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A B S T R A C T   

Heart disease is still the leading killer all around the world, and its incidence is expected to increase over the next 
decade. Previous reports have already shown the role of fibroblast growth factor10 (FGF10) in alleviating heart 
diseases. However, FGF10 has not been used to treat heart diseases because the free protein has short half-life 
and low bioactivity. Here, an injectable coacervate was designed to protect growth factor from degradation 
during delivery and the effects of the FGF10 coacervate were studied using a mice acute myocardial infarction 
(MI) model. As shown in our echocardiographic results, a single injection of FGF10 coacervate effectively 
inhibited preserved cardiac contractibility and ventricular dilation when compared with free FGF10 and the 
saline treatment 6 weeks after MI. It is revealed in histological results that the MI induced myocardial inflam
mation and fibrosis was reduced after FGF10 coacervate treatment. Furthermore, FGF10 coacervate treatment 
could improve arterioles and capillaries stabilization through increasing the proliferation of endothelial and 
mural cells. However, with the same dosage, no statistically significant difference was shown between free 
FGF10, heparin+FGF10 and saline treatment, especially in long term. On another hand, FGF10 coacervate also 
increased the expression of cardiac-associated the mRNA (cTnT, Cx43 and α-SMA), angiogenic factors (Ang-1 and 
VEGFA) and decreased the level of inflammatory factor (tumor necrosis factor-α). The downstream signaling of 
the FGF10 was also investigated, with the western blot results showing that FGF10 coacervate activated the p- 
FGFR, PI3K/Akt and ERK1/2 pathways to a more proper level than free FGF10 or heparin+FGF10. In general, it 
is revealed in this research that one-time injection of FGF10 coacervate sufficiently attenuated MI induced injury 
when compared with an equal dose of free FGF10 or heparin+FGF10 injection.   

1. Introduction 

Despite decades of research, coronary heart disease (CHD) is still the 
leading cause of death and disability worldwide [1–3]. Myocardial 
infarction (MI) is one serious result of CHD which is characterized by 
myocardial necrosis, chronic inflammation and the generation of 
fibrotic scar tissue. The cell death and subsequent pathological remod
eling in myocardial infarction zone finally result in heart failure [4]. 

Novel therapies for myocardial infarction have been widely investi
gated, which include pro-angiogenic growth factors, stem cell and ECM 
treatment [5–7]. Although researches and pre-clinical studies have 
demonstrated the pharmacological roles of pro-angiogenic factors in 
improving MI [8,9], they have failed to show appreciable effects in the 
final clinical trials [10–12]. The main reason is that the knowledge of 
blood vessels formation, the body’s endogenous responses to ischemic 
injury, growth factor selection and/or the timing that growth factors 
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reach the target zone is limited. The last but not least, the pharmaco
logical functions of growth factors are significantly reduced via direct 
injection in vivo since proteolytic degradation and enzymatic deactiva
tion happen in very short time after intervention. In our recent research, 
an injectable biodegradable and biocompatible coacervate was designed 
to deliver the heparin-binding growth factors, which effectively reduced 
the degradation and inactivation of fibroblast growth factor 10 (FGF10) 
during delivery. 

In this study, a controlled delivery system containing a natural pol
yanion and poly (ethylene argininylaspartate diglyceride) (we named it 
as PEAD), a heparin and a biodegradable polycation was designed. All 
these parts form a complex coacervate via the charge interaction be
tween them. The polycation and polyanion bind together as a neutral 
complex, encapsulating the heparin-binding proteins. Thus, the proteins 
are separated from the surrounding aqueous environment and protected 
from degradation. Studies on utilization of this heparin-based coacer
vate delivery system have been widely performed. It has been used to 
deliver growth factors including fibroblast growth factor-1 (FGF1), 
nerve growth factor [13–15], heparin-binding epidermal growth 
factor-like growth factor [16] and so on [17,18] and the enhanced ef
fects of growth factors on MI were revealed when using coacervate as the 
delivery system [19]. 

FGF10 is one of the FGF family members mainly synthesized by 
mesenchymal cells. It is a key player in lung development and fetal limb, 
prostatic epithelial cell growth and skin wound healing. Previous studies 
have shown that FGF10 is one of the major markers of the early cardiac 
progenitor cells and play an important role in proliferation of differen
tiated cardiomyocytes in developing embryo [20]. Moreover, reduced 
FGF10 expression has been revealed in mouse postnatal heart. During 
this period, cardiomyocytes exit the cell cycle, following with the loss of 
regenerative capacities. All these researches suggest that FGF10 is 
important for heart regeneration. However, the overexpression of FGF10 
in the neonatal mouse heart cannot increase post-natal cardiac regen
eration [21]. Nevertheless, the effect of FGF10 on inducing car
diomyocyte cell-cycle re-entry under physiological conditions suggests 
that FGF10 might play an important role in cardiomyocyte renewal in 
injured hearts [20]. However, growth factors have not been used in the 
clinical treatment of heart disease because of the short half-lives and low 
bioactivity when directly injected in vivo [22]. Interestingly, free FGF10 
exhibited a higher bioactivity when combined with heparin [23]. Here, 
in this article, the coacervate delivery system was used to increase the 
half-life and promote the bioactivity of FGF10. Then the potential of 
FGF10 to decrease cardiac fibrotic process and promote cardiac function 
after MI injury was investigated. 

2. Materials and methods 

2.1. The preparation of FGF10 coacervate 

FGF10 coacervate was prepared using PEAD and heparin [14,24]. 
Briefly, Heparin and PEAD were dissolved in deionized water separately 
to achieve a final concentrations of 10 mg/ml. FGF10 and heparin were 
mixed at first, followed by PEAD to have the coacervate formed. The 
clear solution turning to turbid indicated the successful formation of 
coacervate. The final mass ratios of FGF10: heparin: PEAD were 
1:100:500. 

The in vitro release profile of the FGF10 coacervate was investigated 
[15]. Briefly, 200 μl of FGF10 coacervate (included 500 ng of FGF10) 
suspended in saline was centrifuged at the speed of 10,000 rpm for 10 
min then stored at 37 ◦C. The supernatant was aspirated on day 0, 1, 4, 7, 
10, 14 and 21 and stored at − 80 ◦C, then the pellet was covered by 
adding 200 μl saline solution. ELISA (R&D Systems, MN) was used to 
measure the released FGF10 in each fraction per time point. 

Dynamic light scattering was used to measure the size of coacervate. 
PEAD and Heparin were separately dissolved in deionized water then 
mixed at a mass ratio 5:1 PEAD: heparin. A Zetasizer Nano ZS machine 

was used to measure the size of coacervate droplet. 

2.2. Cell proliferation and migration measurement in vitro 

Human umbilical vein endothelial cells (HUVEC) from ATCC were 
cultured in EBM-2 media. After washed with DMEM, the cells were 
added with nutrient-deprived media without supplements, vehicle, free 
FGF10 (50 ng/ml), heparin+FGF10 (50 ng/ml) or FGF10 coacervate 
(50 ng/ml), then incubated at 37 ◦C for 72 h. After wash, Aqueous One 
Solution (Cell Titer 96® Cell Proliferation Assay purchased from 
Promega) was added and incubated in 5% CO2 at 37 ◦C for 3 h. The 
absorbance was read at 490 nm. 

Transwell chemotaxis experiment was used to test the effect of 
FGF10 coacervate on the migration of HUVEC. Cells were seeded at a 
density of 10,000 cells/cm2 in transwell (24-well) which was inserted 
with 8 μm pore size. Nutrient-deprived media without supplements, 
vehicle, free FGF10 (50 ng/ml), heparin+FGF10 (50 ng/ml) or FGF10 
coacervate (50 ng/ml) were added to the well. After 12 h’ incubation, 
non-migrated cells were cleaned with cotton swabs and migrated cells 
were fixed in methanol. After 10 min, Quant-iT Pico Green dsDNA re
agent (Thermo Fisher Scientific, P7581) was used to have migrated cells 
stained. Fluorescent images were taken using Nikon Eclipse Ti fluores
cence microscope and the NIS-Elements AR imaging software. Three 
independent images from three different areas were taken for cells 
number quantification. To analyze the cell number, each group was 
normalized to the average number of cells in the vehicle group 
individually. 

2.3. Acute myocardial infarction model (MI) and intramyocardial 
injection in mouse 

9–12 weeks old male C57/B6 mice were maintained in compliance 
with the Institutional Animal Care and Use Committee of Wenzhou 
Medical University. The mice were sacrificed for sample collection at 
different time points after treatment [5,15]. The left coronary artery of 
the mice was ligated to induce MI. Five minutes after inducting the MI, 
different treatments including 35 μl saline, free FGF10 (500 ng of 
FGF10), heparin+FGF10 (100 μg of heparin and 500 ng of FGF10) or 
FGF10 coacervate (500 μg of PEAD, 100 μg of heparin and 500 ng of 
FGF10) was administered. These different treatments were injected 
across three different sites of the ischemic area of myocardium (the 
center and the bilateral border zones of the infarct area). The final 
FGF10 dose used in this study was selected according to our pilot 
experiment and previous studies [15]. All procedures and injections 
were double blind. 

2.4. Echocardiography (echo) 

Cardiac function was evaluated using echocardiography before and 5 
days, 2 weeks and 6 weeks after MI injury. The heart and respiratory 
rates were monitored at 37 ◦C body temperature using a hot pad. A high 
frequency linear probe with the Vevo 2100 Imaging System was used to 
measure echocardiographic parameters. Short-axis images of the LV in 
B-mode were used to measure End-systolic area (ESA) and end-diastolic 
area (EDA). The definition of FAC was: 100%*(EDA-ESA)/EDA), which 
correctly reflected contractility of the heart. Ejection fraction of the left 
ventricle (LVEF) was also calculated. The quantification of in vivo strain 
was using images of short axis B-mode echocardiography from the Vevo 
Strain software system. Briefly, three mice were analyzed in each group. 
Circumferential and radial strain within the ventricular wall were 
measured by speckle-tracking at the injured region. The circumferential 
and radial strain values at the injured region were normalized to the 
uninjured region to have the ventricular wall thickness calculated, 
which was then compared to healthy cardiac tissue in the same heart. 
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2.5. Histological stains 

The hearts of mice were harvested 2 and 6 weeks after MI injury. The 
hearts were frozen in OCT for further staining. Hearts were sectioned 
from apex to the ligation level using a cryostat. The section thickness 
was 8 μm. The thickness of the ventricular wall in the infarct area was 
measured using ImageJ software, at the middle of infarcted area. For 
observation of fibrosis, collagen fibers were staining using Masson’s 
trichrome kit. Images from each treatment group (ten sections per 
group) were taken to have scar condition examined through the 
ventricle wall. All the measurements were performed 6 weeks after MI. 

2.6. Immunofluorescent staining 

Serum from appropriate species was used to block the tissue. After 
penetrated with 0.3% Triton-X 100, sections were incubated with pri
mary antibodies including rat anti-mouse CD68 (Abcam, Cambridge, 
MA), FITC-conjugated monoclonal antibody against α-SMA (Sigma 
Aldrich, St. Louis, MO) and rat anti-mouse CD31 (BD Biosciences, San 
Jose, CA). Samples were then incubated with appropriate secondary 
antibody (Alexa Fluor 488 or 555) at RT for 1 h. Naïve IgGs of the 
appropriate species were included as negative controls. DAPI nuclear 
staining was utilized to reveal the cells in tissue sections. A fluorescence 
microscope (Nikon Eclipse Ti) and AR imaging software (Nikon NIS- 
Elements) were used to take images. Three to six sections of different 
mouse hearts in each treatment group were included for data analysis. 
All the measurements were taken as cells per mm2 area. For in vivo 
degradation test, multi-photon excitation (MPE) imaging was conduct
ed. Briefly, rhodamine labeled ulex europaeus agglutinin-1 was mixed 
with heparin before PEAD was added into the solution containing 
[heparin:rhodamine] complexes to form coacervate. Free or heparin- 
bound rhodamine-ulex europaeus agglutinin-1 or rhodamine-ulex 
europaeus agglutinin-1 coacervate (dilute in 30 μl of 0.9% saline) was 
delivered through intramyocardial injections after MI. Hearts were 
harvested 21 days after injection. MPE images were captured using an 
Olympus multiphoton microscope. 

2.7. Western blot analysis 

The mice were sacrificed 28 days after myocardial infarction injury. 
The hearts were homogenized in a RIPA buffer, the equivalent of 50 μg 
of protein was separated on 10% gel and then transferred to a PVDF 
membrane. After blocked with 5% fat-free milk, the membranes were 
incubated with the relevant protein antibodies overnight. The mem
branes were washed with TBST then treated with secondary antibodies 
for 2 h at room temperature. Protein extracts were separated by SDS- 
PAGE and detected using immunoblotting with antibodies against anti- 
Phospho-FGF Receptor, phospho-ERK1/2, ERK, phospho-AKT, AKT and 
β-actin (Cell Signaling). Horseradish peroxidase-conjugated anti-rabbit 
or anti-mouse secondary antibodies (Pierce) was added. Intensity of 
specific blots was analyzed using image J (version 1.51 and 1.52). 

2.8. Statistical analysis 

All data are presented as mean ± S.E.M. Samples were randomly 
assigned to different treatment groups. When experiments contained 
more than two groups, data were analyzed using analysis of variance 
and one-way ANOVA Turkey’ post hoc analyses. When experiments 
involved only two groups, data were analyzed using Student’s t-test. 
Software Excel and GraphPad Prism were used for statistical analyses. P 
< 0.05 is regarded as statistically significant. 

3. Results 

3.1. Characterization of FGF10 coacervate 

As shown in the preparation process of FGF10 coacervate (PEAD- 
heparin-FGF10). (Fig. 1A), both heparin-FGF10 and PEAD had excellent 
solubility in aqueous solution. After mixed with PEAD, the transparent 
heparin-FGF10 solution became turbid. 24 h later, FGF10 coacervates 
aggregate and settle at the bottom of the tube as an oil droplet (shown as 
white arrow). Because the sulfates of heparin carry negative charges, 
PEDA and heparin form a coacervate via charge interaction. Moreover, 
FGF10 contains a binding site that has high affinity to heparin. Thus, 
PEAD, heparin and FGF10 self-assemble as a ternary complex. FGF10 
was fluorescently labeled in green, and the average size of coacervate 
droplet is 421.6 ± 97.3 nm (Fig. 1B–D). In order to measure the release 
profile of FGF10 in vitro, ELISE was performed at Day 0, 1, 4, 7, 10, 14 
and 21. After centrifugation, around 10% FGF10 was detected in the 
supernatant at day 0. Thus, the loading efficiency of FGF10 for coacer
vate was around 90%. During the first day, 20.1 ± 3.5% of FGF10 was 
released. The total amount of FGF10 released by coacervate over the 21- 
day duration was estimated to be 80.2 ± 4.7% (Fig. 1E). Taken together, 
it is revealed that FGF10 was stably released by coacervate at a rate of 
3.34% per day after the initial burst. In order to mimic the interactions 
between FGFR-heparin-FGF, a synthetic polycation was used to substi
tute the heparin-binding sequence of the FGF receptor and a ternary 
complex containing the polycation, heparin and FGF was formed 
(Fig. 1F). To evaluate the duration of coacervate in vivo post-injection, 
the multi-photon excitation imaging was performed to detect the 
degradation of intramyocardially injected rhodamine-tagged coacervate 
(Coa-Rho). Indicated by our quantification of the fluorescence volume, 
Coa-Rho showed high fluorescent volume within the infarct area 7 days 
after injection. In contrast, few fluorescent signaling was detected after 
injected with free (Free-Rho) or heparin rhodamine (Hep-Rho) 
(Fig. 1H). 21 days after injection, the red fluorescent signaling was 
detected in Coa-Rho group but not in free or heparin groups (Fig. 1G). 
The results above suggest a progressive degradation of coacervate in vivo 
for at least 21 days after intracardiac injection. 

3.2. FGF10 coacervate induces human umbilical vein endothelial cell 
chemotaxis and proliferation 

An in vitro experiment was performed to investigate the proliferation 
effect of FGF10 coacervate on HUVEC. 50 ng/ml of FGF10, hep
arin+FGF10 or FGF10 coacervate was selected as the treatment con
centration according to our previous studies [15]. It is revealed that 50 
ng/ml of free FGF10 or heparin+FGF10 treatment did not lead to in
crease of HUVEC proliferation when compared with vehicle group (p >
0.05) (Fig. 2A). However, FGF10 coacervate significantly increased 
HUVEC proliferation when compared with free FGF10 (p < 0.05), 
heparin+FGF10 (p < 0.05) and vehicle treatment (p < 0.01) (Fig. 2A). A 
transwell experiment was conducted to evaluate chemotaxis induced by 
FGF10 coacervate on HUVECs. Enhanced chemotaxis of HUVECs was 
revealed after the treatment of FGF10 coacervate, an equal dose of free 
FGF10 or heparin+FGF10 when compared with basal media treatment 
(free FGF10 or heparin+FGF10: p < 0.05; FGF10 coacervate: p < 0.01) 
(Fig. 2B–C). Notably, chemotactic effects induced by FGF10 coacervate 
was greater than induced by an equal dose of free FGF10 or hep
arin+FGF10 (p < 0.001) (Fig. 2B–C). No statistical difference of the 
effects on cell migration was revealed between the basal media treated 
group and the vehicle group (p > 0.05). To summarize, it is indicated 
that FGF10 released from the coacervate has highly bioactivity in 
stimulating the migration and proliferation of HUVECs in vitro. 

3.3. The protective effect of FGF10 coacervate on cardiac structure 

To further elucidate how FGF10 coacervate affects the structure of 
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the heart, the infarct regions were stained 6 weeks after myocardial 
infarction injury (Fig. 3A). As shown in saline-treated group, the 
infarcted area has thin ventricle wall and dilated ventricle when 
compared with a normal heart. The normal myocardial tissue was 
replaced by granulation and scar. In free FGF10 or heparin+FGF10 
treatment animals, the area of infarcted cardiac tissue was reduced. 
However, the condition of fibers and tissue architecture damage was not 
obviously different in comparison to the saline-treated group. In 
contrast, FGF10 coacervate was shown to have effects on improving 
infarcted damage and preserving a normal size of ventricle (Fig. 3B). As 
a result (Fig. 3C), increased thickness of LV wall in the infarcted zone 
was observed after animals were treated with the FGF10 coacervate 
(210.8 ± 61.6 μm) but not after treated with free FGF10 (148.6 ± 68.2 
μm, p < 0.05), heparin+FGF10 (157.6 ± 32.4 μm, p < 0.05) and saline 
(112.6 ± 36.2 μm, p < 0.01). Collectively, a role of FGF10 coacervate in 
reducing the infarct size and preventing ventricular dilation was 
indicated. 

3.4. FGF10 coacervate decrease fibrosis and systemic inflammation 
induced by myocardial infarction 

To examine the condition of collagen deposition in the infarcted 
myocardium, the tissue was treated using Masson’s trichrome stain 6 
weeks after MI injury. Consistent with previous studies, significant 
fibrotic deposition was observed in the infarcted area after MI injury 
(Fig. 3A) which was present in the border area of ventricular wall in 
saline-treated animals (Fig. 3A). In the free FGF10 or heparin+FGF10 
group, the condition of fibrosis formation was similar to the saline 
group. In contrast, the scar formation and collagen deposition were 
reduced in the tissue from the FGF10 coacervate group. The role of 
FGF10 coacervate in reducing collagen and fibrosis suggested it bene
ficial effects on enhancing cardiac contractility after MI injury in a long 
term. 

In addition to cardiac fibrosis, local and systemic inflammation is 
another feature of MI. In this study, phagocytic cells within the infarcted 

Fig. 1. The controlled release of FGF10 
through coacervate delivery system. (A) The 
preparation of FGF10-coacervate. The pre
cipitation particles are labeled with white 
arrow. (B–C) The quantified diameter and 
the polydispersity index (PDI) of coacervate. 
(D) Representative image of immunofluo
rescent stained FGF10. Bar = 5 μm. (E) 
ELISA result showing the in vitro release 
profile of FGF10 coacervate for 21 days. 
Data are shown as cumulative percentage 
release. (F) The schematic showing the 
design of the coacervate. A synthetic poly
cation replaces the heparin-binding domain 
of FGFR and forms a complex together with 
heparin and FGF. The heparin-binding do
mains of FGF is highlighted in yellow. (G) 
Representative MPE images of the ischemic 
hearts 21 days after injected with saline, 
Free-Rho, Hep-Rho or Coa-Rho. (H) The 
quantification of fluorescence volume in 
ischemic hearts of saline, Free-Rho, Hep- 
Rho, or Coa-Rho group at Day 7 or 21 after 
injection. *** represents p < 0.001 vs Free- 
Rho or Hep-Rho group. Error bars repre
sent mean ± S.E.M. (For interpretation of 
the references to colour in this figure legend, 
the reader is referred to the Web version of 
this article.)   
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Fig. 2. The effects of FGF10 coacervate on 
the proliferation and migration of human 
umbilical vein endothelial cells. (A) Immu
nofluorescent images of a transwell chemo
taxis assay showing the response of human 
umbilical vein endothelial cells to basal 
media, vehicle, free FGF10, heparin+FGF10 
and FGF10 coacervate treatment. (B) Quan
tification of HUVEC proliferation data in 
response to different treatment. (C) Quanti
fication of HUVEC migration data in 
response to different treatment (n = 4 per 
group). * represents p < 0.05, ** represents 
p < 0.01. Data are represented as mean ± S. 
E.M.   

Fig. 3. FGF10 coacervate mitigates inflammation, fibrosis and MI-associated injury. (A) Fibrosis in the infarct and border area was examined using Masson’s tri
chrome staining 6 weeks after MI. Scale bars = 50 μm. Images of the first and second row showing collagen deposition in the border and infarct zones of different 
groups. (B–C) Quantitative results of infarct size and ventricular wall thickness in different treatment groups. (D) CD68 staining showing the distribution of mac
rophages in the infarct and border zone 2 weeks after MI injury. Scale bars = 50 μm. (E) Quantitative results of CD68+ cells in saline, free FGF10, heparin+FGF10 and 
FGF10 coacervate groups. * represents P < 0.05, ** represents P < 0.01, relative to saline group, free FGF10 or heparin+FGF10 group. All quantitative bars are 
represented as mean ± S.E.M. 
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area were stained using CD68 Immunofluorescence 2 weeks after MI. 
Few CD68+ cells were revealed in normal myocardium while a large 
number of CD68+ cells were detected in the infarcted myocardium 
(Fig. 3D). After treated with FGF10 coacervate, numbers of CD68+ cells 
were reduced while macrophage density was not affected (Fig. 3D). As 
indicated by quantification results, the CD68+ cell density was not 
significantly different between the saline, free FGF10 and hep
arin+FGF10 groups (p > 0.05) (Fig. 3E). However, cells expressing 
CD68+ decreased in FGF10 coacervate treatment group (p < 0.001 when 
compared with saline, p < 0.05 when compared with free FGF10 or 
heparin+FGF10 group) (Fig. 3D–E). Taken together, our results suggest 
that the macrophage infiltration induced by MI injury in the infarcted 
area was improved by FGF10 coacervate treatment. 

3.5. FGF10 coacervate promotes angiogenesis in mice with myocardial 
infarction 

In the ischemic environment induced by MI, vascularization plays a 
key role in restoring blood flow, improving myocardial regeneration and 
recovering heart function. The endothelial cell CD31 marker and 
vascular smooth muscle cells α-SMA marker were immunofluorescent 
stained 6 weeks after MI to investigate the vasculature formation in 
infarct area. In the infarcted zone (Fig. 4A), cells expressing CD31 were 
barely detected in the saline-treated tissue, and the cell numbers of sa
line group, free FGF10 group and heparin+FGF10 were not statistically 
different (p > 0.05). Interestingly, cells expressing CD31 increased after 
the FGF10 coacervate treatment (saline: p < 0.01; free FGF10 or hep
arin+FGF10: p < 0.05) (Fig. 4B, D), which suggested a role of the FGF10 
coacervate in improving neovessel formation after MI. On another hand, 
endothelial and mural cells were stained using α-SMA and CD31 to 
evaluate the vessel formation (including arterioles formation). As a 
result, few cells expressing α-SMA were detected in the saline-treated 
tissues 6 weeks after MI injury (Fig. 4A). The number of α-SMA+ cells 
in saline control revealed no significant difference with the free FGF10 
or heparin+FGF10 (p > 0.05). However, the FGF10 coacervate treat
ment group significantly increased the α-SMA+ cells number (saline 
control: p < 0.01; free FGF10: p < 0.05) (Fig. 4C, E). To sum up, FGF10 
coacervate was reveal to promote angiogenesis in infarcted area when 
compared with saline and equal dose of free FGF10 or heparin+FGF10. 

3.6. FGF10 coacervate improves cardiac function after MI injury 

As shown in the echocardiography results, saline treatment mice 
showed enlargement of the left ventricle at diastole with a high level of 

EDA (Fig. 5A, F). However, this effect was significantly decreased in 
mice administrated with FGF10 coacervate treatment 6 week after MI 
injury (p < 0.05 when compared with saline control group 2 weeks after 
MI, p < 0.01 when compared with saline control, free FGF10 or hep
arin+FGF10 group 6 weeks after MI). A similar trend was observed in 
the end systolic area (ESA) (p < 0.01 when compared with saline, free 
FGF10 or heparin+FGF10 group 6 weeks after MI) (Fig. 5B). On another 
hand, it is indicated by fractional area change (FAC), fractional short
ening (FS) and ejection fraction (EF) that the cardiac contractile 
significantly declined in saline treatment group. No significant 
improvement in FAC, FS and EF was revealed in Free FGF10 or hep
arin+FGF10 treatment group 6 weeks after MI injury. However, in the 
FGF10 coacervate treatment group, a remarkable increase in these three 
parameters was observed when compared with saline control, free 
FGF10 or heparin+FGF10 group both 2 and 6 weeks after MI (FAC: p <
0.01 when compared to saline control, free FGF10 or heparin+FGF10 6 
weeks after MI; EF: p < 0.05 when compared with saline, free FGF10 or 
heparin+FGF10 2 and 6 weeks after MI; FS: p < 0.05 when compared 
with saline, free FGF10 or heparin+FGF10 2 weeks after MI, p < 0.01 
when compared with saline, free FGF10 or heparin+FGF10 6 weeks 
after MI) (Fig. 5C–E). Taken together, it is suggested by the above results 
that FGF10 coacervate could maintain both the native function and 
dimension of the heart 6 weeks after MI injury when compared with 
saline or free FGF10 treatment. 

3.7. FGF10 coacervate amends elasticity which induced by MI injury 

To evaluate the mechanical effects of the myocardium, radial and 
circumferential strain were measured using echocardiography. The 
strain was measured at the infarcted area of mouse at week 6 after 
myocardial injury then normalized to the strain values with the ventricle 
wall of non-infarcted areas (Fig. 6A). Six weeks after MI injury, both 
circumferential and radial strain values at the infarct region of saline, 
free FGF10, heparin+FGF10 and FGF10 coacervate groups were lower 
than the uninjured group (Fig. 6B–D), which was due to the scar for
mation in the infarcted area. It is revealed that saline treatment group 
exhibited lowest circumferential and radial strain values in all three 
groups. Free FGF10 or heparin+FGF10 treatment was shown to increase 
circumferential and radial strain values a bit but without statistically 
significance when compared to saline group (p > 0.05). In contrast, 
FGF10 coacervate treatment was shown to significantly increase strain 
values when compared with saline, Free FGF10 and heparin+FGF10 
groups (p < 0.01 when compared with saline; p < 0.05 when compared 
with Free FGF10 or heparin+FGF10) (Fig. 6B and C). To sum up it is 

Fig. 4. FGF10 coacervate promote vascular 
stabilization in the infarcted area. (A) CD31 
and α-SMA staining in the infarcted area. 
Quantification of CD31+ (B) and α-SMA+
(C) cells showing increased density of 
vascular endothelial cells in response to 
FGF10 coacervate treatment. The quantita
tive results of CD31 positive blood vessels 
(D) and blood vessels surrounded by α-SMA- 
expressing cells (E). *p < 0.05, **P < 0.01, 
***P < 0.001, related to saline, free FGF10 
or heparin+FGF10 group. All quantitative 
bars are represented as mean ± S.E.M.   
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suggested that FGF10 coacervate was involved in restoring or preserving 
left ventricle myocardial elasticity after myocardial injury. 

3.8. The gene expression suggests the protective role of the FGF10 
coacervate in MI injury 

FGF10 has cardioprotective role in MI injury via various physiolog
ical processes including reducing inflammatory and stimulating angio
genesis. Furthermore, FGF10 has been reported to involve in promoting 
cardiomyocyte proliferation. To confirm the cardioprotective effects of 
FGF10 released from coacervate on treating myocardial infarction, the 
mRNA expression of tumor necrosis factor alpha (TNF-α) and proan
giogenic growth factors (Ang-1 and VEGFA) in the infarct area were 
tested using RT-PCR. It is revealed in Fig. 7A that FGF10 coacervate 
significantly decreased the mRNA level of TNF-α but increased the gene 
level of Ang-1 and VEGFA when relative to saline, free FGF10 or hep
arin+FGF10 group (Fig. 7 B, C). It might be due to effects of FGF10 
coacervate on increasing cell survival and reversing the unfavorable 

microenvironment in the infarct area. The data above shows that FGF10 
coacervate promoted angiogenesis, reduced inflammatory and further 
helped the cardiac function restoration, which is consistent with the 
histology and immunofluorescence staining results. Connexin 43 (Cx43) 
is known as a connexin that contributes to the myocardial cell-to-cell 
connection [25]. In order to evaluate the electroactivity effects after 
myocardial injury, the gene expression of connexin 43 (Cx43) was 
tested. As revealed in Fig. 7D, the gene expression of connexin 43 (Cx43) 
was significantly increased after FGF10 coacervate treatment. To eval
uate the heart functions after treatment of saline, free FGF10, hep
arin+FGF10 and FGF10 coacervate, cTnT and α-SMA were tested 
(Fig. 7E and F). The gene expression of cTnT and α-SMA was detected in 
the infarct area after myocardial injury, however, the mRNAs level of 
cTnT and α-SMA was upregulated after FGF10 coacervate treatment. 
The upregulation cTnT mRNA level helps to support the car
dioprotective effects of FGF10 coacervate after MI injury. 

Fig. 5. Echocardiographic results showing the improved cardiac function after FGF10 coacervate treatment. (A) The EDA and (B) ESA results of mice 5 days, 2 weeks 
and 6 week after the treatment of saline, free FGF10 and FGF10 coacervate. (C) FGF10 coacervate treatment significantly increased FAC when compared with saline 
or free FGF10 groups 6 weeks after MI injury. The EF (D) and FS (E) results of mice 5 days, 2 weeks and 6 weeks after the treatment of saline, free FGF10, hep
arin+FGF10 and FGF10 coacervate. (F) Representative echocardiography images in M-mode and B-mode of different groups 6 weeks after MI injury. *P < 0.05, **P 
< 0.01 compared with saline, free FGF10 or heparin+FGF10. All quantitative bars are represented as mean ± S.E.M. 
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Fig. 6. The analysis of myocardial strain in response to different treatment (A) Representative images of B-mode echocardiography, the infarct area is labeled as blue 
circle. Quantification results of radial (B) and circumferential (C) strain in response to saline, free FGF10, heparin+FGF10 and FGF10 coacervate treatment. (D) 
Representative graphs showing radial and circumferential strain of infarcted area after the treatment of saline, free FGF10 and FGF10 coacervate (n = 4; * represents 
p < 0.05, ** represents p < 0.01 relative to saline, free FGF10 or heparin+FGF10 groups). All quantitative bars are represented as mean ± S.E.M. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 7. RT-PCR results showing different gene expression. (A–F) The mRNAs level of TNF-α, Ang-1, VEGFA, Cx43, cTnT, and α-SMA 1, 7 and 28 day after different 
treatment (n = 6 per group; * represents p < 0.05, ** represents p < 0.01 and *** represents p < 0.001 relative to saline, free FGF10 or heparin+FGF10 groups). All 
quantitative bars are represented as mean ± S.E.M. 
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3.9. FGF10 coacervate could increase cardiomyocyte survival via 
activation of the PI3K/Akt and ERK1/2 pathways 

As we know, the viability of the cardiac muscle plays an important 
role in the heart functions. Cardiomyocytes are cells making up of the 
cardiac muscle and involved in the heart contractile function. Myocar
dial infarction injury leads to massive death of cardiomyocytes, so 
promoting the survival and preventing the apoptosis of cardiomyocytes 
is important in the treatment of MI. Indicated by cTnT immunofluo
rescence staining results (Fig. 8A), a major loss of viable myocardium 
was observed in the saline, free FGF10 and heparin+FGF10 groups. 
After treated with FGF10 coacervate, the live cardiomyocytes were 
apparently preserved to a large extent at Day 28. In addition, a 
dramatically decreased viability of the cardiac muscle was shown in 
saline-treated animal (Fig. 8B). Both free FGF10 and heparin FGF10 
treatment were able to increase the density of survived cardiomyocytes. 
However, the effect of FGF10 coacervate on maintaining the survival of 
the cardiac muscle was significantly better than saline, free FGF10 and 
heparin FGF10 groups (Fig. 8B). Various molecular pathways have been 
shown to play important roles in promoting survival after MI, e.g., 
(phosphorylated) ERK1/2 and Akt pathways. Here in our research, 
western blotting was used to investigate the protein expression of the 
FGF10 receptor, FGF10 downstream p-ERK1/2 and p-Akt 28 days after 
injury. Increased p-ERK1/2 and p-AKT/AKT level were observed in free 

FGF10 (P < 0.05), heparin FGF10 (P < 0.05) and FGF10 coacervate- 
treated (P < 0.001) groups, with a highest expression level revealed in 
the FGF10 coacervate-treated group (Fig. 8C, E). Collectively, FGF10 
coacervate was revealed to improve the long-term survival of car
diomyocytes after MI injury via activating the PI3K/Akt and ERK1/2 
pathways. 

4. Discussion 

The beneficial roles of proangiogenic factors in cardiac function have 
been regarded as a novel approach to improve myocardial blood flow 
[26,27] and the improved angiogenesis and revascularize ischemic 
myocardium have been revealed in pre-clinical MI models after treated 
with proangiogenic factors [28,29]. However, the effects of proangio
genic factors in treating MI in clinical trials are disappointing. For 
example, in Phase I and II clinical trials, FGF1, PDGF, GM-CSF, VEGF, 
neuregulin-1, hepatocyte growth factor, and FGF2 therapies showed 
limited effects on promoting revascularization and improving heart 
function, despite being reasonably safe and tolerable at the different 
doses used [30,31]. One of the major reasons is that the half-life of free 
protein is short. Another reason is that the bioavailability of systemically 
delivered growth factors varies, which depends on the availability of 
vasculature in target tissue. To improve therapeutic efficacy, frequent 
administration and high doses of growth factors were utilized. However, 

Fig. 8. Effects of FGF10 coacervate on car
diomyocyte survival via activating PI3K/Akt and 
ERK1/2 pathways. (A) Representative cardiac 
troponin T (cTnT) immunofluorescence staining im
ages of the different treatment groups 28 days after 
MI injury. (B) The quantitative analysis of the cTnT 
protein expression level at Day 28 after MI injury. (C) 
Representative western blot images showing the 
expression level of p-FGFR, p-ERK1/2, ERK, p-AKT 
and AKT in different groups 28 days after injury. (D) 
A bar diagram of phospho-FGFR levels of western 
blot bind analyses. Actin was used as a protein 
loading control and for band density normalization. 
(E) A bar diagram of phospho-Akt/Akt and 
phosphorylated-ERK/ERK level of western blot bind 
analyses. * represents p < 0.05, ** represents p <
0.01 and *** represents p < 0.001 relative to saline, 
## represents p < 0.01 relative to saline free FGF10 
or heparin+FGF10 groups. All quantitative bars are 
represented as mean ± S.E.M.   
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systemic toxicity might be caused by a high dose of the protein. For 
example, it is shown in a previous study that intracoronary infusing a 
high dose (50 ng/kg/min) of VEGF in MI patients caused nitric 
oxide-mediated hypotension [11]. Hence, to solve these problems, a 
suitable controlled release system that can improve the bioavailability of 
exogenous growth factors during delivery is urgently needed. 

Here, a coacervate comprised of heparin and a polycation PEAD was 
used as a delivery system. Heparin is a negatively charged and has high 
affinity to more than 400 bioactive proteins and peptides including 
extracellular matrix (ECM) proteins, growth factors and cytokines. 
These inter-molecular interactions in a large extent depend on the basic 
amino acid residues (lysine, histidine and arginine) on the proteins’ 
heparin-binding domain, and these residues are also important to acti
vating the downstream pathway [32]. In our coacervate, the heparin is 
immobilized non-covalently via electrostatic interactions, which makes 
its natural bioactivity well preserved [33]. In addition, Heparin facili
tates the binding of FGF10 and its receptor. The protein is isolated from 
aqueous environment by coacervate phase separation and subsequently 
protected from rapid degradation [34]. Limited cytotoxicity is exhibited 
by this biodegradable polyester, regardless of its cationic charge [24]. 
This coacervate system has been widely used to deliver protein in 
treating cardiac damage animal models. For example, Shh exhibited a 
heart protective role in rodent MI model when delivered using our 
coacervate. Additionally, FGF-2 delivered using coacervate was shown 
to benefit angiogenesis after MI [35]. 

In this study, the roles of FGF10 coacervate in MI injury model was 
investigated. FGF10 was chosen because its increased activity when 
bound with heparin [23]. FGF10 was evenly homogeneous incorporated 
into coacervate droplets with a loading efficiency higher than 90% 
exhibited. At the first day, a low initial dose of FGF10 (20.1 ± 3.5%) was 
released. During the next 21 days, FGF10 was stably released with 
amount of about 15 ng every day. The in vitro experiment was conducted 
to reveal that the proliferation of HUVECs was significantly improved 
after treated with FGF10 coacervate, but not with free FGF10 or saline. 
Transwell assays were performed to evaluate the chemotactic effects of 
HUVEC, which suggested that FGF10 coacervate induced greater 
chemotactic effects on HUVEC when compared with free FGF10 treat
ment. Collectively, the bioactivity of FGF10 is highly preserved when 
delivered with the coacervate and the coacervate delivered FGF10 is 
shown to have beneficial roles in proliferation and migration of HUVECs 
in vitro. 

For the animal study in vivo, a mouse myocardial infarction (MI) 
model was used to investigate the involvement of FGF10 coacervate 
system in angiogenesis in the infarcted area. After treated with FGF10 
coacervate, cells expressing CD31 and α-SMA increased. It suggests the 
formation of vasculature, which is consistent with the results of in vitro 
experiment. Reduced myocardial fibrosis was also revealed in infarcted 
areas which improved contractile function damage induced by MI [36]. 
In addition, the pharmacological function of FGF10 in mediating car
dioprotective signaling pathways in cardiomyocytes was suggested [37]. 
Previous researches have demonstrated that maintaining viable cardiac 
muscle exhibited a key role in improving cardiac function after MI 
[38–40]. Moreover, the macrophage was less infiltrated in the infarcted 
region after the FGF10 coacervate treatment, which could be related to 
indirect inhibition of pro-inflammatory cytokines. The reduced inflam
mation could also be a direct result of improved angiogenesis and 
better-preserved cardiac muscle. Our previous studies in which FGF10 
was used to treat spinal cord injury showed similar results that CD68+

and inflammatory M1 macrophages induced by spinal cord injury were 
reduced. The functional benefits resulted from improvements in cardiac 
contractility were observed 6 weeks after MI. Putative mechanisms 
involved in FGF10 coacervate mediated ischemic heart repair have been 
summarized with a schematic depiction in Supplemental Fig. 1. 

Taken together, FGF10 coacervate activated the p-FGFR, p-ERK1/2 
and p-AKT to a more proper level than free FGF10 and heparin+FGF10, 
and higher therapeutic potential was exhibited in FGF10 coacervate 

treatment in contrast to free FGF10, heparin+FGF10 and saline treat
ment. Future pre-clinical experiments will be needed to future validate 
the effects of this therapeutic approach before applying this delivery 
system in treating patients with ischemic heart diseases. Additional in
vestigations on optimizing therapeutic dose of FGF10 and maximizing 
the efficacy are also required. Besides, since heparin has a high affinity 
to a wide range of proteins, studies investigating effects of multiple 
proteins-bound coacervate in MI model are also worth to perform in the 
future. 

5. Conclusion 

In conclusion, it is demonstrated in our study that administrating 
FGF10 delivered using the coacervate delivery system improves the 
stabilization and formation of new blood vessels and cardiac function in 
adult MI mice model. Which further improve cardiac function in adult 
mice following MI injury. The improvement of cardiac function is 
observed 2 weeks after MI and reaches a higher level at week 6. Overall, 
FGF10 delivered using coacervate can activate the downstream of 
FGF10 signals to a more proper level than free FGF10 and hep
arin+FGF10, and improved myocardial function in MI mice model via 
promoting new vessels formation, inhibiting inflammation and 
decreasing collagen deposition. In the future, studies using large animal 
models will be conducted to validate the effects of the coacervate in 
treating ischemic heart diseases. 
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