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Protein-engineered hydrogels enhance the
survival of induced pluripotent stem cell-derived
endothelial cells for treatment of peripheral
arterial disease†
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A key feature of peripheral arterial disease (PAD) is damage to endothelial cells (ECs), resulting in lower

limb pain and restricted blood flow. Recent preclinical studies demonstrate that the transplantation of ECs

via direct injection into the affected limb can result in significantly improved blood circulation.

Unfortunately, the clinical application of this therapy has been limited by low cell viability and poor cell

function. To address these limitations we have developed an injectable, recombinant hydrogel, termed

SHIELD (Shear-thinning Hydrogel for Injectable Encapsulation and Long-term Delivery) for cell transplan-

tation. SHIELD provides mechanical protection from cell membrane damage during syringe flow.

Additionally, secondary in situ crosslinking provides a reinforcing network to improve cell retention,

thereby augmenting the therapeutic benefit of cell therapy. In this study, we demonstrate the improved

acute viability of human induced pluripotent stem cell-derived endothelial cells (iPSC-ECs) following

syringe injection delivery in SHIELD, compared to saline. Using a murine hind limb ischemia model of

PAD, we demonstrate enhanced iPSC-EC retention in vivo and improved neovascularization of the

ischemic limb based on arteriogenesis following transplantation of iPSC-ECs delivered in SHIELD.

Introduction

Peripheral arterial disease (PAD) is a highly prevalent vascular
disease that affects approximately 202 million adults world-
wide.1 PAD patients suffer from ischemia due to narrowing of
the arteries, resulting in impaired oxygen delivery and tissue
loss.2 Current surgical interventions such as angioplasty or
bypass surgery target the primary occluded macro vessel.
Unfortunately, these approaches fail to reverse or treat the sur-
rounding microvasculature, often leading to irreversible tissue
loss and potential limb amputation.3 Cell transplantation into
the ischemic tissue has emerged as a novel therapeutic strat-
egy to re-establish functional collateral networks that supply
oxygenated blood and preserve tissue viability.4,5 For example,
human induced pluripotent stem cell-derived endothelial cells

(iPSC-ECs) injected into the ischemic calf muscle in a murine
hind limb ischemia (HLI) model of PAD have shown enhanced
microvascular density and improved blood reperfusion.6 These
cells are thought to facilitate tissue regeneration by secreting
angiogenic cytokines and incorporating into expanding
endogenous microvasculature.7 While these data are encoura-
ging, the clinical adoption of iPSC-EC therapy is currently
hampered by the rapid decline in the viability of transplanted
cells, which requires multiple, sequential cell injections to
achieve therapeutic efficacy.

To overcome the limitation of transplanted cell death, we
have designed an injectable material to improve cell viability
and promote greater therapeutic neovascularization after a
single administration of iPSC-ECs. This material must over-
come both short-term and long-term challenges to cell viability
to improve the potential clinical success of single-dose
iPSC-EC transplantation. First, during the transplantation
process, the number of viable cells plummets during injection
due to membrane damaging extensional forces experienced in
the syringe needle.8 Second, injectable cell therapies often
result in low long-term cell retention and proliferation at the
site of injection due to the lack of appropriate endogenous
cues, limiting their therapeutic function.9,10 We hypothesized
that a three-dimensional (3D) injectable hydrogel with

†Electronic supplementary information (ESI) available. See DOI: 10.1039/
c7bm00883j

aDepartment of Materials Science and Engineering, Stanford University, Stanford,

CA, USA
bStanford Cardiovascular Institute, Stanford University, Stanford, CA, USA.

E-mail: ngantina@stanford.edu
cVeterans Affairs Palo Alto Health Care System, Palo Alto, CA, USA
dDepartment of Cardiothoracic Surgery, Stanford, CA, USA

614 | Biomater. Sci., 2018, 6, 614–622 This journal is © The Royal Society of Chemistry 2018

Pu
bl

is
he

d 
on

 2
5 

Ja
nu

ar
y 

20
18

. D
ow

nl
oa

de
d 

on
 1

6/
03

/2
01

8 
20

:3
3:

34
. 

View Article Online
View Journal  | View Issue

www.rsc.li/biomaterials-science
http://orcid.org/0000-0002-9801-6304
http://orcid.org/0000-0003-2298-6790
http://crossmark.crossref.org/dialog/?doi=10.1039/c7bm00883j&domain=pdf&date_stamp=2018-02-21
http://dx.doi.org/10.1039/C7BM00883J
http://pubs.rsc.org/en/journals/journal/BM
http://pubs.rsc.org/en/journals/journal/BM?issueid=BM006003


dynamic control of mechanical properties would address both
these challenges by providing (1) acute mechanical protection
to iPSC-ECs during injection and (2) long-term mechanical
cues to promote the iPSC-EC retention and pro-angiogenic
secretory profile after injection.

Current clinical protocols using low viscosity fluids such as
saline for cell transplantation into solid tissue may cause sub-
stantial cell death due to high mechanical forces and sub-
sequent cell membrane damage during the injection
process.8,10 Preclinical studies of injection have demonstrated
that cell transplantation using shear-thinning hydrogels can
provide acute protection from this membrane damage by encap-
sulating the cells within a hydrogel that shields the cells from
these mechanical forces.11–13 Following injection into the
ischemic tissue, the cells are confronted with additional survival
challenges including hypoxia and local inflammatory responses.
Recent preclinical studies have shown that the mechanical
microenvironment can influence cell proliferation,14,15

migration,16,17 and growth factor secretion,18,19 which may
assist cell survival and function at the transplantation site.
Based on these previous studies, we hypothesized that a two-
stage, shear-thinning hydrogel could first provide mechanical
protection during cell transplantation by syringe injection and
then provide mechanical cues to promote cell retention and
secretion of pro-angiogenic cues following injection.

We previously designed an injectable hydrogel termed
SHIELD (shear-thinning hydrogel for injectable encapsulation
and long-term delivery) and reported proof-of-concept data
that this material enhanced the subcutaneous transplantation
of adipose-derived stem cells (ASCs) into healthy mice.20 Here
we report the first use of this novel family of biomaterials in a
preclinical disease model, demonstrating iPSC-EC transplan-
tation as a regenerative therapy for PAD. Specifically, we modu-
lated the in situ stiffness of the hydrogel to span the range
from 10 to 1000 Pa and identified those materials that pro-
tected encapsulated iPSC-ECs from damaging injection forces
and hypoxia. Each of these SHIELD variants used heterodi-
meric peptide assembly to form weak gels ex situ and also con-
tained varying concentrations of a thermo-responsive polymer
to provide a tunable amount of secondary stiffening in situ.
This hydrogel was co-delivered with iPSC-ECs in a murine
hind limb ischemia (HLI) model of PAD to evaluate trans-
planted iPSC-EC viability and regenerate collateral microvessel
density. Together, these data suggest that SHIELD can improve
the regenerative potential of a single dose of transplanted
iPSC-ECs by providing acute protection against membrane
damage during injection and providing a stable matrix in situ
to support cell viability, pro-angiogenic factor secretion after
injection, and neovascularization.

Results & discussion
Tuning SHIELD in situ mechanical properties

We hypothesized that an injectable hydrogel with dynamic
control of mechanical properties would improve iPSC-EC

therapeutic potential by providing both mechanical protection
to iPSC-ECs during injection and mechanical cues to promote
iPSC-EC proliferation and pro-angiogenic factor secretion after
injection. To accomplish this dynamic control of mechanics,
we developed the SHIELD material to undergo two distinct
cross-linking stages (Fig. 1A). In the first stage, an engineered
recombinant protein (C7) and a multi-armed, P1-peptide-
modified polyethylene glycol (PEG) assemble by heterodimeric
binding of peptide domains C and P to form a weak gel. The
recombinant protein C7 facilitates physical crosslinking of
SHIELD to provide mechanical protection to encapsulated
cells and maintains cell-matrix adhesions through integrin
binding of RGD cell-binding domains to promote the survival
of the encapsulated iPSC-ECs. In the second stage, a thermal
phase transition of thermoresponsive poly(N-isopropyl-
acrylamide) (PNIPAM), with lower critical solution temperature
(LCST) of 32 °C, provides secondary crosslinking in situ to
stiffen the hydrogel network.

To demonstrate sol–gel phase transition upon mixing of
the individual liquid components, we ejected individual or
pre-mixed SHIELD components onto vertical glass slides
(Fig. 1B). When ejected, the individual components flowed as
liquids, covering the length of the slide in 10 s. In contrast,
after the two components were simply mixed together to
form SHIELD, the resulting gel resisted flow due to hetero-

Fig. 1 Shear thinning hydrogel design and characterization. (A)
Schematic of SHIELD, which is formed by mixing together two com-
ponents: C7 engineered protein and 8-arm PEG-P1 with or without
thermoresponsive PNIPAM. (B) Ejection of the SHIELD components C7
and PEG-P1 either alone or after mixing together to form a gel onto an
inclined glass slide. (C) Shear-thinning and self-healing properties of
SHIELD under alternating shear rates of 0.1 and 10 s−1 at 22 °C. (D)
Storage (G’) moduli of SHIELD formulations with varying PNIPAM con-
tents at 22 °C and 37 °C (n ≥ 3).
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dimeric peptide binding between the two components at room
temperature.

The bulk mechanical properties of SHIELD were tuned by
varying the molecular weight (Mw) and weight percentage
(wt%) of PNIPAM as previously reported19,20 to obtain a family
of injectable hydrogels. We next evaluated the shear-thinning
properties of these hydrogels during high-shear flow, such as
that experienced during syringe injection. SHIELD hydrogel
viscosity was assessed at alternating low and high shear rates
(0.1 and 10 s−1 respectively). When subjected to high shear
rates, the viscosity rapidly decreased (<1 s) to ≈0.5–2 Pa s
(Fig. 1C). When low shear rates were applied, the materials
rapidly self-healed (<1 s) to achieve the original hydrogel vis-
cosity of ≈20–100 Pa s. All hydrogels demonstrated fully revers-
ible shear-thinning and self-healing behavior across multiple
cycles.

Additional oscillatory rheological studies confirmed that
these materials form robust gels with in situ shear storage
moduli (G′) spanning two orders of magnitude at body temp-
erature (Fig. 1D). At room temperature, all SHIELD formu-
lations had relatively similar stiffness (G′ ≈10–40 Pa), allowing
for easy hand injection. As anticipated, the stiffness of
SHIELD-0 (with 0 wt% PNIPAM) remained constant following
an increase in temperature to 37 °C. In contrast, the stiffness
of SHIELD-1 (with 1 wt% PNIPAM) increased tenfold to ≈100
Pa due to the thermal phase transition of PNIPAM. This stiff-
ening effect was further increased as the PNIPAM wt% was
increased, with G′ ≈ 1000 Pa for SHIELD-4. Together these
data demonstrate that SHIELD hydrogels form weak, reversible
networks at room temperature and undergo thermoresponsive
secondary crosslinking upon in situ warming.

SHIELD improves acute post-injection viability of iPSC-ECs
in vitro

We hypothesized that encapsulation in a weak hydrogel would
facilitate enhanced iPSC-EC acute viability compared to cell
delivery in PBS alone due to the cell protective capabilities of
shear-thinning hydrogels.8,9 Thus, we evaluated iPSC-EC acute
membrane damage following in vitro cell encapsulation and
injection. The iPSC-ECs were encapsulated in various SHIELD
formulations within a 1 mL syringe barrel prior to ejection
through a 28 G syringe needle. The cells were analyzed for
acute membrane damage using a non-membrane-permeable
dye, ethidium homodimer. Viable cells with intact membranes
were visualized with a membrane-permeable, enzyme-activated
dye, calcein AM (Fig. 2A). Our results show that iPSC-EC encap-
sulation in SHIELD provided significant protection from acute
membrane damage. After injection, 34 ± 9% of iPSC-ECs deli-
vered with PBS exhibited membrane damage. In contrast, for
all SHIELD formulations tested, less than 10% iPSC-ECs
suffered acute membrane damage, similar to non-injected con-
trols (Fig. 2B). These results suggest that the weak gel network
formed by heterodimeric peptide binding, which is present in
all SHIELD formulations, provides significant cell protection
from the damaging mechanical forces experienced during
syringe injection. These data are consistent with previous

reports for other cell types20 and other materials8,21,22 that
demonstrate shear-thinning hydrogels can provide mechanical
protection to cells during injection.

SHIELD material properties modulate hypoxic proliferation
rates

To better mimic the hypoxic conditions that transplanted cells
experience in an ischemic limb, iPSC-ECs were injected as
described into a cell culture mold and incubated in a hypoxic
chamber (1% O2) at physiological temperature to induce
thermo-responsive stiffening of the gel network. The 3D cul-
tures were maintained for up to 14 days post-injection. We
quantified the cell number throughout the culture period to
assess if SHIELD formulations could support cell proliferation
in hypoxia. Our results indicated that the iPSC-ECs remained
proliferative over 14 days of in vitro culture in SHIELD formu-
lations with up to 2.5 wt% PNIPAM (Fig. 3A). Specifically, the
quantification of the cell number indicated that proliferation
is statistically greater within SHIELD-1.25 and SHIELD-2.5
compared to other formulations. The visualization of F-actin
revealed a well-spread cytoskeletal morphology and distinct
actin filament networks in SHIELD formulations with up to
2.5 wt% PNIPAM (Fig. 3B). SHIELD-4 did not support long-
term cell proliferation or cell spreading. We previously demon-
strated that increasing the PNIPAM secondary network density
in SHIELD resulted in significantly slower diffusion, indicating
a smaller mesh size for the double-network hydrogels.20 The
reduced cell spreading and proliferation in SHIELD-4 is poten-
tially due to the presumably smaller mesh sizes in this hydro-
gel formulation, which may create a more restrictive microenvi-
ronment and prohibit iPSC-EC proliferation.23 However, a
limitation of this study is the inability to assess proliferation
in a control 3D environment in the absence of SHIELD.

Fig. 2 Quantification of cell viability using live/dead cytotoxicity assay.
(A) Fluorescence images of iPSC-ECs stained with LIVE/DEAD assay
(green/red, respectively) within PBS or SHIELD immediately post-injec-
tion. (B) Acute membrane damage following in vitro injection through a
28 G syringe needle at 1.0 mL min−1. *p < 0.05 compared to other treat-
ment groups, n = 5. Scale bar: 200 μm.
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Therefore, it is unclear how cell proliferation compares in the
absence of this hydrogel.

iPSC-ECs encapsulated in SHIELD secrete paracrine factors
that promote neovascularization

The secretion of paracrine and trophic factors is thought to
play an important role in tissue recovery following an ischemic
insult.24,25 Several studies have delivered pro-angiogenic
factors directly to the ischemic site to promote tissue
recovery.26–28 In addition, previous studies have demonstrated
that in vitro exposure of iPSC-ECs to hypoxia resulted in an
increased expression of various angiogenic cytokines and
growth factors in 2D culture.6 To investigate if 3D hydrogel
culture would promote a pro-angiogenic secretory profile from
encapsulated iPSC-ECs, the cells were injected into molds
using SHIELD-0 and SHIELD-2.5. During normoxic culture,
relatively similar levels of secretory release were observed for
all selected pro-angiogenic factors regardless of cell encapsula-
tion in SHIELD-0 or SHIELD-2.5. Higher levels of the hypoxia-
induced chemoattractants endothelin-1 and IL-8 were detected
in the conditioned media from iPSC-ECs cultured in hypoxia,
compared to normoxia, for both hydrogel formulations in two
independent antibody arrays (Fig. S1†). These results are con-
sistent with previous reports demonstrating the increased
expression of these chemoattractants in response to reduced
oxygen tension.29 In addition, the secretion of a urokinase-
type plasminogen activator (uPA) increased in hypoxic culture
using both SHIELD formulations, consistent with reports of
increased uPA expression in human microvascular endothelial

cells (HMVECs), and a subsequent increase in plasmin for-
mation to stimulate tubulogenesis.30 Our results are consistent
with preclinical animal studies which suggest that endothelial
cells can secrete paracrine factors in response to hypoxia to
increase the density and perfusion of the microvasculature.6,30,31

SHIELD improves iPSC-EC survival and therapeutic efficacy in
a murine model of PAD

Previous preclinical work demonstrated that the transplan-
tation of iPSC-ECs with saline improved blood perfusion and
re-vascularization of the ischemic limb in a rodent model of
PAD.6 However, iPSC-EC viability rapidly declined after trans-
plantation, necessitating multiple cell administrations. We
hypothesized that cell encapsulation in SHIELD would provide
a minimally invasive and enduring therapy by providing acute
protection during injection and promoting long-term retention
within the ischemic tissue. To investigate this hypothesis, we
performed intramuscular injections of iPSC-ECs into the
ischemic limb of non-obese diabetic severe combined immune
deficient (NOD SCID) mice immediately following ligation of
the femoral artery using either PBS or SHIELD-2.5 (i.e., the
best performing SHIELD formulation in in vitro studies).
Additional treatment groups included cell-free delivery of
PBS alone and SHIELD-2.5 alone. For in vivo testing, iPSC-ECs
were encapsulated in SHIELD-2.5 within a 1 mL syringe
barrel prior to ejection through a 28 G syringe needle, similar
to in vitro studies. All syringes were flushed with 0.1%
bovine serum albumin prior loading and payload delivery to
the ischemic limb to inhibit cellular retention within the
syringe. Following transplantation into the ischemic limb, the
iPSC-ECs were detected by BLI for up to 14 days (Fig. 4A) to
monitor cell localization and survival. Bioluminescence

Fig. 3 Proliferation of iPSC-ECs within SHIELD in hypoxia. (A) DNA qua-
lification at days 0, 1, 3, 7, and 14 post-injection. (B) Confocal 3D projec-
tion images of iPSC-ECs cultured within SHIELD at day 14 post-injection
stained with CD31 (green)/DAPI (blue) and rhodamine phalloidin (red)/
DAPI (blue). *p < 0.05, (n ≥ 3). Scale bar: 50 μm.

Fig. 4 Localization and survival of iPSC-ECs in the ischemic limb. (A)
iPSC-ECs were delivered in PBS or SHIELD-2.5 by intramuscular injec-
tion of the ischemic limb and were tracked non-invasively by BLI for up
to 14 days. (B) Percentage of injected cells retained in the ischemic limb.
*p < 0.05, n = 7 (iPSC-ECs in PBS), n = 9 (iPSC-ECs in SHIELD-2.5).
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imaging is a sensitive, non-invasive method to track metaboli-
cally active cells in vivo over time.32,33 Consistent with previous
studies,6,21 following injection, there was a gradual decline in
the bioluminescence signal (Fig. 4B). The quantification of the
bioluminescence signal indicated a significant improvement
in cell retention for iPSC-ECs encapsulated in SHIELD-2.5.
On day 3, we observed 7% cell retention for cells delivered
in PBS compared to 25% for cells encapsulated in SHIELD-2.5.
Additionally, we observed an approximately tenfold greater
survival of iPSC-ECs delivered in SHIELD-2.5 compared
to PBS-mediated delivery at day 10. The persistence of the
cells after 14 days was demonstrated histologically by green
fluorescence protein (GFP) expression (Fig. S3†), although
the cells did not appear to incorporate into existing
vessels, and suggested a paracrine mechanism of inducing
neovascularization.

In regions of ischemic injury, tissue damage is often
accompanied by an inflammatory response as demonstrated in
atherosclerotic patients34–37 and several preclinical models of
peripheral ischemia.38,39 As such, it is possible that in vivo
inflammation may result in the clearance of our exogenous
cell-therapy, leading to reduced bioluminescence signal post-
transplantation, in contrast to the proliferation observed in the
in vitro environment. We hypothesize that the enhanced reten-
tion of iPSC-ECs transplanted in SHIELD-2.5 compared to
saline-mediated delivery may be a result of the hydrogel sec-
ondary crosslinking, resulting in reduced cell dispersal at the
injection site and improved long-term cell viability in the
ischemic tissue.

Clinically, it has been shown that improvements in in situ
cell retention provide cell dose-dependent symptomatic
relief.40 Thus, the improved retention of cells led us to assess
functional recovery of the ischemic tissue. Laser Doppler per-
fusion imaging (LDPI) was performed to monitor blood flow in
the ischemic limb and determine the effects of iPSC-EC trans-
plantation on hind limb reperfusion. The quantification of the
mean perfusion ratio indicated partial blood perfusion recov-
ery in all treatment groups (Fig. S2†) without a statistically sig-
nificant difference between the groups. The heterogeneity in
the laser Doppler data as a result of breathing movement and
slight differences in the orientation of the legs during imaging
may contribute to the lack of statistical significance. Therefore,
in addition to LDPI, we also performed the quantitative assess-
ment of neovascularization by histological analysis and
quantification.

The transplantation of iPSC-ECs has been shown to
enhance microvessel formation to aid in tissue recovery follow-
ing an ischemic insult.6 To determine whether the improve-
ment in iPSC-EC retention following delivery in SHIELD-2.5
would improve capillary formation in the ischemic hind limb,
tissue explants from the ischemic limb were collected and
stained for CD31 to quantify capillary density in each treat-
ment group. CD31 staining demonstrated that treatment with
iPSC-ECs delivered in SHIELD-2.5 (1020 ± 47 capillaries per
mm2) or in PBS (962 ± 79 capillaries per mm2) resulted in sig-
nificantly higher capillary density, compared to control PBS

treatment (802 ± 84 capillaries per mm2) (Fig. 5A, p < 0.05). To
further investigate the expanding vasculature following treat-
ment, we next quantitatively assessed the arteriole density by
immunostaining for α-SMA in each treatment group. Our
studies demonstrated that treatment with iPSC-ECs delivered
in SHIELD-2.5 resulted in significantly greater arteriole density
(100 ± 26 arteries per mm2), compared to the iPSC-ECs deli-
vered in PBS (34 ± 14 arteries per mm2) or SHIELD-2.5 alone
(57 ± 11 arteries per mm2) and PBS alone (26 ± 11 arteries per
mm2) controls (Fig. 5B). Therefore, these histological results
indicate that the treatment of iPSC-ECs in SHIELD could sig-
nificantly improve the arteriole density.

Our findings are consistent with those of prior studies,
which found that shear-thinning hydrogels can improve cell
survival during injection into sites of ischemic insult.22,41,42

Additionally, the reinforcing network formed by the PNIPAM
phase transition may reduce cell dispersal at the target site to
further contribute to a higher cell viability and downstream
neovascularization in the ischemic limb. Although capillary
density and blood perfusion were not significantly improved,
the significant increase in the arteriole density suggests that
delivery of iPSC-ECs within SHIELD-2.5 could improve the for-
mation of larger microvessels, which is important in neovascu-
larization. As such, the biomaterial platform used in this study

Fig. 5 Neovascularization in the ischemic limbs of mice receiving
iPSC-ECs after 14 days. (A) Histological analysis of capillary density by
immunofluorescent CD31 (red) staining of tissue sections from mice
treated with saline, SHIELD-2.5, iPSC-ECs delivered in saline, or
iPSC-ECs delivered in SHIELD-2.5. (B) Quantification of capillary density
in the ischemic limbs. #p < 0.05 compared to PBS alone control group,
n = 4. (C) Histological analysis of arteriole density by immunofluo-
rescence staining of α-smooth muscle actin (α-SMA, green) and Hoechst
33342 nuclear dye (blue) in tissue sections from mice treated with
saline, SHIELD-2.5, iPSC-ECs delivered in saline, or iPSC-ECs delivered
in SHIELD-2.5. (D) Quantification of arteriole density in the ischemic
limbs. *p < 0.05 compared to all other treatment groups, n = 5. Scale
bars: 200 μm (A), 500 μm (C).
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may overcome the limitations of current cell-based therapies
for transplantation into ischemic tissue.

Experimental
Materials synthesis

SHIELD is a two-component hydrogel consisting of (1) an
engineered protein (termed C7) containing seven CC43 WW
domains (denoted as C) and (2) an 8-arm polyethylene glycol
(PEG) modified with proline rich peptides (denoted as P1).
Alternatively, poly(N-isopropylacrylamide) (PNIPAM) is tethered
to one or two arms on average of the 8-arm PEG, while the
remaining arms are modified with P1 peptides. All chemicals
for SHIELD synthesis were purchased from Sigma-Aldrich
(Milwaukee, WI) unless otherwise noted. PEG-P1-PNIPAM
copolymers were synthesized as described previously.19,20

Briefly, peptide P1 (EYPPYPPPPYPSGC, Mw 1563 g mol−1) was
purchased through custom peptide synthesis from Genscript
Corp (Piscataway, NJ, USA). Eight-arm polyethylene glycol vinyl
sulfone (8-arm PEG-VS, Mw 20 000 g mol−1) was purchased
from Nanocs (Boston, MA). PNIPAM endcapped with a thiol
group (PNIPAM-SH) (Mw 11 400 g mol−1 or 30 400 g mol−1) was
synthesized using Reversible Addition–Fragmentation chain
Transfer (RAFT) polymerization and conjugated to the 8-arm
PEG-VS via a Michael-type addition. The stoichiometry of the
conjugation reaction was altered to modify on average either
one or two arms of the PEG-VS as confirmed by 1H NMR
(Fig. S4†). Unreacted arms of PEG-VS were further reacted with
excess P1 peptide.

The recombinant C7 protein (see Table S1† for full amino
acid sequences) was cloned, synthesized, and purified as
reported previously.13 Briefly, the DNA sequence encoding the
C7 linear protein was cloned into the pET-15b vector
(Novagen) and transformed into BL21(DE3) pLysS Escherichia
coli host strain (Life Technologies). The protein was expressed
following isopropyl β-D-1-thiogalactopyranoside induction, pur-
ified by affinity chromatography via the specific binding of an
N-terminal polyhistidine tag to Ni-nitrilotriacetic acid resin
(Qiagen), dialyzed against phosphate buffered saline (PBS),
and concentrated by diafiltration across Amicon Ultracel filter
units (Millipore).

Hydrogel preparation

Each WW domain in C7 was treated as one C unit, and each
pendant P1 peptide was treated as one P unit. All SHIELD for-
mulations were designed to have a final C : P ratio of 1 : 1 and
a 10% w/v of the total polymer in PBS. The weight percentage
of the PNIPAM component was used to name five SHIELD for-
mulations from SHIELD-0 to SHIELD-4, with 0 wt% to 4 wt%
PNIPAM, respectively. SHIELD-0 was formed by mixing C7 and
the PEG-P1 copolymer. SHIELD-1, SHIELD-2.5, and SHIELD-4
were formed by mixing C7 with the appropriate PEG-P1-
PNIPAM copolymer (see Table S2†). SHIELD-1.25 was formed
by mixing C7 with a blend of PEG-P1 and PEG-P1-PNIPAM at a
1 : 1 ratio.

Rheological characterization

Dynamic oscillatory rheology experiments were performed on
a stress-controlled rheometer (AR-G2, TA instrument, New
Castle, DE) using a 20 mm diameter cone-plate geometry.
Samples were loaded immediately onto the rheometer after
mixing, and a humidity chamber was secured in place to
prevent dehydration. Frequency sweeps from 0.1–20 Hz at 22 °C
and 37 °C were performed at 5% constant strain to obtain
storage (G′) and loss (G″) moduli. Shear-thinning and self-
healing properties of the gel samples were characterized by
measuring linear viscosity (γ) under a time sweep mode at
alternating low and high shear rates of 0.1 s−1 and 10 s−1,
respectively, for 30 s each and a total of 150 s at 22 °C (n ≥ 3).

Generation and characterization of iPSC-ECs

Human iPSCs (HUF5) were derived by retroviral-mediated
transduction of Oct-4, Sox-2, Klf4, and c-Myc in healthy adult
human dermal fibroblasts.6 Endothelial differentiation of the
iPSCs was performed based on our previous studies.21 In brief,
the iPSCs were dissociated in collagenase to form embryoid
bodies in ultralow adhesion dishes in the presence of a differ-
entiation medium that consisted of α-minimum Eagle’s
medium, 20% fetal bovine serum, L-glutamine,
β-mercaptoethanol (0.05 mmol L−1), 1% non-essential amino
acids, bone morphogenetic protein-4 (BMP-4, 50 ng mL−1,
Peprotech), and vascular endothelial growth factor (VEGF-A, 50
ng mL−1, Peprotech). After four days, the cells were reattached
to gelatin-coated dishes in the same medium but lacking
BMP-4. After 14 days, the iPSC-ECs were purified by fluo-
rescence activated cell sorting based on the expression of
CD31. In some experiments, the cells were further transduced
with a firefly luciferase reporter gene as previously reported6

for non-invasive tracking by bioluminescence imaging (BLI).

In vitro cell encapsulation, injection, and quantification of
viability

The iPSC-ECs were cultured in EGM-2MV growth medium
(Lonza) and kept in a humidified, 5% CO2 environment at
37 °C with medium changes every 2 days. The cells were
expanded and passaged using TrypLE Express (Invitrogen).
In vitro viability and proliferation experiments were performed
with 30 μL gel volume containing 5 × 104 cells. The cell sus-
pension was first mixed with C7 to yield a 10% w/v suspension
in PBS before further mixing with the 8-arm PEG-P1-PNIPAM
copolymer solution. The volumes of the C7 cell suspension
and PEG-P1-PNIPAM solution were adjusted to achieve a final
C : P ratio of 1 : 1 at a total cell-laden hydrogel concentration of
10% w/v for all formulations. For cell injection studies, the
final mixing step with PEG-P1-PNIPAM was performed in the
barrel of a 1 mL insulin syringe fitted with a 28 G needle. The
mixture was allowed to gel for 5 min before injecting into a cir-
cular silicone mold (diameter = 4 mm, height = 2.5 mm)
within a 24-well plate using a syringe pump (SP220I; World
Precision Instruments) at a flow rate of 1 mL min−1. Cell viabi-
lity was determined using a LIVE/DEAD viability/cytotoxicity
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kit (Invitrogen) immediately post-injection. Cell proliferation
under hypoxia was conducted by encapsulating iPSC-ECs in
SHIELD, injecting into silicone molds as described above, and
then incubating in a hypoxia chamber (1% O2, 5% CO2, and
94% N2) with EGM-2MV medium. DNA quantification was per-
formed using the Quant-iT PicoGreen dsDNA Assay Kit
(Thermo Fisher) at days 0, 1, 4, 7, and 14 post-injection (n ≥ 3),
according to the manufacturer’s instructions.

Immunofluorescence staining for cell spreading

Cells were fixed with 4% paraformaldehyde, permeabilized
with 0.2% Triton X-100 solution in PBS, and stained with an
antibody targeting CD31 (1 : 200 dilution, Abcam) with a goat
anti-mouse secondary antibody conjugated to a 488 nm Alexa
Fluor fluorophore (1 : 200 dilution, ThermoFisher). Samples
were counter-stained with rhodamine phalloidin (1 : 300
dilution, Life Technologies) and 4′,6-diamidino-2-phenylindole
(DAPI, 1 µg mL−1, Life Technologies). Images were collected
using a Leica confocal microscope by creating z-stacks of
greater than 200 µm depth with 2.4 µm intervals between
slices in the middle of the hydrogel. Representative images
shown are maximum projections.

Growth factor secretion in hypoxia

The iPSC-ECs were injected into ultra-low attachment 96-well
plates (Corning) within a 50 μL gel volume of SHIELD-0 or
SHIELD-2.5 containing 5 × 105 cells (n = 4 hydrogels per
group). The cells were further cultured in hypoxia (1% O2) or
normoxia (20% O2) as a control in EBM-2 with 2% FBS.
Angiogenic growth factor secretion was quantified using an
angiogenesis antibody array (Human Angiogenesis Proteome
Profiler antibody array, R&D systems) according to the manu-
facturer’s protocol. Briefly, the conditioned iPSC-EC medium
was collected 4 days post-injection and was pooled, passed
through 0.2 µm sterile filters, and incubated with the assay-
specific antibody cocktail for 1 hour at room temperature.
Nitrocellulose membranes, containing the capture antibodies,
were blocked using the assay-specific blocking solution.
Thereafter, the sample/detection antibody cocktail mixture was
added to the membranes and incubated overnight at 4 °C on a
rocking platform. Each membrane was washed three times
with 1× wash buffer for 10 min on a rocking platform before
incubation with streptavidin–horseradish peroxidase (1 : 2000
dilution, R&D systems) for 30 min at room temperature.
The membranes were then washed three times with 1× wash
buffer for 10 min prior to incubation with the assay-specific
Chemi Reagent Mix. The membranes were exposed to X-ray
film for 3 minutes. Histogram profiles for selected analytes
were generated by quantifying densitometry using Image J soft-
ware, and the results were confirmed in two independent
experiments.

Hind limb ischemia

All animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of Stanford
University and approved by the Administrative Panel on

Laboratory Animal Care of Stanford University. In the anesthe-
tized state, unilateral hind limb ischemia was induced in
male, 3-month old NOD SCID mice by ligation and excision
of the left femoral artery as previously reported.21,43,44 The
right limb served as the non-ischemic control. Immediately
following ischemia induction, mice were randomly assigned
to receive a 20 μL intramuscular (IM) injection in the gastro-
cnemius muscle of the following treatment groups: (1) PBS
(n = 14); (2) SHIELD-2.5 (n = 13); (3) 1 × 106 iPSC-ECs in
PBS (n = 7); and (4) 1 × 106 iPSC-ECs in SHIELD-2.5 (n = 9).
To assess cell survival and location, animals were injected
intraperitoneally with D-luciferin (150 μg mL−1), and BLI
was performed with an IVIS imaging system (Xenogen
Corp.). Data were acquired using Living Image software
(Xenogen Corp.) and expressed in units of average radiance
(p s−1 cm−2 sr−1). Additionally, relative blood perfusion recov-
ery was assessed by laser Doppler spectroscopy, as described
previously,44,45 and expressed as the mean perfusion ratio
(perfusion of ischemic limb)/(perfusion of contralateral un-
operated limb).

Arteriole and capillary density analysis

After 14 days, the animals were euthanized, and the ischemic
gastrocnemius muscle was flash-frozen in O.C.T. compound
embedding medium for histological assessment. Frozen
tissues were cryosectioned into 10 µm transverse sections, and
representative tissue sections were stained with hematoxylin
and eosin (H&E) to visualize the tissue morphology. To deter-
mine the arteriole density, cryosections of the ischemic gastro-
cnemius muscle were immunofluorescently stained with the
anti-α-smooth muscle actin (α-SMA) (1 : 400 dilution, Sigma)
monoclonal primary antibody, followed by the Alexa Fluor
488 goat-anti mouse (1 : 200 dilution, Fisher Scientific) second-
ary antibody, and nuclei were stained using Hoechst
33342.6,46,47 For capillary density, sections were stained with
anti-CD31 (1 : 100 dilution, Agilent Dako), followed by Alexa
Fluor 594 goat-anti mouse secondary antibody.6,45 Four separ-
ate tissue sections were analyzed for each animal. For each
tissue section, three representative images were acquired with
a 10× objective using a fluorescence microscope (Keyence,
BZ-X710). The number of α-SMA positive vessels was counted
and then averaged among each tissue section and was then
expressed as arteriole density (#arterioles per mm2). Similarly,
the number of CD31-positive vessels was counted and then
averaged among each tissue section and was then expressed as
capillary density (# capillaries per mm2). To visualize iPSC-ECs
within the tissue sections, the Alexa Fluor-594-conjugated GFP
antibody (Fisher Scientific) was stained on tissue sections.
Confocal imaging confirmed positive GFP staining based on
endogenous GFP expression as well as expression based on
GFP antibody staining.

Statistical analysis

All data are presented as mean ± standard deviation. For all
in vitro assays, statistical significance was calculated between
groups using a one-way ANOVA followed by a Tukey post hoc
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test. For preclinical in vivo studies, ANOVA with Bonferroni
adjustment was employed. Values were considered to be sig-
nificantly different when the p value was <0.05.

Conclusions

In summary, we report a physically crosslinked hydrogel with
tunable in situ mechanics for the treatment of ischemic injury
and disease. Our results showed that the SHIELD family of
hydrogels provides acute protection from membrane damage
during injection. Additionally, we demonstrated that SHIELD
with an intermediate in situ stiffness range of 200–400 Pa
(SHIELD-2.5) could significantly improve iPSC-EC in vitro viabi-
lity, compared to other stiffness values. Furthermore,
SHIELD-2.5 improved cell retention and arteriogenesis in a
murine model of PAD. This approach may be useful for mini-
mizing the number of cell administrations required to
promote neovascularization in the ischemic tissue.
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