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a b s t r a c t

A critical design parameter for the function of synthetic extracellular matrices is to synchronize the
gradual cell-mediated degradation of the matrix with the endogenous secretion of natural extracellular
matrix (ECM) (e.g., creeping substitution). In hyaluronic acid (HyA)-based hydrogel matrices, we have
investigated the effects of peptide crosslinkers with different matrix metalloproteinases (MMP) sensi-
tivities on network degradation and neovascularization in vivo. The HyA hydrogel matrices consisted of
cell adhesive peptides, heparin for both the presentation of exogenous and sequestration of endoge-
nously synthesized growth factors, and MMP cleavable peptide linkages (i.e., QPQGLAK, GPLGMHGK, and
GPLGLSLGK). Sca1þ/CD45�/CD34þ/CD44þ cardiac progenitor cells (CPCs) cultured in the matrices with
the slowly degradable QPQGLAK hydrogels supported the highest production of MMP-2, MMP-9, MMP-
13, VEGF165, and a range of angiogenesis related proteins. Hydrogels with QPQGLAK crosslinks supported
prolonged retention of these proteins via heparin within the matrix, stimulating rapid vascular devel-
opment, and anastomosis with the host vasculature when implanted in the murine hindlimb.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Although stem cell based therapies are widely recognized as
having the potential to regenerate damaged or diseased tissues
including cardiac, skeletal muscle, and liver, substantial cell death
and poor engraftment upon transplantation have limited the suc-
cess of stem cell therapies [1e5]. In view of these issues, we have
proposed that Matrix-Assisted Cell Transplantation (MACT) might
be used to promote pro-survival autocrine/paracrine signaling and
to enhance engraftment [6,7]. The design of synthetic matrices for
cell transplantation includes biochemical and mechanical factors
that promotes cell adhesion, proliferation, and differentiation, and
rkeley, 370 Hearst Memorial

).
stimulates engraftment of donor cells and tissue regeneration. They
also require tunable strategies for controlled matrix degradation
such as hydrolytically degradable linkages including lactic acid
[8,9], epsilon-caprolactone [10], fumarate [11,12], and phosphoester
[13]. With these materials, the degradation of the matrix occurs
through non-specific bulk and/or surface erosion mechanisms,
which are not always coordinated with the kinetics of tissue
regeneration. As an alternative to these degradation strategies, cell-
mediated matrix degradation has been pursued since it occurs in a
temporal and spatial manner in concert with natural ECM forma-
tion [14e18].

Matrix metalloproteinases (MMPs) cleavable peptides have
been targeted as ideal crosslinkers in synthetic matrices since they
actively enhance tissue regeneration mediated by either trans-
planted or host cells [19e26]. The majority of these protease-
degradable matrices have been fabricated by crosslinking with
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Fig. 1. Schematic of gel synthesis. HyA hydrogels containing cell adhesive bsp-RGD
(15) peptide and heparin as a growth factor presenting agent were synthesized by
crosslinking with matrix metalloproteinase (MMP)-cleavable peptides (QPQGLAK,
GPLGMHGK, and GPLGLSLGK) of distinctly different MichaeliseMenten kcat/Km

parameters.
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only a small number of MMP-based peptide linkers, most
commonly GPQGIAGQ or GPQGIWGQ [17,18,27,28], although
rapidly degradable linkers have been used such as VPMSMRGG
[22,23,29]. Hence the current paradigm is that synthetic matrices
generated with MMP-sensitive peptide crosslinkers exhibiting
defined MichaeliseMenten parameters (kcat/Km) will maintain a
balance between cell-mediated degradation of the synthetic matrix
and endogenously synthesized ECM, thus supporting cell survival
and stimulating engraftment via synchronous remodeling of the
synthetic matrices in concert with ECM formation [22,23,25].
However, a systematic analysis of MMP degradable crosslinkers in
synthetic matrices for stem cell transplantation, and subsequent
angiogenesis, has not been studied.

In this work, we studied the biological outcomes of cell laden
synthetic hydrogel matrices with varied degradation kinetics in
response to cell-induced MMP remodeling. We employed a previ-
ously described HyA hydrogel system [6,7], using high molecular
weight HyA, a biopolymer with good biological performance that
has been shown to also exhibit anti-inflammatory properties
[30,31]. This matrix contains the 15 amino-acid bone sialoprotein-
derived peptide containing the Arg-Gly-Asp (RGD) sequence bsp-
RGD (15) (CGGNGEPRGDTYRAY) for cell adhesion, high molecular
weight heparin (HMWH) for exogenously added and endogenously
synthesized growth factor presentation [6], and contains MMP-
cleavable peptide linkages that allows MMP-dependent remodel-
ing of the matrix. A population of Sca1þ/CD45�/CD34þ/CD44þ

cardiac progenitor cells (CPCs) that has demonstrated therapeutic
capacity in a mouse ischemia model was used in our experiments
[32]. This population of CPCs has tri-lineage potential to differen-
tiate into cardiomyocytes, smooth muscle cells, and endothelial
cells under the appropriate media conditions. CPCs cultured within
our matrices containing HMWH and transforming growth factor
beta 1 (TGFb1) have demonstrated the formation of vascular-like
structures both in vitro and in vivo.

Specifically, the presence of HMWH supports trophic functions
of the CPCs by sequestering multiple endogenously secreted
angiogenic factors within the matrix [6,7,33]. To test the effect of
MMP degradation kinetics on CPC engraftment, three matrices
were synthesized using the MMP-sensitive peptide crosslinkers
(QPQGLAK, GPLGMHGK, and GPLGLSLGK) with significantly
different degradation kinetics [25] (Table 1) (Fig. 1). We compared
CPCs survival, proliferation, differentiation, and matrix production
within the hydrogels in vitro. The matrix crosslinked with the
slowest degradation kinetics (QPQGLAK) supported the highest
secretion of MMP-13, VEGF165, and angiogenesis related proteins. It
also supported prolonged retention of these proteins and stimu-
lated rapid vascular development. Compared to the other cross-
linked matrices, in vivo studies revealed that matrices crosslinked
Table 1
Kinetic parameters for MMP cleavable peptides (adapted from Reference [25]).

QPQGLA

MMP-13 kcat ¼ 0.82 s�1

Km ¼ 1.10 mM
kcat/Km 7.5 s�1

Normalized Ratio for kcat/Km 1.00

MMP-9 kcat ¼ 25.40 s�

Km ¼ 1223.00
kcat/Km 2.1 e4 s
Normalized Ratio for kcat/Km 1.00

MMP-2 kcat ¼ 36.50 s�

Km ¼ 2028.00
kcat/Km 1.8 e4 s
Normalized Ratio for kcat/Km 1.00
with QPQGLAK significantly stimulated more robust angiogenesis
and anastomosis of newly formed vessels with the host circulatory
system.
2. Materials and methods

2.1. Materials

Hyaluronic acid (HyA, sodium salt, 500 kDa) was purchased
from Lifecore Biomedical (Chaska, MN). Adipic dihydrazide (ADH),
1-ethyl-3-[3-(dimethylamino)propyl] carbodiimide (EDC), sodium
hydroxide (NaOH), hydrochloric acid (HCl), tris(2-carboxyethyl)
phosphine (TCEP), triethanolamine-buffer (TEOA; 0.3 M, pH 8) and
1-hydroxybenzotriazole (HOBt) were purchased from Aldrich
(Milwaukee, WI). Dimethyl sulfoxide (DMSO), N-Acrylox-
ysuccinimide (NAS) and, acetone ethanol were obtained from
K GPLGLSLGK GPLGMHGK

14.10 s�1 73.90 s�1

317.00 mM 465.00 mM
M�1 4.4 e4 s�1 M�1 1.6 e5 s�1 M�1

60.00 213.00

1 46.70 s�1 167.80 s�1

mM 940.00 mM 727.00 mM
�1 M�1 5.0 e4 s�1 M�1 2.3 e5 s�1 M�1

2.00 11.00

1 21.10 s�1 620.00 s�1

mM 216.00 mM 3558.00 mM
�1 M�1 98000.00 s�1 M�1 1.7 e5 s�1 M�1

5.00 10.00
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Fisher Scientific (Waltham, MA). Dialysis membranes (10,000
MWCO, SpectraPor Biotech CE) were purchased from Spectrum
Laboratories (Rancho Dominguez, CA). Paraformaldehyde (16% in
H2O) was obtained from Electron Microscopy Sciences (Hartfield,
PA). High molecular weight heparin (HMWH) was obtained from
Santa Cruz Biotechnology, Inc (Dallas, Texas). The MMP-degradable
crosslinker peptides (CQPQGLAKC, CGPLGMHGKC, and
CGPLGLSLGKC; Table 1) and bsp-RGD(15) adhesion peptide
(CGGNGEPRGDTYRAY) were synthesized by United BioSystem Inc
(Herndon, VA). Non-degradable thiol-PEG-thiol linker (3400 kDa)
was purchased from LAYSAN BIO (HUNTSVILLE, AL). Calcein was
purchased from Invitrogen (Carlsbad, CA). Propium iodide, rabbit
polyclonal anti-CD31 IgG, rabbit polyclonal anti-NG2 IgG, rabbit
polyclonal anti-Collagen IV, and rabbit polyclonal anti-laminin
were purchased from Abcam (Cambridge, MA). All chemicals
were used as received. All cell culture reagents and 1� Dulbecco's
phosphate buffered saline (DPBS), rhodamine labeled phalloidin
were purchased from Invitrogen (Carlsbad, CA).

2.2. Synthesis of AcHyA hydrogel

HyA based hydrogels were synthesized using previously re-
ported methods [6,7,33]. Briefly, HyA derivative carrying hydrazide
groups (HyAADH) was synthesized using previously described
methods [34e36], and acryloxysuccinimide (700 mg) was subse-
quently reacted to the HAADH solution (300 mg, 100 mL DI water)
to generate acrylate groups on the HyA (AcHyA) [36e38]. Then,
AcHyA-RGD derivative was synthesized by reacting
CGGNGEPRGDTYRAY (bsp-RGD(15)) (10 mg) with AcHyA solution
(25mg,10mL DI water) at room temperature. Separately, thiolated-
heparin was synthesized by reacting heparin (50 mg, 10 mL DI
water) with the excess of cysteamine in the presence of EDC and
HOBt at pH 6.8. AcHyA (4 mg), AcHyA-RGD (6 mg), and heparin-SH
(0.03 wt%) were dissolved in 0.3 mL of TEOA buffer, then HyA
hydrogels were fabricated by in situ crosslinking of the HyA pre-
cursors with bis-cysteine containing MMP cleavable peptides and
HS-PEG-SH as a control (3 mg, 50 mL TEOA buffer) (Table 1)
[6,7,25,26,33].

2.3. Cell culture, cell viability, adhesion and proliferation

Isolated GFPþ/Sca-1þ/CD105þ/CD45� CPCs were cultured in
Iscove's Modified Dulbecco's Medium (IMDM) basal media con-
taining 10% Fetal bovine serum (FBS) and 1% Penicillin-
Streptomycin (PS) as previously described [12,20,21]. Cells were
encapsulated in the hydrogels at the density of 5 � 106 cells/mL as
described in our previous report [7]. Subsequently, cell viability was
assessed by a Live/Dead staining kit, cell attachment was charac-
terized by F-actin staining, and cell proliferation was quantified
using the Alamar blue assay [7].

2.4. Flow cytometry

Cells entrained within the hydrogels were fixed with 4% para-
formaldehyde for 30 min and permeabilized with 0.1% Triton for
5 min. After blocking with Fc-isotope controls for 10 min, the cells
were stained with Allophycocyanin (APC)-conjugated anti-CD31
(PECAM-1) antibody or APC-conjugated anti-CD144 (VE-cadherin)
antibody at 1:100 dilutions for 1 h in dark. The hydrogels were then
degraded with 100 unit/mL hyaluronidase for 4 h to release the
encapsulated cells. The stained cells were then pelleted by centri-
fugation, rinsed twice in PBS, passed through a 36-mm mesh cell
strainer, and analyzed using a FC500 FACS Vantage cell sorter (BD
Biosciences).
2.5. Immunocytochemistry

For immunocytochemistry, hydrogel samples were fixed using
4% (v/v) paraformaldehyde for 30 min and permeabilized with 0.1%
Triton X-100 for 5 min. After blocking with 3% BSA for 1 h, hydrogel
samples were incubated overnight at 4 �C with a 1:200 dilution of
primary antibody (rabbit anti-CD31 IgG). After washing the cells 3�
with PBS, hydrogel samples were incubatedwith a 1:200 dilution of
goat anti-rabbit AlexaFluor Texas red IgG (Invitrogen, Molecular
Probes) for 2 h at RT. Prior to imaging, cell nuclei were stained DAPI
for 5 min at RT. Cellegel constructs were visualized using a Prairie
two photon/confocal microscope (Prairie Technologies, Middleton,
WI).

2.6. MMP-2, MMP-9, MMP-13 and VEGF165 production using ELISA

Cell/gel constructs were cultured in 400 mL cell culturemedia. At
predetermined time points over the course of 3 weeks, the sur-
rounding culture media and gels were collected and digested in
hyaluronidase (3000 unit/mL). Subsequently, supernatants were
collected after centrifugation (3000 rpm, 5 min) of the degraded
hydrogels. The mass of MMPs and VEGF165 secreted by the
entrained cells in collected supernatant was determined using
sandwich ELISA kits (RayBiotech, Inc., Norcross GA).

2.7. Mouse angiogenesis protein profiler array

The endogenous vascularization-associated proteins secreted by
the CPCs were measured using a mouse angiogenesis protein pro-
filer array (R&D Systems, Minneapolis, MN) following the manu-
facturer's instructions. The array membrane was visualized by a
chemiluminescence substrate under Bio-Rad ChemiDoc XRS Sys-
tem. The relative expression of the angiogenesis proteins produced
by the CPCs in each of the hydrogels was measured by comparing
the pixel density of each chemiluminescence image.

2.8. Transduction of firefly luciferase (fLuc) into CPCs

Lentiviral vectors were packaged as previously described [39].
Briefly, third generation vectors were packaged by transient
transfection of 293T cells cultured in CPC basal medium, using a
calcium phosphate precipitation protocol with lentiviral transfer
vector (10 mg) encoding firefly luciferase under the human ubiq-
uitin promoter (hUb-fLuc), pMDLg/pRRE (5 mg), pRSV Rev (1.5 mg),
and pcDNA IVS VSV-G (3.5 mg). Culture medium was changed
12 h post-transfection, and viral supernatant was recovered
48 h and 72 h post-transfection and filtered using a 0.45 mm filter.
Viral particles were concentrated via ultracentrifugation and
resuspended in PBS. CPC's were stably transduced with concen-
trated viral particles at a multiplicity of infection (MOI) of ~3.

2.9. In vivo implant performance assessments [7]

To detect the cell in vivo, CPCs were stably transducted with
firefly luciferase (fLuc) into CPCs using previously reported proce-
dure [7]. To evaluate the effect of degradation of HyA matrices on
CPC survival and their ability to direct cell fate in vivo, a CPC/
hydrogel suspension (100 mL) of firefly luciferase (fLuc) transduced
CPCs (5 million cells/mL) was injected into the subcutaneous region
of the anterior tibialis of syngeneic C57BL/6J mice. As a control, an
equivalent concentration of CPCs suspended in PBS was injected
into the subcutaneous region of the anterior tibialis of syngeneic
C57BL/6J mice. In vivo, cell proliferation and survival was assessed
at predetermined time points on the basis of the bioluminescent
reporting of the cell viability of the implants (p/s). To evaluate the



Fig. 2. CPC viability, proliferation, and adhesion in HyA hydrogels. (a, left panels) HyA hydrogels crosslinked by MMP cleavable peptides (GPLGMHGK, GPLGLSLGK, QPQGLAK)
supported high viability of encapsulated CPCs after one day of culture, as assessed by double staining with calcein (green, live cells) and propidium iodide (red, dead cells). (a, right
panels) CPCs were capable of adhering and spreading within all three hydrogels, as assessed by imaging of f-actin stress fibers (TRITC-phalloidin; red) and nuclei (DAPI; blue). b,
Average spread areas of cells seeded into HyA hydrogels crosslinked with protease sensitive or insensitive (non-degradable) linkers. Average spread area of CPC in the hydrogels was
calculated using Image J. c, Proliferation of CPCs within the HyA hydrogels was affected by type of cleavable peptide. At day 21, significantly less proliferation was seen in HyA
hydrogels crosslinked with GPLGMHGK or GPLGLSLGK thanwith QPQGLAK; no proliferation was observed in the HyA hydrogel crosslinked by a non-degradable linker (ANOVAwith
Tukey, p < 0.05). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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vascular relationship of host and implant, cardiac perfusion of
AF568-conjugated isolectin GS-IB4 from Griffonia simplicifolia
(Invitrogen) was performed. Reconstruction of confocal images of
the isolectin-perfused explants was visualized with two-photon
confocal microscopy (Prairie Technologies, Middleton, WI). Matrix
deposition and neovascularization was assessed in fixed (4% para-
formaldehyde) and cryosectioned tissue sections.
2.10. Multiplexed bead based immunoassay

Snap frozen tissue explants were partially thawed and the
protein extracted by homogenizing the tissue in cell lysis buffer,
using a Bio-Plex cell lysis kit (Bio-Rad, Hercules, CA). The homog-
enate was centrifuged and the supernatant was collected and
quantified using a DC protein assay kit (Bio-Rad, Hercules, CA). The
expression of a range of angiogenesis-related factors was quantified
using a Bioplex Multiplex System and a custom-designed mouse-
cytokine bead-based ELISA assay, according to the manufacturer's
instructions.
2.11. Statistical analysis

All quantitative measurements were performed on at least
triplicate hydrogel/cell constructs. All values are expressed as
means ± standard deviations (SD). One-way ANOVA with Tukey
post-hoc tests were used to compare treatment groups in the
quantitative measurements and p < 0.05 was used to assess sta-
tistical significance.
3. Results and discussion

3.1. Synthesis of HyA hydrogel

In an effort to enhance transplanted stem cell survival and
improve engraftment, we recently developed a HyA-based hydro-
gel system, which includes a number of key material features:
peptide sequences for cell attachment, heparin for sequestration/
retention of exogenous/endogenous growth factors, and an
enzymatically-degradable MMP-sensitive peptide as a crosslinker
[7]. An optimized formulation for culturing CPCs was G0 ~ 850 Pa,
380 mM bsp-RGD (15) adhesion peptide (CGGNGEPRGDTYRAY),
0.03 wt% HMWH, 40 nM TGFb1 [6,7]. To determine the effects of
degradation kinetics of matrices on cell behavior and neo-
vascularization in vivo, we synthesized gels using three protease
degradable peptides that exhibit distinctly different Michae-
liseMenten kcat/Km parameters (Table 1) (as a predictor of hydrogel
degradation) while keeping the other matrix parameters constant
as defined above [14,25].
3.2. CPC adhesion, proliferation, and differentiation are dependent
on types of MMP

The effect of matrix degradation on encapsulated CPCs (Sca1þ/
CD45�) was assessed by measuring survival, proliferation, cell
differentiation into the endothelial phenotype, and neo-
vascularization [6,7]. To culture Sca-1þ/CD45� CPCs in the HyA
hydrogels, bsp-RGD (15) was chosen as a cell adhesive peptide, as
we have previously shown excellent CPC adhesion and proliferation



Fig. 3. Dependence of CPC differentiation and tube formation on MMP-degradable crosslinker. a, Representative confocal microscopic images of CPCs immunostained with
endothelial cell marker CD31 and VE-Cad after 12 days of culture in HyA hydrogels. CPCs grown in HyA hydrogels crosslinked with the slowly degrading QPQGLAK linker exhibited
significantly higher endothelial cell differentiation than CPCs grown in other hydrogels. b, Cell numbers quantitated by flow cytometry. c, Total tube network length. d, Total
numbers of CD31þ structures. *p < 0.05.

Fig. 4. Peptide crosslinkers affect matrix metalloproteinase secretion. Secretion of individual MMPs by CPCs encapsulated within HyA hydrogels during 21-day culture
determined by ELISA assays specific for MMPs (a) 2, (b) 9 and (c) 13.

A.K. Jha et al. / Biomaterials 89 (2016) 136e147140



Fig. 5. HyA hydrogels promoted the secretion of VEGF165 by CPC. VEGF165 secreted
by encapsulated CPCs was measured using VEGF165 ELISA.
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[6,7], and it also specifically interacts with several angiogenesis
related receptors such as avb3, avb1, and a5b1 [39e42]. Exogenous
TGFb1 was selected as a growth factor, since it has a heparin
binding domain and it can induce CPCs to differentiate into the
endothelial cells and promotes capillary tube formation [6,7,43].
HMWH was chosen for the presentation of growth factors within
the HyA network as in our previous report HMWH (10.6 kDa, PDI
1.14) demonstrated better retention of TGFb1 compared to either
unfractionated (9.3 kDa, PDI 1.38) or lowmolecular weight heparin
(4.0 kDa, PDI 1.02) [6].

Hydrogels containing protease cleavable linkages (QPQGLAK,
GPLGMHGK, and GPLGLSLGK) supported the survival (>95%),
robust spreading, and elongated morphology of CPCs (Fig. 2). By
comparison, significant CPC death was observed in hydrogels
crosslinked with the non-degradable PEG linker. Cells seeded into
hydrogels crosslinked with protease sensitive linkers spread
significantly more (1200e1400 mm2, p < 0.05) than cells seeded
into hydrogels crosslinked with the PEG linker (600 mm2) (p < 0.05)
(Fig. 2b) (Fig. S1). In hydrogels crosslinked with the slowly
Fig. 6. Angiogenic cytokine expression by CPCs. The relative expression of secreted angio
determined by mouse angiogenesis protein profiler array (R&D Systems, Minneapolis, MN).
pixel density from the arrays using image software analysis (Image J Software). Production o
cleavable crosslinkers.
degradable QPQGLAK linker, CPCs proliferated consistently at the
highest rate among the four hydrogels (p < 0.05) (Fig. 2c). Signifi-
cantly, less proliferation occurred in gels crosslinked with the more
rapidly degradable peptides GPLGMHGK and GPLGLSLGK. No pro-
liferation of CPCs was observed in the hydrogels crosslinked with
the non-degradable linker (Fig. 2c). This can be attributed to the
inability of the cells to remodel the matrix, thus constraining their
capacity to expand.

Differentiation of CPCs into endothelial cells (ECs) within the
hydrogels was assessed by immunostaining for the endothelial cell
surface marker CD31, tubule quantification was performed on z-
stacked confocal images of CD31 staining using FIJI (National In-
stitutes of Health, Bethesda, MD), and quantifying by flow cytom-
etry for the EC-specific markers CD31 and VE-Cadherin (VECAD)
(Fig. 3). Endothelial differentiation and tube formation depended
on matrix degradation kinetics. The dense vascular network for-
mation correlated with increased expression of EC markers CD31
and VECAD (Fig. 3b) (p < 0.05), and the highest total tube length
and number of tubes were observed, in the HyA hydrogel cross-
linked with the QPQGLAK peptide compared to the more rapidly
degradable peptides GPLGMHGK and GPLGLSLGK (Fig. 3c, d).
However, even with the same presentation of TGFb1 in the non-
degradable hydrogel, CPCs did not appreciably differentiate into
endothelial cells, and therefore did not form tubular networks
(Fig. 3bec; Fig. S1).

In all the MMP-degradable HyA hydrogels, CPCs differentially
expressed MMP-2, -9, and -13 (Fig. 4). It has been previously shown
that TGFb1 induces endothelial cell expression of MMP-2, MMP-9,
and MMP-13 [44e46], which, in this study, resulted in degradation
of each matrix consistent with their degradation kinetics as per
their MichaeliseMenten kcat/Km parameters (Table 1). Interestingly,
compared to HyA hydrogels crosslinked with the rapidly degrading
peptides, GPLGMHGK and GPLGLSLGK, the highest levels of MMP-
2, -9, and -13 were secreted in the HyA hydrogel crosslinked with
slowly degrading (lowest kcat/Km) peptide, QPQGLAK. Additionally,
compared to MMP-2 and -9, MMP-13 was secreted in highest
amount by entrained CPCs independent of peptide crosslinker used
(Fig. 4). Since the major difference in enzyme kinetics (i.e., kcat/Km)
between the various peptide crosslinkers occurs with MMP-13
(Table 1), we suggest in our system that matrix degradation is
dominated by MMP-13. The generality of this observation is pre-
mature and needs further study with additional cell types.
genic factors produced by CPCs and sequestered within HyA hydrogel after 12 days as
Relative expression of secreted proteins was determined by quantifying the mean spot
f angiogenesis proteins in HyA hydrogel was dependent on degradation kinetic of MMP



Fig. 7. HyA hydrogels promoted CPC survival. To confirm the in vivo survival of CPCs, a. Bioluminescence was observed post-implantation of (~500,000 cells in 100 mL gel) in
syngeneic mouse hindlimb using HyA hydrogel. b, Total radiance (p/s) generated by the transplanted CPCs demonstrated that CPCs proliferated modestly in all the hydrogels after
day 1, with the greatest number of cells in the QPQGLAK and GPLGLSLGK crosslinked hydrogels by day 7.
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Previous studies have identified MMP-13 expression as a critical
factor that directly contributes to the process of neovascularization.
For example, MMP-13 deficient mice have been shown to have
impaired angiogenesis and delayed repair of bone fracture [47e49].
In another study, conditioned medium from MMP-13-
overexpressing cells stimulated capillary formation of immortal-
ized human umbilical vein endothelial cells (HUVECs), while
treatment of HUVECs with recombinant MMP-13 protein enhanced
capillary tube formation both in vitro and in vivo [50]. Furthermore,
production of MMP13 induces the secretion of VEGF from fibro-
blasts and endothelial cells, and promotes angiogenesis by activa-
tion of FAK and ERK pathways [20,49e51]. Consistent with these
previous reports, we observed that the high amount of MMP-13
retained in the QPQGLAK-linked hydrogel induced significantly
higher amounts of VEGF165 compared to rapidly degradable
GPLGMHGK- and GPLGLSLGK-linked hydrogels (Fig. 5). In spite of
having identical features as the peptide crosslinked hydrogels (i.e.,
adhesion peptides and exogenous TGFb1), negligible amounts of
MMP-2, -9, -13 and VEGF165 were produced in the non-degradable
HyA hydrogel (Figs. 4 and 5). Clearly, CPCs have sensitive matrix
requirements for optimal performance.

VEGF165 is a major signaling protein involved in promoting the
proliferation and differentiation of the endothelial lineage from the
earliest stages of angiogenesis by the association of produced
VEGF165 with VEGFR-2 on endothelial cells [52e55]. Thereby, the
highest VEGF165 expression in the slowly degradable QPQGLAK
crosslinked HyA hydrogel resulted in the highest endothelial dif-
ferentiation as confirmed by the highest expression of CD31þ and
VECADþ endothelial cells, which then produced a dense vascular-
like network (Fig. 3). Covalently linked HMWH in HyA hydrogel
has been shown to have the capacity to sequester multiple
endogenously secreted angiogenic factors within the matrix, and
subsequently support the trophic functions of the CPCs [6].
Therefore, we assessed the effect of matrix degradation on
sequestering capacity of hydrogels. Similar to other results, the
slowly degradable QPQGLAK peptide in HyA hydrogels exhibited
significantly higher retention and presentation of a wide array of
angiogenic proteins in the matrices secreted by the entrained CPCs
relative to fast degradable peptides GPLGMHGK, and GPLGLSLGK,
which enabled a prolonged bioactive effect on the entrained CPCs
(see Fig. 6, Fig. S4).
3.3. In vivo performance of selective MMP degradable crosslinkers

To assess the effect of matrix degradation on cell survival, dif-
ferentiation, and engraftment in vivo, cell-laden hydrogels were
injected in a subcutaneous region of syngeneic C57BL/6 mice hin-
dlimbs, and the bioluminescent signal (p/s) of the implant sites was
monitored. Within one day of transplantation all the hydrogels had
significant cell death, except the one crosslinked with QPQGLAK



Fig. 8. In vivo CPC survival, differentiation and infiltration of pericyte cells. Verification of the persistence of donor CPCs with GFP expression, and differentiation of CPCs into
endothelial cells was confirmed by expression of CD31. HyA hydrogel formed by slowly degradable peptide fostered significant and mature blood vessel formation, and infiltration of
NG2þ pericytes was observed alongside the donor GFPþ cells. Scale bars ¼ 100 mm.
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(Fig. 7) (p < 0.05). CPCs proliferated modestly in all the hydrogels
after day 1, with the greatest number of cells in the QPQGLAK and
GPLGLSLGK crosslinked hydrogels by day 7 (p < 0.05). We antici-
pate that rapid vascularization and slow degradation of QPQGLAK
supported the highest cell survival in these matrices, whereas rapid
degradation of other matrices led to reduced mechanical support
for the cells, which translated into altered profiles of secreted
angiogenic proteins, and subsequently reduced vascular networks
and angiogenesis in vivo. However, in contrast, the non-degradable
PEG group had significantly lower vascularization due to the lack of
cell-mediated matrix remodeling. It is noteworthy that, at sacrifice
(day 7), tissue-like intact matrix was observed at the site of slowly
degradable QPQGLAK hydrogel; however, faster degrading
GPLGMHGK and GPLGLSLGK hydrogels were disintegrated into
small chunks. In contrast, at the injection site of the PEG cross-
linked hydrogel, a thick mass of hydrogel was observed due to
minimal degradation of PEG crosslinked matrices.

Explants were cryosectioned and stained to identify cell types
and ECM present within the hydrogel. Confocal images of the im-
plants exhibited a higher density of GFPþ donor cells in QPQGLAK
hydrogel compared to either GPLGMHGK or GPLGLSLGK cross-
linked gels (Fig. 8). CD31 staining demonstrated the presence of
CD31þ cells and a vascular-like network throughout the QPQGLAK
implant. Interestingly, NG2þ pericytes had infiltrated the QPQGLAK
implants and were observed surrounding the GFPþ donor cells
(Fig. 8; Fig. S6). In contrast, an insignificant number of CD31þ and
NG2þ cells were observed in fast degradable (GPLGMHGK, and
GPLGLSLGK) and non-degradable hydrogels (Fig. 8; Fig. S2).
Furthermore, Masson's trichrome staining indicated a collagen
mesh-like network as shown in blue throughout the QPQGLAK
explants; in contrast, cells in GPLGMHGK, GPLGLSLGK, and non-
degradable crosslinked hydrogels contained minimal collagen and
lacked structure (Fig. 9; Fig. S2). Furthermore, cells in the QPQGLAK
crosslinked hydrogels induced the secretion of the greatest amount
of basement membrane matrix containing Type IV collagen and
laminin, which were uniformly distributed throughout the im-
plants. Some hydrogel was shed from the GPLGMHGK, and
GPLGLSLGK specimens during tissue processing and cryosectioning
as a result of their rapid degradation and the low amount of matrix
formation supported by these materials. In order to confirm cell
infiltration from host tissue and matrix production by these cells in
the implants, we also performed Trichrome Masson's staining on
acellular implants (Fig. S5), which confirmed that majority of ma-
trix was produced by donor cells. Collectively, these observations
indicated that the slower degrading matrix (kcat/
Km ¼ 7.5 � 102 s�1 M�1), allowed for balanced production of ECM



Fig. 9. Extracellular matrix production by histology. The QPQGLAK explants exhibited strong collagen staining by Masson's trichrome, which was rich with Type IV collagen and
laminin, as visualized by immunohistochemistry. Scale bars ¼ 100 mm.
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proteins that supported CPC differentiation into endothelial cells.
To evaluate angiogenesis and the integration of vessels within

the implant with the host's, newly formed blood vessels in the
implants were immunostained for endomucin and by systemic
cardiac perfusion of the Alexa Fluor 568-conjugated GS-IB4 lectin
through the host blood circulation. Complex vascular structures
were observed in the explants by reconstruction of confocal images
of isolectin, which clearly indicated the vessels within the
QPQGLAK crosslinked hydrogel were anastomosed with the host
vessels (Fig. 10; Fig. S7). Vascular structures were clearly visible in
QPQGLAK explants with cross sectional areas ranging from 100 to
30,000 mm2. Negligible vasculature could be discerned in the other
hydrogels including the non-degradable hydrogel after perfusion of
AF-568 GS-IB4 lectin or endomucin staining (Fig. 10 and Fig. S3).

We analyzed the angiogenic protein production of the explanted
hydrogels by multiplex ELISA at day 1 and at sacrifice (day 7)
(Fig. 11). At day 1, QPQGLAK hydrogels stimulated the highest
expression of VEGF, FGF, KC and IL-6 when compared with other
hydrogels. At day 7, expression of these proteins was down-
regulated in QPQGLAK implants, whereas these proteins were
upregulated for both the GPLGMHGK, and GPLGLSLGK implants
(Fig. 11). Non-degradable implants exhibited the lowest expression
of all of these proteins except VEGF165. We suggest that the higher
expression of VEGF165, FGF, KC and IL-6 at day 1 in QPQGLAK
hydrogels promoted angiogenesis and maturation of newly formed
vessels within implants that we observed by day 7 (Fig. 10). We
attribute the excellent cell survival in QPQGLAK crosslinked im-
plants to this rapid vessel development within the implant. At day
7, NG2þ cells were observed throughout the QPQGLAK implant
(Fig. 8). We suspect that interaction of NG2þ pericytes and CD31þ

endothelial cells induces the maturation of new-formed vessels. In
this regard, interactions between pericytes and endothelial cells are
known to support vessel maturation and stabilization by secretion
of TIMPS [56e59]. It has also been shown that angiogenesis and
invasion in 3D collagen matrices occurs within 48 h and is
accompanied by the degradation of the surrounding matrix. Sub-
sequent endothelialepericyte interactions induce TIMP secretion,
which reduces the MMP activity of endothelial cells resulting in
reduced degradation of the surrounding matrix and a reduction in
secretion of angiogenic proteins, leading to thematuration of newly
formed vessels [58]. To confirm these results in our system, we
determined the level of MMP-2, MMP-9, and MMP-13 in the
hydrogel explants using ELISA at day 1 and day 7. Level of MMP-2,
MMP-9, and MMP-13 was higher at day 1 and lower at day 7 in
QPQGLAK hydrogels (Fig. S8). In contrast with QPQGLAK implants,
angiogenic proteins and level of MMPs in GPLGMHGK, and
GPLGLSLGK implants were upregulated at day 7 (Fig. 11). It is
noteworthy that, by day 7, GPLGMHGK and GPLGLSLGK crosslinked
hydrogels were already fragmenting; therefore, it is possible that
the production of angiogenic proteins analyzed by multiplex ELISA
was, in part, due to production occurring in tissues surrounding the
injection site of the GPLGMHGK and GPLGLSLGK hydrogels.



Fig. 10. Assessment of vascular tone development in HyA hydrogel. Vascular tone in the explants was evaluated by endomucin staining, and integration of the hydrogels with the
host vasculature was assessed by systemic perfusion of the host with Alexa Fluor 568-conjugated GS-IB4 lectin (isolectin). Reconstruction of confocal images of endomucin staining
and isolectin perfusion clearly indicates that vessels within the HyA hydrogels only crosslinked by QPQGLAK were anastomosed with the host vessels. Scale bars ¼ 100 mm.

Fig. 11. In vivo secreted proteins. At day 1, QPQGLAK hydrogels stimulated highest expression of VEGF165, FGF, KC and IL-6 compare to other hydrogels; however, at day 7 these
proteins were upregulated for GPLGMHGK, and GPLGLSLGK implants day 7. Non-degradable implants had the lowest expression of all of these proteins except the VEGF165. These
results demonstrate that process of vascularization was started at day 1 and stabilized at day 7 for QPQGLAK implant.
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Overall, the slowly degrading QPQGLAK crosslinked hydrogel
enhanced the functional impact of donor cell transplantation via
robust engraftment and timely vasculature development in the
implant. Specifically, the transplanted CPCs in the QPQGLAK
hydrogels differentiated into blood vessel phenotypes and formed
new blood vessels that anastomosed with the host's circulatory
system. In vitro data clearly demonstrated that QPQGLAK hydrogels
supported the highest production and prolonged retention of
MMP-13, VEGF165, and various angiogenesis related proteins (see,
Figs. 4e6) which stimulated rapid vessel-like networks. In vivo all of
these factors supported the survival and engraftment of CPCs and
their progeny, and stimulated the processes of angiogenesis and
anastomosis with the host's circulatory system. It is worth
mentioning that this preliminary validation of our HyA hydrogel
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system is carried out in a subcutaneous model. We note the caveat
that the subcutaneous model is very simplified and has less MMP-
activity and inflammation in the microenvironment compared to
an ischemic injurymodel. Thus, in future studies, wewill assess this
system in an ischemic injury model, with the potential to further
optimize the MMP-mediated degradation and taking into account
the altered microenvironment.

4. Conclusions

HyA hydrogels crosslinked the MMP-degradable peptide
QPQGLAK supports the greatest CPC survival, proliferation, and
endothelial cell differentiation compared to the other crosslinkers
tested. These QPQGLAK crosslinked hydrogels induced the highest
amount of production of MMP2, MMP9, MMP13, VEGF165, and
angiogenesis related proteins. They also supported the prolonged
retention of these proteins that further stimulated rapid vascular
development within implanted constructs that anastomosed with
the host circulatory system. Synthetic matrices formed by cross-
linking with MMP-13 degradable peptides with a kcat/Km in the
range of ~102 allows for controlled remodeling of matrices, leading
to improved cellular functions and better engraftment of trans-
planted CPCs. Collectively, the results of this study demonstrate the
significance of crosslinker degradation kinetics on stem cell func-
tion and engraftment of donor stem cells.
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