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a b s t r a c t

Stem cell therapies, which aim to restore neurological function after central nervous system injury, have
shown increased efficacy when a tissue engineering matrix is implanted with cells compared to implan-
tation of the cells alone. However, much work still needs to be done to characterize materials that can be
used to facilitate and direct the differentiation of implanted cells. In the current study, polyethylene gly-
col hydrogels functionalized with continuous Ile-Lys-Val-Ala-Val (IKVAV) concentration gradients were
fabricated and utilized to systematically study and optimize the adhesive conditions for neural differen-
tiation of mouse embryonic stem cells in two- and three-dimensional environments. The results suggest
that 570 lM and 60 lM are the optimal IKVAV concentrations for 2D and 3D neural differentiation,
respectively, to maximize mRNA expression of neuron-specific markers and neurite extension while min-
imizing apoptotic activities in cultured cells compared to those exposed to higher IKVAV concentrations.
The combinatorial approach presented in this work demonstrates that hydrogels functionalized with
bioactive peptides provide a defined and tunable platform that can be employed to characterize and
improve culture conditions for superior survival, maturation and integration of implanted cells, leading
to enhanced restoration of neurological function for those receiving stem cell therapies after traumatic
brain and spinal cord injuries.

� 2015 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Traumatic brain and spinal cord injuries have a high prevalence,
enormous financial costs and lack clinical treatments that restore
neurological function [1,2]. Experimental stem cell therapy treat-
ments that aim to repair damaged tissues and organs are being
developed, but often ignore the contributions of the extracellular
matrix (ECM) in tissue development [3–5]. Experimental stem cell
therapy treatments that have included hydrogels to provide artifi-
cial ECM support for implanted cells have shown greater improve-
ment in neurological function than the implantation of the cells
alone [6–8]. Optimization of bioactive signaling within these

hydrogels could potentially lead to further improvements in the
restoration of neurological function from stem cell therapy.

Laminin, a major constituent of the basement membrane that is
found throughout the ECM of the central nervous system, plays a role
in tissue formation and cellular function in the central nervous sys-
tem [9]. Ile-Lys-Val-Ala-Val (IKVAV), one of the most studied peptide
fragments from laminin, is thought to have similar biological effects
to laminin [10]. IKVAV has been shown to promote neuron survival,
adhesion, migration and axon extension in vitro [10,11], while reduc-
ing glial scar formation in vivo [12]. A wide range of beneficial IKVAV
concentrations from 10 lM to 2.6 mM has been documented in the
literature [10,13–18]. However, it has also been shown that varia-
tions in IKVAV concentration influence cell attachment and neural
differentiation [13,15], implying that optimization of IKVAV concen-
tration could further improve the beneficial effects of the peptide on
neural cells and tissues. Several studies have utilized random dis-
crete samples to optimize IKVAV concentration for both two-dimen-
sional (2D) and three-dimensional (3D) neural differentiation and
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development [14,17,19,20]. However, this approach may fail to
identify the optimal peptide concentration as only a few concentra-
tions are examined.

A systematic approach must be employed to expedite identifi-
cation of the optimal concentrations for various bioactive peptides.
Although many combinatory strategies have been developed [21–
24], few of them are capable of both 2D and 3D cell culture [25–
28]. A continuous gradient strategy is capable of maximizing the
number of material parameters tested in culture and therefore is
utilized in our studies of bioactive peptides. Herein, we describe
a facile method to fabricate polyethylene glycol dimethacrylate
(PEGDM) hydrogels embedded with a continuous concentration
profile of a synthetic bioactive peptide that is defined spatially.
IKVAV was chosen as the model adhesion peptide and we assessed
the fidelity of our fabrication method by characterizing the IKVAV
content. The well-defined samples were then used to evaluate the
effects of IKVAV concentration on neural differentiation and neu-
rite extension of murine embryonic stem cells (mESCs) both in
2D and 3D.

2. Materials and methods

2.1. Materials

PEGDM (�10,000 g mol�1) was obtained from Monomer-
Polymer & Dajac Labs (Trevose, PA) and dialyzed in ultrapure water
for 2 days prior to experiments. Acryloyl-Gly-Ile-Lys-Val-Ala-Val
(IKVAV, 640.78 g mol�1) peptides were synthesized by American
Peptide Company (Sunnyvale, CA) and used without further purifi-
cation. Unless specified otherwise, supplies and reagents were pur-
chased from Thermo Fisher Scientific (Waltham, MA), VWR
International (Radnor, PA), Sigma–Aldrich (St. Louis, MO) or Life
Technologies (Carlsbad, CA).

2.2. Hydrogel fabrication for two-dimensional and three-dimensional
cell culture

Hydrogel solutions (12% w/v) were prepared by dissolving
PEGDM in a mixture of 80% F-12/20% Neurobasal medium contain-
ing 0.1% Irgacure 2959 photoinitiators (Ciba Specialty Chemicals,
Basel, Switzerland). Hydrogels (50 mm � 10 mm � 1 mm) embed-
ded with a peptide concentration gradient were assembled by dis-
pensing PEGDM solutions with and without 1.87 mM IKVAV
through two syringe pumps running in inverse linear ramping pro-
files ranging from 0 mL h�1 to 52 mL h�1, respectively, over 75 s
into a custom mold, followed by photopolymerization with
2.3 mJ cm�2 UVA lights for 6 min (Fig. 1A and C). Fig. 1B demon-
strates a snapshot of the gradient maker system and a representa-
tive PEGDM hydrogel with color gradients. After 3-h swelling in
neural differentiation media containing 80% F-12, 20% Neurobasal
medium, 1% penicillin/streptomycin, 0.8� N2, 0.2� B27, 10 mM
sodium pyruvate and 2 lM retinoic acid, six disks were punched
out down the length of each hydrogel using a sterile 3/800 punch
and individually placed in the wells of 48-well plates. D3 mESCs
(passage 69) were then added to each well at a density of 6 � 105 -
cells per well and incubated inside a humidified incubator (37 �C,
5% CO2) for 4 h. The cell-seeded constructs were transferred to
new wells and cultivated with 500 lL of fresh neural differentia-
tion media. Culture media were completely renewed every other
day and cells were harvested with trypsin at days 3 and 6. Before
mESCs were applied to each experiment, a small aliquot of cells
was collected and used as the control group (ES control).

In 3D experiments, the loaded IKVAV concentration was
reduced to 1.17 mM and a third syringe pump was connected to
the aforementioned system, which injected mESC suspension

solutions into the mold at a constant rate of 10 mL h�1

(Fig. 1A and D), yielding a final cell encapsulation density of
5 � 106 cells per milliliter. After photopolymerization and swelling
processes, six cell-laden disks were punched out from each hydro-
gel gradient as previously described and same culture conditions
were applied. Constructs were harvested at days 6 and 14.

2.3. Hydrogel characterization

Hydrogels in the absence of cells were evaluated for swelling
ratio, water content, mesh size, mechanical properties and IKVAV
concentration. Briefly, samples were weighed immediately after
photopolymerization and weighed again after incubation with
neural differentiation media at 37 �C, 5% CO2 overnight (wet mass).
The samples were then completely dried in a freeze dryer
(Labconco, Kansas City, MO) and the dry mass was obtained.
Swelling ratio was calculated by normalizing the wet mass to the
dry mass while water content was the ratio of the water mass to
the wet mass. Mesh size ðnÞ was determined using the equation

n ¼ V�1=3
2;s lC1=2

n n1=2 with the alternation proposed by Lu and Anseth
[29] and Cruise et al. [30] where V2;s is the equilibrium polymer
volume fraction in the gel, l is the bond length (1.50 Å) [30], Cn is
the characteristic ratio of PEG (4) [31] and n is the number of bonds
between crosslinks.

Young’s and shear moduli of the 3/800 hydrogel disks were quan-
tified using a TA.XTplus texture analyzer (Stable Micro Systems,
Surrey, UK) with a 1/400 spherical probe which compressed the
samples at a rate of 0.01 mm s�1 until 10% strain was reached.
Force ðFÞ, depth of indentions ðdÞ and strain e data were recorded
to calculate the contact radius ðaÞ, indentation stress ðrÞ, Young’s
modulus ðEÞ and shear modulus G using the following equations
[32,33]:

a ¼ R1=2d1=2

r ¼ F
pa2

E ¼ 3pð1�m2Þr
20e

G ¼ 3F
16afpðahÞ

; f pðahÞ ¼
2:36ðahÞ

2þ0:82ðahÞþ0:46
a
hþ0:46

where R is the radius of the 1/400 spherical probe, m is Poisson’s ratio
(0.5) and h is the height of each sample.

IKVAV concentration in the hydrogel gradients was detected
using a Lowry assay [25] after the gels were washed in ultrapure
water for 3 days under shaking. Gradients were first treated with
DC™ Protein Assay Reagent B (Bio-Rad, Hercules, CA) for 30 min
followed by another 30-min incubation with Reagent A and finally
were rinsed in ultrapure water. Disks were punched out from the
treated samples using a 1=4 in punch, placed in the wells of a 96-
well plate and read at 750 nm in a microplate reader (Tecan
Infinite M1000, Maennedorf, Switzerland). The absorbance read-
ings were correlated to those obtained from a standard curve cre-
ated using hydrogel samples with known IKVAV concentrations to
quantify peptide concentrations in the gradients.

2.4. Semi-quantitative polymerase chain reaction (PCR)

RNA was extracted from trypsinized cells (2D culture) or
homogenized lysate (3D culture) through a series of rinse, elution,
and centrifugation using RNeasy Mini Kit (Qiagen, Hilden,
Germany). RNA (50 ng) isolated from each sample was then
reverse transcribed into cDNA using SuperScript™ III Reverse
Transcriptase reagents according to the manufacturer’s protocol.
PCR was executed in a thermocycler (Mastercycler Nexus
Gradient, Eppendorf, Hamburg, Germany) by mixing 2 lL of syn-
thesized cDNA with Platinum� Taq DNA Polymerase reagents and
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