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Abstract: Quantum dots (QDs) have been intensively investigated for bioimaging, drug
delivery, and labeling probes because of their unique optical properties. In this study, CdSe/ZnS
QDs-based nonviral vectors with the dual functions of delivering miR-26a plasmid and bio-
imaging were formulated by capping the surface of CdSe/ZnS QDs with polyethyleneimine
(PEI). The PEI-coated QDs were capable of condensing miR-26a expression vector into nano-
complexes that can emit strong red luminescence when loaded with CdSe/ZnS QDs. Further
results showed that PEI-modified nanoparticles (NPs) could transfect miR-26a plasmid into
HepG2 cells in vitro. Meanwhile, imaging of living cells could be achieved based on the CdSe/
ZnS QDs. Further study suggested that miR-26a transfection up-regulated miR-26a expression,
induced cycle arrest, and triggered proliferation inhibition in HepG2 cells. The results indicated
that PEI-coated QD NPs possess the capability of bioimaging and gene delivery and could be a
promising vehicle with the engineering of QD NPs for gene therapy in the future.
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Introduction

With the significant advances in the development of diverse functional nanomaterials,
there have been increasing interests in fabricating a single nano-object with multiple
functionalities. The development of new diagnostic and treatment methods based on
these nanomaterials represents a major opportunity for basic and applied biomedical
research.'” The nanostructural properties of these materials have a strong influence
on the microenvironment of the biological system in which they interact. Especially,
internalization of these particles through endocytosis by the cell membrane is highly
influenced by its particle size and surface charge.*® Among them, quantum dots
(QDs) have attracted increasing number of researchers to explore for bioimaging and
labeling probes because of their considerable advantages, including high quantum
yield, wide band excitation, narrow emission, photostability, and size-tunable multi-
color imaging.”® To explore the imaging capability with the therapy potential, much
work has been focused on the surface modification of QDs with biocompatible ligands,
including biomacromolecules, peptides, antibodies, and so on.**"'! Recently, Yang
et al'? transfected VEGF genes into endothelial progenitor cells and realized in vivo
imaging using QDs in an ischemia hind limb model. Park et al"® reported a novel
QD—ampbhiphilic polyethyleneimine (amPEI) nanocomplex that has been shown to
successfully deliver silencing RNA (siRNA) into cancer cells, with real-time imaging of
siRNA delivery and ratiometric oxygen sensing in live cells. Meanwhile, our previous
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works demonstrated that PEI-coupled nanoparticle (NP) is
an effective transfection carrier for gene delivery.'* !¢ It was
found that poly(L-lactic-co-glycolic acid) NPs coated with
PEI can be delivered into HepG2 cells, enabling the endo-
somal escape of the NPs and the release of the particles into
the cytoplasm, followed by cell cycle arrest and apoptosis.

MicroRNAs (miRNAs), a class of single-stranded non-
coding small RNAs, play pivotal roles in gene expression reg-
ulation. Although miRNAs have been found to be aberrantly
over-expressed, they are generally down-regulated in many
cancer types.'”? Therefore, the therapeutic applications of
miRNA have been developed using various vectors, including
adenovirus, adeno-associated virus (AAV), liposomes, poly-
cationic polymers, and organic/inorganic NPs.32® Recently,
a study demonstrated that when miR-26a, a down-regulated
miRNA in liver cancer, was delivered into liver cancer
cells mediated by AAV in vitro, it induced cell cycle arrest,
associated with direct targeting of cyclins D2 and E2, by
inhibiting cancer cell proliferation and inducing tumor-
specific apoptosis in the mouse hepatocellular carcinoma
model.?’ Ibrahim et al*® applied sole PEI-mediated delivery
of unmodified miR-145 and miR-33a into a mouse model of
colon carcinoma, by which the PEI/miRNA complexes were
delivered into mouse xenograft tumors, where they caused
profound antitumor effects.

Inspired by previous research, herein we explored the
use of PEI to modify QDs into larger complex structures to
apply as multifunctional imaging vehicle for gene delivery
visualization. CdSe/ZnS QDs were selected as labeling
probes for living cells since the gradient alloy CdSe/ZnS
QDs possess excellent opticophysical properties and are more
compatible with a biological environment by shielding the
Cd**-containing core from the ZnS shell structure.?'? The
recombinant plasmid expression vector of miR-26a, which
is capable of inducing green fluorescence and cell cycle
arrest in HepG?2 cells,” was used for the evaluation of gene
delivery of PEI/QD NPs in HepG2 cells. CdSe/ZnS QDs
were fabricated with PEI coating using a simple method of
electrostatic attraction. The size and morphology of CdTe
QDs were characterized by dynamic light scattering (DLS)
and transmission electron microscopy (TEM). The effects of
PEI/QD NPs on transfected HepG2 cells were investigated by
polymerase chain reaction (PCR), Western blot, and confocal
laser scanning microscopy (CLSM) analyses.

Materials and methods

Materials

PEI (25 kDa) was purchased from Sigma-Aldrich Co.
(St Louis, MO, USA). CdSe/ZnS QDs with emission maxima

at 640 nm were obtained from Mesolight Nanotechnology Co.
Ltd. (Suzhou, Jiangsu, People’s Republic of China). To ensure
its stability in an aqueous solution, the CdSe/ZnS QDs were
modified with 3-mercaptopropionic acid, resulting in a net
negative charge on the surface for facilitating interaction with
cationic PEI. Dulbecco’s Modified Eagle’s Medium (DMEM)
and 0.25% trypsin were purchased from Corning Life Sci-
ences (Mabassas, VA, USA). Fetal bovine serum (FBS) was
purchased from Thermo Fisher Scientific. Agarose, glycine,
N,N,N’,N’-tetramethylethylenediamine, dimethyl sulfoxide,
and chloroform were purchased from Sangon Biotech Co.
Ltd. (Shanghai, People’s Republic of China). The primary
and secondary antibodies of cyclin-D2 (CCND2), cyclin-E2
(CCNE2), and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Primer was designed and synthesized
by Sangon Biotech Co. Ltd. Other reagents were of analytical
grade and used without further purification.

Preparation and characterization of
PEI/QD NPs

Aqueous solutions of monodisperse QDs were prepared
according to the manufacturer’s protocol. Briefly, PEI
(2 mg) was dissolved in 10 mL of phosphate-buffered
saline (PBS)-buffered saline for 1 h at 65°C. Then, the PEI
solutions were filtered through a 0.22 pum syringe filter (Pall
Corporation, New York, NY, USA). QDs (4 nmol/mL) and
PEI solutions were mixed with deionized water (1 mL) to
produce the PEI/QD NP suspension. The as-formed PEI/
QD NP suspension was then added to 1 mg/mL of solution
containing miR-26a expression vectors at various PEI/QD
concentrations (0—4 nmol/mL) and vortexed gently to obtain
PEI/QD nanocomplexes.

The average diameter of the PEI/QD NPs was measured
by DLS (Zetasizer Nano ZS; Malvern Instruments, Malvern,
UK). In brief, the PEI/QD nanocomplexes were suspended
in deionized water at a concentration of 2 nmol/mL.
The mean hydrodynamic diameter was determined by
cumulative analysis. The zeta potential (surface charge) of
the polymers and polyplexes was determined at 25°C using
a scattering angle of 90° with potential measurement ana-
lyzer (Zetasizer Nano ZS; Malvern Instruments). Samples
were prepared in PBS and diluted 1:10 with deionized water
to ensure that the measurements were performed under
conditions of low ionic strength. The surface morpholo-
gies of the multiple QD-bundled NPs were determined by
TEM (JEM-2100; JEOL, Tokyo, Japan). The samples were
prepared by dropping PEI/QDs suspension onto a copper
grid, followed by air drying at 37°C.
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Cytotoxic assessment and cell

proliferation assay

HepG2 cells were seeded in 96-well plates at an initial
density of 1x10* cells per well in 0.5 mL of growth medium
and incubated for 24 h prior to the addition of different
concentrations of PEI/QD NPs. Untreated cells were taken
as control with 100% viability. Cell Counting Kit-8 (CCK-8;
Dojindo Molecular Technologies, Kumamoto, Japan) was
used for assessing the cytotoxicity of PEI/QD. Details of
the process are provided in manufacturer’s instruction. Cell
proliferation was determined in a separate set of experiments
using CCK-8 to detect changes in cell viability after being
treated with PEI/QD/miRNA. HepG2 cells were seeded in
24-well plates at an initial density of 2x10* cells per well in
1 mL of growth medium and incubated for 24 h prior to the
addition of PEI/QD nanocomplexes. Untreated cells were
taken as control with 100% viability. Triton X-100 1% was
used as positive control.

Construction of miR-26a expression

vectors and cell cultures

MiR-26a expression vector with the cytomegalo virus pro-
moter that drives the expression of green fluorescent protein
(GFP) and its negative control (miR-NC) with GFP were
constructed as described previously,?® and verified by DNA
sequencing. The cell line (HepG2 cells) used in this study was
purchased from Shanghai Institute of Cell Bank (Shanghai,
People’s Republic of China). HepG2 cells were cultured in
DMEM medium (Invitrogen, Carlsbad, CA, USA) supple-
mented with 10% FBS (Invitrogen). Cells were maintained
at 37°C and 5% CO, during all experiments.

Preparation of QD/pDNA complexes and

affinity analysis

First, PEI/QD and miR-26a plasmid vector were separately
dissolved in 0.5 mL of PBS (pH 7.4) and the PEI/QD
suspensions were filtered with 0.22 mm sterile filters. The
different concentrations of PEI/QD suspension diluted with
PBS were added to 1 ng of miR-26a vector solution, and
then vortexed immediately at room temperature. Finally,
the solution was allowed to stand for 30 min to enable the
formation of PEI/QD/pDNA nanocomplexes. In this study,
the complexing ratio was expressed as the nitrogen to phos-
phate (N/P) ratio of PEI/QD/pDNA. For affinity analysis
of the PEI/QDs and miR-26a vector complex, 10 UL of the
nanocomplex suspension was subjected to electrophoresis in
1% tris-borate-ethylene diamine tetraacetic acid agarose gel
at 100 V for 40 min. Images were acquired using a Tanon gel

imaging system (Tanon Science & Technology, Shanghai,
People’s Republic of China).

Gene transfer and miR-26a expression

assay
HepG2 cells seeded in a 6-well plate at a density of 2x10° cells
per well were transfected with the miRNA expression vectors
described earlier using the PEI/QDs nanocomplex. Cells
were viewed by fluorescence microscopy at different time
points after transfection (24, 48, and 72 h), and imaged based
on fluorescein isothiocyanate (FITC) channels. Finally, the
cells were harvested after being transfected for 72 h, and the
total RNA was extracted with Trizol according to the manu-
facturer’s instruction. miR-26a reverse-transcript primers
(CTCAACTGGTGTCGTGGAGTCGGCAATTCAGT
TGAGAGCCTATC) and reverse transcriptase were used
to convert mature miRNA to cDNA.* The reaction system
was heated to 80°C for 5 min to denature the RNA, and it
was cooled to room temperature quickly, then the remaining
reagents (5x buffer, ANTPs, dithiothreitol, RNase inhibitor,
prime script RTase) were added as specified according to the
manufacturer’s protocol. The reaction proceeded for 45 min
at 42°C followed by 5 min incubation at 85°C to inactivate
the reverse transcriptase. cDNA may be stored indefinitely
at —20°C or —80°C.

Then quantitative real-time PCR (qQRT-PCR) was per-
formed to evaluate miR-26a expression in HepG2 cells
post 3 days of transfection using standard protocols on an
Applied Biosystems 7500 Sequence Detection System.
Briefly, 1 pL of cDNA was added to 10 uL of the 2x SYBR
green PCR master mix (TaKaRa Biotechnology, Dalian,
People’s Republic of China), then 1 pL of 10 uM of each
primer (forward: ACACTCCAGCTGGGTTCAAGTAATC
CAGGA; reverse : TGGTGTCGTGGAGTC) was added and
the volume was made up to 20 UL with water. The reaction
system was amplified for 15 s at 95°C and 1 min at 60°C for
40 cycles. Reactions are typically run in triplicate. The cycle
number at which the reaction crossed an arbitrarily placed
threshold was determined for each gene and the relative
amount of each miRNA was calculated. Target gene expres-
sion was normalized to the housekeeping gene U6 for each
sample. Data were analyzed using the 2724“T method.**

Confocal laser scanning microscopy
analysis

For the distribution of PEI/QDs/miRNA in HepG2 cells,
different treated cells were washed 3 times with PBS to
remove excess nanocomplexes and visualized usinga CLSM
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(Nikon Eclipse 80i; Nikon, Tokyo, Japan). The fluorescence
was monitored in the FITC and Cy5 channels.

Cell cycle assay

Cell cycle profiles of PEI/QD NPs transfected HepG2 cells
were determined using FACSCalibur flow cytometer and
CellQuest™ software (BD Biosciences, Mountain View,
CA, USA). HepG2 cells were seeded into 12-well plates
with 5x10* cells per well. Cells were treated with different
formulations at a concentration of 1 g of miRNA expression
vector in serum-containing medium at 37°C for 72 h. Cells
were washed once with PBS and then fixed in 75% ethanol.
After fixation, the cells were stained with propidium iodide
(PI) according to manufacturer’s protocol.

Western blot assay

For Western blot analysis, the HepG2 cells were transfected
as previously described for 48 h. After transfection, the
cell total protein was extracted with lysis buffer (Boster
Biological Technology, Wuhan, People’s Republic of
China). The protein was quantified by the bicinchoninic
acid protein assay kit (CWBio, Beijing, People’s Republic
of China). An equal amount of protein was separated on
the sodium dodecyl sulfate polyacrylamide gel electropho-
resis, and then transferred onto polyvinylidene difluoride
membrane. The membrane was then blocked and incubated
overnight with monoclonal antibodies against CCND2
(1:500), CCNE2 (1:500), and GAPDH (1:600). After
washing, the membrane was incubated with horseradish
peroxidase-conjugated secondary antibody (1:5,000) for 2
h at room temperature. The bands were visualized using the
enhanced chemiluminescence kit (CWBio) and the expres-
sion of CCND2 and CCNE2 was normalized with GAPDH
housekeeping gene expression.

Statistical analysis

Data were expressed as mean + standard deviation and
statistical significance was calculated by either two-tailed
unpaired Student’s #-test or analysis of variance (ANOVA)
as appropriate. P-values <0.05 were considered statistically
significant.

Results and discussion

Characterization of PEI/QD NPs

The formulated PEI/QD NP delivery vehicle is demonstrated
in Figure 1 A. Generally, the size and zeta potential of NP play
vital roles in the cellular uptake process. Appropriately sized
(100—200 nm) NPs can be more easily internalized by tar-
get cells.* In this study, the prepared QD was monodispersed

with an average diameter of 9 nm (Figure 1B). With the
addition of PEI solution, the single QDs gathered together
with PEI to form a larger NP, and the size of the PEI/QDs
increased according to the PEI concentration. When 5 pug/mL
of PEI, the maximum concentration which does not cause
obvious cytotoxicity when used for gene transfection, was
introduced, the multiple QDs coupled with PEI resulting in
three-dimensional spherical structures with the diameter of
about 100 nm (Figure 1C). When miRNA expression vector
was added to the PEI/QDs suspension, the sizes of complexed
PEI/QD NPs containing pDNA increased to about 120 nm,
or even larger (Figure 1D). The particle size from DLS data
(Figure 1E-Q) is slightly larger than that of TEM, the pos-
sible reason lies in the hydrous membrane which was coated
on the surface of NPs in the process of detection, therefore
increasing the particle size. Overall, these results of the DLS
observations are consistent with those of TEM, and indicate
that the size of PEI/QDs/miRNA nanocomplexes could be
increased with PEI or polyplexed PEI/pDNA coating.

Next, we investigated the surface charge (zeta poten-
tial) of the formulated NPs. The single QDs had a nega-
tive charge of about —24 mV due to the carboxylic groups
located on the surface, because the PEI-containing primary
and secondary amine groups had a mean positive charge of
+28 mV, and the miR-26a expression vector had a nega-
tive surface charge owing to anionic phosphate groups on
their structure. The positive charge of the PEI coating on
the negatively charged QD NPs resulted in an average zeta
potential of +22 mV. While the miR-26a expression vector
was introduced to the PEI/QD NPs by electrostatic inter-
action, surface charge of the nanocomplexes reduced to
+16 mV due to the introduction of miR-26a vector with
negative charge.

Cytotoxicity assessment and gel

retardation assay of the PEI/QD NPs

The cytotoxicity of the PEI/QD NPs on HepG2 cells was
determined by the CCK-8 assay. As seen in Figure 2A, with
the concentration of the PEI exceeding 5 ng/mL, the cyto-
toxicity increased obviously. When the concentration was
more than 20 pg/mL, the viability of HepG2 cells dropped
to about 40%. However, QDs combined with NPs (PEI/QD,
1:5, 1:10, 1:20) showed relatively good biocompatibility. The
reason may be that the negatively charged QDs offset the
excess positive charge on the PEI surface, avoiding damage
to the cell membrane. Considering the impact of the sur-
face charge on the delivery of miRNA, the PEI concentration
of 5 ug/mL and PEI/QDs in the 1:10 ratio was focused for
the further study.

submit your manuscript

6082

Dove

International Journal of Nanomedicine 2016:1 |


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove PEl-coated QDs for miRNA delivery in HepG2 cells

> = j o, -
Ve LRI\ ~
’ \
N\ l 1
— — /
pDNA/SIRNA \ wory WO\,
~ o Cytoplasm P
Cayboxyl group Multiple QD- pDNA(siRNA)/multiple pDNA(siRNA) release
modified QDs bundled NPs QD-bundled NP complexes in the cytoplasm

5120 E120- E120~
‘3'128 E 100 ‘3"'128_
2 2 22- 2 60
2 40 2 40 | 2 40
2 2 2
£ 2 £ 2 £ 20
0 0 0 - ;
0 5 10 15 20 25 30 0 40 80 120 160 200 0 40 80 120160200240
Diameter (nm) Diameter (nm) Diameter (nm)

Figure | Schematic representations and TEM images of PEI/QDs/miRNA nanoparticles.

Notes: (A) Schematic representations of the preparing route for PEI/QD nanoparticles; TEM micrographs of QDs (B), PEI/QDs (C), and PEI/QD/miRNA (D) nanoparticles.
(E, F, and G) DLS data corresponding to (B, C, and D), respectively.

Abbreviations: DLS, dynamic light scattering; miRNA, microRNA; NP, nanoparticle; PEl, polyethyleneimine; QD, quantum dot; siRNA, silencing RNA; TEM, transmission
electron microscopy.

To explore complex formation, PEI/QD NPs were mixed ~ N/P ratio was 6:1 or higher. When the N/P ratio was lower
with miR-26a plasmid vector in ultrapure water at different  than 6:1, the retardation was not complete, and DNA bands
N/P ratios, and affinity formation was assessed by a gel  were visible in N/P complexes in lanes 2 to 5, indicating the
retardation assay. As shown in Figure 2B, the NPs were able  presence of free pDNA in the nanocomplexes 0of 0.5, 1, 2, and
to fully retard the mobility of DNA in agarose gel when the 4 N/P ratios, which were comparable with the band observed
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Figure 2 Cell viability and gel electrophoresis assays of different nanocomplexes.

Notes: (A) Cell viability of HepG2 cells treated with different formulated PEI/QD nanoparticles. (B) Gel electrophoresis assays of PEI/QD/pDNA nanocomplexes: lane I,
miR-26a vector alone; lanes 2 to 6, PEI/QD/pDNA complexes with N/P ratio 0.5, 1, 2, 4, and 6, respectively.

Abbreviations: PEI, polyethyleneimine; QD, quantum dot; N/P, nitrogen to phosphate.
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in lane 1 containing only free miR-26a vector. Weaker DNA
bands were observed in the subsequent lanes of N/P ratio 6,
indicating nearly complete complex formation of miR-26a
vector. The results indicated that the nanocomplexes with
miR-26a vector can be easily prepared by simply mixing
cationic polymer and miR-26a solution, and the results also
showed that N/P ratio of 6:1 is optimal for the preparation,
resulting in PEI/QDs/miRNA NPs with a diameter of 120 nm
and a surface charge of 16 mV.

Gene transfection and fluorescence

monitoring
Gene transfection was visualized by confocal laser scanning
microscopy 48 h after the addition of PEI/QDs/miRNA
nanocomplex. Green fluorescence in Figure 3 showed that
internalization of miR-26a vector was translated into proteins
from GFP pDNA complexed with PEI/QDs in HepG2 cells.
Meanwhile, the QDs were observed to produce red fluores-
cence with Cy5 channel. The merged images of the HepG2
cells transfected with PEI/QDs nanocomplexes containing
miR-26a vector show that PEI/QD colocalizated with GFP
in cytosol. Interestingly, the red fluorescence of QDs was
mainly distributed around the nucleus of the HepG2 cells.
The merged colors present in the cytosol suggested that the
PEI/QDs nanocomplex entered into the cells and that they
primarily existed in the cytosol of HepG2 cells.

In addition, in order to assess the transfection effi-
ciency of the PEI/QD NPs, HepG2 cells transfected with
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Figure 3 CLSM analysis of PEI/QD nanocomplex transfected HepG2 cells.

PEI/QDs and commercial Lipo2000 were monitored for
GFP expression with inverted fluorescence microscopy
(Nikon Ti, Tokyo, Japan) at different time points after
transfection. After 3 days of continuous monitoring, the
results suggested that transfection efficiency of PEI/QDs
was close to Lipo2000 in HepG2 cells. Fluorescence
intensity of GFP was obviously enhanced with the increase
of transfection time in PEI/QDs or Lipo2000 groups
(Figure 4), and the GFP expression was highest at 72 h
post-transfection. The results also indicated that PEI/QD
NPs and Lipo2000 show maximum internalization after
72 h in transfected HepG2 cells. These results are coinci-
dent with the internalization of PEI/QDs into HepG2 cells
observed by confocal laser microscopy (data not shown).
Taken together, these results suggested the successful
integration of gene delivery and bioimaging functions in
the PEI/QD NPs.

Up-regulation of miR-26a mediated by

nanocomplex

To investigate miR-26a expression mediated by PEI/QD
NPs in transfected HepG2 cells, which were harvested after
72 h of transfection, total RNA was extracted for monitor-
ing miR-26a expression by qRT-PCR. The results showed
that the miR-26a level in HepG2 cells transfected with recom-
bination miR-26a vector nanocomplex (PEI/QDs/miR-26a)
was higher than in the untransfected and negative control
(PEI/QDs/miR-NC) transfected cells (Figure 5). In contrast,

Cy5 channel

Merged

Notes: Cells transfected with PEI/QD/miR-26a vector (A); cells transfected with PEI/QD/miR-NC (B); cells transfected with negative control (PEI/QD/miR-NC vector)

(C). Scale bar =50 pm.

Abbreviations: CLSM, confocal laser scanning microscopy; PEI, polyethyleneimine; QD, quantum dot; NC, negative control; NP, nanoparticle; GFP, green fluorescent protein.
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Figure 4 GFP expression in transfected HepG2 cells.

Notes: CK: untransfected cells; 24, 48, and 72 h represent different time points post-transfection. Cells transfected GFP with PEI/QDs (A); Cells transfected GFP with

Lipo2000 (B). Scale bar =100 um.

Abbreviations: GFP, green fluorescent protein; PEI, polyethyleneimine; QD, quantum dot.

the expression level of miR-26a showed no obvious change
in cells transfected with miR-NC (P>0.05).

Inhibition of HepG2 cell migration and
proliferation

To determine tumor inhibition activities of the PEI/QDs
nanocomplex containing miR-26a vector in vitro, we
assessed cell migration and proliferation with a 5-day con-
tinuous monitoring protocol using the wound healing assay
and CCK-8, respectively. After culturing HepG2 cells for 2 h
with a negative control (PEI/QDs/miR-NC) and miR-26a,
cell monolayers were scratched, washed with PBS, and
cultured for another 24 or 48 h. Microscopy was used to

14 1 %

- -
[e] © o N
1 L 1 1

transfected HepG2 cells
N

Fold-change of miR-26 in

3
3

1 2

Figure 5 Relative expression change of miR-26a level.

Notes: |: untransfected group; 2: negative control group (PEI/QD/miR-NC);
3: miR-26a vector transfected group. *P<<0.05 compared with groups 3 and | (n=3).
Abbreviations: PEl, polyethyleneimine; QD, quantum dot; NC, negative control.

measure the migration distance. Figure 6A and B showed
that the wound-like gaps healed in 48 h in untreated or
PEI/QDs/miR-NCtreated cells, indicating a significant cell
migration in untreated or PEI/QDs/miR-NCtreated HepG2
cells. However, PEI/QDs/miR-26a treated cells had wounds
persisting at 24 and 48 h. Furthermore, the results of cell
proliferation showed that the proliferation of HepG2 cells
transfected with miR-26a vector was remarkably inhibited,
especially on the fifth day, compared with cells that were not
transfected or transfected with control vector (Figure 6C).
It should be noted that due to slight toxicity caused by QD
coated with PEI, cells transfected with PEI/QD containing the
control vector showed a lower viability than the untransfected
cells. Moreover, the results from the quantitative analysis
showed a statistically significant reduction in the wound
closures in the cells treated with miR-26a vector compared
with the negative control and the untreated cells. The results
showed that the miR-26a-included nanocomplexes could
effectively inhibit HepG2 cell migration and proliferation.

Inhibition of cell cycle induction

As shown in Figure 7, the miR-26a-containing PEI/QD nano-
complexes significantly inhibit the cell cycle progression by
induction of G1 phase arrest in the transfected HepG2 cells,
whereas the effect in control groups (untreated and PEI/QDs/
miR-NC) was not obvious. Table 1 also indicates that HepG2
cells with enforced miR-26a expression were characterized by
significantly increased number of cells arrested in G1 phase,
which was more than that of tumor cells treated with miR-NC
containing PEI/QD nanocomplex or untreated control. This
result is consistent with that reported by previous studies,”
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Figure 6 Inhibition of HepG2 cell migration and proliferation after transfection.

Notes: (A) Cell migration after treatment with different nanoparticles; DO, DI, and D2 represent the first, second, and third day when cell monolayers were scratched;
Scale bar =100 um. (B) Ratio of migration of HepG2 cells corresponding to A. (C) Cells proliferation after treatment with different nanoparticles. *P<<0.05.
Abbreviations: PEl, polyethyleneimine; QD, quantum dot; NC, negative control.
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Figure 7 Cell cycle profiles of PEI/QDs transfected HepG2 cells.
Notes: (A) untreated group, (B) miR-NC contained nanoparticles transfected HepG2 cells, (C) miR-26a vector contained nanoparticles transfected HepG2 cells.
Abbreviations: PEl, polyethyleneimine; QD, quantum dot; NC, negative control.

6086 submit your manuscript International Journal of Nanomedicine 2016:1 |
Dove,


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

PEl-coated QDs for miRNA delivery in HepG2 cells

Table | Cell cycle profiles of HepG2 cells treated with different
nanoparticles (n=3)

Phase Untreated NPs/miR-NC NPs/miR-26a
Gl 30.61+2.3 34.631+2.6 48.81+3.4

G2 13.32£1.5 17.56x1.2 9.43+1.5

S 56.07+2.1 47.81t1.4 41.7612.2

Note: Data presented as mean * standard deviation.
Abbreviations: NP, nanoparticle; NC, negative control.

and up-regulation of miR-26a expression results in the inhibition
of cell proliferation, induction of tumor-specific apoptosis, and
consequent enhancement of antitumor activity.”

Western blot analysis of protein

expression

The appealing property of miRNAs as therapeutic agents lies
in their capability to regulate multiple genes by efficiently
regulating definite cell processes.*® To investigate the further
mechanism as to how miR-26a inhibits cell proliferation, we
examined the expression of CCND2, CCNE2, predicted targets
of miR-26a, which play important roles in the G1/S phases of
the cell cycle.”” As shown in Figure 8A and B, the untreated and
NPs/miR-NC groups did not down-regulate the protein levels
of CCND2 and CCNE2. In contrast, the nanocomplex contain-
ing miR-26a vector substantially down-regulated the protein
levels of CCND2 and CCNE2. The phenomena suggested that

A

3
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CCND2 s S e S
1.0 0.94 0.57

GAPDH oommmmes essm—— —Smm—

2
> q}\o a°
%\. N N
NS S S
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GAPDH s m S

Figure 8 Western blot analysis of protein expression in HepG2 cells.

Notes: The protein expression of CCND2 (A), CCNE2 (B) after treatment with
different nanoparticles. Untreated, NPs/miR-NC, NPs/miR-26a: HepG2 cells treated
with no nanoparticles, PEI/QD/miR-NC, PEI/QD/miR-26a nanocomplex, respectively.
Abbreviations: PEl, polyethyleneimine; QD, quantum dot; NC, negative control;
NP, nanoparticle.

the miR-26a expression level plays an important role in the
regulation of the CCND2 and CCNE2 expression in HepG2
cells. These results demonstrated that the PEI/QD NPs coupled
with miR-26a vector exhibited excellent anti-proliferative
activity and efficient gene silencing in HepG2 cells.

Conclusion

In this study, PEI-coated QDs were fabricated to investigate
the miRNA delivery into HepG2 cells. Cationic PEI can
capture anionic QDs via electrostatic interaction, which
ultimately form QD-bundled NPs through inter-particular
aggregation with each other. The QDs with cationic PEI
coating are capable of binding pPDNA molecules for gene
delivery and bioimaging. It was also demonstrated that
miR-26a-loaded QD nanocomplexes can up-regulate
miR-26a expression, arrest cell cycle, and suppress the
protein levels of CCND2 and CCNE?2, thus resulting in the
inhibition of cancer cell proliferation in HepG2 cells. This
finding perhaps will lead to improvements in the design of
nano-materials for various biomedical applications, including
gene therapy, molecular diagnostics, and bioimaging.
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