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A B S T R A C T   

Chronic wound healing is a major and unmet challenge, due to contamination of exudate, bacterial infection and 
non-healing symptoms, having become urgent an problem to be solved. Developing multifunctional dressings 
capable of efficiently absorbing exudate by forming self-micro-negative pressure, effectively antibacterial and 
inducing immune regulation, would be a promising strategy for wound healing. Herein, the hydrogel-aerogel 
biphase gel (HAB-gel) dressing consisted of PVA grafted with PAM and bio-based polyurethane was prepared 
to generate synergistic therapeutic effects through removing exudates, antibacterial properties and immune 
regulation. The PVA grafted with PAMs features generating self-negative pressure to absorb deep exudate by 
aerogel phase, providing a comfortable microenvironment for wound healing, moreover, the capacities of liquid 
absorption and retention are enhanced by hydrogel phase, preventing wounds from exudate contamination. The 
incorporation of β-cyclodextrin (β-CD) in the constructed polyurethane (LPU) endows the HAB-gel materials with 
excellent antibacterial properties after being loaded with polyhexamethylene biguanidine (PHMB). Furthermore, 
the HAB-gel dressing can accelerate the macrophage polarization into anti-inflammatory M2 via the hydrogen 
sulfide (H2S) generation, angiogenesis promotion and collagen deposition in periwound tissue. Overall, this 
novel strategy for synergistic treatment of chronic wounds, provides a promising method for the management of 
tissue regeneration disorders.   

1. Introduction 

Although the study of dressing is a flourish field, the treatment of 
chronic wound is still a major challenge, due to the metabolic disorder of 
the wound microenvironment [1,2]. The complex symptoms in wound 
microenvironment could mainly be attributed to three reasons: 
contamination of exudate, bacterial infections and immunomodulatory 
disorders [3–5]. Therefore, the timely removal of wound exudate, 
elimination of bacterial infection and stimulation of angiogenesis and 
collagen deposition are critical steps for successfully curing chronic 
wounds. Recently, with the emergence of a dazzling array of dressings, a 
great number of new materials have been developed and used for 
treating chronic wounds. However, none of them is capable of meeting 

the requirements of curing simultaneously [6,7]. Thus, it is an urgent 
need for us to address these issues by proposing new and effective 
strategies. 

To achieve healing, the complicated microenvironment and the pa-
thology of chronic wound need to be considered. On the one hand, the 
exudate would contaminate the wound microenvironment, making it 
inconvenient to wound cleaning and care, increasing the risk of bacterial 
infection [5]. In the initial therapy, it is a key for dressing to absorb 
wound exudate, which could create a clean and hygienic wound healing 
microenvironment [8]. However, the ceaseless exudate oozing from the 
wound increases medical burden and puts forward higher requirements 
for the study of dressings [9]. Therefore, it is particularly urgent to 
develop dressings with sustained exudate absorption. On the other hand, 
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the anti-inflammation phenotype macrophage (M2) which secrete anti- 
inflammatory cytokines, can accelerate tissue reconstruction via pro-
liferation of vascular endothelial cells (VEC) and activation of angio-
genesis [1]. However, the polarization transition from M1 to M2 seems 
to be suspended in a chronic wound. Up to date, it is unfortunate that the 
present dressings failed to prove efficient induction in macrophage po-
larization [4,10]. 

According to recent advances of the required environment for wound 
healing, the novel strategy of constructing dressing gradually formed. 
Sponge dressing show its advantage in quickly absorbing exudate, but 
exudate tends to leak back into the wound bed and cause secondary 
pollution to the wound [11]. Hydrogels, are considered promising ma-
terials for addressing the issue due to the advantage in keeping exudate 
[12]. However, they fail to hide the disadvantage in slow absorption of 
exudate [13]. Assume that there is a hydrogel-aerogel biphase gel (HAB- 
gel) dressing, possessing excellent exudate absorption and retention 
simultaneously, which can resolve everfount deep wound exudate by 
self-micronegative-pressure exudate absorption. 

Besides consideration of everfount exudate, wound inflammation 
and bacterial infections as two major challenges in chronic wound 
management also significantly delay the healing of chronic wounds 
bring out life-threatening consequences [14]. Due to the misuse of anti- 
inflammatory drugs, side effects and multidrug resistance in clinical 
treatment are presented inevitably [15]. L-Cysteine (L-Cys), an amino 
acid with anti-inflammatory properties, shows its enormous therapeutic 
potential as future therapeutics in the field of biomedicine [16]. Owing 
to the structural features, especially the sulfhydryl group, L-Cys receive 

much favored for exerting efficient therapeutic effects [17,18]. The 
mechanisms responsible for its therapeutic effects are to enhance the 
healing process via accelerating the transformation of macrophage 
subtypes into M2 subtypes [18,19]. However, recent used L-Cys showed 
many deficiencies in construction strategy [20]. Thus, an innovative 
strategy for the novel polymer with L-Cys contained is urgent to be 
constructed to use in tissue repair, exerting efficient and controllable 
drug therapeutic effect [21,22]. Besides the anti-inflammatory [23], the 
activation of subsequent tissue regeneration such as cell proliferation 
and collagen remodeling are crucial in tissue healing. Bacterial infection 
is recognized as a primary reason for the non-healing chronic wounds. 
To fight off bacterial infection, β-cyclodextrin (β-CD) was chosen and 
introduced into the system as nanocontainers [24,25], to encapsulate 
the polyhexamethylene biguanidine (PHMB) which possesses excellent 
antibacterial capacity against various microorganisms including fungi, 
Gram-negative and Gram-positive bacteria [26]. 

Supposing that a hydrogel-aerogel biphase gel (HAB-gel) dressing 
containing the grafted PAM and L-Cys could make it possible to exert the 
therapeutic effects via removing exudates from wound bed and immune 
regulation. It is known that the PAM possesses excellent hydration that 
would endow dressing ability to quickly absorb exudate, and prevent 
exudate from being squeezed back and contaminating the wound bed 
[27]. Besides, we assume that if the constructed anti-inflammatory 
polymer containing β-CD and end-capping with L-Cys combined with 
another molecular chain embedded with PAM segments, the formed 
dual-network-structure HAB-gel material would have properties of anti- 
inflammatory and exudates absorbing. Meanwhile, the novel dressing 

Fig. 1. Syntheses of multifunctional HAB-gel dressing (LPU/PVA-PAMs) for anti-bacteria, self-negative-pressure exudate absorption performance and im-
mune regulation. 
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would absorb exudates from deep wound bed, release PHMB to exert 
antibacterial effect and release L-Cys derivatives to exert anti- 
inflammatory effect, once in contact with the wound exudates. 

Herein, with these synergistic strategies, the multifunctional HAB- 
gel dressing (LPU/PVA-PAMs) consisting of end-capping-L-Cys poly-
urethane (LPU) and polyvinyl alcohol (PVA) grafted with PAM were 
constructed successfully (Fig. 1). The various performance of the HAB- 
gel as a dressing were assessed comprehensively in this study. The 
hydrogel phase in the HAB-gel would makes it possesses the excellent 
performance in liquid absorption and retention. The aerogel phase en-
dows the dressing with the capability of forming self-micronegative 
pressure, which helps absorb the exudate from deep wound and cre-
ates a clean microenvironment for wound healing [9]. In addition, by 
introducing β-cyclodextrin (β-CD) into bio-based polyurethane (LPU), 
the dressing could be endowed with excellent antimicrobial persistence 
after being loaded with polyhexamethylene biguanidine (PHMB). The 
LPU can prompt cells to generate and release hydrogen sulfide (H2S), 
which can accelerate wound healing and tissue regeneration by effec-
tively inducing M1-to-M2 phase transition of macrophages and collagen 
deposition [16,28]. 

According to our investigation, it is the first time, that excellent 
liquid absorption and retention, self-negative pressure absorption 
exudative, excellent antibacterial effect, biocompatibility and efficient 
immune regulation, are integrated into one system (HAB-gel) for the 
therapy of chronic wound. 

2. Materials and methods 

2.1. Materials 

L(+)-Cysteine, β-Cyclodextrin (β-CD), Polyethylene glycol (PEG, Mn 
= 400) and Polyvinyl alcohol (PVA, polymerization degree of 1750 and 
saponification degree of 99 %) were purchased from China Sinopharm 
Group Reagent Co, Ltd. Isophorone diisocyanate (IPDI, Sigma-Aldrich, 
China) was used as received. 2,2-Bis (hydromethyl) propionic acid 
(DMPA), stannous octoate (Sn(Oct)2) were obtained from Alfa Aesar 
Corporation. Acetone of AR grade and triethylamine (TEA) were pur-
chased from Kelong Chemical Corporation (Chengdu, China). Poly-
hexamethylene biguanidine hydrochloride (PHMB) was obtained from 
Shanghai Macklin Biochemical Co., Ltd., acrylamide (AM), ceric 
ammonium nitrate (CAN) and nitric acid solution were obtained from 
Aladdin. 

2.2. Preparation and characterization of LPU, LPU/PVA and LPU/PVA- 
PAMs 

2.2.1. Preparation of LPU 
The preparation process of the L(+)-cysteine-contain polyurethane is 

shown as following: Firstly, 8.0 g PEG, and 0.17 g β-CD were respectively 
added into a 500 mL three-neck flask which was equipped with nitrogen 
gas inlet, thermometer and mechanical stirrer, and the homogeneous 
mixture was obtained at the temperature of 80 ◦C for 90 min. Under 
nitrogen atmosphere, 0.05 % Sn(Oct)2 and IPDI (–OH/–NCO = 0.5) were 
subsequently added into the stirred homogeneous mixture and the re-
action proceeded at 70 ◦C for 2 h. Set the temperature down to 60 ◦C 
immediately after the prepolymerization, the 1.34 g DMPA was added 
into the mixture under reflux, and reacted for 1 h. Cooled down to 55 ◦C, 
the viscosity of the obtained NCO terminated prepolymer was adjust by 
adding 50 mL acetone. Subsequently, 0.24 g L(+)-cysteine were added 
into the prepolymer to obtain L(+)-cysteine-terminated polyurethane. 
Later, the carboxylic acids in the DMPA was neutralized by adding a 
small amount of TEA into solution. The polyurethane water solution was 
obtained by dropwise adding the certain amount of deionized water in 
the neutralized solution undergoing vigorous and stirred at 1500 rpm for 
10 min. The solution is used to remove acetone by rotary evaporator. 
After another 3 days of dialysis to remove reaction residues. The 

prepared L(+)-cysteine end-capping polyurethane is named LPU, and its 
number averaged molecular weight is 28,089. 

2.2.2. Preparation of LPU/PVA 
The dual network structure of LPU/PVA porous sponge was obtained 

by the compounding of LPU and PVA solution and then through foam-
ing. The synthesized process is as follows. Firstly, the PVA (number 
averaged molecular weight is about 77,000) solution with a mass frac-
tion of 15 % is dropwise added to a solution containing 5.0 g of poly-
urethane with high temperature and stir at high speed for 30 min. 
Hereafter, the composite was gradually cooled to room temperature and 
the LPU/PVA was obtained through the physical cross-linking of the 
double network between LPU and PVA. Subsequently, the material is 
soaked in deionized water and dialyzed for 7 days (the water is changed 
every 6 h) to remove the residues. Finally, the complex is obtained by 
freeze-drying. 

2.2.3. Preparation of LPU/PVA-PAMs 
The 5.0 g LPU/PVA and moderated amount of PAM were added to an 

argon-filled three-neck flask containing 300 mL of 0.01 M HNO3 solu-
tion [30]. Subsequently, 0.32 g (0.6 mmol) CAN being dissolved into 10 
mL 0.01 M HNO3 solution was dropped to the mixture above and stirred 
at room temperature for 24 h. Hereafter, unreacted monomer and re-
sidual catalyst were removed by rinsing with deionized water repeat-
edly. Subsequently, the freeze-dried materials were immersed in the 
solution containing PHMB (0.2 % w/v) and well stirred to form a 
complex with β-CD in the HAB-gel. The solution was then stirred steadily 
for 1 h to make PHMB fully interact with β-CD segment of LPU. Last, the 
LPU/PVA-PAM contain PHMB was dried through a freeze-drying pro-
cess. The composite porous sponge with different PAM mass fractions 
were named as LPU/PVA-PAM0, LPU/PVA-PAM1, LPU/PVA-PAM2 and 
LPU/PVA-PAM3, respectively, where the number was the feed ratio of 
[PAM]/[PVA]. 

2.3. Physicochemical properties 

The chemical structures of HAB-gel (LPU/PVA-PAMs) were evalu-
ated spectroscopically using Fourier Transform Infrared (FT-IR) Spec-
trometer (TENSOR II, Bruker, Germany) with a range of frequency from 
4000 cm− 1 to 800 cm− 1 and the resolution of 4 cm− 1. With tetrame-
thylsilane (TMS) as an internal standard, the spectrometer (Bruker AV II- 
400 MHz spectrometer, Switzerland) was applied to obtain the 1H NMR 
spectra of LPU. The solid-state PVA-PAMs 13C NMR measurement was 
performed on a Bruker AVANCE III 600 M spectrometer. 

The microstructure and morphology of the materials were scanned 
by Scanning Electron Microscopy (FE-SEM, HITACHIS-4800) after 
coating with gold by sputtering. Pore diameter distributions were got by 
measured the SEM images using Image J software. The contact angle 
(CA) were conducted using distilled water at room temperature. The 2 
μL drops of were dropped onto the samples and photographed after 
standing for 5 s. Contact angle were measured using the optical contact 
angle meter (OCA20, Dataphysics Inc.). Each measurement was per-
formed for three times to make the results accuracy. The confocal laser 
microscope (LSCM, KEYENCE, VK) was applied to measure the surface 
roughness of different sample, and the surface height difference was 
calculated as well. Texture Analyser (TA-XTplus. Stable Micro Systems, 
UK) was employed to measure the compressive property with the speed 
of 1 mm/s at room temperature. The stress–strain curves were mapped 
via the software program associated with instrument, with a compressed 
strain of 50 %. 

2.4. Liquid absorption, retention and self-negative-pressure forming 
capacity 

2.4.1. Liquid absorption, retention 
Prior to immersing in SBF (Simulated Body Fluid), the freeze-dried 
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samples were weighted at initial state (expressed as W0). Subsequently, 
each material at different time points was weighted (Wi) after removing 
the excess surface water. The rate of liquid absorption was calculated 
with equation [11]: 

Water absorption =
Wi − W0

W0
× 100% (1) 

The liquid retention capability of the materials was then measured. 
The original weight (Wd) of the samples were recorded firstly. subse-
quently, materials were immersed in SBF for 24 h, respectively. The 
excess water on surface of swollen sample was removed with filter pa-
pers. Then, placed in centrifuge tubes, the swollen materials were 
centrifuged at 300 rmin− 1 for 3 min. Finally, the weight of the centri-
fuged materials was recorded as Ww. The experiment was repeated three 
times. The ratio of water retention (WR) was defined as following 
equation [11]: 

WR% =
Ww − Wd

Wd
× 100% (2)  

2.4.2. Self-negative-pressure forming capacity 
The self-negative-pressure forming capacity of the LPU/PVA-PAMs 

sponges was measure by the Pressure Manometer GM505 obtain from 
BENETECH and the device is shown in the Fig. 3i. The samples are 
uniformly cut into 10 × 10 × 5 mm and tests were performed in trip-
licates for each group. 

2.5. Antibacterial capability of LPU/PVA-PAMs 

The cylindrical samples (d = 8 mm, h = 3 mm) were immersed in test 
tubes containing SBF, and then the tubes were placed in a constant 
temperature humidity chamber. After immersing for different time (12 
h, 24 h, 36 h, 48 h, 60 h and 72 h), the materials were taken out, and the 
concentration of PHMB in tubes were measured, subsequently. The 
absorbance of the solutions was measured using the ultraviolet spec-
trophotometer (HP 8453, USA) at the wavelength of 235 nm [26]. The 
concentration of PHMB in test tubes were determined from the com-
parison of the absorbance with PHMB standard curve. 

The antibacterial properties of LPU/PVA-PAMs were measured as 
following. After immersing in SBF solution for different days, the anti-
bacterial properties of materials were performed for 3 times. 

Detailed steps are shown following: The materials were sterilized in 
autoclave sterilizer at 120 ◦C for 30 min. The sterilized LPU/PVA-PAMs 
were put in centrifuge tubes with SBF solution. After immersing for 1d, 
2d, and 3d, the materials were taken out. Luria-Bertani (LB) liquid 
medium was used to culture the high activity bacteria (E. coli or 
S. aureus) for 12 h, and then the bacteria were diluted to 105–106 CFU/ 
ml. After irradiating with UV light, the prepared bacterial fluid was 
evenly poured on the solid AGAR mediums. The materials (d = 8 mm, n 
= 3) were put on the center of mediums. After culturing in constant 
temperature and humidity incubator for 24 h, the diameter of inhibition 
ring in mediums were measured and recorded. 

To further assess the antibacterial effect of the samples, the 
morphology of bacteria incubated on the samples was conducted. After 
fixed with 4 % paraformaldehyde solution, the samples with bacteria 
were dehydrated with gradient concentration of ethanol and lyophi-
lized. Finally, the samples were observed by SEM after sprayed gold. 

2.6. Hemocompatibility and biocompatibility 

2.6.1. Hemocompatibility assay 
In this study, the hemolysis rate was used to assess the hemo-

compatibility of the samples. Blood was drawn from healthy Japanese 
rabbit ear. Fresh anticoagulant whole blood was prepared by mixing an 
Na-citrate anticoagulant with fresh whole blood. After centrifuging 
blood, the red blood cells were taken and diluted with physiological 

saline. The test tubes which were added identical diluted liquid were 
divided into six groups, including the positive control, negative control. 
After sterilizing with UV irradiation for 1 h, all samples (5.0 × 5.0 × 5.0 
mm) were rinsed with PBS and added in corresponding test tube. Sub-
sequently, all the tubes were placed in constant temperature and hu-
midity incubator with 37 ◦C for 4 h. The tubes were centrifuged at 1000 
rpm for 15 min, after incubation. The supernatant was taken from each 
tube, and the absorbance was measured at 545 nm. The hemolysis rate 
(HR) was calculated using the equation as follows [21]: 

HR =
AS − An

AP − An
× 100% (3) 

Where Ap and An indicate the absorbance of the negative control and 
the positive control, respectively, As indicates the absorbance of the 
materials. 

2.6.2. In vitro biocompatibility evaluation 
Adipose Stem Cells were cultured in DMEM medium containing with 

1 % penicillin–streptomycin (PS) and 10 % fetal bovine serum (FBS), 
and the medium was replaced regularly. The cellular incubator was set 
and maintained at 37 ◦C with 5 % CO2. The cell biocompatibility of the 
LPU/PVA-PAM porous sponge was evaluated via the CCK-8 assay per-
forming according to the manufacturers’ instructions. The LPU/PVA- 
PAMs (5.0 × 5.0 × 5.0 mm) immersed in DMEM medium and placed 
in incubator for 24 h according to ISO 10993-12:2002 standard test 
method. 

The resuspended Adipose Stem Cells (1 × 105 cells ml− 1) were added 
in 96-well plate and cultured overnight to make sure the cells were 
adhered to the bottom of plates. And then, 100 µL of the medium soaked 
by sample were added into the per well and the medium was changed 
every other day. Culturing for 1, 3and 5 day, the well plates were rinsed 
with PBS three times, and placed in a dark for 4 h after adding CCK-8 
reagent (Dojindo, Japan) to each well. After incubation, the optical 
density (OD) of each well were measured at 450 nm using Microplate 
Reader. The cell viability value obtained by calculation following pre-
vious literature. The tests were repeated triplicates for each group and 
the results were expresses as mean values ± standard deviations. The 
cell viability on the surface of samples was assessed using LIVE/DEAD 
Viability/Cytotoxicity Kit, and the fluorescent images were taken by a 
fluorescent microscope (PUDA FM-600C, China). 

2.6.3. The profile of H2S generation by LPU in vitro 
The LPU solution (30 μL) was added to the culture medium which 

contain 105/ml cells, and then incubated for a certain time (0.5 h, 1.0 h, 
1.5 h and 2.0 h). The cell supernatant was taken out and placed in an ice 
bath, the H2S detection kit (Jiancheng Bioengineering Institute, Nanj-
ing, China) was used according to the manufacturer’s instruction. 
Finally, the solutions were transferred into a 48-well plate, and the 
absorbance was measured using the microplate reader (800 TS Micro-
plate Reader, BioTek Instruments, USA) at 630 nm. The experiment was 
performed in triplicate [37]. 

2.7. In vivo wound treating study 

In this study, the animal experimental protocols and procedures were 
approved by the Animal Welfare Ethics Committee of Shanghai The First 
Affiliated Hospital of Naval Medical University (CHEC (A.E) 2022-006). 

2.7.1. Mouse excisional wound model 
C57BL/6 mice (8–9 weeks, 25–30 g) were used for this study [38]. By 

injecting 3 % pentobarbital sodium intraperitoneally, 30 mice were 
anesthetized and two full-thickness skin wounds with diameters of 10- 
mm were created symmetrically on each mouse after the dorsal region 
of mice were shaved and disinfected. Prior to testing, all the samples 
were sterilized by cobalt-60 radiation. The wound on left side was 
treated with LPU/PVA-PAMs (LDressing) and the other side was applied 
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with commercial 3 M dressing (Tegaderm™). After surgery, all mice 
survived, and the dressings treated with wound were changed about 
every 3 days. To record the wound repair process, the wound sites were 
photographed and measured at day 0, 1, 4, 7, 10 and 18. 

The percentage of the healed wound area relative to the initial 
wound area was defined as the wound healing ratio, and the wound area 
ratio was calculated with Equation following: 

Wound area ratio (%) =
S0 − Sn

S0
× 100% (4) 

Where S0 is the wound area on the day 0, Sn is the wound area on the 
day n (like 1th, 4th, 7th, 10th and 18th day) respectively. 

2.7.2. Hematoxylin and eosin (HE), immunohistochemistry (IHC) and 
immunofluorescence (IF) 

To assess the collagen deposition and epidermal regeneration in 
wound site, mice were euthanized and the skin tissues were collected at 
different timepoints. The tissues were immersion-fixed in the fixative for 
2 days, then embedded in paraffin and cross sectioned to about 4 μm 
thickness sections. The sections were stained using Masson’s trichro-
meTM (Beyotime), hematoxylin and eosin (H&E, Sigma-Aldrich) and 
anti-CD31 for histological and immunohistochemistry analysis accord-
ing to the manufacturer’s instructions. The tissue slices were scanned 

using microscopy for the analysis of collagen deposition, angiogenesis 
etc. which were photographed and counted using ImageJ program. 

The skin wound tissues were also used for immunofluorescence 
staining of TNF-α, VEGF, IL-10 and IL-1β, respectively. In addition, the 
immunofluorescence staining of CD68 and CD206 were also employed 
to further evaluate the transformative effect on macrophage phenotype 
of dressing [10]. Histological images were observed (n = 5 field-of-views 
per section) using fluorescent microscope (P250, 3D HISTECH, 
Hungary). The relative coverage area percentage of positive in immu-
nofluorescence were counted (n = 3) using ImageJ software. 

2.8. Statistical analysis 

All results were presented as mean ± standard deviation. Using one- 
way analysis of variance (SPSS 17.0), the statistical analysis between 
groups were performed. Statistical significance was considered as *p <
0.05 or **p < 0.01. 

3. Results and discussion 

3.1. Preparation and characterization of HAB-gel dressing 

Fig. 1 depicts the synthetic route for bio-based polyurethane (LPU) 

Fig. 2. Characterizations of structure and physicochemical properties of the HAB-gel dressing; (a) The 1H NMR of LPU; (b) The 13C NMR of PVA-PAMs; (c) The FT-IR 
spectra of LPU/PVA-PAMs; (d) SEM images of the freeze-dried LPU, PVA, LPU/PVA, and LPU/PVA-PAM3; (e) Pore size distribution; (f) Water contact angle; (g) 
Three-dimensional topography; (h) Surface roughness, and (i) Compressive stress–strain curves of the different materials (n = 3). 
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and PVA-PAMs complexed dual-network-structure multifunctional 
HAB-gel dressing (LPU/PVA-PAMs). Briefly, the bio-based polyurethane 
was first synthesized (shown in Figure S1) and mixed with PVA, during 
the grafting of PAM on PVA, a porous double network complex (LPU/ 
PVA-PAMs) is formed (Figure S2). The chemical structure of the dual- 
network -structure HAB-gel dressing was confirmed by 1H NMR and 
13C NMR spectra (Fig. 2). 

Depicting in Fig. 2a, which shows the 1H NMR of the LPU, the peak at 
3.53 ppm was attributed to the methyl in the structure of IPDI, and the 
peaks observed at 1.02 and 0.87 ppm were referred to methylene group 
of IPDI [21,29]. The obvious signal peak at 7.08 ppm was assigned to the 
N–H group of amide group. The peak located at 4.03 ppm belongs to the 
methylene in DMPA. The chemical shift values about 3.06 ppm was 
attributed to the methyl group in DMPA and the sulfhydryl group in L- 
Cys, indicating that the LPU polymer chains were successfully end- 
capped by L-Cys. The 13C NMR spectra of PVA-PAMs was shown in 
Fig. 2b, the signals that appeared at 37.8 ppm and 89.8 ppm were mainly 
assigned to the carbon in the molecular chain of PVA [27]. The chemical 
shift value at 175.6 ppm was assigned to the C of amide group in the 
structure of PAM, which proves that PAM is successfully grafted onto 
PVA [30]. The FT-IR of composite material grafted with PAM in HAB-gel 
dressing (LPU/PVA-PAMs) were also characterized (shown in Fig. 2c 
and Figure S4). The broad band observed from 3200 to 3600 cm− 1 was 
linked to the presence of O–H in PVA and the NH2 in PAM [27]. Besides, 
the absorption peak at 1656 cm− 1 and 1433 cm− 1 correspond to the 
C––O stretching vibration peak in amide group of PAM and C–N 
stretching vibration of PAM, which means PAM was successfully grafted 
to the molecular chain of PVA [30]. 

Morphology, hydrophilicity, surface roughness and mechanical 
performance are crucial properties of the HAB-gel dressing. From 
Fig. 2d, the freeze-dried LPU presents the form of piecemeal and frag-
mentary pore structure with an average pore diameter of 165.3 μm 
(shown in Fig. 2e), and the PVA shows sparse and thick structure with 
the average hole diameter of 80.6 μm. LPU/PVA, a material jointly 
constructed by LPU and PVA, exhibited porous and irregular network 
structures with the average hole diameter of 85.3 μm, moreover, 
following grafting PAM, the structure of HAB-gel dressing (LPU/PVA- 
PAM3) has not been destroyed, and the original pore size and structure 
are still well retained, which make it advantageous to absorb wound 
exudate [11]. Static water contact angles of the HAB-gel materials were 
shown in Fig. 2f. The contact angles of all the samples were <90◦, 
indicating that all the samples were hydrophilic, which attributed to 
that the composite material contains a lot of hydrophilic segments, such 
as PEG, PVA and PAM. Moreover, the LPU/PVA-PAM3 possessed lower 
contact angles (25.3◦) than LPU, PVA and LPU/PVA, showing superb 
hydrophilicity due to that the large amount of grafted PAM, demon-
strating outstanding absorption potential for exudate. Therefore, it 
could be concluded that the PAM grafted PVA and the PEG segment of 
LPU can enhance the hydrophilic ability of the HAB-gel. Surface 
roughness has great influences on wound recovery due to the excessively 
rough surface may cause abrasion to the wound and adhesion of wound 
tissue [11]. Moreover, the low-amplitude roughness of surface helps to 
the form of anti-adhesion effect on blood cell, thereby preventing the red 
blood cells from rupturing and causing hemolysis. Therefore, lower 
surface roughness is essential to endow HAB-gel dressing with powerful 
anti-adhesion properties during use as dressing [11]. As shown in Fig. 2g 
and h, compared with PVA and LPU/PVA, LPU shows higher surface 
roughness, which is consistent with SEM results, while, PVA possess 
uneven porous structure. Furthermore, compared with LPU/PVA, the 
LPU/PVA-PAM3 exhibits lower surface roughness, which would due to 
that the grafted PAM plays a key role in smoothing the gully in the 
microstructure. After absorbing liquid, the mechanical performance of 
the HAB-gel dressing was evaluated by unidirectional compression to 
record the compressive strength of the HAB-gel materials at 50 % strain, 
and the results were presented in Fig. 2i. The compressive strength of the 
LPU, PVA, LPU/PVA and LPU/PVA-PAM3 sponges were 21.3, 73.8, 34.1 

and 49.4 KPa, respectively. PVA exhibits the highest compressive 
strength due to the dense and less porous structure, while, LPU showed 
the weakest in compression due to its sparse pore structure. 

The HAB-gel material (LPU/PVA-PAM3) possesses a uniform porous 
structure, high hydrophilicity, low surface roughness and sufficient 
mechanical property simultaneously, which makes it have the potential 
to become a promising wound dressing. 

3.2. Liquid absorption and liquid retention properties of multifunctional 
HAB-gel dressing 

The everfount exudate oozing from the wound is a complication of 
the chronic wound [2]. Therefore, as a dressing for wound care, the 
capabilities of liquid absorption and retention of the material are one of 
the most indispensable properties. In this study, the performance of 
HAB-gel dressings in liquid absorption and liquid retention were tested 
and evaluated, and the results were shown in Fig. 3. The liquid ab-
sorption process of LPU/PVA-PAM3 was shown in Fig. 3b, and rhoda-
mine B solution was used for easy visualization. The liquid could be 
completely absorbed into the LPU/PVA-PAM3 (0.15 g) within 60 s, as 
displayed in Fig. 3b and Movie S1, indicating a rapid liquid absorption 
performance of LPU/PVA-PAMs. The cuboid of LPU/PVA and LPU/PVA- 
PAM3 which achieve liquid balance were placed on the blank paper, it 
could be seen that (Fig. 3c), the solution oozes more from LPU/PVA than 
LPU/PVA-PAM3, which revealed that the HAB-gel dressing (LPU/PVA- 
PAM3) possesses excellent liquid retention performance. Besides, during 
the squeezing process, the solution could not be squeezed out easily from 
LPU/PVA-PAM3 (as shown in Fig. 3f). Unlike current dressings, it 
enabled the dressing to prevent the absorbed exudate from squeezing 
back into the wound, which helps to create a moist and clean environ-
ment to accelerate wound healing [31]. 

Subsequently, the liquid absorption and retention performance were 
measured quantitatively, and the results shown in Fig. 3d and e. The 
composite material exhibits the ability to continuously absorb the so-
lution within 120 s, especially the LPU/PVA-PAM3 showed a water 
absorption rate as high as 1510 %. In addition, with the increase content 
of grafted PAM, the HAB-gel materials show more excellent liquid ab-
sorption performance, which was attributed to the plentiful PAM chain 
segment among the pore structure. Furthermore, the PAM chain seg-
ments also have advantages for enhancement of LPU/PVA-PAMs in 
liquid retention (as shown in Fig. 3e). The HAB-gel material consists of 
hydrogel phase and aerogel phase. The more PAM contained, the more 
hydrogel phase, the better the liquid retention capacity of the LPU/PVA- 
PAMs, and the liquid retention rate of LPU/PVA-PAM3 even reached 91 
%, which attributed to the affinity of the amide group for water. With 
the proper increase in PAM segment, the transparency of the HAB-gel 
was enhanced significantly (Figure S5). In clinical use, the super 
absorbent and water-retaining materials can effectively avoid replacing 
dressing frequently, provide convenience for patients, and reduce the 
probability of wound infection. Following, after absorbing water, the 
mechanical properties of the porous LPU/PVA-PAMs were assessed by 
compression (Fig. 3g and h). It could be seen that the compressive 
strength enhances as the grafted PAM increases, meaning that the con-
tent of PAM plays a key role in the compression performance. After the 
HAB-gel material absorbed water, the most of the water was lock in the 
PAM chain segment to form a hydrogel, just as the schematic diagram 
shown in Fig. 3a, thereby achieving water absorption and retention. 
Importantly, LPU/PVA-PAM3 exhibits excellent stability in compression 
performance (Fig. 3h), indicating that after absorbing liquid, the ma-
terial formed a uniform and stable hydrogel structure so that the liquid 
absorbed by the material would not leak out under the external force. 

3.3. Self-negative-pressure exudate absorption properties of 
multifunctional HAB-gel dressing 

The integral and interconnective pore structures in HAB-gel material 
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endows the dressing with excellent mechanical stability and the capa-
bilities of absorbing and maintaining wound exudates. Besides, we 
surprisingly found that the LPU/PVA-PAMs could generate negative 
pressure during the transition from aerogel to hydrogel, which were 
tested via the devices shown in Fig. 3i. The compressed LPU/PVA-PAMs 
absorb the rhodamine b solution in the U-shaped tube by the self- 
macronegative pressure generated during the water-absorbing expan-
sion process, and the self-negative pressure curve of LPU/PVA-PAMs and 
the maximum self-negative pressure were shown in Fig. 3j and k. The 
results demonstrated that, with the increasing PAM content in the 
composites, the maximum self-negative pressure of the LPU/PVA-PAMs 
increased significantly. The maximum self-negative pressure of the LPU/ 
PVA-PAMs ranged from − 1.26 mmHg (LPU/PVA) to − 7.25 mmHg 
(LPU/PVA-PAM3). The detailed schematic diagram of mechanism was 
displayed in Fig. 3i and n. Once the porous material absorbs water, the 
water is distributed on the pore wall to form a hydrogel with the hy-
drophilic PAM, and the compressed structure tend to unfold (as shown in 
the SEM of Figure S6), which causes formation of partial vacuum inside 
the material, thereby generating micro-negative pressure. The dynamic 
expansion forces generated by the dressings during exudate absorption 
were tested and evaluated, and the results are shown in Fig. 3m. 
Evidently, the expansion force of LPU/PVA-PAMs greatly improved with 
increasing the grafted PAM content. LPU/PVA displayed the lowest 
force with about 2 N, while, the expansion force of LPU/PVA-PAM3 
exceeded twice this value. According to previous study, the LPU/PVA- 
PAMs dressing possess gentle expansion performance, flexibility and 
self-negative-pressure exudate absorption, which would be instrumental 

in achievement of shape-adaptive wound care (Fig. 3n). 
Possessing the ability to form negative pressure instead of using 

external devices, the HAB-gel LPU/PVA-PAMs can continuously absorb 
deep exudate and provide a cleaner and more suitable environment for 
chronic wound healing [9]. 

3.4. In vitro biocompatibility and antibacterial capability of 
multifunctional HAB-gel dressing 

Antibacterial performance is one of the most essential properties of 
wound dressings, which could prevent wound from being infected by 
bacteria during the recovery process, thereby shortening the healing 
time. The PHMB was used to form the supramolecular interaction with 
β-cyclodextrin (β-CD) which was embedded in the LPU molecular chain 
among the HAB-gel LPU/PVA-PAMs (shown in Fig. 4a), endowing the 
dressing with good antibacterial durability. The UV–vis spectropho-
tometer was employed to confirm the formation of supramolecular 
interaction between β-CD and PHMB (displayed in Figure S7) [32]. The 
release characteristics of PHMB in LPU/PVA-PAMs were tested. All 
samples showed the nature of sustained release of PHMB within 72 h 
(Fig. 4c), attributing to the supramolecular interaction between PHMB 
and β-CD. 

In the whole process, PHMB in LPU/PVA-PAM3 was released in a 
stable and continuous mode, rather than LPU/PVA, which release faster 
at the early stage and slower at the final stage. The stable release rate of 
PHMB could be attributed to the strong host–guest interaction of β-CD 
and PHMB, and the hydrogen bonds interaction between PHMB 

Fig. 3. Liquid absorption and retention properties of HAB-gel dressings. (a) Schematic diagram of the liquid absorption and retention mechanism of LPU/PVA-PAM3; 
(b) Liquid absorption process of LPU/PVA-PAMs (The liquid is dyed red for visualization); (c) Photographs depicting liquid retention performance of LPU/PVA-PAMs 
on blank paper; (d) Liquid absorption curve of samples; (e) Capacities of samples in absorbing and retention; (f) liquid retention photograph of sample under external 
pressure; (g) The compressive strength of the sample after absorbing liquid; (h) Cyclic compression curve of LPU/PVA-PAM3 after absorbing liquid (10 cycles); (i) 
Schematic diagram of self-negative pressure test equipment; (j) The self-negative-pressure curve of LPU/PVA-PAMs during water absorption; (k) The maximum self- 
negative pressure of LPU/PVA-PAMs (n = 3); (l) Schematic diagram of dynamic expansion force test; (m) The performance in expansion forces of samples during the 
absorption progress; (n) Schematic diagram of self-micronegative pressure wound exudate absorption. 
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molecule and the PAM chain segment on the PVA. Moreover, the dense 
dual network could act as barriers to assist to decelerate the diffusion of 
PHMB as shown in Fig. 4f. The amount of PHMB release from LPU/PVA 
tended to close to 0 after 72 h of immersion. However, there were a few 
amounts of PHMB in LPU/PVA-PAM3 still not released, revealing that 
the LPU/PVA-PAM3 has excellent and long-lasting antibacterial prop-
erties. Subsequently, the antibacterial durability of LPU/PVA-PAMs on 
E. coli (Fig. 4d) and S. aureus (Fig. 4e) were tested using disk diffusion 
method. With the increasing immersed days in SBF, the diameter of 
inhibition ring decreases gradually. While, the most PAM grafted 
showed slowest rate of descent, owing to the role of PAM hydrogel phase 
which can delay the burst release of PHMB and maintain its stable 
antibacterial properties. Moreover, after soaking in SBF for 3 days, the 

material still possesses good antibacterial properties, revealing that 
there was still a certain amount of PHMB in LPU/PVA-PAM3. Further-
more, the morphology of S. aureus and E. coli incubated on LPU/PVA and 
LPU/PVA-PAM3 for 24 h after their immersing in SBF for 3 day were 
observed by SEM (Fig. 4h). In the LPU/PVA group, bacteria still main-
tained intact morphologies and smooth surfaces with regular shapes, 
indicating that the bactericidal effect of the LPU/PVA was insufficient 
after 3 days release. In contrast, incubated on LPU/PVA-PAM3, many 
morphological changes were observed on the surface of the bacteria 
such as irregular and wrinkled, indicating that LPU/PVA-PAM3 still has 
antibacterial properties on the third day. Moreover, some could be 
observed that the membrane was significantly damaged or the cyto-
plasm inside the bacteria flowed out, and the schematic diagram was as 

Fig. 4. Antibacterial properties of LPU/PVA-PAMs. (a) Schematic diagram of LPU/PVA-PAMs material loaded with PHMB. (b) Schematic diagram of the antibacterial 
effect of LPU/PVA-PAMs porous material on the wound. (c) In vitro PHMB release behavior of LPU/PVA-PAMs in SBF. (d) and (e) The antibacterial stability and 
durability of LPU/PVA-PAMs (S. aureus and E. coli) (n = 3). (f) Schematic diagram of PHMB release from the polymer network. (g) The inhibition zones of LPU/PVA- 
PAMs after being immersed in SBF for 3 day. (h) SEM images of S. aureus and E. coli incubated for 24 h on LPU/PVA and LPU/PVA-PAM3 after immersing in SBF for 3 
day, bar: 2 μm. 
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shown in Fig. 4b. The excellent antibacterial in durability and stability 
makes HAB-gel LPU/PVA-PAMs dressings to be promising application in 
the healing of chronic wounds [12]. 

In this study, the hemolysis and cytotoxicity were conducted to 
assess the biocompatibility of the dressing. As a dressing, it will inevi-
tably contact with cells in body fluids on wounds during treatment. So, 
the cell proliferation on the surface of LPU/PVA-PAMs is significant to 
evaluate the applicability prior to animal experiments. Besides, Prior to 
evaluating the biocompatibility of novel HAB-gel, the PHMB with con-
centration of 0.2 wt% was proven to be non-cytotoxic using L929 cells, 

and the results shown in Figure S8. The Fig. 5a displayed the fluores-
cence micrographs of L929 and the spreading area on different samples 
surfaces, from which it could be found that the cells can be firmly 
adhered to the surface of each sample [33]. Besides, with the increase of 
culture time, the density of cells on all surfaces has been greatly 
improved, as displayed in Fig. 5b and c. Comparing with the control 
group, the LPU, LPU/PVA and LPU/PVA-PAM3 had excellent biocom-
patibility proven in the proliferation and density of cells of all samples. 
Additionally, Fig. 5g demonstrated that L929 cell incubated on LPU/ 
PVA-PAM3 adhere well and had clear attachment sites, indicating that 

Fig. 5. (a) Fluorescence micrographs of L929 cells with living cells staining after proliferation on surfaces of LPU/PVA, LPU/PVA-PAM1, LPU/PVA-PAM2 and LPU/ 
PVA-PAM3 respectively for 1, 3 and 5 days. Statistics of the(b) spreading area and (c) cell density on surfaces with different samples. The cytotoxicity assay results of 
the immersed solution for 1 day (d) 2 days (e), 3 days (f). (g) The SEM photographs of L929 cells on the surfaces of LPU, LPU/PVA and LPU/PVA-PAM3. (h) The 
hemolysis test digital images and (i) hemolysis rate of LPU/PVA-PAMs (n = 3). (*p < 0.05, **p < 0.01). 
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the surface of the LPU/PVA-PAMs could provide a suitable growth 
macroenvironment for cells proliferation and attachment. 

Furthermore, the leaching solutions after immersing for 1, 2 and 3 
days were used to test and evaluate the cytotoxicity (Fig. 5d, e and f). 
The cell viability in all extracts had reached more than 85 %, indicating 
that the extracts of LPU/PVA-PAMs still has excellent biocompatibility 
[33]. Additionally, the quantification of the blood compatibility was 
performed for hemolysis analysis. Fig. 5h and i showed the hemolysis 
rate of the samples. The hemolysis rate of LPU was 1.48 %, indicating 
that the LPU possesses excellent blood compatibility. The hemolysis rate 
of LPU/PVA-PAM3 was were still far below the safe value of 5 %, the 
judging criterion for excellent blood compatibility [21]. 

To verify the effectiveness of the active sulfhydryl group in the 
constructed L-Cys-based polyurethane on inducing the polarization of 
macrophages. After incubating the RAW264.7 with LPU and LPU/PVA- 
PAM, the generation of H2S by macrophages was measured via the H2S 
detection kit. The results showed that the maximum concentration of 
H2S can be reach to 60 μM (Figure S9), exhibiting significant H2S is 
generated after cells-material interaction [34], therefore, wound healing 
properties of LPU/PVA-PAM3 (LDressing) were validated and 
evaluated. 

3.5. In vivo chronic wound healing assessment 

The schematic of the treatment of chronic wounds is shown in 
Fig. 6a. Briefly, the mice model with symmetrical identical full-thickness 
skin excision was established for evaluating wound-healing effect. LPU/ 
PVA-PAMs and the commercialized dressing (Tegaderm™) were used in 
this experiment. Detailly, the wound on the left is treated with a com-
mercial dressing Tegaderm™, the wound on the right is treated with the 
LPU/PVA-PAM3. Fig. 6b displays the digital images of wound-closure 
condition after treating for 1, 4, 7, 10 and 18 days. The Wound 

healing effect of two groups were obvious, and the LPU/PVA-PAMs 
groups showed a better wound healing effect than the Tegaderm™ 
group. Moreover, the wound trace in macro image was shown in Fig. 6c, 
disclosing that the wound in the LPU/PVA-PAMs group was nearly 
recovered on day 18, while, the wound on Tegaderm™ group was still 
evident. Besides, the inflammation was observed around the wound in 
the Tegaderm™ group during the healing progress (Fig. 6b). While, no 
infection was observed in the LPU/PVA-PAMs group, which indicated 
that the LPU/PVA-PAMs exhibited significant anti-infection and anti- 
inflammatory effect. The analysis of the wound area and the recovery 
rate at different timepoints were calculated to quantify the wound 
healing process (displayed in Fig. 6d). It is disclosed that, compared to 
that of Tegaderm™, the healing ratios of wounds treated with LPU/PVA- 
PAM3 is 93.8 %, verifying that the material could be significantly 
accelerate wound healing. Additionally, the daily wound healing rate of 
LPU/PVA-PAM3 group reached 12 mm2/day at the initial stage and 2 
mm2/day at the ending stage, maintaining a faster healing rate than that 
of Tegaderm™ group, demonstrating that the LPU/PVA-PAM3 could 
provide support for the treatment of patients with chronic wounds in 
clinic (Fig. 6e). 

To gain more insight into the wound healing process, the histological 
evaluation during healing process was performed. The histomorpho-
logical evaluation on wound tissue in the different timepoints was 
conducted by optical micrographs of H&E staining. On the 4th day, two 
groups showed inflammation and accumulation of macrophage at the 
wounds, while, the density of inflammatory cells in the group LDressing 
was significantly less than that in group TegadermTM (Fig. 6f). In addi-
tion, fibroblasts were observed migrating to the wound in group 
LDressing, and this phenomenon becomes more remarkable on the day 7 
and day 18. On the 7th, the group LDressing displayed mild inflamma-
tion, but the inflammatory cells fading away on 18th day, while, the 
commercial dressing group still exhibited mild inflammatory cell 

Fig. 6. Evaluation of the wound-healing properties of the material using a full-thickness skin defect model (C57BL/6 mice). (a) Schematic diagram of the sym-
metrical identical full-thickness skin excision model. (b) Representative photographs of cutaneous wounds treated with Tegaderm™ and LPU/PVA-PAM3 (LDressing) 
at different time points, bar: 3 mm. (c) The area traces of wound closure. (d) The wound area and the recovery rate at different timepoints. (e) Daily wound healing 
rate of wounds. (f) The H&E stained histological analysis of the wound tissues from each treatment group on day 3, 7, and 18 (neutrophils: black arrows, fibroblasts: 
blue arrows, newly formed epidermis: black dotted line. scale bar: 100 µm). (g) The thickness of newly formed epidermis (n = 3). (*p < 0.05, **p < 0.01). 
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infiltration on 18th day. The newly formed epidermal layer in the healed 
skin was shown in Fig. 6f and marked with black dotted. The statistical 
skin thickness was also shown in Fig. 6g, in which the new epidermal 
layer of LPU/PVA-PAM3 group were thicker than that of the Tega-
dermTM group in all timepoints, indicating that the LPU/PVA-PAM3 
group accelerate wound healing and restore the defense function as 
normal skin [35,36]. 

3.6. In vivo anti-inflammatory and wound remodeling properties of LPU/ 
PVA-PAMs 

Emerging from the occurrence of wound, the inflammation presents 
and evolves through the entire healing process, which could strongly 
reflect the macrophage polarity. To reveal the mechanism of promoting 
wound healing and prove the beneficial immune regulation function of 
LPU/PVA-PAMs dressing, the pro-inflammation factor TNF-α was 
stained at day 3 and day 7 (Fig. 7b). Compared with TegadermTM group, 
LDressing group could significantly decrease the TNF-α expression 
which embodied in the quantized coverage area of TNF-α (Fig. 7c), that 
was also shown in expression of IL-1β (Figure S10). The results proved 
that the LDressing could inhibit excessive inflammation during wound 
healing. Besides, the anti-inflammation factor IL-10 was also stained at 
day 3 and day 7 and the results were showed in Fig. 7d and e. The 
expression of IL-10 was significantly enhanced in LDressing group, 
which means that the number of M2 macrophages was increased after 
treated with LDressing. 

The M2 macrophage also acts as a significant role in promoting 
wound healing. To further investigate the regulation of macrophages 
phenotype by LDressing, the immunofluorescence staining was per-
formed against anti-CD68 (macrophage surface markers) and anti- 
CD206 (M2 macrophage surface markers). As displayed in Fig. 7f, in 
the wound bed, the CD206 positive cells showed a more remarkable and 
widely distribution in LDressing group (green fluorescence) than Tega-
dermTM group, indicating that the positive cell density of CD206 were 
significantly denser than the TegadermTM group (Fig. 7g), 

demonstrating the reliability of the HAB-gel in treatment effect. 
Furthermore, the ratio of M2 subtype macrophage in macrophages, 
CD206/CD68, (shown in Fig. 7h), were significantly improved in 
LDressing than that in TegadermTM group on both day 3 and day 7, 
indicating the high reliability of the HAB-gel in effect of inducing 
macrophage polarization [3,4]. The results elucidated that the LDressing 
could efficiently accelerated wound healing by promoting the pheno-
typic transformation of M1 to M2 at the wound site (Fig. 7a). 

Angiogenesis act as a critical role in the process of wound healing 
because the newly formed blood vessels are an important part of gran-
ulation tissue, which acts as a template for new dermis formation. 
Vascularization of the tissue is one of the critical markers during the 
wound healing process. To investigate the secretion of VEGF after 
macrophage polarization to the M2 subtype and its role in promoting 
angiogenesis, the immunofluorescence of inflammatory factor VEGF and 
immunohistochemical staining of CD31 were performed and shown in 
Fig. 8. From the Fig. 8a, it shown that the LDressing group presented 
more gross expression of VEGF than the commercial dressing Tega-
derm™ group on day 7 (p < 0.05), exhibiting a better therapeutic effi-
cacy in the healing process. The immunohistochemical staining of CD31 
(shown in Fig. 8b) was used to manifest endothelial cells to assess 
angiogenesis during wound healing. From the results, it could be found 
that, more CD31 positive staining was obviously observed in the wound 
tissue, which was treated by the LDressing, while, less CD31 positive 
staining was found in Tegaderm™ dressing group on both the 7th and 
18th days. The number and diameter distribution of blood vessels were 
analyzed quantitatively (Fig. 8c and d), from which it is confirmed that 
the LDressing group had the better neovascularization on the 7th and 
18th days than Tegaderm™ group in terms of quantity and diameter of 
blood vessels. Collagen in the dermis make skin maintain resilient and 
integrity during wound healing. The results of Masson’s trichrome 
staining were presented in Fig. 8e. The increasing deposition of collagen 
were found in the two groups on 18th day. In the Tegaderm™ dressing 
group, the collagen deposition in dermis display hypogenetic and 
incompact collagen fibers. Instead, LDressing-treated group exhibit 

Fig. 7. Characterization of macrophage polarization after treating by dressing at day 3 and day 7. (a) Schematic diagram of anti-inflammatory phase in wound; (b) 
Immunofluorescence of pro-inflammatory factor TNF-α (M1 macrophage-associated proteins, red arrows); (c) Quantitative analysis of TNF-α relative coverage area 
percentage (n = 3); (d) Immunofluorescence of anti-inflammatory factor IL-10 (M2 macrophage-associated proteins, green arrows); (e) Quantitative analysis of IL-10 
relative coverage area percentage (n = 3); (f) The wound sections were stained with the macrophage marker CD68 (red) and the M2 marker CD206 (green arrows). 
Scale bars = 100 μm; (g) Quantitative analysis of positive cell density in each micrograph (n = 3). It represents significant difference compared the CD206+ cells and 
CD68+ cells with the overall cells in the wound (*p < 0.05). (h) Analysis of the CD206+/CD68+ ratio in each group (n = 3). It represents significant difference 
compared HAB-gel with TegadermTM group (*p < 0.05 and **p < 0.01). 
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neatly arranged collagen deposition with aligned and dense fibers. The 
Masson staining showed that the collagen index of group LDressing 
(0.151, 0.305) are significantly higher than that of Tegaderm™ group 
(0.113, 0.258), which are closer to that of normal skin (0.314) [39] at 
day 18 (Fig. 8f). 

Overall, the results prominently showed that LDressing effectively 
induced macrophage polarization from M1 to M2 by down regulating 
the expression of TNF-α and upregulating the expression of IL-10 CD206 
and VEGF during wound healing process, and accelerated angiogenesis 
and collagen deposition, exhibiting excellent therapeutic efficacy in the 
healing process of wound. (shown in Fig. 1b). 

4. Conclusions 

In conclusion, we developed a multifunctional HAB-gel dressing 
(LPU/PVA-PAMs) with synergistic treatment strategy to accelerates 
healing of chronic wounds. The multifunctional HAB-gel dressing was 
synthesized by dual-network-structure material with the PVA grafted 
with PAM and bio-based polyurethane. The grafted PAM in HAB-gel 
dressing exhibited excellent exudate absorption and retention during 
the transformation from aerogel to hydrogel after absorbing liquid, be-
sides, the self-micro-negative pressure formed in this process can absorb 
the deep exudate in the wound which could help prevent wound 
contamination. The β-CD segment in bio-based polyurethane, can endow 
dressing with excellent antibacterial properties after incorporating 
PHMB. Notably, the bio-based polyurethane ending-capping with 

Fig. 8. The wound remodeling properties of 
LPU/PVA-PAMs sponge (a) Immunofluores-
cence of inflammatory factor VEGF (vascular 
endothelial growth factor); (b) Images of 
immunohistochemical staining for CD31 on 
the 7th and 18th day (BV, blood vessels. 
scale bar: 100 µm), (c) The number of blood 
vessels on the 7th and 18th day; (d) The 
vessel diameter distribution on the 18th day. 
(*p < 0.05, **p < 0.01, n = 3). (e) Masson 
staining histological images of the regenera-
tion of skin tissue on day 7 and 18. (Scale 
bar: 100 µm). (f) The collagen content (%) in 
the different treatment groups based on 
Masson staining. (*p < 0.05, **p < 0.01).   
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structure of L-Cys can induce the generation of hydrogen sulfide (H2S), 
which efficiently increase the number of anti-inflammatory M2 macro-
phage and inhibit the expression of inflammatory factors, displaying 
promising therapeutic potentiality for chronic wounds. In summary, 
HAB-gel dressings provide a promising strategy for synergistic treatment 
of chronic wounds, and bring new hope for clinical regenerative 
medicine. 
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