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ABSTRACT: Myocardial infarction (MI) still represents the
“Number One Killer” in the world. The lack of functional vasculature
of the infracted myocardium under hypoxia is one of the main
problems for cardiac repair. In this study, a thermosensitive chitosan
chloride-RoY (CSCIl-RoY) hydrogel was developed to improve
angiogenesis under hypoxia after MI First, RoY peptides were
conjugated onto the CSCl chain via amide linkages, and our data
show that the conjugation of RoY peptide to CSCl does not interfere
with the temperature sensitivity. Then, the effect of CSCI-RoY
hydrogels on vascularization in vitro under hypoxia was investigated
using human umbilical vein endothelial cells (HUVECs). Results
show that CSCI-RoY hydrogels can promote the survival,
proliferation, migration and tube formation of HUVECs under
hypoxia compared with CSCIl hydrogel. Further investigations
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suggest that CSCI-RoY hydrogels can modulate the expression of membrane surface GRP78 receptor of HUVECs under
hypoxia and then activate Akt and ERK1/2 signaling pathways related to cell survival/proliferation, thereby enhancing angiogenic
activity of HUVECs under hypoxia. To assess its therapeutic properties in vivo, a MI model was induced in rats by the left
anterior descending artery ligation. CSCI or CSCI-RoY hydrogels were injected into the border of infracted hearts. The results
demonstrate that the introduction of RoY peptide can not only improve angiogenesis at MI region but also improve the cardiac
functions. Overall, we conclude that the CSCI-RoY may represent an ideal scaffold material for injectable cardiac tissue

engineering.
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1. INTRODUCTION

Myocardial infarction (MI) is one of the leading causes of death
and disabilities in the world, which can cause irreversible
damage to cardiac muscle.' Many studies have shown that
injectable tissue engineering is an effective method to repair the
damaged myocardium.””* Effective vascularization is an
important prerequisite for the success of injectable cardiac
tissue engineering.” In recent years, various injectable hydrogels
have been pursued in an attempt to improve the revasculariza-
tion of MI area, including collagen, matrigel, alginate, chitosan,
etc.,6 which allows for continuous diffusion of nutrients, oxygen,
and cells toward the damaged myocardium.* In addition, some
angiogenic biomolecules (e.g, VEGF, bFGF, HGF, PDGF,
etc.) or chemokines (e.g, stromal-derived factor-1) that can
stimulate the expression of angiogenic genes were encapsulated
in these hydrogels to enhance the matured vessel formation and
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improve the cardiac function in chronic ML"~® However, the
effect of these bioactive factors in promoting angiogenesis was
shown to be rather temporary due to their short half-life in
vivo.'® Moreover, the local concentration of bioactive factors is
high due to the initial burst release from the hydrogels, which
may lead to adverse effects such as the formation of vascular
tumors and vascular leakage with edema and hypotension.'' In
addition, their clinical applications are limited owing to their
high cost. Therefore, it is important to improve the angiogenic
activity of injectable hydrogel for the cardiac repair.
Thermosensitive chitosan-based hydrogels have been widely
used in the field of injectable cardiac tissue engineering due to
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the unique biocompatibility and controlled biodegradability."*
Our previous studies showed that the chitosan-based hydrogels
can protect the transplanted cells, promote the angiogenesis,
reduce infarct size, and improve cardiac function.”™" In
addition, the amino groups in the backbone allow for
conjugation of chitosan with various bioactive molecules,'®
which can increase the bioactive functions without affecting the
physical—chemical properties such as gelation behaviors,
swelling degree, degradation characteristics, network structure,
and mechanical strength.'” For example, QHREDGS peptide,
an integrin binding motif in angiopoietin-1, was covalently
immobilized to chitosan hydrogel to support the adhesion of
cardiomyocytes.'”'® In our previous study," chitosan chloride
was conjugated with glutathione (GSH), and the produced
thermosensitive hydrogels showed excellent antioxidant
capacity and biocompatibility to favor the survival of
cardiomyocytes under H,0, microenvironment. Therefore, it
is possible to develop a chitosan-based hydrogel with good
vascularization capacity under hypoxia via peptides modifica-
tion.

RoY is a 12 amino-acid synthetic peptide
(YPHIDSLGHWRR), and it can specifically bind to the 78
kDa glucose-regulated protein (GRP78) receptor, which is
largely expressed on membrane surface of vascular endothelial
cells under hypoxia. This interaction will then activate the signal
pathways related to cell survival and proliferation.”*~>* RoY
peptides have been demonstrated to induce angiogenic activity
by increasing vascular endothelial cell proliferation, migration,
and tube formation under hypoxia in vitro. In addition, local
injection of RoY geptide can efficiently alleviate mouse hind
limb ischemia.*** Therefore, RoY peptide has a promising
application in improving angiogenesis under hypoxic conditions
after MI.

In this work, we developed a RoY peptide-modified chitosan
chloride hydrogel. The angiogenic property of CSCl-RoY
hydrogel under hypoxia was evaluated using human umbilical
vein endothelial cells (HUVECs) in vitro. We focused on the
roles of CSCI-RoY hydrogel on the survival, proliferation,
migration, tube formation of HUVECs, and the related
molecular mechanism under hypoxia in vitro. Furthermore,
we investigated the effects of CSCI-RoY hydrogel on the
angiogenesis and cardiac repair after MI in vivo.

2. MATERIALS AND METHODS

2.1. Peptides Synthesis. RoY (YPHIDSLGHWRR) peptide was
synthesized by China Peptides, Shanghai, China. High-performance
liquid chromatography (HPLC) and mass spectrometry (MS) analyses
suggested that RoY peptide was synthesized successfully and that its
purity was over 95%.

2.2. Synthesis and Characterization of Chitosan Chloride—
YPHIDSLGHWRR Composites. The synthesis process of CSCl-RoY
composites is similar to that for CSCI-GSH composites as in our
previous report.” Briefly, CSCl (0.5 g, 86% degree of deacetylation,
13.6% hydrochloric acid) was dissolved in 30 mL of deionized water,
and a certain amount of RoY and N-hydroxysuccinimide (NHS) were
dissolved in 10 mL of deionized water according to Table 1. After 30
min, the RoY/NHS solution was added into the CSCI solution under
stirring. Then, a certain amount of 1-ethyl-(3, 3-(dimethylamino)-
propyl) carbodiimide (EDC) in 10 mL of deionized water was added
into the mixture (cf. Table 1) under stirring at room temperature.
After 6 h, the mixture was dialyzed against water (molecular weight
cutoff: 8kD) for 48 h to remove the unbound reagents. The CSCl-RoY
composites with different RoY ratio were obtained after lyophilization.
The chemical structure of the CSCI-RoY composites was determined
by 'H NMR (INOVA, Varian, USA) using D,O as the solvent, Fourier
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Table 1. Reactive Parameter of CSCI-RoY Composites

samples CSCl (g) RoY (g) NHS (g) EDC (g)
CSCl 0.5
CSCI-RoY 1 0.5 0.05 0.0055 0.024
CSCI-RoY 2.5 0.5 0.12 0.0055 0.048
CSCI-RoY S 0.5 0.24 0.0055 0.048

transform infrared (FTIR) spectroscopy (MAGNA-560, Nicolet,
USA), and differential scanning calorimetry (DSC, METTLER
TOLEDO, Switzerland).

2.3. Preparation and Characterization of Chitosan Chlor-
ide—YPHIDSLGHWRR Hydrogels. First, 2% (w/v) CSCl or CSCl-
RoY solution in distilled water, 10% (w/v) f-glycerol phosphate (/-
GP) solution in distilled water, and 2.5% (w/v) hydroxyethyl cellulose
(HEC) solution in Dulbecco’s modified Eagle’s medium with high
glucose were prepared. Second, the CSCI or CSCI-RoY, S-GP, and
HEC solutions were quickly mixed according to the volume ratio
5:1.6:1 at room temperature. After incubation at 37 °C for 5—30 min,
the CSCl or CSCI-RoY hydrogels were formed. Temperature-
sensitivity of CSCI-RoY hydrogel was further studied by measuring
the solution viscosity using a rotational viscometer VISCO STAR Plus
at 28—40 °C. The gelation time was determined by the test-tube
inversion method.”* Briefly, the mixture of the solutions was incubated
at 37 °C, and a time meter was used to record the gelation time when
the solution becomes the gel.

2.4. Endothelial Cell Culture. HUVECs were purchased from
Sciencell (CA, USA). They were cultured in endothelial cell medium
(ECM, Sciencell, USA) containing basal medium, fetal bovine serum
(5%), endothelial cell growth supplement, and penicillin/streptomycin
in a humidified 37 °C incubator with 5% CO, and 21% O,. The
medium was changed every other day. Cell passages were performed
using 0.05% trypsin solution when the cells reached 80—90%
confluence. HUVECs at passage 3—6 were used in the following
experiments.

For seeding into hydogel, HUVECs were first resuspended in -GP
solution. -GP solution (20 L) containing HUVECs, 32 uL of HEC
solution, and 100 yL of CSCI or CSCI-RoY solution were quickly
mixed in 48-well tissue culture plates at room temperature. Then, they
were placed in a humidified incubator at 37 °C with 5% CO, for
preculturing. After 0.5—1 h, HUVECs/CSCl or HUVECs/CSCl-RoY
constructs formed, and 0.8 mL of ECM medium was added into each
well. The ECM medium was changed every day. For seeding onto the
surface of CSCI-RoY hydrogel, the 0.8 mL of culture medium
containing a certain number of HUVECs was added into the tissue
culture plates covered with CSCl or CSCI-RoY hydrogel.

2.5. Live/Dead Staining. HUVECs/CSCl and HUVECs/CSCl-
RoY constructs were cultured in normoxic incubator (21% O,) or in a
hypoxic incubator (Thermofisher Forma 3131, USA) (3% O,) for 1
and 7 d. The survival of HUVECs in the hydrogels was evaluated using
live/dead (Molecular Probes, USA) staining according to manufac-
turer’s instruction and observed using a fluorescence microscopy
(Leica, Germany).

2.6. Alamar Blue Assay. HUVECs/CSCl and HUVECs/CSCl-
RoY constructs in 48-well plates (5 X 10° cells/constructs) were
cultured under normoxia or hypoxia for 1 and 7 d. The proliferation
behaviors of HUVECs were measured by Alamar Blue (CellChip
Biotechnology, Beijing) assay according to manufacturer’s instruction.
The percent reduction of Alamar Blue was used to evaluate the
proliferative activity of cells. Briefly, cell culture medium was removed
at days 1 and 7, and another 300 uL of cell culture medium containing
30 uL of Alamar Blue solution was added. After 12 h, the supernatant
(200 uL) was transferred into 96-well tissue-culture plates. Then, the
absorbance was measured at a wavelengths of 570 and 600 nm using
an enzyme-linked immunosorbent assay plate reader. The percent
reduction of Alamar Blue was calculated according to below equation,
where (e,)1, = 117216, (e,,)4; = 80586, (eggp)4d; = 155677, and
(ergp)4, = 14 652. Al| and A’ are the OD values of the experimental
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and control groups at 570 nm, respectively. A4, and A’A, are the OD
values of the experimental and control groups at 600 nm, respectively.

reduced ratio of Alamar Blue®(%)
_ (e)Ar A = (e)hAL,
(erep)hA'Ay — (&rpp)AaA’A

2.7. Cell Migration Assay. Transwell permeable support inserts
containing a polycarbonate membrane with 8 ym pores (Corning,
USA) were first coated with a layer of CSCl or CSCI-RoY hydrogel
according to Section 2.3. ECM medium (100 yL) without the serum
containing 3 X 10* HUVECs were seeded onto the insets. Then, the
insets was transferred into new 24 wells containing 800 L of ECM
medium with 5% fetal bovine serum. After this was cultured for 2 d
under normoxia or hypoxia, the migration capacity of HUVECs were
investigated via detecting the number of cells through the hydrogels to
the bottom sides of the membranes. Briefly, the cells on the
membranes were fixed using 4% paraformaldehyde for 30 min at
room temperature, and the cell nuclei were stained with 4',6-
diamidino-2-phenylindole (DAPIL Sigma, USA) for 15 min. The
hydrogels and cells on the top surface of the membranes were carefully
wiped out. The bottom-up membranes were transferred to glass slides
and mounted using 50 wt % buffering glycerol. The cell nuclei were
observed under a fluorescence microscope, and the number of cells
adhered on the bottom sides of the membranes was counted using
Image-Pro Plus 6.0 software.

2.8. Tube Formation Assay. A 500 xL aliquot of ECM containing
2 X 10* HUVECs was added into 48-well plates covered by CSCI or
CSCI-RoY hydrogel, and they were cultured under either normoxia or
hypoxia. The morphology of the cells was examined by a light
microscopy (Olympus, Japan) every day. At days 4 and 7, 10 randomly
chosen visual fields per well were photographed, and the length and
area of the network of connected cells (tube formation) were
measured using Image-Pro Plus 6.0 software. Tube (capillary-like)
formation was defined as a ringlike structure with a length/width ratio
of 4.

2.9. Immunofluorescent Staining for GRP78. A 500 uL aliquot
of ECM containing approximately 4 X 10* HUVECs was seeded on
the surface of CSCl or CSCI-RoY hydrogel in 48-well tissue culture
plates and cultured under either normoxia or hypoxia. At day 1,
GRP78 protein expression was identified by immunofluorescent
staining. Briefly, the cultured HUVECs were fixed in paraformaldehyde
(4 wt %) and permeabilized using Triton X-100 (0.3 wt %) for 30 min
at room temperature, respectively. After blocking with goat serum (§
wt %), the cells were incubated with rabbit anti-GRP78 antibody
(Boster, Wuhan, China) overnight at 4 °C, following by incubation
with a fluorescein isothiocyanate (FITC)-conjugated IgG secondary
antibody for 2 h at room temperature. Finally, the expression of
GRP78 was observed under a fluorescent microscopy.

2.10. Fluorescence Activated Cell Sorting Analysis. GRP78
protein on cell surface was determined by fluorescence-activated cell-
sorting analysis (FACS) analysis. Briefly, 2 X 10° cells were seeded on
the surface of CSCI or CSCI-RoY hydrogel in six-well culture plates
and cultured under normoxia or hypoxia. After 1 d, the cells were
dissociated from the hydrogels by TrypLE Express (Gibco, USA).
They were incubated with rabbit anti-GRP78 antibody (Boster,
Wuhan, China) for 30 min and then incubated with antirabbit FITC-
conjugated IgG for another 30 min at room temperature. The control
was incubated in phosphate-buffered saline (PBS) instead of anti-
GRP78 antibody. Percent of GRP78 positive cells was analyzed by a
fluorescence activated cell sorter (FACScan, BD, USA).

2.11. Western Blot Analysis. After 2 d of cultivation under
normoxia or hypoxia, HUVECs/CSCl or HUVECs/CSCI-RoY
constructs were harvested. The total or membrane proteins were
extracted using different Protein Preparation Kit (Applygen, Beijing,
China) according to manufacturer’s instruction, respectively. The
extracted proteins were quantified by BCA Protein Assay Kit (Thermo
Scientific, USA). The membrane proteins were loaded on 10—12%
sodium dodecyl sulfate (SDS)—polyacrylamide gels. After separated by
electrophoresis, they were transferred onto PVDF Western blot

100

X
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membrane. The membrane then was incubated with different primary
antibodies (rabbit anti-p-ERK 1/2, p-Akt, ERK 1/2, Akt, Na+-K+
ATPase (Cell Signaling Technology, USA), GRP78, and mouse anti-
GAPDH (Boster, Wuhan, China)) overnight at 4 °C, followed by
further incubation with appropriate secondary antibodies (goat
antimouse and antirabbit IgG (Boster, Wuhan, China)) for 1 h at
room temperature. The protein bands were detected by enhanced
chemiluminescent reagent (Applygen, Beijing, China) on X-ray films.
The band intensity was quantified using Quantity One 4.6.2 software,
and normalized to its respective internal standard signal intensity
(membrane protein  GRP78/Na+-K+ ATPase, other proteins/
GAPDH).

2.12. Myocardial Infarction Model and Injection Surgery.
Adult male Spraguee Dawle (SD) rats were purchased from the
Experimental Animal Center at Academy of Military Medical Science
(Beijing, China) and were randomly divided into three groups (n = 15
rats/group). MI model was performed as previously described.”
Briefly, SD rats were intraperitoneally anesthetized with sodium
pentobarbital (30 mg/kg) and assisted ventilation during surgery.
Limb-lead electrocardiography was performed. Then the heart was
exposed via a left lateral thoracectomy and pericardectomy, and the left
anterior descending coronary artery was ligated with a 6—0 prolene
suture. Subsequently, electrocardiography displayed typical MI waves.
After 1.5—-2 h when the coronary artery was ligated, 100 uL of PBS,
mixture solution of CSCI/CSCI-RoY, #-GP, and HEC was injected
along the border of the infarct area at three different locations using a
28-gauge needle. Finally, the chest was closed. The operated rats were
fed with standard rat chow and water, individually housed in cages.
Above animal experimental procedures were according to the Guide
for the Care and Use of Laboratory Animals and approved by the
Institutional Animal Care and Use Committee (IACUC) of the
Chinese Academy of Military Medical Science (Beijing, China).

2.13. Immunostaining for Blood Vessels. At days 14 and 28
after the injection, animals were euthanatized. The hearts were rapidly
excised and fixed using 4% paraformaldehyde for at least 24 h. The
heart samples were embedded using paraffin and sectioned through
the infarct zone. The sections were incubated with rabbit antivon
Willebrand factor (vWF) or mouse anti-a-smooth muscle actin (a-
SMA) antibody (Boster, Wuhan, China) overnight at 4 °C and then
incubated with antirabbit Cy3-conjugated or antimouse FITC-
conjugated IgG for 2 h at room temperature in the dark. Cell nuclei
were visualized with DAPL The sections were observed under a
confocal laser microscopy (Olympus, Japan) and analyzed using
Image-Pro Plus 6.0 software. Vessel density in infarct zone was
measured by counting the number of vWF-positive (VWF+) or a-
SMA-positive (a-SMA+) blood vessels per unit area (mm?). Vessel
diameters were measured at the shorter axes of the vessels within the
infarct region of the stained sections.”® Microvessels in each section
were defined using the following criteria: positive for vessel labeling
within the infarct zone, having a visible lumen and having a diameter
between 10 and 100 ym.

2.14. Histology. The infarct size and wall thickness of infarct zone
(scar thickness) were assessed using hematoxylin and eosin (HE)
staining and Masson’s trichrome staining. Infarct size was quantified as
the percentage of the length of the infarcted portion in the length of
the entire endocardial circumference of left ventricle.”” Wall thickness
was evaluated by measuring the left ventricular wall thickness at evenly
spaced locations in the infarct zone.'>?°

2.15. Echocardiography. Rats were anesthetized at day 28 after
the transplantation, and cardiac function was evaluated by
echocardiography (14.0 MHz, Sequoia 512; Acuson). Left ventricular
shortening fraction (LVES) and left ventricular ejection fraction
(LVEF) were calculated according to the previous report."

2.16. Statistical Analysis. All data were expressed as mean =+
standard deviation. The data from the three/five groups in vitro and 15
in vivo were compared, and intergroup differences were analyzed by
one-way or two-way ANOVA with Tukey’s posthoc test. Statistical
analyses were performed with OriginPro 8.0 or SAS 9.0 software. For
all analyses, a value of p < 0.05 or p < 0.01 was accepted as statistically
significant.
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Figure 1. Characterization of CSCI-RoY composites. (A) The chemical structure of CSCI-RoY composites; (B) 'H NMR spectrum, (C) FTIR

spectra, and (D) DSC curves of CSCl and CSCI-RoY composites.

3. RESULTS

3.1. Preparation of CSCI-RoY Hydrogels. RoY peptides
are coupled to the CSCIl chain via the reaction between
carboxylic group of the RoY peptide and amino group of the
CSCL As illustrated in Figure 1A, the structure of CSCI-RoY
composites is characterized by the amide linkage between the
CSCl backbone and the RoY peptide. Three different CSCI-
RoY composites were synthesized by varying the CSCI/RoY
feeding ratio (cf. Table 1). "H NMR analysis was performed to
confirm the conjugation of the RoY peptide to CSCI chain. As
shown in Figure 1B, the chemical shifts at 4.51, 2.93, and 3.64—
3.86 ppm belong to proton signals of CSCL In addition, the
spectra of CSCI-RoY composites exhibit additional chemical
shifts coming from RoY peptide. For example, the representa-
tive proton signals from isoleucine/leucine residues in RoY
peptide appear at 1.2—1.3 ppm, and the proton signals within
6.7—7.6 ppm range belong to the tyrosine, tryptophan, and
histidine residues of RoY moiety. In addition, FTIR spectros-
copy was used to determine the chemical structure of CSCI-
RoY composites (Figure 1C). The absorption bands at 1161,
1079, and 1038 cm™' in all samples are assigned to the
saccharine structure of CSCL The characteristic bands at 1636
and 1524 cm™" in CSCl belong to the C—O stretching vibration
(amino) and N—H bending vibration (amine), respectively.
The carbonyl adsorption bands of RoY peptide appear at 1698
cm™". Moreover, the absorption band of amine group at 1636
cm™" in the spectra of CSCl shifts to 1660—1643 cm™" in CSCl-
RoY composites, indicating that the reaction occurs between
carboxylic and amino groups. Therefore, our data confirm that
RoY peptides are grafted onto the CSCI chain via the amide
linkage. Besides, the intensity of 2(O—H) peak at 3426 cm™" in
CSCI-RoY increases compared with that in CSCIl, suggesting
that there are hydrogen bonds in CSCI-RoY composites and
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that the interactions enhance in CSCI-RoY compared with that
in CSCl. Consistently, the DSC analysis (Figure 1D) shows
that CSCI-RoY 2.5 composites have a higher glass transition
temperature (149 °C) and thermal degradation temperature
(244 °C) than those of CSCI (130 and 218 °C, respectively).

To prepare temperature-sensitive hydrogels, 10% (w/v) f-
glycerol phosphate (-GP) solution in distilled water and 2.5%
(w/v) hydroxyethyl cellulose (HEC) were added into CSCl or
CSCI-RoY solutions (2%, w/v). The mixture solutions are
transparent liquid, which exhibit excellent fluidity at room
temperature (Supporting Information, Figure S1A) and can
become gel (Supporting Information, Figure S1B) at 37 °C.
Supporting Information, Figure S2 shows the viscosity of CSCI
and CSCI-RoY solution between 28 and 40 °C; all solutions
exhibit low viscosity (ca. 0.1 mPa-S) when the temperature is
below 34 °C. However, the viscosity of all CSCI and CSCI-RoY
solutions sharply increases at ~36—37 °C. Moreover, the
viscosity of all CSCI-RoY is higher than that of CSCl at 36—37
°C. The viscosity of all CSCI-RoY is more than 1.22 mPa-S at
37 °C, and the viscosity slightly increases with the increase of
RoY content in CSCI-RoY. The gelation time of CSCI-RoY
hydrogels (8—12 min) is shorter than that of CSCl hydrogel
(17.3 + 6.4 min) at 37 °C.

3.2. Effect of CSCI-RoY Hydrogels on Angiogenic
Activity of HUVECs. 3.2.1. Cell Survival and Proliferation.
Survival and proliferation of HUVECs are the prerequisite for
vascularization. Our previous studies demonstrated that CSCI-
based hydrogels showed an excellent biocompatibility to
support the survival and proliferation of many cells.'>'> We
also found that the viability of cardiomyocytes seeded in CSCI
hydrogel decreased when they were cultured under the
oxidative microenvironment in the presence of H,0,."® Similar
results are found in the present study. As shown in Figure 2A,C,
the number of cells in CSCl or CSCI-RoY hydrogel under

DOI: 10.1021/acsami.5b01234
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hypoxia is less than that under normoxia at day 1, and a few
dead cells (red) can be observed in both CSCI hydrogels and
CSCI-RoY hydrogels under hypoxia (Figure 2A). As expect, the
number of cells seeded in all hydrogel significantly increase at
day 7 (Figure 2). Moreover, the number of cells in CSCI-RoY
hydrogels under hypoxia is much more than those in identical
hydrogel under normoxia (Figure 2B,D, p < 0.05), while the
cell number seeded in CSCI hydrogel under hypoxia shows no
significant difference (p > 0.05) from that of seeded under
normoxia. These results suggest that CSCI-RoY hydrogels can
better support the survival and proliferation of HUVECs under
hypoxia. Furthermore, the proliferative activity of HUVECs
seeded in both CSCI-RoY 2.5 and CSCl-RoY 5 hydrogels is
much higher than that in CSCl hydrogel (p < 0.05) under
hypoxia, but there are no statistical differences under normoxia,
indicating that the CSCI-RoY hydrogels with moderate/high
ratio of RoY are more beneficial for cell proliferation under

hypoxia.
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3.2.2. Cell Migration. The migration of endothelial cells is an
important process during angiogenesis.”® We examined the
migration behaviors of HUVECs through Transwell inserts
coated by the hydrogels (Figure 3A). As shown in Figure 3B,C,
the combination of RoY into CSCI hydrogel can improve the
migration activity of HUVECs under both hypoxia and
normoxia. Moreover, the migration capacity of HUVECs
enhances with the increase of RoY ratio in CSCI-RoY
hydrogels. In addition, results suggest that the different oxygen
conditions do not affect the migration performances of
HUVECs through CSCl and CSCI-RoY 1 hydrogels (p >
0.05). However, the number of HUVECs migrating through
CSCIl-RoY 2.5 hydrogel under normoxia is more than that
under hypoxia (p < 0.05). For CSCl-RoY S hydrogel with high
RoY ratio, the migration capacity of HUVECs under hypoxia is
significantly higher than that under normoxia (p < 0.05). These
results demonstrate that the high RoY ratio in the CSCI-RoY
composites can improve the migration of HUVECs under
hypoxia.
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Figure 3. Migration of HUVECs through the CSCl or CSCI-RoY hydrogels under hypoxia or normoxia. (A) Experimental layout of cell migration.
(B) Representative images of cells migrating to the bottom of insert membrane (blue: cell nuclei). (C) Quantification analysis of cell migration. (*p
< 0.05 vs CSCI, #p < 0.0S vs CSCI-RoY 1, A10 < 0.05 vs CSCI-RoY 2.5, *p < 0.05 hypoxia vs normoxia).

3.2.3. Tube Formation. Tube formation, which reflects the
vasculogenic potential of endothelial cells, was studied to
evaluate angiogenesis in this study. As shown in Supporting
Information, Figure S3, HUVECs cultured on the hydrogel
surface are organized into a rudimentary capillary-like network
comprised of tubelike structures radiating from cell aggregates
at day 4. Tubelike structures are not observed on CSCI and
CSCl-RoY 1 hydrogel surface under either normoxia or
hypoxia, while a few tubes appear on the surface of CSCI-
RoY 2.5 and CSCI-RoY § hydrogel under hypoxia. At day 7, the
network structures are formed on the all-hydrogel surfaces
(Figure 4A), and the tubelike structures are more visible with
the increase of the RoY in hydrogels. HUVECs on CSCI-RoY §
hydrogel surface exhibit the clearest lumen-like structures under
hypoxia. To further explore the effect of CSCI-RoY hydrogel on
the tube formation of HUVECsS, the average tube length and
tube area at day 7 were analyzed. As shown in Figure 4B,C,
there are no statistical differences for both tube length and area
between CSCI-RoY hydrogels and CSCI hydrogel group under
normoxia (p > 0.05). However, the tube length and area on
CSCI-RoY hydrogels are significantly larger than those on CSCI
hydrogel under hypoxia (p < 0.0S). Moreover, the tube
formation capacity of HUVECs on CSCI-RoY 2.5/5 is stronger
than that on CSCI-RoY 1 hydrogel. In addition, HUVECs
exhibit different tube formation performance under different
oxygen conditions. For the CSCI hydrogel, the tube length and
area under hypoxia are smaller than that under normoxia. In
contrast, HUVECs seeded on CSCI-RoY hydrogel show the
improved tube formation capacity under hypoxia compared
with that under normoxia. These data suggest that the
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introduction of RoY is beneficial to induce the tube formation
of HUVECs under hypoxia.

3.3. Effect of CSCI-RoY Hydrogel on GRP78 Expres-
sion. To investigate the mechanism of angiogenic potential of
HUVECs in CSCI-RoY hydrogels under hypoxia, the
expression of total GRP78 (t-GRP78) and cell membrane
surface GRP78 (s-GRP78) of HUVECs on/in hydrogel were
studied. As shown in Figure 5A, many HUVECs cultured on
CSCl or CSCI-RoY § hydrogel surfaces express GRP78 protein
(stained in green) under normoxia. The green fluorescence
intensity appears to increase when the cells are incubated under
hypoxia, suggesting an increase of t-GRP78 expression in
HUVECs. In addition, more than half of the cells seeded on
CSCI (54.18%) or CSCl-RoY S (58.70%) hydrogel surfaces
express the s-GRP78 under normoxia (Figure SB). However,
exposure to 1 d of hypoxia remarkably increases the percent of
HUVECs expressing s-GRP78 on CSCl hydrogel (up to
87.96%). In contrast, HUVECs incubated on CSCI-RoY 5
hydrogel under hypoxia induces a significant decrease in s-
GRP78 expression (35.86%).

To quantitatively determine the GRP78 expression of
HUVECs in different hydrogels, Western blotting of the t-
GRP78 and s-GRP78 protein is performed on cells, which were
encapsulated in the hydrogels for 2 d of incubation under
normoxia or hypoxia. As shown in Figure SC,D, hypoxia
induces a significant increase of t-GRP78 expression level from
0.336 + 0.002 to 0.653 + 0.001 and from 0.411 + 0.003 to
0.677 % 0.003 for CSCl and CSCI-RoY 5 hydrogel, respectively
(p < 0.01). There are no statistical differences in t-GRP78
expression between CSCl and CSCI-RoY S hydrogel group

DOI: 10.1021/acsami.5b01234
ACS Appl. Mater. Interfaces 2015, 7, 6505—6517


http://dx.doi.org/10.1021/acsami.5b01234

ACS Applied Materials & Interfaces

Research Article

cscl

A CSCl-RoY 1

2T it

Normoxia

B
[ Normoxia *, 4, A, %
I Hypoxia
500 -
‘E 4004
=
-
< 300+
[=2]
f=
2 200
Q
o
2 100
0

CSClI CSCI-RoY 1CSCI-RoY 2.5CSCI-RoY 5

CSCI-RoY 2.5 CSCI-RoY 5

[ INormoxia
I H
10000+ =
~ 8000
~

H

~ 6000 -

©

e

© 4000

Q

S

= 2000

CscCl

CSCIl-RoY 1CSCI-RoY 2.5CSCI-RoY 5

Figure 4. Tube formation of HUVECs cultured on CSCI or CSCI-RoY hydrogels under normoxia or hypoxia. (A) Representative tubelike network
structure images of HUVECs cultured on different hydrogel surface at day 7, (B) average tube length, and (C) average tube area. (*p < 0.05 vs CSC],
#p < 0.05 vs CSCL-RoY 1 under normoxia, Ap < 0.05 vs CSCL-RoY 2.5 under normoxia, *p < 0.05 vs CSCI-RoY S under normoxia).

under normoxia (p > 0.05). These results are consistent with
those of immunofluorescence assay (Figure SA). For the s-
GRP78 (Figure SC,E), hypoxia significantly increases the s-
GRP78 expression level from 0.37 + 0.02 to 0.80 + 0.06 in
CSCl hydrogel (p < 0.01) and from 0.37 + 0.04 to 0.59 + 0.05
in CSCI-RoY § hydrogel. Notably, the s-GRP78 expression of
HUVECs seeded in CSCI-RoY 5 hydrogel (0.59 + 0.05) is
significantly lower than that in CSCI hydrogel (0.80 + 0.06)
under hypoxia (p < 0.01), which is consistent with the FACS
analysis (Figure SB). Our data implied that the introduction of
RoY peptides to CSCI hydrogel down-regulate the expression
of s-GRP78 of HUVECs under hypoxia.

3.4. Effect of CSCI-RoY Hydrogels on Akt and ERK1/2
Phosphorylation. The phosphorylation of Akt (p-Akt) and
ERK1/2 (p-ERK1/2) is closely related with cell survival
(antiapoptosis) and proliferation. As shown in Figure 6, there
are no significant differences in the expression of total Akt and
ERK1/2 among all experimental groups. However, the
expression of p-Akt and p-ERK1/2 of HUVECs cultured in
CSCI hydrogel decreases under hypoxia compared with that
under normoxia. Meanwhile, compared to the CSCI hydrogel
group, the p-Akt and p-ERK1/2 expression (p < 0.01) of
HUVECs in CSCI-RoY § hydrogel significantly increases under
hypoxia, which is close to or slightly lower than the expression
level under normoxia (Figure 6B,C). These data suggest that
RoY-modified hydrogel can induce the phosphorylation of Akt
and ERK1/2 under hypoxia, which might improve the survival
and proliferation of HUVECs by activation of the related signal
pathways.

3.5. Effect of CSCI-RoY Hydrogels on Angiogenesis in
Vivo. The effect of CSCI-RoY hydrogels on angiogenesis in
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vivo was investigated using immunofluorescence staining with
vascular specific antibodies (vWF and a-SMA) at days 14 and
28 after injection surgery. As shown in Supporting Information,
Figure S4, some vWF-positive (vWF+) and a-SMA-positive (a-
SMA+) blood vessel can be observed at infarct zone at day 14,
and the number of neovascularization gradually increases from
PBS group to CSCI-RoY S hydrogel group. Moreover, the
number of a-SMA+ blood vessel is less than that of vVWF+
blood vessel. As expected, the number of blood vessels
obviously increases (Figure 7A) at day 28, especially in CSCl-
RoY S group. The further quantification analysis (Figure 7B)
shows that both vWF+ and a-SMA+ vessel densities at MI area
after the injection of CSCl or CSCI-RoY 5 hydrogel
significantly increase compared to PBS group (p < 0.01), and
the vessel densities in CSCl-RoY S group (vWF+: 82415 +
8.2/mm?, a-SMA+: 68.679 + 7,8/mm?) are significantly higher
than those in CSCI group (VWF+: 63.185 + 6.5/mm’, a-SMA
+: 43.955 + 7.8/mm?) (p < 0.05). This indicates CSCI-RoY 5
hydrogel can effectively increase the local vessel density. In
addition, the diameter of @-SMA+ blood vessels at MI area after
the injection of CSCI (13.12 + 1.59 um) or CSCl-RoY § (21.13
+ 2.57 um) hydrogel is bigger than that of PBS group (9.75 +
1.08 um, p < 0.01, Figure 7C). Moreover, the injection of
CSCI-RoY S hydrogel significantly increases vWEF+ vessel
diameter (15.80 + 1.98 ym) compared with PBS group (9.75 +
1.08 pm, p < 0.01) and CSCl group (13.12 + 1.59 pum, p <
0.05), suggesting that CSCI-RoY $ hydrogel can promote the
vascular formation with greater diameter at MI area.

3.6. Effect of CSCI-RoY Hydrogels on Myocardial
Structure and Functions. HE and Masson’s trichrome
staining were performed to investigate the change of tissue
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structure after MI. HE staining shows that the ventricular wall
of MI area is the thinnest after PBS treatment and that the
normal cardiac muscle fibers are replaced by connective tissue
(Supporting Information, Figure SSA). The thickness of
ventricular wall after treatment by CSCI hydrogel obviously
increases, but the most cardiac muscle fibers are damaged
(Supporting Information, Figure SSB). For the CSCl-RoY §
group, one can observe many more muscle fibers and blood
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vessels compared with PBS and CSCl hydrogel groups
(Supporting Information, Figure SSC). The Masson’s tri-
chrome staining (Figure 8A) shows similar phenomenon, in
which infarcted heart, fibroblasts, and collagen exhibit green,
while the viable myocardium appears red. Severe fibrosis can be
observed in the infarcted hearts after treatment by PBS. The
injection of CSCI or CSCI-RoY § hydrogel reduces the fibrosis

of infarcted myocardium in comparison with the injection of
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CSCl group under hypoxia, *p < 0.05 vs CSCI-RoY 5 group under hypoxia).

PBS. The viable myocardium and vascular structures in both
center and border of infarct zone are more obvious after
treatment by CSCI-RoY 5 hydrogel. Moreover, infarct size
significantly decreases by the injection of CSCI-RoY S hydrogel
compared with the injection of PBS (32.08 =+ 2.12% vs 55.85 +
3.1%, p < 0.01) or CSCI hydrogel (32.08 + 2.12% vs 39.57 +
2.87%, p < 0.05) (Figure 8B). Furthermore, the ventricular wall
thickness in the center of infarct zone is 751.79 + 36.72 ym
after treatment by CSCI-RoY § hydrogel, which is significantly
higher than that after treatment by PBS (559.62 + 43.30 ym, p
< 0.01), and had no statistical difference compared with that
after treatment by CSCI hydrogel (694.78 + 42.77 ym, p >
0.0S, Figure 8C).

The cardiac function is also evaluated at day 28 after the
transplantation. As shown in Supporting Information, Figure
S6, both LVFS and LVEF are significantly improved in CSCI-
RoY § group compared with the other groups (p < 0.01). These
results suggest that the introduction of RoY to CSCI hydrogel
could improve the fibrosis of infarcted myocardium, reduce
infarct size, increase the ventricular wall thickness of MI area,
and improve the cardiac functions.

4. DISCUSSION

Injectable cardiac tissue engineering for MI has shown
promising results in animal studies and clinical trials. However,
the insufficient revascularization under hypoxic microenviron-
ment of MI zone remains problematic, which may lead to the
low survival and growth of host/transplanted cells and affect
the recovery of cardiac function. To address these issues, it is
necessary to develop novel injectable biomaterial with excellent
angiogenic property under hypoxia." Previous studies showed
that many cells (e.g, cardiomyocytes,” endothelial cells,”>*°
macrophages,®' etc.) possess self-defense systems to relieve
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severe stress under ischemia and hypoxia, among which are the
overexpression of heat shock proteins including GRP78.*>
More importantly, GRP78, a member of the heat shock protein
70 family, can as a functional receptor on cell surface’ ™ to
induce angiogenesis under hypoxia. To improve the angiogenic
activity of chitosan-based hydrogel under hypoxia after ML, RoY
peptide, a specific ligand of GRP78, is grafted on the CSCI
chain via amide linkage in this study, and temperature-sensitive
CSCl-RoY-based hydrogel are formed via the electrostatic
attractions (between the amino group of chitosan and the
phosphate group of A-GP) and hydrophobic interactions
(chitosan—chitosan). In this system, RoY can facilitate these
interactions and shorten the gelatin time."

Our study shows that more than half of HUVECs seeded on
CSCl or CSCI-RoY S hydrogel surfaces express the s-GRP78
under normoxia. It is obviously higher than the expression level
(24 + 14%) of HUVECs seeded on tissue culture polystyrene
(TCPS) reported by Hardy B et al*' We think the
overexpression of s-GRP78 under normoxia is to alleviate the
oxidative stress damage caused by the hydrogel, because even
those biomaterials that are generally considered biocompatible
and approved by Food and Drug Administration (e.g.,
poly(lactic acid)) can induce the oxidative response.”®
Furthermore, the expression of intracellular t-GRP78 signifi-
cantly increases under hypoxia, which is consistent with GRP78
highly responsive to stress conditions such as hypoxia, as
previous studies reported.33’34 Moreover, the expression of s-
GRP78 of HUVECs in/on CSCI hydrogel also increases under
hypoxia to protect against the oxidative stress.’® In contrast, the
s-GRP78 expression of HUVECs seeded in/on the CSCI-RoY 5
hydrogel reduces under hypoxia. It is possible that the RoY
moiety in CSCI-RoY hydrogel can bind the GRP78 receptor of
cell surface and trigger the internalization of s-GRP78 receptor
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(cf. Figure 9), leading to a significant decrease of s-
GRP78 232935

The processes of angiogenesis are complex, typically
consisting of cell proliferation, migration, and alignment that
result in the formation of tubular structures. This study shows
the introduction of RoY to hydrogel can improve the survival
and proliferation of HUVECs under hypoxia. The biocompat-
ible chemical nature of chitosan-based hydrogel is one of the
main reasons. > Moreover, there are interactions between
RoY ligand in CSCI-RoY hydrogel and GRP78 receptor on
HUVECs surface under hypoxia that can induce the internal-
ization of the GRP78 receptor and then might up-regulate the
expression of p-Akt and p-ERK1/2 and activate the signaling
pathways of cell survival/proliferation (cf. Figure 9).>*%73%
These results are consistent with previous studies; for example,
Gonzalez-Gronow et al.*’ found that the antibodies from
prostate patient serum could bind to a segment of membrane
GRP78, and then induced prostate cancer cell proliferation.
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Our previous study'® found the injection of CSCI hydrogel
could increase the vessel density in ischemic heart. This study
found that the injection of CSCI-RoY § hydrogel significantly
increases the average vessel density and diameter of both vWF+
and a-SMA+ vessels at infarct zone compared with PBS and
unmodified CSCI hydrogel. Especially, the increase of a-SMA+
vessels implies an increase of the arterioles or venules
supported by pericytes or smooth muscle cells, which are
important in maintaining vessel integrity, angiogenesis, and
vascular remodeling. These vessels own relatively stable
structure and a certain systolic function compared to capillaries
with smaller diameter.*>*" All these characteristics are beneficial
to provide the stable vasculature and blood supply for the long-
term cardiac repair.42 In contrast, small capillaries without the
supporting cells, which were common in PBS group, may
disintegrate with time.*® Therefore, the CSCI-RoY hydrogel is
more favorable for the revascularization of the infarcted
myocardium in vivo, which might be caused by following
reasons (1) more vascular endothelial cells can migrate into MI
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Figure 9. Effect of CSCI-RoY hydrogel on the Akt and ERK signal
transduction pathways. The RoY of CSCI-RoY hydrogel can bind the
GRP78 receptor of HUVECs under hypoxia and then influence the
activation of Akt and ERK signal transduction pathways.

area via the specific interaction between RoY moieties in CSCI-
RoY hydrogel and cell surface GRP78 receptors under MI
microenvironment, and moreover, the receptor—ligand inter-
actions can further activate the survival/proliferation pathways;
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(2) CSCI-RoY hydrogel might recruit some angiogenic factors
due to the present of amino groups with positive charges.'>*°

The increase in ventricular wall thickness can reduce the wall
stress, prevent wall thinning and dilatation, and further improve
heart function. Meanwhile, the decrease of infarct size can
attenuate the pathological remodeling, conducive to the
recovery of heart function. Here, the results show that the
injection of CSCI-RoY 5 hydrogel can increase the wall
thickness, reduce the infarct size, and improve the cardiac
functions compared with PBS and CSCl hydrogel. We think
this is a comprehensive result caused by several factors. First,
CSCI-RoY can make more vascular endothelial cells and
cardiomyocytes, which expressed GRP78 receptor under MI
microenvironment,>” migrated into MI area, and improved
their survival/proliferation capacity via the ligand—receptor
interactions. Second, the neovascularization of the infarcted
myocardium is enhanced after the injection of CSCI-RoY
hydrogel, and then the sufficient blood supply into the infarcted
myocardium can further provide the nutrients and oxygen to
promote the survival and function of cardiomyocytes. Third,
CSCl-based hydrogel provides mechanical support for left
ventricle.">'® Moreover, the short gelation time of CSCI-RoY
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can make more hydrogel remain in the MI area and
furthermore improve the cardiac repair.

5. CONCLUSIONS

To improve the angiogenic property of chitosan-based hydrogel
under hypoxia, RoY peptide is grafted onto the CSCI chain via
the amide linkages in this study. Results suggest that the CSCI-
RoY hydrogel can modulate the expression level of membrane
surface GRP78 receptor of HUVECs and then activate Akt and
ERK1/2 signaling pathways related to cell survival/prolifer-
ation, resulting in improving cell survival, proliferation,
migration, and tube formation under hypoxia. Moreover,
CSCI-RoY hydrogels can induce angiogenesis at infarct zone
in vivo, reduce infarct size, increase wall thickness, and improve
the heart functions, leading to the attenuation of myocardial
injury and the improvement of cardiac repair. These data
provide evidence for the potential applications of CSCI-RoY
hydrogel in injectable cardiac tissue engineering.
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