
lable at ScienceDirect

Biomaterials 178 (2018) 63e72
Contents lists avai
Biomaterials

journal homepage: www.elsevier .com/locate/biomater ia ls
Engineered stem cell mimics to enhance stroke recovery

Paul M. George a, b, c, 1, *, Byeongtaek Oh a, 1, Ruby Dewi d, Thuy Hua b, Lei Cai d,
Alexa Levinson a, Xibin Liang b, Brad A. Krajina d, Tonya M. Bliss b, Sarah C. Heilshorn d,
Gary K. Steinberg a, b, c, **

a Department of Neurology and the Neurological Sciences, Stanford University School of Medicine, Stanford, CA, USA
b Department of Neurosurgery, Stanford University School of Medicine, Stanford, CA, USA
c Stanford Stroke Center and Stanford University School of Medicine, Stanford, CA, USA
d Department of Material Science, Stanford University School of Medicine, Stanford, CA, USA
a r t i c l e i n f o

Article history:
Received 7 March 2018
Received in revised form
31 May 2018
Accepted 7 June 2018

Keywords:
Stroke
Biomaterials
Stem cells
Hydrogel
Stroke recovery
Connective tissue growth factor
* Corresponding author. Department of Neurology
Stanford University School of Medicine, 300 Pasteur
94305-5778, USA.
** Corresponding author. Department of Neurosurge
of Medicine, 300 Pasteur Drive R 281, Stanford, CA 94

E-mail addresses: pgeorge1@stanford.edu (P.M. G
edu (G.K. Steinberg).

1 Authors contributed equally

https://doi.org/10.1016/j.biomaterials.2018.06.010
0142-9612/© 2018 Elsevier Ltd. All rights reserved.
a b s t r a c t

Currently, no medical therapies exist to augment stroke recovery. Stem cells are an intriguing treatment
option being evaluated, but cell-based therapies have several challenges including developing a stable
cell product with long term reproducibility. Since much of the improvement observed from cellular
therapeutics is believed to result from trophic factors the stem cells release over time, biomaterials are
well-positioned to deliver these important molecules in a similar fashion. Here we show that essential
trophic factors secreted from stem cells can be effectively released from a multi-component hydrogel
system into the post-stroke environment. Using our polymeric system to deliver VEGF-A and MMP-9, we
improved recovery after stroke to an equivalent degree as observed with traditional stem cell treatment
in a rodent model. While VEGF-A and MMP-9 have many unique mechanisms of action, connective tissue
growth factor (CTGF) interacts with both VEGF-A and MMP-9. With our hydrogel system as well as with
stem cell delivery, the CTGF pathway is shown to be downregulated with improved stroke recovery.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Stroke has devastating consequences for survivors and their
caregivers [1]. Stroke's societal cost of greater than $100 billion per
year is also staggering [2]. Despite this, no medical treatments exist
for stroke recovery. Stem cell transplantation is a promising stroke
therapy showing efficacy in animal models and in multiple early
phase clinical trials [3e7]. Human neural progenitor cells (hNPCs)
are a type of stem cell derived from embryonic or fetal cells which
are predisposed to a neural fate; they have shown promise in stroke
recovery [8].

Unfortunately, several drawbacks remain to developing long-
term, cell-based therapies. First, typically only 1e8% of
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transplanted stem cells survive, due in part to the highly hypoxic
and inflamed post-stroke environment [9e11]. Second, the time,
cost, and infrastructure required to prepare an adequate number of
stem cells for transplantation limits the ability to maintain a large-
scale, stable product. Finally, the theoretical safety risks associated
with transplantation of stem cells requires the development of
rigorous protocols to insure cell homogeneity, quality assurance,
and absence of tumorgenicity.

Bioengineering cell-free, stem cell mimics offers a solution to
these limitations. Stem cells are thought to enhance stroke recovery
largely through trophic factor release [12,13]. A polymeric system is
well suited to deliver factors without the restrictions of cell-based
therapies. Recently developed, multi-component hydrogel systems
are promising for biocompatible, controlled molecule delivery into
biologic systems [14].

Based upon analysis of trophic factors produced by hNPCs,
hNPC-secreted VEGF-A and MMP-9 were found to be important for
hNPC-enhanced stroke recovery [12,13]. If given at early time
points after stroke, VEGF-A, a factor involved in angiogenesis and
neural recovery, weakens blood vessels and is detrimental to stroke
recovery [15e17]; but if delivered in a sustained manner, VEGF-A
improves healing [13,16,18]. Similarly, MMP-9, a molecule that
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increases active VEGF during angiogenesis and impacts extracel-
lular matrix remodeling, is detrimental in the acute period of stroke
[19]; but if delivered in the subacute timeframe (>7 days) is
beneficial [20,21]. The dosing of these molecules is also critical, as
higher concentrations can be detrimental to recovery [22]. It is
thought that stem cells react to cues in the post-stroke environ-
ment to deliver these molecules over time [23,24]. Given the
importance of timing and dose, a controlled-release system is
necessary to design an acellular therapy with trophic factor effects
for stroke recovery.

In our experiments, we utilize a composite, protein-based
hydrogel system to incorporate VEGF-A and MMP-9 [14,25]. We
use this polymeric system to release the factors in a pre-clinical
stroke model and investigate the effect on functional recovery.
The hydrogel-based treatments delivering VEGF-A, MMP-9, and
VEGF-A with MMP-9 (VEGF-A þ MMP-9) were compared to ani-
mals with embryonic stem cell-derived hNPC treatment. By con-
trolling the release profiles of VEGF-A and MMP-9, we observed
similar stroke recovery to animals receiving stem cell trans-
plantation. These studies demonstrate the feasibility of creating a
polymeric, stem cell mimic.

2. Materials and methods

2.1. Hydrogel preparation

The C7 recombinant protein and PEG-peptide polymers were
synthesized and purified as reported previously [26]. Phosphate
buffered saline (PBS) solutions of both components were prepared
at a concentration of 13.3 wt% for C7 and 6.7wt% for PEG-peptide.
30 mL hydrogel was created by mixing 15 mL C7 with 15 mL PEG-
peptide to achieve a final polymer concentration of 10wt% and a
C:P ratio of 1:1. Hydrogel delivering VEGF-A was prepared by
encapsulating recombinant human VEGF-A-165 (Novoprotein).
VEGF-A-165 was first mixed with the PEG-peptide component and
subsequently with C7. The final concentration of VEGF-Awithin the
hydrogel was 1 mg per 30 mL gel. Similarly, hydrogel delivering
MMP-9 was prepared by encapsulating MMP-9 (Biolegend) at a
concentration of 1 mg per 30 mL gel.

Dynamic light scattering microrheology was performed using a
Malvern Zetasizer ZS (630 nm laser) and analyzed using custom
software, as previously described [27]. Briefly, 1.0 mm diameter
polystryene beads (Polysciences #08226-15) functionalized with
poly (ethylene glycol) were dispersed into each hydrogel compo-
nent at a final concentration of 0.25% w/v. 15 mL of hydrogel was
prepared in a quartz cuvette (Malvern ZEN2112) by mixing each
component in situ. After 15min of incubation at 37 �C, raw scat-
tering autocorrelation functions were collected in back-scatter
detection for 15min at a fixed measurement position of 4.2mm,
followed by a sweep over measurement positions ranging from
3.6mm to 5.2mm in 0.1mm increments to obtain the ensemble-
averaged scattering intensity. The particle mean-squared
displacement was extracted from the raw scattering autocorrela-
tion function and the ensemble-averaged scattering intensity ac-
cording to the previously described broken-ergodicity correction
procedure [27].

The particle mean-squared displacement was transformed to
the frequency-dependent complex shear modulus G�ðuÞ according
to the generalized Stokes-Einstein relation [28], G�ðuÞ ¼ kBT

pa iuDr2ðuÞ ,
where kB is Boltzmann's constant, T is the absolute temperature, a
is the particle diameter, i is the imaginary unit, and Dr2ðuÞ is the
unilateral Fourier transform of the particle mean-squared
displacement. The unilateral Fourier transform of the mean-
squared displacement was performed using a local power law
analysis, as described previously [27,28].
2.2. Release kinetics of VEGF-A and MMP-9

Release kinetics of VEGF-A and MMP-9 were measured by first
preparing 30 mL hydrogel þ VEGF-A or MMP-9 in microcentrifuge
tubes (n � 3). The mixture was allowed to gel for 15 min at 37 �C
before adding 1 ml of PBS. Release kinetics were determined by
sampling and replenishing 10 mL of the PBS supernatant over a
period of 14 days. Samples were frozen at�80 �C immediately after
collection and thawed prior to quantification. The amount of VEGF-
A and MMP-9 present in the supernatant at each time point was
quantified using Human VEGF-A Quantikine ELISA Kit (R&D Sys-
tems) and Human MMP-9 Quantikine ELISA Kit, according to the
manufacturer's protocol. Results are normalized to the initial
amount of protein incorporated into each hydrogel.

2.3. Cell culture

hMVECs culture: humanmicrovascular endothelial cells (Lonza)
were cultured in EBM-2 endothelial basal medium supplemented
with EGM2-MV bullet kit supplements (Lonza) in a humidified
incubator at 37 �C and 5% CO2. Cells received regular media
replenishment every two days and were passaged using TrypLE
Express (Thermo Fisher Scientific). Passages 2e7 were used in
subsequent experiments.

Human neural progenitor cell culture: All stem cell procedures
were approved by Stanford's Stem Cell Research Oversight com-
mittee. As previously described [12], hNPC (passages 17e22) are
derived from embryonic stem cells and then were cultured in
neural maintenance media supplemented with 1� B27 and N2
along with LIF (10 mg/ml), EGF (20 mg/ml), bFGF (10 ng/ml, all Invi-
trogen, Waltham, MA except for EGF and LIF from Millipore,
Darmstadt, Germany), and pooled human serum albumin (1%,
Mediatech Inc, Pittsburgh, PA).

2.4. In vitro measurement of VEGF-A activity assay on hMVECs

To measure the in vitro activity of released VEGF-A (Novopro-
tein), 30 mL of hydrogel or 1 mg of VEGF-A encapsulated in 30 mL of
hydrogel samples were prepared and incubated in 1mL EBM-2
endothelial basal medium supplemented with 2% fetal bovine
serum (Gibco) in microcentrifuge tubes (n¼ 4). 100 mL of the su-
pernatant was collected on day 6, and replenished with equal
volume of fresh EBM-2. hMVECs were seeded into a 48-well tissue
culture plate in EGM2-MV and allowed to attach for 4 h. Media in
each well were then replaced with 500 mL EBM-2 basal medium
supplemented with 2% fetal bovine serum and 10 mL of collected
supernatant. CellTiter 96® AQueous One Solution Cell Proliferation
Assay (Promega) was used to quantify cell metabolic activity at days
1 and 4 according to themanufacturer's protocol. hMVECmetabolic
activity values were normalized to the valuemeasured in themedia
control group.

2.5. In vitro MMP-9 activity test after release from hydrogel

To measure the in vitro activity of released MMP-9 (Biolegend),
1 mg of MMP-9 was encapsulated in 30 mL of hydrogel, allowed to
gel at the bottom ofmicrocentrifuge tubes, and incubated in 1mL of
PBS (Gibco) (n¼ 3). 100 mL of the supernatant was collected on day
6 and replenished with equal volume of fresh PBS. A 100-fold
dilution of collected samples was used to measure MMP-9 activ-
ity using the Fluorokine® E Human Active MMP-9 kit (R&D Sys-
tems) according to manufacturer's protocol.

For proteolytic activity of released MMP-9, MMP-9 supernatants
collected from hydrogel with MMP-9 or VEGF-A þ MMP-9 at day 3
release were separated on a zymography gel (Thermo Fisher). Two
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MMP-9 standards with concentrations of 50 and 100 ng/mL were
also included. Proteolytic activity of the released MMP-9 was
qualitatively evaluated as light bands on the otherwise dark
zymography gel, as reported previously [29].

2.6. Behavior analysis

Behavior testing was performed by individuals blinded to ani-
mal grouping. Animals were divided into groups based on pre-
transplant behavior testing (n¼ 12 per group), such that all
groups had a similar mean and standard deviation at this time
point. Functional recovery was investigated using the vibrissae-
forepaw test [30]. Animals were trained on 3 separate days prior
to recording their baseline behavior. After baseline, the animals
underwent distal middle cerebral artery (dMCA) occlusion and
were tested 1 week after stroke prior to microinjection of hydrogels
or stem cells, depending on the group. Animals without a signifi-
cant deficit (significant deficit¼ vibrissae-forepaw score prior to
implantation at <30% of baseline) were removed. Behavior testing
was continued for 7 weeks post-stroke.

2.7. dMCA occlusion and microinjections of hydrogel and stem cells

All animal procedures were approved by Stanford University's
Administrative Panel on Laboratory Animal Care. T cell-deficient
adult male nude rats (NIH-RNU, 230± 30 g) underwent perma-
nent dMCA occlusion model with 30min bilateral CCA occlusion
under isoflurane anesthesia as previously described [12,13].
Buprenorphine was administered subcutaneously for analgesia.
Ampicillin was in cage water 1 day prior to surgery (1mg/ml) and
for 7 days after transplantation.

One week after stroke, animals were randomized by vibrissae-
whisker paw score, and hydrogel delivering MMP-9, VEGF-A, or
VEGFA þ MMP9, hydrogel alone, and stem cell microinjection
surgeries were performed by a blinded individual. hNPC cells were
dissociated for transplantation. Three 1.0 mL of hydrogels or cell
transplants (1 � 105 cells/ml) were injected into the ipsilesional
cortex at 7 days post-dMCA occlusion. First injection for
anterioreposterior (AeP), medialelateral (MeL), and
dorsaleventral (DeV) was þ1.6, �2.4, and �2.4, respectively; Sec-
ond injection for A-P, M-L, and D-V was þ0.7, �2.4, and �2.4,
respectively; Third injection for A-P, M-L, and D-V was �0.3, �2.4,
and �2.4, respectively.

2.8. Slice immunostaining and stroke volume

After behavior analysis at 7 weeks post-stroke (6 weeks post-
transplantation), rats were perfused and coronal slices (40 mm)
and sectioned. Primary antibodies (anti-GFAP (1:500, Abcam), anti-
CTGF (1:100, Abcam), and anti-b-dystroglycan (1:100, Abcam))
were incubated overnight at 4 �C as described previously [12].
Secondary antibodies were added and imaged using Keyence mi-
croscope (BZ-X700) with BZX analyzer.

For quantification of blood vessels labeled with anti-b-dystro-
glycan antibodies and GFAP staining as above at 6 weeks
after microinjection, two representative peri-infarct areas
(0.34mm� 0.45mm) were selected from each ipsilateral slice at
400-mm intervals from the genu of the corpus collosum to its
splenium (resulting in generally 14e16 slices per animal). One of
the areas evaluated is located in the peri-infarct area near the
scaffold ~0.3mm from the ventral surface, and the second is located
more medially in the center of the peri-infarct area near the center
of the stroke arc. Thesewere selected at the same point in each slice
by a blinded individual. Thresholds and exposure times were
identical for all groups. ImageJ software was used by a blinded
individual to calculate average vessel density.
For CTGF staining, four representative peri-infarct areas (2

proximal peri-infarct and 2 medial peri-infarct) as above were
evaluated with 4 slices per animal and 4 animals evaluated for each
condition as detailed above. Thresholds and exposure times were
identical for all groups. Assessments were performed by a blinded
individual.

Cresyl violet staining was used to assess stroke volume as pre-
viously described [12]. Serial slices 400 mm apart from the genu of
the corpus callosum to the spleniumwere taken and analyzed using
ImageJ software. Assessments were performed by a blinded
individual.
2.9. Cell counting for transplanted hNPCs

Rats were perfused with 1 � PBS and 4% PFA at day 1, day 3 and
day 7 after Cell transplantation. Brains were carefully removed,
post-fixed overnight and equilibrated in 30% sucrose. Coronal sec-
tions were cut at 30 mm from the beginning of AP þ1.2 through the
AP -2.0. Serial sections were collected in 24 well plates filled with
cryoprotectant. One out of six serial sections, 0.18 mm apart start-
ing at A-P þ1.1, were taken per brain, as this encompassed the
transplantation site. All the selected section was processed using
standard immunohistochemistry procedures.

Primary antibodies were incubated overnight, 4 �C with an
antihuman antibody (anti HuNu, 1:1000; MAB1281, Millipore, Inc.).
Secondary antibodies were incubated 2 h at room temperaturewith
biotinylated secondary antibody (1:1000, Vector Laboratories),
washed, incubated with an avidin-biotin-peroxidase complex
(30min, ABC, Vectastain Elite; Vector Laboratories). The 3,30-dia-
minobenzidine (DAB) staining was used and the human stem cell
was stained in brown color. Sections were then mounted in
anterior-posterior order on a glass slide.

The optical fractionator stereological methodwas used to obtain
estimates of the total number of HuNu-positive nuclei using Stereo
Investigator software (MBF Bioscience, Williston, VT, USA). The
Cortex and striatum was counted separately. In brief, every 6th
section extending rostral and caudal from APþ1.2 to AP -2.0 (sec-
tions spaced 180 mm apart) was sampled so that measurements
spanned a total of 3.2 mm (about 18 sections per animal). The
transplanted HuNu cells was delineated at a 2.5 � objective and
generated counting grid of 75 � 75 mm. An unbiased counting
framewas placed on the first counting area and systemically moved
through all counting areas until the entire delineated area was
sampled. Actual counting was performed using a 63 � oil objective.

Estimates of the total number of cells were obtained using the
following formula:

E ¼ k
X

N

where E is the estimate of the total number of stained cells in each
animal,

P
N is the sum of n values in all the sections analyzed, and k

indicates that every kth section was considered.
2.10. Statistics

All the data are presented as the mean ± S.E. of independent
experiments. N values indicate the number of independent exper-
iments conducted or the number of individual experiments. Group
differences were considered statistically significant at p < 0.05 (*
and **, p < 0.05 and 0.01, respectively). An analysis of variance
(ANOVA) test was used for multicomponent comparisons and
Tukey-HSD post-hoc test was used to confirm the statistical sig-
nificances between groups. For the animal behavior study, a non-
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parametric method (Kruskal-Wallis H test) was used for multi-
component comparisons and Dunn's multiple comparisons test
was used to confirm the statistical significance between groups.
Image analyses and cell counting were blinded and performed by
independent investigators.

3. Results

3.1. Protein-based hydrogel incorporates VEGF-A and MMP-9

VEGF-A and MMP-9 are two important molecules secreted from
stem cells to enhance stroke recovery [12,13]. To mimic the
controlled release of these factors from stem cells, a two-
component composite, protein-based hydrogel was used to incor-
porate these proteins and provide gradual release of these factors
into the post-stroke animals (Fig. 1a.).

The first hydrogel component is an engineered recombinant
protein composed of 7 repeats of the CC43WWdomain, termed C7.
The second hydrogel component is an 8-arm, 20 kDa polyethylene
glycol (PEG) that has a single proline-rich peptide attached to the
end of every arm. Simplemixing of the two components at constant
physiological conditions forms a hydrogel via hydrogen-bond
mediated, guest-host interaction between C7 and the PEG-
peptide. Further rheological characterization demonstrated that
the hydrogel does not change greatly when loaded with proteins
(Suppl. Fig. 1). This hydrogel is both shear-thinning and self-
healing, allowing hand injection of the hydrogel through a
syringe-needle and rapid reformation of the gel upon ejection from
Fig. 1. (a) Schematic illustration of hydrogel for injectable encapsulation of VEGF-A and MM
after transplantation. After 7 days post-transplantation of hNPCs, most cells are not detecta
VEGF-A in (c) over incubation time normalized to the total amount of protein encapsulated
the needle [14]. Previous work has demonstrated that encapsula-
tion of peptides and growth factors within this hydrogel system can
significantly reduce their diffusivity, resulting in a much longer,
sustained release profiles of the encapsulated growth factors
[14,31]. This prior work also demonstrated that the primary
mechanism of protein release was surface erosion. The biode-
gradable hydrogel incorporated with VEGF-A and MMP-9 was
designed to be injected into the cortex similar to stem cell therapy
to determine its efficacy on functional recovery after stroke.

We performed experiments to determine hNPC survival after
implantation.We found that amajority of the cells did not survive 3
days after implantation (Fig. 1b). MMP-9 and VEGF-A release from
the hydrogel was quantified using ELISA of the supernatant over
time. While cumulative MMP-9 release over 2 weeks was nearly
100%, the cumulative amount of VEGF-A deliveredwas about 70% of
the encapsulated dose, presumably due to inactivation of VEGF-A,
which is known to have a short half-life (Fig. 1c and d). Both fac-
tors had similar sustained release profiles, with the majority of the
delivery occurring within 100 h (i.e. about 4 days). Absolute hourly
release for VEGF-A for the first 100 h was 9.1± 0.6 ng/h and for
MMP-9 was 6.1± 0.8 ng/h. Moreover, quantification of the super-
natant from polymer alone gives non-detectable levels of both
VEGF-A and MMP-9 (Suppl. Fig. 2). Because decreased survival is
observed in transplanted stem cells after 7 days, these controlled
release profiles are likely similar to the timeframe stem cells are
most actively releasing trophic factors [32]. While active mecha-
nisms in vivo likely alter kinetics to a certain degree, release of
proteins in a similar profile over the first several days of
P-9. (b) Percentage of hNPC survival after transplantation. Cell survival rate decreased
ble (*, p � 0.05). (c) and (d) Cumulative release profiles of proteins MMP-9 in (b) and
. Data shown as mean± SEM, n¼ 3 per group.
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implantation is expected. This indicates that both the polymer and
the hNPCs likely release amajority of the factorswithin the first few
days after implantation.
3.2. VEGF-A and MMP-9 remain active after release from protein-
based hydrogel

To insure VEGF-A and MMP-9 remain active throughout their
encapsulation and delivery from the hydrogel, independent func-
tional assays were performed. To determine functional VEGF-A
release, the cell proliferation in response to VEGF-A in human
dermal microvascular endothelial cells (hMVEC) was measured by
evaluating metabolic activity. hMVEC cells were exposed for 1 day
or 4 days to the 6-day supernatant of the hydrogels containing
VEGF-A (Polymerþ VEGF-A) or control hydrogels (Polymer). After 1
day incubation, hMVEC cells exposed to Polymer þ VEGF-A su-
pernatant showed a small, but significant increase in activity
compared to the hMVEC exposed to control hydrogel supernatants
(Fig. 2a). After 4 days of incubation the VEGF-A hydrogel superna-
tant group showed similar activity to the controls containing either
media þ serum or media þ VEGF-A, and significantly higher ac-
tivity than the control hydrogel supernatants (Polymer) or media-
alone (Media) (Fig. 2b, Suppl Fig. 3). The Media group was used
as a negative control andMediaþ Serum andMediaþ VEGF-Awere
used as a positive control. This indicates the continued metabolic
activity of the VEGF-A encapsulated in the gels over time.

In a similar fashion, continued MMP-9 activity in the hydrogels
was assessed utilizing a fluorometric antibody based-assay
designed to quantitatively measure the level of active MMP-9.
The results confirmed that VEGF-A þ MMP-9 gels and MMP-9-
alone gels had significantly higher active MMP-9 concentrations
Fig. 2. VEGF-A and MMP-9 released from polymer hydrogels are biologically active. (a, b) I
hMVECS exposed to Polymer þ VEGF-A supernatant had more activity than hydrogel alone
control containing Media þ Serum showed significantly higher than Media alone (**, p � 0.
showed similar outgrowth to the controls containing Media þ Serum and Media þ VEGF-A
supernatant group (a, p � 0.01) (ANOVA analysis showed at 1d and 4d F ¼ 72.68 and
Polymer þ VEGF-A at 1d and 4d was statistically significant compared to the Polymer group
SEM, n ¼ 4). (c) MMP-9 activity after release from the hydrogel. Polymer with MMP-9 (MM
alone or polymer with VEGF-A (VEGF-A), (ANOVA analysis showed F ¼ 810 and p � 0.0001. P
are SEM, n ¼ 3).
compared to the polymer alone (Polymer) or the polymer con-
taining VEGF-A (VEGF-A) (Fig. 2c). These results demonstrate the
ability of MMP-9 to remain active after release from the gel.

3.3. Protein-based hydrogel mimics hNPC-Mediated improvement
in stroke recovery

To determine if the hydrogel system delivering VEGF-A and
MMP-9 could mimic stem cell-enhanced stroke recovery, a distal
middle cerebral artery (dMCA) occlusion rodent stroke model was
utilized. This model results in a cortical stroke with surrounding
peri-infarct tissue. One week after animals had received a dMCA
occlusion stroke, the polymer or hNPCs were transplanted into the
brain using stereotactic technique. Concentrations that were used
in the in vitro functional assays were used for in vivo implantation.
Functional behavior assays were performed for 7 weeks following
the stroke to monitor for recovery (Fig. 3a and b).

Animals that received the VEGF-A þ MMP-9 hydrogel had
improved functional recovery compared to the polymer alone
(Polymer), polymer delivering VEGF-A only (VEGF-A), and polymer
delivering MMP-9 only (MMP-9) groups at 7 weeks after stroke
(Fig. 3c). The animals that received the VEGF-A þ MMP-9 hydrogel
recovered similarly to the animals that received hNPCs (no statis-
tical significance, p ¼ 0.978). Of note, the hydrogel system had
similar functional recovery to that seen with hNPCs only when the
two factors were combined, but not when individual factors were
delivered.

3.4. CTGF is reduced in enhanced stroke recovery

To evaluate why the combination of VEGF-A and MMP-9 was
n vitro measurement of VEGF-A activity assay on hMVECs. (a) After 1 day of exposure,
(Polymer) supernatant. (a, p � 0.01). The 6-day Polymer þ VEGF-A supernatant and

01). (b) After exposure in culture for 4 days, the 6-day Polymer þ VEGF-A supernatant
and significantly higher than Media alone (**, p � 0.01) or the day 6 Polymer alone
404.5, p � 0.0001 and 0.0001, respectively. Post-hoc Tukey HSD test shows that

(a, p � 0.01), and ** indicates p � 0.01 as compared to the Media control, error bars are
P-9) or VEGF-A þ MMP-9 had significantly more activity than the controls of Polymer
ost-hoc Tukey HSD test showed statistical significance, ** indicates p � 0.01, error bars



Fig. 3. Engineered stem cell mimics enhance stroke recovery. (a) Schematic representation of polymer injection. The polymer releases proteins in a controlled manner. (b)
Experimental timeline with training three times in the week prior to dMCA occlusion. Arrows indicated behavioral testing. (c) Vibrissae-forepaw behavioral testing. VEGF-A þMMP-
9 group and the hNPC group exhibited statistically significantly greater recovery at 7 weeks post-stroke compared to other groups (Kruskal-Wallis: H ¼ 27.3, p � 0.0001; and Dunn's
multiple comparisons test, ** indicates p � 0.01, Data shown as mean ± SEM, n ¼ 12). There was no statistical significance difference in recovery between hNPCs and hydrogel
releasing VEGF-A þ MMP-9, p ¼ 0.978.
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required for functional improvement after stroke (when either
factor alone was not sufficient), we focused on connective tissue
growth factor (CTGF). CTGF interacts with both VEGF-A andMMP-9
and plays an important role in tissue remodeling; however, its role
in stroke recovery is unknown [33e37]. To investigate CTGF
expression, brain slices were stained for CTGF, and the area of
staining was evaluated in four peri-infarct areas (2 proximal peri-
infarct (P) and 2 distal peri-infarct (D), 4 slices per animal) (Fig. 4a).

Animals that received the VEGF-A þ MMP-9 polymer or hNPCs
had significantly reduced CTGF expression compared to the animals
in the other groups (Fig. 4b and c). Given MMP-9 cleaves CTGF, it
was expected that CTGF would be reduced in the MMP-9 alone
group. While the MMP-9 alone group did not show reduced CTGF
overall, when the distal peri-infarct tissue was examined,
decreased CTGF was observed compared to the polymer alone
groups (Fig. 4b). Thus, the distal peri-infarct CTGF levels of animals
receivingMMP-9 alone were similar to those seen by the combined
VEGF-A þ MMP-9 group and the hNPCs group. However, the
proximal peri-infarct tissue did not show decreased CTGF in the
MMP-9 alone groups compared to polymer alone (Suppl. Fig. 4).
Representative CTGF images (green) of brain slices from the prox-
imal peri-infarct region demonstrate substantial reduction of CTGF
expression in the hNPCs and VEGF-A þ MMP-9 groups (Fig. 4c).
Secondary alone and sections without secondary served as controls
and did not show any appreciable signal (Suppl Fig 5). It was also
found that macroscopically brains were similar, and no significant
polymer remained at the injection site at 7 weeks after stroke
(Suppl Fig. 6).
These findings suggest a possible mediator for improved re-
covery for the VEGF-A þ MMP-9 hydrogels through the CTGF
pathway (Fig. 5). CTGF is known to bind VEGF-A, thus limiting the
functional bioactivity of VEGF-A [33]. MMP-9 is able to cleave CTGF
and allows VEGF-A, which is resistant to degradation by the MMP-
9, to become active again [20,38e43]. As increased local VEGF-A
activity from transplanted cells is known to correlate with benefi-
cial effects post-stroke [12,13], an increase in local VEGF-A activity
achieved through an acellular, MMP-9/CTGF mediated mechanism
is also expected to improve therapeutic outcome. Further studies
are required to investigate causality of the CTGF pathway for stroke
recovery.

To evaluate alternative pathways, we analyzed astrocytes, blood
vessel density in the peri-infarct region, and infarct size. At 7 weeks
post-stroke, no change in blood vessel density, the amount of glia,
or stroke size was observed (Suppl. Fig. 7 and 8). The inflammatory
response was also evaluated by examining B and T cells at the
stroke area (Suppl. Fig. 9). No difference was found in these in-
flammatory responses between groups.

4. Discussion

The delivery of important trophic factors, VEGF-A and MMP-9,
via a two-component protein hydrogel enhances stroke recovery.
The hydrogel-based delivery was able to mimic stem cell-based
functional improvement in animals who had experienced a
stroke. Both molecules are necessary to increase behavioral out-
comes, as animals who received VEGF-A or MMP-9 only did not



Fig. 4. Both stem cells and VEGF-A þ MMP-9 hydrogels decrease CTGF expression after stroke. (a) Schematic with areas for quantitative analysis indicated by rectangles. P and D
indicate proximal peri-infarct and distal peri-infarct, respectively. Red star indicates the injection site of cells or varying polymer groups. (b) Quantitative measurements of CTGF
area in peri-infarct (P þ M) and distal peri-infarct (D). ANOVA analysis showed F ¼ 14.5, p < 0.0001. Tukey-HSD post-hoc analysis indicates that hNPCs and VEGF-A þ MMP-9 are
statistically significant as compared to the Polymer group (** and *** indicates p < 0.01 and 0.0001). Additionally, a and b indicate statistical significances compared to MMP-9 and
VEGF-A alone groups, respectively (p < 0.01). Data shown as mean ± SEM, n ¼ 5. (c) Immunofluorescent CTGF staining of brain slices in proximal peri-infarct (P) (Scale bar indicates
100 mm). HS indicates Hoechst nuclear staining. Red bars indicate where the lesion is located. (For interpretation of the references to color in this figure legend, the reader is referred
to the Web version of this article.)

Fig. 5. Proposed model for engineered stem cell mimics to enhance stroke recovery. VEGF-A forms a VEGF-A-CTGF complex, resulting in low efficacy of VEGF-A delivery at the
infarct lesion. In the presence of MMP, it breaks the V-C complex by targeting the CTGF domain.

P.M. George et al. / Biomaterials 178 (2018) 63e72 69



P.M. George et al. / Biomaterials 178 (2018) 63e7270
experience a recovery benefit. This reinforces the concept that
hNPCs are releasing multiple trophic molecules over time, resulting
in neural repair. While hNPCs likely effect numerous pathways in
addition to VEGF-A and MMP-9, the hydrogel based system was
able to improve recovery to a similar degree with delivery of these
two proteins. The degradation of CTGF byMMP-9 to release VEGF-A
is a candidate pathway to explain the increased recovery. Further
experimentation to determine if CTGF has a causal role is necessary.
The ability to identify important pathways from stem cell biology
and act on those pathways with biomaterials is a powerful tool to
develop therapies for neural repair after ischemia.

Once important factors are determined, such as VEGF-A and
MMP-9, biomaterials allow for tunable, controlled-release of these
molecules. A polymeric drug delivery system allows for more pre-
cise control of molecule release and bypasses many of the pitfalls of
cell-based treatments. This reduces the biological variability seen
with producing and maintaining a therapeutic cell line, which will
be required for many patients over many years. In addition, the
relatively simple and low-cost scale-up of polymer production
relative to cell manufacturing would greatly increase the avail-
ability of the therapy, which is required given the frequency of
stroke world-wide. Finally, the reduced risk of tumorgenicity or
additional unwanted side effects of cell therapy also make a
polymeric-based molecule delivery system more advantageous for
sustained treatment of stroke victims.

Prior studies have shown that release of trophic factors, such as
VEGF-A, can improve stroke outcomes [44,45]. To our knowledge,
this is the first study to compare a polymeric-based controlled
release of critical repair molecules directly to stem cell therapy. Our
finding that the sustained delivery of trophic factors has similar
effects on functional improvement as hNPCs suggests that deliv-
ering essential factors could serve as an alternative to cell-based
therapeutics. While prior studies have implicated trophic factor
release as an important mechanism for stem cell therapeutics and
our prior work indicated increased levels of VEGF-A and MMP-9 in
stem cells, this study does not prove that the exact mechanism are
the same between the hNPC- and polymeric-based therapies. These
experiments do further strengthen the hypothesis that much of the
augmentation seen from stem cell therapies is a result of the
paracrine effects of the cells. Our results show that both VEGF-A
and MMP-9 were required to increase functional recovery, which
suggests that multiple molecular interactions may be needed to see
effects similar to hNPCs. It is also interesting that although both the
polymer and the hNPCs deliver most of the factors within the first
few days after implantation, behavioral recovery is observed at
later time points. This suggests that both therapies effect the host
environment at earlier time points which alters the tissue response
to allow for improved recovery.

Of note, the two-component hydrogel system was able to
release an active metalloproteinase into a biological system in a
controlled fashion with activity shown at 6 days in vitro and the
ability to modify behavior illustrated in vivo. Given the potent
proteolytic activity of these molecules, controlling their release
profile is an important safety requirement. Our protein-polymer-
based system provides a method to further optimize release char-
acteristics to deliver these important molecules. The polymeric
system allows for easier manipulation of the delivery of these
molecules than a cell-based therapy. By changing the drug loading,
hydrogel mesh size, and hydrogel erosion and degradation kinetics,
more prolonged or higher concentrations of trophic factors could
be delivered, which may have additional therapeutic benefits
[31,46]. As further insight is gained about the identity of important
recovery factors, their therapeutic dosage, and their time-window
of action; a polymeric system offers greater tunability than a cell-
based treatment to deliver these essential therapies in an
optimized fashion.
CTGF regulates extracellular matrix synthesis and proliferation

and binds to the important angiogenic molecule VEGF-A
[33,36,47,48]. When VEGF-A is bound to CTGF, its angiogenic
properties are inhibited, and VEGF-A's angiogenic and other non-
angiogenic contributions to stroke recovery are also likely pre-
vented as well. MMP-9 is known to degrade CTGF and allow VEGF-A
to become active again [40,41]. Since VEGF-A is resistant to MMP-9
degradation, it is able to resume its biological functions after the
complex is cleaved [20,38,39,42,43]. While vascular and inflam-
matory changes were not seen at 7 weeks after stroke in our model,
these changes can be transient, and VEGF-A has been shown to
have numerous other effects on stroke recovery including
enhancing neural plasticity and neural repair [13,49]. Our results
show downregulation of CTGF correlates with improved behavioral
recovery in the combined VEGF-A þ MMP-9 polymer and hNPC
groups but fail to prove a causative mechanism. Further investi-
gation into the causative role of the CTGF pathways appears war-
ranted and may provide a new avenue for stroke therapeutics.
Although MMP-9 and VEGF-A each are known to have beneficial
effects on neural repair, individually in our strokemodel they failed
to have an effect on functional recovery. This indicates the impor-
tance of providing multiple molecular interactions to improve
stroke outcomes.

In summary, we have developed a two-component hydrogel
system which provides controlled release of important molecules
to enhance stroke recovery. The VEGF-AþMMP-9 hydrogel mimics
stem cell effects on functional recovery after ischemia. Although a
potential advantage of intracerebral stem cell transplant after
stroke is the interaction of the cells with the stroke environment to
signal optimal temporal release of various beneficial molecules, it
may be possible to replicate this temporal pattern with a hydrogel
system. Further studies to characterize the CTGF pathway are
required to determine the importance of this molecule in neural
repair and to further investigate the mechanism of action. Addi-
tionally, critical factors for recovery can be determined from addi-
tional studies of hNPC biology. By delivering these molecules, the
hydrogel-based delivery system can provide a sustainable method
to develop future, scalable stroke therapeutics and further inves-
tigate stroke recovery processes.
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