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a b s t r a c t

Anti-infection and neovascularization at the wound site are two vital factors that accelerate diabetic

wound healing. However, for a wound healing dressing, the two functions need to work at different

sites (inner and outer), giving big challenges for dressing design. In this study, we fabricated a novel

sodium alginate/chitosan (SA/CS) Janus hydrogel dressing by the assembly of SA hydrogel loaded with

silver nanoparticles (AgNPs) and CS hydrogel impregnated with l-arginine loaded sodium alginate micro-

spheres (ArgMSs) based on electrostatic interactions to combine the two functions. The outer SA-AgNP

hydrogel could prevent infection while avoiding the deposition of AgNPs in the wound site, and the inner

CS-ArgMS hydrogel on the wound surface could realize the sustained release of l-arginine and promote

vascular regeneration. The composition, morphology and swelling/degradation of the SA-AgNP/CS-ArgMS

hydrogel were characterized systematically. l-Arginine release behavior has been tested and SA-AgNP/CS-

ArgMS hydrogel has been confirmed for excellent biocompatibility. Antibacterial and angiogenesis assays

demonstrated the antibacterial and angiogenesis characteristics of the SA-AgNP/CS-ArgMS hydrogel. Fi-

nally, in vivo diabetic wound healing assay demonstrated that the SA-AgNP/CS-ArgMS hydrogel could

significantly accelerate re-epithelialization, granulation tissue formation, collagen deposition and angio-

genesis, thereby resulting in enhanced diabetic wound healing

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

As a severe complication of diabetes, diabetic wounds have al-

ready become a substantial threat to human health due to their

characteristics of chronic healing and severe body damage, which

could result in amputation or even death [1,2]. As reported, there

were 463 million diabetic patients worldwide in 2019, and the in-

cidence rate of diabetic ulcers exceeded 6% [3]. The efficient repair

of diabetic wounds has been an urgent global challenge [4,5].

Typically, the normal wound healing process can be divided

into four overlapping and ordered phases: hemostasis, inflam-

mation, proliferation and remodeling [6]. However, for diabetic

wounds, the physiological environment of hyperglycemia disturbs

the normal metabolic balance of wound healing, thereby resulting
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in chronic wounds [7]. Many factors delay the healing of diabetic

wounds, among which susceptibility to infection and difficulty of

neovascularization in the wound site are two major factors. The

hyperglycemic microenvironment of diabetic wounds easily breeds

pathogenic bacteria, which causes chronic wound infection and

keeps the wound in a state of continuous inflammation [8]. Neo-

vascularization is a critical component of wound healing, which

could provide essential nutrition and oxygen for the cells that are

involved in wound repair and exclude metabolites during the heal-

ing process [9]. However, hyperglycemia hinders vascular regener-

ation, thereby further leading to diabetic wounds being trapped

in the inflammatory state. Therefore, antibacterial and neovascu-

larization are of substantial significance for diabetic wounds to ac-

celerate healing.

Dressing is a common and effective method for treating skin

wounds. Hydrogels have been frequently utilized as wound dress-

ings because they can provide a moist environment, simulate the
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Fig. 1. Schematic diagram of the preparation of the SA-AgNP/CS-ArgMS Janus hy-

drogel and its mechanism of accelerating diabetic wound healing.

extracellular matrix, and effectively carry bioactive molecules and

are easy to utilize at wound sites [10,11]. In the past few years, hy-

drogels with antibacterial or vascular regeneration functions have

gradually emerged. Among numerous antibacterial strategies, sil-

ver nanoparticles (AgNPs) have attracted substantial attention due

to their high efficiency and broad-spectrum antibacterial proper-

ties and their ability to avoid resistance [12]. Nowadays, the utiliza-

tion of hydrogel dressings that are loaded with AgNPs is a common

strategy for preventing the infection of wound sites. For example,

Anwarul Hasan et al. fabricated chitosan-PEG hydrogel that was

impregnated with AgNPs for chronic wound healing applications.

The introduction of AgNPs significantly enhanced the antibacterial

activity of the hydrogel and had promising applications for diabetic

wound treatment [13]. Although AgNPs have fantastic antibacterial

activity, a residue of AgNPs in wound sites can severely damage

human health [14], which is almost inevitably deposited by hy-

drogel dressings. Nitric oxide (NO) is a crucial positive regulatory

molecule for vascular regeneration [15,16]. However, as the only

precursor of endogenous NO in the human body, l-arginine, which

could be catalyzed by nitric oxide synthetase to produce NO, is not

adequately supplied in diabetic wounds [17]. In contrast to dietary

supplementation, the in-situ supply of l-arginine to a wound site

was found to be a more effective and controllable method for the

vascular regeneration of diabetic wounds [18]. However, the sus-

tained release of l-arginine from the hydrogel matrix in the wound

site remains a substantial challenge.

Herein, for the first time, we fabricated a novel Janus hydrogel

with antibacterial and angiogenesis functions for diabetic wound

healing (Fig. 1). Biocompatible polyanionic polysaccharide sodium

alginate (SA) and polycation polysaccharide chitosan (CS) were uti-

lized as candidates for the fabrication of Janus hydrogels. An SA

hydrogel into which AgNPs had been incorporated in-situ func-

tioned as an antibacterial layer, and a CS hydrogel that was im-

pregnated with l-arginine-loaded alginate sodium microspheres

(ArgMS) functioned as an l-arginine sustained release layer. An SA-

AgNP/CS-ArgMS Janus hydrogel was fabricated via the assembly of

the SA-AgNP layer and CS-ArgMS layer based on electrostatic in-

teractions. In this design, the outer SA-AgNP hydrogel layer could

protect diabetic wounds from bacterial infection while avoiding the

deposition of a residue of AgNPs in the wound site. In addition, the

ArgMS that was loaded in the CS hydrogel could release l-arginine

in a sustained manner due to the electrostatic interaction between

l-arginine and the alginate sodium microspheres. Hence, this novel

Janus hydrogel platform could provide a simple and practical ap-

proach for the fabrication of advanced hydrogel dressings for ef-

fective diabetic wound healing.

The preparation of SA-AgNP/CS-ArgMS Janus hydrogel and its

physicochemical property characterization were provided in sup-

porting information. Swelling and degradation test, and l-arginine

release performance of the hydrogels were carried out. In addi-

tion, in vitro and in vivo tests, including biocompatibility assay,

antibacterial assay, angiogenesis assay and diabetic wound healing

assay, were performed to evaluate the performance of SA-AgNP/CS-

ArgMS Janus hydrogel on promoting diabetic wound healing. All

animal protocols in this study were approved by the Animal Care

and Use Committee of Sun Yat-sen University. The details of ex-

periment were supplied in supporting information. All experiments

were conducted in triplicate, and the experimental data are repre-

sented as the mean ± standard deviation (SD). One-way analysis

of variance (ANOVA) was conducted to analyze differences among

groups, and ∗P < 0.05 indicated statistical significance.

The prepared AgNPs were identified by SEM and XRD (Fig. S1 in

Supporting information). SA solutions with various concentrations

were used to fabricate SA microspheres to identify the optimal

composition. According to Fig. S2 (Supporting information), the hy-

drodynamic size distribution of the SA microspheres that were pre-

pared with 2 wt% SA solution was the most uniform. Due to the

electrostatic interaction, the hydrodynamic size of the SA micro-

spheres could be adjusted via the addition of l-arginine. As Fig. S3

(Supporting information) showed, the performance of the ArgMSs

that were prepared with 2 wt% SA solution, in which the mass ra-

tio of SA to l-arginine was 2:1, was satisfactorily uniform. Hence,

they were suitable for further application. The electrostatic inter-

action between the SA molecular chain (negatively charged) and l-

arginine (positively charged) was demonstrated via zeta potential

analysis (Fig. S4 in Supporting information). After the introduction

of l-arginine, the negative charge on the surface of the SA micro-

spheres was reduced. The composition of ArgMS was identified via

ATR-FTIR (Fig. S5 in Supporting information). For the alginate mi-

crospheres, a peak at 1630 cm−1 corresponded to the stretching

vibrations of C=O from the –COO− groups of SA. For l-arginine,

a peak at 1650 cm−1 was attributed to the guanido group, and

a peak at 1140 cm−1 was assigned to C-C-N asymmetric bending.

Due to the embedding and lower content of l-arginine, the FTIR

spectrum of ArgMS mainly presented the characteristic absorption

peaks of SA. In addition, the morphology of ArgMS was demon-

strated via TEM (Fig. S5).

The nano-CaCO3/GDL system [19], which can release calcium

ions gently at room temperature, is frequently used to prepare

SA hydrogels with homogenous structures based on the chelation

between calcium ions and the G unit of SA molecules. Genipin,

which is a natural biological cross-linker, is often utilized to pre-

pare CS hydrogels at room temperature [20]. In this study, a

nano-CaCO3/GDL system and AgNPs were introduced into the SA

pre-solution and well mixed. Upon the sustained release of cal-

cium ions in situ, the SA-AgNP hydrogel was formed at room

temperature. The preparation process of the CS-ArgMS hydrogel

was similar. To realize the tight bonding of the SA-AgNP and CS-

ArgMS hydrogel layers, an SA-AgNP pre-solution and a CS-ArgMS

pre-solution were immediately employed to fabricate SA-AgNP/CS-

ArgMS hydrogel using a homemade device after the process of vac-

uum mixing. The gelation behavior of SA, SA-AgNP, CS and CS-

ArgMS pre-solutions were studied by rheological measurements.

As presented in Fig. S6 (Supporting information), the introduction
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Fig. 2. Macroscopic morphologies of the SA/CS hydrogel and the SA-200AgNP/CS-ArgMS hydrogel (a), SEM images of the SA-ArgNP hydrogel layer and the CS-ArgMS hydrogel

layer (b), swelling kinetics (c), degradation kinetics (d) and l-arginine release kinetics (e) of the hydrogels.

of AgNP and ArgMS did not change the gelation time of SA and

CS presolutions significantly due to their small amounts. The ob-

tained SA-AgNP/CS-ArgMS hydrogel was presented in Fig. 2a. The

SA-AgNP hydrogel layer and the CS-ArgMS hydrogel layer had reg-

ular structures, and their interface was clear. In addition, the intro-

duction of AgNPs and ArgMS did not disturb the regularity of the

layer structure. According to Fig. 2b, both the SA-AgNP hydrogel

layer and the CS-ArgMS hydrogel layer possessed a pore structure,

which was beneficial for the transportation of oxygen and the ab-

sorption of wound exudation.

Swelling and degradation tests were conducted in a PBS solu-

tion at 25 °C. As Fig. 2c shows, the equilibrium swelling ratio of

the SA hydrogel (over 800%) substantially exceeded that of the CS

hydrogel (approximately 220%), and the equilibrium swelling ra-

tio of the SA/CS hydrogel (approximately 500%) was between those

of the SA hydrogel and the CS hydrogel due to the two-layer de-

sign. The SA hydrogel was physically cross-linked by calcium ions

and could completely degrade in the PBS solution due to substi-

tution between calcium ions and monovalent metal ions, such as

K+ and Na+. However, the CS hydrogel was chemically cross-linked

by genipin and could partially degrade in the PBS solution (ap-

proximately 20 wt%, Fig. 2d). Similar to the swelling behavior, the

degradation ratio of the SA/CS hydrogel was between those of the

SA hydrogel and the CS hydrogel. Nitric oxide (NO) is a crucial pos-

itive regulatory molecule for vascular regeneration. However, as the

only precursor of endogenous NO in the human body, l-arginine

was not adequately supplied in diabetic wounds. Therefore, it was

essential to realize the sustained release of l-arginine in diabetic

wound sites. The cumulative release profile of l-arginine from hy-

drogels was presented in Fig. 2e. The results demonstrated that

approximately 20 wt% l-arginine was released from the SA/CS-Arg

hydrogel in the first 24 h, while the amount that was released from

the SA/CS-ArgMS hydrogel was only 10 wt%. A sustained release

of l-arginine from the hydrogel matrix could be realized after en-

capsulation by SA microspheres, which was conducive to diabetic

wound healing.

The cell viability of the hydrogels was evaluated by MTT as-

say (Fig. S7a in Supporting information). The results demonstrated

that the NIH-3T3 cell viability exceeded 75% after coculture with

the hydrogel extracts for 1 and 3 days; hence, there was no cy-

totoxicity. After incubation for 3 days, the cell viability of the

SA-AgNP/CS-ArgMS hydrogel gradually decreased with increasing

AgNP content, which reflected the potential cytotoxicity of the

AgNP residue in the wound site. In addition, live/dead staining was

conducted for further evaluation. As Fig. S7b (Supporting informa-

tion) shows, all cells on the surfaces of the hydrogel samples pre-

sented a green morphology, which indicated satisfactory cytocom-

patibility. The hemolysis of the hydrogels was evaluated via the di-

rect contact method. The results (Fig. S8 in Supporting informa-

tion) demonstrated that the hemolysis percentages of all hydrogel

samples did not exceed 0.3% and, thus, were far less than the max-

imum limit (5%); therefore, the blood compatibility was excellent.

Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus)

were selected as representative gram-negative bacteria and gram-

positive bacteria, respectively. They are among the most common

pathogenic bacteria in wound infections. Therefore, they were se-

lected as model bacteria to evaluate the antibacterial properties

of the hydrogels. As shown in Fig. 3, due to the presentation of

the CS hydrogel [21], the SA/CS hydrogel exhibited antibacterial ef-

fects (approximately 30% inhibition for E. coli and 35% inhibition

for S. aureus). With the increase in the AgNP concentration in the

SA hydrogel layer, the number of bacterial colony units on the agar

plate decreased significantly. For the SA-200AgNP/CS-ArgMS hydro-

gel, the inhibition rate for E. coli exceeded 99.1%, and the inhibition

rate for S. aureus was approximately 100%, which indicated fantas-

tic antibacterial properties. Furthermore, the E. coli growth curve

was examined to evaluate the antibacterial properties of the hy-

drogels. According to Fig. 3d, the E. coli growth curve of the SA-

200AgNP/CS-ArgMS hydrogel exhibited readily observable hystere-

sis, and its bacteriostatic time could reach 6–8 h, while for the

other hydrogel samples, delayed growth of E. coli was not readily

observed.

Cell migration is an important factor for angiogenesis in wound

sites. A scratch test was conducted to evaluate the impact of hy-

drogel extracts on NIH-3T3 cell migration (Fig. S9 in Supporting

information). At 48 h, the scratch of the SA-200AgNP/CS-ArgMS hy-
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Fig. 3. Inhibitory effects of the hydrogels on E. coli and S. aureus (a), inhibition rate curves of the hydrogels against E. coli (b), inhibition rate curves of the hydrogels against

S. aureus (c), and growth curves of E. coli that was cocultured with the hydrogels (d). ∗∗∗P < 0.001.

drogel group almost disappeared, and the healing rate was approx-

imately 90%. Meanwhile, there was still a readily observable gap in

the scratch of the SA/CS hydrogel group, with a healing rate of be-

low 80%. At each time point (12, 24 and 48 h), the scratch healing

rates of the SA/CS-ArgMS hydrogel and the SA-200AgNP/CS-ArgMS

hydrogel significantly exceeded those of the SA/CS hydrogel and

the control group, and the rate of the SA/CS hydrogel group also

exceeded that of the control group. These results demonstrated

that the SA/CS hydrogel platform favored NIH-3T3 cell migration

and that the introduction of l-arginine further accelerated cell mi-

gration.

The tube formation assay could simulate the process of cap-

illary formation, which was similar to the process in the hu-

man body. HUVECs were cultured in a gel matrix to observe

whether cells aggregated to form tube-like structures, which could

be used to study the angiogenesis-promoting function of samples

in vitro. According to Fig. S10 (Supporting information), for the SA-

200AgNP/CS-ArgMS and SA/CS-ArgMS hydrogels, HUVECs began to

form tube-like structures at 2 h, and tube formation was readily

observed at 6 h. However, the cells in the control group and the

SA/CS hydrogel group were still dispersed and showed no readily

observable migration signs and almost no tube-like shapes. The re-

sults of both the scratch test and the tube formation assay demon-

strated that the introduction of l-arginine could significantly en-

hance the angiogenesis-promoting function of the SA/CS hydrogel

platform.

The above results demonstrated that the SA-AgNP/CS-ArgMS

hydrogel, which has both antibacterial and angiogenesis functions

and satisfactory biocompatibility, has promising application poten-

tial for diabetic wound healing. In this study, a full-thickness di-

abetic wound model was constructed for evaluating the wound

healing activity of the SA-200AgNP/CS-ArgMS hydrogel. Fig. 4

showed images of wounds that were treated with various hydro-

gel samples at predetermined time points. The closure rate of the

wound that was treated with the SA-200AgNP/CS-ArgMS hydrogel

was significantly higher than those of the other two groups, and

the wound was almost completely closed on the 20th day. In the

SA/CS hydrogel group, the wound closure rate exceeded that of

the control group due to its hydrogel characteristics of providing

a moist environment and simulating the extracellular matrix but

was substantially lower than that of the SA-200AgNP/CS-ArgMS

hydrogel due to the lack of antibacterial and l-arginine sustained

supply functions. In addition, the wound of the control group was

slightly suppurative and accompanied by inflammation, while the

hydrogel-dressing-treated group had a clean wound surface and no

purulent phenomenon occurred. These results demonstrated that

the antibacterial and l-arginine sustained supply functions of the

hydrogel dressing played highly important roles in the regenera-

tion of diabetic cutaneous wounds.

Furthermore, H&E and Masson’s trichrome staining were used

to analyze the histological status during wound healing (Fig. S11

in Supporting information). The inflammatory cells in the SA-

200AgNP/CS-ArgMS hydrogel group were less infiltrated during the

wound healing process. On the 5th day, collagen deposition was

readily observed, and on the 10th day, collagen began to differ-

entiate into granulation, with fewer hair follicles and blood ves-

sels. On the 20th day, the granulation tissue structure was satisfac-

tory, and blood vessels were abundant. In addition, collagen fibers

were more gathered, intact hair follicles were observed, and the

epithelial tissue was completely regenerated, similar to the nor-

mal skin. In the CS/SA hydrogel group, on the 5th and 10th days,

collagen fibers were produced in small amounts. On the 20th day,
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Fig. 4. Representative images of full-thickness excised wounds that were treated

with various hydrogels (a) and wound closure rates at various time points (b).
∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001.

although the surface was completely healed, only a few hair fol-

licles were observed, and granulation tissue had no readily iden-

tifiable structure. In the control group, the wound was substan-

tially infiltrated by inflammatory cells, and on the 20th day, the ep-

ithelial tissue was still not fully grown and was in a scabby state,

while the granulation tissue had no readily identifiable structure.

These results further demonstrated the excellent performance of

the SA-AgNP/CS-ArgMS hydrogel for diabetic wound treatment. Im-

munofluorescence staining of VEGF-A, CD31 and PDGF-B of wound

samples at day 20 were further performed to investigate the an-

giogenic response in diabetic wounds in vivo. As presented in Fig.

S12 (Supporting information), the SA-200AgNP/CS-ArgMS hydrogel

group exhibited the strongest positive expression of the three pro-

angiogenic factors, while control group showed very little positive

staining. These results indicated that SA-AgNP/CS-ArgMS Janus hy-

drogel dressing could effectively enhance angiogenesis of diabetic

wound, which were consistent with those of H&E and Masson’s

trichrome staining.

We successfully fabricated a novel SA-AgNP/CS-ArgMS Janus hy-

drogel for diabetic wound treatment. The outer SA-AgNP hydro-

gel layer could prevent bacterial infection while avoiding the de-

position of a residue of AgNPs in the wound site. Simultaneously,

the inner CS-ArgMS hydrogel layer could realize the sustained

release of l-arginine and promote vascular regeneration. A bio-

compatibility assay demonstrated the excellent biocompatibility of

the SA-AgNP/CS-ArgMS hydrogel. Furthermore, an in vivo diabetic

wound healing assay, associating with H&E staining and Masson’s

trichrome staining, demonstrated that compared with the SA/CS

hydrogel and the control group, the SA-200AgNP/CS-ArgMS hydro-

gel could significantly accelerate re-epithelialization, granulation

tissue formation, collagen deposition and angiogenesis, thereby re-

sulting in enhanced diabetic wound healing. This study suggested

that this type of Janus hydrogel platform with antibacterial and an-

giogenesis functions had substantial application potential for dia-

betic wound treatment.
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