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Cholic acid-conjugated polyethylenimine 25K (PEI 25K-CA) was synthesized and characterized for gene delivery
of its buffer capacity, PEI 25K-CA/plasmid DNA complex, zeta potential and particle size, transfection efficiency,
cytotoxicity, and carcinoma cell growth inhibition. PEI 25K-CA was complexed with plasmid DNA at the ratio above

0.25/1. PEI 25K-CA/p53-EGFP (p53-enhanced green fluorescent protein) and PEI 25K/p53-EGFP had the particle
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sizes of 238.2 + 3.1-529.1 £ 3.6 nm, and the zeta potential of 3.7 + 1.6-4.3 + 0.2 mV, respectively. The particle size
of the complexes increased with the period of time. PEI 25K-CA/p53-EGFP had transfection efficiency as PEI 25K/
p53-EGFP. The cytotoxicity of PEI 25K-CA was dependent on the concentration of the polymer. The growth inhibition
activity was dependent on the dose of p53-EGFP. PEI 25K-CA/pEGFP had better colloidal stability than PEI 25K-CA/
pEGEFP. This study concluded that PEI 25K-CA had efficient gene delivery activity as PEI and had lower cytotoxicity
and more colloidal stability than PEI 25K.

INTRODUCTION

P53 induces apoptosis, cell cycle arrest, and senescence
(Kaiser and Attardi, 2001). P53 interacts with the antiapoptotic
bel-2 family, liberates cytochrome C, and leads to trigger of
caspase cascade and ultimately apoptosis (Marchenko and Moll,
2014). P53 accumulates in the mitochondria and interacts with
cyclophilin D, which triggers the opening of mitochondrial
permeability transition pore, which leads to necrosis (Marchenko
and Moll, 2014).

The cationic polymer has been reported to deliver
plasmid DNA including PAMAM (polyamidoamine), PEI, and
chitosan (Cao et al., 2019; Chen et al., 2019b; Liufu et al., 2019).
Low toxicity has been considered for use in gene delivery. High
MW PEI has been widely used as a gene delivery vector (Wang
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et al.,2015). However, because of its high cytotoxicity, its use was
limited in vivo (Hao et al., 2019).

In this study, PEI-CA/pS3-EGFP was synthesized,
characterized, and evaluated for delivering plasmid p53 into HeLa
cells.

MATERIALS AND METHODS

Materials

Polyethylenimine 25K (PEI 25K) and cholic acid were
purchased from Sigma-Aldrich (St. Louis, MO). 'H nuclear
magnetic resonance (NMR) spectra were analyzed on an Bruker
Avance 400 MHz spectrometer (MPA, Bruker, Billerica, MA). IR
spectra were carried out on a Perkin—Elmer FTIR spectrum 400
spectrometer (PerkinElmer, Inc., Waltham, MA). Cell culture flask
and plate were purchased from SPL Life Sciences (Gyeonggi-do,
Korea). Cell culture medium and supplements were purchased
from Invitrogen (Grand Island, NY, USA). Human cervical
carcinoma cell line (HeLa) was obtained from American Type
Culture Collection Rockville, MD).
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Synthesis of cholic acid-conjugated polyethylenimine 25K
(PEI 25K-CA)

The solution of cholic acid (1.9 mg, 0.0046 mmol),
N,N-dicyclohexylcarbodiimide (3.8 mg, 0.0184 mmol), and
4-dimethylaminopyridine (2.2 mg, 0.0184 mmol) in 1 ml of N,N-
dimethylformamide was stirred for 15 minutes. A solution of PEI
25K (230 mg, 0.0092 mmol) in 4 ml of dimethylformamide was
added to the activated cholic acid solution under nitrogen. The
reaction was carried out under stirring for 24 hours. The reaction
mixture was diluted with 10 ml of methanol and purified by
Sephadex™LH-20 using methanol as the eluting solvent. The
collected fractions were dried by rotary evaporation and further
dried under vacuum.

Conjugation of PEI 25K-CA

IR: v 3,252,2928,2,815, 1,658, 1,614, 1,452, 1,365,
1,348 cm™'; '"H NMR (400 MHz, D,0): & 0.83 (br s, 3H, H-18-
CA), 1.07 (br s, 3H, H-19-CA), 1.22-2.1 (m, 30H, methane,
ethine, and methylene protons of CA), 2.57-3.42 [m, -NH-CH,-
CH,-NH-(PED], 3.79 (br s, 1H, H-3-CA), 3.83 (br s, 1H, H-7-
CA), and 3.96 (br s, 1H, H-12-CA).

Measurement of buffer capacity of PEI 25K-CA

PEI 25K-CA (1 : 0.5 molar ratio) was dissolved in 10 ml
0f 0.9% sodium chloride solution at a concentration of 0.1 mg/ml.
PEI 25K-CA solution was titrated with 0.1 N hydrochloric acid
solution. The pH of PEI 25K-CA solution was measured using a
pH meter (Bench 700, Oakton Instrument, IL). The buffer capacity
of PEI 25K-CA was calculated at a high region resistance of pH
change by dividing the amount of hydrochloric acid of pH change
(Sinko, 2006).

Agarose gel electrophoresis

The complex formation of the PEI 25K-CA and p53-
EGFP complex was examined using agarose gel electrophoresis.
The weight ratios of PEI 25K-CA and p53-EGFP were 0.125,
0.25, 0.5, 1, 2, and 4. The amount of p53-EGFP used was 0.25
pg. PEI 25K-CA/p53-EGFP complexes were run on 1% agarose
in Tris boric EDTA (ethylenediaminetetraacetic acid) buffer at a
voltage of 100 V for 15 minutes.

Zeta potential and particle size

The average zeta potential and particle size of PEI25K-
CA/p53-EGFP and PEI25K/p53-EGFP complexes were measured
using Zetasizer (Malvern Instruments Ltd., Worcestershire, UK)
at 25°C. 50 pl of complexes was diluted with 950 ul of deionized
water prior to measurement. The colloidal stability of the
complexes was evaluated in deionized water and in 10% bovine
serum albumin solution at 4°C + 2°C.

Transfection of PEI 25K-CA/p53-EGFP complexes and gene
expression

HeLa cells were seeded (1.5 x 10° cells/cm?) onto 6-well
plates in 2 ml of growth medium and grown for 24 hours. The cells
were incubated with 1 ml of PEI 25K-CA/p53-EGFP complexes,
free nucleic acid, and PEI 25K/p53-EGFP complexes for 4 hours at
37°C under 5% CO, atmosphere. After incubation, the transfection
mixture was replaced with a fresh growth medium and incubated
for additional 24 hours. The cells were collected and fixed with

4% paraformaldehyde and imaged using a fluorescent microscope
(Olympus SV1000, Tokyo, Japan). The expression of GFP in
HeLa cells was measured on a FACSCanto™ II flow cytometer
(BD Biosciences, San Jose, CA).

Cytotoxicity of PEI 25K-CA

HeLa (5 x 103 cells/well) was seeded in a 96-well plate
1 day before transfection at 37C. Subsequently, cells were treated
with PEI 25K-CA and PEI 25K at 37°C for 4 hours. At the end
of this period, the mixture was replaced with 100 pl of growth
medium, and the cells were further incubated for 24 hours. The cell
medium was replaced with 100 pl of medium containing 100 pg
of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(Bio Basic Inc., Amherst, NY) and incubated for another 4 hours,
followed by the addition of 100 pl of DMSO (dimethyl sulfoxide)
(Amresco, Solon, OH). The optical density was measured using a
microplate reader (SpectraMax M3, Molecular Devices, San Jose,
CA) at a wavelength of 570 nm. Cytotoxicity (%) of cells was
calculated relative to cells incubated with the growth medium as
a control.

Growth inhibition of PEI 25K-CA/p53-EGFP complexes

HeLa cells were seeded onto a 96-well plate at a density
of 5 x 10° cells/well for 24 hours at 37°C. Cells were transfected
with PEI 25K-CA/p53-EGFP complexes for 4 hours at 37°C.
Following transfection, the complexes were removed, the growth
medium was filled, and the cells were incubated for another 24
hours at 37°C. Growth inhibition of PEI 25K-CA/p53-EGFP
complexes was quantified using (3-(4,5-Dimethylthiazol-2-yl)-
2,5-Diphenyltetrazolium Bromide) assay as described in the
cytotoxicity method.

Statistical analysis

Analysis of variance was employed to analyze the
difference of data. The statistically significant level was set at p
<0.05.

RESULTS AND DISCUSSION

Synthesis of PEI 25K-CA

PEI 25K-CA copolymer at a molar ratio of 1 : 0.5 was
synthesized. The conjugation of CA with branched PEI 25K
through the amide linkage is shown in Scheme 1. The carboxylic
group of CA was activated with the dicyclohexylcarbodiimide at
the ratio of 1 : 2 (mol/mol) and conjugated with amine groups of
PEI 25K. The conjugates were confirmed by FTIR spectra (Fig. 1).
In PEI 25K-CA spectra, peaks for N-H bending, C = O absorbance
band, and C-H and N-H stretching were shown at 1,615, 1,658,
2,815-2,928, and 3,260 cm!, respectively. The presence of the
C=0 absorbance band at 1,658 cm™ indicated that the formation
of an amide linkage between PEI and CA has occurred (Amjad
etal., 2012).

'"H NMR spectra of PEI 25K-CA (Fig. 2C) showed a
PEI peak at 2.5-3.4 ppm and the terminal methyl groups of CA
showed a PEI peak at 0.81 and 1.07 ppm. These results confirmed
the linkage between CA and PEI 25K.

Characterization of PEI 25K-CA/pS3-EGFP complex

The proton sponge effect of the high buffer capacity of
PEI activates lysosomal evasion (Benjaminsen ez a/., 2013). Buffer
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Scheme 1. Synthesis of PEI 25K-CA.
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Figure 1. FTIR spectrum of CA, PEI 25K, PEI 25K-CA.

capacity is calculated at a high region resistance of pH change by
the amount of acid divided by the change of pH (Sinko, 2006).
From the curve of Figure 3, PEI 25K had a high region resistance
of pH change from 7.01 £ 0.07 to 7.77 + 0.12 with the amount
of hydrochloric acid of 1.5 x 1073 mole; thus, the buffer capacity
of PEI 25K solution was 0.002 + 0.0002. PEI 25K-CA solution
had a buffer capacity of 0.0024 = 0.0001. The buffer capacity of
PEI 25K-CA and PEI 25K solution was not significantly different.
Benjaminsen et al. (2013) demonstrated that the buffer capacity of
branched PEI 25K was significantly higher than that of water at
the pH of 3-7. Lu et al. (2014) exhibited that chitosan-graft-PEI
had a buffer capacity less than PEI.

NH,
n
+
DCC/DMAP/DMF
(\N/\’NH:'
H
N \/\N’\/N \/\N’\/N NH,

o :

N
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PEIs are able to efficiently compress nucleic acid due to
their large amount of partly protonated amine groups (Benjaminsen
et al., 2013). Figure 4 shows PEI 25K-CA/p53-EGFP complex
formation analyzed by agarose gel electrophoresis. PEI 25K-CA
and PEI 25K formed complete complexes with p53-EGFP at
a polymer and DNA ratio above 0.25/1. Our study showed that
PEI-CA had the ability to complex plasmid DNA as efficiently as
PEL Lu et al. (2014) exhibited that chitosan-graft-PEI had more
efficient DNA condensing capacity than chitosan.

The zeta potential of PEI 25K-CA/p53-EGFP was lower
than that of PEI 25K/p53-EGFP, and the particle size of PEI 25K-
CA/p53-EGFP was significantly smaller than that of PEI 25K/
p53-EGFP (Fig. 5). The particle size of PEI25K/p53-EGFP was
dependent on the CA substitution. Han et a/. (2018) showed that
nucleobase-modified polyamidoamine compacted plasmid DNA
and formed nanosized particles. Lu et al. (2014) exhibited that
the zeta potential and particle size of chitosan-graft-PEI were
dependent on the polymer/DNA ratio.

Transfection of PEI 25K-CA/p53-EGFP complexes and gene
expression

Figure 6 shows the GFP expression of PEI 25K-CA/
pEGFP and PEI 25K/pEGFP complexes visualized by fluorescent
microscopy. The mean of GFP expression by PEI 25K-CA/p53-
EGFP and PEI25K/p53-EGFP complexes was not significantly
different (Fig. 7). The high transfection efficiency of PEI 25K was
proved by its “proton sponge” hypothesis of its high buffer capacity
(Benjaminsen et al. 2013). Our study showed that PEI 25K-CA
had transfection capability efficient as unconjugated PEI in HeLa
cells. Tong et al. (2013) depicted that PEI, -B-cyclodextrin had
transfection efficiency equivalent to PEI25K in mesenchymal stem
cells. Oh ez al. (2017) exhibited that deoxycholic acid-conjugated
PEI had higher transfection efficiency than PEI in Neuro2A cells.
Transfection efficiency of chitosan-graft-PEI was higher than that
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Figure 2. 'H NMR spectrum of CA (A), PEI 25K (B), PEI 25K-CA.
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Figure 3. Buffer capacity of PEI 25K-CA and PEI 25K solution titrated with 0.1
N hydrochloric acid solution by acid-base titration.

of ungrafted PEI in primary chondrocyte and synoviocyte cells
and dependent on the polymer/DNA ratio (Lu ef al., 2014).

Cytotoxicity of PEI25K-CA

Cytotoxicity of PEI 25K-CA and PEI 25K is shown in
Figure 8. The cytotoxicity of PEI 25K-CA and PEI 25K increased
with an increasing amount of PEI 25K at the polymer concentration
of 1-16 ng/ml. At the polymer concentration of 1 pg/ml, the cell
viability of PEI 25K-CA was not different from the untreated cells.
At the polymer concentration of 2 pg/ml, the cytotoxicity of PEI
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Figure 4. Gel electrophoresis analysis of PEI 25K-CA/p53-EGFP and PEI 25K/
p53-EGFP complexes on 1% agarose gel (a). Lane 1: free p53-EGFP (0.25 pg).
Lanes 2-8: polyplex at polymer-to-DNA ratios of 0.125, 0.25, 0.375, 0.5, 1, 2,
and 4, respectively.

25K-CA was significantly lower than that of PEI 25K. Cytotoxicity
of PEI 25K-CA in HeLa cells increased with the increase of
polymer concentration (Fig. 8). PEI 25K had a severe cytotoxic
effect (Thomas et al., 2019). Several investigations attempted
to synthesize PEI derivatives to decrease their cytotoxicity (Han
et al., 2018; Lu et al., 2014; Oh et al., 2017). Han et al. (2018)
showed that nucleobase-modified polyamidoamine decreased the
cytotoxicity in HeLa cells because of decreased positive charge
density on polymer surface. Oh er al. (2017) exhibited that
deoxycholic acid-conjugated PEI had less cytotoxicity than PEI
in Neuro2A cells. Lu et al. (2014) showed that the cytotoxicity of
chitosan-graft-polyethylenimine was lower than that of ungrafted-
PEI in primary chondrocyte and synoviocyte cells.
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Figure 5. Particle size (a) and zeta potential (b) of PEI 25K-CA/p53-EGFP and PEI 25K/p53-EGFP. *p < 0.05 when compared with
PEI 25K/p53-EGFP.
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Figure 6. Green fluorescent protein expressed in HeLa cells transfected by PEI 25K-CA/pEGFP (a) and PEI
25K/pEGFP (b) evaluated by fluorescent microscopy.
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Figure 7. Flow cytometry analysis (a) and GFP+ (b) of HeLa cells transfected by PEI 25K-CA/p53-EGFP and PEI 25K/p53-EGFP.
*p <0.05; significantly different from p53-EGFP.
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Figure 8. Cytotoxicity of PEI 25K-CA and PEI 25K in HeLa cells. *p < 0.05; significantly different
from PEI 25K/p53-EGFP.
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Figure 9. Growth inhibition of PEI 25K-CA/p53-EGFP and PEI 25K/p53-EGFP in HeLa cells. *p < 0.05; significantly different from
PEI 25K/p53-EGFP.
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Figure 10. Colloidal stability of PEI 25K-CA/pEGFP and PEI 25K/pEGFP stored in deionized water (a) and in 10% bovine serum
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Growth inhibition of PEI2SK-CA/p53-EGFP complexes EGFP and PEI25K/p53-EGFP was significantly higher than that

Figure 9 shows the growth inhibition of PEI 25K-CA/ of cells treated with p53-EGFP. The growth inhibition ability of
p53-EGFP complexes and PEI 25K/p53-EGFP complexes in PEI25K-CA/p53-EGFP complexes was similar to that of PEI
HeLa cells. The growth inhibition ability of PEI25K-CA/p53- 25K/p53-EGFP complexes at the polymer/DNA ratio of 0.25,
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0.5, and 1 and that of the p5S3-EGFP dose of 0.125 and 0.25 pg.
At the p5S3-EGFP dose of 0.5 pg, the growth inhibition ability
of PEI 25K/p53-EGFP complexes was significantly higher than
that of PEI 25K-CA/p53-EGFP complexes. Our study depicted
that the growth inhibition of PEI 25K-CA/pS53-EGFP complexes
at the low dose of pS3-EGFP of 0.125 and 0.25 pg and the PEI/
DNA ratios of 0.25 and 0.5 was closed to that of PEI 25K/p53-
EGFP complexes. Han et al. (2018) reported that nucleobase-
modified polyamidoamine could deliver p53 and inhibit HeLa cell
proliferation. Chen et al. (2019a) reported that lauric acid-couple
PEI/pTRIAL nanoparticles induces apoptosis in mouse B16F10
melanoma cells. In our previous study, PEI-CA formed complexes
with pS3-EGFP and bcl-2 AS-ODN and was evaluated in HelLa
cells (Weecharangsan et al., 2017).

Colloidal stability of PEI2SK-CA/p-EGFP complexes

Figure 10 shows the particle size of PEI25K-CA/pEGFP
complexes and PEI25K/pEGFP complexes in deionized water
stored at 4°C + 2°C. The particle size of PEI25K-CA/pEGFP
complexes and PEI25K/p53-EGFP complexes at the starting time
was 128.6 = 5.5 and 105.9 = 1.5 nm, respectively. The particle
size of both complexes increased with the period time of 13 weeks
(Fig. 10a). In 10% bovine serum albumin solution, PEI25K/
PEGFP complexes had particle size significantly bigger than that
of PEI25K-CA/pEGFP complexes at the time of 1 hour and that of
PEI25K-CA/pEGFP complexes at the time of 7 days.

CONCLUSION

This study concluded that PEI 25K-CA had efficient
gene delivery as PEI and had lower cytotoxicity and more colloidal
stability than those of PEI25K. PEI 25K-CA could be used as an
efficient delivery for plasmid DNA.
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