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We have developed a nanovector consisting of hyaluronic acid (HA) and poly-L-lysine-graft-imidazole
(PLI)-based polyplexes containing Bcl-xL-specific shRNA-encoding plasmid DNA (HA/PLI/pDNA) for
CD44 targeted gastric cancer therapy. The prepared ternary polyplexes have a negative surface charge
of �24 mV and a size of approximately 100 nm at an N/P ratio of 5 with HA/PLI molar ratio of 0.03.
Gel electrophoresis and cell viability experiments demonstrated that the ternary polyplexes showed
high stability and no cytotoxicity due to the anchored HA molecules on the surface of PLI/pDNA binary
polyplexes. Selective cancer cell death was achieved by CD44-mediated gene delivery and the inter-
nalized gene was effectively escaped from endosomes due to the buffering capacity of imidazole groups
in an acidic environment. These nanovectors may be highly efficient gene delivery tools that allow the
selective destruction of metastatic gastric cancer cells.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Gene therapy based on RNAi (RNA interference), a post-
transcriptional gene-silencing process mediated by short duplex
RNAs of 21e23 nucleotides, offers a high impact and potent strategy
for the treatment of various diseases, especially cancer [1]. The
introduction of nucleic acids such as noncoding synthetic small
interfering RNAs (siRNAs), plasmid vector based-small hairpin RNAs
(shRNAs), and endogenous microRNAs (miRNAs) can modulate or
turn off the expression of target genes in a sequence-specific
manner through their incorporation into RNA-induced silencing
complexes (RISCs) and either induction of degradation or transla-
tional repression of messenger RNAs (mRNAs) [2e4]. Due to their
inherent sensitivity to nucleases and large polyanionic
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characteristics, delivery of genes to the cytoplasm without degra-
dation is very challenging. Consequently, there is a need for
rationally designed vectors for efficient intracellular delivery of
therapeutic genes [5e8]. The major classification of synthetic non-
viral vectors includes cationic liposomes and polymers that are
capable of self-assembly with negatively charged genes through
electrostatic interaction to generate compact complexes referred to
as lipoplexes and polyplexes [9e11]. However, this approach has
suffered from collateral drawbacks such as limited stability in
physiological conditions, poor gene transfection efficiency, and
extreme toxicity at the higher doses required for biomedical ap-
plications. To overcome these limitations of synthetic polymer-
based gene packing systems, several strategies that represent
a compromise between delivery efficiency and cytotoxicity have
been reported. Such design concepts involve various derivatives of
polycationic backbones (e.g., polyethyleneimine, poly-L-lysine, chi-
tosan, polyamidoamine), in which stimuli-responsive linkages or
nonionic hydrophilic polymers can be substituted with amine
bonds to promote release of genetic payloads or to reduce cyto-
toxicity of complexes in the tumor microenvironment [12e16]. In
particular, polymers containing pH-responsive imidazole residues
with a pKa of approximately 6.0 have been reported tomediate their
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own endosomal escape through a unique mechanism in which
a high capacity for proton buffering in the range of endosomal to
physiological pHs facilitates rapid dissociation of polycations and
genes from complexes, leading to destabilization of endosomal
membranes after intracellular uptake [17e19]. In addition, imida-
zole functionalized carriers are often found to be less cytotoxic than
those containing primary amines, further increasing their utility as
an alternative platform for gene delivery [17e19].

Furthermore, to address concerns of low delivery efficiency a se-
lective targeting approach canbe achievedbyemploying ligands that
specifically interact with receptors that are overexpressed on the
surface of tumor cells. Although, gastric cancer is recognized as one
of the most prevalent cancers worldwide, only a few gastric cancer
markers including carbohydrate antigen (CA) 19-9, HER2/neu, and
cluster determinant 44 (CD44) have been evaluated to date [20e22].
Among thesemarkers, the cell surface adhesionmolecule CD44plays
an important role in promoting cancer cell migration, proliferation,
angiogenesis, and cell survival [23]. Moreover, CD44 has been
documented as a determinant of progression to metastatic cancer
because it is a critical marker of cancer stem cells in many types of
tumor, includingbreast and gastric cancers [22,24,25]. Gastric cancer
cells that overexpress CD44 are characterized as exhibiting highly
invasive and metastatic behavior. We therefore hypothesized that
the shielding of cationic polyplexes with non-toxic, non-immuno-
genic, and biodegradable hyaluronic acid (HA), which has been
recognized to show high affinity for CD44 [26e28], could achieve
enhanced stability of polyplexes as a consequence of neutralization
of net charges as well as targeted delivery of therapeutic genes.

Here, we developed a ternary polyplex (HA/PLI/Bcl-xL-specific
shRNA-encoding pDNA) exerting both high selectivity and trans-
fection efficiency by combining the proton buffering moiety and the
Fig. 1. (a) Synthetic procedures of pH-responsive cationic polymer, PLys-g-Im (PLI) via ring-
Schematic illustration of stable HA/PLI/pDNA ternary polyplexes with protonability at the e
HA shielding into the nanoplatform for the induction of efficient
cancer cell death. This targetable gene delivery systemwas designed
to exhibit greatly improved intracellular delivery with increased
cytotoxicity due to specific-gene silencing compared with poly-
ethyleneimine (PEI)-based formulations, thus serving as an efficient
and safe nanovector for gene therapy. For condensation of shRNA-
encoding pDNA and to provide a buffering effect under acidic
pH, poly-L-lysine (PL) was first synthesized by ring-opening poly-
merization followed by a deprotection process. pH-responsive
polymers (poly-L-lysine-graft-imidazole, PLI) were then prepared
by substituting primary amines of PI with imidazole groups (Fig.1a).
The schematic diagram in Fig. 1b depicts the design of ternary pol-
yplexes and their buffering capacity through the protonation of
imidazole groups under endosomal acidification, allowing for better
endosomal escape by osmotic imbalance.
2. Materials and methods

2.1. Materials

Nε-carbobenzyloxy-L-lysine (LysZ), hexylamine, 4-imidazoleacetic acid,
branched polyethyleneimine (PEI, Mw: 25 kDa), N-(3-dimethylaminopropyl)-N0-
ethylcarbodiimide hydrochloride (EDC), anhydrous tetrahydrofuran (THF), anhy-
drous N,N-dimethylformaide (DMF), trifluoroacetic acid, a 33% solution of hydrogen
bromide (HBr) in acetic acid, and 1 N NaOH and 1 N HCl solution were purchased
from SigmaeAldrich Co. (St. Louis, MO, USA). n-Hexane and diethyl ether were
purchased from Ducksan Scientific Co. (Seoul, Korea) and Samchun Pure Chemical
Co. (Seoul, Korea), respectively. Triphosgene was purchased from Tokyo Chemical
Industry Co. (Tokyo, Japan) and 1-hydroxybenzotriazole hydrate (HOBt) was
obtained fromDaejung Chemicals &Metals Co. (Siheng, Korea). Hyaluronic acid (HA,
Mw: 1000 kDa) and heparin sodium were obtained from Yuhan and Choongwae
Pharmaceutical Co. (Seoul, Korea), respectively. pGL3-luciferase plasmid DNA (pGL3-
Luc pDNA, 4.8 kbp) as a reporter gene was purchased from Promega Co. (Madison,
WI, USA). The Bcl-xL shRNA-encoding pDNA that targets the human Bcl-xL
opening polymerization of Lys (Z) NCA monomers and n-hexylamine as an initiator. (b)
ndosomal environment for intracellular gene delivery.
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sequences (50-CTCACTCTTCAGTCGGAAATGACCAGACA-30) and scrambled shRNA-
encoding pDNA as a control that targets the sequence (50-GCACTACCAGAGCTAA
CTCAGATAGTACT-30) were purchased from OriGene Technologies Inc. (Rockville,
MD, USA). All other chemicals and reagents were of analytical grade.

2.2. Synthesis of Nε-carbobenzyloxy-L-lysine N-carboxyanhydrides (LysZ NCAs)

Poly(Nε-carbobenzyloxy-L-lysine) (PLZ) was synthesized by ring-opening pol-
ymerization of N-carboxyanhydrides (NCAs), as described previously [29]. Briefly,
synthesis of NCA of Nε-carbobenzyloxy-L-lysine (LysZ NCA) was carried out by
the FuchseFarthing method using triphosgene [30]. Nε-carbobenzyloxy-L-lysine
(LysZ) (10 g, 35.7 mmol) was suspended in 145 mL anhydrous THF. Triphosgene
with 1/2.5 eq. of LysZ (4.2 g, 14.3 mmol) was dissolved in 5 mL of THF and added to
the suspension of LysZ. The reaction was performed at 40 �C for 3 h under magnetic
stirring and the reaction mixture became transparent. After the reaction, the sol-
vent was evaporated under reduced pressure and the product was recrystallized
three times from a mixture of excess hexane/THF at �20 �C overnight. The resulting
LysZ NCA was isolated three times by filtration and dried at room temperature in
vacuo. Yield: 10.5 g (96.4%). FT-IR (cm�1): n ¼ 3331 (s; NH), 1856/1809/1768 (s; C]O
in NCA), 1686 (s; C]O in Z group); 1H NMR (400 MHz, DMSO-d6, ppm): d ¼ 9.08 (w,
a-NH), 7.41e7.24 (s, C6H5 in Z group), 5.03 (s, CH2 in Z group), 4.44 (w, a-CH), 2.99
(m, ε-CH2), 1.81e1.58 (m, b-CH2), 1.43e1.22 (m, g-CH2 and d-CH2).

2.3. Synthesis of poly(Nε-carbobenzyloxy-L-lysine) (PLZ)

LysZ NCA (10.3 g, 33.7 mmol) was dissolved in 95 mL anhydrous N,N-
dimethylformamide (DMF). n-Hexylamine (0.04 g, 0.42 mmol) and LysZ NCA
(10.33 g, 33.73 mmol) with a molar ratio of 1:80 were dissolved in 5 mL of DMF and
the mixture was injected into the solution using a syringe and reacted at 35 �C for
48 h under a blanket of dry nitrogen. The solvent was evaporated in vacuo and
precipitated in excess cold diethyl ether. The purified precipitates were isolated by
repeated filtration and then dried under high vacuum. Yield: 7.0 g (67.7%). FT-IR
(cm�1): n ¼ 3271 (s; NH), 1684 (s; C]O in Z group),1648 (s; C]O in amide
group), 1518 (s; NH in amide group); 1H NMR (400 MHz, DMSO-d6, ppm): d ¼ 8.02
(w, a-NH), 7.41e7.18 (s, C6H5 in Z group), 4.99 (s, CH2 in Z group), 4.22 (w, a-CH), 2.95
(m, ε-CH2), 1.80e1.18 (s, b-CH2, g-CH2 and d-CH2 in pLys and CH2 in hexylamine),
0.83 (w, eCH3 in hexylamine). Gel permeation chromatograph (Acme 9200 GPC,
Young Lin Instrument Co., Ltd.) measurement was carried out at 40 �C in DMF
equipped with two Waters styragel HR3 columns and a refractive index detector
(Supplementary Fig. S2).

2.4. Synthesis of poly(L-lysine) (PL)

For the deprotection of carbobenzyloxy (Z) groups in PLZ, PLZ (6 g, 0.76 mmol)
dissolved in 60 mL trifluoroacetic acid was added to a 33% solution of HBr in acetic
acid (9.3 g, 114.4 mmol, 5 eq. with respect to the Z groups). The reaction was carried
out for 1 h at room temperature, after which excess cold diethyl ether was added to
the yellowish transparent solution to induce precipitation. The precipitates were
washed three times with fresh diethyl ether and dried under vacuum. The product,
PL, was finally dialyzed against multiple ultra-pure distilled water (DW) changes
using a SnakeSkin� pleated dialysis tubing (Pierce, Rockford, IL, USA, molecular
weight cutoff ¼ 3500) and then lyophilized and stored at �20 �C until later use.
Yield: 4.6 g (77.2%). FT-IR (cm�1): n ¼ 3331 (w; NH), 1659 (s; C]O in amide group),
1545 (s; NH in amide group); 1H NMR (400 MHz, DMSO-d6, ppm): d ¼ 8.18e7.89 (w,
a-NH), 4.27 (w, a-CH), 2.78 (m, ε-CH2), 1.65e1.20 (s, b-CH2, g-CH2 and d-CH2 in pLys
and eCH2 in hexylamine), 0.87 (w, CH3 in hexylamine).

2.5. Synthesis of poly-L-lysine-graft-imidazole (PLI)

Imidazole-grafted poly-L-lysine (PLI) was synthesized by conjugation of the
ε-amine of pLys (PL) and the carboxylic acid of 4-imidazoleacetic acid using an N-(3-
dimethylaminopropyl)-N0-ethylcarbodiimide hydrochloride (EDC)/1-hydroxybenzo-
triazole hydrate (HOBt) coupling method [31]. Briefly, the desired amount of
4-imidazoleacetic acid (molar ratio of carboxylic acid to ε-amine ¼ 0.25, 0.50, and
0.75) was dissolved in 10 mL DW. Two molar excess amounts of EDC and HOBt so-
lution were added to the suspension, which was adjusted to pH 5.3 using 1 N NaOH.
After 30 min, a solution of PL in DW (75 mg, 0.58 mmol of ε-NH2) was added and the
pH of the mixture was adjusted to 8.6 using 1 N NaOH. The mixture was stirred for
24 h at room temperature, after which the reaction solution was dialyzed against
repeated DW changes using a dialysis membrane with a molecular weight cutoff of
1000 to remove excess cross-linkers, lyophilized, and stored at�20 �C until use. FT-IR
(cm�1): n¼ 3246 (w; NH),1672 (w; C]N in imidazole group),1645 (s; C]O in amide
group), 1518 (s; NH in amide group) 1198 (s; CeN in imidazole group); 1H NMR
(400MHz, D2O, ppm): d¼ 7.89e7.32 (m, CH in imidazole group), 4.30 (w, a-CH), 2.94
(m, ε-CH2), 1.98e1.20 (s, b-CH2, g-CH2 and d-CH2 in pLys and eCH2 in hexylamine),
0.87 (w, CH3 in hexylamine). The buffering capacities of the synthesized PL and PLI
were evaluated by acidebase titration.
2.6. Preparation and characterization of PLI/pDNA binary polyplexes andHA/PLI/pDNA
ternary polyplexes

Both the shRNA-encoding pDNA targeting Bcl-xL and the pGL3-Luc pDNA were
amplified in Escherichia coli and purified using a QIAfilter PlasmidMaxi kit according
to the supplier’s protocol (Qiagen, Hilden, Germany). The yield and quality of the
purified pDNA were determined by measuring the absorbance at 260 nm and
280 nm, respectively.

PLI/pDNA polyplexes were formulated by briefly vortexing pDNA solution in
10 mM HEPES buffer (pH 7.5) with various amounts of polymer stock solution (1 mg/
mL), corresponding to N/P ratios (N: moles of amine groups in each polymer, P:
moles of phosphate groups in pDNA) ranging from 0.25 to 10, in a final volume of
100 mL. The mixture of pDNA and polymer solution was incubated for 20 min at
room temperature for the formation of complexes. After 20 min, hyaluronic acid
(HA, 1000 kDa) stock solution (2 mg/mL) was mixed with PLI/pDNA polyplexes at
various molar ratios of HA to PLI (0.01 to 0.5), briefly vortexed, and incubated for
a further 20 min prior to analysis or transfection experiments.

The size and zeta potentials of the prepared binary polyplexes (PLI/pDNA) at
different N/P ratios or pH and the ternary polyplexes (HA/PLI/pDNA) at various
molar ratios of HA/PLI were measured in triplicate using laser scattering (ELS-Z,
Otsuka electronics, Osaka, Japan). The pH was adjusted by adding aliquots of either
0.1 N NaOH or HCl solution.

The condensation ability of PLI and HA/PLI with pDNA was assessed by gel
retardation assays. The polyplexes containing 0.5 mg pDNA were prepared in 10 mM

HEPES buffer (pH 7.5) and 10 mM sodium acetate buffer (pH 5.5) at various N/P ratios
(0.25e10). After 20 min incubation at room temperature, electrophoresis was car-
ried out with 1% agarose gel (w/v) containing ethidium bromide (0.05 mg/mL) in
TriseacetateeEDTA (TAE) buffer at 100 V for 30 min. The retardation of polyplexes
was visualized by a UV lamp using a Gel Doc System. The pH-responsive pDNA
release was further tested by 1% agarose gel retardation assay after incubating the
polyplexes with various concentrations of polyanion heparin (0.5e2.5 mg) for
30 min. The released pDNA was also quantified by measuring the fluorescence in-
tensity of pDNA-intercalated Hoechst 33342 dyes at 350 nm excitation and 461 nm
emission wavelengths.

To confirm the morphology of the prepared polyplexes, a 6 mL droplet of poly-
plexes containing of 0.2 mg pDNA at different N/P ratios (0.5 and 5) and molar ratios
of HA/PLI (0.01, 0.03, and 0.07) were deposited onto mica sheets and dried in
a desiccator overnight. Imaging was performed in tapping mode with atomic force
microscopy (AFM, Nanoscope V, Veeco, Santa Clara, CA, USA). The AFM tip was
thermally tuned to 5.0 N/m.

2.7. Cell culture and in vitro gene transfection

Human gastric cancer cell lines MKN-45 and MKN-28 obtained from American
Type Culture Collection were cultured in RPMI 1640 medium (Gibco, Invitrogen,
Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FBS) and 1%
antibiotics and incubated at 37 �C in a 5% CO2 atmosphere. To determine the effect of
N/P ratio on gene transfection efficiency, MKN-45 (5 � 105 cells per well) and
MKN-28 (3�105 cells per well) were seeded in 6-well plates and cultured for 24 h to
reach 70% confluence at the time of transfection. The medium was replaced with
400 mL serum-free medium or medium containing 10% serum, and 200 mL of PL and
PLI polyplexes containing pGL3-Luc pDNA (3 mg) at various N/P ratios (1, 2.5, 5, and
10) was added to each well. After 4 h incubation, the medium was replaced with
2 mL fresh medium containing 10% serum and further incubated at 37 �C for 48 h.
PEI/pDNA polyplexes at an N/P ratio of 5 were used as a control. After 48 h incu-
bation, the mediumwas removed, and cells were rinsed twice with 1mL phosphate-
buffered saline (PBS, 10 mM, pH7.4). The reporter 1� lysis buffer (0.4 mL) was added
to each well to lyse the cells and the lysates were collected and centrifuged at
12,000 g-force for 2 min at 4 �C. Then, 20 mL of cell lysate was added to each well of
an opaque 96-microwell plate, followed by addition of 100 mL chemiluminescent
luciferase substrate. The relative light unit (RLU) wasmeasured using a luminometer
(Multi-mode microplate reader, Berthold, Bad Wildbad, Germany), and normalized
to the protein content in the lysates determined using the bicinchoninic acid (BCA)
protein assay kit (Pierce, Rockford, IL, USA). All experiments were conducted in
triplicate.

The transfection efficiency of PEI, PL, PLI, and HA/PLI polyplexes in both cell lines
was evaluated in the same manner. All polyplexes were formed at an N/P ratio of 5
and the HA/PLI molar ratios varied from 0.01 to 0.1. For the target-specific gene-
silencing of HA/PLI polyplexes, HA competition tests were performed by pre-
treatment with different concentrations of HA solution and incubation for 30 min
at 37 �C prior to treatment with PLI and HA/PLI complexes (N/P ratio of 5 and HA/PLI
molar ratio of 0.03).

2.8. In vitro targeting efficiency studies

To determine the affinity of HA/PLI polyplexes against five cell lines, gastric
cancer cell lines MKN-45 and MKN-28 cells, macrophage cell line Raw 264.7, KDR
(VEGFR-2)-overexpressing porcine aortic endothelial (PAE) cell line (PAE/KDR), and
primary culture of normal human gastric cell line, flow cytometric analysis was



Fig. 2. 1H NMR spectra of (a) PL and (b) PLIs (PLI1, PLI2, and PLI3) in D2O.
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performed. MKN-45 and Raw 264.7 cells were seeded at 1 �106 cells, and MKN-28,
PAE/KDR, and normal gastric cells were seeded at 5 � 105 cells per well in a 6-well
pate and then incubated with naked pDNA, PLI, and HA/PLI polyplexes containing
1.5 mg pDNA for 4 h at 37 �C. The pDNA was labeled with Cy5 using the Label IT�

Nucleic Acid Labeling Kit (Mirus, Madison, WI, USA) according to the manufacturer’s
protocol. For blocking the interaction between HA/PLI polyplexes and CD44 receptor
on the cell surface, 500 mL excess HA (10 mg/mL) was added and incubated for 2 h at
37 �C prior to the treatment of polyplexes. After 4 h, the treated cells were harvested,
washed in triplicate using PBS, and resuspended with 400 mL of 4% paraformalde-
hyde. The targeting efficiency of HA/PLI/pDNA polyplexes was monitored by FACS-
calibur (Beckton-Dickinson, Mansfield, MA, USA) and the data were analyzed by
WinMDI 2.8 software. All experiments were performed in twice.

2.9. Colocalization studies

To track the internalization of HA/PLI polyplexes, MKN-45 and MKN-28 cells
were seeded into a 35-mm m-Dish (Ibidi, Madison, WI, USA) at a density of
2�105 cells per dish and 8� 104 cells per dish, respectively, and incubated overnight.
The cells were washed twice with PBS and treated with HA/PLI polyplexes (1.5 mg
Cy5-modified pDNA, N/P ratio of 5, and HA/PLI molar ratio of 0.03) in 400 mL serum-
free medium. After 3 h, the cells were washed twice with PBS and fixed in 4% par-
aformaldehyde in PBS for 10min. The fixed cells were permeabilizedwith 0.1% Triton
X-100 in PBS for 10 min, blocked with 1% bovine serum albumin (BSA) in PBS for 1 h,
and stained with polyclonal rabbit anti-human EEA1 (Abcam # ab2900, Cambridge,
MA, USA) diluted in PBS containing 1% BSA (1:200) for 1 h. After washing three times
with PBS to remove excess antibodies, the cells were incubated with secondary
antibody of goat anti-rabbit IgG conjugatedwith Alexa Fluor� 488 (Invitrogen, Grand
Island, NY, USA) diluted in PBS containing 1% BSA (1:300) for 1 h. The stained cells
were counterstained with Hoechst 33342 (Invitrogen, 1 mg/mL) to visualize the nu-
cleus and examined using a laser scanning confocal microscope (LSM700, Carl Zeiss,
Jena, Germany) with a 63� water immersion objective at excitation wavelengths of
405 nm, 488 nm, and 639 nm for Hoechst 33342, Alexa Fluor 488, and Cy5, respec-
tively. All cell staining procedures were performed at room temperature.

2.10. Quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR)
analysis

To assess Bcl-xL mRNA expression levels in gastric cancer cell lines, real-time
qRT-PCR analysis with internal standards was performed. Total RNA was isolated
from MKN-45 and MKN-28 cells using the RNeasy� Plus Mini Kit (QIAGEN), ac-
cording to the manufacturer’s instructions. Complementary DNA (cDNA) was syn-
thesized with 2 mg total RNA using the High Capacity RNA-to-cDNA kit (Applied
Biosystems, Grand Island, NY, USA). Real-time qRT-PCR was subsequently conducted
in triplicate with QuantiMix SYBR Kit (PhileKorea Technology, Daejeon, Korea) on
a real-time PCR system (LightCycler� 480 System, Roche Applied Science, Indian-
apolis, IN, USA). Primer sequences were as follows: Bcl-xL, forward 30-TCC TTG TTT
ACG CTT TCC CAC-50 and reverse 50-GGT CGC ATT GTG GCC TTT-30; b-actin, forward
30-CCA GAG GCG TAC AGG GAT AG-50 and reverse 50-CCA ACC GCG AGA AGA TGA-30 .
The PCR conditions were as follows: initial denaturation at 95 �C for 5 min; 45 cycles
of amplification at 95 �C for 10 s, 60 �C for 10 s, and 72 �C for 10 s; and final cooling at
4 �C for 30 s. The relative Bcl-xL mRNA expression was normalized to endogenous
b-actin in the samples and calculated by the comparative method.

2.11. Time-dependent cell viability tests

The anti-proliferative effect of HA/PLI ternary polyplexes containing shRNA-
expressing pDNA to knockdown Bcl-xL was investigated using the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Roche) assay. MKN-
45 and MKN-28 cells were seeded in 96-microwell plates at a density of 4 � 104

and 1 � 104 cells per well, respectively, and incubated at 37 �C for 24 h. The cells
were transfected with various formulations of PEI, PL, PLI, and HA/PLI polyplexes at
an N/P ratio of 5 and HA/PLI molar ratio of 0.03 (3 mg of shRNA-encoding pDNA
against Bcl-xL). After 4 h incubation, the medium was replaced with fresh medium
containing 10% serum and plates were further incubated for different time intervals
(24 h, 48 h, 72 h, and 96 h). The cell viability was determined from the ratio of
treated cells to non-treated control cells.

3. Results and discussion

3.1. Synthesis of poly-L-lysine-graft-imidazole (PLI)

Poly-L-lysine (PL)wasmodifiedwith imidazoleacetic acid,which is
reactive to the primary ε-amines of lysine, to produce complexeswith
the ability to evade endosomal/lysosomal confinement. In this study,
PL was prepared via ring-opening polymerization of Nε-carbobenzy-
loxy-L-lysine N-carboxyanhydrides (LysZ NCAs) with hexylamine as
an initiator, followed by deprotection of carbobenzyloxy (Z) groups of
poly(Nε-carbobenzyloxy-L-lysine) (PLZ) (Fig. 1a) [30,31]. Successful
synthesis of PLwas confirmed by FT-IR and 1HNMR analysis, inwhich
two strong characteristic peaks existed at the wavenumbers of
1659 cm�1 and 1545 cm�1, that were attributed to C]O and NeH
species of amide bonds, respectively, and the peaks of phenyl pro-
tons (eC6H5e, d ¼ 7.41e7.18 ppm) and methylene protons (eCH2e,
d ¼ 4.99 ppm) of Z groups in PLZ disappeared after the deprotection
process. The degree of polymerization of PL was calculated to be 60
based on the peak intensity ratio of themethyl protons of hexylamine
(CH3(CH2)5NHe, d¼ 0.87 ppm) to the a-methyneprotons of PL (a-CH,
d¼ 4.27 ppm) (Fig. 2a and Supplementary Fig. S1). The amine moiety
of PL was used for subsequent reaction with imidazoleacetic acid at
three different input molar ratios (25, 50, and 75 input mol%) to
produce PLIs (PLI1, PLI2, and PLI3) as a functionalized polymeric
vector (Fig.1a). In the 1H NMR spectra (Fig. 2b), the appearance of the
methyne proton peaks of imidazole groups at 7.32 and 7.89 ppm
confirmed that the imidazole group was introduced onto the side
chains of PL and the obtained PLI1, PLI2, and PLI3 had an imidazole
content of 23, 40, and 60 mol%, respectively.

PLI could be a suitable polymeric vector that exhibits the ca-
pacity to condense DNA and favors endosomal escape of polymer/
DNA complexes due to the protonation of imidazole rings (pKa 6.95)
between physiological and lysosomal pHs. This might lead to dis-
ruption of endosomal membranes as a result of increased
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interactions between polycationic polymers and negatively
charged lipid bilayers, thus triggering release of complexes into the
cytosol [32]. The proton buffering capacity of PL and the three
obtained PLIs, defined as the percentage of protonable amine
groups in the pH range of 7.5e5.5, was further assessed using the
conventional acidebase titration method (Supplementary Fig. S4).
The initial protonation of ε-amine groups of PL (pKa 8.95 and 10.53)
could be seen as the relative flat slope between pH 12 and 10, after
which the pH was rapidly reduced below pH 10 indicating the
complete protonation of primary amines. In contrast, the three
polymers PLI1, PLI2, and PLI3 possessed substantial buffering ca-
pacity (7.9-fold, 11.3-fold, and 13.0-fold compared with PL,
respectively) from pH 7.5 to 5.5, which is significantly higher than
that of PL and shows that the buffering capacity can be finely tuned
by varying the grafting ratios of imidazole segments. The molecular
characteristics and buffering capacity of four synthesized polymers
are summarized in Table 1.

3.2. Formation of PLI/pDNA polyplexes and trends in their
biophysical properties

To formulate the most stable and compact vehicles for cellular
internalization, the colloidal size and surface charge of the PLI/
pDNA polyplexes formed in 10 mM HEPES buffer (pH 7.5) by elec-
trostatic interactions were measured by dynamic light scattering
over a wide range of N/P ratios (Fig. 3a). Overall, as the N/P ratios
increased from 0.25 to 10 the particle size decreased while the zeta
potential increased. At high N/P ratios (>2.5), all polymers could
efficiently condense pDNA into positively charged polyplexes (20e
30 mV) with an average size less than 100 nm. Based on the trends
in the zeta potential profiles of three polymers shown in Fig. 3a, the
charge-neutralizing ability of polycations decreased in the order of
PLI1, PLI2, and PLI3, and a result of PLI3 generally formed the largest
polyplexes among these PLI/pDNA polyplexes. However, a marked
difference in polyplex size was not observed above an N/P ratio of
2.5. Thus, the weak charge-neutralizing ability of imidazole groups
of PLI compared with the primary amine groups of PL could not
sufficiently support pDNA complexation under conditions of pH 7.5
and displayed a constant particle size range independent of imi-
dazole content. In addition, the surface charges of each PLI/pDNA
polyplex in aqueous medium are dependent on pH as a result of the
pH-dependent protonation states of imidazole rings. As shown in
Fig. 3b, with decreasing of pH from 7.5 to 5.5 the zeta potential of
the polyplexes increased from 26mV to 32 mV for PLI1/pDNA, from
23 mV to 33 mV for PLI2/pDNA, and from 19 mV to 37 mV for PLI3/
pDNA, respectively. These dramatic changes in the surface charge of
polyplexes in response to a reduction in pH suggest that the PLI/
pDNA polyplexes act as highly potent proton sponges at an endo-
somal pH.
Table 1
Characteristics of PL and PLIs.

Sample Composition
of polymer

Nim
a Nim

b Mw
c (kDa) Buffering effect

relative to PLd (fold)

PL PLys60 e e 7.8 1.0
PLI1 PLys-g-Im14 15 14 9.9 7.9
PLI2 PLys-g-Im24 30 24 10.0 11.3
PLI3 PLys-g-Im36 45 36 13.0 13.0

a Designed number of imidazole moieties (I) per PL molecules.
b Average number of imidazole moieties (I) per PL molecules calculated from 1H

NMR spectra.
c Determined by 1H NMR spectra.
d Determined by acidebase titration. Buffering effect (fold) ¼ (DVPLI/NPLI)/(DVPL/

NPL) [45], where DV (mL) is the volume of HCl solution required to reduce the pH
value of the polymer solution from 7.5 to 5.5and N (mol) is total moles of protonable
amine groups in the polymer.
The pDNA condensation ability of the synthesized PLI series was
investigated by agarose gel electrophoresis. The results in Fig. 4aec
show the influence of charge ratios on pDNA complexation by PLIs.
The migration of pDNA was completely retarded when polyplexes
were formedunder neutral pH at anN/P ratio of 1 for PLI1 and 2.5 for
PLI2 and PLI3. In addition, PLI/pDNA polyplexes prepared under
mildly acidic conditions (pH 5.5) showed no migration of free,
although faint bandswere visible at the loading slot at anN/P ratio of
0.25 for PLI1 and 0.5 for PLI2 andPLI3 (Fig. 4def). These data indicate
that the PLIs exhibited aweakDNAneutralizing capability due to the
low pKa of imidazole groups at pH 7.5, whereas they were highly
protonable under pH reduction depending on their imidazole con-
tent. In order to determinewhether the imidazolized polymer could
promptly release its payloads at acidic condition, the released pDNA
after decomplexation of polyplexes by competing with a negatively
charged polysaccharide, heparin, under given pH conditions was
analyzed using gel electrophoresis and fluorometric assays. As
shown in Fig. 5a and c, PL/pDNA polyplexes showed complete pDNA
release in the presence of a competing heparin (molar ratio of
heparin to PL: 0.75) regardless of the formulation pH. In contrast,
PLI/pDNA polyplexes in acidic environment are less resistant to
dissociation than those in neutral pH, resulting to accelerate pDNA
release due to the protonation of imidazole rings by a decrease in pH
(Fig. 5b and d). Accordingly, these PLI vectors could be suitable gene
delivery nanocarriers that show the capacity to condense pDNA and
favor endosomal escape of PLI/pDNA polyplexes.

The cytotoxic effect of cationic polymers that is known to induce
severe cell membrane damage is an important consideration in
polymeric vector design [33]. To assess the cytotoxicity of PLIs, cell
viability was determined for the gastric cancer cell lines MKN-45
and MKN-48 treated with three PLI polymers. Similar experi-
ments were also performed using PL and polyethyleneimine (PEI,
Mw 25 kDa) for comparison. All PLIs were less toxic to these cell
lines than PL and PEI at concentrations ranging from 6 nM to 100 mM
and the cytotoxicity gradually decreased with an increase in the
degree of imidazole substitution on PL. Supplementary Table S1
shows the IC50 values of various polycations for 24 h incubation
with gastric cancer cells.

The transfection efficiency of PLIs was evaluated using a lucifer-
ase reporter gene (pGL3-Luc pDNA) inMKN-45 andMKN-28 cells. In
the absence of serum, all PLIs showed to enhance transfection effi-
ciency that correlatedwith increasing N/P ratio (Fig. 6a and b). At an
N/P ratio of 5, PLIs exhibited an increased level of transfection
compared with PL in both cell lines. Specifically, PLI1, PLI2, and PLI3
displayed 99-, 243-, and 337-fold increases in transfection efficiency
compared with PL in MKN-45 cells, and 48-, 38-, and 77-fold in-
creases in MKN-28 cells. In particular, the transfection efficiency of
PLI3 in both cell lines was 4-fold higher than that of PEI used as
a control at the same N/P ratio. PLI-mediated transfection retained
a sufficient level of gene expression in both cell lines even after
transfection with 10% serum. In contrast, PL/pDNA and PEI/pDNA
polyplexes were sensitive to serum and showed a decrease in gene
expression of nearly 27% and 55% respectively (Fig. 6c and d). It is
interesting to note that the inclusion of imidazole heterocycle as
a buffering agent enhances the stability of polyplexes, protecting
them from proteins and electrolytes. Considering these data, in the
following experimental set up, we used PLI3/pDNA polyplexes
prepared at the optimal N/P ratio of 5 as the most favorable trans-
fecting polymer with minimal cytotoxicity.

3.3. Formation and physicochemical characterization of HA/PLI/pDNA
ternary polyplexes

To enhance intracellular delivery and localization of pDNA, PLIs/
pDNA polyplexes were further shielded with a negatively charged



Fig. 3. Characterization of PLI/pDNA polyplexes. (a) Size and zeta potentials of PLI1-, PLI2-, and PLI3-based polyplexes in HEPES buffer (10 mM, pH 7.5) at different N/P ratios. (b) Zeta
potentials of PLI1-, PLI2-, and PLI3-based polyplexes at various pH values (N/P ratio ¼ 5).
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polysaccharide, hyaluronic acid (HA), by electrostatic interaction to
give HA/PLI/pDNA polyplexes. The average size and zeta potential
of the prepared ternary polyplexes according to HA/PLI molar ratios
are plotted in Fig. 7a and b. A small amount of HA (HA/PLI molar
ratio 0.03) could effectively recharge the PLI/pDNA polyplexes with
26.6 mV of zeta potential, producing an increase in size
(166.1 � 10.4 nm) with reduced surface charge (�24.1 � 0.7 mV)
compared with PLI/pDNA polyplexes. Interestingly, as HA was
added, the zeta potential shifted to more negative values and
saturated at approximately �30 mV while the size increased up to
about 1.3 mm, which might be attributed to the formation of an
outer corona by an excess of HA. In a gel electrophoresis study,
addition of HA to the PLI/pDNA polyplexes led to the formation of
stable ternary polyplexes, indicating that HA molecules would not
disrupt the polycation/DNA binary polyplexes (Fig. 7c). The atomic
force microscopy (AFM) images in Fig. 7d show the formation of
HA/PLI/pDNA polyplexes of spherical shape, although under
dehydrated condition, in which the size tended to correlate with
the quantity of HA.
Fig. 4. Gel retardation assay of naked pDNA and PLI/pDNA polyplexes at various N/P ratios
pDNA, and (c, f) PLI3/pDNA polyplexes.
3.4. In vitro intracellular gene delivery using HA/PLI/pDNA ternary
polyplexes

As an extension of the cell viability data for the five polymers
(PL, PLI1, PLI2, PLI3, and PEI) shown in Supplementary Fig. S5, the
cytotoxicity of each polyplex (PL/pDNA, PLI/pDNA, HA/PLI/pDNA,
and PEI/pDNA) was further tested in gastric cancer cell lines
MKN-45 and MKN-28 using an MTT assay. As shown in Fig. 8a, HA/
PLI/pDNA polyplexes showed no significant inhibition of prolifer-
ation in either cell line (95e100% cell viability) compared with the
control groups (PEI/pDNA, PL/pDNA, and PLI/pDNA polyplexes),
which were noticeably more cytotoxic (40e80% cell viability) at the
same N/P ratio. Thus, the synthesized HA/PLI/pDNA polyplexes
revealed high biocompatibility due to the inherent properties of
HA, including non-toxicity, non-immunogenicity, and biodegrad-
ability [34]. To evaluate target-specific gene delivery by HA/PLI/
pDNA polyplexes, an in vitro transfection study was conducted
using MKN-45 (CD44-overexpressing) and MKN-28 (CD44-
deficient) cells. CD44 expression levels in both cell lines were
(0.25, 0.5, 1, 2.5, 5, and 10) and pHs (pH 7.5 and pH 5.5). (a, d) PLI1/pDNA, (b, e) PLI2/



Fig. 6. Influence of serum on transfection efficiency. Transfection efficiency of PL and PLI polyplexes containing pGL3-Luc pDNA in (a, c) MKN-45 and (b, d) MKN-28 cells at various
N/P ratios (1, 2.5, 5, and 10) (a, b) without and (c, d) with 10% serummeasured using a luciferase assay. The RLU (relative light unit) obtained from luciferase assay was normalized to
total cellular protein. bPEI (25 kDa) polyplexes at an NP ratio of 5 were used as a control.

Fig. 5. pH-dependent pDNA release based on gel retardation and fluorometric assay. (a, b) Agarose gel electrophoresis and (c, d) relative fluorescence intensity of (a, c) PL/pDNA and
(b, d) PLI/pDNA polyplexes at N/P ratio 5 after decomplexation with different amount of heparin (weight ratio of heparin to polymer: 0, 0.25, 0.5, 0.75, 1.0, and 1.25) under pH 7.5
and pH 5.5 (*p < 0.001).
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Fig. 7. Physicochemical characterizations and stability of HA/PLI/pDNA ternary polyplexes. (a) Hydrodynamic size and (b) zeta potentials of HA/PLI/pDNA polyplexes in HEPES buffer
(10 mM, pH 7.5) at HA/PLI molar ratios (N/P ratio ¼ 5). (c) Gel retardation assay of HA/PLI/pDNA polyplexes at HA/PLI molar ratios ranging from 0 to 0.5. (d) Morphology of
dehydrated HA/PLI/pDNA polyplexes at HA/PLI molar ratios of 0.01, 0.03, and 0.07, and their corresponding height profiles at the white dashed line determined by AFM.
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confirmed by flow cytometry (Supplementary Fig. S6). As shown in
Fig. 8b, MKN-45 cells treated with HA/PLI/pDNA polyplexes (at an
HA/PLI molar ratio of 3) showed a remarkable increase in luciferase
expression, which was 4- and 10-fold higher than that of uncoated
PLI and branched PEI formulations, respectively. In contrast, after
transfection of MKN-28 cells with HA/PLI/pDNA polyplexes, there
was no enhancement of luciferase gene expression compared with
PLI/pDNA and PEI/pDNA mixtures. Interestingly, although they
were coated with HA, the larger HA/PLI/pDNA complexes (w1 mm
in size at HA/PLI molar ratio of 0.1) showed much lower trans-
fection efficiency in both cell lines, indicating that small and
compact polyplexes induced a more significant increase in cellular
DNA uptake and subsequent gene expression. To investigate
whether CD44 receptors are responsible for the efficient internal-
ization of HA/PLI/pDNA polyplexes, we blocked CD44 receptors
with various concentrations of free HA and subsequently incubated
the cells with PLI/pDNA or HA/PLI/pDNA polyplexes. Free HA did
not affect the transfection efficiency of PLI/pDNA polyplexes in
either cell line whereas pre-treatment of MKN-45 cells with HA
resulted in substantial inhibition of gene expression for HA/PLI/
pDNA in an HA concentration-dependent manner (Fig. 8c and d).
These results demonstrated that the conspicuous enhancement in
transfection efficiency of HA/PLI/pDNA in the target cells can be
attributed to their cellular uptake via CD44 receptor-mediated
endocytosis.

3.5. In vitro targeting efficiency of HA/PLI/pDNA polyplexes

Among various cell-associated and extracellular HA binding re-
ceptors such as receptor for HA-mediated motility (RHAMM),
intracellular adhesionmolecule-1 (ICAM-1), and CD44, several lines
of evidence indicate that CD44 plays a critical role in the internal-
ization and degradation of HA [34e36]. The efficiency of HA/PLI
nanovectors targeting to CD44-expressing cells was then inves-
tigated using flow cytometric analysis against CD44 receptor over-
expressing (MKN-45) and CD44 receptor low-expressing cancer
cell lines (MKN-28). As shown in Fig. 9, MKN-45 cells treated with
HA/PLI/pDNA polyplexes (323.8 � 15.1%) displayed 30-fold higher
mean fluorescence intensity thanMKN-28 cells (10.7�4.9%) due to
the difference in CD44 expression level between MKN-45 and
MKN-28 cells. Both cancer cell lines treated with PLI/pDNA poly-
plexes exhibited similar Cy5-positive populations. Furthermore,
after free HA treatment, the intracellular uptake of HA/PLI/pDNA
polyplexes into MKN-45 cells was effectively inhibited by free HA



Fig. 8. Selective gene delivery using HA/PLI/pDNA ternary polyplexes. (a) Cell viability of MKN-45 and MKN-28 cells incubated with PEI PL, PLI, and HA/PLI polyplexes complexed
with pDNA at 37 �C for an additional 48 h in fresh media (N/P ratio: 15). (b) Transfection efficiency of PEI, PL, PLI, and HA/PLI polyplexes containing pGL3-Luc pDNA in MKN-45 and
MKN-28 cells determined using the luciferase assay (N/P ratio: 5). Binding competition assays of (c) PLI/pDNA and (d) HA/PLI/pDNA polyplexes in MKN-45 and MKN-28 cells by the
addition of free HA with various concentrations (0e2 mg/mL) into media containing each polyplexes.
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binding onto the CD44 receptor, thereby suggesting that HA/PLI-
based carriers enhance cellular uptake by CD44 receptor-
mediated endocytosis. The targeting performance of HA/PLI vec-
tors was further tested in Raw 264.7 macrophages, PAE/KDR, and
normal gastric cells, considering the facts that CD44 receptor also
largely exists in endothelial, mesenchymal, leukocyte, and hepato-
cyte cells, as well as cancer cells [37,38]. As expected, the CD44
expression-dependent intracellular uptake of HA/PLI/pDNA poly-
plexes was observed in three cell lines (Supplementary Figs. S6 and
S7), suggesting that the interaction of HA and CD44 on the surface
receptor of cells is responsible for the high targeting efficiency of
HA/PLI vectors onto CD44-overexpressing cells [39,40].
3.6. Intracellular localization of HA/PLI/pDNA polyplexes

To verify the intracellular delivery of HA/PLI/pDNA polyplexes
and the endosomal escape of the released gene from polyplexes, we
performed colocalization experiments for polyplexes containing
Cy5-labeled pDNA in both MKN-45 and MKN-28 cells with an early
endosome marker (early endosome antigen 1, EEA1) (Fig. 10). After
3 h incubation, punctate red dots induced from Cy5-labeled pDNA
for PLI polyplexes were apparent in the cytoplasmic compartment
of both MKN-45 andMKN-28 cells instead of being confined within
the endosomes. This indicated that major cellular uptake was
through clathrin-mediated endocytosis and then efficient transport
into the cytoplasm occurred with avoidance of lysosomal degra-
dation (Fig. 10a and c). Furthermore, following treatment with HA/
PLI/pDNA polyplexes, a great number of Cy5 signals were observed
in the cytoplasmic region of MKN-45 cells, whereas there were no
fluorescence signals in MKN-28 cells under the same conditions, in
agreement with previously obtained data on their transfection ef-
ficiency (Fig. 10b and d). These results demonstrated that HA/PLI/
pDNA ternary polyplexes were selectively internalized via HA re-
ceptors and efficiently underwent cytosolic diffusion concomitant
with the disintegration of endosomes as results of the pH-buffering
activity of the PLIs.
3.7. Specific gene-silencing and anti-proliferative effects of HA/PLI/
Bcl-xL-specific shRNA-encoding pDNA polyplexes on gastric cancer
cells

Programmed cell death, or apoptosis, in response to a variety of
physiological death signals or cytotoxic agents is regulated by
intracellular proteins of the B-cell lymphoma 2 (Bcl-2) family,
which contains pro-survival and pro-apoptotic proteins [41,42]. In
particular, since pro-survival Bcl-2-like members including Bcl-xL,
Bcl-2, and Bcl-w potentially prohibit the intrinsic apoptotic path-
way by blocking the release of cytochrome c from the mitochondria



Fig. 9. In vitro targeting ability of PLI/pDNA and HA/PLI/pDNA polyplexes. (a) Flow cytometric analysis and (b) relative fluorescence intensity (DFI/FInon-treatment, FI: fluorescence
intensity) of MKN-45 and MKN-28 cells incubated for 4 h with naked pDNA, PLI/pDNA, HA/PLI/pDNA polyplexes, and HA/PLI/pDNA polyplexes after pre-incubation with free HA
(10 mg/mL), respectively, where the pDNA was labeled using the Cy5 dye. The non-treated cells were used as a negative control (gray).
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and subsequent caspase activation, amplification of anti-apoptotic
genes is dominantly found in various cancer cells [41,42]. Con-
versely, long-term down-regulation of Bcl-xL in cancer cells can
provoke apoptosis [43,44].

To investigate whether HA/PLI-mediated shRNA-encoding
pDNA delivery against the anti-apoptotic gene Bcl-xL would result
in knockdown of the target gene, MKN-45 and MKN-28 cells were
transfected with HA/PLI polyplexes containing either Bcl-xL-
Fig. 10. Intracellular uptake of PLI/pDNA and HA/PLI/pDNA polyplexes. Confocal microsco
complexed with (a, c) PLI and (b, d) HA/PLI (N/P ratio: 5, HA/PLI molar ratio: 0.03). The cell
Hoechst 33342 (nucleus staining); Red, Cy5 (pDNA labeling); Green, Alexa Fluor 488 (EEA1
figure legend, the reader is referred to the web version of this article.)
specific shRNA- or nonspecific (scrambled) shRNA-encoding
pDNA as a control. The relative expression of Bcl-xL mRNA was
determined by quantitative reverse transcription polymerase chain
reaction (qRT-PCR). As shown in Fig. 11a and b, HA/PLI/Bcl-xL
shRNA-expressing pDNA polyplexes dramatically down-regulated
Bcl-xL expression by more than 75% in MKN-45 cells compared
with other polyplexes, whereas there were no change in Bcl-xL
levels in MKN-28 cells. Moreover, none of the polymers
py images of (a, b) MKN-45 and (c, d) MKN-28 cells treated with Cy5-labeled pDNA
s were incubated for 3 h at 37 �C and then immunostained using EEA1 antibody. Blue,
staining). All scale bars are 20 mm. (For interpretation of the references to color in this



Fig. 11. Specific gene-silencing effects of HA/PLI/pDNA ternary polyplexes. Relative expression of Bcl-xL mRNA in (a) MKN-45 and (b) MKN-28 cells incubated with PEI, PL, PLI, and
HA/PLI polyplexes containing Bcl-xL-targeted shRNA-encoding pDNA or scrambled shRNA-expressing pDNA. The relative mRNA expression levels (mean values � standard de-
viation) by qRT-PCR analysis are normalized to mRNA levels of endogenous b-actin in the same samples. Time-dependent cell viability of (c) MKN-45 and (d) MKN-28 cells
transfected with Bcl-xL-specific shRNA-encoding pDNA complexed with PEI, PL, PLI, and HA/PLI polyplexes (N/P ratio: 5, HA/PLI molar ratio: 0.03).
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complexed with scrambled shRNA-encoding pDNA inhibited Bcl-xL
expression in either cell line. These observations suggest that HA/
PLI-mediated delivery of shRNA-encoding pDNA efficiently tar-
geted CD44-overexpressing cells and induced robust RNAi effects
on target gene expression.

To confirm the effect of shRNA-mediated Bcl-xL down-
regulation by HA/PLI/pDNA polyplexes on cellular proliferation or
viability, we examined cell viability of MKN-45 andMKN-28 cells at
different time intervals using an MTT assay. With increased incu-
bation time, HA/PLI/pDNA polyplexes caused a noticeable increase
in cell death (up to 50%) in MKN-45 cells compared with treatment
with PEI/pDNA, PL/pDNA, and PLI/pDNA polyplexes (10e30% cell
death). In contrast, HA/PLI/pDNA polyplexes showed no cytotoxic
effect against MKN-28 cells (Fig. 11c and d). As a negative control,
scrambled shRNA-expressing pDNA-loaded polyplexes did not
noticeably affect cellular proliferation or growth in either cell line
(Supplementary Fig. S8). Thus, HA/PLI/Bcl-xL-specific shRNA-
encoding pDNA polyplexes showed a significant anti-proliferative
effect against CD44-overexpressing gastric cancer cells, indicating
that these targeted nanovectors have high potential as effective and
safe systemic therapies for the treatment of cancer cells.
4. Conclusions

In summary, we have formulated rationally designed HA/PLI/
pDNA ternary polyplexes to overcome the well-recognized chal-
lenges of polycation-based nanocarriers such as low transfection
efficiency and cytotoxicity. PL (poly-L-lysine) serving as a naturally
derived polymeric vector for gene delivery, was further modified
with imidazole heterocycles, which possess buffering abilities under
acidic pH conditions. The combination of self-assembled PLI/pDNA
polyplexes and HA molecules by electrostatic interaction added
valuable features including reasonable physiological stability and
safety, prompt protonable ability towards the endosomal environ-
ment, and high tumor-targeting efficacy. These HA-anchored poly-
plexes improved intracellular delivery of Bcl-xL-specific shRNA-
encoding pDNA into CD44-overexpressing gastric cancer cells,
which induced substantial cell death by knockdown of an anti-
apoptotic gene set. Our systemic gene delivery system provides
a potentially large therapeutic window for cancer treatment and
further in vivo studies are ongoing in our laboratory.
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