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ABSTRACT

Humanneural stem/progenitor cells (hNSCs) are very difficult to culture and require humanor animal
source extracellularmatrixmolecules, such as laminin or collagen type IV, to support attachment and
to regulate their survival and proliferation. These extracellularmatrixmolecules are difficult to purify
from human or animal tissues, have high batch-to-batch variability, and may cause an immune re-
sponse if used in clinical applications. Although several laminin- and collagen IV-derived peptides
are commercially available, they do not support long-term hNSC attachment and growth. To solve
this problem, we developed a novel peptide sequence with only 12 amino acids based on the Ile-
Lys-Val-Ala-Val, or IKVAV, sequence: Ac-Cys-Cys-Arg-Arg-Ile-Lys-Val-Ala-Val-Trp-Leu-Cys. This short
peptide sequence, similar to tissue-derived full laminin molecules, supported hNSCs to attach and
proliferate to confluence for continuous passage and subculture. This short peptide also directed
hNSCs to differentiate into neurons. When conjugated to poly(ethylene glycol) hydrogels, this short
peptide benefited hNSC attachment and proliferation on the surface of hydrogels and promoted cell
migration inside thehydrogelswithmaximumenhancement at a peptidedensity of 10mM.This novel
short peptide shows great promise in artificial niche development for supporting hNSC culture in
vitro and in vivo and for promoting hNSC transplantation in future clinical therapy. STEM CELLS

TRANSLATIONAL MEDICINE 2014;3:662–670

INTRODUCTION

Numerous cell types, including stem cells, primary
epithelial cells, and primary endothelial cells, re-
quire interactions with extracellular matrix (ECM)
molecules to support and regulate their survival
andproliferation. ECMnotonly serves as an impor-
tant structural element in formations such as base-
ment membrane but also interacts with cells to
influence adhesion, survival, proliferation, migra-
tion, and differentiation by engaging with cellular
adhesion receptors, thereby activating a number
of downstream signaling pathways [1]. Although
animal- and human-derived ECMmolecules are of-
ten necessary for current cell culture applications,
there are many problems related to their use. In
particular, the ECM component (e.g., laminin) is
an extremely large, complex, post-translationally
modified protein that is difficult to produce via
recombinant expression systems and thus is com-
monly purified from mammalian cell lines or tis-
sues. Such protein preparations run the risk of
being contaminated with pathogens and immuno-
gens. In addition, there is considerable lot-to-lot
variability in animal- and human-derived ECM be-
cause of many isoforms present and difficulty in
purifying suchproteins tohomogeneity. The devel-
opment of synthetic stem cell culture platforms

thatmimic thephysical andbiochemical properties
of the natural ECM can benefit both scientific stud-
ies and clinical therapies.

Several short peptides have been identified
from full ECMmolecules to support cell adhesion
and growth, including Arg-Gly-Asp (RGD); Ile-Lys-
Val-Ala-Val (IKVAV); Tyr-Ile-Gly-Ser-Arg (YIGSR);
Arg-Tyr-Val-Val-Leu-Pro-Arg, or RYVVLPR; Arg-
Asn-Ile-Ala-Glu-Ile-Ile-Lys-Asp-Ile, or RNIAEIIKDI;
and so on [2]. RGD and IKVAV are present on
the a-laminin chain, whereas YIGSR is found on
the b-laminin chain [3, 4]. Short peptide sequen-
ces, when compared with whole proteins, are
more stable, are more easily synthesized, and
are less likely to exhibit steric hindrance [5]. Al-
thoughmany short peptide sequences have been
identified, none of these peptides from commer-
cial sources can support attachment, growth,
and long-term culture of human neural stem/
progenitor cells (hNSCs).

In this study, we developed a novel peptide
sequence with only 12 amino acids based on lam-
inin sequence IKVAV: Ac-Cys-Cys-Arg-Arg-Ile-Lys-
Val-Ala-Val-Trp-Leu-Cys (CCRRIKVAVWLC). The
novel peptide was examined for its ability to sup-
port the attachment, proliferation, and neuronal
differentiation of hNSCs in twodifferent contexts:
coating on the two-dimensional (2D) substrates

aClemson-Medical University
of South Carolina
Bioengineering Program,
Department of
Bioengineering, Clemson
University, Charleston, South
Carolina, USA; bDepartment
of Pharmaceutical and
Biomedical Sciences, Medical
University of South Carolina,
Charleston, South Carolina,
USA; cDepartment of
Regenerative Medicine and
Cell Biology and eDepartment
of Orthopedic Surgery,
Medical University of South
Carolina, Charleston, South
Carolina, USA; dDepartment
of Biomedical Engineering,
Virginia Commonwealth
University, Richmond,
Virginia, USA; fInstitute for
Biomedical Engineering and
Nano Science, Tongji
University School of
Medicine, Tongji University,
Shanghai, China

Correspondence: Xuejun Wen,
M.D., Ph.D., Clemson University,
68 President Street, Charleston,
South Carolina 29425, USA.
Telephone: 843-876-2395;
E-Mail: xjwen@clemson.edu

Received January 24, 2013;
accepted for publication January
6, 2014; first published online in
SCTM EXPRESS April 1, 2014.

©AlphaMed Press
1066-5099/2014/$20.00/0

http://dx.doi.org/
10.5966/sctm.2013-0015

STEM CELLS TRANSLATIONAL MEDICINE 2014;3:662–670 www.StemCellsTM.com ©AlphaMed Press 2014

TISSUE ENGINEERING AND REGENERATIVE MEDICINE

mailto:xjwen@clemson.edu
http://dx.doi.org/10.5966/sctm.2013-0015
http://dx.doi.org/10.5966/sctm.2013-0015


and conjugated to hydrogels based on polyethylene glycol (PEG)
for three-dimensional (3D)culture.On the2Dculture,wecompared
its effects, relative to commercial laminin peptide Cys-Ser-Arg-Ala-
Arg-Lys-Gln-Ala-Ala-Ser-Ile-Lys-Val-Ala-Val-Ser-Ala-Asp-Arg (CSRARK-
QAASIKVAVSADR; lam-IKVAV) and the whole protein laminin, on
hNSC attachment, proliferation, and differentiation.When conju-
gated to PEG-based hydrogels, we examined the effects of this
short peptide on hNSC attachment, spreading, and proliferation
on the surface of hydrogels as well as cell migration from human
neurospheres cultured inside hydrogels.

MATERIALS AND METHODS

Materials

The commercial laminin IKVAV peptide CSRARKQAASIKVAVSADR
was purchased from American Peptide Company (Sunnyvale,
CA, http://www.americanpeptide.com). Reagents required for
peptide synthesis, including Fmoc-Cys (Trt)-Wang resin, were
obtained from EMD Biosciences (Gibbstown, NJ, http://www.
emdmillipore.com/life-science-research/?RedirectedFrom=http://
www.emdbiosciences.com). Polyethylene glycol tetra-acrylate
(PEGTA; 10-kDa molecular weight) was obtained from Creative
PEGWorks (Winston Salem, NC, http://www.creativepegworks.
com). Recombinant fibroblast growth factor 2 (FGF-2) and epider-
mal growth factor (EGF) were purchased from Peprotech (Rocky
Hill, NJ, http://www.peprotech.com). Accutase was purchased
from Innovative Cell Technologies (San Diego, CA, http://www.
accutase.com). The CyQuant proliferation kit and mouse laminin
were obtained from Sigma-Aldrich (St. Louis, MO, http://www.
sigmaaldrich.com). Alexa Fluor 543 phalloidin, 49,6-diamidino-2-
phenylindole (DAPI), and the LIVE/DEAD viability kit were obtained
from Invitrogen (Carlsbad, CA). Rabbit anti-glial fibrillary acidic
protein was obtained from Dako (Glostrup, Denmark, http://
www.dako.com), and mouse anti-b-III-tubulin was from Sigma-
Aldrich (St. Louis, MO, http://www.invitrogen.com). Fluorophore-
conjugated secondary antibodies were purchased from Jackson
Immunoresearch Laboratories (West Grove, PA, http://www.
jacksonimmuno.com). All other chemical reagents were purchased
from Sigma-Aldrich.

Neural Stem/Progenitor Cell Culture

Human neural stem/progenitor cells were obtained from Milli-
pore (Billerica, MA, http://www.millipore.com). The cells were
derived from the ventral mesencephalon region of human fetal
brain and immortalized by retroviral transduction with the v-myc
oncogene. In conventional culture, laminin (20 mg/ml) was used
to coat tissue culture plasticwares at least 2 hours before hNSC
seeding. Human neural stem/progenitor cells (NSCs) were main-
tained in ReNcell neural stem cell medium (Millipore) with FGF-2
(20 ng/ml) and EGF (20 ng/ml). Human NSCs were incubated at
37°C under 5% CO2 and used before passage 5 in this study.
For cell adhesion assays, cells were removed from the plate using
Accutase, aspirated in growth media, and seeded on peptide- or
laminin-coated substrates at a density of 50,000 cells per square
centimeter. For differentiation study, hNSCs were cultured with
the medium without FGF-2 and EGF.

Neurosphere Fabrication

Neurosphereswithuniformsizeswere fabricatedusing a robotic
fabrication system developed in our laboratory. Briefly, stamps

with amicronipple array were designed in SolidWorks (Dassault
Systèmes SolidWorks Corporation, Waltham, MA, http://www.
solidworks.com) and fabricated using an ultraprecision lathe.
The automatic neurospheres fabricator with electric triggered
gripper can pick up the stamp and pipette tips to handle liquids.
Agarose solution (2% wt/wt) was prepared by built-in heating
elements in the robot platform. The robot was programmed
to first add agarose solution to culture dishes. Then the robot
picked up the stamp and pressed on the agarose solution at
room temperature for 2 minutes. The highly uniformly sized
microwells were formed in the agarose gel. Human NSC suspen-
sion was taken by the robot and added to the microwells. After
24 hours of culture at 37°C and 5% CO2, uniformly sized neuro-
spheres were formed. For 3D culture, human neurospheres of
uniform size were mixed with hydrogel precursor solutions be-
fore hydrogel formation.

Peptide Synthesis and Characterization

Short peptide CCRRIKVAVWLC was synthesized from Fmoc-Cys
(Trt)-Wang resin using a standard Fmoc solid-phase peptide syn-
thesis protocol. Prior to cleavage from the resin, the free termi-
nal amine was acetylated using 10% acetic anhydride and 10%
pyridine in dimethylformamide. Peptide was cleaved from
the resin using 94% trifluoroacetic acid, 2.5% ethanedithiol,
2.5% H2O, and 1% triisopropylsilane. Peptide was purified
by high-pressure liquid chromatography and characterized us-
ing mass spectrometry. High-pressure liquid chromatography
was performedusing aWaters RCM25310 C-18 columns (Waters
Corporation, Milford, MA, http://www.waters.com). Ion trapmass
spectra were obtained using a Finnigan LCQ Advantage Max mass
spectrometer (Thermo Electron Corporation, San Jose, CA, http://
www.thermoscientific.com). The peptide was stored at220°C be-
fore stock solutions were made.

Hydrogel Preparation

We have developed a series of functionalized hydrogels based
on in situ gelable, nonimmunogenic materials, including multi-
arm thiolated PEG. Polyethylene glycol tetra-acrylate was used
as the crosslinker for hydrogel formation. Four-arm PEG was
thiolated by an esterification reaction with thioglycolic acid us-
ingp-toluenesulfonic acid as a catalyzer, as describedpreviously
[6, 7].

Rheological Characterization of Hydrogel

A rheometer (AR1000; TA Instruments, New Castle, DE, http://
www.tainstruments.com) was used to measure hydrogel me-
chanical properties, such as storage modulus (G9) and loss mod-
ulus (G99) and gelation time [8]. Briefly, the time sweep was
performed to monitor the in situ gelation at 37°C, recording the
temporal evolution of G9 and G99. A frequency sweep test was
used to obtain information about the stability of hydrogel struc-
tures. The stress sweep was set up by holding the frequency 1 Hz
constant while increasing the stress level from 1 Pa to 10 Pa. The
applied range of 1–10 Pa was found to be safe for use in a prior
experiment in whichwe determined the linear viscoelastic region
profiles of the hydrogels by shearing them until structural break-
down. The oscillatory stress sweep allows the determination
of G9 of the hydrogels.
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Peptide Conjugation

Peptide Conjugated to Gold-Coated Cover Slips

The lam-IKVAV and our short peptide were conjugated to gold-
coated cover slips. For gold coating on glass surfaces, cover slips
were first cleanedwithethanolby sonication for 30minutes. Then
goldwas coated on the cover slips by a sputter coater. For peptide
and laminin coating, the peptide (150 mg/ml or 100 mM) or lam-
inin (20 mg/ml) solutions were applied on the cover slips for at
least 2 hours. Then the solutions were removed from the slips
and washed with phosphate-buffered saline three times. An
atomic force microscope was used to examine the 3D configura-
tion of the peptides on the surface.

Conjugation of Peptides Into Hydrogels

The lam-IKVAV peptide and our synthesized peptide of different
concentrations were conjugated to PEG hydrogels through an ad-
ditional reaction of the thiol group on peptides at the ends of
a PEGTA crosslinker, as described previously [9]. Briefly, peptides
containing stock solutions (100mM)were prepared in the PEGTA
stock solution (2% wt/wt). In the peptide-linker stock solutions,
themolar ratioofpeptides toPEGTAwas1:20. Lowerpeptide con-
centrations of 50 mM and 10 mM were prepared by diluting the
stock solutionwith peptide-free PEGTA solution. Then PEGTA sol-
utions containing different concentrations of peptides were
added to four-arm thiolated PEG (2% wt/wt) solution and mixed
thoroughly to form hydrogels.

Cell Attachment and Proliferation

To determine whether peptide-functionalized surfaces can sup-
port cell attachment and long-term culture and proliferation,
hNSCs were cultured in complete growth medium, which con-
tains FGF-2 and EGF to maintain hNSCs in the undifferentiated
state. Cells were incubated on laminin- or laminin peptide-
coated substrates. At days 1, 5, and 10, the cell number fromeach
type of coating was assayed with a CyQuant cell proliferation
assay.

Cell Morphology

Morphology of cells was examined by immunostaining of actin.
Cells were fixed with 4% (wt/vol) paraformaldehyde, permeabi-
lized with 0.5% Triton X-100 (t-octylphenoxyplyethoxy-ethanol)
and stained with Alexa Fluor 543 phalloidin for 30 minutes. The
nuclei were counterstained with 1mg/ml of DAPI for 30 minutes.
The cells were imaged using a Leica TCS SP5 laser scanning con-
focal microscope (Bannockburn, IL, http://www.leica.com).

Cell Viability

Viability of cells insidehydrogelswasexaminedusinga LIVE/DEAD
viability kit. Live cells were stained with green fluorescent SYTO
10, and dead cells with compromised cell membranes were
stained with red fluorescent ethidium homodimer 2. The Leica
TCS SP5 laser scanning confocal microscope was used to capture
the images of the LIVE/DEAD cell-staining patterns. At least six
random fields per sample were analyzed.

Cell Differentiation

Thedifferentiation of hNSCson the tested surfaceswas evaluated
by immunocytochemistry. Human NSCs were cultured for 2

weeks with differentiation media without growth factors
FGF-2 and EGF. The cells were fixed and stained with primary
antibodies, such as b-III-tubulin and glial fibrillary acidic protein.
The samples were further stained with fluorophore-conjugated
secondary antibodies. The nuclei were counterstained with
DAPI. The samples were imaged using the same microscope as
described above. At least six random fields per sample were
analyzed.

Statistical Analysis

Data are shown as mean 6 SD. Statistical analyses were per-
formed using one-way analysis of variance followed by Tukey’s
post tests and the paired t test, as appropriate. A p value of
,.05 was considered statistically significant.

RESULTS

Peptides Conjugated to Gold Coated Surface

In this study, one new short peptide sequence, CCRRIKVAVWLC,
including cell adhesion motif IKVAV, has been successfully
developed by solid-phase synthesis protocol. The sequence of
polypeptide was confirmed by mass spectrometry with the
mass-to-charge ratio of 1,491.7 (calculated at 1,491.77)
(supplemental online Fig. 1).

In the sequence designs, two cysteines are located at the N-
terminus, andanother is locatedat theC-terminus.Becauseof the
specific interaction between the sulfur of cysteine and the sub-
strate (e.g., gold-coated glass surface), peptides can be immobi-
lized onto the substrates [10–13]. Because another two cysteines
are available in the sequences, our short peptides, when conju-
gated to the substrate, possess the capability to assume a looped
conformation, so that it can better present the IKVAV sequence
to the cells. In contrast, lam-IKVAV (CSRARKQAASIKVAVSADR),
which has only one cysteine in the sequences, cannot form cyclic
structures on substrates (Fig. 1A). The morphologies of the lam-
IKVAV peptide and our IKVAV conjugated to gold-coated cover
slips have been visualized by atomic force microscope (Fig. 1B).
The peptide formed 3D tall dots (bright spots) on the surface
coated with our short peptide. In contrast, there are very few tall
dots (bright spots) on the surface coated with lam-IKVAV pep-
tides. This clearly indicates that our short peptides form 3D loop
structures and present the IKVAV sequence better than the lam-
IKVAV peptides, which form linear 2D structures rather than 3D
loop structures.

Human NSCs Cultured on Our Peptide-Coated Surface

HumanNSCswere cultured on the substrates with different coat-
ings in maintenance media with growth factors of FGF-2 and EGF
for 1 week. As shown in Figure 2A, on the lam-IKVAV-coated sur-
face, hNSCs preferred to aggregate together. In contrast, on the
surface coated with our shorter peptide, they spread more
evenly, similar to those on whole-laminin-coated surfaces. As
for cell attachment, very few hNSCs attached to the lam-IKVAV-
coated surface. These loosely adhered cells formed cell aggre-
gates from day 2 and floated off the surface on day 7–10. In
contrast, on our new short peptide-coated surface, significantly
more hNSCs were attached compared with the lam-IKVAV-
coated substrates (Fig. 2B, insert, p, .05). These attached cells
spread evenly and proliferated quickly on our short peptide-
coated surface. Total confluence can be reached in about a week.
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There was no significant difference between our short peptide-
coated surface and whole-laminin-coated surface. When the
lam-IKVAVpeptidewascoatedonthesurface, it didnotelicit a sta-
ble attachment for hNSCs. Our short IKVAV peptide, just like the
whole-laminin molecule, supports hNSC attachment, spreading
and proliferating until total confluence on the whole surface is
achieved. When laminin-a1 antibody was applied to the surface
coated with our short IKVAV peptide, as shown in supplemental
online Figure 2, hNSCs aggregated together and loosely attached
on the surface. The laminin-a1 antibody blocked the short pep-
tide and then inhibited the adhesion of hNSCs onto the short
IKVAV peptide-coated surface. This result confirmed the same
integrin attachment sites for our short IKVAV peptide and laminin
with human neural stem cells.

Lam-IKVAV could not support long-term culture of hNSCs;
therefore, to investigate the effects of our short peptide on
cell differentiation, a whole-laminin-coated surface was used
as the control for the comparison. The cells were cultured in

differentiation media without FGF-2 and EGF for 2 weeks. Immu-
nocytochemistry was used to establish in vitro differentiation of
hNSCs. In addition to cellular morphology, neurons and glial cells
can be identified by b-III-tubulin and glial fibrillary acidic protein
staining, respectively (Fig. 3A). More than half of hNSCs differen-
tiated into neurons, and about 30% of hNSCs differentiated into
glial cells on our short IKVAV peptide-coated surfaces after 2
weeks in culture. In contrast, only about 10% of hNSCs differen-
tiated into neurons, andmore than 70%of hNSCs turned into glial
cells on the whole-laminin-coated substrates (Fig. 3B).

The Attachment and Proliferation of hNSCs on PEG
Hydrogels Conjugated With Our Peptide

Four-arm thiolated PEG was crosslinked by PEGTA through a
Michael-type addition reaction. As shown in supplemental
online Figure 3, the solutions of four-arm thiolated PEG (2%
wt/wt) and PEGTA (2% wt/wt) started the gelation process

Figure 1. Morphology of the lam-IKVAV peptide and our short IKVAV conjugated to gold-coated cover slips. (A): Scheme of peptides. (B):Mor-
phology of peptides inspected by atomic force microscope. Abbreviations: IKVAV, Ile-Lys-Val-Ala-Val sequence; Lam-IKVAV, Cys-Ser-Arg-Ala-
Arg-Lys-Gln-Ala-Ala-Ser-Ile-Lys-Val-Ala-Val-Ser-Ala-Asp-Arg sequence.
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at 30 minutes (when G9 . G99, no peptide) (supplemental
online Fig. 3A) and formed the stable hydrogel at 2 hours with
G9 about 600 Pa (supplemental online Fig. 3B, 3C). Peptides
were incorporated into the hydrogel by conjugation addition

of thiol groups in the peptide onto the ends of PEGTA. The con-
jugation reaction was complete within 5 minutes according to
the 5,59-dithiobis-(2-nitrobenzoic acid) test (data not shown).
The reaction between thiol and acrylate rather than the

Figure 2. Morphology, attachment and proliferation of human neural stem/progenitor cells cultured on substrates coated with lam-IKVAV
peptides, short IKVAV peptides, and whole LN. (A): Human neural stem/progenitor cells were stained with phalloidin (red). Scale bars = 100 mm.
(B): Quantification of cell attachment and proliferation. Cells were assayed with CyQuant proliferation kit. A greater number of cells attached
on cover slips conjugated with short IKVAV peptide than lam-IKVAV peptide at day 1 (inserted, p, p, .05). Abbreviations: IKVAV, Ile-Lys-Val-Ala-
Val sequence; Lam-IKVAV, Cys-Ser-Arg-Ala-Arg-Lys-Gln-Ala-Ala-Ser-Ile-Lys-Val-Ala-Val-Ser-Ala-Asp-Arg sequence; LN, laminin.

Figure 3. Differentiation of human neural stem/progenitor cells cultured on substrates coated with short IKVAV peptides andwhole LN at the
day 14. (A): Cells were stained with DAPI (blue), GFAP (green), and b-III-tubulin (red). Scale bars = 100 mm. (B): Qualification of cells that dif-
ferentiated into neurons (b-III-tubulin-positive) and glial cells (GFAP-positive). Our short IKVAV peptide induced significantly higher rate of dif-
ferentiation intoneurons and lower rate to glial cells comparedwith LN (p,pp, .05). Abbreviations: DAPI, 49,6-diamidino-2-phenylindole; GFAP,
glial fibrillary acidic protein; IKVAV, Ile-Lys-Val-Ala-Val sequence; LN, laminin.
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formation of disulfide bond is strongly preferred because, with
regard to kinetics, the rate of reaction of the thiol to the acrylate
is much more rapid than the rate of reaction between thiol
groups (11 hours) [14]. Because this conjugation reaction con-
sumed a very small amount of PEGTA (less than 2.5% of the total
amount), even with the highest concentration of our short pep-
tide (100 mM), the peptide addition did not affect the subse-
quent use of PEGTA for hydrogel crosslinking. Hydrogels
conjugated with different amounts of our short peptide (10
mM, 50 mM, and 100 mM) expressed similar stiffness at about
600 Pa (supplemental online Fig. 3B, 3C), although the gelation
process of all of our peptide-conjugated hydrogels started a lit-
tle bit later (40 minutes) than both blank hydrogel and lam-
IKVAV-conjugated hydrogel (30 minutes).

Human NSCs were cultured on the surface of hydrogels with
maintenance media for 7 days. Without any bioactive peptide,
hNSCs could not attach on the surface of plain PEG hydrogels
(Fig. 4A). The cells formed spheres by themselves around
day 3. Similar to those on plain hydrogels, cells on hydrogels con-
jugated with lam-IKVAV (10 mM and 100 mM) also aggregated
together. In contrast, on the hydrogels conjugated with our
short peptide of both 10 mM and 100 mM, cells attached
quickly. These attached cells proliferated on the surface as the
function of time. Shown in Figure 4B, at day 7, only on the hydro-
gel conjugated with our short peptide (10 mM and 100 mM)
did hNSCs display spreading cytoskeletons. There was no differ-
ence in the morphology of hNSCs between these two concentra-
tions. Moreover, as for the cell attachment and morphology on
the surface of the hydrogels, there was no significant difference
between hydrogels loadedwith laminin (20mg/ml) and our short
peptide.

Human NSCsMigrated Inside the Hydrogels Conjugated
With Our Short Peptide

Auniformly sized neurosphere is a good in vitromodel inwhich to
study cell migration in different biomaterial structures and for-
mulations. Human neurospheres with uniform size of about
400mmare shown in supplemental online Fig. 4. Human NSCs in-
side of our fabricated spheroids maintained their stemness, as
demonstrated by nestin-positive staining. The size of neuro-
spheres could be manipulated by adjusting the concentrations
of cell suspensions.

Human neurospheres with uniform size were mixed with
hydrogel precursor solutions including 2% (wt/wt) thiolated
four-arm PEG and 2% (wt/wt) PEGTA conjugated with lam-
IKVAV of 10 mM, 50 mM, and 100 mM; blank hydrogel; hydrogels
with our short peptide of different concentrations of 10 mM, 50
mM, and 100 mM; and hydrogel mixed with laminin (20 mg/ml).
After hydrogel formation, cells were cultured in differentiation
media without FGF-2 and EGF for 3 weeks. As presented in
Figure 5, the cells survived the in situ crosslinking process and
remained viable during the time of observation (21 days). The vi-
ability of hNSCs inside hydrogels was very high (.95%), regard-
less of the type and concentration of peptide.

The conjugated peptides resulted in a different response on
cellmigration. Individual cells could be seen tomigrate away from
the edge of the neurospheres inside the hydrogels conjugated
with our short peptide rather than lam-IKVAV (Fig. 6A).We quan-
tified the cell migration by taking measurements of the distance
between the edges of spheres and the cell bodies at their outer

perimeters. Figure 6 presents the quantification of cell migration
from neurospheres cultured inside the hydrogel without peptide
conjugation, the hydrogel mixed with laminin (20 mg/ml), the
hydrogel conjugatedwith lam-IKVAVof 10mM,and the hydrogels
with our novel IKVAV peptide of different concentrations of
10mM, 50mM, and 100 mM at days 3, 7, and 21. Human NSCs en-
capsulated in the hydrogel without peptide failed to migrate at
day 3. Very few hNSCs migrated out from the neurospheres after
day 7. When compared with the blank hydrogel group, hNSCs in
all of the peptide-conjugated hydrogels showed a greater ability
tomigrate. By contrast, hNSCs encapsulated inhydrogelswithour
short peptides of 10mMexpressed the greatest ability tomigrate,
at more than twofold longer distance at all time points (Fig. 6B,
p , .05). The distance of migration was statistically significant
as the function of time (Fig. 6B, p, .05). There was no significant
difference in cell migration between groups of the hydrogels
mixed with laminin and the hydrogels conjugated with short
IKVAV peptide at 10 mM.

DISCUSSION

Human NSCs Cultured on Our Peptide-Coated Surface

Thegreater efficacy and consistency ofour short peptide for hNSC
adhesion may have resulted from the better presentation of the
IKVAV sequence to cell receptors than the linear lam-IKVAV pep-
tide, as described above. Similar to our result, Kämmerer and
coworkers demonstrated that cyclic-RGD modified surfaces
showed a significantly increased influence on endothelial cell ad-
hesion and proliferation compared with the linear-RGDmodified
surfaces [15].

Our short IKVAV peptide has significant higher potential in in-
ducing hNSCs to differentiate into neurons than laminin. The rea-
son lies in the fact that our short peptide has presented higher
density of bioactive IKVAV to hNSCs than whole-molecule lami-
nin. IKVAV has been shown to promote neuronal differentiation
[16]. Previous studies have shown that the concentration of sur-
face peptide conjugated to gold surface is between2310211 and
13 10210 mol/cm [2, 17–19]. Thus, our peptide presents to cells
at least 1.23 1013 IKVAV epitopes per square centimeter. By con-
trast, closely packed laminin protein molecules in a 2D lattice on
a solid substrate have anestimated7.531011 IKVAVepitopes per
centimeter [2, 16]. Our short peptide could amplify the epitope
density relative to a whole laminin coating at least more than
10 times. Moreover, in comparison with whole laminin, our short
peptide is less likely to exhibit steric hindrance and is much more
stable [5]. In addition, our peptide is very short and very easy to
synthesize and is also very low cost. With this peptide sequence,
the need for human and animal sources of laminin in cell culture
will be minimal or even eliminated.

The Attachment and Proliferation of hNSCs on PEG
Hydrogels Conjugated With Our Peptide

PEG acts as an inert structural platform because of its hydrophi-
licity and resistance to protein adsorption [20]. Lam-IKVAV, when
conjugated to PEG hydrogels, did not support any hNSC attach-
ment. This result is consistent with the previous studies in which
the same peptide failed to induce adhesion or proliferation of rat
hippocampus NSCs when grafted to an interpenetrating poly(ac-
rylamide) hydrogel surface [21]. In contrast, our novel peptide im-
proved hNSC attachment, spreading, and proliferation on the
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surface of our short peptide-conjugated PEG hydrogels. The
greater efficacy of our short peptide on cell adhesion may have
resulted from the better presentation of the IKVAV sequence
to cell receptors than the linear lam-IKVAV peptide in a hydrogel
configuration. Yu and coworkers also demonstrated that Cys-Asp-
Pro-Gly-Tyr-Ile-Gly-Ser-Arg, whichmore closelymimics the native
region conformation of the active sites, exhibited greater cellular
responses compared with Gly-Tyr-Ile-Gly-Ser-Arg when conju-
gated to poly(2-hydroxyethyl methacrylate) hydrogel [22].

HumanNSCsMigrated Inside the Hydrogels Conjugated
With Our Short Peptide

In this study, when our short IKVAV peptide was conjugated to
hydrogels in different concentrations, the highest migration rate
of hNSCs inside the hydrogels was found at the short IKVAV pep-
tide density of 10 mM. Higher concentrations of our short IKVAV
peptides exhibited inhibitory effects on cellmigration. It has been
shown that migration of cells within hydrogels involves the dy-
namic interaction between cell surface receptors and adhesion

Figure4. Humanneural stem/progenitor cells (hNSCs) culturedon the surfaceof theplain hydrogels, thehydrogels conjugatedwith lam-IKVAV
(10 mM), the hydrogels with short IKVAV peptide of 10 and 100 mM at days 1, 3, and 7, and the hydrogel mixed with LN (20 mg/ml). (A): Phase
contrast of hNSCs on the surface of hydrogels. (B): Immunostaining of hNSCs onhydrogels at day 7. Cells were stainedwithDAPI for nuclei (blue)
and phalloidin for actin (red). Scale bars = 100 mm. Abbreviations: DAPI, 49,6-diamidino-2-phenylindole; IKVAV, Ile-Lys-Val-Ala-Val sequence;
Lam-IKVAV, Cys-Ser-Arg-Ala-Arg-Lys-Gln-Ala-Ala-Ser-Ile-Lys-Val-Ala-Val-Ser-Ala-Asp-Arg sequence; LN, laminin.

Figure 5. Human neurospheres survived inside the plain hydrogel, the hydrogel conjugated with lam-IKVAV (10 mM), and the hydrogels with
short IKVAVpeptideofdifferent concentrations of10mM,50mM,and100mM,and thehydrogelmixedwith LN (20mg/ml) at day21. Thebottom
panel shows the larger reviewof neurospheres insidehydrogels. Cellswere stainedwith LIVE/DEAD (Green/Red) kit. Scalebars =100mm.Abbre-
viations: IKVAV, Ile-Lys-Val-Ala-Val sequence; Lam-IKVAV, Cys-Ser-Arg-Ala-Arg-Lys-Gln-Ala-Ala-Ser-Ile-Lys-Val-Ala-Val-Ser-Ala-Asp-Arg se-
quence; LN, laminin.
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ligands in thehydrogels and themicroscopic porosity of hydrogels
[23, 24]. The concentration of available ligands, the specific bind-
ing affinity of the receptor-ligand pairs, and the strength of the
binding affect the binding dynamics and, in turn, the migration
behaviors. Our result is consistent with previous studies that
demonstrated that the biphasic response of cell migration
depending on peptide density was more prevalent at higher
receptor-ligand binding affinity [2, 23, 25].

The application of specific peptides has received much at-
tention foruse in hydrogel functionalization for neural tissue re-
generation [26]. One group, for example, used factor XIIIa to
covalently attach certain exogenous bioactive peptides within fi-
brin hydrogels during crosslinking. It was found that these pepti-
des sequences, including RGD; IKVAV; YIGSR; His-Ala-Val, or HAV;
andRNIAEIIKDI all enhanced neurite extension of chicken embryo

dorsal root ganglions individually. Although different behavior
types, including inhibitory, additive, noninteractive, and synergis-
tic, were seen when the peptides were incorporated in combina-
tion [2, 27]. Some groups developed amore complex structure by
self-assembly of peptide amphiphile molecules. By incorporating
the IKVAV sequence, these nanofiber hydrogels have been shown
to inhibit glial scar formation, enhance neuronal differentiation of
neural progenitor cells, and promote axon elongation, which ul-
timately resulted inbehavioral improvements after spinal cord in-
jury in mice once implanted in vivo [16, 28]. Our PEG hydrogels
conjugatedwithour short peptide showgreat potential for neural
tissue regeneration. First, an in situ crosslinkable hydrogel is pre-
ferred because the injectable material could be formed into any
desired shape at the site of injury and the crosslinkable polymer
mixture would adhere to the tissue during gelation. In addition,
the mechanical interlocking arising from irregular interfaces
would strengthen the tissue-hydrogel integration. Second, attract-
ing endogenous stem cells to injured or diseased areas has been
a much researched endeavor in past years for neural tissue regen-
eration [29, 30]. Our short IKVAV peptide functionalized hydrogels
allowing for 3D cell migration inside the hydrogels are highly desir-
able during the regeneration process.

CONCLUSION

In this study, we developed a short peptide sequence with only
12 amino acids, CCRRIKVAVWLC. This novel peptide, when com-
pared with the lam-IKVAV peptide, enhanced NSC attachment
and proliferation and directed NSC differentiation into neurons.
When conjugated to PEG hydrogels, this specific peptide sup-
ported NSC attachment and proliferation on the surface of
hydrogels and enhanced cell migration, with the maximum
enhancement at peptide density of 10 mM. This novel short pep-
tide shows great promise in stem cell culture and neural tissue
regeneration applications.
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Figure6. Cellmigration inside thehydrogels. (A):Themorphologyof
human neurospheres inside hydrogel conjugated with lam-IKVAV
(10 mM), hydrogel with short IKVAV peptide (10 mM), and hydrogel
mixed with LN (20 mg/ml). (B): Quantification of cell migration from
human neurospheres inside hydrogel conjugated with lam-IKVAV
(10 mM), short IKVAV peptide of different concentrations of 10 mM,
50mM,and100mM,andhydrogelmixedwith LN (20mg/ml). A greater
rate of migration was found in the hydrogel conjugated with short
IKVAV peptide at 10 mM than other concentrations at all time points
(pp, .05). Migration of cells was statistically significant as a function
of time (†p, .05). There was no significant difference in cell migration
betweengroupsof thehydrogelsmixedwith LNand thehydrogels con-
jugated with short IKVAV peptide at 10mM. Abbreviations: IKVAV, Ile-
Lys-Val-Ala-Val sequence; Lam-IKVAV, Cys-Ser-Arg-Ala-Arg-Lys-Gln-
Ala-Ala-Ser-Ile-Lys-Val-Ala-Val-Ser-Ala-Asp-Arg sequence; LN,
laminin.
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