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ABSTRACT: Engineering the cellular microenvironment has great potential to
create a platform technology toward engineering of tissue and organs. This study
aims to engineer a neural microenvironment through fabrication of three-
dimensional (3D) engineered collagen matrixes mimicking in-vivo-like conditions.
Collagen was chemically modified with a pentapeptide epitope consisting of
isoleucine-lysine-valine-alanine-valine (IKVAV) to mimic laminin structure supports
of the neural extracellular matrix (ECM). Three-dimensional collagen matrixes with
and without IKVAV peptide modification were fabricated by freeze-drying
technology and chemical cross-linking with glutaraldehyde. Structural information
of 3D collagen matrixes indicated interconnected pores structure with an average
pore size of 180 μm. Our results indicated that culture of dorsal root ganglion
(DRG) cells in 3D collagen matrix was greatly influenced by 3D culture method and
significantly enhanced with engineered collagen matrix conjugated with IKVAV
peptide. It may be concluded that an appropriate 3D culture of neurons enables DRG to positively improve the cellular fate
toward further acceleration in tissue regeneration.
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Engineering the cellular microenvironment is very impor-
tant to fabricate three-dimensional (3D) models toward

better understanding of cell−tissue interactions and regener-
ative medicine technology.1−5 Biodegradable materials are at
the core of fabrication of 3D engineered tissues together with
cell culture technology. Three-dimensional in vitro technology
aims to create a platform filed that are suitable for cell−cell
interactions as they do in vivo. We are not able to mimic these
interactions in common tissue culture dishes or 2D in vitro
culture systems. Therefore, such an engineered design would be
necessary to address the above challenges. Natural extracellular
matrix (ECM) plays important roles in creating microenviron-
ment for cell−cell as well as cell−tissue interactions. Therefore,
3D in vitro models should have similar structure as ECM does.
These similarities are in terms of biological, chemical, and
physical composition. Several 3D structures have been already
developed for cell culture in scaffolds since they provide larger

surface area for cell attachment and proliferation than 2D tissue
culture dishes.6−10

This study aims is to establish a simple 3D in vitro platform
technology to analyze the proliferation capability of dorsal root
ganglion (DRG) cells under in-vivo-like conditions. We
characterized and studied cellular behavior of DRG cells by
testing their potential proliferation by culturing them in an in-
vivo-like condition. The data described in the current study
suggests that this approach may be widely applicable to many
stem cell populations. In the present technology, the molecular
design of such an in-vivo-like condition was undertaken to
design a 3D collagen matrix incorporated the pentapeptide
epitope isoleucine-lysine-valine-alanine-valine (IKVAV), which
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is found in laminin and is known to promote neurite sprouting
and to direct neurite growth.11,12 As the control for bioactivity,
we fabricated a 3D collagen matrix without further
modification. We show that 3D collagen matrix modified with
IKVAV peptide can be used as platform technology to enhance
proliferation of DRG cells.

■ RESULTS AND DISCUSSION

Functionalization of Collagen with IKVAV Peptide.
Collagen-IKVAV peptide based conjugate was prepared by
peptide bound formation between activated carboxyl groups of
collagen and primary amino groups of IKVAV peptide.
Collagen was initially activated with CDI, and the obtained
activated derivative was allowed to react under basic conditions
with primary amino groups of IKVAV peptide. The content of
substituted IKVAV moieties was determined from nitrogen
content (%N) and found to be nearly 50% (50 IKVAV moieties
in each 100 repeating units) as shown in 1H NMR analysis in
Figure 1. We applied 2,4,6-trinitrobezenesulfonic acid (TNBS)
method to determine the percentage of amino groups
introduced into collagen. It was found that the percentage of
amino groups introduced into collagen was nearly 47.8 mol/
mol carboxyl groups of collagen based on the calibration curve
prepared by using β-alanine.
Morphology of Collagen-IKVAV Peptide Matrix and

Cytotoxicity Assay. Figure 2A shows a light microscopy
photograph of collagen-IKVAV peptide matrix, and Figure 2B

shows a cross-sectional SEM photograph of collagen-IKVAV
peptide matrix. Structural information of 3D collagen matrixes
indicated interconnected pore structure with an average pore
size of 180 μm. Figure 3 shows the appearance, stability, and
maintaining ability of 3D collagen matrix with and without
IKVAV peptide conjugation after cross-linking with 0.4 wt %
glutaraldehyde solution in 0.2 vol % acetic acid for 24 h at 4 °C.
Irrespective of the peptide introduction, 3D collagen matrix was

Figure 1. 1H NMR (500 MHz) spectrum analysis of collagen (A) and collagen-IKVAV peptide (B).

Figure 2. Light microscopy photographs (A) and cross-sectional SEM
photographs of collagen-IKVAV peptide matrix (B).
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stable and the original shape of 3D matrix was maintained for a
long time in aqueous as well as in biological solutions.
To observe the cytotoxic effects of the modified and

unmodified 3D collagen matrix with and without IKVAV on
L929 mouse fibroblast cell lines in vitro, the MTT test was
performed. The results obtained with the modified 3D collagen
matrix with IKVAV peptide indicate that no inherent toxicity
can be attributed to the modifications. Our results clearly
indicated that the cell viability for the unmodified and modified
3D collagen matrixes are 98.4% and 98.6%, respectively, after 5
days, which means that the cytotoxicity of the 3D collagen
matrix on the L929 cells is not significant (data are not shown).
Cell Attachment and Proliferation in 3D Collagen

Matrix with or without IKVAV Peptide Conjugation. Our
observation confirmed significant difference in the cell number
between 3D collagen matrixes with and without modification
with IKVAV, VVIAK, RGD, and RGD-IKVAV peptides with
that of 2D tissue culture dishes (Figure 4). As expected,
chemical modification of 3D collagen with commonly used cell-
adhesive RGD peptide significantly increased cell adhesion and
the level of enhancement was almost as the same as
modification with IKVAV peptide. Interestingly, chemical
modification of collagen with both RGD and IKVAV peptides
significantly enhanced cell adhesion among all other 3D
collagen matrixes. Modification of 3D collagen with VVIAK
as a scrambled peptide of IKVAV did not show any
enhancement on cell adhesion and the level of cell attachment
was almost as the same as 3D unmodified collagen matrix.

The proliferation profiles of cells cultured in the 3D collagen
matrixes modified with IKVAV peptide and other peptides
showed that the cell number tended to increase significantly
higher with incubation time compared with those cultured in
the 3D collagen matrixes without modification with IKVAV,
VVIAK, RGD, and RGD-IKVAV peptides. Figure 5 shows the
proliferation profiles of cells cultured in 2D static tissue culture
dishes, 3D collagen matrix, and 3D collagen matrixes modified
with IKVAV, VVIAK, RGD, and RGD-IKVAV peptides.
Irrespective of the cell culture systems, the cell number tended
to increase with incubation time. Among the three different
peptide modifications, the initial cell proliferation was the
highest for 3D collagen matrix modified with IKVAV as well as
in combination with RGD-IKVAV peptides. Modification of 3D
collagen with VVIAK as a scrambled peptide of IKVAV did not
enhance cell proliferation, and the level of cell proliferation was
almost as the same as that of the 3D unmodified collagen
matrix. In contrast, combination of two peptides, RGD as
commonly used cell-adhesive peptide and IKVAV as neural cell
receptor, significantly enhanced cell proliferation. These data
suggest that collagen-IKVAV binds to only IKVAV receptor(s)
while the collagen-RGD interacts with integrin receptor(s) and
collagen-RGD-IKVAV interacts with both integrins and the
IKVAV receptor(s).
Cell seeding and proliferation are important factors in 3D

systems as the initial process for development of tissue and the
maintenance of the differentiation phenotype.16 Collagen is one
of the main proteins in the ECM and has been widely applied
in clinical medicine, cosmetics, and foods.17,18 Three-dimen-
sional in vitro systems can provide bigger surface area
compared with tissue culture dishes.19 Several research studies
reported that the proliferation of cells cultured in tissue culture
dishes was stopped after they reached full confluence, and cell
proliferation in 3D culture systems was continued.20−24 Also,
3D culture systems significantly influenced differentiation of
cells through enhancing cells’ aggregation that would affect cell
function.25−27 It seems that 3D in vitro systems can mimic in
vivo microenvironment conditions in an appropriate way;
therefore, cellular behavior would more closely resemble that in
the in vivo situation.28

Effect of 3D Collagen Matrix-IKVAV on DRG Cellular
Fate. To evaluate further cellular fate phenomena, we used
combinational technology of 3D collagen matrix modified with
or without IKVAV and other different peptides, and neuronal
induction medium (with growth factor) or standard medium
(without growth factor). Acidic fibroblast growth factor (aFGF)

Figure 3. Light microscopic photographs of a collagen-IKVAV matrix
(A) and unmodified collagen matrix (B) after cross-linking with 0.4 wt
% glutaraldehyde solution in 0.2 vol % acetic acid for 24 h at 4 °C.

Figure 4. Cell attachment for the 3D collagen matrix with and without VVIAK, IKVAV, RGD, and RGD-IKVAV modification. *, p < 0.05; significant
relative to 2D culture method. †, p < 0.05; significant relative to 3D unmodified collagen matrix. ‡, p < 0.05; significant relative to 3D modified
collagen-VVIAK matrix. §, p < 0.05; significant relative to 3D modified collagen-RGD matrix. #, p < 0.05; significant relative to 3D modified collagen-
IKVAV matrix.
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was incorporated into each matrix prior to the cell culture.
Studies of gene expression by real-time PCR were performed to
evaluate the differentiation of cells grown on 3D collagen
matrixes with or without modification with IKVAV, VVIAK,

RGD, and RGD-IKVAV peptides. Two important key nerve
cell related markers, namely, Nestin, an intermediate filament
protein expressed by neural cells and Map-2, a marker of
mature neurons, were studied. There was weak expression of

Figure 5. Proliferative profile of cells on 2D culture (●), 3D collagen matrix without modification (■), 3D collagen matrix with VVIAK modification
(□), 3D collagen matrix with RGD modification (○), 3D collagen matrix with IKVAV modification (▲), and 3D collagen matrix with RGD-IKVAV
modification (△). *, p < 0.05; significant relative to 2D culture method. †, p < 0.05; significant relative to 3D unmodified collagen matrix. ‡, p <
0.05; significant relative to 3D modified collagen-VVIAK matrix. §, p < 0.05; significant relative to 3D modified collagen-RGD matrix. #, p < 0.05;
significant relative to 3D modified collagen-IKVAV matrix.

Figure 6. (A) Real-time PCR study of gene expression of Nestin related to DRG cells grown in nerve differentiation (■) and standard medium (□)
on 2D and 3D collagen matrix with and without VVIAK, IKVAV, RGD, and RGD-IKVAV modification. *, p < 0.05; significant relative to level of
gene expression compared to DRG cells cultured in standard medium. †, p < 0.05; significant relative to level of gene expression compared to DRG
cells cultured in 2D culture method in standard medium. (B) Real-time PCR study of gene expression of Map-2 related to DRG cells grown in nerve
differentiation (■) and standard medium (□) on 2D and 3D collagen matrix with and without VVIAK, IKVAV, RGD, and RGD-IKVAV
modification. *, p < 0.05; significant relative to level of gene expression compared to DRG cells cultured in standard medium. †, p < 0.05; significant
relative to level of gene expression compared to DRG cells cultured in 2D culture method in standard medium. ‡, p < 0.05; significant relative to
level of gene expression of DRG cells cultured in nerve differentiation comapred with level of gene expression of DRG cells cultured in standard
medium.

ACS Chemical Neuroscience Research Article

dx.doi.org/10.1021/cn400075h | ACS Chem. Neurosci. 2013, 4, 1229−12351232



neuronal marker in DRG cells cultured in standard medium in
2D culture compared with that in 3D culture as shown in
Figure 6. Nestin exhibited a decreased expression in DRG cells
grown in neuronal induction medium on both 2D and 3D
culture compared with that in standard medium (Figure 6A).
Also stronger expression of Map-2 was found in cells cultured
on 3D collagen matrixes modified with IKVAV and IKVAV-
RGD compared to 2D culture (Figure 6B). In addition, cells
cultured on 3D collagen matrix in standard medium
demonstrated down regulation of expression of both nerve
marker genes.
Surface properties of materials such as topography and

chemistry seemed to be appropriate for cell adhesion,
proliferation, as well as cell differentiation. In this study,
differentiation of DRG cells to neuronal cells was carried out on
3D collagen matrix and neuronal marker expression was studied
during the course of differentiation. In order to validate of DRG
differentiation, the expression of genes was analyzed by real-
time (RT) PCR. RT-PCR indicated the expression of neuronal
marker before induction. These data indicate that DRG cells
naturally express some neural cell markers. Also, DRG grown in
nerve induction medium exhibited a higher Map-2 expression
when grown on 3D collagen matrix compared with 2D culture.
However, up regulation of Map-2, a protein associated with the
maturing neuron, was observed on DRG grown on 3D collagen
modified with IKVAV and combination of IKVAV and RGD
peptides. IKVAV provides better microenvironment for DRG
cells differentiation compared with 2D culture. Improved
cellular communication in 3D culture grown in 3D collagen
matrix may explain the enhancement of cellular differentiation
compared with that in 2D culture. Also, it was demonstrated
that IKVAV and IKVAV-RGD peptides appeared to enhance
expression of Map-2 marker more than 3D collagen matrix
modified with VVIAK peptide, as a scrambled peptide of
IKVAV and RGD peptide alone. Perhaps a higher cell density
results in a higher degree of cell−cell communication and thus
a higher rate of differentiation is expected to increase. These
results suggest that 3D collagen matrix modified with IKVAV is
more suitable for nerve tissue engineering via DRG cell
differentiation. Significant down regulation of Nestin expression
in DRG cells cultured in nerve induction medium in both 3D
and 2D culture indicate the efficacy of these growth factors in
driving DRG cells into prodifferentiated state. On the other
hand, our results demonstrated that 3D collagen matrix
modified with IKVAV and IKVAV-RGD peptides without
using growth factor induced differentiation of DRG cells into
neuronal cell and neurotrophic factor are important in neural
differentiation. Other research studies have shown that
mechanical factors such as nanostructured substrates can
induce differentiation of stem cell in the absence of any
additional induced factor.30 However, the mechanisms under-
lying the down regulation by substrate topology has not been
elucidated. Our results clearly indicated protein expression of
neuronal cells generated from DRG cells cultured on 3D
collagen matrixes modified with IKVAV peptide. However,
more studies are needed to further understand the functional
cell formation. Therefore, optimal 3D culture conditions should
be further investigated.
Synthetic peptide containing the IKVAV sequence has been

studied, and its application on neural growth fully tested.12 It
has been shown that IKVAV sequence is one of the principal
sites in laminin which regulate cellular behavior.12 We
demonstrate that conjugation of IKVAV peptide to collagen

significantly enhanced in vitro proliferation of DRG compared
with unmodified collagen. Further characterization and
optimization of this method may provide an effective strategy
to overcome current limitations associated with in vitro 3D cell
culturing, while they simultaneously provide information about
cell culture which are known to be a potent regulator of cell
functions.
We present here a simple 3D culture system which supports

neuronal proliferation under more in-vivo-like conditions. The
3D culture system described here will be suitable for testing
neuronal capability of numerous types of stem cells for future
cell-based therapeutic applications. The present findings will
provide attractive combinational strategy of tissue engineering
principles and materials science and engineering for develop-
ment of regenerative medicine technology.

■ METHODS
An aqueous solution of type I collagen, prepared from porcine tendon
by pepsin treatment, in HCl (3 mg/mL, pH 3.0) was kindly supplied
by Nitta Gelatin Inc., Osaka, Japan. Dulbecco’s modified Eagle’s
minimal essential medium (DMEM) and fetal bovine serum (FBS)
(lot 2104C) and IKVAV peptides with purity = 90% were purchased
from Sigma-Aldrich. Other chemicals were purchased from Sigma-
Aldrich and used as obtained. A sequence of VVIAK peptide, as a
scrambled peptide of IKVAV, was ordered to be synthesized by Sowa
Trading Co. Inc., Tokyo, Japan. RGD (arginine-glycine-aspartic acid)
was purchased from Sowa Trading Co. Inc., Tokyo, Japan.

Chemical Modification of Collagen. 1.1. Synthesizing Techni-
que to Conjugate IKVAV Peptide to Collagen. To conjugate IKVAV
peptide to collagen, 1 mg of IKVAV peptide was added to 10 mL of
3% collagen solution in phosphate-buffered saline (PBS, pH 7.0−7.6)
containing N,N-dimethylaminopropyl carbodiimide (EDC) and N-
hydroxysuccinimide (NHS) at the final molar ratio of EDC/NHS/
COOH of peptide = 5:5:1. The final mixture was stirred at 25 °C for 1
h to conjugate IKVAV peptide to the primary amino groups of
collagen and then dialyzed against double distilled water (DDW) for
48 h at 25 °C by use of a dialysis membrane tube (Spectro/Por
membrane, Cut-off Mw = 14 000−18 000) to separate residual IKVAV
peptide and EDC-degraded product from collagen-IKVAV prepared.
The dialyzed solution was freeze-dried to obtain a powdered collagen-
IKVAV. The IKVAV peptide introduction was quantitated by the
NMR analysis. The amount of IKVAV peptide conjugation was also
analyzed by trinitrobenzene sulfonate (TNBS) method29 to calculate
the molar percentage of NH2 conjugate to the carboxyl groups of
collagen. β-Alanine was used to make a calibration curve.

The same procedure was applied to conjugate VVIAK peptide, as a
scrambled peptide of IKVAV to collagen to obtain collagen-VVIAK.

1.2. Synthesizing Technique to Conjugate RGD Peptide to
Collagen. RGD and EDC were added into 100 mL of double-distilled
water (DDW) containing 5 mg of collagen. The mixing molar ratio
was fixed at RGD/COOH of collagen 50/3. The final solution was
stirred for 18 h at 37 °C. To separate nonreacted nonreacted RGD and
EDC from collagen-RGD, we used a dialysis membrane tube (lot No.
041952, cutoff Mw = 12 000−14 000, Nakalai Tesque, Kyoto, Japan)
and followed dialyzing against DDW for 48 h at 25 °C. The percentage
of NH2 conjugated into collagen was 37.8 mol/mol COOH of
collagen.

1.3. Synthesizing Technique to Conjugate RGD and IKVAV
Peptides to Collagen. RGD and EDC were added into 100 mL of
DDW containing 5 mg of collagen. The mixing molar ratio was fixed at
RGD/COOH of collagen 50:3. Immediately after preparation the
above mixture, 1 mg of IKVAV peptide and 10 mL of N-
hydroxysuccinimide were added to final mixture at the final molar
ratio of EDC/NHS/COOH of peptide = 5:5:1. The final solution was
stirred for 18 h at 37 °C. To separate nonreacted RGD, IKVAV, and
EDC from IKVAV-collagen-RGD we used a dialysis membrane tube
(lot no. 041952, cutoff Mw = 12 000−14 000, Nakalai Tesque, Kyoto,
Japan) and followed dialyzing against DDW for 48 h at 25 °C. The
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percentage of NH2 conjugated into collagen was 47.6 mol/mol
COOH of collagen.
Fabrication of 3D Collagen Matrix. We applied freeze-drying

technology to fabricate 3D collagen matrixes. Collagen solution (0.75
mL) with or without modification with IKVAV, VVIAK, RGD, and
RGD-IKVIV peptides conjugation was poured into a polystyrene mold
(Costar, 24 well; Corning Life Sciences, New York) and immediately
was transferred into a freezer (−20 °C). We let the above solutions to
be kept inside the freezer for at least 24 h, and thereafter, they were
transferred into a freeze-drying machine and the freeze-drying process
was applied for at least 48 h to obtain a white dried sponge. We used
0.4 wt % glutaraldehyde solution to chemically cross-link collagen with
or without peptides modification. Following DDW washing, the
collagen sponges were freeze-dried and then sterilized by 70% ethanol.
Characterization of 3D Collagen-IKVAV Matrix. The structure

of the lyophilized collagen-IKVAV scaffold was examined by scanning
electron microscopy (SEM) using a razor blade mounted on stubs
with colloidal graphite and sputter coated with gold to an approximate
thickness of 200 Å. The surface and the bulk of collagen sponges were
examined with a JEOL-5300 scanning electron microscope using an
accelerating voltage of 100 kV.
In Vitro Cell Culture. Dorsal root ganglion (DRG) cells were

isolated from neonatal Sprague−Dawley (SD) rats and treated with
mix ture o f papa in , p ro tea se , and deoxyr ibonuc lease
(0.1%:0.1%:0.03%). Dissociated cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM, Gibco) contacting fetal bovine
serum (FBS). The choice of cell was considered by the potential
advantages of using DRG cells since primary sensory neurons with cell
bodies in DRG cells provide great candidate to study mechanisms
regulating axonal regeneration. It has been shown that DRG cells were
cultured well on a surface covered with laminin as an ECM protein.31

Cell Seeding into 3D Collagen Matrix. Dissociated DRG cells
were seeded into 3D collagen matrix with or without IKVAV, VVIAK,
RGD, and RGD-IKVIV peptide conjugation similar to our previous
publications.13,14 After cell seeding, we used PBS (−) to remove
nonadherent cells. We followed a simple static culture method by
placing cell-seeded collagen matrixes into each well of 12-well tissue
culture dishes by incubation of dishes at 37 °C in a 95% air/5% CO2
atmosphere. To compare 3D culture with 2D culture method, we
coated the surface of tissue culture dish with the solution of collagen-
IKVAV and allowed them to dry overnight in a fume hood. Before cell
culture, all coated plates were washed three times with DDW to
remove any material not adsorbed to the surface of plates. We studied
neural differentiation of DRG cells under the influence of neurotrophic
factors, acidic fibroblast growth factor (aFGF), since aFGF is reported
to affect the induction, mitosis, cell−cell interactions, and promote
stable neurite outgrowth and neuronal differentiation. Acidic fibroblast
growth factor (aFGF) was incorporated into each matrix prior to the
cell culture by using a 100 μL pipet to entrap the growth factor into
collagen matrix.
Real-Time Polymerase Chain Reaction Analysis of Gene

Expression. Real-time PCR analyses were conducted for a set of three
selected genes as shown in Table 1. Total RNA was extracted from
cells cultured on each 3D collagen matrix with or without modification
with IKVAV, VVIAK, RGD, and RGD-IKVIV peptides in standard
medium as a control and nerve induction medium using QIAzol lysis
Reagent Kit (QIAgene) according to the manufacturer’s instructions.

First-strand cDNA was synthesized from the total RNA using a RT kit
(Qiagen). A total sample volume of 25 mL, which comprised 12 μL of
SYBR Green Mastermix (Takara), 1 μL of forward primer (10 μM), 1
μL of reverse primer (10 μM), 2 μL of cDNA, and 9 μL of DDW, was
used for the real-time PCR experiments. PCR reaction was carried out
using Corrbet Science Rotor-Gene 3000 instrument (Applied
Biosystems, Foster City, CA) with the following conditions: 95 °C
for 10 min and 40 cycles of 95 °C for 10 s, 60 °C for 45 s followed by
50 °C for 1 s, 90 °C for 5 s. Amplification was monitored and analyzed
by measuring the binding of the fluorescent dye SYBR Green I to
double stranded DNA. Melting curve analysis was done to ensure the
absence of primer dimers and nonspecific PCR product amplification.
Hypoxanthine phosphoribosyl transferase (HPRT) was used as the
housekeeping gene for the normalization of the gene expression data.
Therefore, the comparison Ct (ΔΔCt) method was used for gene
expression analyses.

DNA Assay. To analyze the number of cells adhered and attached
to 3D collagen matrixes, fluorometric quantification of cell DNA was
applied.15 All 3D collagen matrixes with or without modification were
immersed in a lysis buffer containing 0.5 mg/mL proteinase K, 0.2
mg/mL sodium dodecyl sulfate, and 30 mM saline-sodium citrate at 55
°C for 12 h. A volume of 100 μL of each cell lysate was mixed with 400
μL of sodium dodecyl sulfate, and the final solution was added to 500
μL of fluorescent solution (30 mM sodium dodecyl sulfate and 1 μg/
mL Hoechst 33258 dye). The number of cells attached to each 3D
collagen matrix was counted via the fluorescent intensity at Ex 355
nm/Em 460 nm.

Cytotoxicity of 3D Collagen Matrix. Cytotoxicity effects of
unmodified and modified 3D collagen matrixes with or without
modification were investigated using L929 mouse fibroblast cells
cultured in RPMI-1640 medium supplemented with 10% (v/v) fetal
bovine serum (FBS) and 1% (v/v) penicillin-streptomycin.

All the 3D collagen matrixes with and without modification were
interacted with the cell culture medium and incubated for 5 days at 37
°C. L929 mouse fibroblast cells were plated in 96-well culture plates at
density of 1 × 103 cells/well including 3D collagen matrixes that were
prewetted with culture medium. After 24 h, medium of each 96-well
was discharged and replaced with 100 μL of fresh medium and 13 μL
of MTT solution (5 μg/mL, diluted with RPMI 1640 without phenol
red). At the end of 4 h of MTT reaction, media were replaced with
100 μL of isopropanol/HCl. An ELISA plate reader was applied to
clarify the percentage of viability at 570 nm and compared with control
group of cells cultured without any using of 3D collagen matrixes.

Statistical Analysis. All the data were statistically analyzed to
express the mean ± the standard deviation (SD) of the mean.
Student’s t test was performed, and p < 0.05 was accepted to be
statistically significant.
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ACS Chemical Neuroscience Research Article

dx.doi.org/10.1021/cn400075h | ACS Chem. Neurosci. 2013, 4, 1229−12351234

mailto:hosseinkhani@mail.ntust.edu.tw
mailto:hosseinkhani@mail.ntust.edu.tw


■ ACKNOWLEDGMENTS

This study was performed through National Science Council
(NSC) of Taiwan.

■ REFERENCES
(1) Baker, S. C., Atkin, N., Gunning, P. A., Granville, N., Wilson, K.,
Wilson, D., and Southgatea, J. (2006) Characterization of electrospun
polystyrene scaffolds for three-dimensional in vitro biological studies.
Biomaterials 27, 3136−3146.
(2) Smith, L. A., and Ma, P. X. (2004) Nano-fibrous scaffolds for
tissue engineering. Colloids Surf., B 10, 125−131.
(3) Hosseinkhani, H., Hosseinkhani, M., and Kobayashi, H. (2006)
Design of tissue engineered nanoscaffold through self assembly of
peptide amphiphile. J. Bioact. Compat. Polym. 21, 277−296.
(4) Lennon, D. P., Haynesworth, S. E., Dennis, J. E., and Caplan, A. I.
(1995) A chemically defined medium supports in vitro proliferation
and maintains the osteochondral potential of rat marrow-derived
mesenchymal stem cells. Exp. Cell Res. 219, 211−222.
(5) Hosseinkhani, H., Hosseinkhani, M., and Khademhosseini, A.
(2006) Tissue regeneration through self-assembled peptide amphi-
phile nanofibers. Yakhteh Med. J. 8, 204−209.
(6) Takahashi, Y., and Tabata, Y. (2003) Homogeneous seeding of
mesenchymal stem cells into nonwoven fabric for tissue engineering.
Tissue Eng. 9, 931−938.
(7) Minuth, W. W., Sittinger, M., and Kloth, S. (1998) Tissue
engineering: generation of differentiated artificial tissues for biomedical
applications. Cell Tissue Res. 291, 1−11.
(8) Ma, T., Li, Y., Yang, S. T., and Kniss, D. A. (2000) Effects of pore
size in 3-D fibrous matrix on human trophoblast tissue development.
Biotechnol. Bioeng. 70, 606−618.
(9) Hosseinkhani, H., Hosseinkhani, M., Tian, F., Kobayashi, H., and
Tabata, Y. (2006) Osteogenic differentiation of mesenchymal stem
cells in self assembled-peptide amphiphile nanofibers. Biomaterials 27,
4079−4086.
(10) Hosseinkhani, H., Hosseinkhani, M., Khademhosseini, A.,
Kobayashi, H., and Tabata, Y. (2006) Enhanced angiogenesis through
controlled release of basic fibroblast growth factor from peptide
amphiphile for tissue regeneration. Biomaterials 27, 5836−5844.
(11) Silva, G. A., Czeisler, C., Niece, K. L., Beniash, E., Harrington,
D. A., Kessler, J. A., and Stupp, S. I. (2001) Selective differentiation of
neural progenitor cells by high-epitope density nanofibers. Science 303,
1352−1355.
(12) Tashiro, T., Sephel, G. C., Weeks, B., Sasaki, M., Martin, G. R.,
Kleinman, H. K., and Yamada, Y. (1989) A Synthetic Peptide
Containing the IKVAV Sequence from the A Chain of Laminin
Mediates Cell Attachment, Migration, and Neurite Outgrowth. J. Biol.
Chem. 264, 16174−16182.
(13) Hosseinkhani, H., Yamamoto, M., Inatsugu, Y., Hiraoka, Y.,
Inoue, S., Shimokawa, H., and Tabata, Y. (2006) Enhanced ectopic
bone formation using a combination of plasmid DNA impregnation
into 3-D scaffold and bioreactor perfusion culture. Biomaterials 27,
1387−1398.
(14) Hosseinkhani, H., Hosseinkhani, M., Khademhosseini, A.,
Gabrielson, N. P., Pack, D. W., and Kobayashi, H. (2008) DNA
nanoparticles encapsulated in 3-D tissue engineered scaffold enhance
osteogenic differentiation of mesenchymal stem cells. J. Biomed. Mater.
Res. Part A. 85, 47−60.
(15) Rao, J., and Otto, W. R. (1992) Fluorimetric DNA assay for cell
growth estimation. Anal. Biochem. 207, 186−192.
(16) Hiraoka, Y., Kimura, Y., Ueda, H., and Tabata, Y. (2003)
Fabrication and biocompatibility of collagen sponge reinforced with
poly (glycolic acid) fiber. Tissue Eng. 9, 1101−1112.
(17) Hosseinkhani, H., Inatsugu, Y., Inoue, S., Hiraoka, Y., and
Tabata, Y. (2005) Perfusion culture enhances the osteogenic
differentiation of rat mesenchymal stem cells in collagen sponge rein
forced with poly (glycolic acid) fiber. Tissue Eng. 11, 1476−1488.
(18) Tian, F., Hosseinkhani, H., Hosseinkhani, M., Khademhosseini,
A., Yokoyama, Y., Esterada, G. G., and Kobayashi1, H. (2008)

Quantitative analysis of cell adhesion on aligned micro- and
nanofibers. J. Biomed. Mater. Res., Part A 84, 291−299.
(19) Xie, Y., Yang, S. T., and Kniss, D. (2001) Three-dimensional
cell-scaffold constructs promote efficient gene transfection: implica-
tions for cell-based gene therapy. Tissue Eng. 7, 585−598.
(20) Murugan, R., and Ramakrishna, S. (2006) Nano-Featured
Scaffolds for Tissue Engineering: A Review of Spinning Method-
ologies. Tissue Eng. 12, 435−447.
(21) Miyashita, H., Shimmura, S., Kobayashi, H., Taguchi, T., Asano-
Kato, N., Uchino, Y., Kato, M., Shimazaki1, J., Tanaka, J., and Tsubota,
K. (2006) Collagen-immobilized poly(vinyl alcohol) as an artificial
cornea scaffold that supports a stratified corneal epithelium. J. Biomed.
Mater. Res., Part B 76, 56−63.
(22) Hosseinkhani, H., Hong, P. D., Yu, D. S., Chen, Y. R., Farber, I.
V., and Domb, A. J. (2012) Development of 3D in vitro platform
technology to engineer mesenchymal stem cells. Int. J. Nanomed. 7,
3035−3043.
(23) Yang, F., Xu, C. Y., Kotaki, M., Wang, S., and Ramakrishna, S.
(2004) Characterization of Neural Stem Cells on Electrospun Poly(L-
lactic acid) Nanofibrous Scaffold. J. Biomater. Sci., Polym. Ed. 15,
1483−1497.
(24) Yang, F., Murugan, R., Wang, S., and Ramakrishna, S. (2006)
Electrospinning of nano/micro scale poly(L-lactic acid) aligned fibers
and their potential in neural tissue engineering. Biomaterials 26, 2603−
2610.
(25) Ma, Z. W., Kotaki, M., Inai, R., and Ramakrishna, S. (2005)
Potential of Nanofiber Matrix as Tissue-Engineering Scaffolds. Tissue
Eng. 11, 101−109.
(26) Mueller-Klieser, W. (1997) Three-dimensional cell cultures:
from molecular mechanisms to clinical applications. Am. J. Physiol. 273,
C1109−1113.
(27) Ingber, D. E., Prusty, D., Sun, Z., Betensky, H., and Wang, N.
(1995) Cell shape, cytoskeletal mechanics, and cell cycle control in
angiogenesis. J. Biomech. 28, 1471−1478.
(28) Kameoka, J., Verbridge, S. S., Liu, H., Czaplewski, D. A., and
Craighead, H. G. (2004) Fabrication of Suspended Silica Glass
Nanofibers from Polymeric Materials Using a Scanned Electrospinning
Source. Nano Lett. 4, 2105−2108.
(29) Hosseinkhani, H., Aoyama, T., Ogawa, O., and Tabata, T.
(2001) In vitro transfection of plasmid DNA by different-cationized
gelatin with or without ultrasound irradiation. Proc. Jpn. Acad., Ser. B.
77, 161−166.
(30) Lee, M. R., Kwon, K. W., Jung, H., Kim, H. N., Suh, K. Y., Kim,
K., and Kim, K. S. (2010) Direct differentiation of human embryonic
stem cells into selective neurons on nanoscale ridge/groove pattern
arrays. Biomaterials 31, 4360−4366.
(31) Yu, X., Dillon, G. P., and Bellamkonda, R. V. (1999) A Laminin
and Nerve Growth Factor-Laden Three-Dimensional Scaffold for
Enhanced Neurite Extension. Tissue Eng. 5, 291−304.

ACS Chemical Neuroscience Research Article

dx.doi.org/10.1021/cn400075h | ACS Chem. Neurosci. 2013, 4, 1229−12351235


