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ABSTRACT: Induced pluripotent stem cells (iPSCs), resulting from the forced expression of cocktails out of transcription
factors, such as Oct4, Sox2, Klf4, and c-Myc (OSKM), has shown tremendous potential in regenerative medicine. Although rapid
progress has been made recently in the generation of iPSCs, the safety and efficiency remain key issues for further application. In
this work, microRNA 302-367 was employed to substitute the oncogenic Klf4 and c-Myc in the OSKM combination as a safer
strategy for successful iPSCs generation. The negatively charged plasmid mixture (encoding Oct4, Sox2, miR302-367) and the
positively charged cationized Pleurotus eryngii polysaccharide (CPEPS) self-assembled into nanosized particles, named as CPEPS-
OS-miR nanoparticles, which were applied to human umbilical cord mesenchymal stem cells for iPSCs generation after
characterization of the physicochemical properties. The CPEPS-OS-miR nanoparticles possessed spherical shape, ultrasmall
particle size, and positive surface charge. Importantly, the combination of plasmids Oct4, Sox2, and miR302-367 could not only
minimize genetic modification but also show a more than 50 times higher reprogramming efficiency (0.044%) than any other
single or possible double combinations of these factors (Oct4, Sox2, miR302-367). Altogether, the current study offers a simple,
safe, and effective self-assembly approach for generating clinically applicable iPSCs.
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■ INTRODUCTION

Induced pluripotent stem cells (iPSCs) was first generated in
2006 when Yamanaka and Takahashi used a defined set of
reprogramming factors: Oct4, Sox2, Klf4, and c-Myc (OSKM),
which are commonly referred to as the “Yamanaka factors”,1,2

to reprogram mouse embryonic fibroblast into a pluripotent
state. Later, intense research provided the evidence that iPSCs
could be derived from different species (human included) using
various combinations from the transcription factors such as
Oct4, Sox2, Klf4, c-Myc, Nanog, and Lin28.3 These iPSCs share
most of the characteristics with embryonic stem cells, including
morphology, gene expression profiles, epigenetic modifications
and pluripotency.4−6 Therefore, iPSCs has opened up a new

horizon in the fields of disease modeling, drug screening,
toxicology tests, and ultimately, autologous cell-based thera-
pies.7−10

Currently, direct reprogramming by viral (retroviral and
lentiviral) transduction of transcription factors is still the most
commonly used procedures for iPSCs generation.11−13

However, viral integration and spontaneous transgene reac-
tivation may cause insertional mutagenesis and tumor
formation, rendering the resultant iPSCs unqualified for clinical
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applications.14 Searching for alternative strategy to induce
pluripotency without incurring genetic change has thus become
the focus of intense research effort. To this end, several
strategies, such as excisable vectors,15 reprogramming pro-
teins,16 microRNAs,17,18 nonintegrating plasmids,19 modified
RNA, and RNA virus,20 have been designed to avoid genomic
modification as much as possible.
Even though somatic cells can be reprogrammed using

different transcription factor cocktails, the original Yamanaka
factors Oct4, Sox2, Klf4, and c-Myc remain the most frequently
used cocktail for iPSC generation. Nevertheless, the two
oncogenes c-Myc and Klf4 may cause undesirable genetic
modification.21 Significant effort has been made to develop
approaches that avoid the use of these oncogenic transcription
factors. It has been found that c-Myc is dispensable for
reprogramming even though it enhances the efficiency and
speed of reprogramming.22 Furthermore, a recent study showed
that transplantation of iPSCs without c-Myc in rats could
alleviate retinal oxidative damage.23 Likewise, Klf4 was found to
be replaceable during the process of somatic cell reprogram-
ming.24,25 On the basis of viral strategies, some studies showed
that human somatic cells could be reprogrammed into iPSCs
with only Oct4 and Sox2.26 However, on the basis of nonviral
nanoparticulate gene delivery systems, whether iPSCs can be
induced with a new combination without the oncogenes c-Myc
and Klf4 still remains unknown.
Recently, several microRNAs (miRNAs) have been shown to

enhance reprogramming efficiency when expressed along with
the OSKM factors.27 These miRNAs, which reside in clusters
throughout the genome, belong to families of miRNAs that are
expressed preferentially in embryonic stem cells (ESCs) and
thought to help maintain ESC phenotype.28,29 Of the miRNAs
expressed at high levels in ESCs, the cluster 302-367 (miR302-
367) was reported to be able to increase the iPSC generation
efficiency in the presence of several of the OSKM factors by
targeting TGF-β receptor 2, promoting E-cadherin expression
and accelerating mesenchymal-to-epithelial transition which is
necessary for iPSC colony formation.30 Recent studies found
that miR302/367 cluster played pivotal roles during the process
of the somatic cell reprogramming.31−33 However, as
mentioned above, these advanced strategies still needed viral
vehicles, and using nonviral systems for miRNA-mediated iPSC
generation has not yet been explored.
Owing to the extremely low transfection efficiency of naked

nucleic acids, it is crucial to develop safe, simple, and efficient
gene carriers. Biomaterials that can safely and efficiently deliver
these transcription factors hold the potential to achieve somatic
cell reprogramming. Cationic polymers, especially naturally
occurring polysaccharides, showed great promise as materials
for efficient nonviral gene delivery due to their excellent
biocompatibility, low immunogenicity, efficient gene encapsu-
lation, promotion of cellular uptake and facilitation of
endosomal escape, which would allow for DNA release in the
cytoplasm.34−37 An emerging nonviral carrier material
cationized Pleurotus eryngii polysaccharide (CPEPS) was
produced by cationic modification of a naturally occurring
polysaccharide extracted from the edible mushroom Pleurotus
eryngii and showed excellent capacity to encapsulate plasmid
DNA to form self-assembled nanoparticles, which could
efficiently transfect rat bone marrow mesenchymal stem
cells.38 In addition, the self-assembly synthetic strategy based
on the electrostatic interactions not only enables control upon
the assembly behavior which further determines the sizes, zeta

potentials, surface chemistry and payloads of the resultant
particles but also protects the nucleic acids from nuclease in the
environment, opening up numerous ways for biomedical
applications.39,40

In this study, the negatively charged plasmids, encoding
Oct4, Sox2, and miR302-367, alone and in all possible double
and triple combinations with each other (resuliting in a total of
seven different compositions) mixed with the positively charged
CPEPS, and the two oppositively charged components self-
assembled into nanoparticles. As a result, nanoparticles
prepared with the combination of Oct4, Sox2, and miR302-
367 showed highest reprogramming efficiency in human
umbilical cord mesenchymal stem cells (HUMSCs), a type of
somatic stem cell that could be an ideal parental cell source due
to their accessibility and low immunogenicity, as well as their
associated less invasive and painless procedures and lower risk
of viral contamination.41

Here, for the first time, miR302-367 was used to replace the
two oncogenic factors Klf4 and c-Myc in the original OSKM
combination and the CPEPS was apllied for the first time as
well in the field of human iPSC generation. The oppositively
charged plasmids and CPEPS self-assembled into CPEPS-OS-
miR nanoparticles driven by the electrostatic interactions,
providing a simple, safe and effective self-assembly approach for
generating clinically applicable iPSCs.

■ MATERIALS AND METHODS
Materials. Fetal bovine serum (FBS), Dulbecco’s modified Eagle’s

medium (DMEM), DMEM/F12, knockout DMEM, knockout serum
replacement (KSR), bovine serum albumin, L-glutamine, penicillin,
streptomycin and trypsin were obtained from Gibco BRL (Invitrogen
Co., Carlsbad, CA). Aphidicolin, type IV collagenase, β-mercaptoe-
thanol, nonessential amino acids and basic fibroblast growth factor
(bFGF) were purchased from Sigma-Aldrich (St. Louis, MO).

The Pleurotus eryngii polysaccharide was isolated and chemically
modified to obtain the cationized Pleurotus eryngii polysaccharide
(CPEPS) according to the procedure reported in our previous study.38

According to this report, the CPEPS has an average molecular weight
of 333 kDa, with the total amount of nitrogen being 3.92 ± 0.23 μmol
per microgram of CPEPS.

The use of experimental animals adhered to the principles in the
Declaration of Helsinki. The animal experimental protocols were
approved by the University Ethics Committee for the use of
experimental animals and human samples.

Plasmid Preparation. The three individual plasmids encoding
Oct4, Sox2 and miR302-367 were purchased from GeneCopoeia, Inc.
(Rockville, MD) and were then amplified in Escherichia coli host strain
DH5α. The plasmids DNA were then extracted and purified by
column chromatography with the PureYield Plasmid Maxiprep Start-
Up Kit (Promega, Madison, WI) according to the instructions
provided by the manufacturer. The antibiotic ampicillin was used to
select the plasmids-transformed E. coli cells. The concentration of each
plasmid DNA was quantified by measuring the UV absorbance at 260
nm with an ultraviolet spectrophotometer (Shimadzu, Tokyo, Japan).
Using the original plasmids as controls, the agarose electrophoresis
was conducted to verify each plasmid extracted from E. coli cells.

Preparation of CPEPS-OS-miR Nanoparticles. Equal amounts
of the three plasmids (Oct4 and Sox2, and miR302-367) were mixed
together to obtain a plasmid mixture solution. A 2 mg/mL CPEPS
solution and the plasmid mixture solution were heated separately at 55
°C for 30 min. Next, the polysaccharide solution was added to the
plasmid mixture, followed by vortexing for 30 s to obtain CPEPS-OS-
miR nanoparticles. Nanoparticles with various weight ratios of
CPEPS/plasmids (1:1, 5:1, 10:1, 20:1, 30:1, and 50:1) were prepared
as described above and then applied to an agarose gel for
electrophoresis to assess the binding effect between the CPEPS and
the plasmids. From the electrophoresis pattern, we selected the

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b06768
ACS Appl. Mater. Interfaces 2015, 7, 18957−18966

18958

http://dx.doi.org/10.1021/acsami.5b06768


optimal weight ratio, and the nanoparticles prepared with this optimal
weight ratio were used in the follow-up experiments.
Characterization of CPEPS-OS-miR Nanoparticles. The

morphology of CPEPS-OS-miR nanoparticles was observed under a
transmission electron microscopy (TEM) (JEM-2100, JEOL, Japan).
The zeta potential and particle size of CPEPS-OS-miR nanoparticle
solution was measured with a Malvern Instruments ZEN3600 Nano
Series Zetasizer (Malvern Instruments, Ltd., UK).
The encapsulation efficiency of CPEPS-OS-miR nanoparticles was

determined using the method in previous studies.42,43 Briefly, the
nanoparticle samples were prepared and centrifuged at 16,000 g for 50
min to separate the nanoparticles from the aqueous medium
containing free plasmid DNA. The concentration of the free plasmid
in the clear supernatant was measured with a UV spectrometry
(BioSpec-mini, Shimadzu Co., Tokyo, Japan). The calibration curve
was performed in phosphate-buffered saline (PBS, pH 7.4). The
encapsulation is defined as

ε = − ×W W
W

(%)
0 1

0
100%

where W0 is the total amount of the plasmids that were used for
preparing nanoparticles, and W1 is the amount of free plasmids.
Cell Culture and iPSC Generation. Primary HUMSCs, provided

by Beike Jiangsu Stem Cell Bank (Taizhou, China), were maintained
in the low glucose DMEM supplemented with 10% FBS and 100 U/
mL penicillin-streptomycin. Mouse embryonic fibroblasts (MEFs)
were purchased from the Cell Bank at the Chinese Academy of
Science (Shanghai, China) and cultured in the fibroblast medium:
DMEM/F12containing 10% FBS and 100 U/mL penicillin-strepto-
mycin.
One day before transfection, HUMSCs were seeded on a 24-well

plate at a density of 1 × 105 cells/mL (0.5 mL suspension per well)
and were maintained in DMEM (containing 10% FBS and 100 U/mL
penicillin-streptomycin) at 37 °C and 5% CO2. When the cells reached
80−90% confluence, the medium was replaced with serum-free
DMEM containing CPEPS-OS-miR nanoparticles and nanoparticles
which prepared with single or any possible combinations of two factors
out of Oct4, Sox2 and miR302-367 have been conducted for
transfection according to the same protocol. In total, 0.4 μg of
plasmids was applied in each well. Four hours later, the medium was
replaced with fresh serum containing DMEM. The same transfection
procedure was conducted on day 2, 4, and 6. During the treatment
with CPEPS-OS-miR nanoparticles, we also added 600 nM aphidicolin
according to the published work.44 On day 7, the transfected
HUMSCs were treated with 1 mg/mL type IV collagenase at 37 °C
for 30 min. After centrifugation (1500 rpm for 5 min), the cells were
seeded on the mitomycin C-treated MEF feeder layers at a density of 1
× 103 cells/mL in the following human ESC (hESC) medium:
knockout DMEM supplemented with 20% KSR, 2 mmol/L L-
glutamine, 0.1 mmol/L β-mercaptoethanol, 1% nonessential amino
acids, 4 ng/mL bFGF, and 100 U/mL penicillin-streptomycin. The
medium was replaced daily with fresh prewarmed hESC medium. The
colony development was observed every day under a microscope.
Cytotoxicity Examination. The cytotoxicity of CPEPS-OS-miR

nanoparticles (with ratios of 5:1, 10:1, 20:1, and 50:1) was examined
with MTT (3-(4,5-dimethyl-2-thiazyl)-2,5-diphenyl-2H-tetrazolium
bromide) assay according the procedures in previous study.34

Lipofectamine2000 was used as control, and the measured absorbance
was normalized to the absorbance of the nontreated control cells.
RNA Preparation and qRT-PCR Analysis. To quantify the

transfection efficiency and the expression of pluripotent markers in the
induced cells, qRT-PCR analysis was conducted to examine the RNA
levels of each factor, including Sox2, Oct4, Klf4, c-Myc, Nanog, SSEA4,
and miR302-367. After the final transfection with CPEPS-OS-miR,
CPEPS-OSKM, and Lipofectamine2000-OS-miR, the total RNAs were
extracted using TRIzol reagent (Invitrogen Co., Carlsbad, CA)
following the manufacturer‘s instructions. Quantitative PCR was
conducted using SYBR Premix Ex Taq (TaKaRa, Shiga, Japan)
according to the protocols provided by the manufacturer with the
LightCycler system (Roche Molecular Biochemicals, Indianapolis, IN).

GAPDH was used as an internal standard. Primer sequences were as
follows: GAPDH forward, CGGAGTCAACGGATTTGGTCGTAT;
GAPDH reverse, AGCCTTCTCCATGGTGGTGAAGAC; Sox2
forward, GCCCTGCAGTACAACTCCAT; Sox2 reverse, GACTTG-
ACCACCGAACCCAT; Oct4 forward, ATGTGGTCCGAGTGTG-
GTTC; Oct4 reverse, AAACCCTGGCACAAACTCCA; c-Myc
forward, CGTCCTCGGATTCTCTGCTC; c-Myc reverse,
GCTGGTGCATTTTCGGTTGT; Klf4 forward, GGAAGTCGCT-
TCATGTGGGA; Klf4 reverse, GGAAGTCGCTTCATGTGGGA;
Nanog forward, GAGATGCCTCACACGGAGAC; Nanog reverse,
CTTTGGGACTGGTGGAAGAA; SSEA4 forward, TGGACG-
GGCACAACTTCATC; SSEA4 reverse, GGGCAGGTTCTTGG-
CACTCT; miR302-367 forward, CGCGGATCCAGGACCTACT-
TTCCCCAGAGC; and miR302-367 reverse, CCGCTCGAG-
TTTAACCAGTTTAACCACAAC.

Alkaline Phosphatase (AP) Staining and Determination of
Reprogramming Efficiency. For AP staining, the cells were washed
twice with PBS, fixed in precooled 4% paraformaldehyde for 2 min,
and washed again with PBS. The AP activity was examined using the
BCIP/NBT Alkaline Phosphatase Color Development Kit (Blue)
(C3206, Beyotime Institute of Biotechnology, Haimen, China)5

according to the manufacturer’s instructions. The images were
acquired using microscopy (Olympus, Tokyo).

The reprogramming efficiency was calculated as the number of
iPSC colonies formed per number of cells seeded for transfection. The
iPSC colonies were identified on the basis of ESC-like morphology,
and AP staining was used to facilitate the identification of iPSC
colonies.

Immunofluorescence Staining. Immunostaining was conducted
to examine the expression of pluripotent markers. Cells were fixed in
4% paraformaldehyde in PBS for 20 min. After being washed twice
with PBS, the cells were permeabilized with 0.1% Triton X-100 for 10
min. After another washing with PBS, the cells were incubated in 4%
bovine serum albumin for 1 h to block any nonspecific binding. The
cells were then incubated with the primary antibodies overnight at 4
°C. After being washed with PBS, the cells were incubated with
secondary antibodies for 2 h at room temperature. Nuclei were
counterstained with 4′,6-diamidino-2-phenylindole (DAPI, 1:2000;
Sigma, St. Louis, MO). The primary antibodies included anti-Nanog
(1:250), anti-Oct-4 (1:250), anti-SSEA-3 (1:250), anti-SSEA-4
(1:250), and anti-Tra-1-81 (1:250), which were obtained from
Abcam (Cambridge, MA). The secondary antibody was goat
antimouse IgG-Cy3, obtained from Sigma, at a dilution ratio of
1:500. The fluorescence was detected using a Leica epifluorescence
light microscope (Leica Microsystems, Wetzlar, Germany).

Teratoma Formation. To determine the developmental pluri-
potency, we injected the iPSCs into immunocompromised mice for
teratoma formation. These experiments were approved by the
University Ethics Committee for the Use of Experimental Animals
and adhered to the Guidelines for the Care and Use of Laboratory
Animals. Briefly, the iPSCs were washed with PBS and detached with
type IV collagenase for 30 min at 37 °C. The cells were collected by
centrifugation and were then resuspended in hESC medium at a
density of 1 × 107 cells/mL. A 100-μL aliquot of the cell suspension
was subcutaneously injected into four-week-old immunocompromised
nonobese diabetic/severe combined immunodeficient (NOD/SCID)
mice (Comparative Medicine Center, Yangzhou University, Yangzhou,
China). Eight weeks after the cell injection, the teratomas were
collected and processed for Western blot analysis with antibodies
against smooth muscle actin (SMA, a mesoderm marker), βIII tubulin
(an ectoderm marker), and α-fetoprotein (AFP, an endoderm
marker).

Statistical Analysis. Quantitative data are presented as the means
± standard derivations (SDs). Data were analyzed using the statistical
software package SPSS 16.0 (SPSS Inc., Chicago, IL).

■ RESULTS

Fabrication of CPEPS-OS-miR Nanoparticles. To
optimize the weight ratio of CPEPS/plasmids, we subjected
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these nanoparticles to the agarose gel electrophoresis. Figure 1
shows the pattern of plasmid migration across the gel.

Obviously, the gel retardation effect increased as the CPEPS/
plasmids weight ratio increased. In particular, when the
CPEPS/plasmids weight ratio was 10:1 (Lane 4 in Figure 1),
there was no sign of plasmid migration, indicating a strong and
stable binding between the CPEPS and plasmids. Additionally,

we evaluated the encapsulation efficiency of CPEPS-OS-miR
nanoparticles produced at this weight ratio. The data resulting
from five different batches of CPEPS-OS-miR nanoparticles
showed an average encapsulation efficiency of approximately
99.2%, demonstrating that the nanoparticles with the CPEPS/
plasmids weight ratio of 10:1 can completely condense the
plasmid mixture. Thus, the CPEPS-OS-miR nanoparticles
described in the following experiments were prepared at the
CPEPS/plasmids weight ratio of 10:1 unless otherwise noted.

Characterization of CPEPS-OS-miR Nanoparticles. The
morphology of the CPEPS-OS-miR nanoparticles was observed
under transmission electronic microscope (TEM). As shown in
Figure 2A, CPEPS-OS-miR nanoparticles possessed a relatively
homogeneous spherical shape with particle size ranging from 40
to 100 nm. The particle size of CPEPS-OS-miR nanoparticles
was further determined with the dynamic light scattering
(DLS) analysis, and the results demonstrated that these
nanoparticles had an average particle size of 112 nm (Figure
2B), which was slightly larger than that of the TEM result. This
phenomenon is common and has been widely recognized
because samples were detected in different conditions with DLS
and TEM, that is, the nanoparticles were in suspended solution
when measured by DLS technique, whereas dried particles were
observed by TEM.43,45

Figure 1. Gel retardation assay of CPEPS-OS-miR nanoparticles in 1%
agarose gel. Lane 1: mixture of free plasmids Oct4, Sox2, and miR302-
367. Lanes 2−7: CPEPS-OS-miR nanoparticles prepared with
CPEPS/plasmids weight ratios of 1:1, 5:1, 10:1, 20:1, 30:1, and
50:1, respectively.

Figure 2. Characterization of the CPEPS-OS-miR nanoparticles. (A) TEM image of the CPEPS-OS-miR nanoparticles. (B) Size distribution pattern
of CPEPS-OS-miR nanoparticles determined with dynamic light scattering technique. (C) Zeta potential of the three individual free plasmids Oct4
(bar 1), Sox2 (bar 2), miR302-367 (bar 3), CPEPS (bar 4), and CPEPS-OS-miR nanoparticles prepared with weight ratios of (left to right) 5:1, 10:1,
and 20:1). Data are mean ± standard deviation (SD, n = 3).
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The results of the zeta potential analyses were illustrated in
Figure 2C. The CPEPS showed a positive charge as expected
(+45.30 ± 0.17 mV), and all the three plasmids exhibited
negative potentials: (−17.40 ± 0.08) mV for pOct4, (−6.81 ±
0.06) mV for pSox2, and (−30.80 ± 0.13) mV for pmiR302-
367. When complexed with the positively charged CPEPS, the
zeta potential of the plasmid mixture exhibited a reversed from
negative to positive. Notably, when the CPEPS/plasmid weight
ratio increased from 5:1 to 20:1, the zeta potential increased
from ∼ + 13 to ∼ + 40 mV, suggesting that the positive zeta
potential increased as the CPEPS/plasmid weight ratio
increased.
Determination of Transfection Efficiency. The trans-

fection efficiency was quantified with qRT-PCR. CPEPS-OS-
miR nanoparticles with three different CPEPS/plasmids weight
ratios (5:1, 10:1, and 20:1) were assessed, using the widely
recognized standard transfection reagent, Lipofectamine2000,
as positive control. As shown in Figure 3, after four consecutive
transfections, CPEPS-OS-miR nanoparticles with ratio of 10:1
showed significantly higher expression levels of Sox2, Oct4, and
miR302-367 compared with Lipofectamine2000 (p < 0.05,
Student’s t test). Consistently, CPEPS-OS-miR nanoparticles
prepared at the weight ratio of 10:1 displayed obviously greater
transfection efficiency than those prepared with CPEPS/
plasmids weight ratios of 5:1 and 20:1. These data indicate
that CPEPS-OS-miR nanoparticles with the weight ratio of 10:1
are the optimal candidate for gene delivery.
Cytotoxicity Evaluation. An ideal gene vector should be

nontoxic to cells. In this study, CPEPS-OS-miR nanoparticles

prepared with various CPEPS/plasmids weight ratios (5:1,
10:1, 20:1, and 50:1) have been evaluated. As a result, all the
CPEPS-OS-miR nanoparticles showed higher cell viability than
Lipofectamine2000 (Figure 4). Particularly, CPEPS-OS-miR
nanoparticles with weight ratios of 5:1 and 10:1 displayed
comparable cell viability to the nontreated cells, indicating
excellent compatibility of CPEPS-OS-miR nanoparticles which
were prepared with lower CPEPS/plasmids weight ratios;

Figure 3. QRT-PCR analysis for the expression of Sox2, Oct4 and miR302-367 in the transfected cells. CPEPS-OS-miR nanoparticles prepared with
three different weight ratios (5:1, 10:1, and 20:1) were examined; the standard transfection reagent Lipofectamine2000 was used as positive control
and the cells with no treatment were the negative control. Gene expressions were normalized by GAPDH (n = 3, mean ± standard deviation; *, p <
0.05, Student’s t test).

Figure 4. Cell viability assay. CPEPS-OS-miR nanoparticles with
weight ratios of 5:1, 10:1, 20:1, and 50:1 were tested; the standard
transfection reagent Lipofectamine2000 was employed as control. The
cell viability percentage was normalized to the blank group
(nontreated cells). Data are mean ± standard deviation (SD, n = 3).
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however, as the CPEPS/plasmids weight ratio went up (such as
20:1 and 50:1), there was a gradual decline in cell viability.
Nevertheless, even those with higher CPEPS/plasmids weight
ratios (such as 50:1) showed greater cell viability than
Lipofectamine2000.
Reprogramming HUMSCs with CPEPS-OS-miR Nano-

particles. For generation of iPSCs, CPEPS-OS-miR nano-
particles were incubated with HUMSCs following the timeline
depicted in Figure 5A. It is well established that the
reprogramming process generally required 8−12 days,46 thus
four consecutive transfection cycles (transfection on day 0, day
2, day4, and day 6) was conducted in this study. To further
compare the reprogramming efficiency, nanoparticles which
prepared with single or any possible two-factor combinations
out of Oct4, Sox2 and miR302-367 have been conducted for
transfection according to the same protocol. During the
treatment with these nanoparticles, we also added 600 nM
aphidicolin according to the published work.44 One day after
final transfection (day 7), part of the induced cells were seeded
on the MEFs feeder layers in hESC medium; others were
proceeded with qRT-PCR analysis for the evaluation of
pluripotent markers, including Sox2, Oct4, Nanog, and
SSEA4. As shown in Figure 5B, as compared to the CPEPS-
OSKM complex, CPEPS-OS-miR nanoparticles showed
enhanced expression of Sox2 and Oct4 as well as significantly
increased level of Nanog and SSEA4 (p < 0.05, Student’s t test).
Several colonies (more than 10) of ESC-like morphology
(Figure 5C) were observed 6 days after final transfection (day
12) in the group treated with CPEPS-OS-miR nanoparticles,
while only one or two ESC-like morphology colonies formed in
other groups, most of which could not steadily expand on

feeder layers. Alkaline phosphatase (AP) has been established
as a marker for embryonic stem cells. We therefore tested the
presence of AP when the iPSC colonies were passaged onto
MEFs layers at day 15 and counted the number of the blue-
stained colonies in each group by day 29. As a result, only the
combination of Oct4, Sox2, and miR302-367 generated an
average of 22 colonies with a typical AP-staining pattern that
was restricted to the iPSC colonies (Figure 5D) from 5 × 104

cells; other six combinations showed none, one or two AP-
positive colonies from 2 × 105 cells, most of which could not
stably expanded on feeder layers. This result showed the
remarkably greater reprogramming of the triple-factor combi-
nation in comaprison with other possible groups (Figure 5E).
To verify the proliferation inhibition effect of aphidicolin on

iPSC formation, HUMSCs were transfected in parallel with
CPEPS-OS-miR nanoparticles with or without aphidicolin. The
group of CPEPS-OS-miR nanoparticles with aphidicolin
formed 22 colonies on day 29. These colonies could be stably
passaged while maintaining the ESC-like morphology. How-
ever, only 3 ESC-like colonies appeared in the group without
aphidicolin treatment, which soon became automatically
differentiated (data not shown). This result confirmed the
findings from a previous study,44 in which aphidicolin was
found to be beneficial for generating of iPSCs.

Pluripotent Properties of iPSCs. After the ESC-like
iPSCs were split onto feeder layers, iPSC colonies formed;
then, immunofluorescence was conducted to detect the
expression of pluripotent markers, including Tra-1-81, SSEA-
3, SSEA-4, Nanog, and Oct4. As shown in Figure 6, antibodies
specific to these marker proteins positively stained the tested
iPSC colonies, indicating that pluripotency was successfully

Figure 5. Generation of iPSCs. (A) Timeline of iPSC production with four cycles of consecutive transfection. (B) qRT-PCR analysis for the
expression of pluripotency markers, including Sox2, Oct4, Nanog, and SSEA4, in the induced cells. Gene expressions were normalized by GAPDH (n
= 3, mean ± standard deviation; *, p < 0.05, Student’s t test). (C) A phase-contract image of iPSC colonies on day 12, magnification ×200; scale bar
= 200 μm. (D) IPSC colonies stained for alkaline phosphate activity, magnification ×100; scale bar = 100 μm. E) Quantification of alkaline
phosphatase-positive colonies in all seven possible combinations from the three factors (S, Sox2; O, Oct4; and miR, miR302-367).
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induced by the four consecutive transfections with the CPEPS-
OS-miR nanoparticles.
Differentiation Potential of iPSCs. Furthermore, the

developmental potential of the established iPSCs was evaluated
via teratoma formation in suspension culture for 3 days. The
iPSC colonies were collected and injected into NOD/SCID
mice. Well-encapsulated cystic tumors initially appeared one
month later. The tumors were allowed to develop for an
additional month, and protein expression in the teratomas was
then evaluated in Western blots. As shown in Figure 7, the
teratoma tissues were positive against the three-germ layer

markers, including βIII tubulin (ectoderm), AFP (endoderm),
and SMA (mesoderm), while no expression of three germ layer
markers was observed in the control group, HUMSCs. This
result confirms the differentiation potential of the CPEPS-OS-
miR nanoparticle-generated iPSCs into three germ lineages.

■ DISCUSSION
Although numerous nonviral strategies have been developed for
generating iPSCs, the naturally occurring polysaccharide
appears to the superior option due to its unique advantages
such as biodegradability, biocompatibility, nontoxicity and the
feasibility of chemical modification. In this study, the Pleurotus
eryngii polysaccharide was isolated and cationically modified to
obtain the cationized Pleurotus eryngii polysaccharide, that is
CPEPS, according to the procedure reported in our previous
study.38 CPEPS-OS-miR nanoparticles with a series of weight
ratios (CPEPS/plasmids, 1:1, 5:1, 10:1, 20:1, 30:1, 50:1) was
prepared according to the previous method with slight
modification.38 The results of agarose gel electrophoresis
showed that the CPEPS-OS-miR nanoparticles had a good
gel retardation effect. Moreover, the high encapsulation
efficiency (99.2%) indicated the strong capacity of the
CPEPS to carry plasmid DNAs.
It is well-known that particle size and shape are very

important factors for cellular uptake because they affect the
pathways and efficiency of internalization. It has been reported
that nanoparticles of <200 nm size exhibited the best properties
for cellular uptake,47 and our nanoparticles fell within this
range. Previous studies also showed that sphere-shaped
nanoparticles had a higher efficiency of cellular uptake than
rod- and needle-shaped nanoparticles.48,49 These findings
support the fact that CPEPS-OS-miR nanoparticles possessed
a small particle size and spherical shape, which were preferable
for internalization.
Surface charge is another important factor for uptake because

the cell membrane consists of a bilayer of lipid and anionic
membrane proteins, which are helpful for the uptake of cationic
complexes.50 In this study, the CPEPS-OS-miR nanoparticles
were formed by self-assembly of the oppositely charged CPEPS
and plasmids mixture in aqueous solution.51 To examine the
surface charge of the self-assembled nanoparticles, zeta
potential analysis was conducted. As a result, the CPEPS-OS-
miR nanoparticles had positive charges, which not only can
facilitate the encapsulation of the plasmids, but also may benefit
the process of approaching cell membrane.52 These results
demonstrated that the CPEPS-OS-miR nanoparticles possessed
favorable attributes for cellular uptake, which will benefit
reprogramming.
It is interesting that CPEPS-OS-miR nanoparticles with a

weight ratio of 10:1 possessed the highest transfection
efficiency when compared with nanoparticles of other weight
ratios (5:1 and 20:1). The possible reason is that when the
weight ratio is smaller than 10:1, the cationic polysaccharide is
not enough for complete encapsulation of plasmids and when
greater than 10:1, the excessive amount of positively charge
CPEPS might result in cytotoxicity as shown in the cytotoxicity
assay (Figure 4). Even though the cell viability slightly declined
when CPEPS-OS-miR nanoparticles were prepared at greater
weight ratios (such as 50:1), it was still higher than that of
Lipofectamine2000. This result indicates the sound safety of
CPEPS-OS-miR nanoparticles, which may be an important
reason for the enhanced transfection efficiency in comparison
with Lipofectamine2000 (Figure 3).

Figure 6. Immunofluorescence staining assays for the expression of the
pluripotency marker genes in iPSCs. Cellular expressions of
pluripotency markers Tra-1-81, SSEA-3, SSEA-4, Nanog, and Oct4,
all of which are human ESC makers observed in the iPSCs. The nuclei
were stained with DAPI (blue), magnification ×200; scale bar = 50
μm.

Figure 7. In vivo developmental potential of iPSCs. The Western blot
pattern shows the expression of the three germ layers in the teratoma,
including βIII tubulin (an ectoderm marker), AFP (an endoderm
marker), and SMA (a mesoderm marker), and β-actin was used as the
loading control.
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Most importantly, colonies with ESC-like morphology
appeared as early as 6 days after the final transfection, the
reprogramming kinetics of this method were significantly
accelerated compared to that of many nonviral strategies53,54

and even viral methods.55 Delightfully, the reprogramming
efficiency of the current strategy reached 0.044%. Although the
reprogramming efficiency of the current CPEPS-OS-miR
nanoparticles was not higher than our previous work, the
reprogramming speed of CPEPS-OS-miR nanoparticles (colo-
nies first appear 6 days after the final transfection) was notably
faster than the previously reported Yamanaka factors-
encapsulated calcium phosphate nanoparticles (colonies first
appear 23 days after the final transfection).19 These data
demonstrate that CPEPS-OS-miR nanoparticles with aphidico-
lin could reprogram HUMSCs to pluripotency in a fast and
highly efficient manner.
Furthermore, nanoparticles prepared with single or any

possible two-factor combinations of Oct4, Sox2, and miR302-
367 have been employed for iPSC generation with the same
protocol. As a result, the CPEPS-OS-miR nanoparticles showed
a more than 50 fold higher reprogramming efficiency and
remarkably faster speed of iPSC induction than others.
The AP staining and immunofluorescence results demon-

strated the positive expression of the pluripotency markers.
When injected into the flanks of the NOD/SCID mice, the
iPSCs could form teratomas that positively express the three-
germ layer markers, including βIII tubulin (ectoderm), AFP
(endoderm), and SMA (mesoderm). These data support the
conclusion that CPEPS-OS-miR nanoparticles can successfully
reprogram HUMSCs into a pluripotent state in a simple and
efficient manner.

■ CONCLUSIONS
In summary, we herein report a new cocktail containing Oct4,
Sox2, and miR302-367 that was selected from seven different
compositions due to its highest reprogramming efficiency. The
CPEPS deriving from the naturally occurring Pleurotus eryngii
polysaccharide and the plasmids encoding Oct4, Sox2, and
miR302-367 self-assembled into nanosized particles. The
CPEPS-OS-miR nanoparticles were spherical in shape and
small in particle size and possessed a positive zeta potential. Six
days after the final transfection, the iPSC colonies appeared,
and a total of 22 colonies from the 50 000 originally seeded
cells were counted on day 29 (efficiency 0.044%). The iPSCs
closely resemble ESCs with respect to morphology, pluri-
potency, and differentiation capacity. This is first report that
describes the application of Pleurotus eryngii polysaccharide as
the nonviral vector for iPSCs generation via the new
combination of Oct4, Sox2, and miR302-367. These findings
indicate that the self-assembly CPEPS-OS-miR nanoparticles
provide a novel, simple, safe, and effective alternative for
generating of iPSCs that are desirable for clinical application.
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