). The criterion for statistical significance was *P < 0.05.

3. RESULTS AND DISCUSSION

3.1. Synthesis and characterization of PCDP

To increase the transfection efficiency and decrease the weight ratio when the polyplexes
formed with pDNA, we designed a novel bio-reducible polymer (PCDP) with poly(CBA-
DAH) and PEI 1.8 kDa. PEI can introduce high binding ability with pDNA as well as
enhanced endosome escape ability of pDNA from the polyplexes, leading to decreased
weight ratio and increased transfection efficiency (Fischer, Bieber, Li, Elsasser, & Kissel,
1999; Wang et al., 2016). Scheme 1 shows the synthetic route of PCDP.

To introduce the disulfide bond between poly(CBA-DAH) and PEI 1.8 kDa, Traut’s reagent
and SPDP were used. The conjugation ratio of sulfydryl group was measured by Ellman’s
reagent and each reaction step was monitored by Thin-Layer Chromatography (TLC). In the
first attempt, we designed PCDPs with different conjugation ratios of PEI such as 1, 4, and
8, to compare the effect of the conjugation ratio. However, in the case of conjugation ratio of
1, there was not a significant difference when compared to poly(CBA-DAH), and in the case
of conjugation ratio of 8, it aggregated during the final synthesis step (data not shown).
Therefore, we used PCDP with conjugation ratio of 4 for experiments to confirm its
potential as a gene delivery carrier. The synthesis and conjugation ratio of PCPD were
confirmed by 1H NMR. The poly(CBA-DAH) that was used as a backbone was
characterized in our previous work (Ou et al., 2008). As shown in Figure 1, the peak
assignments of poly(CBA-DAH), PEI 1.8 kDa, and PCDP were classified in the data. In the
NMR data of PCDP, the proton peaks of poly(CBA-DAH) and PEI were shifted downfield
due to steric hindrance caused by the conjugation between poly(CBA-DAH) and PEI (J. P.
Nam et al., 2014).

In addition, the conjugation ratio of PEI to the poly(CBA-DAH) was calculated by the ratio
of the integration of the proton spectrum peaks in the poly(CBA-DAH)
(-NCH,CH,CH>CH>,CH,CH,NH>) and CH,, of PEI. The calculated conjugation ratio by
1H NMR analysis is shown in Table 1. The H NMR results showed that the PCDP were
successfully synthesized. The occurrence of PCDP spectrum peaks were classified as
follows; PCDP (1H NMR, D,0): poly(CBA-DAH) (NCH,CH»CH,CH,>CH,CH,NH,) =
1.16 ppm (shifted to 2.25 ppm), poly(CBA-DAH) (NCH,CH,CH,CH,CH,CH,>NH)) = 1.48
ppm (shifted to 2.4 ppm), poly(CBA-DAH) (NCH,CH,CONH), (CH,SSCH>),
(NCH,CH,CH,CH,CH,CH,NHj5), (NCH,CH,CONH, NCH,CH,CH,CH,CH,CH,NH)),
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and (NCH,CH,CONHCH5) = 2.57 ~ 3.43 ppm (shifted to 3.15 ~ 3.62 ppm), PEI
(NCH,CH2N) = 2.39 ~ 2.61 ppm (shifted to 2.41 ~ 2.85), cross-linker (N=CCH sCH,CH,S)
= 1.98 ppm, cross-linker (N=CCH,CH,CH>S) and (SCH,CH,C=0) = 2.94 ~ 3.21 ppm.

3.2. Buffering capacity of PCDP

PEI has many nitrogen atoms including primary, secondary, and tertiary amine groups.
These amine groups can enhance the buffering capacity and cause the subsequent endosomal
or lysosomal rupture and escape into the cytoplasm via a “proton sponge effect”
(Benjaminsen, Mattebjerg, Henriksen, Moghimi, & Andresen, 2013; Luu et al., 2012; Wang
et al., 2016). Therefore, PEI can provide enhanced buffering capacity to the PCDP, leading
to increased endosomal escape into cytoplasm, as described above. The studies have been
published on polymers which conjugated or modified with substances that can increase the
buffering capacity such as PEI, imidazole, and histidine. These studies shown the enhanced
buffering capacity and increased transfection efficacy (Bello Roufai & Midoux, 2001; Pack,
Putnam, & Langer, 2000; Pires et al., 2011; Yang et al., 2008; Zhang, Duan, Wang, & Bian,
2015).

The buffering capacity of PCDP in the pH range of 10 to 3 was measured by acid-base
titration assay and was calculated from the acid-base titration curve (data not shown) in the
endosomal pH range (from pH7.4 to 5.1) according to the following equation;

Buffering capacity( % ) = (AV HCl(volume of HCI solution) X 0.01M)/N mol
(total moles of protonable amine group) X 100 %

Poly(CBA-DAH) displayed 55% protonation in a previous study (Ou et al., 2008). PCDP
showed increased buffering capacity more than poly(CBA-DAH), as shown in Table 1.
Because more amine groups were introduced to poly(CBA-DAH), where the additional
amine groups are attributed to the conjugation of PEI. This result supported that the
enhanced buffering capacity may help endosomal escape of the polyplexes.

3.3. Physicochemical characterization of PCPD/pDNA polyplexes

Naked pDNA prevent from entering the cell membrane due to their hydrophilicity and
negative charge. The polycationic polymer, with its ability to form polyplexes with pDNA,
provides a way to overcome this problem. The binding ability between pDNA and PCPD
was evaluated by retardation of the pDNA (gWiz-Luc) in gel electrophoresis, displayed in
Figure 2(A). PEI 25 kDa and poly(CBA-DAH) were used as comparison groups. The bend
of pDNA, which formed the polyplexes with poly(CBA-DAH), displayed pDNA migration
at weight ratio of 10 or 15. On the other hand, PCDP could bind pDNA thoroughly at a very
low weight ratio of 0.5 and even displayed a characteristics similar to PEI 25 kDa. This gel
retardation assay data indicated that PCDP had better DNA binding capacity than
poly(CBA-DAH) due to increased amine groups from conjugation with PEI. This enhanced
binding capacity can decrease the amount of polymer needed for successful delivery and
easy application.

The positive surface charge and appropriate size (50 to several hundred nanometers) of
polyplexes are important factors that affect the cellular uptake of the polyplexes (Y. Liu &
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Reineke, 2005; K. Nam et al., 2015; Zhang et al., 2015). PCDP/pDNA polyplexes were
formed by electrostatic interaction between PCDP and pDNA (gWiz-Luc) at various weight
ratios. The particle size and zeta potential results of PCDP/pDNA polyplexes are displayed
in Figure 2(B). The particle sizes and zeta potentials of PCDP/pDNA were about 102 ~ 128
nm and 27 ~ 34 mV at weight ratios of 0.5 to 20, respectively. Poly(CBA-DAH)/pDNA had
the particle size and zeta potentials of about 150 ~ 200 nm and 40 mV in our previously
works (T. I. Kim et al., 2009; Ou et al., 2008). This decreased particle size of PCDP/pDNA
polyplexes is considered to be due to the formation of more tightly polyplexes compared to
poly(CBA-DAH)/pDNA polyplexes because of the increased presence of amine groups in
PCDP. The negative value (=30 mV) of PCDP was measured at a weight ratio of 0.1,
suggesting that the polyplexes are not formed at that ratio. At a weight ratio of 0.5, the zeta
potential was dramatically increased to 27 mV. This result indicated that polyplexes can
form from weight ratios above 0.5, which is also consistent with the gel retardation assay.
However, the particle size was about 400 nm due to the unstable polyplexes formation and
big cluster formation by self-aggregation (Zhang et al., 2015). The stable polyplexes of
PCDP was formed at weight ratio of 1 and above.

The polycationic polymer which contains disulfide bonds can easily release pDNA after
cleaved disulfide bond by reducing reagent (Doss et al., 2013; Oupicky & Li, 2014). To
confirm the change in polyplexes through the cleaved disulfide bond of PCDP, DTT (5 mM)
was used as an intracellular reducing agent like GSH. As shown in Figure 2(C), the particle
size and zeta potential of PEI 25 kDa/pDNA polyplexes were not influenced by 5 mM DTT.
Meanwhile, the particle size of PCPD/pDNA polyplexes with 5 mM DTT dramatically
increased to 542 nm and zeta potential was negative charged (-6 mV). The cleavage of the
disulfide bond of bio-reducible polymer by reducing agent increased the particle size due to
the decreased the binding ability (Wen et al., 2011; Yu, Russ, & Wagner, 2009).

3.4. Cytotoxicity of PCPD and PCDP/pDNA polyplexes

To confirm the cytotoxicity of polymer and polyplexes in A549, Huh-7, and Mia PaCa-2
cells, the MTT assay was performed. When the concentration of the treated PCPD was
increased from 1 to 20 ug/mL, the cell viability was slightly decreased, as shown in Figure
3(A). However, the used maximum amount of PCDP to form the polyplexes with pDNA was
10 ug/mL and the cell viability was above 90% except in Huh-7 cells. As shown in Figure
3(B), the cell viability of PEI 25 kDa as a comparison group decreased significantly with
increasing concentration up to 20 pg/mL. Generally, despite the increased transfection
efficiency, PEI conjugated polycationic derivatives always had a problem with toxicity even
PEI 600 Da or PEI 1.8 kDa due to the increased molecular weight from conjugation or
polymerization. PCDP had no considerable cytotoxicity because PCDP consists of disulfide
and amide bonds that can be degraded into non-toxic small molecules in cells. Many works
have been published about biodegradable polymeric gene carriers that showed that
biodegradability can reduce their cytotoxicity (T. I. Kim et al., 2009; C. Liu et al., 2012;
Petersen, Merdan, Kunath, Fischer, & Kissel, 2002; Yu et al., 2009; Zhao, Roesler, & Kissel,
2011). As shown in Figure 3(C), the PCDP/pDNA polyplexes were also observed to have no
considerable cytotoxicity at all polyplexes formation ratios (w/w, 1 to 20) in all cell lines.
However, the comparison groups such as PEI 25 kDa and Lipofectamine® polyplexes
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showed below 80% cell viability in all cell lines. In the case of poly(CBA-DAH) polyplexes,
there was no toxicity in A549 and Huh-7 cells, whereas the cell viability decreased to 42%
in Mai PaCa-2 cell. This result indicates that the poly(CBA-DAH) is seriously toxic to
certain cells. The results of MTT assay indicate that PCDP had no cytotoxicity and that it
should be safer than comparison groups when it is used to deliver the pDNA.

3.5. Cellular uptakes of PCDP/pDNA polyplexes

The cellular uptakes of PCDP/pDNA polyplexes were investigated at various weight ratios
(1 to 20) by FACscan analyzer in various cancer cell lines. The polyplexes were formed
between polymers and pDNA which was stained by YOYO-1 dye according to the
manufacturer’s protocol for green fluorescence measurements. Poly(CBA-DAH), PEI 25
kDa, and Lipofectamine® were also used as comparison groups and formed polyplexes at
optimized or recommended weight ratio of 40, 1, and 2 based on pDNA (1 pug), respectively.
The cellular uptake efficiency of PCPD polyplexes showed low efficiency at weight ratio of
1 and 5, but showed almost similar efficiency at weight ratios of 10 and above in all cell
lines (data not shown). To compare with control groups, the cellular uptake efficiency of
PCDP polyplexes at weight ratio of 10 and 15 are displayed in Figure 4.

As shown in Figure 4, PCDP polyplexes showed similar cellular uptake and quantified
cellular uptake (%) with PEI 25 kDa polyplexes in all cell lines and showed better results
than Lipofectamine® except that of A549 cells. All tested polymers can form polyplexes
with nano-sized particle size and positive surface charge. The particle sizes and zeta
potentials were 102 ~ 128 nm and 27 ~ 34 mV (PCDP), 120 nm and 22 mV (PEI 25 kDa),
<200 nm and 40 mV (poly(CBA-DAH)) (T. I. Kim et al., 2009; Ou et al., 2008), and 150 nm
and 38 mV (Lipofectamine®) (Lee et al., 2008), respectively. In the case of poly(CBA-DAH)
polyplexes, showed highest cellular uptake efficiency in all cell lines. This result was
considered to be due to the highest positive charge of poly(CBA-DAH), as well as other
factors including shape or surface hydrophobicity. The cellular uptake was affected by not
only particle size and positive surface charge but also materials, surface hydrophobicity and
shape (Frohlich, 2012; J. P. Nam et al., 2015).

3.6. In-vitro transfection experiment

To evaluate the gene transfection efficiency of PCDP polyplexes, both reporter genes gWiz-
Luc and gWiz-GFP were used and formed polyplexes with PCDP. The comparison groups
including poly(CBA-DAH), PEI 25 kDa, and Lipofectamine® were also treated in various
cancer cell lines. The direct visualization of GFP expression of polymer/pDNA (gWiz-GFP)
polyplexes are displayed in Figure 5. The GFP gene expression of PCDP polyplexes were
increased with increasing polyplexes formation ratios ranging from 1 to 10 (w/w ratio) but
showed almost similar results above weight ratio of 10 in all treated cell lines. This result
indicates that the optimal ratio are at weight ratio of 10 or 15. Therefore, the following
experiments such as luciferase and VEGF silencing assay of PCDP polyplexes were
measured at the optimal weight ratios of 10 and 15. The comparison groups including
poly(CBA-DAH), PEI 25 kDa, and Lipofectamine® showed similar GFP gene expression in
all cell lines. In the case of PCDP above 10 (w/w ratio), the visualized GFP gene expression
and the mean fluorescence intensity (MFI) were higher than other comparison groups. As
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described above, PCDP has disulfide bonds which can be cleaved by reducing agents as
GSH, allowing pDNA to be easily released from polyplexes into the cytoplasm with no
considerable cytotoxicity. Therefore, PCDP polyplexes had highest GFP gene expression
efficiency. In addition, poly(CBA-DAH) polyplexes had more cellular uptake than PCDP
polyplexes, but PCDP polyplexes showed the increased GFP gene expression efficiency. It
may be considered that it can easily escape from the endosome due to increased buffering
capacity by PEI conjugation. The MFI of PCDP polyplexes in cell lines followed the rank
Huh-7>Mia PaCa-2>A549 cells.

Figure 6 shows the data of the transfection efficiency using gWiz-Luc. In addition, to mimic
in vivo conditions, the transfection efficiency was also evaluated in the presence of FBS
(30%). The related light units (RLU) of PCDP at both weight ratio 10 and 15 were higher
than other comparison groups in all treated cell lines. These results were consistent with
MFI results of the GFP expression assay. The RLU of PCDP, poly(CBA-DAH), and PEI 25
kDa polyplexes was decreased in mimicked in vivo conditions. Interestingly,
Lipofectamine® showed increased transfection efficiency at the same conditions, where this
phenomenon was also shown in our previously work (K. Nam et al., 2015). However, the
transfection efficiency of PCDP polyplexes was still higher than other comparison groups,
even Lipofectamine® polyplexes, which had having increased transfection efficiency in
mimicked in vivo conditions. Especially, PCDP polyplexes showed 10.2 times, 1.7 times,
and 6.1 times higher gene transfection efficiency than Lipofectamine® polyplexes in A549,
Huh-7, and Mia PaCa-2 cells, respectively. The RLC of PCDP polyplexes in cell lines with
or without FBS followed the rank Huh-7>A549>Mia PaCa-2 cells.

3.7. VEGF silencing and cancer cell growth inhibition efficiency of PCDP/pshVEGF

The VEGF siRNA expressing plasmid (pshVEGF) was constructed to inhibit VEGF
expression of cancer cells and to express VEGF siRNA longer than directly delivering
SiRNA via methods mentioned above from our previous work (H. A. Kim et al., 2014).
VEGF is well known a signal protein produced by cells that stimulates vasculogenesis and
angiogenesis. The cancer cells can express VEGF, leading to the growth and metastasis of
tumor via angiogenesis. Therefore, disabling VEGF receptor function and inhibiting VEGF
expression has been used as a strategy to inhibit tumor growth and metastasis (H. A. Kim et
al., 2014; Yang et al., 2011; Zibara et al., 2015).

The VEGF gene expressions (% of control) in relation with gene silencing efficiency were
measured by human VEGF ELISA in Figure 7(A). The cells were transfected by polymers/
pshVEGF polyplexes. The VEGF expressions of PCDP polyplexes at weight ratio of 10 and
15 were dramatically decreased and showed almost similar results between weight ratio of
10 and 15. In addition, the PCDP polyplexes showed lower VEGF expression than
poly(CBA-DAH), PEI 25 kDa, and Lipofectamine® polyplexes in all cell lines and these
results were consistent with transfection efficiency assay using gWiz-Luc and gWiz-GFP.
Compared to non-treated control cells, gene silencing efficiency of PCDP polyplexes
showed 54%, 77%, and 66% (w/w; 10) and 55%, 78%, and 65% (w/w; 15) reduction of
VEGF levels in A549, Huh-7, and Mia PaCa-2 cells, respectively.
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The cells growth inhibition of PCPD/pshVEGF polyplexes was investigated at the same
experimental condition as in ELISA. In addition, to confirm whether or not the inhibition of
cell growth was due to VEGF gene silencing or polymer toxicity, the polyplexes using gWiz-
Luc was treated into the cells with the same conditions and measured by MTT assay. The
cell viabilities of PCDP polyplexes were decreased from 95% (formed with gWiz-Luc) to
60% (formed with pshVEGF) as shown in Figure 7(B and C). This result indicates that the
VEGF gene silencing by PCDP/pshVEGF polyplexes indirectly inhibits the cell proliferation
and growth rates. The comparison groups, which used pshVEGF, also showed decreased cell
viability, even lower than that of PCDP polyplexes. However, the decrease in cell viability is
not only from the VEGF siRNA silencing effect but also from the cytotoxicity of the
polymers (Figure 7(B)). The reduced cell viability rates associated with both results (gWiz
and pshVEGF) were 31%, 39%, and 42% (PCDP, w/w; 10), 35%, 36%, and 40% (PCDP,
wiw; 15), 17%, 14%, and 12% (poly(CBA-DAH)), 12%, 21%, and 6% (PEI 25 kDa), and
15%, 20%, and 13% (Lipofectamine®) in A549, Huh-7, and Mia PaCa-2 cells, respectively.
The PCDP polyplexes with weight ratio of 10 or 15 had similar results in the all
experiments. Therefore, the optimal weight ratio of PCDP is 10.

4. Conclusion

As mentioned above, PEI has many nitrogen atoms including primary, secondary, and
tertiary amine groups, which can increase binding affinity with pDNA, buffering capacity
and provide positive charge to polyplexes, where theses amine groups increase cellular
uptake and endosomal escape, leading to increase the transfection efficiency.

In this study, we synthesized the PEI-conjugated poly(CBA-DAH) (PCDP) through disulfide
bonds to decrease the amount needed for formation of polyplexes with pDNA and to
increase the transfection efficiency. The synthesized PCDP showed great pDNA binding
ability in very low weight ratios, similar to PEI 25 kDa. As per results of gene transfection
efficiency assay using gWiz-Luc and gWiz-GFP, PCDP polyplexes had higher transfection
efficiency than comparison groups including poly(CBA-DAH), PEI 25 kDa, and
Lipofectamine® polyplexes in all tested cancer cell lines. To confirm the tumor cell growth
inhibition, pshVEGF (VEGF siRNA expressing plasmid) was used and transfected by PCDP
into A549, Huh-7, and Mia PaCa-2 cells. The results showed that the VEGF expression of
PCDP polyplexes was dramatically decreased than comparison groups, leading to a decrease
in cell viability. Therefore, the synthesized PCDP may be a strong candidate as a pDNA
delivery carrier for gene therapy.
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1H NMR spectra of PCDP, PEI 1.8 kDa, and poly(CBA-DAH) in NMR solvent (D,0, 3 mg/

mL).
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Figure 2.
(A) Agarose gel electrophoresis of PCDP, PEI 25 kDa, and poly(CBA-DAH) polyplexes

with pDNA (gWiz-Luc). The number (0) means only naked pDNA and 0.05 to 5 (PCDP and
PEI 25 kDa) and 1 to 20 (poly(CBA-DAH)) mean weight ratio based on pDNA (300 ng). (B)
The particle size and zeta-potential of PCDP/pDNA polyplexes at various weight ratio
ranging from 0.1 to 20 based on pDNA (gWiz-Luc, 4 ug). (C) Particle size and zeta-potential
of PCDP/pDNA polyplexes at a weight ratio 10 with 5 mM DTT to confirm the dissociation
of polyplexes. PEI 25 kDa/pDNA polyplexes (weight ratio 1) were used as a comparison
group. Results are represented as mean + SD. (n=3).
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Cell viability of polymer (A) only PCDP and (B) only PEI 25 kDa and various polyplexes
(C) in A549, Huh-7, and Mia PaCa-2 cells. The numbers in the bottom refer to the mean
concentration of polymer ranging from 1 to 20 pg/mL (A and B) and weight ratios of PCDP/
pDNA polyplexes based on pDNA (gWiz-Luc, 500 ng) (C). Poly(CBA-DAH), PEI 25 kDa,
and Lipofectamine® were formed the polyplexes with pDNA at weight ratio 1:40, 1:1, and
1:2, respectively. Results are represented as mean + SD. (n=3). ***P <0.001 versus PEI 25

kDa.
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Figure 4.
Cellular uptake of polyplexes in (A) A549, (B) Huh-7, and (C) Mia PaCa-2 cells. The

YOYO-1 stained pDNA were formed the polyplexes with PCDP, poly(CBA-DAH), PEI 25
kDa, and Lipofectamine® at weight ratio based on pDNA (1 pg), respectively. (D) The
cellular uptake % of quantification of cell internalization measured by FACs. Results are
represented as mean + SD. (n=3). *<0.05, **P < 0.01, ***P <0.001 versus PEI 25 kDa.
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Figure 5.
(A) The monitored by fluorescent microscopy GFP expression of polyplexes against A549,

Huh-7, and Mia PaCa-2 cells for 48 h. (B) The quantified and normalized GFP expression
(mean). The scale bar (A) means 200 pm and the numbers (B) in the bottom refer to the
mean the weight ratios based on pDNA (gWiz-GFP, 500 ng). Results are represented as
mean + SD (n = 3). **P < 0.01, ***P <0.001 versus PEI 25 kDa.
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Figure 6.
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Luciferase expression of polymer/pDNA (gWiz-Luc, 500 ng) polyplexes in (A) A549, (B)
Huh-7, and (C) Mia PaCa-2 cells for 48 h. Results are represented as mean + SD. (n=3).
Black bars mean (-) FBS and white bars mean (+) FBS. **P < 0.01, ***P <0.001 versus

PEI 25 kDa.
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Figure 7.
Down regulation of VEGF expression using pshVEGF delivery into the cancer cells for 48 h

by polymers. The VEGF expression were measured by human VEGF ELISA kit. (A)
Quantification of down regulated VEGF expression shown by relative VEGF expression %.
Relative VEGF expression (%) = Amount of VEGF (Treated)/Amonut of VEGF (Control) x
100. Cell growth inhibition of polymers with gWiz-Luc (B) or shVEGF (C) polyplexes were
measured by MTT assay. Results are represented as mean + SD. (n=3). *P<0.05, **P < 0.01,
***p <0.001 versus PEI 25 kDa.
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PCDP (n=4 and m-4)

Synthesis scheme and molecular structure of PCDP. i) Traut’s reagent in 0.1 M sodium
phosphate buffer, RT, 4 h, ii) SPDP in DMF:0.1 M sodium phosphate buffer co-solvent (1:9),

RT, 4 h, iii) 50 mM phosphate buffer, RT, 12 h.
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Table 1
Characterization of PCDP

Conjugation ratio (%) Buffer Capacityb (%)

expected calcd

Poly (CBA-DAH) - - 55 (Ou et al., 2008)
PCDP 50 50 67

a R . .
Calculated PEI conjugation ratio of PCDP by 14 NMR analysis.

bCaIcuIated by base-acid profiles.
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