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a b s t r a c t

Diabetic wounds lead to a decrease in quality of life and an increase in mortality. Current treatment

strategies include preventing bacterial adhesion while improving microcirculation. As a new type of

wound dressing that imitates natural skin, hydrogel has gradually emerged with its excellent properties.

However, existing hydrogels rarely achieve satisfactory results in promoting wound repair and antibacte-

rial simultaneously. In this case, we prepared methacrylic anhydride chemically modified hyaluronic acid

as a hydrogel matrix, added polyhexamethylene biguanide as an antibacterial component, and loaded

sodium alginate/salidroside composite microspheres which could sustainably release salidroside and thus

promote angiogenesis. Hybrid hydrogel (HAMA/PHMB-Ms) was synthesized via photocrosslinking, and its

chemical structure, particle size distribution and microstructure were characterized. The satisfactory an-

tibacterial properties of the HAMA/PHMB(15%)-Ms hydrogel were studied in vitro, and its antibacterial

rates against E. coli and S. aureus were 97.85% and 98.56%, respectively. In addition, after demonstrating

its good biocompatibility, we verified that the HAMA/PHMB-Ms hydrogel has increased granulation tissue

formation, more collagen deposition, more subcutaneous capillary formation, and better wound healing

than blank control, HAMA and HAMA/PHMB hydrogel on the back wound model of diabetic mice. The

results confirmed that HAMA/PHMB-Ms hydrogel was a promising material for the treatment of the dia-

betic wounds.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Diabetes mellitus is considered the major epidemic of the cen-

tury, affecting more than 422 million people worldwide [1], and

the most common complication is chronic diabetic ulcers formed

by long-term exposure of wounds to adverse factors. Accompanied

with insufficient angiogenesis and low capillary density, it is diffi-

cult for nutrients or drugs to reach the diabetic wounds through

blood circulation, resulting in ischemia and necrosis of local tis-

sues [2,3]. In addition to pathological changes in blood vessels, ap-

proximately 78% of diabetic wounds contain biofilms [4]. The high

glucose environment is suitable for bacterial growth, leading to se-

vere wound infections and even amputation [5]. These poor out-

comes have led to high medical costs [6], a decline in the quality

of life [7], and an increase in mortality [7]. Thus, there is an ur-

gent need to develop advanced therapies to promote the healing
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of diabetic wounds and avoid infection by improving local micro-

circulation and effectively preventing bacterial adhesion.

So far, different types of artificial wound dressings have been

developed to treat the diabetic wounds, including nanofibers, hy-

drocolloid, and alginate dressings [8–12]. However, each of the cur-

rent products has one or more limitations. The ideal dressing of

diabetic wounds should have novel properties, such as prevent-

ing the colonization of bacteria, facilitating substance exchange,

and promoting wound healing [13,14]. In line with the above

and meeting the additional fundamental requirements for the

safety and effectiveness of the dressing, hydrogel might be a suit-

able choice. As a polymer material with a three-dimensional net-

work structure, the hydrogel has promising applications in wound

dressing due to its excellent biocompatibility, efficient adhesion,

biomimetic microenvironment constructability, and good fluid ab-

sorption [15,16]. Existing research on drug-loaded hydrogels has

made some progress in promoting the improvement of the vascu-

lar system [17]. And various technologies combating biofilms are

emerging endlessly [18]. However, studies on diabetic wound hy-
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Fig. 1. Schematic synthetic process of HAMA/PHMB-Ms hydrogel with antibacterial activity, proangiogenic function and application in diabetic wound healing.

drogel dressings that are both antibacterial and healing-promoting

are limited and hardly satisfying.

In this work, an antibacterial and proangiogenic dual-function

hydrogel wound dressing was prepared (Fig. 1). Hyaluronic acid

was chemically modified by methacrylic anhydride and used as

a hydrogel matrix (HAMA), and polyhexamethylene biguanide

(PHMB) was added as an antibacterial substance [19]. Accord-

ing to the design, the cationic polymer PHMB was bound to the

anionic polymer HAMA through electrostatic attraction. Salidro-

side, which has been clinically proven to possess antioxidant,

anti-inflammatory and angiogenic effects [20], was loaded into

sodium alginate microspheres to synthesize drug-sustained re-

leasing microspheres [21]. With the assistance of 2–hydroxy-4′-
(2-hydroxyethoxy)-2-methylpropiophenone photoinitiator, the hy-

brid hydrogel precursor formed by mixing all reactants was suc-

cessfully gelled in situ by photocrosslinking, synthesizing a three-

dimensional hydrogel (HAMA/PHMB-Ms) that fits the skin. All the

desirable properties including pro-angiogenic and antibacterial ac-

tivity enhanced the practicality of HAMA/PHMB-Ms hydrogels and

expanded the application scenarios for treating diabetic wounds.
1H nuclear magnetic resonance (1H NMR) spectrum and Fourier

transform infrared (FT-IR) spectrum confirmed the chemical struc-

ture of the hydrogel components. Through the analysis of particle

size distribution, the optimal composition ratio of sodium alginate

drug-loaded microspheres was explored. Scanning electron micro-

scope (SEM) was used to observe the morphology and pore struc-

ture of the hydrogel system. Gram-negative bacteria (Escherichia

coli) and Gram-positive bacteria (Staphylococcus aureus) were co-

cultured with the hydrogel to evaluate the antibacterial activity.

The cell viability test was used to study the cytotoxicity of the

dual-functional hydrogel system. The wound healing and vascu-

larization function were evaluated on the skin wound model of

diabetic rats. This experiment was approved by the Ethics Com-

mittee of West China Hospital of Stomatology, Sichuan University

(WCHSIRB-D-2022–010). Related experimental procedures are pro-

vided in Supporting information.

As shown in Fig. S1 (Supporting information), HAMA has been

verified by 1H NMR that additional peaks appear at 6.02ppm and

5.59ppm, suggesting that the hyaluronic acid has been modified by

methacrylic anhydride [22], confirming that HAMA has been suc-

cessfully synthesized.

In order to achieve the accuracy of the drug loading of the

microspheres and the uniformity of the microspheres in the hy-

drogel, we further explored the optimal concentration of sodium

alginate microspheres. Through the analysis of particle size dis-

tribution in Fig. S2 (Supporting information), it can be concluded

that the particle size distribution of sodium alginate microspheres

with a concentration of 1.5% was the most concentrated and ap-

proximately uniform distribution. Next, as shown in Fig. 2A, the

microspheres with a concentration of 1.5% were selected, the op-

timal drug loading ratio of sodium alginate/salidroside composite

microspheres was further determined to be 3% through particle

size analysis. In summary, the sodium alginate/salidroside compos-

ite microspheres with a sodium alginate concentration of 1.5% and

a salidroside mass ratio of 3% were finally prepared.

The macroscopic structure of the hydrogel was shown in Fig. 2B.

The composition was semi-transparent and not easy to collapse, so

that the healing of the wound could be easily observed, which was

essential for clinical treatment. From a microscopic point of view,

the morphology and size distribution of HAMA hydrogels were

characterized by SEM in Fig. 2C. The uniform and regular porous

structure promoted the exchange of gas and nutrients. However,

the hyaluronic acid-methacrylic anhydride matrix loaded polyhex-

amethylene biguanide (HAMA/PHMB) exhibited flocculent precipi-

tates due to the mixture of antibacterial drugs, resulting in ellipti-

cal and sparse pores in the hydrogel structure.

The FT-IR spectra of PHMB and HAMA/PHMB hydrogels were

shown in Fig. S3 (Supporting information). It indicated that the

PHMB and HAMA were successfully combined in the hydrogel,

which provided the basis for the antibacterial activity of the

HAMA/PHMB hydrogel.

As depicted in Fig. 2D, in the early stage, the rapid dissolution

of the antibacterial drug PHMB caused a greater mass loss than the

water absorption of the hydrogel, resulting in a decrease of the to-

tal mass and the development of an antibacterial environment. The

hydrogel gradually absorbed water ensuing swelling in the later

stage. In summary, the system could well maintain its swelling and

water absorption properties.

A locally sterile environment is essential for wound healing

[18]. The presence of E. coli and S. aureus can form a biofilm that

causes wound infection. The antibacterial activity of the hydro-

gels was studied via co-culturing the most common skin infected

species (E. coli and S. aureus) with the hydrogels, and the bacterial

growth was observed by a plate counting method. In this study,

HAMA, HAMA/PHMB(10% and 15%), HAMA/PHMB(10% and 15%)-

Ms hydrogels were selected for antibacterial testing. The growth
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Fig. 2. Characterization of the formation of obtained hybrid hydrogels: (A) Particle size distribution analysis of the salidroside loading ratio of (a) 1.0%, (b) 2.0%, and (c)

3.0% sodium alginate microsphere; (B) morphology of obtained hybrid hydrogels; (C) SEM images of (a, b) HAMA and (c, d) HAMA/PHMB hydrogel; (D) the swelling ratio of

hydrogels. HAMA, hyaluronic acid-methacrylic anhydride; PHMB, polyhexamethylene biguanide.

of E. coli and S. aureus colonies on agar plates and the antibac-

terial rate of different groups were laid out in Figs. 3A and B. It

can be recognized from the figure that the antibacterial rates of

both E. coli and S. aureus incubated in blank and HAMA were rel-

atively low in that the bacteria proliferated freely with the incu-

bation time. In contrast, after incubation with HAMA/PHMB and

HAMA/PHMB-Ms with different PHMB concentrations, the bacterial

viability decreased significantly. Expectedly, all the HAMA hydro-

gel groups mixed with PHMB displayed good antibacterial activity.

These results indicated that the HAMA/PHMB hydrogel could ef-

fectively inhibit the growth of E. coli and S. aureus. We speculated

that the internal structure of bacteria was disrupted in response to

PHMB, resulting in slow bacterial proliferation.

The antibacterial activity of PHMB has expanded its applica-

tion in the biological field [19]. However, the concentration of

PHMB in wound healing treatment needs to be optimized, be-

cause high doses may cause toxicity to organs or tissues. To fur-

ther study the antibacterial activity of the HAMA/PHMB hydrogel,

the inhibition effects of HAMA/PHMB and HAMA/PHMB-Ms hydro-

gels with different PHMB concentrations on bacterial growth were

recorded. Thus, we measured the antibacterial rate of the above-

mentioned bacterial liquid medium with different hydrogels at the

same time interval. The bactericidal rates of HAMA/PHMB(10%)

against E. coli and S. aureus were 93.73% and 92.75%, respec-

tively. HAMA/PHMB(15%) had 96.61% and 97.10% antibacterial rates

against E. coli and S. aureus, respectively. HAMA/PHMB(15%)-Ms

had 97.85% and 98.56% antibacterial rates against E. coli and S. au-

reus, respectively. There was a significant difference between the

HAMA/PHMB(10% and 15%), HAMA/PHMB(10% and 15%)-Ms and

HAMA hydrogel groups (P < 0.01). The results powerfully demon-

strated that HAMA/PHMB and HAMA/PHMB-Ms hydrogels exhib-

ited antibacterial ability, which increased with increasing levels of

antibacterial constituents. These results were consistent with the

results observed through plate dilution coating, and further con-

firmed that the introduction of a higher concentration of PHMB

into the hydrogel effectively enhanced the antibacterial properties

of the hydrogel.

Interestingly, the antibacterial ability of HAMA/PHMB hydrogels

containing microspheres was better than that with PHMB alone

(97.85% vs. 96.61%). On the one hand, we suspected that the mech-

anism could be explained by the positive charge of microspheres,

which could damage the membrane structure of bacteria by dis-

turbing the surface potential [23,24]. On the other hand, natural

phenolic compounds from various sources such as salidroside have

been shown to have potential antibacterial properties [25]. There-

fore, HAMA/PHMB(10% and 15%) and HAMA/PHMB(10% and 15%)-

Ms hydrogels exhibited satisfactory antibacterial properties by re-

sisting the invasion of external bacteria and inhibiting the activity

and growth of bacteria.

In addition to antibacterial activity, biocompatibility is an im-

portant metric used to evaluate the application of hydrogels as

wound dressings. As shown in the results of cell counting kit-

8 (CCK-8) in Fig. 3C, the cell survival rate slowly increased with

prolonged culture time and ranged from 86.07% to 91.75%. The

results revealed that all the hydrogel groups had low cytotox-

icity. After two days of culture, the survival rate of L929 cells

on HAMA/PHMB(15%) hydrogels was relatively lower than the

HAMA/PHMB(10%) hydrogel and control group. We hypothesized

that antimicrobial components have some side effects on normal

cells while inhibiting bacterial activity. In short, we found that

mixing an appropriate amount of PHMB and drug-loaded micro-

spheres had no significant effect on cell proliferation activity.

The CCK-8 results were further confirmed by calcein-AM/PI

double staining assay. As shown in Fig. 3D, the fluorescence dis-

tribution clearly showed that the viable cells stained with green in

the blank and HAMA groups were almost equal. All groups showed

high adherent cell density and the number of cells increased grad-

ually with time, and few cells were stained with red fluorescence.

It suggested that all hydrogels had good cytocompatibility. More-

over, the density of green-stained cells in the HAMA/PHMB(15%)

group was relatively low on day 2, but there were no differences

between the groups, which were consistent with the results of

CCK-8. The results verified that the hydrogel had good biocompat-

ibility and low cytotoxicity to fibroblasts.

Subsequently, diabetic rat models were established by intraperi-

toneal injection of streptozotocin to study the therapeutic effect

of hydrogels on the diabetic wound. The animals were divided

into blank control group, HAMA hydrogel group, HAMA/PHMB(15%)

hydrogel group, and HAMA/PHMB(15%)-Ms hydrogel group. Typi-

cal wound closure images at different time points were taken for

each group in Fig. 4A. After 18 days of observation, as expected,

the wounds in the HAMA/PHMB(15%)-Ms hydrogel group healed
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Fig. 3. (A) Composite hydrogels grown on agar plates after incubation with E. coli and S. aureus; (B) bactericidal rate of hybrid hydrogels; (C) cell viability of L929 cells

cultured with extracts of hydrogels for 1 and 2 days; (D) fluorescence images of L929 cells cultured with extracts of hydrogels after 1 and 2 days. Magnification: 4×; scale

bar: 300μm.

Fig. 4. (A) Representative photographs of four types of treated wounds on days 0, 6, 12 and 18; (B) quantification of wound closure during 18 days; representative (C) H&E

and (D) Masson trichrome staining images acquired on days 6, 12 and 18 post-surgery (blood vessels: black arrows).

5033



Y. Li, H. Zheng, Y. Liang et al. Chinese Chemical Letters 33 (2022) 5030–5034

best over time, but in both the control and HAMA groups, the

wound surface was rather than healed due to their limited an-

tibacterial properties and angiogenesis. To assess the healing rate

of the diabetic wounds, the wound area was quantified to indi-

cate the residual wound area in each experimental group at 0, 6,

12 and 18 days after surgery (Fig. 4B). Expectedly, wounds cov-

ered by HAMA/PHMB(15%)-Ms hydrogel were almost completely

healed (92.80%) within 18 days. In contrast, the wound heal-

ing area remained 71.89% and 82.78% in the control and HAMA

groups, respectively, at 18 days. Consistent with gross observations,

the HAMA/PHMB(15%)-Ms hydrogel-covered wounds healed signif-

icantly faster than the control and HAMA groups throughout the

healing process (P < 0.05). These results suggested that combining

antimicrobials and proangiogenic agents could synergistically pro-

mote wound healing.

The histological results of the diabetic wounds were consis-

tent with the wound contraction observed by optical images. As

shown in Fig. 4C, hematoxylin and eosin (H&E) staining showed

that HAMA/PHMB(15%)-Ms hydrogel significantly enhanced the re-

placement of well-organized granulation tissue at the wound site

on day 6. On day 12, as more granulation tissue and more new

subcutaneous capillaries increased in HAMA/PHMB(15%)-Ms group,

the structure became denser. In contrast, the wounds of the con-

trol group and the HAMA group had necrotic tissues and less gran-

ulation tissue on the 6th and 12th days. This was due to insuffi-

cient wound protection and biofilm adhesion. The results clearly

showed that after 18 days, compared with the control group and

the HAMA group, more new capillaries were formed in wound

healing after HAMA/PHMB(15%)-Ms hydrogel treatment. In the pro-

cess of normal wound repair, collagen deposition played a signif-

icant role in scar formation, and the wound shrank due to the

crosslinking of fibroblasts and collagen. Considering this, Masson

trichrome staining was performed to detect newly formed collagen

deposits in the regenerated skin tissue (Fig. 4D). Although limited

collagen was observed at the wound edge on day 6, collagen depo-

sition in the HAMA/PHMB(15%)-Ms hydrogel group was more sig-

nificant than in the control and HAMA groups. On day 18, the col-

lagen deposition in the HAMA/PHMB(15%)-Ms hydrogel group fur-

ther thickened, verifying that drug-loaded microspheres applied to

diabetic wounds could promote fibrosis. In contrast, the collagen

deposition around the wound in the control group was still lim-

ited. Therefore, the HAMA/PHMB-Ms hydrogel wound dressing ef-

fectively promoted the healing of the diabetic wounds and could

become an important candidate for a new type of diabetic wound

dressing.

In conclusion, we successfully synthesized HAMA and sodium

alginate/salidroside composite microspheres. An appropriate pro-

portion of antibacterial agents PHMB and drug-loaded micro-

spheres were added to the hydrogel matrix, and hydrogels were

prepared by photocrosslinking to explore their role in the healing

process of the diabetic wounds. The results showed that by intro-

ducing antibacterial agents, the antibacterial performance of the

hydrogel system could be well adjusted. The application prospects

in infected wounds are undoubtedly broad. More importantly,

through gross and microscopic staining observation, it was found

that the drug-loaded hybrid hydrogel had the effects of promoting

vascularization and fibrosis in the healing process of the diabetic

wounds. As expected, the salidroside in the drug-loaded micro-

spheres successfully accelerated the healing of the diabetic wounds

by promoting granulation tissue formation, collagen deposition and

angiogenesis. This article aims to provide new ideas and methods

for the research and development of the diabetic wound hydrogel

dressings.

Declaration of competing interest

The authors declare that they have no known competing finan-

cial interests or personal relationships that could have appeared to

influence the work reported in this paper.

Acknowledgments

This work was supported by the National Natural Science Foun-

dation of China (No. 52103039), Medical Science and Technology

Project of Sichuan Provincial Health Commission (No. 21PJ059), Sci-

ence and Technology Application Fundamental Project of Sichuan

Province (No. 2019YJ0724), Sichuan University Postdoctoral Inter-

disciplinary Innovation Fund.

Supplementary materials

Supplementary material associated with this article can be

found, in the online version, at doi:10.1016/j.cclet.2022.03.116.

References

[1] H. Sun, P. Saeedi, S. Karuranga, et al., Diabetes Res. Clin. Pract. 183 (2021)

109119.
[2] H. Cho, M.R. Blatchley, E.J. Duh, S. Gerecht, Adv. Drug Deliv. Rev. 146 (2019)

267–288.
[3] S. A Q. Xu, Y. Gao, et al., Acta Biomater 75 (2018) 63–74.

[4] M. Malone, T. Bjarnsholt, A.J. McBain, et al., J. Wound Care 26 (2017) 20–25.

[5] M. Gompelman, S.A.V. van Asten, E.J.G. Peters, Plast. Reconstr. Surg. 138 (2016)
61S–70S.

[6] M.O. Joret, A. Dean, C. Cao, J. Stewart, V. Bhamidipaty, J. Vasc. Surg. 64 (2016)
648–655.

[7] C.K. Sen, Adv. Wound Care (New Rochelle) 8 (2019) 39–48.
[8] L.I. Moura, A.M. Dias, E. Carvalho, H.C. de Sousa, Acta Biomater. 9 (2013)

7093–7114.

[9] R. Yu, H. Zhang, B. Guo, Nanomicro Lett. 14 (2021) 1–46.
[10] C.H. Xian, Z.P. Gu, G.T. Liu, J. Wu, Chin. Chem. Lett. 31 (2020) 1612–1615.

[11] G.T. Liu, Z.T. Bao, J. Wu, Chin. Chem. Lett. 31 (2020) 1817–1821.
[12] H. Nosrati, R.A. Khouy, A. Nosrati, et al., J. Nanobiotechnol. 19 (2021) 1–21.

[13] C. Korupalli, H. Li, N. Nguyen, et al., Adv. Healthc. Mater. 10 (2021) e2001384.
[14] B. Yang, J. Song, Y. Jiang, et al., ACS Appl. Mater. Interfaces 12 (2020)

57782–57797.

[15] L. Sheng, Z. Zhang, Y. Zhang, et al., Biomaterials 264 (2021) 120414.
[16] X. Zhao, Y. Liang, Y. Huang, et al., Adv. Funct. Mater. 30 (2020) 1910748.

[17] L. Yang, L. Zhang, J. Hu, W. Wang, X. Liu, Int. J. Biol. Macromol. 166 (2021)
166–178.

[18] H. Ji, H. Sun, X. Qu, Adv. Drug Deliv. Rev. 105 (2016) 176–189.
[19] K. Kaehn, Skin Pharmacol. Physiol. 23 (2010) 7–16.

[20] L. Zhang, H. Yu, Y. Sun, et al., Eur. J. Pharmacol. 564 (2007) 18–25.

[21] T.B. Lopez-Mendez, E. Santos-Vizcaino, J.L. Pedraz, G. Orive, R.M. Hernandez, J.
Control. Release 335 (2021) 619–636.

[22] E. Hachet, H. Van Den Berghe, E. Bayma, M.R. Block, R. Auzely-Velty, Biomacro-
molecules 13 (2012) 1818–1827.

[23] R. Wang, J. Li, W. Chen, et al., Adv. Funct. Mater. 27 (2017) 1604894.
[24] Y.J. Su, L. Tian, M. Yu, et al., Polym. Chem. 8 (2017) 3788–3800.

[25] D. Lopez, R. Kolter, Genes Dev. 24 (2010) 1893–1902.

5034


