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Synergistic Fabrication of Dose–Response
Chitosan/Dextran/b-Glycerophosphate
Injectable Hydrogel as Cell Delivery Carrier
for Cardiac Healing After Acute
Myocardial Infarction

Chongjun Hua1, Jing Liu2, Xiuhong Hua3, and Xinyu Wang4

Abstract
The human mesenchymal stem cells (hMSCs) therapy offering an encouraging the new methods to establish the conveying on
the chitosan (C)/dextran (D)/b-glycerophosphate (b-GP) loaded with hMSCs to enhance the acute myocardial infarctions. The
synthesized hMSCs-CD@b-GP system displayed the ratio of determination modules, size of the pore, absorbency, and the
swellings ratio in the assortment of the 65 ka, 149 + 39.8 mm, 92.2%, 42 + 1.38, and 29 + 1.9, respectively. The fabricated
hMSCs-CD@b-GP was highly stable and physicochemical investigated and confirmed the suitability of the materials for cardiac
regeneration applications. The in vitro examinations of the injectable hydrogels with hMSCs-CD@b-GP have recognized that the
improved survival rate of the cells, increased the pro-inflammatory expressions factors, pro-angiogenic factors analysis confirmed
the promising results of the ejection of fractions, fibrosis area, vessel density with decreased infractions size, with suggesting that
the remarkable improvement of the heart regenerative function after myocardial infarctions. The new synergistic approach of the
injectable hydrogels with hMSCs could able appropriate for the effective treatment of cardiac therapies after acute myocardial
infarctions.
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Introduction

Acute myocardial infarction (AMI) is one of the serious con-

cerns of cardiovascular diseases which occurs by the lack of

prolonged supply of oxygen and nutrients that limits the heart’s

capacity of anaerobic metabolism in the heart muscles. Heart

failure, impulsive death, privation of left ventricular function,

and ischemic heart diseases are the highly complicated expo-

sure arrived by AMI.1-4Additionally, disruption of homeostatic

balance causes series of successive events like ventricular stiff-

ness, inflammatory effects, necrosis, apoptosis, remodeling

that leads to forming scar and altered contractility in heart

muscles. Surgical and medical approaches like percutaneous

coronary intervention and pharmacotherapies can significantly

enroll their contribution toward appalling effects of AMI.5-7

However, they exhibit impotent toward regenerating myocar-

dium and constructing new contractile tissues. Regarding to

overcome this problem, experimentally and practically signif-

icant risk heart transplantation is only obligatory treatment for

AMI. Hence, in point of avoiding this complicate treatment,

1 Department of Cardiology, Jinhua Central Hospital, Jinhua, China
2 Department of Cardiology, Yantai Affiliated Hospital of Binzhou Medical

University, Yantai, China
3 Department of Pharmacy, Jinhua Fifth Hospital, Jinhua, China
4 Department of Ultrasonography, Xiamen Cardiovascular Hospital Xiamen

University, Xiamen, China

Received 22 April 2020; received revised 26 May 2020; accepted 1 June 2020

Corresponding Author:

Xinyu Wang, Department of Ultrasonography, Xiamen Cardiovascular

Hospital Xiamen University, No. 2999, Jinshan Road, Huli District, Xiamen-

361006, China.

Email: wxinyu38@yahoo.com

Dose-Response:
An International Journal
July-September 2020:1-10
ª The Author(s) 2020
Article reuse guidelines:
sagepub.com/journals-permissions
DOI: 10.1177/1559325820941323
journals.sagepub.com/home/dos

Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0 License
(https://creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial use, reproduction and distribution of the work without further permission
provided the original work is attributed as specified on the SAGE and Open Access pages (https://us.sagepub.com/en-us/nam/open-access-at-sage).

https://orcid.org/0000-0003-1881-5200
https://orcid.org/0000-0003-1881-5200
mailto:wxinyu38@yahoo.com
https://sagepub.com/journals-permissions
https://doi.org/10.1177/1559325820941323
http://journals.sagepub.com/home/dos
https://creativecommons.org/licenses/by-nc/4.0/
https://us.sagepub.com/en-us/nam/open-access-at-sage


novel recognition of researchers has led to the ideology of cell

transplantation, an emerging therapeutic strategy against

AMI.8-10

In the field of tissue engineering applications, hydrogels

play an important role. The hydrogels show a local tissue

environment to forms significant efforts to forming biologi-

cal and biochemical new functions.11-13 The hydrogels

involved the formation of polymeric, ceramic, nanotubes,

graphene, and metallic nanostructures. Accordingly, the

hydrogels are used for the cell encapsulation, transplanta-

tion, and various fields for the tissue application process, for

intense the cells reorganized ligand exchange for the cellu-

lar matrix to interacts the cellular membrane proteins in the

forms of various cell types.14-17 The collagen fibrils in the

tissue engineering hydrogels of alginate and collagen can

deliver the adhesion spot of the cell adhesion. Also the

alginate hydrogels lack the ranked the fibril structure of

local tissues. The native collagen binding the target binding

of the Arg-Gly-Asp binding peptide site in the cell adhesion

process. Lastly, collagen holds the typical nanotopography

piece, indifference to the same.18-20

Cells from various sources of human like cardiac stem

cells, bone marrow stem cells, mesenchymal stem cells,

hemotoprostic stem cells, embryonic stem cells and so on

have exploited for the purpose of regenerative myocardium

tissues. Even though cell therapies made by different forms

of cells have been favorable to improve the function of car-

diac, they are not the real accepted occupier of heart tissues.

Additionally, studies on stem cells apart from cardiac stem

cells reported certain disadvantages like inconsistent effi-

cacy, no effect in reducing scar size and shrinkage of scar

tissue.21-23 Though the cell therapy composed by various

forms of cells has been favorable to enhance the functions

of cardiac, they are an acceptable specific resident of the

cardiac tissue.24 Besides, there are several reports are

depicted the stem cells derived from the cardiac tissues with

reducing less scar sizes and scar shrinkages of the tissues.

The cardiac cells have persuasive propertied such as the pro-

duction of endothelial, smooth muscles cells, and angiogen-

esis cells. Even though, the stem cells are features of

distinguishable toward the immuno-modulation and

immuno-suppression properties.25-28

Synergic methods, as well, a promising strategy and bio-

compatible, biodegradable materials are required for efficient

cardiac stem cells transplantation to associate the treatment for

AMI. Hence, a pouch-like hydrogel materials like collagen,

gelatin, and fibroin can serve as a potential and medically

advantageous candidate in drug delivery systems, cell therapy,

creation and regeneration of muscle tissues, and controlled

release of systems.29-32 Nowadays, hydrogel materials are

widely used in biomedical and pharmaceutical field for its

distinct properties like biocompatible, biodegradable, swelling

ability, and non-toxicity. Combination of biopolymers like

chitosan (C), with hydrogel has been demonstrated as an effi-

cient candidate for stem cell transplantation. Also C is a trade-

mark example for its excellent biocompatible, biodegradable,

antimicrobial, immunostimulatory activities.33,34 Materials

fabricated with C have been widely reported and investigated

in medical field such as drug release, tissue engineering, cata-

lysts and enzyme carrier, medical implantation, wound healing,

and also in other fields such as recovery of metal ions, energy

storage, protective clothing materials, biosensors, and energy

storage. In recently, Chen et al,35developed the engineered by

mimic micro RNA (miRNA)-21 was deliver as promising

nanoparticle approaches of the nucleic acids mediated via cal-

cium ions bridge.36,37

Taking to the advantages, we have described on the

delivery of human mesenchymal stem cells (hMSCs) utiliz-

ing C /dextran (D)/b-glycerophosphate (b-GP) hydrogel

composition for myocardial infractions. We found that the

injectable hydrogel with additions of various formulations

at room temperature (RT) displayed excellent promising

mechanical strength and gelation time for the cell prolifera-

tion. These properties may generate this injectable hydrogel

as potential cell delivery of the cell engraftment for the

myocardial infractions treatment (Figure 1). This injectable

hMSCs-CD@b-GP system could facilitate the angiogenic

gene to the cardiac tissues to protect the beating heart

damages.

Methods and Materials

Characterization Techniques

The gelation time of the injectable hydrogels was examined

by the vial invention analysis.38-40 The starting solutions of C,

D, and b-GP were immersed at RT. The gelation time was

examined via inverting the immersed solutions and monitor-

ing the flow ratio. All the gel times were repeated 3 times for

every groups. The hydrogel morphology was examined via

scanning electron microscopy (Hitachi S4800), and the por-

ous size of the hydrogel was analyzed by the IP6 software’s.

The hydrogels were lyophilized and freeze-dried and sputter-

coatings with gold at 20 mA for 60 seconds priors to SEM

examinations.

Fabrication of C@b-GP and CD@b-GP Injectable
Hydrogel

The hydrogel preparation was fabricated by the previously

reported methods.41-43In this examination, the 3 components

of the CD@b-GP hydrogels as below. The C solution was

synthesized by the dissolving of C (150 mg) in 7 mL acetic

acid solution under RT. The solution was separated and undis-

solved particles removed at the least concentrations of C can be

calculated to be 1.80%. Further, the b-GP was synthesized as

an aqueous solution (50%) preserved at 5 �C for the above

method. Various concentrations of D (0.5%, 1.0%, 1.5%, 2%)

were immersed then added to the synthesized C solution. Then,

the b-GP solution was added dropwise in the same solution and

the solution stirring at 10 minutes to become saturated solu-

tions. Lastly, the formulation of CD@b-GP injectable hydrogel
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was synthesized by the gel reaction solution at room tempera-

ture. The CD@b-GP injectable hydrogel and without D was

used a positive control of the work.

Enzymatic Degradation Properties of
Injectable Hydrogels

The swelling of hydrogels vital role of the moieties design.

The porous of the crosslinker pores the exact delivery vehi-

cle and gases and nutrients for specific cell survival.44-46

We examined the selling of the hydrogenation moieties. The

increasing porous size could accredit to the enlarged perme-

ability of frameworks after the combination of CD@b-GP.

The biodegradability of the hydrogels was monitored by

enzymatic degradation examinations in vitro. All the hydro-

gels were startlingly freezing and weighted before the

investigations. The hydrogel was dissolved in phosphate

buffered saline (PBS; 20 mL and 7.4 pH) featuring either

0% or 3% lysozyme at RT with a 50 RPM string rate for

4 weeks. The PBS was changed every week. A sudden time

point, the degraded injectable hydrogels were washed and

freeze-dried and the weights were recorded. The degrada-

tion percentage was investigated by the previously reported

methods.

Isolation of Mesenchymal-Derived Stem Cells

Human mesenchymal stem cells were isolated from female

Wister rats weighing about 250 g with 20 to 23 weeks of age.

Initially, the atrial samples of rats were collected and cut into

small pieces followed by suspension in F12K medium ref.

which also contains collagenase (1-3 mg/mL). Then, the cells

were plated in Petri dishes with excess of F12 medium mixed

with 10% fetal bovine serum, recombinant human fibroblast

(100 mg/mL), L-glutathione in minimal amounts, and human

erythropoietin (10 mg/mL). After 8 to10 days of incubation this

cultured plates, cells maintained and expanded mostly c-kit

CSCs. Expanded cells were allowed for immunomagnetic

separation with microbeads to obtain c-kit CSCs.47-49

Animal Model and Experimental Groups for MI

The animals care and experimental protocol were utilizing

though the strategies by the animal care unit of the department

of ultrasonography, cardiovascular Hospital of Xiamen Univer-

sity, Xiamen, China. Induction of MI was performed to the

procedure according to the authorized literature procedure. Ten

Male Fischer rats with the age of about 5 to 7 weeks and

weighing about 250 to 300 g were acquired from Chinese Med-

ical University and housed 3 per cage, maintained at RT and

atmospheric conditions. Ad libitum food and water were

Figure 1. A, Fabrication method of CD@b-GP injectable hydrogel. B, Human mesenchymal stem cells encapsulated in hydrogels can be utilized
in cardiac repair application after myocardial infractions. C indicates chitosan; D, dextran; b-GP, b-glycerophosphate.
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provided for the rats and experiment was started after animals

become comfortable for the new environment. Separation of

animals groups into 4 groups have carried out randomly with

each group carries 4 animals. All the groups were subjected for

the induction of MI as reported in literature. Group I-untreated

(used a healthy animal). Group II was injected by the free

hMSCs-CD@b-GP (0.5 mg/mL) with saline though the

30-mm needle syringe. Group III was injected by the hMSCs-

CD@b-GP (0.5 mg/mL), group IV was injected by the hMSCs (5

� 105 cells in 100-mL saline by the injection of the HMSCs). The

preparation and identification of the samples were successfully

injecting with infracted diets through the bleb over the infarct

place. The rats were examined every 3 days of climate-

controlled and sterile rooms with easy asses to food.

Statistical Analysis

All data are presented as the mean + SD. Significant differ-

ences between groups were analyzed by Student t test (2

groups), 1-way analysis of variance (ANOVA; multiple

groups), or 2-way repeated ANOVA, and P � .05 was consid-

ered significantly different. Statistical analyses were performed

with GraphPad Prism version 9.0 (GraphPad Software).

Results and Discussion

Synthesis and Characterization Methods
of hMSCs-CD@b-GP Hydrogels

The graphical representation and possible methods of fabrica-

tion of CD@b-GP injectable hydrogel shown in Figure 1A. The

electrostatic interactions between the positive charge ammo-

nium segment groups resided on the C chains. Though, the

interaction repulsions were reduced by the addition of b-GP

due to the negatively charged fragments. So, the glycerol seg-

ment of the b-GP could interact with water moiety and enhance

the hydroglation of C groups and retain in a polymeric chain

stretched free in aqueous solutions. The internal energy

enhanced with the increasing temperature and the break the

hydrogen bond between C groups. After the water moiety

release from the C groups. Additionally, enhance of tempera-

ture electrostatic interaction between the polymers leads to the

improvement of ionic strengths and mores polymeric hydro-

phobic interactions, suggesting the formation of the injectable

hydrogels.

The hydrogel solutions were acquired after the fabrication

of C, D, and b-GP solution and flowed at RT. The solutions

turn into the electrostatic interaction and bonding between the

hydrogen of C, D, and b-GP (Figure 1A). By adding 0.5%,

1%, 1.5%, and 2% of D, it found that gelation times of the

samples of CD@b-GP were about 20-fold lesser than the

C@b-GP hydrogels due to the bonding interactions between

the hydrogen of phosphate groups on b-GP. The SEM image

shows that the hydrogels having clear porous structures with

exact formations like sheet morphologies. Also, we further

examine the morphologies of hydrogels with CD@b-GP, and

it displays the hydrogels having highly porous (Figure 2A-E).

The porosity of the hydrogels increases the C and D (0.5%,

1%, 1.5%, and 2% of D) and incorporation with CD@b-GP

models was 85%. The exact porous size of the b-GP moieties

was in the range between 150 and 200 mm (Figure 2F). This

porous size is exactly suitable for the incorporation with

Figure 2. Temperature response of the chitosan and dextran (0.5%, 1%, 1.5%, and 2% of dextran) incorporation with CD@b-GP injectable
hydrogel (A-E) SEM images of different hydrogel groups; scale bar 200 mm; (F) pore size of various hydrogel groups; (D) the pore size of various
hydrogel groups. C, chitosan; D, dextran; b-GP, b-glycerophosphate.
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fibroblast, endothelial, and stem cells. The density model of

the hydrogels was gotten in both dry and wet conditions, and it

was detected that the adding of CD@b-GP had prompted in a

decrease in the density model (Figure 1B). This might be due

to an increase in porous by 5%. The model of C and D seg-

ments in wet ailment was 72 kPa though that of CD@b-GP

was 65 kPa. These parameters are very close to the extensive

models’ values that were previously described for the tissue

regenerations.

Enzymatic Degradation Properties
of Injectable Hydrogels

The degradation of the polymeric compounds is important

to the biological process due to the direct relation to the

human lives. The weights of injectable hydrogels were gra-

dually reduced with the incubation periods. The quick

degradation at the initial stage was caused by the b-GP

because it was free from the hydrogels and forms the hydro-

gels insufficient cross-linkers. Then, the degradation ratio

was reduced and hydrogels were displayed improved anti-

hydrolysis behaviors with a high degradation ratio of 70%
for up to 4 weeks. In contrast to the C@b-GP, the different

ratio hydrogels C-(1.0 D)@b-GP displayed a less weight

loss ratio, which may be due to the improved hydrogen

bond interactions formation with D. The same trend of

hydrogel degradation also depicted in lysosomes environ-

ments. The hydrogel was quickly degraded when the sam-

ples in lysosomes solutions. This may be due to the C and

D chain was decomposed via lysosomes. These outcomes

suggested that the C-(1.0 D)@b-GP hydrogels demonstrated

a stable and high degradation ratio for 4 weeks, and this

may will deliver the promising possessions for its applica-

tion in vivo.50-52

The biocompatibility and suitability of the fabricated hydro-

gel matrixes were examined via in vitro methods. The in vitro

cell viability and cell proliferations were investigated by using

human coronary artery endothelial cells (HCAECs) cultured on

the prepared hMSCs-CD@b-GP and the values were quantita-

tively measured as exhibited in Figure 3. It is well-known that

C and D chain hydrogels have significantly favorable for the

cell proliferations. These presented results demonstrated that

CD@b-GP hydrogel reliably had significant survival rate and

proliferation percentage compared to the bare CD@b-GP

hydrogel matrices. The cell proliferations have no significant

effect on 6 hours and 12 hours for the hydrogels. Nonetheless,

Figure 3. The cell compatibility and angiogenic potential of hMSCs with prepared hydrogels in vitro. A, The MTT assay of the hMSCs in vitro
quantitative analysis cell proliferation. B, Quantitative analysis of area covered (cell migrations) by hMSCs in various periods (6, 12, and 18 hours).
C, Microscopic evaluation of cell proliferation and tube formations with prepared hydrogel medium after 24 hours of incubation. D, The tube
formation quantitative determinations after 24 hours. hMSCs indicates human mesenchymal stem cells.
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on 18 hours, the proliferation percentages have increased sig-

nificantly on the CD@b-GP hydrogel sample.

In addition, we have investigated cardiomyocytes prolifera-

tion ability of the hydrogels were preliminary investigated by

using early cardiac transcription factors with cardiomyocyte

progenitor (hCMPs) cells. The cultured samples of CD@b-

GP hydrogel have a significant enhancement in the selected

early cardiac markers (SAC, Cx43, and cTnl) after 5 days of

culture. These results suggest that CD@b-GP hydrogel have

favorable cardiac progenitors and cardiomyocytes mitotic

activity as exhibited in Figure 4. Hence, we could preliminary

confirm the prepared hydrogel can be suitable for in vivo pro-

liferation and differentiation of cardiomyocytes in cardiac

regeneration.

The hemodynamic examinations of saline and hydrogel-

treated groups were measured. No significant body weight and

heart rate differences were observed between the hydrogel

groups in the presence and absence of hMSCs 4 weeks post-

treatment. The hMSCs-CD@b-GP hydrogel group and control

sample have enhanced cardiac output, contractility index, and

left ventricle (LV) pressure when associated to the CD@b-GP

hydrogel and saline-treated groups. The preliminary in vivo

cytocompatibility of the hydrogel samples were examined to

confirm no significant immune response against model ani-

mals. The resulting studies of immuno-histochemical staining

on myocardial tissues demonstrated that there is no significant

damages of cardiomyocytes and inflammation factors (tumor

necrosis factor [TNF-a]) after hMSCs-CD@b-GP and CD@b-

GP injection as shown in Figure 5. In addition, there was no

significant differences of pro-inflammatory factors (TNF-a and

miR-146) and cardiomyocyte apoptotic gene (miR-145 and

cyclin D1) and miRNA expressions in hydrogel samples when

compared to the control (Figure 5). Therefore, we could be

concluded that the prepared hydrogel samples are greatly com-

patible for the cardiac regeneration applications.

In order to examine the action of hMSCs encapsulated

CD@b-GP injectable on the post-MI cardiac functions after

intramyocardial injection to the model animal myocardial

infarction models. The cardiac function of infracted model

before and after hMSCs-CD@b-GP hydrogels and control was

evaluated by the echocardiographic techniques as exhibited in

Figure 6. The results of echocardiography were established that

hMSCs encapsulated CD@b-GP injected MI group have sig-

nificantly reduced the LV remodeling 30 posttreatment, which

is very important to avert heart failures through MI. The ejec-

tion fraction (EF; 78.56 + 5.45) and fractional area change

(FA; 58.34 + 3.5) were substantial improvement in the

hMSCs-CD@b-GP encapsulated hydrogels when compared

to the CD@b-GP injectable hydrogel and saline group. In mean

time, CD@b-GP injectable hydrogel group also have reason-

able improvement of EF and FA change, due to its active

functional groups structure and biocompatible activity. The left

ventricle internal dimensions of hydrogel-treated group during

diastole and systole were 6.43 + 0.50 mm and 4.45 + 0.25

mm, respectively, which improved values when compared to

the CD@b-GP injectable hydrogel- and saline-treated group.

And hMSCs-CD@b-GP hydrogel-treated group also have

improved values of end-systolic and end-diastolic volumes

Figure 4. A-C, The cardio markers expression early stage in vitro treated with CD@ b-GP and hMSCs-CD@b-GP. D, The fluorescence
microscopic examination of GS@L and hMSCs-CD@b-GP. Scale bar mM. C indicates chitosan; D, dextran; hMSCs, human mesenchymal stem
cells; b-GP, b-glycerophosphate.
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such as 0.22 + 0.05 and 0.59 + 0.04 mL, respectively, con-

firming the operative cardiac functioning of hydrogel samples

(Figure 6). The wall measurement of left ventricular posterior

at systole and diastole has improved greatly after hydrogels-

treated groups in the presence and absence of hMSCs-

CD@b-GP compared to the saline treated groups. From those

observations, we can be confirming that hMSCs-CD@b-GP

encapsulated hydrogel sample have greater cardiac performances

as well as CD@b-GP injectable hydrogel without hMSCs-

CD@b-GP also provide a reasonable cardiac function, due to its

biocompatibility and presence of chemically active groups.

The infractions area and size of the treatment group was

semi-quantitatively investigated by the cross sections of middle

papillary muscles 28 days postadministrations. Subsequently,

the developed survival of cardiomyocyte in the periinfarct part

was shown in the hMSCs-CD@b-GP hydrogel- and control-

treated groups succeeding enhanced wall width associated with

the saline treatment group. So, the importantly growing angio-

genesis and reducing cardiomyocytes necrosis of hydrogels

treatment acute-infarcted area have been significantly related

with the improvement of cardiac purposes in MIs models

(Figure 7). The myocardial infractions treatment with

mesenchymal-derived stem cell therapy recently developed

with the researchers, yet still, to date there are various problems

to convey the mesenchymal stem cell at infarcted heart tissues.

The present examination established that the robust hydrogels

Figure 6. In vivo cardiac remodeling echocardiography analysis after injection of the CD@b-GP and hMSCs-CD@b-GP at 28 days post-
administration. A, Left ventricular internal dimensions of systole and diastole (LVIDs and LVIDd). B, End systolic and diastolic volume (EVS and
EVD) measurement. C, Fractional shortening. D, Determinations of ejection fraction and fractional area change and left ventricular posterior
wall at systolic and diastolic sites. C indicates chitosan; D, dextran; hMSCs, human mesenchymal stem cells; b-GP, b-glycerophosphate. *p < 0.05.
**p < 0.01. ***p < 0.001.

Figure 5. The gene expression level of the cardio stress and inflammatory markers genes examined by qPCR analysis. qPCR indicates
quantitative polymerase chain reaction. *p < 0.05. **p < 0.01.

Hua et al 7



with different mesenchymal stem cells have remarkable effects

on the cardiac regenerations and infractions.

Conclusion

The simplistic easily injectable hydrogels encapsulated with

hMSCs were established significantly to the cardiac remodel-

ing after acute AMI. The injectable hydrogels of C@b-GP and

CD (0.5-2%)@b-GP were successfully synthesized via electro-

static interactions and hydrophobic attractions. The injectable

hydrogels have displayed excellent gelation time and

biodegradations property. Our present work demonstrates that

the C@b-GP and CD(0.5-2%)@b-GP hydrogels depicted that

remarkable cell viability and proliferation of the HCAECs cells

in vitro. The hMSCs encapsulated hydrogels were effectively

injected into the myocardial infarcted region of in vivo animal

model examinations, achieving a noticeable action for the car-

diac renewal with improved activities of vessel densities, EFs

with abridged infarcted size of the AMI heart sites. The inspec-

tive outcomes suggest a new strategy of cardiac transplant

resources and a novel opportunity of cardiac remodeling ther-

apeutics method after AMIs.
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