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ABSTRACT: Gene delivery is an important tool to study and manipulate
human pluripotent stem cells for regenerative medicine purposes. Yet current
methods of transient gene delivery to stem cells are still ineﬃcient. Through
the combination of biologically based concepts and material design, we aim to
develop new methods to enhance the eﬃciency of gene delivery to stem cells.
Speciﬁcally, we use poly(γ-4-(((2-(piperidin-1-yl)ethyl)amino)methyl)benzylL-glutamate) (PVBLG-8), a membrane-active helical, cationic polypeptide, to
condense plasmid DNA to form stable nanocomplexes, which are further
coated with hyaluronic acid (HA). HA not only shields the positive charges of
PVBLG-8 to reduce toxicity, but also acts as a targeting moiety for cell surface
receptor CD44, which binds HA and facilitates the internalization of the
nanocomplexes. Upon entering cells, HA is degraded by hyaluronidase in
endosomes and PVBLG-8 is exposed, facilitating the endosomal escape of
DNA/polypeptide complex. Our studies show that the coating of HA
signiﬁcantly increases gene transfection eﬃciency of DNA/PVBLG-8 nanocomplexes from about 28 to 36% with largely reduced
toxicity.
KEYWORDS: human embryonic stem cells, nonviral gene delivery, polypeptides, human pluripotent stem cells, hyaluronic acid, CD44
esters17 and helical polypeptides.18,19 However, many issues
remain to be addressed in nonviral gene delivery, particularly in
hESCs, such as low transfection eﬃciency and high cytotoxicity.
Because of the physiology of hESCs, nonviral gene delivery to
hESCs usually has low uptake eﬃciency.17,20 We have reported
that commonly used nonviral gene delivery materials including
PEGylated PVBLG-8, polylysine (PLL), polyethylenimine, and
commercially available Lipofectamine 2000 demonstrates
transduction eﬃciencies of 8, 3, 8, and 10% in hESCs,
respectively.18,20 Green group’s poly beta amino esters
demonstrated transfection eﬃciency of 15−20%.17 Eﬀorts
have been made to improve the cell uptake of nanoparticles
by modifying their surface with certain targeting ligands that
can speciﬁcally bind to cell surface protein receptors.21−26 After
entering cells, the DNA/plasmids need to reach the nucleus for
transcription, which instead are usually trapped in the
endosomes and thus tagged for degradation. We thus aimed

1. INTRODUCTION
Human embryonic stem cells (hESCs) hold tremendous
potential in the ﬁeld of regeneration due in particular to two
characteristics: pluripotency and self-renewal. In pursuit of
regenerative medicine, gene delivery is an important tool to
manipulate and control cell fate. The control and overexpression of speciﬁc genes aﬀorded by gene delivery is
valuable not only in eﬀorts to control stem cell fate1−4 and for
gene targeting studies.5,6 Currently, viral gene delivery is still
the tool of choice for gene overexpression in hESCs for
mechanistic and diﬀerentiation studies, due to its high
transfection eﬃciency and stable transgene expression.7 But
viral gene delivery is plagued with issues that are unsuitable for
biomedical applications, including random viral integration into
the host, high cytotoxicity, immunogenicity, and insertional
mutagenesis.8,9 Nonviral gene delivery has gradually become an
important tool for stem cell engineering to transiently express
genes of interest with reduced toxicity, providing a promising
alternative to viral gene delivery.10−16
There have been various materials developed for nonviral
gene delivery into a variety of cells such as poly beta amino
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Scheme 1. Formulation and Uptake Route of the Hyaluronic-Acid-Coated PVBLG-8/DNA Nanocomplexes; (1) HA-Coated
Nanocomplexes Target and Bind to CD44 Receptors; (2) Nanocomplexes are Uptaken through Receptor-Mediated
Endocytosis; (3) Low pH and Hyaluronidase Break down Nanocomplexes within Endosomes; (4) PVBLG-8 Peptides Break
through Endosome Membranes and Allow Cargo to Escape

in hESCs, enhancing cellular uptake. Furthermore, the HA can
be deshielded by endogenous hyaluronidase in endosomes after
cellular internalization to expose the membrane-active cationic
helical PVBLG-8, allowing rapid and eﬃcient endosomal
release and expression of DNA plasmids (Scheme 1). We
expect the new design will lead to higher hESC transfection
eﬃciency and lower cytotoxicity.

to develop an eﬀective delivery system with active targeting
motif coated on the complex, which not only can enhance the
uptake of the gene delivery vehicles and shield the cationic
polymers to reduce cytotoxicity, but can also quickly escape
from endosome after rapid dissociation of the charged shielding
moiety in the endosome.
Poly(γ-4-(((2-(piperidin-1-yl)ethyl)amino)methyl)benzyl-Lglutamate) (PVBLG-8), a novel helical, charged polypeptide
developed in our group, has been demonstrated to possess
excellent membrane disruption and endosomal escape capability as a gene delivery system,27−42 which can be attributed to
the cationic charge and rigid α-helical structure.19,37,43 Although
PVBLG-8 shows some gene transfection eﬃciency in hESCs, it
exhibits typical charge-associated cytotoxicity to the cells.19 Our
lab has developed multiple methods to modify the cationic
helical polypeptide to reduce its toxicity, such as structural
reconﬁguration,29 conjugations,18,28,31 and incorporation of
trigger-degradable protection group,32 while retaining or
increasing its transfection eﬃciency through enhanced endosomal escape capability. Herein, we report a new gene delivery
system based on self-assembled DNA/PVBLG-8 nanocomplexes coated with negatively charged hyaluronic acid (HA).
HA can speciﬁcally bind to CD44, a known cell surface receptor
with high expression level in hESCs.44 By coating the DNA/
PVBLG-8 nanocomplexes with negatively charged HA, it not
only shields the positive charges of PVBLG-8 to decrease the
toxicity of nanocomplexes, but also acts as a targeting moiety
for receptor based endocytosis through HA/CD44 interactions

2. MATERIALS AND METHODS
2.1. General. hESCs H1 (hESC-H1) was cultured in E8 medium
from Stem Cell Technologies (Vancouver, Canada). Human
mesenchymal stem cells (hMSCs) were purchased form Lonza
(Basel, Switzerland). COS-7 cells were purchased from ATCC
(Manassas, VA, USA). Y-27632 was purchased from Stemgent
(Cambridge, MA, USA). YOYO-1 was purchased from Invitrogen
(Carlsbad, CA, USA). pEGFP-N1 was obtained from Elim
Biopharmaceuticals (Hayward, CA, USA). Milli-Mark Anti-SSEA-4PE was purchased from EMD Millipore (Billerica, MA, USA).
PVBLG-8, a helical cationic polypeptide with a degree of polymerization of 200, was synthesized following previously reported
procedures.45
2.2. Instrumentation. Flow cytometry analysis was conducted on
a BD LSRII ﬂow cytometry analyzer (Becton Dickinson, Franklin
Lakes, NJ). Cells were visualized with a Zeiss Axiovert 40 CFL
ﬂuorescence microscope equipped with 10 and 20x objectives
(Thornwood, NY). Zeta potential and size analysis was conducted
on the Malvern Zetasizer (Worcestershire, UK).
2.3. Nanocomplex Formation and Characterization. Various
nonviral vectors were used for the transfection analyses. Plasmid DNA
(1 μL, 1 mg/mL) was diluted in water (25 μL). PVBLG-8 (7.5 μL, 1
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Figure 1. Characterization of HA-coated nanocomplexes at 1:7.5 DNA:PVBLG-8 weight ratios (a) Gel retardation of varying HA-coated
nanocomplexes. (b) Gel retardation of a HA mixed with DNA nanocomplexes at 1:7.5:7.5. (c) Size and zeta potential of HA coated nanocomplexes.
(d) Stability of HA coated nanocomplexes (1:7.5:7.5) in water, PBS, and E8 medium as determined by size change measured by DLS.
mg/mL) was diluted with water (25 μL). For the PVBLG-8 and
coated nanocomplex procedures, the PVBLG-8 and plasmids were
mixed at various ratios and were incubated for 20 min at rt for complex
formation. Hyaluronic acid (2.5−50 μL, 1 mg/mL) in water was added
to the nanocomplex mixture and incubated for another 20 min at rt.
For the mixed system, the DNA and hyaluronic acid were ﬁrst mixed
together at various ratios and then PVBLG-8 was added. The mixture
was incubated at rt for 30 min for complex formation. Dynamic light
scattering (DLS) and zeta potential analysis were conducted on the
samples with a Malvern Zetasizer (Worcestershire, UK). The
nanocomplexes were subjected to electrophoresis in 1% agarose gel
at 100 V for 45 min to evaluate DNA condensation by the
polypeptides in terms of DNA migration.
2.4. In Vitro Gene Transfection. Cells were seeded in matrigel
coated 24 well plates as single cells using accutase and incubated for 24
h with rho-kinase inhibitor Y-27632 (10 μM). Using fresh low protein
and serum free E8 medium, nanocomplexes as described earlier were
added at 1 μg DNA/well. After incubation for 4 h, the medium was
replaced with fresh E8 medium and cells were cultured for 48 h. The
cells were collected with accutase, ﬁxed with paraformaldehyde and
analyzed using ﬂow cytometry to determine transfection eﬃciency.
2.5. In Vitro HA Blocking. hESCs were incubated with free
hyaluronic acid (300 kDa, 1−5 mg/mL) for 1 h prior to transfection.
The cells were then washed 1x with PBS and placed back with fresh E8
media. The nanocomplexes were added to the cells at 1 μg DNA/well.
After incubation for 4 h, the medium was replaced with fresh E8
medium and cells were cultured for 48 h. The cells were collected with
accutase, ﬁxed with paraformaldehyde and analyzed using ﬂow
cytometry to determine transfection eﬃciency.
2.6. pH and Hyaluronidase Exposure of Nanocomplex.
Nanocomplexes were formulated as previous described. HA coated
nanocomplexes (400 μL, 100 μg/mL DNA) were incubated with
hyaluronidase (100 μL, 0.5 mg/mL) in phosphate and citric acid buﬀer
with a pH of 7.4, 6.8, 6.2, or 5.6 for 0, 30, or 120 min at 37 °C. The
HA coated nanocomplexes (100 μL) were then diluted in their
corresponding buﬀer and the zeta potential of the resulting particles
was analyzed with the Zetasizer.
To test the membrane activity of the nanocomplexes, we formulated
large unilamellar vesicles by extrusion technique (LUVETS)46 loaded
with 8-aminonaphthalene-1,3,6-trisulfonic acid (ANTS) and p-xylenebis-pyridinium bromide (DPX).47 Brieﬂy, DOPC (100 μL, 25 mg/mL
CHCl3) and POPC (1 mL, 10 mg/mL CHCl3) were mixed in roundbottom ﬂask and evaporated with a rotary evaporator to create dry thin

ﬁlm. The ﬁlm was allowed to dry overnight under vacuum. The lipid
ﬁlm was rehydrated by 5 mL of ANTS/DPX solution (12.5 mM
ANTS, 45 mM DPX, 10 mM phosphate buﬀer, pH 7.4) for 30 min at
rt. The solution was then put through 5 freeze thaw cycles in liquid
nitrogen and lukewarm water. The solution was then extruded 15
times through 0.4 μM polycarbonate membranes. Any extravesicular
components were removed through a Sephadex G-50 gel ﬁltration
column.
Nanocomplexes were formulated as previous described. HA coated
nanocomplexes (400 μL, 100 μg/mL DNA) were incubated with
hyaluronidase (100 μL, 0.5 mg/mL) in phosphate and citric acid buﬀer
at pH 7.4 or 6.8 for 0 or 30 m at 37 °C. The HA coated
nanocomplexes (10 μL) and the ANTS/DPX LUVETs (5 μL) were
mixed and diluted by the corresponding buﬀer to a ﬁnal solution of
100 μL. Triton x was used as the positive control. The leaked ANTS
dye was measured using a plate reader at 360 nm excitation and 530
nm emission. The ﬁnal leakage percentage was calculated using the
ratio of ﬂuorescence of the sample with the positive control after
background subtraction.
2.7. Cell Viability. Cells were seeded in matrigel coated 96 well
plates as single cells using accutase and incubated for 24 h with y27632 (10 μM). Using fresh low protein and serum free E8 medium,
nanocomplexes were added at 0.2 μg DNA/well. After incubation for 4
h, the medium was replaced with fresh E8 medium and cells were
cultured for 48 h. Cell viability was evaluated through a MTT assay.
Cells without complex treatment served as the control and results were
expressed as percentage viability of control cells.
2.8. Intracellular Uptake Studies. DNA (1 mg/mL) was mixed
and labeled with YOYO-1 (20 μM) at one dye molecule per 50 bp of
DNA. The HA coated nanocomplexes were then formed with YOYO1/DNA as discussed before at a DNA:PVBLG-8:HA weight ratio of
1:7.5:7.5. hESCs were plated on matrigel coated 24-well plate and
allowed to grow to medium sized colonies. The complexes were added
to the wells at 1 μg of YOYO-1-DNA per well and incubated for 4 h at
37 °C. The cells were then quantiﬁed through ﬂow cytometry to
quantify YOYO-1 uptake. Results are expressed as mean ﬂuorescence
levels.
To elucidate the mechanisms regarding the cellular internalization
of DNA/PVBLG-8/HA complexes, we performed the uptake study at
4 °C or in the presence of various endocytic inhibitors for 2 h. Cells
were pretreated with chlorpromazine (10 μg/mL), genistein (200 μg/
mL), dynasore (80 μM), and wortmannin (50 nm) for 30 min before
the complexes were added and throughout the experiment for 2 h at
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Figure 2. HA-coated nanocomplexes signiﬁcantly enhance the transfection eﬃciency of GFP encoding plasmid in hESCs. (a) Flow cytometry
analysis of transfection eﬃciency of hESCs with varying ratios of HA coating on DNA:PVBLG-8 nanocomplexes. (One-way ANOVA analysis with
Dunnet’s post-testing with 1:7.5:0 as control, n = 3 * p < 0.05 error bars: Std. Dev.) (b) Fluorescence images of H1 hESCs 48 h post transfection
with and without HA coated nanocomplexes and with 5 mg/mL free HA pretreatment (scale bar =250 μm). c) Flow cytometry analysis of
transfection comparison between CD44(+) hMSCs and hESCs, and CD44(−) COS-7 cells to demonstrate the eﬀect of HA targeting. (t test
comparison n = 3 * p < 0.05 ** p < 0.01, error bars: Std. Dev.) d) Transfection of 1:7.5:7.5 nanocomplexes in cells pretreated with 0, 2.5, or 5 mg/
mL of free HA. (t test comparison n = 3 * p < 0.05 ** p < 0.01, error bars: std. dev.).
37 °C. Results are expressed as percentage of the mean GFP
ﬂuorescence level at 37 °C in control cells in the absence of endocytic
inhibitors.
2.9. Western Blot Analysis and SSEA Staining. After 72 h of
transfection, the cells were stained with DAPI (250 μL, 3 nM) and
SSEA-4−PE (250 μL, 0.02 mg/mL), a pluripotency cell marker, for 30
min at 37 °C. After 5 d, the cells were collected with RIPA buﬀer and
mixed with Laemmli buﬀer supplemented with 2-mercaptoethanol,
heated at 100 °C for 5 min to denature the proteins and then put on
ice. The samples were ran on 10% SDS PAGE Gel at 120 V for 1.5 h,
and wet transferred to the nitrocellulose membrane using the
AMRESCO Rapid Western Blot Kit per manufacturer’s instructions.
The membrane was stained with OCT4 and α-Tubulin primary
antibodies and then with HRP-tagged secondaries.
2.10. Statistical Analysis. All statistics analysis were performed by
GraphPad Prism v6.07. Multiple group comparisons were analyzed
using one-way ANOVA analysis with Dunnet’s post-testing with
1:7.5:0 as control, n = 3, and with signiﬁcance of p < 0.05. Signiﬁcance
between two groups were performed by student t test, n = 3, and with
signiﬁcance of p < 0.05 and p < 0.01.

of preforming DNA/PVBLG-8 complex prior to the coating
with HA.
The size and zeta potential of the DNA/PVBLG-8
nanocomplexes at 1:7.5 weight ratios with varying HA weight
ratio coatings were characterized using the DLS and zetasizer
(Figure 1c). Without HA coating, the nanocomplex size was
57.9 nm in diameter. After the coating of HA, at between
1:7.5:5 and 1:7.5:15 weight ratios, the eﬀective diameters
increased to and stabilized around 170 nm. With further
addition of HA to 1:7.5:50, the diameter increased to 270 nm
with an additional peak at 5.1 μm (data not shown), suggesting
substantial change of the morphology and aggregation of the
nanocomplex and presumably weakened interaction of DNA/
PVBLG-8, although leakage of DNA was not observed. This
observation also clearly showed the dynamic interaction of HA
with the nanocomplex. The zeta potential of the nanocomplex
without HA, measured to be 19.2 mV, decreased to 11.1 mV
with HA coating at 1:7.5:1 ratio, indicating that the
nanocomplexes retained their positive charges with surface
partially covered by HA. The zeta potential then decreases to
between −18 and −25 mV when the ratio of DNA:PVBLG8:HA was between 1:7.5:5 and 1:7.5:15, and to −42 mv at
DNA:PVBLG-8:HA ratio of 1:7.5:50. The increase of the size
and decrease of zeta potential suggest that formation of
nanocomplexes with HA coating can be achieved via a dynamic
process and the amount of HA on nanocomplex surface can be
modulated by the amount HA added, but materials and charge
balance are critical to the intended functions nanocomplexes
and should impact their gene delivery eﬃciency to cells. HA
with transient stability on the nanocomplex surface enhances
uptake, contributes to the desired dissociation of HA from the
nanocomplexes upon internalization into the endosomes, and
exposes PVBLG-8 for endosomal release.
The stability of the nanocomplexes at the optimal
DNA:PVBLG-8:HA ratio (1:7.5:7.5) was selected due to the

3. RESULTS
3.1. Characterization of DNA:PVBLG-8:HA Nanocomplexes. DNA condensation by PVBLG-8 followed by HA
coating, through charge interaction of the negatively charged
HA and the positively charged PVBLG-8, was evaluated by gel
retardation assay. As shown in Figure 1a, DNA can be bound
tightly to PVBLG-8 with a weight feeding ratio of 1:7.5.
Coating of HA on the nanocomplex did not disrupt or displace
the DNA in the nanocomplexes at the feeding ratio of DNA to
PVBLG-8 to HA ranging from 1:7.5:0 to 1:7.5:50. These results
indicate that the complexes are stable through the coating, and
the negative charges on the HA does not interfere in the
assembly stability and does not lead to disassembly of the
nanocomplexes. Yet, when the HA was mixed directly with the
DNA and PVBLG-8, the complex was unstable and some DNA
leakage was detected (Figure 1b), substantiating the importance
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highest transfection eﬃciency in hESCs (see Figure 2a) and
tested in water, PBS and E8 medium through the use of the
dynamic light scattering to determine the size of the
nanocomplexes over time under various conditions (Figure
1d). The particle stability was tested for up to 4 h (typical
incubation time for transfection) after formulation at 37 °C. We
assumed that if the HA coating was unstable, the size of the
nanocomplex would likely increase due to charge-induced
aggregation. Experimental results showed that the sizes of
nanocomplex remained constant in diﬀerent media over time,
which indicated that the nanocomplexes are quite stable.
3.2. hESC Transfection with HA-Coated DNA/PVBLG-8
Nanocomplexes. Through the optimization of various
DNA:PVBLG-8 weight ratios, 1:7.5 was found to be the
optimal ratio that gave the highest transfection eﬃciency (data
not shown). Thus, the DNA:PVBLG-8 ratio was ﬁxed at 1:7.5
with various ratios of HA coating on the nanocomplexes.
Without HA coating, the nanocomplexes achieved 22%
transfection eﬃciency, while with the increasing ratio of HA
coated on the nanocomplexes, the transfection eﬃciency went
up to 28%, 27% and 30% for 7.5:2.5, 7.5:5, 7.5:7.5 of PVBLG8:HA ratios, respectively. As we increased the amount of HA to
15 and 30, the transfection eﬃciency decreased to 20 and 17%,
respectively (Figure 2a, b). The decrease in transfection
eﬃciency might be attributed to the excess HA in the system
that does not coat the nanocomplexes but competes for the
binding with CD44 receptors. PVBLG-8 by itself showed
medium toxic to the cells (Figure 3a). With HA coating,
nanocomplexes showed reduced toxicity and higher transfection.
To demonstrate that the targeting of the HA coated
nanocomplexes were due to the CD44 binding of the HA
coated on the surface, pretreatment of free HA was applied to
the cells for 30 min and then washed oﬀ before transfection.
With the pretreatment of 2.5 and 5 mg/mL of free HA, a drop
of transfections to 8 and 6% were shown, respectively (Figure
2d). This indicates that free HA bound to the cell surface CD44
receptors block the uptake of nanocomplex, suggesting CD44mediated uptake of the nanocomplex. To further demonstrate
the importance of the CD44 receptor for the system, the HA
coated nanocomplexes were transfected in CD44 positive
human mesenchymal stem cells (hMSCs) and CD44 negative
COS-7 cells (Figure 2c). For CD44 positive hMSCs, HA
coated nanocomplexes showed almost twice the transfection
eﬃciency than that without HA coating. In contrast, in CD44
negative COS-7 cells, the transfection eﬃciency was 36%
without the HA coating and it dropped down to 15% after HA
coating (Figure 2d), which was probably due to the negative
charge of HA shielding the nanocomplexes. These trends
demonstrates the important roles the CD44 receptors play in
the transfection, which may be due to the increased uptake of
the HA-coated nanocomplexes.
3.3. Toxicity and Maintenance of hESCs. Cytotoxicity of
the HA coated complexes was evaluated in hESCs 48 h after
transfection using the MTT assay. PVBLG-8 demonstrated a
cell viability of 75% (Figure 3a). But with the HA coated
nanocomplexes, the cell viability increased to approximately
90% with the HA coated at 1:7.5:7.5 weight ratios (Figure 3a).
To ensure that the materials did not alter the cell’s behavior or
cause any diﬀerentiation, we stained the cells with SSEA-4
antibodies, stage speciﬁc embryonic antigen-4, 72 h after
transfection, in which the cells all stained positive (Figure 3b).
In addition, cell lysate were collected 5 days after transfection

Figure 3. HA-coated nanocomplexes do not compromise pluripotency
and reduces cell toxicity. (a) Cell viability of hESCs at varying ratios of
HA coating of nanocomplexes as determined by MTT assay. (Oneway ANOVA analysis with Dunnet’s post-testing with 1:7.5:0 as
control, n = 3, * p < 0.05) b) DAPI and SSEA4 staining patterns of
hESCs 72 h after transfected with HA coated nanocomplexes (scale
bar = 250 μm). (c) Western blot analysis shows OCT4 expression in
hESCs 5 days post HA-coated nanocomplexes transfection, the
bottom two bands are nonspeciﬁc.

and a Western blot was conducted to conﬁrm the continued
expression of the pluripotent factor, OCT4 (Figure 3c). The
expression of SSEA-4 and OCT4 demonstrated that this system
does not cause undesired diﬀerentiation or interferes with the
pluripotency of the hESCs.
3.4. Mechanistic Studies of DNA/PVBLG-8/HA Nanocomplexes. To demonstrate that the enhanced gene transfection is due to the increased uptake through the CD44
receptor mediated pathway, the total uptake of DNA was
evaluated. Using DNA tagged with YOYO-1, the amount of
DNA/YOYO-1 uptake into the cells was determined. From
Figure 4, it can be seen that without HA coating, the mean
YOYO-1 ﬂuorescence level measured to be about 61%, whereas
with the HA coating at 1:7.5:7.5 ratio, the mean YOYO-1
ﬂuorescence increased to 67%. In addition, with the treatment
of free HA, the mean YOYO-1 ﬂuorescence level decline
signiﬁcantly to around 44%, indicating a reduced nanocomplex
uptake. Alternatively, the uptake of DNA/YOYO-1 in CD44
negative COS-7 cells is reduced signiﬁcantly after the coating of
HA, further demonstrating that the CD44 receptor mediated
the uptake of HA coated nanocomplexes (Figure 4c).
To demonstrate that the HA coated nanocomplexes were
indeed targeting the CD44 receptors, hESCs were stained with
CD44 antibodies and incubated with HA-coated DNA/YOYO1/PVBLG-8 nanocomplexes for 2 h at 4 °C. Through confocal
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Figure 4. HA-coated nanocomplexes promotes cellular internalization of the gene cargo through CD44 receptor interactions. (a) Cell uptake level of
PVBLG-8/YOYO-1-DNA complexes in hESCs with varying amounts of HA coating and with the pretreatment of hESCs with free HA (n = 3). (b)
CLSM images of hESCs incubated with HA coated PVBLG-8/YOYO-1-DNA complexes at 4 °C for 1 h with CD44-PE antibody staining (scale bar
= 10 μm). (c) Cell uptake level of YOYO-1-DNA/PVBLG-8 complexes with and without HA coating in CD44 negative COS-7 cells at 1:7.5 weight
ratios. (t test comparison n = 3 * p < 0.05 ** p < 0.01, error bars: std. dev.).

process is energy dependent, and with the decrease of uptake
with the treatment of chlorpromazine and genistein, further
demonstrates that the nanocomplexes enter the cells through
receptor mediated endocytosis.
Because of the high membrane disruption ability of PVBLG8, the YOYO-1-DNA can quickly escape the endosomes and
permeate into the cell cytoplasm after 2 h incubation at 37 °C
(Figure 5b). PLL, a substitute cationic peptide with lower
membrane disruption ability was used to visualize the uptake
and localization of the HA coated complexes. Through confocal
imaging, there is signiﬁcant colocalization of the HA coated
YOYO-1-DNA/PLL complex with the Lysotracker red stain as
seen through CLSM confocal imaging (Figure 5b). It
demonstrates that HA coating facilitates the nanocomplex
uptake through receptor mediated endosomal pathway. But it
also showed that PVBLG-8 nanocomplex induces more
eﬃcient endosomal escape, which is beneﬁcial for gene
transfection.19 We demonstrated that PVBLG-8 is exposed
from the nanocomplex through HA degradation to allow for

imaging, CD44 is stained uniformly across the surface of the
hESCs. The DNA/YOYO-1 can be visualized on the cell
surface colocalized with the CD44 receptors, indicating the
importance of the roles of the CD44/HA interactions (Figure
4b).
To elucidate the mechanisms underlying the cellular
internalization of the HA-coated nanocomplexes, we performed
the uptake study at 4 °C or in the presence of various endocytic
inhibitors. Energy-dependent endocytosis was blocked at 4 °C;
clathrin-mediated endocytosis was blocked by chlorpromazine,
which triggers dissociation of the clathrin lattice; caveolae was
inhibited by genistein and mβCD by inhibiting tyrosine kinase
and depleting cholesterol, respectively; macropinocytosis was
inhibited by wortmannin by inhibiting phosphatidyl inositol-3phosphate.48,49 When the cells were incubated at 4 °C, the
uptake dropped to almost 3% of the control, whereas
chlorpromazine dropped to 62%, genistein dropped to 22%,
and wortmannin to 91% of the control (Figure 5a). The
dramatic decrease of transfection eﬃciency at 4 °C indicates the
331

DOI: 10.1021/acsbiomaterials.5b00393
ACS Biomater. Sci. Eng. 2016, 2, 326−335

Article

ACS Biomaterials Science & Engineering

Figure 5. HA-coated nanocomplexes promotes cellular internalization of the gene cargo through endocytosis. (a) Cell uptake mechanisms of HA
coated PVBLG-8/YOYO-1-DNA complexes in hESCs. (n = 3). (b) CLSM images of uptake and endosomal escape of HA-coated PVBLG-8/YOYO1-DNA and PLL/YOYO-1-DNA complexes and with Lysotracker staining (scale bar = 10 μm) (t test comparison n = 3 ** p < 0.01, error bars: std.
dev.).

membrane disruption and endosomal escape once the nanocomplex reaches the endosomes in the following studies.
3.5. Exposure of PVBLG-8 from HA-Coated Nanocomplex for Endosomal Escape. The rapid endosomal
escape of the nanocomplex was presumably due to PVBLG-8
exposure as the HA coating is released and digested in the
endosomal environment. To investigate the mechanism of
endosome triggered membrane disruption of HA-coated
nanocomplexes for rapid endosomal escape, we evaluated the
nanocomplex zeta potentials and membrane disruption abilities
after treatment with hyaluronidase (HAase) at varying
endosomal pH. At the initial time point of incubation of the
HAase with varying pH of 7.4, 6.8, 6.2 and 5.6, the zeta
potential remains negative at −21, −17.6, −16.8, and −10.3
mV, respectively. After 30 min incubation, the zeta potential at
pH of 7.4 and 6.8 increased but remained negative at −18.2 and
−8.32 mV, respectively. On the other hand, the zeta potential
at pH of 6.2, and 5.6, all increased to the positive range of 1.34
and 9.39 mV, respectively. Finally, after 120 min the zeta
potential at pH of 7.4 stays negative at −9.3 mV. But, for the
pH at 6.8, 6.2 and 5.6, the zeta potential increases to positive of
1.69, 7.2, and 11.8 mV, respectively. A pH of 7.4 is
representative of the cytoplasmic pH, whereas early and late
endosomes have a pH of 6.8 and 5.6, respectively50 (Figure 6a).
The shift of zeta potential toward positive indicates the
exposure of the cationic helical peptides, which are then capable
of membrane disruption.
To further illustrate that the membrane disruption ability of
the HA-coated nanocomplexes at an early pH endosome of 6.8
is due to the HAase degradation rather than pH-induced
complex dissociation, large unilamellar vesicles (LUV) were

Figure 6. pH and HAase eﬀect on HA-coated nanocomplexes. (a)
Changes in the zeta potential of DNA/PVBLG-8/HA nanocomplexes
after treatment with 0.5 mg/mL of HAase at diﬀerent pH values for
diﬀerent times. (b) ANTS/DPX-loaded LUVET leakage study of
diﬀerent nanocomplexes with and without the HAase treatment at
diﬀerent pH values.

synthesized for dye leakage assay. At a pH of 7.4 and 6.8, it can
be seen that the non-HA-coated nanocomplexes allowed for
100% release of the dye, whereas with HA coating, the
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nanocomplexes with the HA coating. In addition, through the
study with various endocytosis inhibitors, we found that at 4 °C
the uptake was drastically inhibited, indicating that the uptake
of the particles were highly energy dependent. In addition, the
decrease of the uptake due to the chlorpromazine, demonstrated that some of the particles were internalized through
clathrin-dependent endocytosis. On the other hand, genistein
also had a large decrease in uptake of the YOYO-1/DNA, thus
indicating that some of the uptake is due to clathrin
independent pathways like caveolae mediated uptake. All
these evidence showed that the materials were internalized
through receptor mediated pathways.
Commonly used transfection materials like PLL have the
ability to condense DNA for nonviral gene delivery, but PLL
demonstrates no endosomal escape.52,53 Our nanocomplex
system transforms to exhibit membrane disruptive properties in
endosomal environment with high HAase activity induced by
low pH. The exposure of PVBLG-8 in the system enhances the
endosomal release of the nanocomplex and thus the DNA.
When the materials were switched to PLL, a nonmembrane
disrupting polymer, there was little endosomal escape, and the
nanocomplexes were mainly retained in the endosomes. In
early endosomes, at a low pH and some HAase activity, the HA
coated nanocomplexes demonstrated increased LUV dye
leakage due to membrane disruption. Our system is superior
to other materials17,18,20 because of our highly available and
active membrane disruption activity that is initially shielded to
reduce cytotoxicity to the cells, but is revealed when it enters
the endosomes. Thus, through the use of a targeting moiety for
a receptor on hESCs is a step in looking at nonviral gene
delivery into hESCs diﬀerently, in which a cell’s speciﬁc
mechanism is exploited to enhance transfection eﬃciency.

nanocomplexes only demonstrated slight membrane disruption
at pH of 7.4, and a slight increase in membrane disruption at a
pH of 6.8. Alternatively, with the addition of HAase after 30
min incubation at pH of 7.4 and 6.8, the dye leakage increased
up to 46% and 76%, respectively, indicating strong membrane
disruption ability (Figure 6b). In addition, nanocomplexes
using PLL were also studied and it was found that with or
without HA coating, there was no membrane disruption as
expected. These studies indicated that the HA coated PVBLG-8
nanocomplex is responsive to the endosomal environment with
enhanced HAase activity induced by low pH, allowing for rapid
endosomal escape with the exposed PVBLG-8.

4. DISCUSSION
We developed a novel gene transfection system that contains an
outer negatively charged cell targeting shell consisting of HA,
with an inner core made from a cationic helical peptide capable
of condensing DNA and facilitating endosomal escape. The
system utilizes the charge interactions between the outer
negatively charged shell and positive inner core to stabilize the
nanocomplex at neutral pH, but allows for the deshelling and
exposure of the positive helical peptides when exposed to a
lower pH and HAase within the endosome. With the HA
coating of the nanocomplexes, the hESC transfection eﬃciency
of DNA/PVBLG-8 nanocomplexes increases signiﬁcantly,
despite the alteration of the overall surface charge from positive
to negative. HA coated nanocomplexes also lower the toxicity
of the cationic helical peptide and have little eﬀect on the cells
pluripotency, for hESCs were still both OCT4 and SSEA4
positive after materials treatment. HA is a negatively charged
biocompatible polysaccharide that is found naturally in the
body and has been used as the backbone of many hydrogel
systems for stem cell engineering.44 A few glycosaminoglycans,
except for hyaluronic acid have been shown to disrupt cationic
polypeptide gene transfections.51 The reversal of charge
indicates the loss of the initial membrane disruption eﬀect of
the cationic helical peptide, which in theory should have
decreased transfection. However, this study showed that the
negative nanocomplexes increased the transfection eﬃciency,
indicating that the HA on the nanocomplexes are an integral
part to the transfection eﬃciency, in which they target the
CD44 receptors that are expressed on hESC surfaces. We found
that at weight ratios of 1:7.5:0 to 1:7.5:7.5, the transfection
eﬃciency increases, which then decreases with additional HA
coating. This decrease is likely to be caused by the excess HA
that was not coated on the nanocomplex. This can be seen by
the DLS and zeta potential, that after a certain ratio, the size
and zeta potential of the nanocomplex stays constant. Thus, the
excess free HA could be competitively binding with the CD44
receptor against the nanocomplexes demonstrated by the
drastic drop in transfection eﬃciency with the pretreatment of
HA. The decrease in transfection eﬃciency demonstrated that
the free HA has bound to the cell surface CD44 receptors and
blocked them from further uptake, indicating that the CD44/
HA interactions is an important aspect to the increased eﬃcacy
of the nanocomplex. The HA coated nanocomplexes also
demonstrated a higher eﬃcacy in CD44 positive hMSCs, but
substantially reduced transfection eﬃciency in CD44 negative
COS-7 cells, substantiating the importance of the CD44
receptor for the uptake of the HA coated nanocomplexes.
To understand the mechanism of uptake, we conducted
uptake studies of DNA tagged with YOYO-1 dye and found
that the cells did signiﬁcantly increase the uptake of the

5. CONCLUSION
We reported a new targeting and triggerable gene delivery
system for human embryonic stem cells based on the PVBLG8, a cationic helical polypeptide with high membrane disruption
properties. The DNA/PVBLG-8 nanocomplex by itself was
demonstrated to be toxic to the cells because of the high
membrane disruption properties. Using HA as a coating for the
nanocomplexes not only decreased the toxicity from the
cationic helical peptides, but also allowed targeting of hESCs
and deshelling of charge shielding moiety that increased the
uptake and release of DNA, which in turn increased the
transfection eﬃciency. This provides a promising approach to
manipulate hESCs or pluripotent stem cells through transient
gene delivery, overcoming major hurdles toward development
of various biomedical applications. Increased gene transfection
eﬃciency reduces the need for enrichment and sorting of the
manipulated pluripotent stem cells. These preliminary studies
demonstrated an enhanced gene delivery system to undiﬀerentiated hESCs through an alternate receptor-mediated
endocytosis pathway and allows for future modiﬁcation with
other targeting moieties on the PVBLG-8 based gene delivery
to target other receptors on other hard to transfect cells.
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