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could significantly increase the interleukin-8 (IL-8) expression 
of MSCs cultured on polyacrylamide gels.[10] In addition, con-
ditioned media from MSCs attached to a 2D polyacrylamide gel 
was found to enhance tubulogenesis of human microvascular 
endothelial cells (hMVECs).[8] Furthermore, ASCs encapsulated 
within 3D polyethylene glycol/hyaluronic acid (PEG/HA) hydro-
gels showed significantly higher secretion of vascular endothe-
lial growth factor (VEGF) and placenta-derived growth factor 
(PDGF) compared to cells cultured on top of 2D hydrogels.[11] 
Based on these observations, we hypothesized that tuning the 
stiffness of 3D injectable hydrogels may be used to modulate 
the secretion of pro-angiogenic factors by ASCs.

To evaluate this hypothesis, we formulated a series of gels 
with shear moduli (G′) spanning ≈10–1000 Pa. We previously 
reported the design of an injectable hydrogel (G′ ≈10–100 Pa) 
that utilized two different physical crosslinking mechanisms to 
protect ASCs during the injection process and to enhance cell 
transplantation efficiency in vivo.[12–14] The viability and reten-
tion of transplanted ASCs at the injection site were found to be 
significantly enhanced up to two weeks post-injection compared 
to delivery of cells in saline or single-network hydrogel con-
trols.[12] In this study, we further expanded this family of dual-
network hydrogels to extend the range of achievable stiffness. 
Specifically, we created a series of injectable hydrogels, shear-
thinning hydrogels for injectable encapsulation and long-term 
delivery (SHIELD) with two stages of gelation: (1) weak gelation 
ex situ between a star-shaped peptide-polyethylene glycol copol-
ymer assembling with an engineered recombinant protein (C7) 
and (2) stronger gelation in situ via a thermal phase transition 
of a thermoresponsive component to form a reinforcing net-
work (Figure 1a). The in situ mechanical properties were tuned 
by varying the molecular weight (MW) and weight percentage 
(wt%) of the thermoresponsive polymer poly(N-isopropylacryla-
mide) (PNIPAM). The MW of PNIPAM was precisely con-
trolled using reversible addition-fragmentation chain transfer 
(RAFT) polymerization. Human ASCs were cultured within 
these hydrogels and assessed for proliferation, spreading, and 
pro-angiogenic factor secretion at both the genetic and protein 
levels. Finally, the biofunctionality of the secreted factors was 
quantified using hMVECs.

To induce distinct stiffening properties in situ, PNIPAM 
thiols with two different MWs, 11 and 30 kDa, were synthe-
sized via RAFT polymerization to achieve uniform chain 
lengths (polydispersity indices of 1.1 for both samples). These 
two PNIPAM thiols were conjugated to one or two arms of 
an 8-arm PEG (Table in Figure 1). The remaining arms of the 
PEG-PNIPAM copolymer were conjugated with the P domain 
peptide (Figure 1a). The resulting peptide-PEG-PNIPAM was 

Tissue ischemia, including stroke, ischemic heart diseases, and 
peripheral arterial diseases, is the leading cause of human mor-
bidity and mortality globally.[1] The transplantation of autolo-
gous cells into the ischemic tissue of patients has emerged 
as a novel therapeutic strategy to induce angiogenesis and 
blood reperfusion.[1] Adipose-derived stem cells (ASC) and 
mesenchymal stem cells (MSCs) are among the most prom-
ising cell types for treatment, with over 20 registered clinical 
trials.[2,3] While the mechanism behind the therapeutic efficacy 
of the cells is somewhat contentious, the secretion of parac-
rine and trophic factors has been shown to play a dominant 
role.[4] Alternatively, researchers have been directly delivering 
growth factors to the site of injury;[5] however, stem cells serve 
as a long-term reservoir of a myriad of important growth fac-
tors critical for tissue regeneration. To improve this stem cell 
secretome, research efforts have explored multiple strategies, 
including cytokine or hypoxic preconditioning and genetic 
manipulations.[6] A relatively unexplored strategy has been 
modulation of the cellular microenvironment to improve the 
stem cell secretome. While several studies have evaluated the 
role of the cellular microenvironment in guiding stem cell 
differentiation,[7] much less attention has been given to moni-
toring of the secretome. Furthermore, the studies to date have 
been performed on 2D substrates or have used materials with 
limited clinical potential.[8–10] Nonetheless, these reports sup-
port the hypothesis that cellular microenvironment can dra-
matically impact the stem cell secretome. For example, in vitro 
2D experiments have shown that increased substrate stiffness 
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mixed with C7 engineered protein. All formulations had a final 
10 wt% polymer composition and a C:P domain ratio of 1:1. 
Within seconds, all mixtures formed a weak, physical network 
ex vivo due to specific and reversible peptide binding between 
C and P domains. Further increasing the temperature to 37 °C 
led to the formation of a reinforcing network of the peptide-
PEG-PNIPAM copolymer with controlled stiffness. Shear 
moduli (G′) of various SHIELD formulations were determined 
using dynamic oscillatory rheology (b). At room temperature, 
all SHIELD formulations have G′ ≈10–50 Pa, which enables 
easy hand injection. Furthermore, this ex vivo stiffness range is 
hypothesized to enhance transplanted cell viability, as previous 

studies demonstrated that shear-thinning hydrogels with G′ less 
than 50 Pa could protect cells from membrane damage during 
the syringe injection process.[15] At body temperature, the stiff-
ness of SHIELD-0 with 0 wt% thermoresponsive PNIPAM 
remained constant as expected. In clear contrast, the G′ of 
SHIELD-1 (with 1 wt% PNIPAM) increased tenfold to ≈100 Pa 
due to the formation of the secondary PNIPAM network. As 
the PNIPAM wt% was further increased, this thermo-stiffening 
effect was significantly increased with G′ up to ≈1000 Pa for 
SHIELD-4 (Figure 1b). Stress relaxation behavior was also 
altered by the secondary PNIPAM network. Upon application of 
100% strain, the time constant of relaxation (λ) increased from 
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Figure 1. Schematic and mechanical properties of shear-thinning hydrogel for injectable encapsulation and long-term delivery (SHIELD). a) Schematic 
of SHIELD ex vivo and in situ network formation. b) Shear storage moduli (G′) of all SHIELD formulations at 25 and 37 °C at 1 Hz. *p < 0.05, n ≥ 3. 
c) Stress relaxation and the time λ for all SHIELD formulations.
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5 s for SHIELD-0 to 19 s for SHIELD-4 (Figure 1c). This range 
of λ mimics the two relaxation modes of muscle, which exhibits 
a fast λ varying from 0.03 to 8.4 s and a slow λ varying from 
2.2 to 93.8 s.[16] Several reports have recently demonstrated 
that in addition to initial substrate stiffness, stress relaxation 
behavior may influence many cellular functions.[17] Therefore, 
for new biomaterials formulations, it is critically important to 
characterize both the initial substrate stiffness as well as time-
dependent rheological behavior.

Human ASCs (hASCs) possess enormous potential for mul-
tiple regenerative medicine therapies and are isolated through 
voluntary lipoaspiration of adult fat tissue to circumvent pro-
curement and ethical concerns.[2,18] hASC proliferation within 
a 3D hydrogel was evaluated by encapsulating cells within 
SHIELD and ejecting through a 28-gauge needle into a circular 
mold (4 mm diameter) at a flow rate of 1 mL min−1. The hASCs 
within SHIELD were then brought to physiological tempera-
ture to induce formation of the secondary reinforcing network 

and analyzed for cell proliferation at several time points up to 
two weeks (Figure 2a). hASCs were found to remain prolifera-
tive within hydrogels from SHIELD-0 to SHIELD-2.5. In these 
hydrogels, the cells exhibited well-spread cytoskeletal morphol-
ogies with distinct actin filament networks (Figure 2a,b). Quan-
tification of cell number suggests that cell proliferation within 
SHIELD-1.25 and SHIELD-2.5 is significantly higher than other 
SHIELD formulations. Interestingly, SHIELD-4 did not support 
cell proliferation and spreading, possibly due to the presence of 
a dense secondary PNIPAM network.

A key role of hASCs in functional recovery has been hypoth-
esized to be the secretion of paracrine factors that promote 
endogenous cell function. Therefore, we next evaluated the 
level of gene expression and secreted paracrine factors that are 
known to influence angiogenesis. We selected several impor-
tant angiogenic factors including angiopoietin (ANG), fibro-
blast growth factor-2 (FGF-2), hepatocyte growth factor (HGF), 
PDGF, VEGF-A, and VEGF-C. Real-time polymerase chain 

Adv. Healthcare Mater. 2016,  
DOI: 10.1002/adhm.201600497

www.advhealthmat.de
www.MaterialsViews.com

Figure 2. hASC proliferation and angiogenic function within SHIELD. a) Cell number within SHIELD at days 1, 3, 7, and 14 post-injection. b) Confocal 
3D projection images of hASCs cultured within SHIELD stained with DAPI (blue) for cell nuclei and rhodamine phalloidin (red) for F-actin cytoskeleton 
at day 14 post-injection. c) Relative mRNA expression of hASCs within SHIELD at day 14 post-injection. d) Relative growth factor concentration of 
collected media conditioned by hASCs within SHIELD at day 14 post-injection. *p < 0.05, n = 4.
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of these factors at days 7 and 14 post-injection are modulated by 
different SHIELD formulations, with the intermediate SHIELD-
1.25 and SHIELD-2.5 hydrogels supporting significantly higher 
gene expression (Figure 2c, Figure S2, Supporting Informa-
tion). This finding is consistent with previous 2D experiments 
using MSCs cultured on polyacrylamide gels that demonstrated 
that matrix mechanical properties could influence the stem cell 
secretome.[8] To confirm the translation of gene expression to 
protein expression, semi-quantitative Enzyme-linked immu-
nosorbent assay (ELISA)-based microarrays were conducted 
to measure the secretion of these angiogenic factors over 14 d 
post-injection (Figure 2d). We found that the secretion of these 
factors is consistent with gene expression data. Using quantita-
tive VEGF-ELISA analysis, we also found that the amount of 
VEGF secreted from hASCs within SHIELD followed the same 
trends (Figure S3, Supporting Information), indicating that 
SHIELD with appropriate secondary network formation could 
promote the angiogenic potential of hASCs.

To evaluate whether the enhanced secretome of hASCs 
could lead to better angiogenic function, the bioactivity of the 
secreted factors was quantified using hMVECs. Conditioned 

media were prepared using hASCs cultured within the two best 
performing SHIELD formulations (SHIELD-1.25 and SHIELD-
2.5) and SHIELD-0 for comparison. In addition, two positive 
control groups used media supplemented with VEGF at 5 or  
100 ng mL−1, while basal media only served as a negative 
control. This hASC-conditioned media was then delivered to 
hMVECs within a Matrigel sandwich to evaluate the effects on 
network formation. This protocol is a common in vitro measure 
of angiogenic-like behavior.[19] As expected, the hMVECs treated 
with unconditioned basal media showed minimal network for-
mation, while hMVECs treated with a high concentration of 
VEGF (100 ng mL−1) exhibited branching and looping morphol-
ogies (Figure 3a). The conditioned media prepared using hASCs 
within all SHIELD formulations supported formation of sig-
nificantly more network junctions and loops than basal media, 
confirming bioactivity of the secreted factors (Figure 3b–d).  
When comparing among the different SHIELD formulations, 
hASC-conditioned media from SHIELD-1.25 and SHIELD-
2.5 resulted in significantly improved network formation over 
SHIELD-0. Interestingly, these two SHIELD formulations also 
supported better network formation than the basal media sup-
plemented with 5 ng mL−1 VEGF. Based on our VEGF-ELISA 
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Figure 3. a) Confocal 3D projection images of hMVECs within Matrigel sandwiches stained with DAPI (blue) for cell nuclei and rhodamine phalloidin 
(red) for F-actin cytoskeleton after 2 d exposure to various media treatments. Quantification of b) number of junctions, c) total network length, and  
d) loop perimeter per image (733 μm × 733 μm). *p < 0.05, n = 5.
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analysis (Figure S3, Supporting Information), we estimate that 
the SHIELD-1.25 and SHIELD-2.5 conditioned media con-
tained less than 5 ng mL−1 VEGF. Thus, taken together, these 
data indicate that the stem cell secretome could offer more 
effective treatment due to the presence of a myriad of growth 
factors compared to the VEGF alone. These data are con-
sistent with the gene and protein expression data, suggesting 
that enhanced secretome led to better angiogenic function of 
hMVECs. These data are also consistent with the literature that 
suggests a cocktail of growth factors is required for effective 
network formation.[20]

We have demonstrated that an injectable hydrogel with 
controlled in situ network formation can be used to encapsu-
late hASCs within a 3D microenvironment and regulate their 
secretome, which has been shown to play an important role in 
tissue regeneration. The enhanced hASC secretome may serve 
as a long-term reservoir of crucial trophic factors to promote 
host cell migration, proliferation, differentiation, angiogen-
esis, and immunomodulation to foster tissue regeneration.[6,21] 
As an example, the cell secretome offers an array of potential 
therapeutic mechanisms for cardiovascular repair, including 
tissue preservation, neovascularization, cardiac remodeling, 
anti-inflammatory responses, and potential endogenous regen-
eration.[6] Here we have identified two hydrogel formulations, 
SHIELD-1.25 and SHIELD-2.5, which support cell survival, 
proliferation, and pro-angiogenic secretion for at least two 
weeks. Therefore, SHIELD has great potential to be used as a 
cell delivery vehicle that provides a dynamic, physical micro-
environment to support long-term cell survival and angiogenic 
function. Ongoing work is exploring the application of SHIELD 
in cell transplantation using different tissue ischemia disease 
models, including peripheral arterial disease and myocardial 
infarction. Specifically, to demonstrate SHIELD injectability 
into cardiac tissue, a preliminary study was performed to eval-
uate material delivery and retention in healthy rats (n = 3 per 
treatment group, Figure S6a, Supporting Information). Even the 
stiffest SHIELD formulation tested, SHIELD-2.5, was success-
fully and safely delivered to the myocardium with a 28-gauge 
needle. Consistent with our previous results,[12,13,22] SHIELD 
stiffness had an inverse correlation with biodegradation rate. At 
16 d post-transplantation, the retention of SHIELD-0 was 40% 
compared to that of SHIELD-2.5 (Figure S6b, Supporting Infor-
mation). Current work is underway to evaluate the potential in 
vivo functionality of these materials to facilitate cell transplanta-
tion for the treatment of ischemic cardiomyopathy.

In summary, we have developed a series of injectable, physi-
cally crosslinked hydrogels with controlled stiffening properties 
to regulate the stem cell secretome in situ. We demonstrated 
that SHIELD with an intermediate stiffness range (200–400 Pa) 
could significantly promote angiogenic potential of hASCs, 
thereby enhancing therapeutic efficacy and minimizing the 
number of transplanted cells required for cell-based regenera-
tive medicine therapies.

Experimental Section
Material Synthesis: 8-arm PEG-vinyl sulfone (8-arm PEG-VS) 

with nominal molecular weights of 20 000 g mol−1 were purchased 
from Nanocs (Boston, MA). P domain peptide (EYPPYPPPPYPSGC, 

1563 g mol−1) was purchased through custom peptide synthesis from 
Genscript Corp (Piscataway, NJ). All other chemicals were purchased 
from Sigma-Aldrich (Milwaukee, WI) unless otherwise noted. PNIPAM 
endcapped with a thiol group (PNIPAM-SH) was synthesized using RAFT 
polymerization via two steps.[23] In the first step, N-isopropylacrylamide, 
methyl-2-(n-butyltrithiocarbonyl) propanoate as a RAFT agent, and 
azobisisobutyronitrile as an initiator were added to anhydrous N,N-
dimethylformamide. The mixture was deoxygenated, and the reaction 
was carried out at 70 °C for 5 h. Then the PNIPAM-chain transfer agent 
(PNIPAM-CTA) polymer was purified by precipitation in diethyl ether and 
dried under vacuum. The second step of aminolysis of PNIPAM-CTA 
was conducted by adding PNIPAM-CTA, dimethylphenyl phosphine, 
and n-hexylamine to tetrahydrofuran (THF). The mixture was stirred at 
ambient temperature for 2 h. PNIPAM-SH was precipitated in diethyl 
ether and dried under vacuum. Two molecular weights of PNIPAM-SH 
were synthesized and characterized by gel permeation chromatography 
(GPC) at room temperature in THF as the eluent at a flow rate of 
1.0 mL min−1 using a Viscotek chromatograph and a Viscotek S3580 
refractive index detector (Houston, TX) and standard monodisperse 
polystyrenes for calibration. The two PNIPAM-SH had weight-average 
Mw of 11 400 and 30 500 g mol−1 and polydispersity indices of 1.1 
(Figure S4, Supporting Information). The amount of thiol end-group was 
also quantified using Ellman’s reagent (ThermoFisher). A Michael-type 
addition of the two PNIPAM-SH to 8-arm PEG-VS were conducted at 
a thiol:VS ratio of 1:8 or 1:4 in the presence of triethanolamine buffer 
(pH 8.0) and tris(2-carboxyethyl)phosphine (TCEP) at 25 °C for 4 h. The 
rest of the unreacted arms of PEG-VS were further reacted with excess 
P domain peptide for 24 h. Peptide-PEG-PNIPAM copolymers were 
dialyzed (molecular weight cut-off = 30 000 g mol−1) against deionized 
water to remove unreacted peptide and then lyophilized. For comparison, 
peptide-PEG copolymer was synthesized by reacting 8-arm PEG-VS 
with excess P domain peptide and purified as described above. The 
chemical structure was confirmed by 1H NMR spectrometry, acquired 
on a Varian Inova 500 MHz NMR spectrometer using deuterium oxide 
as a solvent (Figure S5, Supporting Information). 1H NMR (500 MHz, 
D2O) for peptide-PEG-PNIPAM: δ = 7.0, 6.7 (tyrosine aromatic protons), 
3.6 (PEG backbone protons), 1.8, 1.4 (PNIPAM backbone protons), 1.0  
(s, C(CH3)2); peptide-PEG: δ = 7.0, 6.7 (tyrosine aromatic protons), 3.6 
(PEG backbone protons).

The C7 recombinant protein polymer was cloned, synthesized, and 
purified as reported previously.[17] Briefly, the DNA sequence encoding 
the C7 linear protein block copolymer was cloned into the pET-15b 
vector (Novagen) and transformed into the BL21(DE3)pLysS Escherichia 
coli host strain (Life Technologies). The protein was expressed following 
isopropyl β-d-1-thiogalactopyranoside induction, purified by affinity 
chromatography via the specific binding of 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 P domain peptide group in the peptide-PEG-
PNIPAM copolymer was treated as one P unit. All SHIELD formulations 
were designed to have a final C:P ratio of 1:1 and a 10% (w/v) of total 
polymer in PBS. Weight percentage of the PNIPAM component was 
used to name five SHIELD formulations from SHIELD-0 to SHIELD-4, 
with 0 to 4 wt% PNIPAM moiety, respectively (Figure 1a). SHIELD-0 was 
formed by mixing C7 and peptide-PEG copolymer. SHIELD-1, SHIELD-
2.5, and SHIELD-4 were formed by mixing C7 with the appropriate 
peptide-PEG-PNIPAM copolymer (see Table in Figure 1a). SHIELD-1.25 
was formed by mixing C7 with a blend of peptide-PEG and peptide-PEG-
PNIPAM at a 1:1 ratio.

Rheological Characterization: Dynamic oscillatory rheology 
experiments were performed on a stress-controlled rheometer (AR-G2, 
TA Instrument) using a 20 mm diameter cone-plate geometry (n ≥ 3). 
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 25 and 37 °C were performed at 
5% constant strain to obtain storage moduli (G′) and loss moduli (G″). 
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Stress relaxation experiments were performed at 100% strain at 37 °C. 
λ was calculated based on a standard Maxwell model for viscoelastic 
fluids.

In Vitro Cell Proliferation within 3D Hydrogels: hASCs were obtained 
from de-identified human lipoaspirate from the flank and thigh 
regions by suction assisted liposuction. All tissue donors responded 
to an Informed Consent approved by the Stanford Institutional Review 
Board. hASCs were cultured in Dulbecco’s Modified Eagle’s medium 
supplemented with 10% fetal bovine serum and 100 IU mL−1 penicillin/
streptomycin at 37 °C and 5% atmospheric CO2. Cells were expanded 
and passaged by trypsinization for subsequent use. In vitro proliferation 
experiments were performed with 30 μL gel volume containing 
5 × 104 cells. Cell suspension (5 μL) was first mixed with C7 (10%, w/v 
in PBS) before further mixing with the peptide-PEG-PNIPAM copolymer 
solution (20%, w/v in PBS). The volumes of C7 and peptide-PEG-
PNIPAM copolymer solution were adjusted to achieve a final C:P ratio 
of 1:1 at a total cell-laden hydrogel concentration of 10% (w/v). The final 
mixing step with peptide-PEG-PNIPAM was performed in the barrel of 
a 1 mL insulin syringe fitted with a 28 G needle for cell injection. The 
mixture was allowed to gel for 5 min before injecting into a circular 
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 number was determined using PrestoBlue 
assay (ThermoFisher) at days 1, 3, 7, and 14 post-injection (n = 5), 
according to manufacturer’s instructions. Cells were fixed with 4% 
paraformaldehyde, permeabilized with 0.2% Triton X-100 solution in 
PBS, and stained with rhodamine phalloidin (1:300, Life Technologies) 
and 4′,6-diamidino-2-phenylindole (DAPI, 1 μg mL−1, Life Technologies). 
Images were collected using a confocal microscope (Leica SPE) by 
creating z-stacks of greater than 200 μm depth with 2.4 μm intervals 
between slices in the middle of the hydrogel and then compressing into 
a maximum projection.

Angiogenic Gene Expression and Growth Factor Secretion: hASCs were 
injected into molds and cultured within 30 μL gel volume of various 
SHIELD formulations containing 5 × 105 cells for 7 and 14 d. Total RNA 
was isolated using a TRIzol Reagent (Ambion) with a Phase Lock Gel 
(5 PRIME) according to the manufacturer’s protocol. The amount of 
the total RNA from each sample was quantified using a Nanodrop1000 
spectrophotometer (Thermo Scientific). Reverse transcription of isolated 
RNA was then performed using a T100 Thermal Cycler (Bio-Rad) 
according to the manufacturer’s protocol. Using serial dilutions of 
cDNA, qPCR was performed for several angiogenic genes including 
ANG, FGF-2, HGF, PDGF, VEGFA, and VEGFC (see Table S1 in the 
Supporting Information for primer sequences). Amplification reactions 
were performed in a total volume of 15 μL PCR mixture containing 
7.5 μL Fast SYBR Green Master Mix (Applied Biosystems), 0.45 × 10−6 m 
of each PCR primer, 1.6 μL dH2O and 5 μL cDNA samples. After initial 
denaturation at 95 °C for 10 s, targets were amplified using 40 cycles 
of 95 °C, 10 s, and then 60 °C, 30 s (StepOnePlus Real-Time PCR 
Machine, Applied Biosystems). All samples were analyzed in triplicate. 
Relative mRNA level was determined by the 2−ΔΔCt method, with 18S 
used as the endogenous control. The quantification of angiogenic 
growth factor secretion was conducted using the conditioned hASC 
media collected every 3–4 d for 14 d post-injection. The growth factor 
concentration of the total cell media was quantified using ELISA-based 
human angiogenesis antibody array and the Quantikine human VEGF 
immunoassay (R&D systems) according to the manufacturer’s protocol.

In Vitro Functional Assay: Conditioned basal media was prepared by 
culturing 5 × 105 hASCs within 30 μL gel volume of various SHIELD 
formulations in EBM-2 basal media (Lonza) for 2 d. In parallel, hMVECs 
were cultured in complete growth media (EGM-2 BulletKit, Lonza). 
Bioactivity of the hASC-conditioned medium was assessed using a 
traditional Matrigel sandwich assay.[19,24] In brief, hMVECs (1 × 104 cells) 
were seeded on top of growth factor reduced Matrigel (BD Biosciences, 
200 μL in a 48-well), allowed to attach for 4 h, and covered with another 
layer of Matrigel (200 μL) to create a Matrigel sandwich. The Matrigel 
sandwich was immersed in unconditioned basal media or hASC-
conditioned media. Following incubation at 37 °C for 2 d, the Matrigel 

sandwich was fixed in 4% paraformaldehyde and 2% glutaraldehyde, 
and permeabilized with 0.25% Triton X-100 solution in PBS. The cells 
were stained with rhodamine phalloidin and DAPI, and analyzed using 
confocal microscopy as described above. Number of junctions, total 
tubule length, and loop perimeter were quantified for each image using 
ImageJ software.[19,24]

Intramyocardial Delivery of SHIELD: All experiments followed 
protocols approved by the Stanford Administrative Panel on Laboratory 
Animal Care. National Institutes of Health (NIH) guidelines for the 
care and use of laboratory animals (8th edition, revised 2011) were 
observed. For in vivo delivery of SHIELD, male adult Wistar rats 
(Charles River Laboratories) were anesthetized with isoflurane and a 
left fourth interspace thoracotomy was performed.[25] Fifty microliters 
of SHIELD conjugated with a Cyanine5.5 near-infrared dye (Lumiprobe) 
was epicardially injected into the anterolateral wall of the left ventricle. 
SHIELD retention was quantified at 16 d post-injection from explanted 
hearts (n = 3 per treatment group).

Statistical Analysis: All data are presented as mean ± standard 
deviation. Statistical comparisons were performed by one-way analysis 
of variance with Tukey post-hoc test. Values were considered to be 
significantly different when the p value was <0.05.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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