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ARTICLE INFO ABSTRACT

Myocardial infarction (MI) is one of cardiovascular diseases that pose a serious threat to human health. The
pathophysiology of MI is complex and contains several sequential phases including blockage of a coronary
artery, necrosis of myocardial cells, inflammation, and myocardial fibrosis. Aiming at the treatment of different
stages of MI, in this work, an injectable alginate based composite hydrogel is developed to load vascular en-
dothelial active factor (VEGF) and silk fibroin (SF) microspheres containing bone morphogenetic protein 9
(BMP9) for releasing VEGF and BMP9 to realize their respective functions. The results of in vitro experiments
indicate a rapid initial release of VEGF during the first few days and a relatively slow and sustained release of
BMP?9 for days, facilitating the formation of blood vessels in the early stage and inhibiting myocardial fibrosis in
the long-term stage, respectively. Intramyocardial injection of such composite hydrogel into the infarct border
zone of mice MI model via multiple points promotes angiogenesis and reduces the infarction size. Taken to-
gether, these results indicate that the dual-release of VEGF and BMP9 from the composite hydrogel results in a
collaborative effect on the treatment of MI and improvement of heart function, showing a promising potential for
cardiac clinical application.
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1. Introduction

Cardiovascular disease is a serious threat to human health, which
accounted for the first cause of death among Americans in 2017 ac-
cording to the latest data of the American Heart Association (AHA) in
2020 [1]. The 2019 American College of Cardiology (ACC)/AHA
Guidelines for Primary Prevention of Cardiovascular Diseases indicated
that atherosclerotic cardiovascular disease remained the main cause of
global morbidity and mortality [2]. One of the common cardiovascular
diseases is myocardial infarction (MI) due to local ischemia and hy-
poxia caused by coronary artery occlusion, which in turn causes myo-
cardial cell damage and necrosis. The progress of MI process usually
leads to late myocardial fibrosis, and even weakened ventricular con-
traction and diastolic function, eventually inducing malignant ar-
rhythmia, heart failure (HF) or sudden death [3,4]. Currently, the main
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clinical treatments for MI include thrombolysis with medicine, percu-
taneous coronary intervention and coronary artery bypass grafting
[5-7]. Although these methods can certainly alleviate MI symptoms,
they are difficult to repair and reconstruct the damaged or infarcted
myocardium. Stem cell-based therapies for cardiac repair hold great
promise [8], however, the retention and survival rate of the injected
stem cells are relatively low due to the harsh microenvironment (e.g.
ischemia, hypoxia, inflammation) in the MI area, resulting in poor long-
term effectiveness [9]. It is indicated that in the improvement of cardiac
function the stem cells act through paracrine mechanisms by secreting
some bioactive factors (e.g., vascular endothelial active factor (VEGF),
platelet derived growth factor (PDGF), stromal cell derived factor-1
(SDF-1)) [10-13]. Therefore, it is suggested to be an effective way to
treat MI by introducing appropriate bioactive factors to promote the
corresponding physiological behaviors conforming the
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pathophysiological process of MI.

Previous studies have shown that in the early stage of MI, applica-
tion of angiogenesis-related active factors, such as VEGF could promote
the proliferation and migration of endothelial cells and formation of
new blood vessels in the infarct area ultimately. The newly formed
vessels not only improve the harsh MI microenvironment to prevent the
further expansion of the infarction area, but also benefit the estab-
lishment of collateral circulation to enhance blood supply, preventing
further necrosis of cardiomyocytes in the infarct border area and im-
proving the therapeutic effect of VEGF [14,15]. Moreover, in the
middle and late stage of MI, introduction of bioactive factors to inhibit
myocardial fibrosis (the transformation from myocardial fibroblasts to
myofibroblasts) has been recognized as a promising way to prevent HF
[16-18]. The latest researches showed that in the HF mice model, the
process of myocardial fibrosis was slowed down effectively via the
treatment of bone morphogenetic protein 9 (BMP9) [19,20], which is
an endogenous inhibitor of myocardial fibrosis by inhibiting the effect
of transforming growth factor f1 (TGF-$1). However, because of the
uncontrolled release of VEGF or BMP9, high doses of such bioactive
factors must be used to compensate for the short half-life, high diffusion
rate and low activity under hypoxic-ischemic conditions to realize their
clinical effects. Therefore, it is required a proper carrier system that can
release VEGF and BMP9 in different manners to conform the different
stages of MI for the better treatment.

In recent years, injectable hydrogels based on natural polymers (e.g.
alginate, fibrin, collagen and self-assembled peptides) have been used
as carriers for loading and releasing of bioactive factors to treat MI
[21-28]. For example, alginate, a type of anionic natural poly-
saccharide, can be crosslinked with divalent cations under mild phy-
siological conditions to form hydrogel with a certain viscosity and
mechanical strength [29]. In addition, the alginate hydrogel has good
biocompatibility and mechanical properties similar to the extracellular
matrix (ECM), and thus can provide temporary structural support for
damaged myocardium when it is applied to the infarct site to limit
ventricular expansion [30-34]. In addition, the alginate hydrogel could
also serve as a carrier of bioactive factors with capability to enhance
cardiac function. For example, Ruvinov et al. injected the alginate hy-
drogel loaded with insulin like growth factor-1 (IGF-1) and hepatocyte
growth factor (HGF) into the MI infarct area, and found that such hy-
drogel could sustainably release IGF-1 and HGF to effectively improve
cardiac function by protecting myocardial cells and promoting angio-
genesis, respectively [35].

In this work, we developed an injectable alginate-based composite
hydrogel containing two bioactive factors with different functions
aiming at the treatment of different stages of MI. In order to realize
different release profiles of VEGF and BMP9, we chose silk fibroin (SF)
microspheres as the carrier for loading BMP9. These microspheres were
added to alginate impregnated with VEGF, followed by being cross-
linked with calcium gluconate to form a composite hydrogel. We ex-
pected this composite hydrogel could rapidly release VEGF to facilitate
angiogenesis in the early stage of MI and then sustainably release BMP9
to inhibit fibrosis formation in the long-term stage of MI, respectively.
The in vitro release profiles were investigated, and in vitro and in vivo
respective bioactivity of released VEGF and BMP9 were evaluated.

2. Experimental section

All the procedures related to animals were conducted with the ap-
proval of the Ethics Committee at Soochow University.

2.1. Preparation of SF microspheres loaded with BMIP9

SF microspheres were prepared by a microfluidic device as in-
dicated in Scheme S1 and the details were shown in Supporting In-
formation. To prepare SF microspheres loaded with BMP9 (B/SF),
BMP9 (R&D Systems, Bio-Techne, USA, 50 ng/uL, 8 uL) was dropped
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Table 1
Abbreviations of samples used in this work.

Abbreviation Description of sample

B/SF SF microspheres loaded with BMP9
Gel alginate crosslinked with Ca®*

Gel + SF Gel containing SF microspheres only
Gel + B Gel containing BMP9 only

Gel + B/SF Gel containing B/SF microspheres only
Gel + V Gel containing VEGF only

Gel + B/SF + V Gel containing both VEGF and B/SF microspheres

onto SF microspheres (0.4 mg), left for 12 h at 4 °C, and then freeze
dried.

2.2. Preparation of the composite hydrogel

VEGF (Gibco, USA) and B/SF microspheres were added to alginate
(Sigma-Aldrich, USA) solution, and then crosslinked with calcium glu-
conate (Sigma-Aldrich, USA) to prepare the composite hydrogel
(Gel + B/SF + V). First, VEGF (50 ng/uL, 4 uL) was added to alginate
aqueous solution (1.5% w/v, 100 pL), then 0.2 mg B/SF microspheres
were added to the above solution, finally the solution was crosslinked
with 100 pL calcium gluconate (Ca®*). The hydrogels without any
bioactive factors and with only VEGF or B/SF were prepared and used
as controls. The abbreviations of the hydrogels used in this study were
summarized in Table 1.

2.3. Characterization of the composite hydrogel

The morphologies of the SF microspheres and the composite hy-
drogel were observed by using scanning electron microscopy (SEM, S-
4800; Hitachi, Tokyo, Japan). The diameter of the SF microspheres and
the pore size of the hydrogel were calculated based on the SEM images.

The injectability of the hydrogel was evaluated by measuring the
viscosity and the injectability via a 30G needle. The viscosity was
measured by rheometer AR2000 (TA Instruments, USA) with the shear
rate from 0.3 to 1 s~ ! at 37 °C.

2.4. In vitro release behaviors of VEGF and BMP9 from the composite
hydrogel

The in vitro release behaviors of VEGF and BMP9 from the composite
hydrogel were evaluated by the enzyme linked immunosorbent assay
(ELISA). In brief, 100 uL Gel + B/SF + V composite hydrogel and
200 pL phosphate buffer saline (PBS) were added to the upper chamber
of a 24-well transwell plate, while 1 mL PBS was added to the lower
chamber. At each time point (0, 1, 3, 5, 7, 10, 14, 21 and 28 day), 1 mL
PBS was collected from the lower chamber and 1 mL fresh PBS was
added. The collected PBS was stored at —80 °C for further analysis. The
release amounts of VEGF and BMP9 at each time point were calculated
by VEGF ELISA kit (Sigma-Aldrich, USA) and BMP9 ELISA kit (Sigma-
Aldrich, USA), respectively. The cumulative release ratio was calculated
as the ratio of the cumulative mass of VEGF or BMP9 released at each
time interval to their initial input amount in the hydrogel, which was
100 ng for both BMP9 and VEGF.

2.5. Bioactivity of VEGF and BMP9 released from the composite hydrogel

The human umbilical vein endothelial cells (HUVECs, ScienCell
Research Laboratories) tube formation assay was used to test the
bioactivity of VEGF released from the hydrogel [36]. HUVECs were
seeded on the culture plate coated by Matrigel at a density of
4 x 10* cells per well and cultured in endothelial cell growth medium-
2 (EGM-2) containing VEGF released from the composited hydrogel for
5 h (named as VEGF (Gel)). HUVECs were cultured in EGM-2 without
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VEGF (named as no VEGF) and in EGM-2 containing VEGF (10 ng/mL)
that was directly added (named as VEGF) were used as negative and
positive control, respectively. The formed tubes were observed using
the optical microscopy (Olympus, IX51, Japan). The length and amount
of formed tubes were quantified by using ImageJ software based on the
bright-field images.

Primary cardiac fibroblasts were extracted from C57BL/6 mice
(male, 8-week-old, average weight of 22-25 g) and passaged for 4
times. The cells were seeded in a 48-well plate at a density of
4.8 x 10 cells per well and cultured in 500 pL Dulbecco's modified
Eagle medium (DMEM/F12) for 12 h, which was then replaced by
500 uL. DMEM/F12 serum-free medium for 1 h. After that, the medium
was replaced by 500 uL. DMEM/F12 complete medium containing (i)
10 ng/mL TGF-f1 (named as TGF-B1), (ii) 10 ng/mL TGF-B1 and
10 ng/mL BMP9 (named as TGF-B1 + B), or (iii) 10 ng/mL TGF-31 and
BMP9 released from the composite hydrogel (named as TGF-B1+B
(Gel)). After 24 h of culture, the cells were stained with 4/,6-diamidino-
2-phenylindole (DAPI) and immunofluorescent stained of a-smooth
muscle actin (a-SMA) and observed using fluorescence microscopy
(IX51 Olympus, Tokyo, Japan). The amount of a-SMA positive cells was
quantified using ImageJ software.

2.6. Intramyocardial injection of the composite hydrogel to MI model

The mice MI model was established by permanently ligating the left
anterior descending coronary artery (LAD) approximately 2 mm distal
below the gap of left atrium appendage with 6-0 suture (Shanghai
Pudong Jinhuan Medical Products Co. Ltd., China). The establishment
of MI was considered successful following the visual appearance of pale
discoloration and ST segment elevation in electrocardiogram. Mice in
Sham group underwent an identical operation excepting without the
ligation of the coronary artery. After the induction of MI, 10 uL of
different hydrogels or PBS were administered via multiple injections
into the border zone (4 points, each point 2.5 puL). A total of 90 mice
were used and were randomly assigned into the following six groups
(n = 15): Sham, PBS, Gel, Gel + B/SF, Gel + V and Gel + B/SF + V.

2.7. Histological analysis

Mice were anaesthetized after 28 days following MI or the hydrogel
injection, and their hearts were excised and washed with PBS, fixed
with 4% paraformaldehyde for 12 h. The samples were then dehydrated
through an alcohol gradient (70%, 80%, 95% and 100%), and em-
bedded in paraffin wax. 5-um-thick tissue sections were prepared and
stained with Masson's trichrome (Solarbio, China) to determine the
infarct size. Immunohistochemical staining of CD31 (CST, USA) was
also conducted to investigate neovascularization of infarcted tissue. The
detailed procedures were shown in Supporting Information.

SF
microsphere

. % BMPY |

. 4+ VEGF | AL~~~
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2.8. Western blot assay

Western blot assay was conducted to quantify specific protein levels
in infarcted tissues. The samples were lysed by radio-
immunoprecipitation assay buffer (RIPA buffer), and then centrifuged
at 12,000 g at 4 °C for 10 min. The supernatant was collected, and the
concentration of total protein in infarcted tissues was determined with
bicinchoninic acid (BCA) assay (Absin, China). Protein were loaded and
run on 10% sodium dodecyl sulphate-polyacrylamide gel electrophor-
esis (SDS-PAGE) gels and then transferred to polyvinylidene difluoride
membranes. The membranes were then blocked with 5% skim milk for
1 h, incubated with Collagen type I (Col I) primary antibody (diluted
with 3% bovine serum albumin) overnight at 4 °C and further incubated
using the secondary antibody for another 1 h at room temperature.
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an
internal control. The labeled proteins were visualized by the enhanced
chemiluminescence method and band intensity was normalized to the
signal intensity of GAPDH using Image J software.

2.9. Echocardiographic analysis

Transthoracic echocardiography was performed to evaluate cardiac
function at baseline, 7- and 28-day post-surgery using a Vevo 2100
system (VisualSonics, Canada). Under two-dimensional echocardio-
graphy, the long-axis images showing the left ventricular outflow tract
and apex were obtained with a 40 MHz transducer. While the short-axis
images were received after rotating it 90° clockwise. The M mode was
collected and the left ventricular ejection fraction (LVEF) and the left
ventricular fractional shortening (LVFS) were analyzed with its own
system.

2.10. Statistical analysis

Experiments were performed in triplicate unless otherwise in-
dicated. The data are expressed as the mean =+ standard deviation.
Statistical analysis was performed using OriginPro8.5 software. The p
values were based on two-tailed Student's t-test. Differences of
*p < 0.05, **p < 0.01 and ***p < 0.001 were considered statisti-
cally significant.

3. Results and discussion
3.1. Characterization of the composite hydrogel

The composite hydrogel loaded with VEGF and BMP9 was prepared
as illustrated in Scheme 1. First, SF microspheres were prepared using a
coaxial needle system, and then loaded with BMP9 via physical ad-
sorption. The resulted microspheres (B/SF) and VEGF were then added
to alginate solution. Finally, calcium gluconate was added to the

Scheme 1. Schematic of the preparation process of the composite hydrogel.
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Fig. 1. Representative SEM images of (A) a SF microsphere, (B) Gel and (C) Gel + SF. (D) Change of viscosity of Gel and Gel + SF in response to shear rate. The insets
showed that both of Gel and Gel + SF are injectable through a conventional syringe using a 30 G needle.

mixture to crosslink alginate, resulting in a composite hydrogel
(Gel + B/SF + V). The hydrogels without any bioactive factors (Gel),
and with only VEGF (Gel + V), BMP9 (Gel + B) or B/SF (Gel + B/SF)
were prepared in a similar manner and used as controls.

The as-prepared SF microspheres showed a porous spherical struc-
ture with an average diameter of 7.2 = 1.3 pum as observed by SEM
(Fig. 1A). These microspheres were relatively stable after soaking in
PBS at 37 °C for 28 days (Fig. S1, Supporting Information), in consistent
with previous reports [37,38]. The pristine alginate hydrogel showed a
porous network structure with an average pore size of
193.6 = 31.8 um (Fig. 1B), which decreased to 181.1 + 21.6 um after
incorporation of SF microspheres that were evenly distributed in the
composite hydrogel (Fig. 1C). Viscosity is an important property for
injectable hydrogels. As shown in Fig. 1D, the viscosity of hydrogel
increased after incorporation of SF microspheres. Both Gel and
Gel + SF exhibited shear-thinning behavior (that is the viscosity de-
creases with an increase of shear rate) and were injectable through a
conventional syringe.

3.2. Invitro release of VEGF and BMP9 from the composite hydrogel

The pathological process of MI is relatively complicated. In the early
stage (within 7 days), it is mainly involved the irreversible necrosis of
myocardial cells, the degradation of ECM, inflammatory response, etc.,
while fibrosis exists in the entire pathological process, lasting for more
than 28 days [3,4]. According to the different stages of pathological
process, different bioactive factors were used to treat MI [39,40]. Since
fibrosis exists in the entire pathological process, the release of BMP9
needs to last relative longer compared with VEGF. The release profiles
of two bioactive factors could be adjusted by selecting two biomaterials
with different degradation rates [41], or by pre-loading one of the
factors in a secondary carrier [42-44]. For example, we added SF mi-
crospheres encapsulated with bone morphogenetic protein-2 (BMP2)
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into a SF scaffold, which was further functionalized with SDF-1 via
physical adsorption. This composite scaffold showed rapid release of
SDF-1 during the first few days, followed by a slow and sustained re-
lease of BMP2 for as long as three weeks, suggesting that the in-
troduction of SF microspheres could successfully elongate the release
time of one bioactive factor without influencing the release of another
bioactive factor [42].

In the current study, the composite hydrogel with VEGF and SF
microspheres encapsulated with BMP9 was designed to release VEGF
rapidly in the early time to promote angiogenesis and improve the
microenvironment; while the relatively sustained release of BMP9 in
long-term can inhibit myocardial fibrosis, ultimately improving cardiac
function after MI. The in vitro release profiles of VEGF and BMP9 from
the composite hydrogel were investigated using the corresponding
ELISA kits, and the results were shown in Fig. 2. The overall release of
BMP9 from Gel + B/SF + V was comparatively slow compared with
VEGF; the cumulative release of VEGF and BMP9 for 7 days was
40.9 = 1.1% and 35.3 * 1.1%, respectively. In addition, it is found
that the release profile of BMP9 from Gel + B (in which BMP9 was
directly loaded without using microspheres) was similar to that of VEGF
from Gel + B/SF + V (Fig. S2, Supporting Information), indicating that
the introduction of SF microspheres slowed down the release of BMP9
in the hydrogel to fulfill the sustained release purpose.

3.3. In vitro bioactivity of VEGF and BMP9 released from the composite
hydrogel

Revascularization of ischemic myocardium is essential for myo-
cardial tissue regeneration and functional recovery. It is demonstrated
that VEGF can effectively promote the proliferation, migration and tube
formation of endothelial cells, facilitating the formation of functional
blood vessels in the infarcted area and improving the recovery of car-
diac function after MI [15]. In this study, to investigate whether VEGF
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Fig. 2. In vitro release profiles of VEGF (red curve) and BMP9 (green curve)
from Gel + B/SF + V (n = 3). (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)

released from the composite hydrogel retained the bioactivity, HUVEC-
tube formation assay was performed. As shown in Fig. 3 and Fig. S3
(Supporting information), after culturing for 5 h, the length and amount
of formed HUVEC tubes increased significantly in the medium con-
taining VEGF (i.e. VEGF (Gel) group and VEGF group) compared to that
in the cell culture medium without VEGF (no VEGF group). No statis-
tical difference in tube length and tube amount between VEGF (Gel)
group and VEGF group, indicating that VEGF released from the com-
posite hydrogel retained its biological activity and was expected to
promote angiogenesis in infarcted myocardium according to the pre-
vious report [31].

During the process of myocardial fibrosis, TGF-31 is an important
bioactive factor that induces the transformation of cardiac fibroblasts to
myofibroblasts [45,46]. It is reported that the activity of TGF-B1 could

Bioactive Materials 6 (2021) 520-528

be inhibited by BMP9 and thus the cardiac function in HF was improved
[19]. In this study, the effect of BMP9 released from the composite
hydrogel on the conversion of primary cardiac fibroblasts to myofi-
broblasts was investigated by immunohistochemical staining assay. o-
SMA immunohistochemical staining in cells were evaluated because a-
SMA is a specific marker of myofibroblasts, and its expression level
could be used to evaluate the transformation from cardiac fibroblasts to
myofibroblasts [47,48]. As shown in Fig. 4, after 24 h of culture, a-SMA
expression level in TGF-$1 group was obviously higher than that in no
TGF-B1 group, indicating that TGF-f1 induced the transformation of
cardiac fibroblasts to myofibroblasts. However, TGF-B1 +B and TGF-
B1+B (Gel) group expressed less a-SMA than TGF-$31 group, suggesting
that the activity of TGF-1 was inhibited by BMP9, and BMP9 released
from hydrogel maintained the bioactivity. Taken together, these results
demonstrated that the bioactive factors (VEGF and BMP9) released
from the composite hydrogel still maintained their corresponding
bioactivities.

3.4. In vivo angiogenesis study

After demonstration of the bioactivity of released VEGF and BMP9
from the composite hydrogel by in vitro assays, we further investigated
the treatment of this hydrogel on MI model in vivo. For MI treatment, to
lighten the heart load, the volume of intramyocardial injection fluid is
often in the range of 10-20 pL and performed at multiple sites [49,50].
In this study, 10 pL of hydrogel was injected at 4 points (2.5 pL per
point) in the infarct border zone.

Considering that the composite hydrogel could rapidly release VEGF
in vitro and the released VEGF maintained its biological activity (Figs. 2
and 3), injection of this hydrogel into the peripheral area of infarction
was expected to promote angiogenesis. CD31 is a specific marker of
endothelial cells and can be used to monitor the neovascularization of
infarct tissue [51]. In this study, to investigate neovascularization of
infarcted tissues in mice, CD31 immunohistochemical staining was
performed on the infarcted heart tissues 28 days after injection of
Gel + B/SF + V; Gel, Gel + B/SF, Gel + V, and PBS were used as

*%k%

*k*k

Length of tube (mm)
3 o 8 &

(&)

no VEGF VEGF  VEGF (Gel)

Fig. 3. (A-C) Representative microscopy images showing the formation of HUVEC tubes in the group of (A) no VEGF, (B) VEGF and (C) VEGF (Gel). The lengths of

formed HUVEC tubes are shown in (D) (n = 3, ***p < 0.001).
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Fig. 4. (A-D) Representative fluorescence
microscopy images of cardiac fibroblasts
after 24 h of culture in different medium:
(A) no TGF-1, (B) TGF-B1, (C) TGF-p1+B,
(D) TGF-B1 + B (Gel). (blue: DAPI; green: a-
SMA). (E) The statistical results of the ratio
of a-SMA positive cells to all cells (n = 3,
***p < 0.001). (For interpretation of the
references to color in this figure legend, the
reader is referred to the Web version of this
article.)
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Fig. 5. (A-E) Representative images of infarcted sections performed by immunohistochemical staining of CD31 (red arrows refer to newly formed blood vessels in the

infarcted area). (A) PBS, (B) Gel, (C) Gel + B/SF, (D) Gel + V, (E) Gel + B/SF + V. (F) Quantified number of vessels in the infarct area (n =
**%p < 0.001). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

=6,%p < 0.05,

Infraction size (%)

* k%
*k*k 1
NS
**k%k
* k%
| — |
< 2 2
F & o«
X © )
& X
0?)

Fig. 6. Assessment of fibrosis in the infarct area 28 days post-MI. (A-F) Representative images of infarcted sections performed by Masson's trichrome staining. (A)
Sham, (B) PBS, (C) Gel, (D) Gel + B/SF, (E) Gel + V, (F) Gel + B/SF + V. (G) Quantitative analysis of the infarction size as expressed by the ratio of infarct area to

total left ventricular area (n = 6,

‘p < 0.001). # means no detectable infract area.
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Fig. 7. Representative ratios of Col I to GAPDH based on the results of western
blot analysis from three independent experiments (**p <0.01, ***p <0.001).

controls (Fig. 5A-E). Compared with PBS group, there was no sig-
nificant change in the number of newly formed vessels in Gel group. In
contrast, more newly formed vessels were observed for all the groups
with hydrogels containing bioactive factors (Fig. 5F). In particular, the
groups of hydrogels containing VEGF (Gel + V and Gel + B/SF + V)
showed the highest number of vessels, suggesting the promotion effect
of VEGF on angiogenesis [31]. The released VEGF would contribute to
the blood recovery of infarcted tissue by providing nutrients and
oxygen to cells in the peripheral area of the infarcted area, improving
the microenvironment of the infarcted area and heart function [39]. In
addition, it is suggested that BMP9 also exhibited a certain pro-angio-
genic function, similar to the previous report [19].

3.5. In vivo fibrosis study

Fibrosis can lead to cardiac remodeling and dysfunction [52]. To
improve cardiac function after MI, different methods have been

Bioactive Materials 6 (2021) 520-528

developed to inhibit myocardial fibrosis. For example, daily in-
traperitoneal injection of Fasudil to inhibit the TGF-$1-TAK1 pathway
could effectively reduce myocardial fibrosis and improve cardiac
function after MI [53]. In addition, injection of an angiotensin receptor
neprilysin inhibitors (ARNi) can inhibit Angll, and then reduce collagen
accumulation, thus inhibiting myocardial fibrosis [54]. Recently,
Morine et al. reported a new role for BMP9 as an endogenous inhibitor
of cardiac fibrosis. On the one hand, BMP9 could attenuate the phos-
phorylation of Smad3, the downstream effector of TGF-f1, thereby
weakening the synthesis of type I collagen induced by TGF-B1. On the
other hand, BMP9 could promote activin receptor-like kinase 1 (ALK-
1)-mediated phosphorylation of Smadl and neutralize endoglin activity
to limit cardiac fibrosis [19]. In this work, we also founded that the
released BMP9 from the composite hydrogel showed capability to in-
hibit transformation from cardiac fibroblasts to myofibroblasts in vitro
(Fig. 4). Therefore, the composite hydrogel was injected into the infarct
border zone of mice heart to verify its effects on myocardial fibrosis in
vivo. After 28 days of injection, the pathological sections of the heart
were taken for Masson's trichromestaining and the infarction size was
calculated (Fig. 6). The infarction size was 22.1 * 0.9% and
21.5 = 0.7% for PBS group and Gel group, respectively. Compared
with these two groups, the hydrogel contained bioactive factors showed
significantly decreased infarction size, which was 17.8 * 0.4%,
16.6 = 1.3% and 11.6 * 0.4% for Gel + B/SF group, Gel + V group
and Gel + B/SF + V group, respectively. Among these hydrogels,
Gel + B/SF + V showed the best anti-fibrosis effect to inhibit the
further expansion of infarct area.

Collagen I (Col I) is an essential component of cardiac ECM.
However, large accumulation of Col I leads to increased myocardial
fibrosis in MI [55]. To further test the influence of the composite hy-
drogel on myocardial fibrosis, the secretion level of Col I in MI tissue
was analyzed by Western Blot assay after 28 days of hydrogel injection.
As shown in Fig. 7, there was no significant difference in secretion of
Col I between Gel and PBS group. Compared with PBS group, Gel + B/
SF, Gel + V and Gel + B/SF + V groups showed less amount of Col I,
and Gel + B/SF + V group showed the least amount of Col I, consistent
with the results of Masson staining. Taken together, the combination of
VEGF and BMP9 in the hydrogel showed a kind of collaborative effect
on inhibiting fibrosis than the hydrogel contains only VEGF or BMP9.

Fig. 8. Echocardiography of MI in mice administered with different hydrogels or PBS by intramyocardial injection. Representative M-mode images at 7th day (A-F)
and 28th day (A’-F’) post-MLI. (A, A’) Sham, (B, B") PBS, (C, C") Gel, (D, D’) Gel + B/SF, (E, E") Gel + V, (F, F') Gel + B/SF + V. Quantitative analysis of the LVEF (G)

and LVFS (H) at the indicated time points (n = 15, *p < 0.05,**p < 0.01).
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3.6. In vivo evaluation of heart function

The cardiac function of the mice was evaluated by echocardio-
graphy after 7 and 28 days of injection. At 28th day, the results in-
dicated that the contraction of the anterior left ventricular wall in the
groups that contained VEGF or/and BMP9 (Gel + B/SF, Gel + V and
Gel + B/SF + V) was significantly increased compared with that of PBS
group or Gel group; the heart contraction is most obvious in Gel + B/
SF + V group compared with the other groups (Fig. 8A’-8F’). LVEF and
LVFS values of each group were also analyzed. For Sham group, the
LVEF and LVFS were 71.1 * 7.4% and 40.0 * 6.3%, respectively at
7th day after MI, which were quite close to the heart function of normal
mice as reported by other groups [56,57]. At 28th day after surgery, the
hydrogel contained VEGF or/and BMP9 were significantly increase
compared with PBS group or Gel group; the LVEF showed the highest in
Gel + B/SF + V compared with the other hydrogels. Compared with
that at 7th day, the LVEF at 28th day was increased by 2.9%, 4.0% and
8.3% for Gel + B/SF, Gel + V and Gel + B/SF + V groups, respec-
tively, while decreased by 6.6% for PBS group and 5.5% for Gel group
(Fig. 8G). LVFS showed the similar trend with that of LVEF (Fig. 8H).

Based on the above results, the injection of alginate hydrogel
without bioactive factors showed no obvious effects on the recovery of
cardiac function, similar to the results as previously reported [58].
While the injection of Gel impregnant with VEGF or/and BMP9 could
improve the cardiac function, and among these hydrogels, the compo-
site hydrogel Gel + B/SF + V showed the best performance. That is,
compared with single-factor system (Gel + B/SF or Gel + V), the dual-
factor composite hydrogel Gel + B/SF + V had lower degree of fi-
brosis, smaller infarct size and better cardiac function, indicating that
the combination of VEGF and BMP9 in alginate hydrogel could promote
angiogenesis and inhibit fibrosis after MI.

4. Conclusion

In summary, we developed an injectable alginate-based composite
hydrogel incorporated with VEGF and SF microspheres encapsulated
with BMP9 to realize dual-release of VEGF and BMP9. Such system
could release VEGF rapidly to promote angiogenesis, and release BMP9
sustainably to inhibit fibrosis, meeting the bioactivity requirement and
timeline of each MI stage to enhance heart function. After injection in
MI heart, such combination therapy could effectively accelerate the
vessel formation and inhibit the fibrosis formation in a MI mouse model
to improve cardiac functions. The application of this composite hy-
drogel may provide a powerful platform in the treatment of MI for
clinical application.
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