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Abstract: Dedifferentiation and proliferation of endogenous cardiomyocytes in situ can
effectively improve cardiac repair following myocardial infarction (MI). 6-Bromoindirubin-
3-oxime (BIO) and insulin-like growth factor 1 (IGF-1) are two potent factors that promote
cardiomyocyte survival and proliferation. However, their delivery for sustained release in
Ml-affected areas has proved to be challenging. In the current research, we present a study on
the sustained co-delivery of BIO and IGF-1 in a hybrid hydrogel system to simulate endogenous
cardiac repair in an MI rat model. Both BIO and IGF-1 were efficiently encapsulated in gelatin
nanoparticles, which were later cross-linked with the oxidized alginate to form a novel hybrid
hydrogel system. The in vivo results indicated that the hybrid system could enhance the pro-
liferation of cardiomyocytes in situ and could promote revascularization around the MI sites,
allowing improved cardiac function. Taken together, we concluded that the hybrid hydrogel
system can co-deliver BIO and IGF-1 to areas of MI and thus improve cardiac function by
promoting the proliferation of cardiomyocytes and revascularization.

Keywords: myocardial infarction, gelatin nanoparticle, cardiomyocyte proliferation, inject-
able hydrogel

Introduction
Many heart diseases primarily result in the loss of cardiomyocytes. It has been a
significant challenge to develop effective treatments for cardiac repair because adult
mammalian cardiomyocytes are highly differentiated cells and have long been thought
to undergo terminal differentiation.! Contrary to this long-held view, an emerging strat-
egy posits that in response to heart injury, resident cardiomyocytes and cardiac stem
cells surrounding the injured area can migrate and rapidly re-enter the cell cycle, thus
promoting heart function recovery.>* However, the endogenous regenerative capacity of
hearts is limited due to the massive loss of cardiomyocytes after myocardial infarction
(MI) and heart failure. Ml is considered a major cardiovascular disease, and it was found
to be a major factor that contributed to non-natural mortality worldwide in 2013.*3
Current stem cell-based therapies have the potential to fundamentally improve the
treatments of ischemic cardiac injury and heart failure. These therapeutic approaches
mainly involve the use of bone marrow-derived mononuclear cells and their subsets,
such as mesenchymal stem/stromal cells, endothelial progenitor cells, adipose tissue-
derived mesenchymal stem/stromal cells, cardiac tissue-derived stem cells, and cell
combinations.®® However, these stem cell therapies have low efficacy due to poor
cell engraftment and differentiation under the harsh (low nutrient and low oxygen)
ischemic environment of infarcted hearts.®” Previous studies have shown that fewer
than 2% of cells survive a few weeks after the stem cells’ delivery.’1
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Despite the availability of many treatment options,
heart disease remains the leading cause of death worldwide,
raising the great need for novel or innovative therapeutic
strategies. A recent study on stimulating cardiomyocyte
dedifferentiation and proliferation by activating the mitotic
signaling pathways involved in embryonic heart growth
represents a complementary approach for heart regeneration
and repair.""* An inhibitor of glycogen synthase kinase-3,
6-Bromoindirubin-3-oxime (BIO), which is isolated from
mollusk Tyrian purple indirubins, has been shown able to
induce the dedifferentiation of cardiomyocytes or endothelial
cells, thus promoting mature cardiomyocyte proliferation.!>1¢
On the other hand, substantial data also illustrate that insulin-
like growth factor 1 (IGF-1) is a potent cardiomyocyte
growth and survival factor. It has been illustrated that IGF-1
deletion has harmful effects on cardiac growth, and its defi-
ciency is associated with an increased risk of cardiovascular
disease.!”!® Cardiac-specific overexpression of IGF-1 can
protect against myocyte apoptosis and ventricular dilation
following MI.1%20

Recently, drug delivery systems using biomaterials as
vehicles have been drawing considerable attention. Studies
have shown that by combining growth factors with an inject-
able biomaterial, the biomaterial could serve as a controlled
drug-release platform to improve functional outcomes.?"*
However, co-delivery of BIO and IGF-1 to the injured heart
area remains a challenge. Daily injections of both BIO and
IGF-1 is a straightforward method that can maintain these
agents at appropriate levels; however, this method causes
issues, such as toxicity, due to their high doses.* In the cur-
rent research, we report a novel hybrid hydrogel system of
chemically encapsulated gelatin nanoparticles (NPs) for the
sustained co-delivery of BIO and IGF-1 in MI treatment.

Materials and methods

Materials

Alginate (low viscosity), gelatin, sodium periodate, and
hydrochloric acid were purchased from Sigma Aldrich Co
(St Louis, MO, USA); BIO was purchased from EMD
Millipore, a division of Merck KGaA (Darmstadt, Germany);
IGF-1 was supplied by ProSpec-Tany TechnoGene
Ltd (Rehovot, Israel; and Cy7 (molecular formula:
C,,;H, KN,O,S,) was purchased from Fanbo Biochemicals

357741

Co (Beijing, People’s Republic of China).

Experimental animals
Sprague—Dawley (SD) male rats, specific pathogen free (SPF),
(weighing 200-250 g each), provided by the Laboratory

Animal Center of Harbin Medical University (Harbin, Peo-
ple’s Republic of China), were used to isolate cardiomyocytes,
and they served as MI animal models. All animals were fed
ad libitum and kept under the normal 12-hour dark/12-hour
light cycle. All procedures were approved by the University
Ethics Committee of the Harbin Institute of Technology.

Preparation of blank gelatin NPs, BIO-loaded gelatin
NPs, IGF-1-loaded gelatin NPs, and BIO-IGF-|
co-loaded gelatin NPs

Blank gelatin NPs (BgNPs) were prepared using a two-step
desolvation method with slight modifications.?*** Briefly,
gelatin was dissolved at 5 wt% in distilled water by stirring
at 55°C for 2 hours. Then, the pH of the gelatin solution was
adjusted to proceed with the second desolvation step. To
prepare the BIO-loaded gelatin NPs (OgNPs), IGF-1-loaded
gelatin NPs (FgNPs), and BIO-IGF-1 co-loaded gelatin
NPs (CgNPs), 10 uL of 5 uM BIO (dissolved in 500 uL of
dimethyl sulfoxide [DMSO]) and 10 pL of 10 mM IGF-1
were added individually or together into 10 mL of 5% gelatin
solution in a dark environment, respectively, followed by the
dropwise addition of acetone (30 mL) to form NPs. At the end
of the process, a glutaraldehyde solution (25% v/v aqueous
solution) was added as a cross-linking agent, and the solution
was stirred for 12 hours at a speed of 600 rpm. DMSO was
removed by means of distilled water. Eventually, the solution
was centrifuged at 12,000 rpm for 1.5 hours, yielding the NPs.
Dynamic light scattering was conducted using a Zetasizer
Nano ZS system (Malvern Instruments, Malvern, UK) to
characterize the distribution and size of the NPs.

Methods

Encapsulation efficiencies of NPs

The encapsulation efficiency of the BIO and IGF-1 within
the NPs was evaluated using an ultraviolet (UV) method.
A drug-encapsulating gelatin NP solution was filtered
through a Millipore filter (UFP2THK?24 [100 kD cutoft]),
where the free drug present in the aqueous buffer passed
through the filter, leaving the drug entrapped in the NPs.
Following the separation of the NPs from the aqueous
buffer, the drug left in the aqueous buffer was measured
using a 752 UV/visible recording spectrophotometer with a
wavelength of 500 nm and 280 nm, respectively. The total
amount of drug left in the aqueous solution was subtracted
from the amount of drug originally added in the reaction
medium, and the entrapment efficiency (E %) was calculated
from the ratio of the amount of drug entrapped over the total
amount of drug added.
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Synthesis of self-cross-linked hydrogel and its
physicochemical characterization

Hydrogel was synthesized as previously described.? Briefly,
oxidized alginate was obtained by mixing sodium peroxide
and sodium alginate (in distilled water) with mass ratios of
1:2. The reaction was conducted at 4°C overnight, and the
degree of oxidation was evaluated by measuring the con-
centration of sodium peroxide, which was left unconsumed
after 24 hours. The oxidized alginate and gelatin hydrogel
were then obtained by mixing the alginate dialdehyde and
gelatin NP solutions. The gelation process and the mechani-
cal properties of oxidized alginate and gelatin hydrogel
were evaluated by examining the time of gelation onset
and the evolution of elasticity at 37°C in the constant strain
mode by means of a Bohlin Gemini II rheometer (Malvern
Instruments) featuring a parallel plate geometry (40 mm in
diameter), as in our previous study.?

Drug-releasing profile in vitro and in vivo

To monitor the in vitro release profile, gelatin NPs and each
of the encapsulating drugs were made to conform by means
of a semi-permeable membrane (40 kD) and were then
immersed in 10 mL of phosphate buffered saline at 4°C for
release within a time period of 7 days; every 24 hours, the
optical density was examined by a UV spectrophotometer at
500 nm. A sample of 1 cm? of the encapsulating drug (10 puL)
was examined under the same conditions as the control group,
so as to study the drug’s release profile.

To monitor the in vivo release profile, an in vivo imaging
method was used. First, the gelatin NPs were labeled with the
fluorescent agent Cy7, and then the labeled gelatin NPs were
conjugated to the hydrogel, as described in the “Synthesis
of self-cross-linked hydrogel and its physicochemical char-
acterization” section above. Both the labeled gelatin NPs
alone, as well as the labeled gelatin NPs that conjugated to
the hydrogels, were injected into the area affected by MI in
20 rats (ten rats in each group), as described in a previous
study.?® The fluorescence of both groups was examined and
recorded by an in vivo imaging system (DXS 4000 PRO;
Eastman Kodak Co, Rochester, NY, USA) every 5 days.

Cardiomyocyte culture

Neonatal cardiomyocytes were isolated from 2- to 3-day-old
SD rats, as adapted from a previous protocol.?’” Hearts were
removed from the neonatal rats; then, atrial and connective tis-
sues were excised. Hearts were minced into 1 mm?® pieces and
then were subjected to five rounds of enzymatic digestion for
8—10 minutes with collagenase II (0.5 mg/mL; Worthington

Biochemical Corporation, Lakewood, NJ, USA). Digestion
was stopped with an equal volume of Dulbecco’s Modified
Eagle’s Medium (DMEM) containing 10% fetal bovine serum
(FBS) (Thermo Fisher Scientific, Waltham, MA, USA). The
cell suspension was centrifuged for 5 minutes at 2,000 g, and
the resulting pellet was resuspended in DMEM containing
10% FBS. Cells were pre-plated in cell culture flasks to reduce
non-myocyte contamination (Corning Incorporated, Corning,
NY, USA) for 90 minutes. Isolated cardiomyocytes were
made into a suspension using oxidized alginate conjugated
with gelatin NPs at a density of 105 cells/mL. The purity of
the cardiomyocyte suspension was evaluated by immunofluo-
rescence staining with an anti-sarcomeric antibody.

Cell proliferation in hydrogels assay

After 7 days of culture, the hydrogel/cardiomyocyte con-
structs were fixed. Immunofluorescence was performed
with the proliferating cell nuclear antigen (PCNA) antibody
(1:200; Abcam plc, Cambridge, UK) to identify the pro-
liferation of cardiomyocytes. Laser confocal images were
observed, and the PCNA-positive cells were counted.

MI animal model preparation and hydrogel
implantation

Eighty-five male SD rats (weighing 250 g each) were
operated on to create the MI animal models. The rats were
anesthetized with an intravenous injection of 3% pento-
barbital sodium (30 mg/kg), and an MI was subsequently
induced by ligating the left anterior descending coronary
artery 2 mm from the top of the normally positioned left
auricle. One week later, upon confirmation of an induced
MI by means of echocardiography using a cardiovascular
ultrasound system (VIVID-7; GE Healthcare Bio-Sciences
Corp, Piscataway, NJ, USA), each rat was injected with
80 UL of a given hydrogel (Table 1) into the anterior and
lateral regions bordering the infarct, as well as at the center

Table | Groups and number of animals used for in vivo Ml
repair

Groups Number of animals Number of animals

per group survived at 6 weeks
post-surgery

Sham 15 12

Control 20 I

IGF-1 20 14

BIO 20 17

BIO and IGF-1 20 16

Abbreviations: M|, myocardial infarction; BIO, é6-bromoindirubin-3-oxime; IGF-1,
insulin-like growth factor I.
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of the infarct (16 UL per region). At 6 weeks post-injection,
echocardiography was performed on the anesthetized rats.
Specifically, two-dimensional (2D) images were captured at
the mid-papillary muscle level, and using M-mode tracings,
the left ventricular (LV) ejection fraction (LVEF), fractional
shortening (FS), the LV end systolic diameter (LVSD), and
the LV end diastolic diameter (LVDD) were evaluated from
at least three consecutive cardiac cycles.

Histology and immunohistochemistry

At 6 weeks post-implantation, the rat hearts were arrested
with 10% KCI, rapidly excised, and frozen in tissue medium,
which was followed by sectioning each heart into three or
four transverse slices parallel to the atrioventricular ring.
Samples were then fixed with 10% buffered formalin, embed-
ded in paraffin, sectioned into 5 um slices, and stained with
hematoxylin and eosin (H&E). Scar thickness was measured
under a microscope, and on this basis, the relative scar
thickness (defined by the average scar thickness divided by
the average wall thickness) and the heart expansion index
(defined by the LV cavity area/whole LV area/relative scar
thickness) were evaluated, as in our previous study.?

The detection of various tissue antigens was conducted
using the primary antibody, CD31, for endothelial cells
(Abcam plc). Double staining with anti-cardiac troponin-T
(green, cardiomyocyte marker; Abcam plc) and anti-PCNA
(red, proliferation marker; Abcam plc) was performed. The
doubled-stained cells were evaluated by counting the average
number of positively stained cells within six areas of 0.1 mm?.
The CD31-positive capillary densities at the infarcted areas
were analyzed by employing the same method.

Statistical analysis

All of the results were reported as the mean * standard
deviation. Two-way analysis of variance (ANOVA) was
used in the analysis of heart function between groups, and
Student’s ¢-test was used for the remainder of the analysis.
A P-value <0.05 was considered significant; a P-value <0.01
was considered very significant.

Results

Preparation and characterization of hydrogels and
the drug-release profile in vitro and in vivo

The morphology of BgNPs was observed using a scanning
electron microscope (SEM) (Figure 1A); the results of
dynamic light scattering showed that the NPs formed a cluster
featuring different diameters ranging from 180 nm to 255 nm
with a polydispersity index (PDI) of 0.158+0.029 (Figure 1B).

Then, the NPs were covalently attached to the hydrogel,
as we have previously reported.?* The hydrogel formed
with the porous network structure (Figure 1C). The load-
ing efficiency of OgNPs and FgNPs, which contained BIO
and IGF-1, respectively, were about 55% or 60%, which
is similar to the findings of a previous study.?® To detect
the release profile of the NPs and the hydrogel composite
system, we designed a method to examine the BIO release
profile in the NPs conjugated to the hydrogel and in the free
NPs, as described in the encapsulation efficiencies of NPs
section. We compared the release behavior of BIO in NPs
and in NPs covalently conjugated to the hydrogel.

The release profile assay lasted for 110 hours for both
groups. The release rate of BIO in NPs was much higher
than the release rate of BIO in NPs encapsulated in hydro-
gel (Figure 1D). From 0 to 60 hours, a rapid increase in the
drug release was observed in the NPs; however, a similar
release peak was detected from 60 to 90 hours in the NPs
conjugated to the hydrogel (Figure 1D). For NPs, the BIO
release mechanisms included the biodegradation of NPs;
in addition, BIO diffused to the solution outside the semi-
permeable membrane.

In contrast with NPs, two steps were involved in the
BIO’s release profile in NPs covalently conjugated to the
hydrogel. The first step involved the breakage of amines
found between the NPs and the hydrogel, and the second
step included BIO’s release from the NPs. As a result, the
peak release was postponed 60 hours in the in vitro delivery
system. To further confirm the release mechanism of NPs,
the mechanical properties of the hydrogel were measured and
compared to its original properties prior to being released.
The results showed that the elastic and viscous moduli of
the hydrogel were around 105 and 104 Pa prior to release,
respectively, and they had decreased to 103 and 10 Pa,
respectively, after release (Figure 1E).

However, there was a tendency for the elastic and viscous
moduli to stay the same before and after the release, which
indicated that the hydrogel still maintained a gel network
structure. Therefore, we postulated that the main releasing
mechanism occurs through the breakage of chemical bonds
between gelatin NPs and oxide alginate—gelatin hydrogel.
The release profile was also controlled by the cross-linking
density and degradability of the gel, modulated by the initial
gelation condition. The in vivo release profile was evaluated
using the in vivo imaging method, as shown in Figure 2A.
The results illustrated that the fluorescence of the scaffold
encapsulating Cy7-labeled NPs could last for 45 days, while
the fluorescence of the control group (free Cy7-labeled NPs,
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Abbreviations: SEM, scanning electron microscope; DLS, dynamic light scattering; BIO, 6-bromoindirubin-3-oxime; NP, nanoparticle; UV, ultraviolet.
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Abbreviation: NP, nanoparticle.

which were not conjugated to the hydrogel) lasted for less
than 10 days (Figure 2B, C). Moreover, the intensities of
the fluorescence were much higher than those in the control
group (Figure 2C).

Cardiomyocyte proliferation detected in hydrogels
To mimic the in vivo effect of the drug delivery system among
cardiac cells, a three-dimensional (3D) system was used to
encapsulate the cardiomyocytes in hydrogel in the present
study. The results showed that the percentage of proliferated
cardiomyocytes in the BIO release system (15%24%) was
significantly higher than that in the control groups (7%x3%;
P<0.05); however, no significant difference was observed
in the IGF-1 release group (11%*2%), as shown by the laser
confocal images (Figure 3A—C) and the statistical analyses
(Figure 3D). Therefore, IGF-1 could not induce the prolifera-
tion of cardiomyocytes.

BIO/IGF-I administration improves cardiac

function after Ml and leads to the formation

of new cardiomyocytes

MI animal models were prepared according to the method
described above, and different hydrogels that covalently
conjugated with various NPs (blank gelatin NPs, OgNPs,
FgNPs, and CgNPs) were implanted to detect their effects on
cardiac function repair. With echocardiography, the LVEF,
FS, LVDD, and LVSD of the hearts in the different groups
were obtained, and the results are listed in Table 2. It can be
observed that after 6 weeks of treatment, the LVEF in the con-
trol group decreased significantly from 28.2+5.8 to 18.843.5,
which suggested that the heart progressed to myocardial
dysfunction. In contrast, the LVEF in animals treated with
BIO or IGF-1, and those treated with the co-delivery of both
BIO and IGF-1, showed a significant increase. Compared
with the control group at 6 weeks post-injection (18.813.5),
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Figure 3 Effect of the hydrogen delivery system on the proliferation of 3D culture cardiomyocytes.

Notes: Scheme showing the strategy used to detect the enhanced proliferation of 3D-cultured cardiomyocytes. Laser confocal images showing the PCNA-positive stained
cells in the (A) BgNP group, (B) FgNP group, and (C) OgNP group. (D) Statistical analysis of the number of PCNA-positive cells (n=6). **P<<0.01 versus the BgNP group.
Abbreviations: BIO, 6-bromoindirubin-3-oxime; 3D, three dimensional; PCNA, proliferating cell nuclear antigen; NP, nanoparticle; BgNP, blank gelatin nanoparticle; OgNP,
BlO-loaded gelatin nanoparticle; IGF-1, insulin-like growth factor I; FgNP, IGF-|-loaded gelatin nanoparticle.

Table 2 Functional evaluation of ischemic heart

LVEF FS LVDD (cm) LVSD (cm)

Sham

Baseline 56.0+8.7 30.542.0  0.66+0.02 0.48+0.01

Week 6 53.5+7.8 31.312.3 0.67+0.02 0.50+0.02
Control

Baseline 28.2+5.8 12.3£1.9  0.78+0.08 0.42+0.03

Week 6 18.8+3.5 10.3+2.1 0.95+0.09 0.65+0.06
IGF-1

Baseline 29.1£5.5 129+1.8  0.76+0.05 0.44+0.03

Week 6 42.8+6.2*% 17.7+2.3* 0.81%+0.09* 0.38+0.02*
BIO

Baseline 27.5+5.9 12.6£2.0  0.77+0.09 0.40+0.03

Week 6 32.1+4.3%  14.34+2.2%  0.75+0.04* 0.39+0.02*
BIO and IGF-1

Baseline 28.6+4.9 11.8£1.7  0.79+0.08 0.45+0.04

Week 6 55.6+8.7% 27.4+3.8* 0.82+0.09* 0.39+0.02*

Notes: *The P-value of <0.05 was considered significant from their specific control
group. Data are expressed as the mean = standard error of the mean.
Abbreviations: BIO, 6-bromoindirubin-3-oxime; IGF-1, insulin-like growth factor I;
LVEF, left ventricular ejection fraction; FS, fractional shortening; LVDD, left
ventricular end diastolic diameter; LVSD, left ventricular end systolic diameter-.

significant improvements in the LVEF of animals treated
with BIO (32.1%4.3; P<<0.05), IGF-1 (42.8+6.2; P<<0.05),
and the co-delivery of both BIO and IGF-1 (55.6%8.7;
P<0.01) were found. At 6 weeks post-injection, the FS%
slightly decreased in the BIO group; however, the FS% had
increased significantly in both the BIO and IGF-1 groups
when compared with baseline. It was also higher in the BIO
plus IGF-1 (BIO + IGF-1) group than in the BIO or control
groups (Table 2).

In order to study the mechanism underlying the advance-
ment of cardiac function for the administration of BIO +
IGF-1 in the Ml rats, H&E staining was used perform a histol-
ogy evaluation following injection with our hydrogel system.
Cardiac remodeling was found in our experimental groups;
however, when compared with the control group, more car-
diomyocytes were found in the BIO + IGF-1 group (Figure 4),
and the results were further confirmed by double staining with
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Figure 4 Histology evaluation of an ischemic heart.

Notes: (A-E) H&E staining of the tissue sections obtained from the MI region among the (A) sham group, (B) control group, (C) IGF-I release group, (D) BIO release

group, and (E) BIO and IGF-| co-delivery group. Scale bar, 100 pm.

Abbreviations: BIO, 6-bromoindirubin-3-oxime; IGF-1, insulin-like growth factor |; H&E, hematoxylin and eosin; MI, myocardial infarction.

the anti-cardiac troponin-T (green; cardiomyocyte marker)
and anti-PCNA (red; proliferation marker) assay. The number
of proliferating cardiomyocytes in the BIO + IGF-1 group
(35%5), was the most significant among all groups, and the
number of proliferating cardiomyocytes in the BIO group
(2745) was also significantly higher than that of both the
sham (5+2) and the control groups (15%5) (Figure 5). In the
BIO delivery group, the enhanced proliferation of cardiomyo-
cytes was observed. In the co-delivery of the BIO + IGF-1
group, both enhanced proliferation of the cardiomyocytes and
function recovery were seen. Moreover, angiogenesis plays
a crucial role in tissue repair and heart function after MI;
therefore, the CD31 antibody-positive angiogenesis assay
was detected among the different groups (Figure 6). In the
BIO + IGF-1 group, the most capillaries (701£8/mm?) was
observed. In addition, significant increase of blood vessels
(60£7/mm?) in the IGF-1 group was also detected. However,
no significant increase in blood vessel density was observed
in the BIO group (43£8/mm?), which suggested that BIO
could not promote angiogenesis. Enhanced angiogenesis was
accompanied by functional recovery in the BIO and IGF-1
group; this indicates that angiogenesis may be an important
factor in the recovery of function.

Discussion
In the present study, we investigated the functional
and histological/cellular effects of the intramyocardial

administration of BIO and IGF-1 in MI rats. We showed that
the improved sustained co-delivery of BIO and IGF-1 by a
newly developed hybrid hydrogel system holds potential
as a novel treatment for MI. Six weeks after delivery, BIO
and IGF-1 treatment led to the proliferation of resident car-
diac cells and promoted revascularization. Importantly, the
repair and regeneration of the damaged myocardial tissues
was associated with significant improvements in cardiac
function (Figure 7).

Development of a new hybrid hydrogel

system

Recently, studies have reported on the ways in which car-
diac diseases can be treated through the sustained delivery
of IGF-1 by means of hydrogels.?>*° Though it makes a
difference in the treatment of MI, IGF-1 also causes such
issues as toxicity due to their high doses and the short release
profile. Gelatin NPs, due to their good biocompatibility and
biodegradability, have been widely utilized in drug delivery
applications.’! However, the relatively fast degradation of
gelatin limits its applications to long-term protein delivery.
Our previous study showed that the covalent cross-linking
of gelatin with alginate forms a hydrogel with both enhanced
mechanical properties and bioactive motifs for cell attach-
ment, biodegradability, and functional recovery.? In the
current study, we developed a novel hybrid hydrogel sys-
tem with chemically encapsulated gelatin NPs, which are
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Figure 5 Double staining with anticardiac troponin-T (green; cardiomyocyte marker) and anti-PCNA (red; proliferation marker) shows the enhanced proliferation of

resident cardiomyocytes in an MI model (P<<0.01; n=6).

Notes: (A) Sham group, (B) control group, (C) IGF-1 release group, (D) BIO release group, and (E) BIO and IGF-1 co-delivery group. (F) Statistical analysis of the number
of double-stained cells. **P<<0.01 versus the control group. The arrows show the cardiomyocytes which are double staining.
Abbreviations: BIO, 6-bromoindirubin-3-oxime; IGF-1, insulin-like growth factor I; Ml, myocardial infarction; PCNA, proliferating cell nuclear antigen.

pH sensitive, for the sustained co-delivery of BIO + IGF-1
in MI treatment. The oxidation of sodium alginate produced
aldehyde groups, which can form unstable amines found
within the free amino group in the gelatin NPs; thus, they
covalently linked the NPs to the alginate polymer chain.
An acidic, low-pH environment was generated with the
occurrence of an MI.> The amines that were found, which
form between alginate and the gelatin NPs, are most active
in acidic environments. Following MI, the bond broke
down quickly, and the BIO and IGF-1 were released to the
damaged area of the heart, ultimately promoting the heart’s
overall function.

In summary, in our current study, we developed a novel,
pH-sensitive, hybrid hydrogel system of chemically encap-
sulated gelatin NPs that can more efficiently sustain the
co-delivery of BIO and IGF-1 to the injured area of the heart.
Further, we also illustrated that the system could be more
advantageous when delivering BIO and IGF-1 in the treatment
of ML

Sustained release of BIO or IGF-I using
hybrid hydrogel systems

Drug release profiles were detected both in vitro and
in vivo. It is generally recognized that 2D cell cultures are
not adequate representatives of the cellular environment
found in organisms; rather, 3D cell culture models have the
potential to improve the physiological relevance of cell-based
assays.’? In our previous study, we constructed an engi-
neered heart tissue model using cardiomyocytes.?® In order
to mimic the in vivo effect of a drug delivery system when
promoting the proliferation of cardiac cells, a 3D system to
encapsulate the cardiomyocytes in the hydrogels was used
in the present study.

The drug release rate was detected in vivo by an imaging
system that has been widely used in cancer studies. More
recently, a study showed that it can also be used to evaluate
biomaterial biodegradation in vivo.* Cy7 was conjugated
to the NPs, and the rapidly decreasing fluorescence intensi-
ties in the NP group indicated that without the support of
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Figure 6 Immunostaining for the evaluation of angiogenesis.
Notes: (A-D) CD3| immunostaining of the tissue sections from the Ml among the (A) sham group, (B) control group, (C) IGF-1 release group, (D) BIO release group,
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group. The arrows point to the endothelial cells.

Abbreviations: BIO, 6-bromoindirubin-3-oxime; IGF-1, insulin-like growth factor |; MI, myocardial infarction.
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the substrate, the NPs diffused quickly following injection
into the infarcted area. Also, it was found that the fluores-
cence intensities decreased quickly at first, and then they
slowly continued to decrease with the treatment of MI via
the injection of hydrogels; this result may be due to the fact
that our system is pH sensitive. Our results on the elastic
and viscous moduli of the hydrogel illustrate that there is not
much difference prior to and after release, which indicates
that the hydrogel still maintains a gel network structure. As
such, the controlled release profile was mainly caused by the
breakdown of the chemical bond between NPs and hydrogel,
rather than by the drug itself.

Heart regeneration with our novel
hybrid hydrogel system of chemically

encapsulated gelatin NPs
With the development of intramyocardial biomaterial, more
and more biomaterials are being used for injection therapy.?
To date, it has already been demonstrated that many small
molecules contribute to heart regeneration; however, the
mechanisms by which these benefits are obtained remain
unclear.** Here, we show that following BIO administration,
the number of resident cardiac cells in an MI model increased.
Our findings further indicate that the function of BIO can
promote dedifferentiation and proliferation in terminally dif-
ferentiated cardiomyocytes in vivo. The BIO could reprogram
the cardiomyocytes with changed morphology evidenced
through rearrangement of the cytoskeleton,'> which can be
clearly observed in the anticardiac troponin-T staining in
Figure 5. In a recent study by Kohler et al it was demonstrated
that low doses of BIO also have the ability to induce partial
dedifferentiation among endothelial cells by regulating the
canonical Wnt pathway.>* A previous study has shown that
there is a dual role for BIO, which involves the maintenance
of stem cell properties and the induction of proliferation in
differentiated cardiomyocytes; this indicates that these func-
tions may share common molecular pathways that control the
canonical Wnt pathway.!'>

Secondly, our present findings document that IGF-1
can induce angiogenesis following MI. Consistent with our
study, a previous study showed that the local delivery of the
IGF-1 gene by recombinant adeno-associated virus in the
setting of acute MI resulted in sustained IGF-1 expression,
increased angiogenesis, and improved cardiac function.?’
Another study also showed that IGF-1 enhanced wound
healing and induced angiogenesis via a vascular endothelial
growth factor-independent pathway.

A previous study showed that immobilizing IGF-1
with hydrogel could serve as a controlled drug-release

platform, and that it could also enhance cardiac progenitor
cell survival and differentiation. In a study on chronically
infarcted pig hearts, IGF-1 and hepatocyte growth factor
therapy also resulted in improved cardiac function when
using hydrogels.* In our current research, we developed a
novel hybrid hydrogel system with chemically encapsulated
gelatin NPs for the sustained co-delivery of BIO and IGF-1
in MI treatment. To our knowledge, this is the first report
that remedies M1 via the co-delivery BIO and IGF-1, which
have been identified as potential candidates to guide post-
natal stem progenitor cells toward a cardiomyogenic fate."
In the present study, we demonstrated that the co-delivery
of BIO and IGF-1 can significantly improve heart function,
while promoting resident cardiomyocyte proliferation and
revascularization. Therefore, both BIO and IGF-1 can be
involved in contributing to the heart’s functional recovery. As
such, the entire study protocol employed in the present work
is clinically feasible and may be performed in a conventional
catheterization laboratory.

Limitations

The concentrations of BIO and IGF-1 that were used in
the current work were adopted and used as per previous
studies.’>?? In the present study, the co-delivery of these
two agents promoted the function and regeneration of the
heart following MI. However, it is not clear if the optimal
concentration of the co-delivery of BIO and IGF-1 can play
an even more significant role in improving heart function
after MI, which would be interesting to pursue in the future.
In addition, although experimental work on the in vivo drug
release of NPs encapsulated in hydrogel showed a 45-day
release for Cy7, we can’t detect the release efficiency of
BIO and IGF-1 directly. It would be interesting to observe
the delivery of these drugs over a longer period of time. This
line of inquiry also suggests that more non-invasive methods
should be developed for drug tracing in the future.

Conclusion

A novel hydrogel delivery system was developed to deliver
drugs specifically to the site of an MI to selectively enhance
the proliferation of resident cardiac cells, resulting in
enhanced heart function recovery. Our results showed that
NPs covalently entrapped in hydrogel hold great promise for
treating Mls and other related diseases given their ability to
deliver a wide range of therapeutics.
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