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Drug delivery is important for administering a pharmaceu-
tical compound to efficiently achieve a therapeutic effect
in humans or animals. For these systems novel biological
and synthetic materials have been developed. One is con-
trolled release of the active agent with a predetermined
time course such as constant, oscillating, declining contin-
uously, or even pulsatile mode. In other systems, materials
have been designed with targeting or pathology-responsive
functions. Recent development of biomaterials has expended
the new possibilities of drug delivery systems. Included
are implantable inorganic materials, nonbiodegradable and
biodegradable polymers, biological materials, and the hybrid
biomaterials derived from synthetic and natural macro-
molecules.

The articles contained in the present issue are original
papers describing current and expected challenges alongwith
novel biological and syntheticmaterials for drug delivery.The
issue comprises the description of materials for delivery of
nucleic acids and proteins.

Since the discovery of RNA interference (RNAi) and the
achievement of gene silencing by synthetic small interfering
RNAs (siRNAs), siRNA has become established as a new tool
for silencing target genes. siRNAshave, therefore, beenwidely
recognized as novel potential therapeutics. To date, there
has been considerable effort to develop siRNA therapeutics
for treating viral infections and cancers. However, naked
siRNA is readily degraded by nucleases and siRNAs are too
large and hydrophilic to cross cell membranes. Therefore the
developments of deliverymethod or appropriate gene carriers
are required for siRNA therapeutic applications.

In the paper by T. Nishimura et al. entitled “Amylose-
Based Cationic Star Polymers for siRNA Delivery,” the
authors describe a new siRNA delivery system using
a cationic glyco-star polymer. They prepared spermine-
modified 8-arm amylose star polymer by chemoenzymatic
methods and characterized the spherical complex with
siRNA. It was concluded that the amylose-based star poly-
mers are a promising nanoplatform for glyco biomaterials.

P. He et al. in the paper entitled “Low-Molecular-
Weight Polyethyleneimine Grafted Polythiophene for Effi-
cient siRNA Delivery” investigated a new class of syn-
thetic polymer carrier that consisted of polythiophene. Their
concept underlying the design of these copolymers was
that hydrophobicity and rigidity of polythiophenes should
enhance the transport of siRNA across the cell membrane
and endosomal membrane. They showed their developed
copolymers serve as novel, low cell toxicity, and efficient
siRNA delivery systems.

For not only siRNA delivery but also gene delivery,
S. Rao et al. compared the utility of aviral gene delivery
vectors in their paper “The Comparative Utility of Viromer
RED and Lipofectamine for Transient Gene Introduction
into Glial Cells.” Cationic lipid (Lipofectamine) lipoplex
or polyethylenimine (Viromer RED) polyplex technologies
were examined in cell lines and primary glial cells for their
transfection efficiencies, gene expression levels, and toxicity.
The authors found the transfection efficiencies of polyplex
and lipoplex agents were comparable in a limited, yet similar,
transfection setting, with or without serum across a number
of cell types.
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In order to deliver proteins, A. Haider et al. reported
a ceramics/polymer hybrid in their paper entitled “BMP-2
Grafted nHA/PLGA Hybrid Nanofiber Scaffold Stimulates
Osteoblastic Cells Growth.” They used bone morphogenetic
protein (BMP) on the nanofiber to stimulate the growth of
osteoblastic cells. They suggested that BMP-g-nHA/PLGA
hybrid nanofiber scaffold could be used as a nanodrug carrier
for the controlled and targeted delivery of BMP-2, which will
open newpossibilities for enhancing bone tissue regeneration
andwill help in the treatment of various bone-related diseases
in the future.

C. Suttinont et al. investigated delivery of another growth
factor in their paper “Delivery of bFGF for Tissue Engineer-
ing by Tethering to the ECM.” They chose basic fibroblast
growth factor (bFGF) as the growth factor and developed
the growth factor-tethered extracellular matrix (ECM). The
designed ECM was comprised of a stable structural unit and
included the well-known cell adhesive RGD peptide as an
active functional unit. They showed the effectiveness of the
designed protein.

We hope that this special issue would shed light on major
developments in the area of new drug carriers and attract
attention by the scientific community to pursue further
investigations leading to the rapid implementation of these
materials in clinical applications.
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Delivery of growth factors to target cells is an important subject in tissue engineering. Towards that end, we have developed a
growth factor-tethered extracellular matrix (ECM). Here, basic fibroblast growth factor (bFGF) was tethered to extracellular matrix
noncovalently. The designed ECM was comprised of 12 repeats of the APGVGV peptide motif derived from elastin as a stable
structural unit and included the well-known cell adhesive RGD peptide as an active functional unit. To bind bFGF to the ECM,
an acidic amino acid-rich sequence was introduced at the C-terminus of the ECM protein. It consisted of 5 repeats of 4 aspartic
acids and a serine, DDDDS. bFGF has a highly basic amino acid domain. Therefore, bFGF was tethered to the ECM protein by
electrostatic interaction. Cells cultured on bFGF-tethered ECM were well attached to the ECM and induced proliferation without
addition of soluble bFGF.

1. Introduction

Growth factors are important for regulating a variety of
cellular processes, and they are indispensable for tissue engi-
neering. To increase the local concentration of growth factors,
several techniques for delivering growth factors have been
investigated [1]. In many cases, growth factors are embedded
in hydrogels for delivery. In addition, immobilization of
growth factors to extracellular matrices (ECMs) has been
developed for delivering growth factors to cells.

A strategy to immobilize growth factors to ECMs has
advantages compared to the addition of soluble growth
factors. When soluble growth factors are added to cells, it is
difficult to control their local concentration due to diffusion,
cell uptake, and degradation [2]. To overcome such problems,
the strategy of tethering growth factors to artificial ECMs
was developed. In those studies, growth factors have been
immobilized to ECMs chemically or genetically [3–5]. In our
previous study, growth factors were noncovalently immo-
bilized on genetically engineered ECMs [6, 7]. For growth
factor immobilization, helical peptides forming coiled-coil
helical interactions were fused to growth factors and ECMs,

respectively. Using this technique, we have developed a
method to coimmobilize three different types of growth
factors, basic fibroblast growth factor (bFGF), epidermal
growth factor (EGF), and single-chain vascular endothelial
growth factor (scVEGF

121
), onto an ECM protein in order to

promote angiogenesis [7].
Basic fibroblast growth factor (bFGF) is a commonly

used growth factor for tissue engineering because of its
wide variety of functions. For example, it is a stimulator of
proliferation, differentiation, and migration of multiple cell
types [8]. It has a highly basic amino acid domain allowing it
to directly interact electrostatically with the acidic region of
another protein [9].Therefore, we focused on the property of
the basic region of bFGF for tethering to the designed ECMs.

In this study, bFGF-tethered ECM was developed for the
purpose of delivering growth factors to cells. For tethering
bFGF, a polyaspartic acid domain (D20) was introduced
to our designed artificial ECM, ERE, which consists of 12
repeats of the Ala-Pro-Gly-Val-Gly-Val (APGVGV) motif
derived from elastin as a stable structural unit. The repeated
APGVGV sequence is highly hydrophobic, allowing ERE
to adsorb well onto the hydrophobic surface of the dish. It
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Figure 1: Schematic drawing of bFGF-tethered designed ECM
through electrostatic interaction.

also included the well-known cell adhesive RGD sequence
as an active functional unit [5]. Fusion proteins encoding
D20 were shown to form a complex with a cationic poly-
mer, polyethylenimine, by electrostatic interaction because
the aspartic acid-rich domain is negatively charged under
physiological conditions [10, 11]. Therefore, it was expected
that bFGFwould be tethered toD20 fused to ERE (ERE-D20)
by electrostatic interaction between the basic rich domain of
bFGF and D20 (Figure 1). Here, bFGF tethering to ERE-D20
and the cell adhesion activity of ERE-D20 were evaluated.
Finally, cells were cultured on bFGF-tethered ERE-D20 and
we examined the induction of cell proliferation activity.

2. Materials and Methods

2.1. Plasmid Construction. The plasmid pET-ERE con-
structed in our laboratory was digested with Nco I and Bgl
II to obtain the ERE gene fragment [5]. The plasmid pET-
His-C2D20 encoded 5 repeats of 4 aspartic acids and a
serine, DDDDS (constructed as previously described) [11].
The plasmid was digested with Nco I and Bgl II followed by
insertion of the ERE gene fragment.The resulting plasmid for
expression of ERE-D20 protein inE. coliwas namedpET-His-
ERE-(D4S)

5
.

2.2. Protein Expression and Purification. The constructed
plasmid, pET-His-ERE-(D4S)

5
, was transfected into E. coli

BL21(DE3) competent cells by heat shock. TransformedE. coli
cells were cultured in Luria-Bertani (LB) mediumwith ampi-
cillin at 37∘C. Protein expression was induced by addition of
1mM isopropyl 𝛽-D-1-thiogalactopyranoside (IPTG). Cells
were cultured overnight at 30∘C and harvested by centrifuga-
tion and resuspended in BugBuster Reagent with Benzonase
Nuclease (Sigma-Aldrich). After 30min rotation at 4∘C, the
sample was centrifuged. The supernatant was applied to
HIS-Select Nickel Affinity Gel (Sigma-Aldrich) followed by
incubation at 4∘C for 1 h. After washingwith phosphate buffer
(50mM sodium phosphate, 300mM NaCl, pH 8.0), proteins
were eluted by phosphate buffer with 100mM imidazole. The
resultant protein solution was dialyzed using Slide-A-Lyzer
Dialysis Cassettes (Pierce) against phosphate-buffered saline
(PBS). The purified protein was analyzed by 12% sodium

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) and the protein concentration was measured with a
BCA assay kit (Pierce).

2.3. Cell Culture. The murine fibroblast cell line C3H10T1/2,
obtained from the Riken Cell Bank, was grown in Dulbecco’s
modified Eagle’s medium (DMEM) with 10% fetal bovine
serum (FBS) and antibiotics (100U/mL penicillin, 100 𝜇g/mL
streptomycin).

2.4. Adsorption of ERE-D20 on the Hydrophobic Surface of
Plates. Solutions of ERE-D20 and EREwere added to 96-well
suspension culture plates (Sumilon, MS-8096R) in varied
concentrations and incubated for 2 h at 37∘C with shaking.
Plates were washed with PBS-T (PBS including 0.05% Tween
20) followed by blocking with Blocking One (Nacalai Tesque,
Inc.) overnight at 4∘C. After washing with PBS-T, anti-poly-
histidine antibody (Sigma-Aldrich) was added to the plate
and incubated for 1 h at 37∘C followed by washing with PBS-
T again. Then, anti-mouse IgG peroxidase conjugate (Sigma-
Aldrich) was added and incubated for 1 h at 37∘C. After
washing with PBS-T, TMB peroxidase substrate (KPL, Inc.)
was added to the plate. Finally, 1M HCl was added to stop
the reaction and the absorbance at 450 nm was measured by
a microplate reader.

2.5. Cell Adhesion Activity of ERE-D20. Cell adhesion assays
were performed in a 24-well suspension culture plate (Iwaki).
Purified ERE-D20 and ERE proteins (1000 nM) were added
to culture plates and incubated for 2 h at 37∘C.Then, the plate
was washedwith PBS three times. C3H10T1/2 cells suspended
in FibroLife Serum-Free Medium (Lifeline Cell Technology)
were added to the wells (8000 cells/well) and cultured for
6 h. Attached cells were evaluated with a Cell Counting Kit-8
(Dojindo).

2.6. Tethering of bFGF to ERE-D20 through Electrostatic
Interaction. The wells of a 96-well suspension culture plate
(Sumilon, MS-8096R) were coated with ERE and ERE-D20
(100 or 1000 nM), respectively. After incubation for 2 h at
37∘Cwith shaking, wells were washedwith PBS-T followed by
blocking with Blocking One overnight at 4∘C. After washing
with PBS-T, various concentrations of bFGF were added and
plates were incubated for 1 h at 37∘C. After washing with
PBS-T, a solution of 1/1000 diluted rabbit anti-bFGF antibody
(Sigma-Aldrich) was added and incubated for 1 h at 37∘C.
After washing with PBS-T, anti-rabbit IgG-HRP (Jackson
ImmunoResearch Inc.) was added and reacted for 1 h at 37∘C.
After washing with PBS-T, TMB peroxidase substrate was
added to the plate. Finally, 1M HCl was added to stop the
reaction and the absorbance at 450 nm was measured by a
microplate reader.

2.7. Cell Proliferation on bFGF-Tethered ERE-D20. The wells
of a 24-well suspension culture plate (Iwaki) were coated
with ERE-D20 (1000 nM) and incubated for 2 h at 37∘C. After
washing with PBS three times, bFGF (100 nM) was added to
the wells and the plate was incubated for 2 h at 37∘C. After
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Figure 2: SDS-PAGE analysis of purified ERE and ERE-D20
proteins. Lane M, SDS Broad Range Marker; lane 1, ERE protein;
and lane 2, ERE-D20 protein.

washing with PBS, C3H10T1/2 cells suspended in FibroLife
Serum-FreeMediumwithout recombinant bFGF were added
to wells (8000 cells/well) and cultured. During culture, media
were changed every 2 days.The number of cells on days 1 and
5 was evaluated using a Cell Counting Kit-8.

2.8. Statistical Analysis. Values are given as mean value ±
standard deviation. Statistical analysis was performed by
independent two-sample t-test with equal valiances. Values
of 𝑃 < 0.05 were considered to be statistically significant.

3. Results and Discussion

3.1. Design and Expression of ERE-D20 Protein. The designed
extracellular matrix, ERE, was genetically fused with 5
repeats of 4 aspartic acids and serine for tethering bFGF
via electrostatic interaction (ERE-D20). To express ERE and
ERE-D20 proteins, E. coli BL21(DE3) was used as the host
strain. Expressed proteins were purified by nickel affinity gel
using His-tag. The molecular mass of ERE and ERE-D20
was 15.3 kDa and 18.3 kDa, respectively. The size and purity
of samples were confirmed by SDS-PAGE (Figure 2). The
band of ERE in SDS-PAGE sometimes appeared larger than
the expected molecular size from its amino acid sequence.
This behavior has been previously reported for ELP-fused
proteins due to the physicochemical characteristics of ELPs
[12]. However, the band of ERE-D20 appeared at nearly the
expected molecular size. It is suggested that the physico-
chemical characteristics of the ELPs were cancelled by the
negatively charged D20 domain.

3.2. Cell Adhesion Activity of ERE-D20. First, adsorption
of ERE-D20 onto the hydrophobic surface of the dish was
evaluated. After addition of proteins to 96-well suspension
culture plates, adsorbed proteins were detected with an anti-
poly-histidine antibody. As shown in Figure 3, adsorption of
ERE-D20 was slightly lower than that of ERE. It would be
caused by the hydrophilicity of D20 domain. However, it was
shown that ERE-D20 maintained the ability to adsorb onto
the hydrophobic surface of the dish, even after fusion with
D20.

1000 2000 3000 40000
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Figure 3: Adsorption of ERE-D20 on the hydrophobic surface of
plates. Various concentrations of ERE protein (square) and ERE-
D20 (circle) were coated on the surface of suspension culture
plates, respectively. Error bars show the standard deviations of three
independent measurements.

The ERE protein has a cell adhesion peptide, RGD, and
it has shown cell adhesion activity. However, ERE-D20 has
a negatively charged domain. Generally, cell surfaces are
charged negatively. Therefore, the effects of D20 on cell
adhesion activitywere evaluated. Cells were seeded ontowells
coated with ERE or ERE-D20 protein and incubated for 6 h.
As shown in Figure 4, cells seeded into the noncoated wells
did not attach. In contrast, cells seeded into the well coated
with ERE-D20 were attached on the surface; the number was
less than cells in the wells coated with gelatin. However, the
number of cells in the well coated with ERE-D20 was almost
the same as that with ERE.These results proved that ERE-D20
maintained cell adhesion activity, even after fusion with D20.

3.3. Tethering of bFGF to ERE-D20 through Electrostatic
Interaction. The interaction between ERE-D20 and bFGF
was determined by ELISA using anti-bFGF antibody. Recom-
binant bFGFwas added towells of 96-well suspension culture
plates coated with 100 nM ERE or ERE-D20. The tethered
bFGF was detected using anti-bFGF antibody. As shown
in Figure 5(a), bFGF did not bind to the wells coated with
ERE without D20. On the other hand, the wells coated
with ERE-D20 showed a strong signal. Then, we evaluated
the binding of varied bFGF concentrations on 1000 nM
ERE-D20 (Figure 5(b)). The tethered bFGF increased in a
concentration-dependent manner and saturated at 2500 nM.
Previously, Suzuki et al. reported that fusion protein encoding
D20 was shown to form complex with polyethylenimine
by electrostatic interaction [10]. The calculated isoelectric
points of ERE-D20 and bFGF are approximately 3.9 and 9.6,
respectively. Therefore, ERE-D20 should be able to tether
bFGF through electrostatic interaction under physiological
condition. These results proved that bFGF was tethered to
ERE-D20 through electrostatic interaction between the basic
domain of bFGF and D20 of ERE-D20.

3.4. Cell Proliferation on bFGF-Tethered ERE-D20. Prolif-
eration of cells cultured on bFGF-tethered ERE-D20 was
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Figure 4: Cell adhesive activity of ERE-D20. (a) Evaluation of cell numbers after incubation for 6 h. Error bars show the standard deviations
of three independent measurements. Statistically significant differences are indicated for 𝑃 < 0.05 (∗) and 𝑃 < 0.005 (∗ ∗ ∗). (b) Cells were
cultured on noncoated plate, plate coated with ERE, ERE-D20, and gelatin. Scale bar = 500𝜇m.

evaluated. Cells were seeded into the wells of 24-well suspen-
sion culture plates coated with ERE-D20 alone and/or ERE-
D20 tethered to bFGF. As shown in Figure 6, cells seeded
onto the wells coated with ERE-D20 without tethered bFGF
attached on the well surface, but cell growth was scarcely
observed after 5 days of culture. On the other hand, when
cells were seeded into wells coated with ERE-D20 tethered
to bFGF, we observed significant proliferation at day 5. To
confirm the effects of tethered bFGF, activation of MEK/ERK

and JNK pathway should be evaluated with or without
inhibitors for FGFR1.These experiments are under evaluation
in our laboratory.

In our previous studies, growth factors were noncova-
lently immobilized on designed ECMs via helical peptides
forming coiled-coil helical interaction [6, 7]. In that tech-
nique, growth factors are required to fuse helical peptide.
It may have a risk to reduce activities of growth factors,
while the present technique using electrostatic interaction
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Figure 5: Evaluation of bFGF tethered to ERE-D20. (a) Specific binding between basic domain of bFGF and negatively charged D20 of ERE-
D20 (100 nM). (b) Concentration dependency of bFGF tethered to ERE-D20 (1000 nM). Error bars show the standard deviations of three
independent measurements. Statistically significant difference is indicated for 𝑃 < 0.005 (∗ ∗ ∗).
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Figure 6: Induction of cell proliferation activities by culture on
bFGF-tethered ERE-D20. Cells were cultured on ERE-D20 with
or without tethered bFGF for 1 day (white bars) and 5 days (gray
bars). Error bars show the standard deviations of three independent
measurements. Statistically significant differences are indicated for
𝑃 < 0.05 (∗) and 𝑃 < 0.005 (∗ ∗ ∗).

does not need modification of growth factors. In principle,
any negatively charged growth factors under physiological
condition can be tethered to ERE-D20 without loss of
activities. However, it would be also disadvantage of this
method, since negatively charged proteins existing in serum
would have effects on binding and release of growth factors.
Now we are starting experiments to clarify these effects.

4. Conclusion

In this study, we showed that bFGF could be tethered to
our designed extracellularmatrix (ERE-D20) via electrostatic
interaction between the basic domain of bFGF and the
acidic domain of ERE-D20. Cells cultured on bFGF-tethered

ERE-D20 were well attached on ERE-D20 and underwent
proliferation without addition of soluble bFGF. From these
data, bFGF tethering to an ECM via electrostatic interaction
could be applied for delivery of growth factors in tissue
engineering.
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A new siRNA delivery system using a cationic glyco-star polymer is described. Spermine-modified 8-arm amylose star polymer
(with a degree of polymerization of approximately 60 per arm) was synthesized by chemoenzymatic methods. The cationic star
polymer effectively bound to siRNA and formed spherical complexes with an average hydrodynamic diameter of 230 nm. The
cationic 8-arm star polymer complexes showed superior cellular uptake characteristics and higher gene silencing effects than a
cationic 1-armpolymer.These results suggest that amylose-based star polymers are a promising nanoplatform for glycobiomaterials.

1. Introduction

Since the discovery of RNA interference (RNAi) [1] and the
achievement of gene silencing by synthetic small interfering
RNAs (siRNAs) [2], siRNA has become established as a
new tool for silencing target genes. siRNAs have, therefore,
been widely recognized as novel potential therapeutics. To
date, there has been considerable effort to develop siRNA
therapeutics for treating viral infections and cancers [3].
For siRNA therapeutic applications, appropriate gene carriers
are required because naked siRNA is readily degraded by
nucleases. Moreover, siRNAs are too large and hydrophilic
to cross cell membranes without a delivery method [4, 5].
To successfully deliver siRNAs, the carriers must penetrate
biological barriers. Therefore, the development of gene car-
riers to efficiently deliver siRNAs remains an important
challenge.

Various types of carriers for nucleic acids and other
macromolecules have been developed, including viruses,
nanoparticles, lipids, and polymers [6–9]. Though viral
carriers are undeniably the most efficient for gene delivery,
their use is encumbered by potential safety issues such as
pathogenicity and immunogenicity.This has prompted devel-
opment of nonviral carriers using biocompatible materials.

Among themost commonly used polymer building blocks for
these carriers are poly(ethylene glycol) [10, 11], poly(peptoid)s
[12–14], and poly(amino acid)s [15].

Among materials under development for use as gene
carriers, polysaccharides are one of the most promising
because of low toxicity, biocompatibility, and biodegrad-
ability. Examples include amylopectin [16], chitosan [17],
dextran [18], cellulose [19], pullulan [20], and schizophyllan
[21]. We have described several series of spermine-modified
cycloamylose derivatives that effectively delivered pDNA,
siRNA, and CpG DNA in vitro and in vivo [22–24].

Amylose, a linear 𝛼(1, 4) glucan with low polydispersity,
can be enzymatically synthesized. We previously reported
that a series of amylose-based star polymers can be prepared
chemoenzymatically [25]. Spermine-modified 8-armed amy-
lose star polymer, through its multivalent interactions with
DNA, effectively catalyzed DNA strand exchange reactions.
This multivalent character is also an important feature for
a siRNA carrier. siRNA has a lower molecular weight than
pDNA and strong interactions between the carrier and the
siRNA would be required to form stable and compact com-
plex nanoparticles.We therefore decided to take advantage of
these properties and investigate amylose-based star polymers
as potential siRNA carriers.
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In this study, we report that a spermine-modified
amylose-based star polymer acts as a siRNA carrier. siRNA-
polymer complexes were characterized with respect to their
sizes and charge ratios. In addition, their cytotoxicity and
cellular uptake were evaluated by WST-8 assay and confo-
cal laser-scanning microscopy (CLSM), respectively. Finally,
delivery of a vascular endothelial growth factor specific
siRNA (denoted by siVEGF) was evaluated at the mRNA
level. For comparison, a monoarm glycopolymer with the
same degrees of polymerization (D.P.) as the amylose arm of
the star polymers was also characterized and evaluated for
siRNA transfection efficiency.

2. Materials and Methods

2.1. Synthesis of Cationic Glyco-Star Polymers. Glycopoly-
mers with a degree of polymerization of about 60 per arm
were synthesized as described previously [25]. Spermine-
modified glycopolymerswere prepared by a conventional 1,1-
carbonyldiimidazole method. Briefly, carbonyldiimidazole
(0.025 g) in DMSO (15mL) was added dropwise to a solution
of 8-arm glycopolymer (C8A, 0.10 g) in 10mL dry DMSO
at room temperature under argon and the reaction mixture
was stirred for 5 h at room temperature. Spermine (0.32 g)
in DMSO (10mL) was then added to the reaction mixture
and the mixture was stirred for 18 h at room temperature.
The reaction solution was dialyzed against distilled water in a
dialysis membrane (1000 MWCO) for 3 days and lyophilized
to yield the solid products. One-arm cationic glycopolymer
(C1A) was synthesized in an analogous manner.

2.2. siRNA and siRNA/Cationic Polymer Complexes. The
siRNA species used were siRNA targeting murine VEGF
(5-CAG CUU GAG UUA AAC GAA CGU ACU U-3,
5-AAG UAC GUU CGU UUA ACU CAA GCU G-3),
denoted by siVEGF; nonsense siRNA (MISSION siRNA
Universal Negative Control, Sigma-Aldrich, St. Louis, MO,
USA), denoted by siCont; and Alexa488-labeled negative
control siRNA (Invitrogen, Thermo Fisher Scientific, Grand
Island, NY, USA).

To form siRNA/cationic polymer complexes, each siRNA
(0.30 nM) and each cationic polymer (0.13 nM) was mixed
gently and incubated for 30min at room temperature.

2.3. Size and Zeta Potentials. Dynamic light scattering (DLS)
and zeta potential (𝜁) measurements were performed using
a Malvern Zetasizer nano ZPS (Malvern Instruments Inc.,
USA) and data analyzed using Malvern software.

2.4. Transmittance Electron Microscopy (TEM). Morphology
of siRNA/cationic polymers complexes was observed with a
TEM (HT-7700, Hitachi, Japan) at an acceleration voltage of
100 kV and a beam current of 20𝜇A. Complexes were stained
prior to TEM with 1 wt% phosphotungstic acid.

2.5. Confocal Laser-ScanningMicroscopy (CSLM). Renca cells
were cultured in glass bottom culture dishes at a density of 1
× 105 cells per dish at 37∘C in 5% CO

2
/95% humidified air.

After 24 h incubation, Alexa488-labeled siRNA/cationic
polymer complexes were added. After 24 h, cells were
observed with LSM 780 confocal fluorescence microscope
(Carl Zeiss, Jena, Germany).

2.6. Cytotoxicity Assay. Renca cells were seeded at a density
of 1 × 104 cells/well on 96-well plates for 24 h in RPMI1640
medium supplemented with 100U/mL penicillin, 100𝜇g/mL
streptomycin, and 10% FBS in advance. The culture media
were replaced with fresh medium, and the polymers or
siRNA/the polymer complexes were applied. After 24-hour
incubation, the cell cytotoxicity was evaluated with Cell
Counting Kit-8 (Dojin, Japan) according to the manufac-
turer’s instructions. The absorbance was measured using a
microplate readerwith a filter of 450 nm.The cell viability was
determined as a percentage of the absorbance of nontreated
cells. The results were expressed as mean and standard
deviation obtained from three samples.

2.7. siRNA Transfection In Vitro and RNA Isolation. Renca
cells, cultured in RPMI1640 medium supplemented with
100U/mL penicillin, 100 𝜇g/mL streptomycin, and 10% FBS,
were seeded into 12-well tissue culture plates (1 × 105 cells
per well) at 37∘C in 5% CO

2
/95% humidified air. After

24 h, siRNA/cationic polymer complexes, at concentrations
as indicated in the figures, were added to the cells and
incubation was continued under standard culture conditions.
After 24 hours, total RNA was collected by RNeasy Micro Kit
(Qiagen) according to the manufacturer’s instructions.

2.8. Quantitative Real-Time PCR. Formeasurement of VEGF
RNA expression, q-PCR was performed using LightCycler
480 Probe master (Roche). For the detection of VEGF
mRNA, cDNA was synthesized from 500 ng of total RNA
using the reverse reaction kit (ReverTra Ace qPCRRTMaster
Mix (Toyobo, Japan)) with the manufacturer’s instruction. A
LightCycler 480 Real-Time PCR System (Roche) was used for
quantitative mRNA detection. The relative expression levels
ofmRNAwere normalized to the expression of 18S ribosomal
RNA.The expression of the genewas quantified bymeasuring
cycle threshold (Ct) values and normalized using 2−ΔΔCt Ct
method relative to 18S ribosomal RNA.

3. Results and Discussion

Glycopolymers were prepared by a chemoenzymatic method
as reported previously [25]. Cationic spermine groups were
introduced to the glycopolymers by a carbonyldiimidazole-
mediated amide coupling reaction between the primary
alcohol groups of amylose and the amino groups of spermine.
The degree of substitution was about 30 spermine residues
per 100 glucose units of the polysaccharide. The spermine
functionalized mono- and octa-armed glycopolymers are
denoted by C1A and C8A, respectively (Figure 1).

Polymer solutions in phosphate buffered saline (PBS, pH
7.4) were characterized with DLS and zeta potential analysis.
The hydrodynamic diameters of C1A and C8A in PBS were
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Figure 1: Chemical structures and illustrations of spermine-modified glycopolymers.

7 and 10 nm, respectively. The 𝜁 potentials of C1A and C8A
were +6mV and +7mV, respectively.

siRNA/C1A and siRNA/C8A complexes were prepared
as described in Materials and Methods by mixing siRNA
in nuclease-free H

2
O with the appropriate volumes of C1A

or C8A solution (1.0mg/mL), such that C/P ratios (ratio of
cationic group in the glycopolymer to phosphate group in
DNA) were 1.3. The size distributions and 𝜁 potentials of
the resulting complexes were determined (Figure 2). Both
complexes showed a positive 𝜁 potential (5–12) at C/P = 1.3.
The siRNA/C8A complexes had an average hydrodynamic
diameter of 234 ± 0.8 nm. In contrast, the siRNA/C1A
complexes had an average hydrodynamic diameter of 575 ±
48 nm. By TEM observation, both complexes were spherical
objects with size distributions comparable to what was found
by DLS analysis. Compared with C1A, C8A had highly
localized positive charges. This characteristic enables C8A to
bind strongly to RNA. In fact, the binding affinity of C8A
to DNA (20 base pairs) is 44 times greater than that of C1A
[25].The higher affinity of C8A for nucleic acids is believed to

explain its formation of smaller complexes, as compared with
those formed with C1A.

Since in vitro cytotoxicity of gene carriers is considered
an important factor of biocompatibility, we investigated that
cytotoxicity of our polymers with concentrations varied
from 0 to 50 𝜇g/mL by WST-8 assay. As shown in Figure 3,
exposure of the cells to the cationic polymers led to a slight
decrease in cell viability (greater than 80%) for all polymer
concentrations tested. Moreover, siRNA/cationic polymer
complexes with various C/P ratios also showed no significant
toxicity.

Cellular uptake of siRNA and siRNA/cationic polymer
complexes was then investigated in Renca cells with confocal
laser-scanning fluorescence microscopy (CLSM). C1A and
C8A solutions were mixed with Alexa488-labeled siRNA at a
C/P of 1.3 and incubated for 30min at room temperature.The
resulting solutions were added to Renca cells and incubated
in culture medium, as described in Materials and Methods,
for 24 h. Cellular distributions of Alexa488-labeled siRNA,
visualized by confocal laser-scanning microscopy (CLSM),
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Figure 3: Cytotoxicity of the cationic polymers and siRNA/polymer complexes ([siRNA] = 0.1 nM). The complexes were incubated with
Renca cells for 24 hours, and cell viability was evaluated by the WST-8 assay.

are shown in Figure 4. Free siRNA was not internalized,
remaining localized outside the cell. In contrast, green fluo-
rescencewas detected in the Renca cells using siRNA/cationic
polymer complexes. Moreover, complexes formed with the
C8A polymer resulted in greater cellular siRNA uptake than
those with the C1A polymer.

Next, we investigated RNAi effectiveness of the C1A-
and C8A-based delivery systems. VEGF mRNA levels were
evaluated by real-time RT-PCR analysis. Renca cells were
treated with siRNA/C1A, siRNA/C8A complexes (C/P =
1.3, [siRNA] = 0.3 nM), and siRNA/lipofectamine 2000 as
a positive control. As shown in Figure 5, VEGF mRNA
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(a) (b) (c)

Figure 4: CLSM images of the glycopolymer delivery of Alexa488-labeled siRNA to Renca cells. (a) Naked siRNA, (b) siRNA/C1A complex,
and (c) siRNA/C8A complex. Both complexes ([C1A] = 0.34 nM; [C8A] = 0.042 nM; [siRNA] = 0.1 nM, C/P = 1.3) were incubated with cells
for 24 h. The bars represent 20 𝜇m.
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Figure 5: Gene silencing effect of nonsense siRNA (siCont)/C1A,
sense siRNA (siVEGF)/C1A, siConc/C8A, siVEGF/C8A, SiCont/li-
pofectamine 2000, and siVEGF/lipofectamine 2000 complexes. [The
polymer] = 5 𝜇g; [lipofectamine 2000] = 2𝜇g. Dose of siRNA
for the cationic polymers was 0.3 nM, while dose of siRNA for
lipofectamine 2000 was 0.1 nM. C/P ratio was 1.3 for the siRNA/the
cationic polymer complexes.

levels were decreased after incubation with siVEGF/C8A
or siVEGF/C1A complexes, relative to those in cells incu-
bated with the corresponding nonsense siRNA complexes.
Therefore, it is clear that both C1A- and C8A-based systems
deliver siRNA into cells, enabling silencing of the target gene.

The gene silencing effect of the C8A-based system (34%
of control mRNA levels) was higher than that of C1A-
based system (52% of control mRNA levels) and was almost
comparable to that of lipofectamine 2000 system. Physical
properties, including size, charge, and shape, of such com-
plexes contribute greatly to cellular uptake efficiency [26,
27]. For the moment, the reason for the difference of the
gene silencing efficiency is not clear. The relative sizes of
the complexes might be attributed to this difference. The
formation of smaller complexes between siRNA and the
C8A polymer, as compared with the C1A polymer, might
enhance cell internalization, leading to higher gene silencing
efficiency.

4. Conclusions

In summary, we have demonstrated the utility of cationic
glyco-star polymers as carriers for siRNA delivery. As com-
pared with C1A, C8A can form more compact complexes
with siRNA. The siRNA/C8A complexes were effectively
internalized by cells and suppressed VEGF mRNA levels by
about 65%. Our results show that the cationic glyco-star
polymer is a promising platform for siRNA delivery.
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Owing to its hydrophilicity, negative charge, small size, and labile degradation by endogenous nucleases, small interfering RNA
(siRNA) delivery must be achieved by a carrier system. In this study, cationic copolymers composed of low-molecular-weight
polyethylenimine and polythiophenes were synthesized and evaluated as novel self-tracking siRNA delivery vectors. The concept
underlying the design of these copolymers is that hydrophobicity and rigidity of polythiophenes should enhance the transport of
siRNA across the cell membrane and endosomal membrane. A gel retardation assay showed that the nanosized complexes formed
between the copolymers and siRNAwere stable even at a molar ratio of 1 : 2.The high cellular uptake (>80%) and localization of the
copolymer vectors inside the cells were easily analyzed by tracking the fluorescence of polythiophene using fluorescent microscopy
and cytometry. An in vitro luciferase knockdown (KD) assay in A549-luc cells demonstrated that the siRNA complexes with more
hydrophobic copolymers achieved a higher KD efficiency of 52.8% without notable cytotoxicity, indicating protein-specific KD
activity rather than solely the cytotoxicity of the materials. Our polythiophene copolymers should serve as novel, efficient, low cell
toxicity, and label-free siRNA delivery systems.

1. Introduction

Since the pioneering work of RNA interference in 1998,
gene suppression using small interfering RNA (siRNA) has
received significant attention recently as an approach for
treating inherited or acquired diseases [1]. However, finding
an efficient drug delivery system (DDS) remains a major
challenge for translating siRNA to the clinic [2]. Naked
siRNA as unprotected oligonucleotides have a very short
half-life in vivo (seconds tominutes) as a result of degradation
by endogenous nucleases and rapid kidney filtration from
circulation owing to their small size [3]. Following cellular
internalization, the siRNA must also escape the endosome,
because siRNA must enter the cytosol to have a therapeutic
effect [4]. Thus, effective vehicles for siRNA delivery must
demonstrate siRNA binding, low cytotoxicity, effective
cellular uptake, and endosome escape and most importantly
show evidence of siRNA-induced knockdown [5, 6].

Branched polyethylenimine (PEI) with a molecular
weight of 25 kDa, named PEI-25K, and its derivatives have

been the most popular cationic polymers for in vitro and in
vivo gene delivery. This is because of their superior buffering
capacity, which allows cargoes to escape the endosome to
the cytoplasmby a hypothesized “proton sponge”mechanism
[7, 8]. However, high-molecular-weight PEI is still limited by
cytotoxic issues, as assessed by the in vitrometabolic activity
of cells [9]. Recently, low-molecular-weight PEIs with better
biocompatibility, but low gene loading capacity, have proven
to be valuable gene vectors after hydrophobic modification
or cross-linking [10, 11]. Hydrophobic alkyl-modified PEI-
2k/carbon-dot nanocomposites were found to be efficient for
in vitro gene delivery with low cytotoxicity [12]. Thus, it is
likely that there will be more in vitro and in vivo studies
using hydrophobic-modified low-molecular-weight PEI for
gene delivery [13].

Conjugated polymers such as polythiophenes [14] and
poly(p-phenylene ethynylene) [15] and their nanoparticles
[16] have emerged as novel gene delivery vectors, because
of their potential cell-penetrating ability owing to their rigid
chains, and such polymers are easy to use as traceable delivery
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vehicles [17]. For example, monodispersed polyfluorene
nanoparticles showed outstanding RNA-binding capacity
and induced a knockdown efficiency of 23.9% with no
significant cytotoxicity [18]. Jubeli et al. recently reported the
potential of polyene-based cationic lipids as visually traceable
siRNA transfer reagents for inhibition of luciferase expression
[19]. To improve the knockdown or silencing efficiency is a
challenge for conjugated polymeric gene carriers.

In our previous study, polyethylenedioxythiophenes with
a cell-membrane-mimicking strategy were synthesized and
showed specific neuron targeting and enhanced neuron cell
adhesion and proliferation [20]. Similar to other conjugated
polymers, polythiophenes may have possible cell-membrane
penetrating ability via the rigid hydrophobic main chain. In
this study, we designed copolymers composed of PEI-1.8K
and hydrophobic polythiophenes (as shown in Scheme 1)
as high-performance siRNA carriers. PEI-1.8K acted as a
gene-condensing agent to form positively charged nanosized
complexes with siRNA with minimal cytotoxicity. More-
over, polythiophenes with hydrophobic hexyl groups were
employed both for fluorescence label-free function and for
enhancing permeation across the cell membrane. The for-
mation of the polymer/siRNA complex, cellular uptake and
localization of fluorescence polymers, and a siRNA-mediated
luciferase knockdown assay were carried out to evaluate this
novel visualized siRNA vector.

2. Materials and Methods

2.1. Materials for Polymer Synthesis. Branched polyethylen-
imine (PEI-1.8K), anhydrous ferric chloride (FeCl

3
), 4-(dim-

ethylamino)pyridine (DMAP), andN,N-disuccinimidyl car-
bonate (DSC) were purchased from Wako Pure Chemical
Industries, Ltd. (Tokyo, Japan) and were used without further

purification. Dialysis membranes (𝑀mwco = 7,000Da) were
obtained from Spectro Laboratories Inc. (Sylmar, CA, USA)
and were used according to the manufacturer’s instruction.
3-Hexylthiophene, 3-thiophene ethanol, and all other chem-
icals were from Tokyo Kasei Kogyo Co. Ltd. (TCI, Tokyo,
Japan) and were used without further purification.

2.2. Cell Culture and siRNA. A549 cells stably expressing the
luciferase gene (A549-luc) were grown in F-12K (Invitrogen,
Life Technologies, Rockville, MD, USA) supplemented with
10% fetal bovine serum (FBS) and 200𝜇g/mL geneticin
(Invitrogen). The cells were maintained at 37∘C in a humid-
ified atmosphere with 5% CO

2
. All gene knockdown assays

were performed by the siRNA against luciferase gene (sense
strand: 5-cuuAcGcuGaGuAcuucGAT∗T-3 and antisense
strand: 5-UCGAAGUACUCAGCGUAAGT∗T-3 [4]) and
mismatch control siRNA, which was confirmed to have no
significant knockdown activity against luciferase gene.

2.3. Synthesis of Copolymers

2.3.1. Synthesis of Poly(3-hexylthiophene-co-thiopheneethanol)
P1a and P2a. P1a and P2a were synthesized by a previously
reported, anhydrous FeCl

3
catalyzed, chemical oxidative

coupling approach with different feed ratios of the thiophene
monomers [21]. A mixture of monomer solutions in CHCl

3

was added to the suspension of anhydrous FeCl
3
(4 equal

moles of monomers) in CHCl
3
under nitrogen and then

stirred for 24 h at room temperature. After dedoping by
ammonia water, the resulting fluorescent polythiophenes
were purified by dissolving in CHCl

3
, precipitating in

methanol, and then drying. The obtained P1a and P2a are
dark red solids.
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2.3.2. Conjugation of PEI-1.8K. P1a was dissolved in dry
chloroform (1mMpendent hydroxyl group) and thenDMAP
(5mM) and DSC (5mM) were added slowly under magnetic
stirring. After 6 h, a chloroform solution of PEI-1.8K (1mM)
was added to the reactionmixture and stirred for another 36 h
[22].The reactionmixture was concentrated and precipitated
in hexane to remove overdosed DMAP and DSC. Excess PEI
was removed by dialysis in methanol and then water for 3
days. The final copolymers were obtained as rust red solids
after freeze-drying.

2.3.3. Characterization of Polymers. The structures of the
synthesized compounds were identified by 1H NMR spec-
troscopy (JEOL AL400, Tokyo, Japan). The weight-average
molecular weight (𝑀w), number-average molecular weight
(𝑀
𝑛
), and the distribution (𝑀w/𝑀𝑛) of the polymers were

measured on aWaters GPC system, which was equipped with
a Waters 1515 HPLC solvent pump, a Waters 2414 refractive
index detector, and two Waters Styragel high resolution
columns, at 40∘C using HPLC grade THF as eluent at a flow
rate of 0.35mL/min. Monodispersed polystyrenes were used
to generate the calibration curve. Absorption spectra were
measured using a JASCO V-550 UV/VIS spectrophotometer.
Fluorescence spectra were measured using a JASCO FCT-133
spectrometer.

2.4. Preparation of Polymer/siRNA Complex. The polymer
was dissolved in methanol and diluted with RNase-free
water to make solutions of different concentrations (10 to
0.1 𝜇M). The complexes were formed by gently mixing the
siRNA solution with the polymer solution in equal volume
and incubated for 30min at room temperature. The final
percentage of methanol in aqueous solution was below 5%.

The particle size and zeta potential were determined by a
zeta-potential and particles size analyzer (ELSZ-2PL, Otsuka
Electronics Co. Ltd., Tokyo, Japan).

2.5. Gel Retardation Assay for siRNA. To determine whether
our polymers could retard siRNA migration, various ratios
of polymer in complex with siRNA (1 𝜇M) were prepared
with different molar ratios (the molar ratio of the cationic
polymers to RNA) and incubated at room temperature for
30min.Then the complex was mixed with loading buffer and
applied to a 20% gel (Biocraft Co. Ltd., Tokyo, Japan), and
electrophoresis was carried out for 60min under a constant
voltage of 100V. The gel was stained with ethidium bromide
for 20min. After washing three times with water, the siRNA
band was detected by a UV transmitter (ATTO Corporation,
Tokyo, Japan). Two different loading buffers were used in this
study. Loading buffer 1 contains glycerol (10%, v/v), 5mM
HEPES buffer (pH 7.3), and 1mM EDTA. Loading buffer 2
has two more components: Triton X-100 (1%) and 60% of
potassiumpolyvinyl sulfate (Wako Pure Chemical Industries,
Ltd., Tokyo, Japan) to disrupt the polymer/siRNA complex.

2.6. Cellular Uptake by Monitoring the Fluorescence of Poly-
thiophene. Next, 2 × 105 cells (A549-luc) were cultured in a
12-well plate in F-12K with 200𝜇g/mL geneticin. After 24 h,

the polythiophene solution was added to the cell culture
medium (final concentration was 0.5 𝜇M) and incubated for
72 h. The uptake was directly monitored by the fluorescence
from polythiophene using a fluorescence microscope (Zeiss,
LSM 510 Meta, Jena, Germany) and the intensity was mea-
sured by a Tali image-based cytometer (Life Technologies).

2.7. Cellular Localization of Polymers. Then, 2 × 105 cells
(A549-luc) were cultured on a glass bottom plate in F-
12K with 200𝜇g/mL geneticin. After 24 h, the 0.5mM poly-
thiophene solution was added to the cell culture medium
(final concentration was 0.25 𝜇M) and incubated for 48 h.
Confocal microscopy was performed on a Nikon Eclipse Ti-
E inverted confocal fluorescence microscope (Nikon Instru-
ments, Tokyo, Japan) using 60x oil immersion Plan Apo VC
and 1.4-numerical aperture objective. Samples were excited
with 488 and 561 nm solid-state lasers, and the emission
was captured with a Nikon C2 confocal scan head (Nikon)
interfaced to a PC running NIS-Elements C software. Three-
dimensional stacks were generated from a series of confocal
plane images with 1.0 𝜇m steps.

2.8. Knockdown Assay and Cytotoxicity Assessment. A549-
luc cells were seeded at a density of 6 × 103 cells/well in
fresh F12-K medium containing 10% FBS without geneticin
and incubated for 24 h. The polymer/siRNA complexes with
different molar ratios were added to the culture medium,
gently mixed, and then incubated for 72 h. As a positive
control, cells were transfected with DharmaFECT1 transfec-
tion reagent (GE Healthcare, Lafayette, CO, USA)/siRNA
complexes that were prepared according to the manufac-
turer’s instructions. After 72 h, 100 𝜇L of the PicaGene LT2.0
luminescence reagent (Toyo Inki, Tokyo, Japan) was added
to the cells and the luciferase activities were analyzed using a
Multimode Plate Reader (EnSpire, PerkinElmer), according
to the manufacturer’s protocol. Cell viability was determined
using the CellTiter-Glo kit (Promega, Madison, WI, USA),
according to the manufacturer’s protocol. The viability of
nontreated control cells was arbitrarily defined as 100%.

3. Results and Discussion

3.1. Synthesis of PEI-co-polythiophenes Copolymers. Scheme 1
describes the synthetic route of the copolymers. Initially,
polythiophenes P1a and P2a were obtained by oxidation
coupling at monomer feed ratios of 50 : 50 and 75 : 25,
respectively. We further grafted PEI onto the hydrophobic
polythiophenes by reacting DSC activated hydroxyl groups
on polythiophenes with the primary amines on PEI.The final
copolymers were named P1 and P2 for convenience.

The 1H-NMR spectra in Figure 1 showed that the peaks
from 0.9 to 1.7 ppm represent the protons on the alkyl side
chain (–CH

3
and –CH

2
–) of P2a. The weak signal at 7.0 ppm

corresponds to the proton of the end-capped thiophene
ring. The average molecular weights of P1a and P2a are
20 kgmol−1 (𝑀w/𝑀𝑛 1.85) and 32 kgmol−1 (𝑀w/𝑀𝑛 3.88),
respectively (data not shown). After PEI conjugation to the
side chain, the solubility of the copolymers significantly
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Figure 2: (a) UV-Vis absorption and (b) fluorescence spectra of copolymers in chloroform or in aqueous solution at room temperature. The
value has been normalized.

changed. P1 and P2 only dissolve in methanol and water
and swell in chloroform. The 1H NMR spectrum of P2 in
d-methanol showed strong signals at ∼2.5 ppm (Figure 1),
which represents the protons of PEI-1.8K. Unfortunately, we
did not obtain the GPC data of P1 and P2 because of poor
solubility. Compared with a reported multistep approach
involving a complicated fabrication of a conjugated polymer,
the protocol presented herein is superior because it is simple
and time effective.

3.2. UV-Vis and Fluorescence Spectra of Copolymers. P1a and
P2a have absorption bands around 425 nm (Figure 2(a)),

which are attributed to the coil conformation of polythio-
phenes in solution [23]. After conjugation with PEI, there is
a slight red shift (436 nm) of the UV-absorption spectrum
of P1. Surprisingly, with a lower PEI graft density (25%),
the copolymer P2 showed a broad absorption band at 𝜆 =
500 nm (Figure 2(a)), 70 nm higher than that observed for
P2a. This is probably because of the formation of a self-
assembly of P2 in water displaying main chain aggregation.
Charged PEI is expected to stretch as the hydrophilic shell,
whereas the hydrophobic polyalkylthiophene functions as
the core (Scheme 2). This process is associated with an
aggregated chromophore backbone and a higher coplanarity.
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Therefore, this process leads to an increase in the conjugation
length and a red shift of the UV-Vis absorption. As for
the fluorescence properties, there is a similar wavelength
maximum at 560 nm before PEI conjugation and at 590 nm
for the PEI-conjugated graft copolymers (Figure 2(b)), which
are easy to track by confocal microscopy at suitable excitation
and emission ranges. It should be noted that the emission of
P2was considerably less intense than that of P2a, presumably
because of a fluorescence quenching by the aggregation of the
conjugated main chains.

3.3. Formation of Polymer/siRNA Complexes. The binding
capacity of siRNA with our cationic fluorescent copolymers
was evaluated using a gel retardation assay at various molar
ratios. As shown in Figure 3, the extent of retardation
increases with the increasing ratio of P2/siRNA. By asso-
ciation with loading buffer 1, no obvious migrated siRNA
bands were observed in the lanes where the molar ratio was
larger than 1 : 2, indicating very strong binding by the P2
polymer. Even with the disruption effect of loading buffer
2, which contains potassium polyvinyl sulfate to disrupt the
polymer/siRNA complex, the migrating band became very
weak at a 5 : 1 ratio and siRNA was still fully retarded by
P2 at a molar ratio of 10 : 1. For the P1/siRNA complex, the
bands were slightly weaker at the same molar ratios (data not
shown). Therefore, we assume that P1 has slightly stronger
siRNA binding capacity thanP2, which is probably attributed
to the higher PEI grafting density.

Although the siRNA complexes have a similar zeta
potential of ∼+30mV, the complex sizes are quite different
for the two polymers. As shown in Figure 4(a), P1/siRNA
complexes were almost monodispersed nanoparticles with
diameters of 184.9 ± 62.5 nm and a narrow polydispersity
index (PDI, 0.121). In contrast, polymer P2 formed a larger
size of complex with siRNA, with a broader PDI of 0.241 at
the same molar ratio of 5 : 1. The lower molecular weight and
better water solubility of P1 may contribute to the smaller
size and narrower distribution of their siRNA complexes.
The diameter of the complex is a little smaller than the pure
polymer nanoparticles in water. For example, the average
sizes of P1 and P2 nanoparticles were determined to be
117.1 ± 26.3 and 208.0 ± 46.7 nm, which decreased to 104.1 ±
24.8 and 184.2 ± 46.3 nm after binding with siRNA at a
5 : 1 ratio (Figure 4(b)). This may be attributed to the slight

loading buffer 1 loading buffer 2
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Figure 3: Copolymer P2 forms complexes with siRNA at different
molar ratios and the binding stability was tested by gel electrophore-
sis. Loading buffer 1 contains glycerol, HEPES buffer (pH 7.3), and
EDTA. Loading buffer 2 has two more components: Triton X-100
(1% v/v) and potassium polyvinyl sulfate (PVSK) to disrupt the
polymer/siRNA complex.

condensation of ionized PEI by the negatively charged siRNA
(Scheme 2). We investigated the cellular uptake and distribu-
tion of the fluorescent copolymer nanoparticles in the next
step.

3.4. Cellular Uptake and Localization of Polythiophenes. Ini-
tially, the cellular uptake efficiency of polythiophenes was
analyzed using fluorescence microscopy and Tali image-
based cytometry. As shown in Figure 5(a), clear green and
weak red fluorescence from P1 were observed in the cyto-
plasm, but not in the nucleus of the cells, suggesting that
uptake of P1 by the cells was successful. By using an image-
based cytometer, the uptake efficiency of P1 was 81% (by
green fluorescence at 466 nm) or 63% (by red fluorescence
at 543 nm) (Figure 5(b)). Similar cellular uptake (∼88%)
was observed using the P2/Alexa647-labeled siRNA complex
(data not shown), indicating good cell-penetrating activity of
polythiophene-based copolymers.

Next, to identify the detailed location of polythiophenes
in the delivery process, P1 was added to the A549 cells
and localization was determined by three-dimensional stacks
generated from a series of confocal plane images with 1.0 𝜇m
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Figure 4: Particle size of polymer/siRNA complexes in water by DLS calculated by intensity (a) or number (b) average hydrodynamic
diameters.

steps. According to Figure 5(c), a robust orange fluorescence
was detected with a well-uniformed distribution in the
cytoplasm. This indicated that P1 was able to internalize into
cells and escape endosomes to localize in the cytosol. These
results clearly proved that our copolymers are very promising
agents as intracellular delivery systems.

3.5. In Vitro Knockdown and Cytotoxicity Evaluation. The
goal of siRNA-based therapy is to knockdown the expression
of a specific protein to achieve a specific therapeutic effect.
Therefore, finally in this study, the luciferase gene-specific
siRNA was chosen to evaluate the gene knockdown in A549-
luc cells. DharmaFECT1, an efficient commercial transfection
reagent, was used as positive control and showed the best
luciferase knockdown efficiency (∼80%). As for plain PEI
polymer, there was very weak knockdown activity (<8.1%)
and no obvious cytotoxicity when siRNA was applied with
PEI-1.8K at different weight ratios (Figure 6(a)). This result
corroborates with the previous report by Tian et al. and Yang
et al. that low-molecular-weight PEIs have better biocompat-
ibility but poor efficiency [10, 11]. After hydrophobic modi-
fication by P1a, the percentage knockdown of the luciferase
genewas enhanced up to 41.6% at the 0.50mg/mLP1 complex
with 10 nM siRNA. The corresponding cell viability of A549-
luc was 72.3%. At a mid-dose of 0.25mg/mL, the P1/siRNA
complex showed 13.7% KD efficiency with cell viability of
94.8% (Figure 6(b)).

As for P2 with more hydrophobic alkyl chain content, up
to 52.8% luciferase knockdown was achieved with a single
P2/siRNA treatment without obvious cytotoxicity (88% cell
viability, Figures 7(a) and 7(b)), indicating protein-specific
KD activity, but not because of the cytotoxicity of the
materials. At a highmolar ratio of 5 : 1, theP1/siRNA complex
demonstrated a very high KD of 72.3%; however, the cell

viability decreased to 68.6%. These results confirmed the
effectiveness of our PEI-co-polythiophenes for gene delivery.

As gene silencing takes place at the mRNA stage in
the cytosol, the fate of the DDS inside cells and intra-
cellular localization must ensure the availability of siRNA
in this compartment. In our design, PEI-1.8K should be
the active compound to escape the endosomes. However,
with the same RNA-binding capacity and surface positive
charge, the P1/siRNA complexes with higher PEI density and
smaller particle size showed much lower KD efficiency than
hydrophobic P2. This implies that the hydrophobicity of the
alkyl side chain also plays an important role in the effective
delivery of siRNA.

Wehypothesize here twopossible factors thatmay explain
the high uptake and good localization of our polymeric gene
vectors. The first factor involves binding of the hydrophobic
alkyl chain to the inner lipid bilayers of the cell membrane,
thereby contributing to the high cellular uptake. The other
factor is that the rigid polythiophene backbone may help the
compound to penetrate the cell and other membranes, thus
promoting internalization of DDS and also endosome escape.
These two factors may define the higher performance of P2
compared to the more hydrophilic P1. Further studies are
required to clarify whether these two factors are responsi-
ble for the high uptake and knockdown efficiency. Finally,
because siRNA delivery is an intricate and complicated
multiple-step process, the effective tracking of our DDS is
important for providing feedback to the optimization of
carrier design and delivery efficiency [24].

4. Conclusions

Cationic and fluorescent copolymers based on PEI and
polythiophenes have been designed and synthesized for
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Figure 5: CopolymerP1 (0.5 𝜇M)was transfected to theA549-luc cells for 72 h. (a) Fluorescence was detected by a fluorescentmicroscope, (b)
determination of cellular uptake by a Tali image-based cytometer, (c) monitoring the localization of P1 by three-dimensional stacks generated
from a series of confocal plane images with 1.0 𝜇m steps.

siRNA delivery. The conjugated polythiophene endows the
copolymer, as the DDS, with a label-free advantage, which
was found to show good distribution inside A549 cells. The
low-molecular-weight PEI-1.8K allows the graft copolymer
to form nanosized stable complexes with siRNA with low
cytotoxicity. Significant knockdown of the targeted protein
expression was achieved by siRNA delivered through both P1
and P2 copolymers at an appropriate dosage. The hydropho-
bicity of both the thiophene main chain and the alkyl side
chain may also contribute to the cellular uptake and drug

delivery performance. In conclusion, this study demonstrated
that PEI-co-polythiophenes copolymersmight serve as novel,
efficient, low toxic, and self-tracking siRNAdelivery vectors.
We will focus on the function of hydrophobic interactions
and the possible endosome escape mechanism of the fluores-
cent copolymers for gene delivery in future work.
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Figure 6: In vitro gene knockdown and cytotoxicity results of P1/siRNA and PEI-1.8K/siRNA complexes in A549-luc cells. (a) Relative
expression of luciferase after 72 h incubation. (b) Cell viability determined using the CellTiter-Glo kit. The concentration of siRNA was fixed
at 10 nM and DharmaFECT1 (DF) was used as a positive control carrier.
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The introduction of genes into glial cells formechanistic studies of cell function and as a therapeutic for gene delivery is an expanding
field. Though viral vector based systems do exhibit good delivery efficiency and long-term production of the transgene, the need
for transient gene expression, broad and rapid gene setup methodologies, and safety concerns regarding in vivo application still
incentivize research into the use of nonviral gene delivery methods. In the current study, aviral gene delivery vectors based upon
cationic lipid (Lipofectamine 3000) lipoplex or polyethylenimine (Viromer RED) polyplex technologies were examined in cell
lines and primary glial cells for their transfection efficiencies, gene expression levels, and toxicity. The transfection efficiencies of
polyplex and lipoplex agents were found to be comparable in a limited, yet similar, transfection setting, with orwithout serum across
a number of cell types. However, differential effects on cell-specific transgene expression and reduced viability with cargo loaded
polyplex were observed. Overall, our data suggests that polyplex technology could perform comparably to the market dominant
lipoplex technology in transfecting various cells lines including glial cells but also stress a need for further refinement of polyplex
reagents to minimize their effects on cell viability.

1. Introduction

Recent studies have challenged our notions on glia : neuron
interactions and the role that glia play in normal physiology
as well as in the pathology of disease [1–4]. Thus we are
at the crossroads of reexamining our understanding of the
role of glia in the nervous system. Glial cells play important
functions in immune modulation and responses to injury
including scarring, axon guidance, and remyelination repair.
Therefore, glial cells from both central (astrocytes, oligoden-
drocytes, and microglia) and peripheral (Schwann cells) ner-
vous systems are emerging as attractive gene therapy targets
in a range of neurological disorders and trauma [5, 6]. Genetic
manipulation of glia, to modify their expression of specific
molecules, can thus significantly alter their molecular and
physiological reactions to the environment, providing a tool
for better understanding their function under pathological

conditions as well as novel therapeutic targets for neuropro-
tection and neurorepair [7–9]. Though viral delivery systems
remain at the forefront of gene therapeutic approaches, safety
concerns and costs remain significant issues. Furthermore,
the need for fast development times and transient expression
paradigms in vitro and in vivo for gene delivery applications
still incentivize research into the use of nonviral gene delivery
methods. Nonviral gene delivery methods have improved
enormously in recent years and can offer integration-free
expression that is becoming more comparable to that of
viral vectors under certain experimental conditions [10]. In
targeting glial cells, nonviral genetic manipulation has been
performed by physical (ballistic labelling, magnetofection),
electrical (electroporation), or chemical methods (cationic
polymer, cationic lipid, or calcium phosphate) [11–15].

Despite significant research investigation with chem-
ical transfection formulations of cationic lipids (forming
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lipoplexes) and cationic polymers (polyplexes), a number
of limitations remain that have restricted these nonviral
delivery systems from reaching their full potential. The road
to a perfect chemical transfection reagent involves crossing
many hurdles that include the following: (1) capability to
load a broad range of cargoes, (2) highly efficient carrier
to cargo ratios, (3) consistent efficiency of delivery in any
type of cell culturemedia, including those containing varying
amounts of serum, a routinely used cell culture reagent and a
common component of the blood, (4) enhanced transfection
efficiency for a very low amount of biomolecule used, (5)
ability to aid in the efficient survival and timely escape of
the biomolecule into the intracellular milieu from transport
compartments such as the endocytosis machinery, and (6)
capacity to introduce biomolecules to the nucleus, thus
providing the ability to target nondividing cells and allow
for a faster outcome in dividing cells [16, 17]. All these
characteristics need to be improved without causing toxicity
or altering cellular biochemical-molecular signatures. Thus,
to achieve these goals, chemical methods for cell transfection
are being constantly revised and newer transfection reagents
are developed to overcome these limitations and advance the
field [18].

Cationic lipid-based transfection reagents (lipoplexes)
have dominated the field of nonviral gene delivery since
1987 [19]. Cationic polymers (polyplexes) on the other hand
have only attracted attention disproportional to their flex-
ibility in design, formulation, and functionality [16, 20].
Polyethylenimine (PEI) is one of the most highly studied
cationic polymers since its first use in 1995. To date, in 9
out of 16 clinical studies employing nonviral transfecting
agents, some formulation of PEI has been used [8, 20, 21].
Given the limitations of cationic lipid-based technology, such
as colloidal stability, cytotoxicity, and their effects on the
lipid metabolism of the cell, there is a growing need to
optimize cationic polymer technology and other nonviral
delivery methods for clinical and HTS applications [14].
However, most of the cationic polymer based methods are
heavily endosome centric. Escaping degradation by endo-
somal acidification is, therefore, an important requirement
for efficient biomolecule delivery. Current research on PEI
is focused on increasing the buffering capacity of PEI by
adding effective endosomal escape [22]. In that direction,
Viromer technology has modified the polycationic PEI core
by adding hydrophobic and anionic side chains [23]. The
synthetic modification on PEI was performed by emulating
the influenza virus hemagglutinin, with an alteration in the
charge density of Viromer particles to make their surface
charge neutral [23]. This modification provides Viromer
particles the ability to be endocytosed in the presence of
serum and escape effectively from endosomes [23].

In the current investigation we have evaluated the trans-
fection characteristics of Viromer RED, a novel, synthetic,
plasmid-specific carrier molecule based on alkylated and
carboxyalkylated branched PEI (Lipocalyx GmbH, Halle
(Saale), Germany). Qualitative and quantitative experiments
were performed using standard cell culture conditions with a
number of cell lines and primary rat glia cell types, comparing

Viromer RED to Lipofectamine 3000, a leading cationic lipid-
based chemical method of transfection.

2. Materials and Methods

2.1. Reagents. DMEM-high glucose with pyruvate (11995-
065; used for HEK293 and DI TNC1), DMEM-high glucose
without pyruvate (11965-092; used for Schwann cells), FBS
(16000-044; used for HEK293, DI TNC1 and BV2 after heat
inactivation), Penicillin/Streptomycin (15140-122), Trypsin-
EDTA (15400-054), HBSS (14170-112), DNAase-RNAase free
water (14170-112), DPBS (14190-250), and astrocyte medium
(A1261301) were purchased from Gibco, Life Technologies
(Carlsbad, CA). Forskolin (F6886), poly-L-lysine (P2636),
and other chemical reagents were purchased from Sigma-
Aldrich (St. Louis, MO). Heregulin (100-03) was purchased
from PeproTech (Rocky Hill, NJ) and pituitary extract (BT-
215) was purchased from Biomedical Technologies (Alfa
Aeser, Ward Hill, MA). The pMaxGFP plasmid vector for
control transfections was obtained from Lonza (Allendale,
NJ) and pGL4.13 (E668A) was procured from Promega
(Madison, WI). The MidiPlus kit for plasmid preparation
was purchased from Qiagen (Valencia, CA). Lipofectamine
3000 was purchased from Life Technologies (Carlsbad, CA).
Viromer RED was procured from Lipocalyx, Germany.
Costar 96-well assay plate for luminometry (3610) was pur-
chased from Corning Inc. (Corning, NY). CellTiter-Fluor
cell viability assay (G6080), the Luciferase Assay System
(E4030), and 5X passive lysis buffer (E1941) were purchased
from Promega (Madison, WI). Anti-GFAP antibody (Z0334)
was purchased from Dako (Carpinteria, CA) and anti-S100
antibody (S-2532) was purchased from Sigma (St. Louis,
MO). Goat anti-mouse and goat anti-rabbit Alexa Fluor
594 were purchased from Life Technologies (Carlsbad, CA)
and Hoechst 33342 (H3570) was purchased from Invitrogen,
Molecular Probes (Life Technologies (Carlsbad, CA)).

2.2. Animals. Adult female Fischer rats (as Schwann cell
donors; Harlan Laboratories, Indianapolis, IN) and adult
pregnant female Lewis rats (with E18-19 pups as cortical astro-
cyte donors; Charles River Laboratories, Wilmington, MA)
were housed in accordance with National Institutes of Health
Guidelines and the Guide for the Care and Use of Laboratory
Animals. The Institutional Animal Care and Use Committee
of the University of Miami approved all animal procedures.
Efforts were made to minimize the number of animals
used and to decrease animal suffering. Adequate anesthesia
(70mg/kg ketamine, 5mg/kg xylazine) was determined by
monitoring the corneal reflex and hindlimb withdrawal to
painful stimuli. During surgery (sciatic nerve harvest for
Schwann cell culture), the rats were kept on a heating pad to
maintain body temperature at 37±0.5∘C. Pregnant Lewis rats
were euthanized with CO

2
and decapitated before retrieving

the pups for harvesting cortices. Rats were housed two per
cage at a temperature of 24∘C, 12 hr dark/light cycle with ad
libitum access to water and food.

2.3. Cell Culture. HEK293 (ATCC CRL-1573) and DI TNC1
(ATCC CRL-2005) and BV2 cell lines were cultured in
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D10 (DMEM-10% FBS with 1X Pen/Strep). Schwann cells
harvested from adult rat sciatic nerves [24] were seeded on
poly-L-lysine (PLL) coated petri dishes in D10-3M media
(D10, 2𝜇M Forskolin, 10 nM Heregulin, and 20 𝜇g/mL of
pituitary extract). Rat astrocytes isolated from E18-19 rat
cortices [25] were cultured in astrocyte medium (A1261301,
Gibco, Carlsbad, CA) and grown in 75 cm2 vented culture
flasks. All cell cultures were maintained inside a humidified
incubator at 37∘C and 5% CO

2
.

2.4. Transfection. Cells were seeded on either 24- or 96-well
cell culture treated plates at a density to ensure ∼80% conflu-
ent cultures at 24 hr after seeding. Typically 80,000 cells/cm2
surface area of the culture dish were seeded in cell-specific
medium. Transfection using Lipofectamine 3000 was per-
formed according to themanufacturer’s protocol with a DNA
to Lipofectamine ratio of 1 : 3 w/v. A transfection enhancer,
the 3000 enhancer reagent (1 : 2, DNA : Reagent, w/v), was
used along with the Lipofectamine 3000 transfection reagent
for all transfections. Typically 100 ng and 500 ng of plasmid
DNA were transferred to each well of the 96-well plate
and 24-well plates, respectively. The standard complexa-
tion protocol was employed for Viromer RED according
to the manufacturer’s instructions. Briefly, Viromer RED
was diluted (1 : 24 v/v) and the plasmid DNA was diluted
independently to 18 ng/𝜇L in the provided dilution buffer
E. A 22𝜇L volume of diluted DNA was added to 4 𝜇L of
diluted Viromer RED and the mixture then was allowed to
stay at room temperature for 15min. For transfection, 100 ng
of plasmid DNA, Viromer RED mixture, was added to each
well of the 96-well plate by dispensing 6.7 𝜇L per well. In
specified experiments, 6 hr before transfection, themediawas
changed to either DMEMwith antibiotics and without serum
or DMEM with antibiotics and with serum. For quantitative
evaluation of protease activity (as a measure of cell viability),
luminometry, or fluorescence microscopy, cells were used
24 hr after transfection.

2.5. Viability Assay and Multiplexing Luminometry. The via-
bility assay was performed using the CellTiter-Fluor kit
(Promega). Briefly, 80,000 cells/cm2 were seeded on a 96-
well plate and transfected with 100 ng/well of pGL4.13 plas-
mid using either Lipofectamine 3000 or Viromer RED. For
Schwann cells, the 96-well plate was precoated using PLL
for at least one hour. At 24 hr after transfection, 20 𝜇L of
5X assay reagent (containing GF-AFC; glycyl-phenylalanyl-
aminofluorocoumarin-a fluorogenic cell permeable peptide
substrate) was added to the culture wells and incubated at
37∘C for 30min with occasional agitation on the orbital
shaker. Plates with assay reagentwere protected from ambient
light by covering them with aluminum foil. Fluorescence
(in relative fluorescence units; RFU) was measured using a
fluorometer (SpectraMax M5) with 380 nm (excitation) and
505 nm (emission). Values were normalized to the mean of
the nontransfected control for each category and reported as
fold change. After RFU measurements, cells were lysed and
processed for the luciferase assay.

2.6. Luciferase Assay. Cells were seeded at 80,000 cells/cm2
density and transfectedwith 100 ng/well of pGL4.13 luciferase
plasmid using either Lipofectamine 3000 or Viromer RED
as described above. Nontransfected cells served as a negative
control. At 24 hr after transfection, following viability esti-
mation using the CellTiter-Fluor kit (Promega) as described
above, the media was aspirated, the wells were washed
with DPBS (pH 7.4) and 1X passive lysis buffer (Promega)
was directly added to the wells for incubation at room
temperature for 15minutes to lyse the cells. Typically, 20 𝜇L of
1X passive lysis buffer (reconstituted in water) was added to
each well of the 96-well plate and subjected to brief agitation
on an orbital shaker. After cell lysis, 100 uL of luciferase assay
reagent (Promega) was added to each well and the mea-
surement of luminescence was performed using a microplate
reader (SpectraMax M5) at 37∘C with 1,500 milliseconds
of integration time. Readings were taken at least twice and
averaged. Average luminescence (in relative light units; RLU)
was divided by themeanRFUobtained for the samewell from
using the CellTiter-Fluor kit (Promega). Resultant values
were further normalized to the mean RLU/RFU ratio of the
nontransfected control for each category and reported as a
fold change.

2.7. Immunofluorescence. Cells were fixed with 4% para-
formaldehyde and washed with phosphate-buffered saline
(PBS). Following permeabilization with 0.2% Triton X-100
in PBS for 10min and 30min of blocking with 5% BSA in
PBS, they were incubated overnight with anti-S100 (1 : 200)
or -GFAP (1 : 1,000) primary antibodies in blocking buffer.
Subsequently, they were given three washes with PBS and
were incubated for 45min with secondary antibody solution
containing goat anti-rabbit Alexa Fluor 594 (1 : 500) or goat
anti-mouse Alexa Fluor 594 (1 : 500) diluted in 5% BSA +
5% heat-inactivated goat serum in PBS. Hoechst was added
at 1 : 1,000 dilution to the secondary antibody solution. After
incubation, cells were washed with PBS and kept in PBS until
imaging.

2.8. Imaging. Imaging of cultures under bright-field and
fluorescence microscopy was performed using an inverted
fluorescence microscope (Olympus IX70, Center Valley, PA
and Zeiss apo tome Thornwood, NY) with 10X, 20X objec-
tives, DIC Nomarski, EGFP, Cy3, and DAPI filters. Images
acquired on the Olympus microscope were saved in TIFF
format while for the Zeiss Apo tome the ZVI format was used.
ImageJ was employed to extract individual channels from the
ZVI format and resave them in TIFF format. After process-
ing involving multichannel generation, brightness-contrast
(brightness +50–150, contrast 10–100), level adjustments (0–
80, 1.4–4, 255),montage, and channelmixingwere performed
using AdobePhotoshop CS6 (64 bit, San Jose, CA) with post-
processing consistent across comparative images.

2.9.DataAnalysis and Statistics. All quantitative experiments
were performed in quadruplicates. Results were tabulated in
Microsoft Excel and statistical tests and graph generation was
carried out in SPSS v.22. At least 400 cells were counted
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for each condition. The number of transfected cells were
reported as mean ± SD. Comparisons were typically made
either between transfecting reagent groups and/or to control
groups that included untreated or transfected cells without
DNA cargo. ANOVA with multiple comparisons followed by
a Bonferroni post hoc test was used to compute 𝑃 values.
In other conditions, a two-tailed Student’s 𝑡-test with the
assumption of equal variance was used to compare two
samples. A 𝑃 value of < 0.05 was defined as statistically
significant.

3. Results

3.1. Viromer RED Shows Comparable Transfection to Lipofec-
tamine 3000 in a Diversity of Cell Lines. Human embryonic
kidney (HEK293) and immortalized rat diencephalon astro-
cyte (DI TNC1) cell lines were transfected in the presence or
absence of serumwith a pMaxGFPplasmid using either Lipo-
fectamine 3000 or Viromer RED and 6 hr after transfection
the media changed to one that either had serum or did not.
Mouse BV2 microglial cells were transfected similarly but in
the presence of serum. In the case of BV2,media was changed
to one containing serum 4 hr after transfection. Fluorescence
images were captured 24 hr after the transfection and the
semiquantitative analysis of images (Figure 1(a)) suggested
that both Lipofectamine 3000 and Viromer RED had a
comparable transfection capability onHEK293 in the absence
of the serum (%; Lipo-NoFBS 40.3±2.9; VIRO-NoFBS 42.8±
2.9), which decreased after addition of serum (%; Lipo-FBS
34±1.4; VIRO-FBS 33.5±3.1) (Figure 1(a)).The transfection
efficiency of these agents on the DI TNC1 cell line was lower
than that of HEK293, though there was minimal reduction
in transfection rate after addition of serum (%; Lipo-NoFBS
9.8 ± 1.6; VIRO-NoFBS 11.0 ± 1.7; Lipo-FBS 15.5 ± 2.4;
VIRO-FBS 12.7 ± 3.1) (Figure 1(b)). In contrast, Viromer
RED appeared to transfect at a higher rate in the microglial
cell line, BV2 (%; 18.3 ± 6.7), as compared to Lipofectamine
3000 (5.6 ± 1.5, 𝑃 = 0.0324) (Figure 1(c)).

3.2. Viromer RED Shows Comparable Transfection to Lipofec-
tamine 3000 in Primary Glial Cells. Late embryonic primary
rat astrocytes and adult rat Schwann cells were transfected
24 hr after seeding in the presence of serum with a pMaxGFP
plasmid using either Lipofectamine 3000 or Viromer RED.
Bright-field andfluorescence imageswere captured 24 hr after
the transfection. Anti-GFAP and anti-S100 antibodies were
used to demonstrate the purity of the astrocyte and Schwann
cell cultures, respectively (purity> 90%). Both Lipofectamine
3000 and Viromer RED had comparable transfection effi-
ciency in both astrocytes (%; Lipo-FBS 19.3 ± 1.2, VIRO-FBS
18.2 ± 0.7, Figure 2(a)) and Schwann cell cultures (%; Lipo-
FBS 20.3 ± 1.5, VIRO-FBS 19.9 ± 4.0, Figure 2(b)).

3.3. Viromer RED Transfected Cells Exhibit Reduced Via-
bility When Compared to Lipofectamine 3000 Transfected
Counterparts. HEK293 cells, primary rat astrocytes, and
Schwann cells as well as mouse BV2 microglial cells were
transfected with a luciferase producing vector (pGL4.13)
using either Lipofectamine 3000 or Viromer RED. At 24 hr

after transfection, cells were incubated with 5X Gly-Phe-
AFC (GLY-Phe-7-amino-4-trifluoromethylcoumarin); a cell
permeable, fluorogenic substrate that is target of dipeptidyl
peptidases (in particular Cathepsin C) and is a conserved
class of proteases in mammalian cells. Dipeptidyl peptidases
cleave the substrate and release the fluorescent substance over
30min of incubation. Since only live cells can cleave the
substrate, relative fluorescence units (RFU) directly correlate
with the number of viable cells.

Fluorometric data (Figure 3(a)) showed differential
effects on cell viability when transfection was performedwith
Viromer RED. Furthermore, the presence or absence of cargo
and the cell type being transfected were two parameters that
were associated with a change in cell viability after addition of
the transfection agents. The greatest disparity in cell viability
among the two transfecting agents was observed in HEK293
cells where Viromer RED decreased the cell viability by
∼21% (𝑃 < 0.001; nontransfected control) and the addition
of cargo (plasmid pGL4.13) further decreased the viability
by ∼9% (total decrease ∼30%, 𝑃 < 0.001; nontransfected
control), whereas addition of cargo to Lipofectamine
3000 decreased HEK293 viability by ∼15% (𝑃 < 0.001;
nontransfected control). However, for both Viromer RED
and Lipofectamine 3000 there was no significant difference
in viability when comparisons were made to the vehicle
only controls (𝑃 = 0.3435, 𝑃 = 0.3461, resp.). In contrast,
Viromer RED alone caused a statistically significant ∼15%
decrease in HEK293 cell viability when compared directly
to Lipofectamine 3000 transfected cells (𝑃 = 0.0063). This
difference in viability was maintained when both reagents
were loaded with cargos (𝑃 = 0.00625).

Fluorometric data (Figure 3(a)) for primary rat astrocyte
cultures showed no decrease in cell viability with either Lipo-
fectamine 3000 orViromerREDalone.However, the addition
of cargo to Lipofectamine 3000 decreased the viability by
∼18% (𝑃 = 0.0094; nontransfected control, 𝑃 < 0.001; vehicle
only control). Fluorometric data (Figure 3(a)) for primary
rat Schwann cell cultures did not show any difference in
viability after vehicle only or vehicle with cargo transfections
when performed using either Viromer REDor Lipofectamine
3000. It is important to note that transfections using both
of these reagents along with pMaxGFP plasmid (Figure 3(a))
show similar cargo delivery in Schwann cells. In contrast,
cargo loaded Viromer RED was seen to produce ∼9% drop
in viability as compared to cargo loaded Lipofectamine 3000
(𝑃 = 0.0090); however, this drop was not significant when
compared to either nontransfected or Viromer RED only
control (𝑃 = 0.4383, 𝑃 = 0.2987, resp.).

3.4. Viromer RED Transfected Cells Show a Higher Lumines-
cence as Compared to Those Transfected with Lipofectamine
3000. HEK293, primary rat astrocytes, Schwann cells, and
mouse BV2 microglial cells were transfected with luciferase
vector (pGL4.13) using either Lipofectamine 3000 orViromer
RED and were taken up for multiplexed-luminometry 24 hr
after transfection. Media was aspirated and the cells were
washedwith PBS before lysis and proceeding to luminometry.
RLUwas divided by theRFUobtained from the samewell and
normalized to themeanRLU/RFU ratio of the nontransfected
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Figure 1: Viromer RED shows comparable transfection to Lipofectamine 3000 in a diversity of cell lines: HEK293, DI TNC1, and BV2 cells
were transfected with pMaxGFP using Viromer RED (VIRO) or Lipofectamine 3000 with enhancer (Lipo). Transfections were performed
either in serum (+FBS) or without serum (−FBS). Serum containingmedia was added to the cells 4–6 hr after transfection. Phase contrast and
fluorescence images show a robust transfection efficiency by both reagents in HEK293 (a) that decreases in the presence of serum (a, right).
The transfection efficiency was lower in the DI TNC1 cell line compared to HEK293 (b). Viromer RED transfected a higher percentage of BV2
cells with pMaxGFP vector (c) as compared to Lipofectamine 3000 with enhancer. Numbers represent percentage mean ± SD transfected
cells.
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Figure 2: Viromer RED shows comparable transfection to Lipofectamine 3000 in primary glia. Primary rat astrocytes and Schwann cells
were transfected with pMaxGFP using Viromer RED (VIRO) or Lipofectamine 3000 with enhancer (Lipo). Transfections were performed in
serum (+FBS). Phase contrast and fluorescence images show a comparable transfection efficiency by both reagents in primary rat astrocytes
(a) and primary rat Schwann cells (b). No gross change in the morphology of astrocytes or Schwann cells was observed after transfection
using the reagents. Purity of the cultures was assessed using GFAP (for astrocytes, a) and S100 (for Schwann cells, b). Numbers represent
percentage mean ± SD transfected cells.

control. Transfections inHEK293, primary rat astrocytes, and
mouse BV2 microglial cells performed using Viromer RED
consistently showed a higher normalized RLU/RFU ratio
when compared with the same cells transfected using Lipo-
fectamine 3000 (Figure 3(b);𝑃 < 0.001), whereas normalized
luminescence readings after transfection of luciferase vector
using Viromer RED in Schwann cells were not statistically
significant compared to Lipofectamine 3000. In addition, we
also performed an isolated luminometry experiment wherein
we lysed the control, vehicle treated or cargo charged vehicle
treated cells with passive lysis buffer and measured the
luciferase activity 24 hr after transfection. We observed an
upward shift of the highest luminescence but the differences

between transfections performed using Viromer RED and
Lipofectamine 3000 remained statistically significant (data
not shown).

4. Discussion

Introduction of exogenous genetic material into glial cells
is a powerful technique that provides the capability to
manipulate and understand glial cell behavior under various
experimental conditions. With the advent of CRISPR/CAS
genome editing, HTS, and the optimized drug discovery
work flow, the demand for effective, scalable, quick to set
up gene delivery methods is an expanding need. Research
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Figure 3: (a) Viromer RED shows differential viability in cell lines and primary cells: HEK293, primary rat astrocytes, primary rat Schwann
cells, and BV2 microglial cell were treated with transfection reagents with or without cargo (blue = untreated control, green = Lipofectamine
3000 with enhancer, gray = Viromer RED, purple = Lipofectamine 3000 with enhancer with pGL4.13 luciferase plasmid, orange = Viromer
RED with pGL4.13 luciferase plasmid, and red = 1% hydrogen peroxide (H

2

O
2

) treated cells for 5min before the addition of CellTiter-Fluor
reagent). Cells were assessed for viability 24 hr after transfection using CellTiter-Fluor reagent. Absolute fluorescence (RFU measured at
380 nm Excitation/505 nm Emission) was normalized to mean fluorescence of nontransfected cells and fold change reported. Comparisons
were made within the untreated control (∗), within the transfection reagents (with or without cargo), (&) and across the transfection reagents
(within cargo or no cargo group) (#) in the respective cells/cell lines. Values represent mean ± 1 SD. ∗,&,#𝑃 < 0.05; ∗∗,&&,##𝑃 < 0.01;
∗∗∗,&&&,###

𝑃 < 0.001. (b) Viromer RED transfected cells show a higher luminescence as compared to those transfected with Lipofectamine
3000: HEK293, primary rat astrocytes, primary rat Schwann cells, and BV2 microglial cell lines were treated with transfection reagents,
with or without cargo (blue = untreated control, green = Lipofectamine 3000 with enhancer, gray = Viromer RED, purple = Lipofectamine
3000 with enhancer with pGL4.13 luciferase plasmid, and orange = Viromer RED with pGL4.13 luciferase plasmid). Cells were lysed 24 hr
after transfection following the assessment of viability (absolute fluorescence (RFU)) using CellTiter-Fluor reagent. Luminescence (RLU) was
measured using the luciferase assay reagent.The RLU/RFU ratio data was normalized to themean RLU/RFU ratio of the nontransfected cells.
Comparisons were made across the transfection reagents (with cargo group) (#) in the respective cells/cell lines. Values represent mean ± 1
SD. ###𝑃 ≤ 0.001.

studies into developing novel nonviral gene delivery agents
continue to grow and have provided important data on their
feasibility and applicability [26, 27]. This is illustrated by the
recent investigation of at least 7 different nonviral delivery
systems in various phases of clinical study [18].

In the current study the efficiency of Viromer particles
to deliver plasmid DNA to relatively difficult to transfect
primary cells (astrocytes and Schwann cells) was tested,
following initial evaluation in commonly used cell lines:
HEK293, microglial cells (BV2), and rat astrocytes (DI
TNC1). For comparison, the latest and leading cationic lipid-
based reagent, Lipofectamine 3000 with enhancer [28], was
employed. A robust transfection of pMaxGFP plasmid in
HEK293 cells was observed which was dramatically lower
in DI TNC1 and BV2 cells. A comparable reduction in
transfection efficiency was then seen in the presence of
serum. However, Viromer RED transfected a higher number
of BV2 microglia (𝑃 = 0.0324) in the presence of serum as
compared to Lipofectamine 3000 (with enhancer). Next, the
capability of Viromer RED to deliver a luciferase construct

to primary cells (astrocyte and Schwann cells) was evaluated
and quantified using luminescence 24 hr after transfection.
When compared to Lipofectamine 3000, results suggested
that luciferase activity was higher in cells transfected using
Viromer RED (𝑃 < 0.001). However, both transfection
reagents performed similarly, but poorly, in their ability to
transfect Schwann cells. Previously, it has been shown that
the transfection of primary rat astrocytes using PEI produces
rapid transgene expression when compared to transfection
with cationic lipids [29]. In the same investigation it was
reported that the cationic lipid-based method displayed
a greater plasmid DNA delivery and produced a higher
percent transfection with EGFP compared to PEI [29].
In the present study, Lipofectamine 3000 (with enhancer)
transfected (pMaxGFP) a higher percentage of cells com-
pared to Viromer RED (Figures 1 and 2). However, when
transgene expression was measured through the transfection
of a luciferase construct, Viromer RED outperformed Lipo-
fectamine 3000 (with enhancer) (Figure 3(b), 𝑃 < 0.001).
This paradox is supported by previous mechanistic studies
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showing that liposomes hindered the effective transition of
DNA complexes from the cytoplasm to nucleus, likely by
prolonging their binding to the plasmid DNA [29, 30].

Although Viromer RED technology was specifically
designed to overcome the limitations observed with serum
on transfection efficiency, in the current investigation both
Lipofectamine 3000 (with enhancer) and Viromer RED
performed similarly in the presence of serum and in some
cases the former appeared superior. However, the addi-
tion of serum did exhibit a dramatic effect on pMaxGFP
expression when either of the transfection reagents was used
(Figure 1). The presence of serum has been well documented
to modulate the transfection efficiency of lipoplexes and
polyplexes, where in the size of lipoplexes, surface charge
density, colloidal stability, and altered uptake mechanisms
(caveolae or clathrin dependent) have been suggested to
play an important role [31–35]. The current experiments
were conducted in 10% FBS and a standard protocol for
Viromer preparation was used. The neutral surface charge of
Viromer has been suggested to lead to less aggregation in the
presence of serum, thus enhancing its functionality [23, 36].
Our results suggest that this enhanced functionality in the
presence of serum might be a cell-specific effect and that
further optimization of the Viromer design may be necessary
to enhance its serum tolerance and reduce the cell to cell
variability in transfection efficiency.

Schwann cell transfection by nonviral methods has been
attempted before [37, 38]. In one study, the efficiency using
FuGENE HD was 2% and with Amaxa© nucleofection was
10% [39]. Another method, employing specialized media
and electroporation pushed transfection efficiency to 20–
40% [40]. Even though nucleofection remains the method of
choice for obtaining high transfection efficiencies, concerns
have been raised about the posttransfection aggregation
behavior of Schwann cells [39]. In the current study, Schwann
cells were subjected to both regular transfection and retro-
transfection using Lipofectamine 3000 and Viromer RED.
We observed comparable, but low, transfection efficiency
with both agents, though we did not observe any change
in morphology after transfection (Figure 2(b)). Previously,
another study reported no gross changes in cell morphology
after transfecting Schwann cells with Lipofectamine 2000, the
previous generation cationic lipid-based transfection agent
[16]. These results suggest that the observed morphology
changes in Schwann cells after electroporation were related
to the specific media formulations employed and/or the
electroporation parameters used. Our findings regarding
Viromer RED and Lipofectamine 3000 (with enhancer agent)
compatibility to retrotransfection provide feasibility data in
support of research studies interested in exploring attach-
ment characteristics of Schwann cells.

The comparative cell viability among transfecting agents
was evaluated using Gly-Phe-AFC, a highly specific cell
permeable fluorogenic substrate for the conserved protein
Cathepsin C (dipeptidyl aminopeptidase I) [41]. The Gly-
Phe-AFC based aminopeptidase assay performs comparably
with the ATP assay and is capable of detecting as low as 10
cells per well with generated fluorescence proportional to the
number of cells, thus being a marker for cell viability [41].

When equal numbers of cells were seeded and transfected
with pGL4.13 luciferase vector using either Lipofectamine
3000 (with enhancer agent) or Viromer RED followed by
incubationwithGly-Phe-AFC24 hr later, ViromerREDalone
was shown to decrease the viability of HEK293 cells. The
loading of cargo on Viromer RED further decreased the
viability of both HEK293 cells and astrocytes (𝑃 < 0.01),
though Schwann cell viability was unaffected.This is probably
due to decreased efficiency of transfection in Schwann cells.
Cargo induced decreases in viability were also observed
for Lipofectamine 3000 (with enhancer agent), though no
significant difference between agent and agent with cargo was
observed in astrocytes. A marked difference in Cathepsin C
activity between HEK293, astrocytes, and Schwann cells was
also observed across similar cell numbers. This could be the
result of differences in cell cycle times, cell size, and the basal
levels of Cathepsin C in the cell lines used.

Nonviral gene delivery agents are constantly redesigned
to enhance transfection efficiency and decrease cytotoxicity.
PEI has been previously reported to enhance transfection
as well as display toxicity depending on its size and con-
centration, with active endeavors in its modification to
improve its cytotoxicity profile [42–44]. Our results suggest
that even though Viromer RED provides enhanced trans-
gene expression, it still suffers from toxicity in selected
cell lines after cargo loading, though a degree of toxicity
was also shared with the leading cationic lipid compound
that was comparatively used. Further optimization of cell
seeding densities or complexation parameters for different
cell systems may provide a way to reduce these negative
effects on cell viability [45, 46]. Viromer technology has been
further developed to suit the needs of different biomolecules
(plasmid DNA, siRNA) and has been investigated previously
on both neuronal (SHSY5Y) and nonneuronal cell lines
(Ramos, RAW264.7 macrophages) [47–51].

Our findings show that Viromer RED shows substantial
transfection efficiency, even in the presence of the serum and
is able to transfect a variety of cell lines as well as primary
rat glial cells, including astrocytes and Schwann cells. This is
the first report to test the capability of the plasmid-specific
synthetic transfection agent Viromer RED in comparison to
an efficient cationic lipid-based formulation across multiple
cell types. The results demonstrate the maturation of PEI
based synthetic nonviral delivery vector technology and
shows the feasibility of Viromer RED as suitable alternative
to leading cationic lipid-based reagents in studies involving
regular transfection and high-throughput experiments on
primary glial cells.

5. Conclusion

In summary, we have evaluated the capability of Viromer
RED in transfecting two different plasmid DNAs (fluo-
rescent protein and luciferase encoding) into various cell
types, including primary rat glial cells, when compared to
an efficient cationic lipid-based transfecting reagent (with
enhancer), Lipofectamine 3000. We observed their compa-
rable capability to transfect immortalized cells and primary
astrocytes in the presence of the serum. We also observed an
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enhanced transgene activity using the luciferase system in the
presence of Viromer RED. Overall the current study shows
that with additional optimization of its cytotoxicity profile,
especially after cargo loading, and with suitable functionality
grafting, Viromer technology can position itself as a suitable
alternative to prevalent cationic lipid technology. Our study
concludes that Viromer RED is retrotransfection compatible
in rat astrocytes and Schwann cells and, therefore, with
proper optimization can be used for studies dealing with cell
attachment and HTS based applications.
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Biomaterials play a pivotal role in regenerative medicine, which aims to regenerate and replace lost/degenerated tissues or organs.
Natural bone is a hierarchical structure, comprised of various cells having specific functions that are regulated by sophisticated
mechanisms. However, the regulation of the normal functions in damaged or injured cells is disrupted. In order to address this
problem, we attempted to artificially generate a scaffold formimicking the characteristics of the extracellularmatrix at the nanoscale
level to trigger osteoblastic cell growth. For this purpose, we have chemically grafted bonemorphogenetic protein (BMP-2) onto the
surface of L-glutamic acid modified hydroxyapatite incorporated into the PLGA nanofiber matrix. After extensive characterization
using various spectroscopic techniques, the BMP-g-nHA/PLGA hybrid nanofiber scaffolds were subjected to various in vitro
cytocompatibility tests. The results indicated that BMP-2 on BMP-g-nHA/PLGA hybrid nanofiber scaffolds greatly stimulated
osteoblastic cells growth, contrary to the nHA/PLGA and pristine PLGA nanofiber scaffold, which are used as control.These results
suggest that BMP-g-nHA/PLGAhybrid nanofiber scaffold can be used as a nanodrug carrier for the controlled and targeted delivery
of BMP-2, which will open new possibilities for enhancing bone tissue regeneration and will help in the treatment of various bone-
related diseases in the future.

1. Introduction

Bone defect healing and regeneration are a significant clinical
challenge. Bone loss occurs due to traumatic injury, tumor
resection, osteonecrosis, osteoclastic bone resorption, and
infection. Due to the risks involved in using conventional
approaches that attempt to reverse bone loss, such as bone
autografts and allografts, bone tissue engineering strate-
gies based on endogenous bone healing mechanisms have
recently attracted the attention of the scientific community [1,
2]. The stimulation of osteogenesis as well as angiogenesis is
considered equally important in bone tissue engineering and
regeneration due to the fact that bone is a highly vascularized
and mineralized tissue [3]. Retarded angiogenesis during
bone tissue regeneration results in poor, weak, and unsustain-
able bone formation. Thus, both osteogenic and angiogenic
growth factors are being used to induce and accelerate

the formation of vascularized bone tissue. Among the growth
factors, bone morphogenetic protein-2 (BMP-2) is well
known as a potent osteogenic growth factor for stimulating
bone tissue regeneration [4, 5]. Although, BMP-2 given
alone enhances bone tissue regeneration in both ectopic and
orthotopic sites [6, 7], there remains a need for developing
more sophisticated drug (growth factor) delivery systems
for enhancing the tissue regeneration capability of these cell
growth factors [6]. The prevalence of the growth factor sig-
naling during tissue regeneration has led to the development
of novel strategies, which are employed for delivering the
growth factors to various tissues. The conventional method
involves the bulk delivery of growth factors to the site of
interest via direct injection, but the efficiency of this approach
is very limited and no significant goals have been achieved in
terms of new bone tissue regeneration [8]. Other approaches
have been adapted for the sustained and controlled delivery
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of proteins or drugs for extended periods, avoiding the usual
limitations that conventional techniques are facing. These
approaches include the use of polymer sponges (e.g., col-
lagen sponges), hydrogels, micro/nanoparticles, and thin
films techniques for delivering growth factors in a sustained
manner [8, 9]. Among the various methods employed so far,
electrospinning combinedwith chemical grafting for the pro-
duction of hybrid nanofibers is regarded as one of the most
sophisticated methods used for the controlled release of drug
and has demonstrated promising outcomes in various aspects
of the tissue engineering field [10–13].

Bone has collagen and calcium apatite mineral as its
two main constituents. Collagen is comprised of fibrils that
mineralize due to the formation of mineral crystals in the
gaps between fibrils [14, 15]. Biodegradable polymer matrices
mimicking collagen have been used in conjunction with var-
ious mineral-mimicking synthetic filler materials (bioactive
glasses and ceramics) not only to improve the mechanical
properties but also to produce biocompatible and biodegrad-
able hybrid materials for bone tissue engineering [15–18].
However, the interface between organic and inorganic mate-
rials happens to be poor, contrary to that of mineral and
collagen in natural bone, which is considered an ideal hybrid
material interface. The organic/inorganic interface is usually
determined by the nature and polarities of the filler mineral
phase and the polymer matrix phase. Among the available
biocompatible substrates, hydroxyapatite (HA) has been
widely used as a bioactive agent in studies that attempt to
regenerate defective bone tissues. Additionally, HA is known
to act as an effective adhesive material for various biological
cells [19]. Unmodified HA, however, has a poor interface
with the polymer matrix. Various techniques have been used
to overcome this problem of poor interface; one such well-
known and widely used approach is the surface modification
(i.e., hydrophobic or hydrophilic modification) of the filler
and polymer [20]. Researchers have focused more on the
surface modification of the fillers (such as calcium apatites)
rather than on polymer surface modification due to the ease
and convenience offered by these calcium apatites as com-
pared to polymers.

Poly(L-lactide-co-glycolide) (PLGA) is a biodegradable
and biocompatible copolymer that has been approved by the
Food and Drug administration (FDA) in the United States
and has been widely used for drug delivery purposes due to
a number of advantageous features [21]. First, PLGAmaterial
properties (i.e., molecular weight) and degradation rate can
be altered by slightly changing the monomer ratio of lactide
and glycolide [16]. Secondly, electrospun pristine PLGA as
well as its hybrid nanofiber scaffolds can carry not only small
molecules but also proteins and functionalized nanoparticles
[9].

The purpose of this study was to prepare and investigate
the potential of novel nHA/PLGA hybrid nanofiber scaffolds
as drug delivery devices for cell affinity, osteoconduction,
and osteoinduction enhancement. For this purpose, BMP-
g-nHA/PLGA hybrid nanofiber scaffolds were fabricated by
combining electrospinning and chemical grafting techniques.

After extensive characterization, the BMP-g-nHA/PLGA
hybrid nanofiber scaffolds were subjected to standard in vitro
cell-based assays to evaluate their potential as new bone tissue
regenerating and implanting materials.

2. Materials and Methods

PLGA (lactide : glycolide = 85 : 15 and average molecular
weight of 240,000Mw) and L-glutamic acid were purchased
from Sigma-Aldrich. BMP-2 was purchased from the South
Korea bone bank. Hydroxyapatite nanorods (nHA) were
synthesized using in-house established methods [16]. Min-
imal essential medium- (MEM-) alpha and the osteoblast
MC3T3-E1 cell linewere purchased from theKorean cell bank
(Seoul, South Korea). 5-Bromo-2-deoxyuridine (BrdU) and
alizarin red staining kits were purchased from Roche Molec-
ular Biochemicals (Indianapolis, IN, USA) and Millipore
(Billerica, MA, USA), respectively. Fetal bovine serum (FBS)
and penicillin G-streptomycin were purchased from Gibco
(Tokyo, Japan). All reagents and chemicals in this study were
used without any further purification.

2.1. L-Glutamic Acid Immobilization onto the Surface of nHA.
Pristine nHA was synthesized via chemical precipitation
using previously describedmethods [2]. In order to introduce
amino acids to the surface of nHA, L-glutamic acid was
dissolved in distilled water.Then, the free terminal carboxylic
groups of L-glutamic acidwere activated at room temperature
for 6 h using water soluble carbodimiide (WSC) with gentle
stirring. To prepare nHA-g, nHA was added to the aqueous
solution of L-glutamic acid, 1-ethyl-3-(3-dimethylaminopro-
pyl) carbodiimide hydrochloride (EDC, 0.5 g; 0.25 wt%), and
N-hydroxysuccinimide (NHS, 0.05 g, 0.25 wt.%) and gently
stirred for 6 h. The nHA-g were washed twice with double
distilled water, centrifuged at 13,000 rpm, and then freeze-
dried.

2.2. Grafting of BMP-2 to the Surface of nHA-g. To graft
BMP-2 to nHA-g, freeze-dried nHA-gwere dispersed into the
PLGA (THF :DMF = 3 : 1) solution. The PLGA and nHA-g
solution was then electrospun using optimized parameters.
After the solution was electrospun, the hybrid nanofiber was
used for BMP-2 grafting. This grafting was done in several
steps. First, the nHA-g/PLGA electrospun nanofiber scaffold
was immersed in an aqueousWSC solution and stirred gently
for 6 h at room temperature.This stepwas performed in order
to activate the free terminal COOH group located on the sur-
face of nHA-g. Second, BMP-2 was added to the solution.The
solutionwas then stirred gently for 6 h at room temperature to
obtain a BMP-g-nHA/PLGA hybrid nanofiber scaffold. The
BMP-g-nHA/PLGA hybrid nanofiber scaffold was washed
with distilled water to remove impurities and then freeze-
dried. The synthetic process is summarized in Figure 1. The
same method was repeated for the labeling of BMP-2 with
fluorescein isothiocyanate (FITC).

2.3. Characterization. The nanostructure of the electrospun
pristine PLGA, nHA/PLGA, and BMP-g-nHA/PLGA hybrid
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Figure 1: Schematic representation of BMP-2 grafting onto the surface of nHA/PLGA nanofiber scaffold.

nanofiber scaffolds was evaluated by field emission scanning
electron microscopy (FE-SEM, 400 Hitachi, Tokyo, Japan).
Fourier transform infrared (FTIR, Mattson, Galaxy 7020A)
spectra of the pristine PLGA, nHA/PLGA, and BMP-g-
nHA/PLGA hybrid nanofiber scaffolds were also recorded.
Prior to analysis, the samples were mixed with KBr and
shaped into disks under hydraulic pressure. The presence of
nHA and nHA-g in the electrospun nHA/PLGA and BMP-g-
nHA/PLGA hybrid nanofiber scaffolds was studied by trans-
mission electronmicroscopy (TEM, H-7600, Hitachi, Japan).
The electrospun hybrid nanofiber scaffolds were collected
during the electrospinning process onto carbon grids, which
were fixed to the collector. The nHA and nHA-g samples for
TEM measurement were prepared by suspending the nHA
and HA-g into distilled water and collected onto a carbon
grid. Sampleswere dried at room temperature before analysis.
The qualitative and quantitative chemical analyses of the
pristine PLGA, nHA/PLGA, and BMP-2-g-HA/PLGA hybrid

nanofiber scaffolds along with pristine nHA and nHA-
g were carried out by electron spectroscopy for chemical
analysis (ESCA, ESCA LAB VIG microtech Mt 500/1, Etc
East Grinstead, UK) using Mg K𝛼 radiation at 1,253.6 eV and
150W power mode at the anode. A survey scan spectrum
was taken, and the surface elemental compositions relative
to carbon were calculated from the peak heights taking into
account atomic sensitivity. Furthermore FITC labeled BMP-
g-nHA/PLGA hybrid nanofiber scaffolds were visualized by
confocal laser microscope.

2.4. Bioactivity and Cellular Response

2.4.1. Osteoblastic Cell Culture. To examine the interac-
tion of PLGA, nHA/PLGA, and BMP-g-nHA/PLGA hybrid
nanofiber scaffolds with osteoblastic cells (MC3T3-E1), the
nanofiber scaffolds were cut into small circular discs, fitted
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inside a 4-well culture dish, and immersed separately into
a MEM medium containing 10% fetal bovine serum (FBS;
Gibco; Invitrogen, Carlsbad, CA,USA). Subsequently, 1mLof
the MC3T3-E1 osteoblast cell solution (3× 104 cells/mL) was
added to the surface of the nanofiber scaffolds and incubated
in a humidified atmosphere containing 5% CO

2
at 37∘C for 1

and 3 days. After incubation, the supernatant was removed.
The nanofiber scaffolds were washed twice with phosphate-
buffered saline (PBS; Gibco, Langley, OK, USA) and were
fixed for 15min via 2.5% glutaraldehyde solution. The nano-
fiber scaffolds were then dehydrated and dried in a critical
point drier and sputter-coated with gold. Finally, the surface
morphology of the nanofiber scaffolds was visualized by a
field emission scanning electron microscope (FE-SEM 400
Hitachi, Tokyo, Japan) [16, 22].

2.4.2. Cell Proliferation. Proliferation of MC3T3-E1 osteo-
blastic cells seeded on the pristine PLGA, nHA/PLGA, and
BMP-g-nHA/PLGA hybrid nanofiber scaffolds was deter-
mined using a colorimetric immune assay, based on the BrdU
measurement [16]. The assay was performed according to
the manufacturer’s (ELISA, Roche Molecular Biochemicals)
instructions. Briefly, after cell culture for 48 h, BrdU-labeling
solution was added to each well. The solution was allowed to
incorporate into the cells in a CO

2
incubator at 37∘C for 20 h.

Subsequently, the supernatant in each well was removed by
pipetting and the wells were washed twice with PBS.The cells
were treated with 0.25% trypsin-ethylenediaminetetraacetic
acid (EDTA) (Gibco, Tokyo, Japan) and harvested by cen-
trifuging the cell solution at 1000 rpm for 15min. The har-
vested cells were mixed with FixDenat solution to fix the
cells and denature the DNA and then incubated for 30min.
Subsequently, a diluted anti-BrdU peroxidase (dilution ratio
is 1 : 100) was added to the cells and incubated at 20∘C for
120min. After removing the unbound antibody conjugate,
100 𝜇L substrate was added and allowed to stand for 20min.
The reaction was completed by adding 25 𝜇L H

2
SO
4
solution

(1M).The solutionwas then transferred to a 96-well plate and
measuredwithin 5min at 450 nmwith a referencewavelength
of 690 nm, using an ELISA plate reader (EL 9800). The blank
reading corresponded to 100 𝜇L of the culture medium with
or without BrdU [16, 22].

2.4.3. Cytoskeletal Organization. To evaluate cellular cyto-
skeletal organization on the pristine PLGA, nHA/PLGA,
and BMP-g-nHA/PLGA hybrid nanofiber scaffolds, dou-
ble staining was performed according to the previously
reported method [22]. Briefly, osteoblast cells were seeded
onto the nanofiber scaffolds (2× 104 cells/mL) separately and
cultured for 3 days. The cells were then fixed with 4%
paraformaldehyde in PBS. After fixation, the samples were
washed using a PBS containing 0.05%Tween-20.The samples
were permeabilized with 0.1% Triton X-100 in PBS for 15min
at 25∘C and then incubated for 30min in a PBS containing
1% bovine serum albumin (BSA). This was followed by

the addition of 5(6)-tetramethyl-rhodamine isothiocyanate-
conjugated phalloidin (TRITC Millipore) for approximately
1 h. The nanofiber scaffolds were washed three times (10min
each) using the buffer solution and incubated with 4,6-
diamidino-2-phenylindole (DAPI, Millipore) for 5min. Flu-
orescence images were visualized using a confocal laser-
scanning microscope (Model 700; Carl Zeiss, Oberkochen,
Germany).

2.4.4. Alizarin Red Staining. Alizarin red staining of the
MC3T3-E1 osteoblastic cells cultured on the pristine PLGA,
nHA/PLGA, and BMP-g-nHA/PLGA hybrid nanofiber scaf-
folds was performed to examine mineralization and differ-
entiation. Briefly, after culturing the MC3T3-E1 osteoblasts,
the medium was aspirated without disturbing the cells. The
culture dish with the osteoblastic cells was washed twice
with PBS. The cells were then fixed with 10% formaldehyde
and incubated for 15min at room temperature. The fixative
reagent was removed carefully, and the cells were rinsed three
times (10min each) with distilled water to avoid disturbing
the monolayer. After washing, the excess water was removed
and alizarin red staining solution (1mL/well) was added to
the cells and the samples were incubated for 30min. Subse-
quently, the excess dye was removed from the stained cells
by washing the samples four times with distilled water (5min
each) with gentle rocking. Digital images of the stained cells
were obtained with light microscope [16, 22].

2.4.5. Von Kossa Assay. Calcium deposition of MC3T3-E1
cells was examined by Von Kossa staining. The cells were
cultured for 15 days on the pristine PLGA, nHA/PLGA,
and BMP-g-nHA/PLGA hybrid nanofiber scaffolds under
the same conditions as described in the alizarin red stain-
ing experiment [2]. Briefly, after incubation, the cells were
washed three times with PBS for 5min, fixed with 10%
formaldehyde for 30min, and washed three times with dis-
tilledwater for 10min.Thefixed sampleswere treatedwith 5%
AgNO

3
solution for 5min under ultraviolet radiation. After

removing the AgNO
3
solution, the samples were washed with

PBS twice followed by addition of 5%Na
2
S
2
O
3
solution to the

plate. Plates were allowed to stand for 5min. Finally, the sam-
pleswerewashed twicewith distilledwater, and digital images
of the stained cells were obtained [16, 22].

2.5. Statistical Analysis. The results are displayed as mean±
standard deviation. The statistical differences were deter-
mined using a student’s two-tailed test. Scheffe’s method was
used for the multiple comparison tests at a level of 95%.

3. Results and Discussion

3.1. Preparation of the Nanofiber Scaffolds. Figure 2 depicts
the FE-SEM images of the pristine PLGA, nHA/PLGA and
BMP-g-nHA/PLGA hybrid nanofiber scaffolds. From the
images it is obvious that the pristine PLGA (Figure 2(a)),
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Figure 2: FE-SEM images of (a) pristine PLGA, (b) nHA/PLGA, and (c) BMP-g-nHA/PLGA hybrid nanofiber scaffolds.
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Figure 3: TEM images of (a) pristine nHA, (b) nHA-g, (c) nHA/PLGA, and (d) BMP-g-nHA/PLGA hybrid nanofiber. The onsets of (a) and
(b) show the highly magnified TEM images of the pristine nHA and nHA-g, respectively.

nHA/PLGA (Figure 2(b)) and BMP-g-nHA/PLGA (Figure
2(c)) hybrid nanofiber scaffolds have uniform and beadless
morphologies. The morphology of the nanofibers was not
influenced by the incorporation of nHA.

3.2. TEM Study. Figure 3 illustrates the TEM images of the
pristine nHA (a), the nHA-g (b), nHA/PLGA (c), andBMP-g-
nHA/PLGA (d) hybrid nanofiber scaffolds. It is quite obvious
from Figure 3 that, after the surface modification of nHA
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Figure 4: FTIR spectra of (a) pristine nHA, (b) nHA-g, (c) PLGA, and (d) BMP-g-nHA/PLGA.

with L-glutamic acid (nHA-g), the nHA-g showed better
dispersion (Figure 3(b)) in the solvent as well as in the PLGA
matrix (Figure 3(d)) as compared to the pristine nHA, which
showed poor dispersion in both solvent (Figure 3(a)) and
PLGAmatrix (Figure 3(c)).The better dispersion of the nHA-
g in the solvent as well as in the PLGA could be attributed to
the presence of L-glutamic acid groups on the surface, which
resulted in the increased repulsion between the nHA-g.

3.3. Surface Characterization. FTIR spectra of the pristine
nHA, PLGA, nHA/PLGA, and BMP-g-nHA/PLGA hybrid
nanofiber scaffolds were taken to confirm the presence of L-
glutamic acid on the surface of nHA and the successful graft-
ing of BMP-2 to nHA/PLGA nanofiber matrix.The spectrum
of pristine nHA showed two characteristic sharp band of a
regular tetrahedral PO4

−3 in the regions of 1000 to 1100 cm−1

and free hydroxyl group at 3580 cm−1 (Figure 4(a)) [16]. The
weak doublet bands in the region of 2950 cm−1 3000 cm−1

and a band between 3000 to 3500 cm−1 in the spectrum of
nHA-g were attributed to hydrocarbons (CH, CH

2
) and car-

boxylic acid (COOH)moiety of L-glutamic acid, respectively,
(Figure 4(b)) [23, 24]. The spectrum of PLGA (Figure 4(c))
showed a characteristic sharp band in the region of 1720 cm−1
due to carbonyl (C=O) stretching. Furthermore, two bands in
the region of 2950 cm−1 to 3000 cm−1 were assigned to hydro-
carbons (CH, CH

2
). The spectrum of BMP-g-nHA/PLGA

(Figure 4(d)) showed all the characteristic bands of nHA, L-
glutamic acid, and PLGA. The weak bands at 1648 cm−1 and
at 1540 cm−1 were attributed to the stretching vibration of the
amide I (-CONH-) and the bending vibration of amide II
(-CONH-) within peptide bond, showing the presence of
BMP-2 in the nanofiber scaffold [22]. The reduced intensities
of the bands at 1648 cm−1 and 1540 cm−1 for amide I (CONH)
and amide II (CONH) were attributed to the influence of the
excess amount of PLGA [22].

An ESCA survey scan was conducted to confirm the
presence of pristine nHA and nHA-g in the PLGA nanofiber.
The photoelectron signals of nitrogen (N1s) and sulfur (S2p)
were considered as themarkers of choice for the confirmation
of successful grafting of BMP-2 to nHA-g embedded in the

Table 1: Chemical composition of the nHA, nHA-g/PLGA, and
BMP-g-nHA/PLGA calculated from ESCA survey scan spectra.

Substrates Atomic percent (%)
C O Ca P N S

nHA 2.20 66.85 19.81 16.64
PLGA 64.61 35.39
nHA/PLGA 61.20 35.50 3.00 4.90
BMP-g-nHA/PLGA 65.80 31.68 1.20 <0.6 <0.79 0.05

PLGA nanofiber [16, 23]. The ESCA spectra of PLGA nano-
fibers (Figure 5(c)) showed two photoelectron signals corre-
sponding to C1s (binding energy, 284.6 eV) and O1s (binding
energy, 536.1 eV). Whereas nHA (Figure 5(a)) showed three
characteristic peaks at 536.1, 347.9, and 133.2 eV, which were
assigned to O1s, Ca2p, and P2p, respectively. The character-
istics peaks of both PLGA and nHA appeared in spectra of
nHA/PLGA hybrid nanofiber scaffolds (Figure 5(b)) [16, 22].
Beside the photoelectron signal of nitrogen, an additional
photoelectron signal corresponding to sulfur (S2p, binding
energy 164.05 eV) appeared in the survey scan of BMP-g-
nHA/PLGAhybrid nanofiber.The appearance of themarkers,
nitrogen N1s, and sulphur S2p peaks in the survey scan
spectrum of BMP-g-nHA/PLGA (Figure 5(d)) confirmed the
successful grafting of BMP-2 to nHA-g embedded in the
PLGA electrospun nanofiber [22].

The changes in the chemical composition of pristine
PLGA, nHA/PLGA, and BMP-g-nHA/PLGA scaffolds were
calculated from the ESCA survey scan spectra. From Table 1,
it is evident that nHA shows typical peaks of O1s (66.85%),
Ca2s and Ca2p (19.81%), and P2s and P2p (16.64%). The
atomic wt% of nitrogen (N) and sulfur (S) was zero in the
pristine nHA and PLGA nanofiber scaffold. The successful
grafting of BMP-2 onto the surface of nHA/PLGA was
confirmed by the appearance of sulfur (S) alongwith nitrogen
(N), carbon (C), phosphorous (P), calcium (Ca), and oxygen
(O).

The grafting of BMP-2 onto the surface of nHA-g embed-
ded into PLGA nanofiber was further confirmed by protein
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Figure 5: ESCA survey scan spectra of (a) pristine nHA, (b) nHA/PLGA, (c) PLGA, and (d) BMP-g-nHA/PLGA hybrid nanofiber scaffolds.
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Figure 6: Confocal fluorescence images of FITC-labeled BMP-g-nHA/PLGA hybrid nanofiber scaffolds.

labeling using FITC fluorescent dye. Figure 6 depicts the
confocal laser microscope images of BMP-g-nHA/PLGA
hybrid nanofiber scaffold at two different magnifications.The
exhibited green fluorescence in the images (Figures 6(a) and
6(b)) was attributed to the presence of FITC labeled BMP-
2. This result confirmed that BMP-2 protein was successfully
grafted onto the surface of nHA/PLGA nanofiber scaffold.
Figure 6(b) shows the clear and highlymagnified image of the
BMP-g-nHA/PLGA hybrid nanofiber scaffolds. As shown in
Figure 6(b), fluorescence of FITC appeared on the nanofiber
surface, indicating the presence of BMP-2 molecules on the
surface of the nanofiber scaffolds.

3.4. Cellular Response to Nanofiber Scaffolds. Mostly cells
anchorage is dependent on the cell fate process such as
proliferation, migration, and differentiation, whereas apop-
tosis is dependent on the cell adhesion pattern to the artifi-
cial/mimic scaffolds. Figure 7 represents the FE-SEM images
of osteoblastic cells adhered to the PLGA, nHA/PLGA,
and BMP-g-nHA/PLGA hybrid nanofiber scaffolds. From
Figure 7, it is evident that osteoblastic cells adhered to all the

tested scaffolds. However, more cells adhered to the BMP-g-
nHA/PLGA hybrid nanofiber scaffold (Figure 7(c)) as com-
pared to the pristine PLGA nanofiber scaffold (Figure 7(a))
and nHA/PLGA (Figure 7(b)) hybrid nanofiber scaffold.
Furthermore, on increasing incubation time, a rapid increase
in the proliferation of osteoblastic cells on the BMP-g-
nHA/PLGA scaffold (Figure 7(f)) was observed as compared
to the PLGA scaffolds. The increase in cell proliferation on
the BMP-g-nHA/PLGA hybrid nanofiber scaffolds could be
attributed to the presence of BMP-2 growth factor.

The BrdU assay was performed to calculate the number
of newly synthesized DNA by the osteoblastic cells, which
were seeded on the pristine PLGA, nHA/PLGA, and BMP-
g-nHA/PLGA hybrid nanofiber scaffolds. Figure 8 shows the
results obtained from BrdU assay. Osteoblastic cells were
more proliferated on the BMP-g-nHA/PLGA hybrid nanofi-
ber scaffolds as compared to the pristine PLGA and
nHA/PLGA hybrid nanofiber scaffolds. The increase in the
osteoblastic cells proliferation was in the order of PLGA <
nHA/PLGA < BMP-g-nHA/PLGA, respectively.The increase
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Figure 7: FE-SEM images of the osteoblastic cells adhered to (a, d) PLGA, (b, e) nHA/PLGA, and (c, f) BMP-g-nHA/PLGA hybrid nanofiber
scaffolds. Cells cultured for 1 day (a, b, and c) and 3 days (d, e, and f).
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Figure 8: Proliferation of osteoblast cells cultured on the PLGA, nHA/PLGA, and BMP-g-nHA/PLGA hybrid nanofiber scaffolds for 2 days
as determined by a BrdU assay.
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Figure 9: Confocal laser scanning images of the osteoblasts cultured for 3 days on (a) PLGA, (b) nHA/PLGA, and (c) BMP-g-nHA/PLGA.
Actin and nucleus are stained with red and blue color, respectively.

in osteoblastic cell proliferation on the BMP-g-nHA/PLGA
hybrid nanofibers scaffoldmight be attributed to the presence
of the BMP-2 growth factor [7].

The actin microfilament comprising the cytoskeleton of
the cells is involved in the cellular processes, cell shape deter-
mination, and cell attachment pattern. As the cell adheres to
a substrate material, filopodia are formed. They are moved
into place by actin acting upon the plasma membrane [25–
27]. Figure 9 depicts the confocal laser microscope images
of the osteoblastic cells cultured on the pristine PLGA,
nHA/PLGA, and BMP-g-nHA/PLGA hybrid nanofiber scaf-
folds. The confocal laser microscope images were obtained
by staining the nucleus and cytoskeleton of osteoblastic cells.
The results showed that the osteoblastic cells cultured on the
BMP-g-nHA/PLGA hybrid nanofiber scaffold (Figure 9(c))
showed highly ordered and more organized cytoskeletal
compared to the pristine PLGA (Figure 9(a)) andnHA/PLGA

(Figure 9(b)) hybrid nanofiber scaffolds. This highly ordered
and organized extracellular matrix can in turn contact with
the extracellular matrix of the neighbor cells and lead to the
formation of large scale cytoskeleton organization as shown
in Figure 9(c).

For analyzing the osteogenic cells, mineralization is
assumed to be of prime importance since it is regarded as
a functional endpoint for representing cell differentiation.
Alizarin red staining is famously known as a marker for the
quantification of calcium and evaluation of differentiation
[16, 22]. Figure 10 depicts the pristine PLGA, nHA/PLGA,
and BMP-g-nHA/PLGA hybrid nanofiber scaffolds stained
with alizarin red after 15 days’ culture. The red color rep-
resents the production of calcium by the osteoblastic cells.
The reddish color of BMP-g-nHA/PLGA hybrid nanofibers
scaffold (Figure 10(c)) indicated that more osteoblastic
cells underwent osteogenesis on the BMP-g-nHA/PLGA
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Figure 10: Alizarin red staining of the osteoblast cells cultured for 15 days on (a) PLGA, (b) nHA/PLGA, and (c) BMP-g-nHA/PLGA hybrid
nanofiber scaffolds.

hybrid nanofiber scaffold compared to the pristine PLGA
(Figure 10(a) (light red color)) and nHA/PLGA (Figure 10(b)
(medium red color)) hybrid nanofiber scaffolds. The results
suggest that the grafting of BMP-2 growth factor onto the
nHA has significantly accelerated the differentiation of osteo-
blastic cells [28].

Bone nodule formation is considered to be a marker
specific to osteoblastic cell differentiation [26]. In Figure 11
it can be clearly observed that the calcium-containing area
is stained as black spot due to the replacement of calcium
ions by silver ions in the presence of ultraviolet light. It
can also be observed in Figure 11 that more bone nodules
(black spots) were formed on the BMP-g-nHA/PLGA hybrid
nanofibers scaffold (Figure 11(c)) compared to the pristine
PLGA (Figure 11(a)) and nHA/PLGA hybrid nanofiber scaf-
folds (Figure 11(b)). Von Kossa assay revealed that the BMP-
g-nHA/PLGA hybrid nanofiber scaffold enhanced the prolif-
eration of osteoblastic cells, which were later on involved in
osteogenesis.

4. Conclusion

BMP-2 was successfully grafted to the nHA/PLGA to prepare
BMP-g-nHA/PLGA hybrid nanofibers scaffold. The hybrid
nanofiber scaffold was extensively characterized using spec-
troscopic methods such as FE-SEM, TEM, FTIR, XPS, and
FITC labeling to confirm the fibrous morphologies of the
scaffolds, presence of nHA in the scaffolds, and grafting
of BMP-2 to nHA/PLGA and examine the effect of the
grafted BMP-2 on the cellular function.The hybrid nanofiber
scaffolds were subjected to the cell adhesion, proliferation,
and differentiation. More MC3T3-E1 osteoblastic cells were
proliferated on the BMP-g-nHA/PLGA nanofiber scaffold on
the contrary to the nHA/PLGA hybrid nanofiber scaffold.
In addition, the results obtained from alizarin red and Von
Kossa assay confirmed that cells cultured on the BMP-
g-nHA/PLGA scaffold produced calcium more effectively
than those cultured on the pristine PLGA and nHA/PLGA
hybrid nanofiber scaffold, indicating better differentiation of
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Figure 11: Von Kossa staining of the MC3T3-E1 osteoblastic cells cultured on (a) PLGA, (b) nHA/PLGA, and (c) BMP-g-nHA/PLGA hybrid
nanofiber scaffolds for 15 days. The calcium containing area is stained as black in color.

the osteoblastic cells. The results suggested that the BMP-g-
nHA/PLGA hybrid nanofiber scaffold has a potential to be
used as tissue engineering scaffold for stimulating osteoblas-
tic cells growth.
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