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A B S T R A C T   

The treatment of diabetic chronic wounds remains a global challenge due to the up-regulated inflammation 
response, oxidant stress, and persistent infection during healing process. Developing wound dressing materials 
with ideal biocompatibility, adequate mechanical strength, considerable under-water adhesion, sufficient anti- 
inflammation, antioxidant, and antibacterial properties is on-demand for clinical applications. In this study, 
we developed a bioactive skin-mimicking hydrogel band-aid through the combination of tannic acid (TA) and 
imidazolidinyl urea reinforced polyurethane (PMI) (TAP hydrogel) and explored its potentials in various medical 
applications, including hemostasis, normal skin incision, full-thickness skin wounds, and bacterial-infection skin 
incision on diabetic mice. TA was loaded into PMI hydrogel network to enhance the mechanical properties of 
TAP hydrogels through multiple non-covalent interactions (break strength: 0.28–0.64 MPa; elongation at break: 
650–930%), which could resist the local stress and maintain the structural integrity of wound dressings during 
applications. Moreover, owing to the promising moisture-resistant adhesiveness and organ hemostasis, 
outstanding anti-inflammation, antibacterial, and antioxidant properties, TAP hydrogels could efficiently pro-
mote the recovery of skin incision and defects on diabetic mice. To further simulate the practical situation and 
explore the potential in clinical application, we also verified the treatment efficiency of TAP hydrogel in 
S. aureus-infected skin incision model on diabetic mice.   

1. Introduction 

With the worldwide prevalence of diabetes mellitus, chronic wounds 
with persistent hyperglycemia, upregulated inflammatory reaction, and 
bacterial infection pose a serious threat to the prognosis as well as the 
life quality of diabetic patients [1]. Diabetic microangiopathy is the 
most common complication of hyperglycemia which could compromise 
the barrier function of skin, and cause delayed wound healing [2]. 
Conventional methods for chronic wound treatment like wound 
debridement and dressing provide limited therapeutic effect, and cannot 
meet the diversified demands of diabetic wound healing [3]. 

Wound dressing is regarded as an effective way for the treatment of 
wounds in the clinic. The wound healing process can be divided into four 
distinguished phases, including hemostasis, initial inflammatory 
response, cell proliferation, and tissue remodeling [4]. Therefore, an 

ideal wound dressing material should be functionalized as the skin tissue 
which serves as a physical boundary to protect the vulnerable internal 
environment and feature desirable therapeutic effects towards wound 
healing phases. Biocompatible wound dressing materials with multi 
functionalities, such as electrospun nanofibers [5], microfiber networks 
[6], membrane [7], and hydrogels [8] have been employed for skin 
tissue imitation, which can cover exposed tissue, avoid body fluid 
evaporation, and provide extra protection for the wound area [9]. 
However, the disadvantages of current wound dress materials have been 
substantially revealed during research and clinical application, for 
instance, poor antibacterial capability [10], lacking anti-inflammation 
property [11], undesirable mechanical strength [12], and weak adhe-
sive ability to body fluid stained surfaces [13], especially in the treat-
ment of diabetic patients who suffer from chronic wounds or infection 
[14]. 
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The uncovered and moist wound surface with nutritious body fluid 
leakage provides an ideal environment for microbe settlement [15]. On 
account of persistent hyperglycemia, diabetic wounds exhibit excessive 
inflammation reactions and thus are beneficial to bacteria colonization, 
which could lead to a significantly prolonged wound healing process 
[16]. More importantly, the immunity of diabetic patients is also 
compromised and the diabetic chronic wound usually suffers from in-
fections before proper treatment, which is the main reason for diabetic 
amputations [17]. With the constant increasing incidence of diabetic 
chronic wounds worldwide, a skin-mimicking wound dressing material 
with multiple functions including adequate mechanical strength, anti-
bacterial, antioxidant, anti-inflammation, and tissue adhesive properties 
is on-demand for diabetic wound cover and rapid healing. 

In our previous work, we developed a series of hydrogen bonding 
supramolecular hydrogels (PMI hydrogels), which are composed of poly 
(ethylene glycol) (PEG), methylene diphenyl 4, 4-diisocyanate (MDI), 
and imidazolidinyl urea (IU) [18]. PMI hydrogels presented similar 
mechanical strength as human soft tissue and exhibited excellent in 
vitro/in vivo biocompatibility, which has been used as an efficient 
physical barrier for the prevention of postoperative adhesion. However, 
due to the limited bioactivity, it is not suitable as a wound dressing for 
chronic diabetic wound healing. Tannic acid (TA), a plant-derived nat-
ural polyphenol, shows promising anti-inflammation, antibacterial, and 
antioxidant properties, which have been widely investigated for various 
applications [19]. Owing to 25 phenolic hydrogel groups, TA can 
cross-link hydrophilic macromolecules, such as poly (ethylene glycol) 
(PEG) [20], poly (vinyl alcohol) (PVA) [21], and poly (N-hydroxyethyl 
acrylamide) (PHEAA) [22], to form a hydrogel network through mul-
tiple hydrogen bonding and hydrophobic interactions. Hence, we spec-
ulate that the introduction of TA into PMI hydrogels may endow it with 
desired functions as wound dressings, among which TA can further 
crosslink the hydrogel network through the interaction with ether, 
urethane, and benzyl groups. 

In this work, we combined the advantages of PMI hydrogel and TA to 
construct bioactive skin-mimicking hydrogel band-aids for various ap-
plications (Scheme 1a), including hemostasis, anti-infection, wound 
defect healing, and skin incision treatment on diabetic mice. PMI was 
first synthesized through the hydroxyl-isocyanate chemistry as shown in 
Scheme 1b, and TA loaded PMI hydrogels (TAP hydrogels) were then 
prepared by soaking the PMI film into TA solution (Scheme 1c). 
Compared with the multiple synthetic steps for previously reported skin- 
mimicking hydrogels [23], all the raw materials in our work are 
commercially available and the preparation process of TAP hydrogels 
was facile. Owing to the multiple non-covalent interactions between 
PMI and TA (Scheme 1d), TAP hydrogels should feature improved me-
chanical properties compared to PMI hydrogels. Additionally, the 
presence of catechol groups endowed the TAP hydrogels with promising 
under-water adhesiveness and organ hemostasis. We carefully estab-
lished the in vitro antibacterial and antioxidant effects of TAP hydrogels, 
and evaluated the potentials in the treatment of normal skin incision, 
full-thickness skin wounds, and bacterial-infection skin incision on 
diabetic mice. TAP hydrogels with desired mechanical properties, 
adequate adhesiveness, and multiple therapeutic effects may act as 
potent wound dressings for various wound healing in clinic. 

2. Result and discussion 

2.1. Characterization of TAP hydrogels 

TAP hydrogels were prepared by two steps: PMI was first synthesized 
by polycondensation of PEG10000, MDI, and IU in the presence of DBTDL 
with the molar ratio of 0.3:1.7:2 according to our previous work [18]. 
The PMI dry films were soaked in TA solutions with different concen-
trations to afford the TAP hydrogels. TA was loaded into hydrogel matrix 
through the multiple non-covalent interactions (hydrogen bonding and 
hydrophobic interaction) [19]. TAP hydrogels prepared in 10%, 20% 

and 30% TA solutions were termed as TAP10%, TAP20% and TAP30%, 
respectively. It was found that the drug loading efficiency gradually 
increased with the extension of incubation time, and it reached the 
plateau after 96 h of soaking (Fig. S1). It should be noted that there was 
no obvious weight loss for PMI hydrogel when it was incubated with 
water for 4 days (Fig. S2). The brown and transparent hydrogel films 
were obtained as shown in Fig. S3, and the higher TA concentration led 
to the smaller size of TAP hydrogels. After lyophilization, the TA content 
was measured. With the increase of TA concentration, the drug loading 
efficiency increased from 108% to 116% (Fig. S4). Scanning electron 
microscopy (SEM) results showed that the reduction of the pore size in 
the microstructure was observed in TAP hydrogels network compared to 
that in PMI hydrogel (Fig. 1a and Fig. S5). As shown in Scheme 1d, 
hydrogen bonds between urethane or ether groups in PMI and hydroxyl 
groups in TA as well as hydrophobic interaction can be formed with the 
introduction of TA. We then performed FT-IR to investigate the forma-
tion of hydrogen bonds between PMI and TA. As shown in Fig. S6, 
compared with TAP30% hydrogel, the C––O and O–H stretch in TA 
shifted from 1702 to 1710 cm− 1 and 3340 to 3379 cm− 1, respectively, 
and the stretching vibration of –CH2 in PMI shifted from 2926 to 2918 
cm− 1, all of which indicated that the formation of hydrogen bonds be-
tween PMI and TA [20,21b]. The increase of the TA concentration 
should lead to the formation of more non-covalent interactions, which 
were contributed to the improved drug loading, enhanced crosslinking 
density of the network, and the change of morphologies of the hydrogels 
macroscopically and microscopically [19]. 

The in vitro degradation of PMI and TAP30% hydrogels was per-
formed in the presence of lipase and the results were shown in Fig. S7. It 
was found that gradual weight loss was detected for both PMI and 
TAP30% hydrogels, and the degradation rate of TAP30% hydrogel was 
slower than that for PMI hydrogel, which was due to the enhanced 
crosslinking density of TAP30% hydrogel network. After 21 days, PMI 
hydrogel can be completely degraded compared to around 25% weight 
remaining for TAP30% hydrogel. Moreover, the in vitro TA release of 
TAP hydrogels was tested by UV–Vis spectrophotometer. As depicted in 
Fig. S8, around 80% of TA was released in the first 3 days, which is 
essential for the suppression of the initial inflammation reaction as well 
as preventing bacterial colonization [24]. The higher TA loading effi-
ciency, the slower release rate, which was attributed to the denser of the 
hydrogel network. The sustained TA releasing period can last up to 11 
days, which covered most of the wound healing time. Prolonged and 
sustained release of TA makes TAP hydrogels reliable on 
anti-inflammation and antibacterial applications as bioactive wound 
dressings [25]. We also tested TA release in the presence of enzyme, and 
the accelerated release rate was observed as shown in Fig. S9, which was 
due to the degradation of TAP30% hydrogel. 

2.2. Mechanical properties of TAP hydrogels 

As the largest tissue organ in human body, skin undergoes various 
deformation in human activity and can protect the human body from 
external damage. Hence, as a powerful skin wound dressing, it should 
feature similar mechanical properties as human skin tissue. After TA 
loading, the mechanical properties of TAP hydrogels were evaluated by 
tensile testing. It was found that the tensile strength and elongation of 
TAP hydrogels increased as TA concentration increased from 10% to 
30% (Fig. 1b), which was consistent with the reduced size of the 
microstructure observed by SEM. The stress-strain curves demonstrated 
that the break strength of TAP hydrogels was in the range of 0.28–0.64 
MPa compared to 0.15 MPa for PMI hydrogel, while the elongation at 
break of TAP10%, TAP20%, and TAP30% hydrogel increased to 650%, 
870%, and 930%, respectively. It has been reported that the combina-
tion of TA and other macromolecules (such as PVA, gelatin) could 
significantly improve the stretchability of the resulting hydrogels [21]. 
Since the hydrogen bonds formed between PMI and TA are relatively 
weak and prone to break, TAP hydrogels feature promising elongation 
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Scheme 1. (a) Schematic illustration of the anti-infection, wound healing, incision closure, and hemostasis functions of TAP wound dressing hydrogels. (b) Synthetic 
routes of the PMI carrier network. (c) Digital photographs and schematic preparation of the PMI film, water swelled PMI hydrogel, and TA loaded TAP hydrogels. (d) 
The possible non-covalent interactions within TAP hydrogels. 
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compared to PMI hydrogel. The stretchability of human skin is known to 
be 20–180% [26], and the wide deformability of TAP hydrogels can 
meet the demand for artificial human skin and bear external or local 
stress for applications. Moreover, we found that the toughness of the 
TAP hydrogels increased sharply to 0.7, 1.7, 2.6 MJ m− 3, which was 1.8, 
4.3, and 6.5 times of that by PMI hydrogel (Fig. 1c). The Young’s 
modulus of TAP hydrogels can reach 102 kPa when PMI was soaked in 
30% TA solution, and this value is equivalent to that of human skin [24a, 
27]. In addition, further increase of TA concentration led to the decline 
of mechanical strength (TAP40%, Fig. S10), which may be due to the 
increased rigidity of the network with higher hydrogen bonding inter-
action [28]. We also performed the mechanical test of TAP hydrogel at 
different time intervals during the release study. As shown in Fig. S11, 
the mechanical strength of TAP hydrogels decreased with TA release. 
After 3 days, the break strength was reduced to around 30% of the initial 
one. Hence, TAP hydrogels with excellent mechanical properties may 
show vast potential as artificial skin-mimicking materials [29]. 

Human tissue like skin or alimentary canal undergoes constant 
movement, and thus an ideal wound dressing material should possess 

sufficient anti-fatigue property which allows it to maintain mechanical 
strength as well as structural integrity for practical applications. Hence, 
cyclic tensile loading-unloading tests with a maximum strain of 150% 
were employed to evaluate the capability of the anti-fatigue property of 
TAP30% hydrogel. As expected, the anti-fatigue ability was also rein-
forced after TA loading. As shown in Fig. 1d, for the first cycle, a large 
hysteresis loop with 20.0 kJ m− 3 energy dissipated was observed for 
TAP30%. Compared to the decrease in the hysteresis loop and dissipated 
energy by PMI hydrogel (Figs. S12a and S12b), both of them gradually 
increased for the next three cycles as well as the improvement of the 
stress for TAP30% hydrogel (Fig. S12c), which may be attributed to the 
reconstruction of hydrogen bonding interaction between TA and PMI. 
After four cycles, the dissipated energy tended to be stable and did not 
show obvious decline even the loading-unloading cycle was processed 
seven times. Next, the self-recovery efficiency of TAP hydrogels was 
evaluated by successive load-unloading test after resting for pre-
determined time intervals. As presented in Fig. 1e, with the increase of 
resting time, TAP30% hydrogel gradually recovered, and almost 100% 
recovery efficiency was detected after resting for 360 min. The same 

Fig. 1. Microscopic morphology, mechanical properties, anti-fatigue, and self-recovery properties of TAP hydrogels. (a) SEM photographs of PMI and TAP 
hydrogels loaded with different concentrations of TA solution (10%, 20%, 30%). (b) Tensile stress-strain curves of PMI, TAP10%, TAP20%, and TAP30% hydrogels 
(crosshead speed 50 mm min− 1). (c) Summaries of toughness, elongation at break, Young’s modulus, and breaking stress of PMI, TAP10%, TAP20%, and TAP30% 
hydrogels. (d) Stress-strain curves of cyclic fatigue resistance testing of TAP 30% hydrogel. (e) Self-recovery behaviors of TAP 30% hydrogel with different resting 
times (5, 10, 30, 60, 120, and 360 min). 
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trends were also observed for TAP10% and TAP20% hydrogels 
(Figs. S12d and S12e), indicating promising self-recovery behavior by 
TAP hydrogels. These results suggested that TAP30% hydrogel 
possessed outstanding anti-fatigue and self-recovery abilities and should 
be a good candidate for wound dressing application. 

2.3. Adhesive property evaluation 

The adhesiveness to the wound surface is an essential factor for 
wound dressings design, which can make ease of the clinical operation. 
The incorporation of TA into PMI hydrogel endowed TAP hydrogels with 
excellent adhesiveness with different substrates attributed to the cate-
chol groups [30]. The adhesive property of TAP hydrogels was thor-
oughly studied by lap shear test and under-water adhesion 
demonstration. As shown in Fig. 2a, TAP10%, TAP20%, and TAP30% 
hydrogel exhibited a medium adhesive strength of 21.7 kPa, 31.6 kPa, 
and 35.4 kPa with the glass substrate, respectively. The more robust 

adhesive strength was found between TAP hydrogels and porcine skin, 
and the average adhesive strength of TAP10%, TAP20%, and TAP30% 
hydrogel increased to 32.3 kPa, 49.4 kPa, and 68.2 kPa (Fig. 2b), 
respectively. A video demonstration of adhesion property between 
TAP30% hydrogel and mice skin was also shown in Movie S1. 

Supplementary video related to this article can be found at https:// 
doi.org/10.1016/j.bioactmat.2021.04.007. 

Furthermore, the adhesive behavior of TAP30% hydrogel to the main 
organs of mice was tested (Fig. 2c). It was found that 8 major organs of 
C57 mice (heart, lung, liver, spleen, stomach, kidney, bladder, and 
gastrocnemius) can firmly adhere to TAP30% hydrogel. This wide array 
of adhesion on target tissues provides ubiquitous potentials for medical 
applications. 

As the wound site is commonly covered with body fluid, the under- 
water adhesive ability is a desirable function for wound dressing 
hydrogels. As shown in Fig. 2d and e, Movie S2, and S3, TAP30% 
hydrogel (2 cm × 2 cm) could easily lift a 500 g weight underwater from 

Fig. 2. Adhesive properties of TAP hydrogels. The lap-shear adhesive strength of TAP hydrogels on glass (a) and porcine skin (b). (c) Photographs of tissue 
adhesion situations of TAP30% hydrogel on 8 different organs of C57 BL/6 mice (heart, lung, liver, spleen, stomach, kidney, bladder, and gastrocnemius). Un-
derwater adhesive behavior of TAP30% hydrogel with stainless steel weight (500 g) (d) and glass vial (e). 
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the beaker bottom, and a plastic bottle filled with water also could be 
lifted above water with TAP30% hydrogel (1 cm × 1 cm) attached to its 
cap, indicating the outstanding underwater adhesive capability of 
TAP30% hydrogel. The adhesion properties of TAP hydrogels with glass 
and porcine skin after water and blood contamination were also tested 
(Fig. S13). It was found that the adhesive strength of TAP hydrogel to 
glass and skin tissue was in the range of 15.33–42.41 kPa and 
20.02–70.92 kPa, respectively. A slight decrease of the adhesive strength 
after water contamination was observed. These results demonstrated 
that TAP hydrogels could maintain their adhesive properties after water 
or blood contamination. 

Supplementary video related to this article can be found at https:// 
doi.org/10.1016/j.bioactmat.2021.04.007. 

The increase of TA content not only introduced more catechol groups 
into TAP hydrogels but also enhanced the mechanical strength, both of 
which led to the increase of the adhesive strength. [21, 30] The above 
results demonstrated that TAP hydrogels exhibit universal adhesive 
properties with various substrates and possess moist-resistant adhesive 
properties, which are desired for ideal wound dressing design. 

2.4. In vitro antibacterial and antioxidant evaluation 

It has been reported that TA shows broad-spectral antibacterial 
capability and could suppress the proliferation of both gram-positive 
and negative bacterial [5,31]. The mechanism of the antibacterial 
ability by TA is believed to be the interference of protein biosynthesis 
within bacterial cells [32]. Benefiting from this advantage of TA, TAP 
hydrogels also exhibited the inhibition ability of bacterial proliferation. 
After 12 h co-culture of TAP hydrogels with E. coli and S. aureus, the 
antibacterial capability was evaluated by bacterial colony formation 
counting method. As shown in Fig. 3a, PMI hydrogel did not affect the 
proliferation of bacterial as the control group, while TAP10%, TAP20%, 

and TAP30% hydrogels exhibited 83%, 99%, and 99% killing efficiency 
against E. coli (Figs. 3b) and 99%, 99% and 99% against S. aureus 
(Fig. 3c), respectively, which was due to the sustained TA release. These 
results confirmed the excellent in vitro antibacterial property of TAP 
hydrogels against both gram-positive and gram-negative bacterial. 
Oxidative stress is known as a crucial predisposing factor in various 
pathology processes, such as inflammation, diabetes, Alzheimer’s dis-
ease, Parkinson’s disease, and even cancer [33]. The generation of 
excessive free radicals could cause tissue damage, promote inflamma-
tion reaction, and impair DNA structure [34]. The increased level of 
oxidative stress is also considered as an important reason for the infec-
tion and chronic wound formation in diabetic patients [35]. According 
to previous work, a wound dressing material with antioxidant ability 
could suppress inflammation reaction as well as promote wound healing 
[36]. TA is a nature-derived antioxidant factor and the large amounts of 
catechol groups within TA molecular could endow TAP hydrogels with 
excellent antioxidant activity. As shown in Fig. 3d, the in vitro anti-
oxidative efficiency of TAP30% hydrogel was evaluated by 1-diphe-
nyl-2-picrylhydrazyl (DPPH) free radicals scavenging test. It was 
found that the antioxidative efficiency gradually increased with the in-
crease of TAP30% hydrogel concentration, and more than 90% free 
radical scavenging efficiency was observed at a relatively low concen-
tration (0.05 mg/mL), which is similar to the scavenging efficiency of 5 
mg/mL TA solution. These results demonstrated that TAP30% hydrogel 
shows outstanding free radical scavenging property and could be 
applied as an excellent antioxidant wound dressing to promote wound 
healing. 

2.5. Hemostatic ability and wound closure evaluation 

The hemostatic ability of TAP30% hydrogel was then evaluated 
using the rat hemorrhaging liver model (Fig. 4a). The liver bleeding was 

Fig. 3. Antibacterial and antioxidant properties of TAP hydrogels. (a) Photographs of the survival E. coli and S. aureus clones after co-cultured with PMI, 
TAP10%, TAP20%, and TAP30% hydrogels for 12 h. The corresponding quantitative bacterial survival rate of E. coli (b) and S. aureus (c). (d) Antioxidant property of 
TAP30% hydrogel evaluated by DPPH scavenging efficiency. *P < 0.05, **P < 0.01, ***P < 0.001. 
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controlled instantly, once the TAP30% hydrogel was adhered to the 
wound site, whereas the PMI and untreated groups showed obvious 
bleeding after 60 s. Detailedly, the untreated control group presented 
the most severe blood loss of 0.58 g, while the PMI hydrogel exhibited 
scarcely hemostatic capability with 0.55 g blood loss. Notably, TAP30% 
hydrogel significantly reduced blood loss (0.07 g, P < 0.01) compared 
with the other groups (Fig. 4b and c). The ideal hemostasis property of 
TAP30% hydrogel may be attributed to its moisture resist tissue adhe-
sion ability. As shown in Movie S4, TAP30% hydrogel showed fast and 
reliable adhesion to rat liver and could act as a physical barrier to pre-
vent further blood loss. 

Supplementary video related to this article can be found at https:// 
doi.org/10.1016/j.bioactmat.2021.04.007. 

The in vivo promotion of wound closure by TAP30% hydrogel was 
tested on a full-thickness diabetic mice skin incision. A 1.5 cm incision 
wound was created on the dorsal skin of diabetic mice and treated by 

TAP30% hydrogel. The surgical suture and untreated wound were used 
as control groups. As shown in Fig. 4d, the suture and non-treated 
control groups showed retained wound and scar tissue formation 5 
days after surgery. These results may be attributed to the deformation of 
the skin caused by silk line in the suture group or tissue tensile of wound 
site in the control group. The uneven surface of two sides of the incision 
could compromise the healing process and lead to scar tissue formation, 
which is also commonly seen in clinical treatment [37]. Comparatively, 
the TAP30% hydrogel mediated excellent recovered skin surface, and 
only an inconspicuous mark was found on the incision site. With the 
treatment by TAP30% hydrogel, the incision surface was evenly 
attached, and the stretching of the tissue was restrained by TAP30% 
hydrogel with strong mechanical strength, which could lead to the fast 
recovery of the skin incision. Besides, hematoxylin and eosin (H&E) 
staining results showed that mild inflammatory cells infiltrated in con-
trol and suture groups, and the experimental group showed smooth and 

Fig. 4. Hemostatic and wound closure properties of TAP30% hydrogel. (a) Schematic illustration of rat hemorrhaging liver model (incision depth: 5 mm, length: 
5 mm). (b) Total blood loss from rat liver wound after 60 s with different treatments. (c) Photographs of liver wound with different treatments at predetermined time 
intervals (0, 5, 15, 30, and 60 s). (d) Representative photographs and histological examination of full-thickness diabetic C57 BL/6 mice skin incision wound with 
different treatments. 

Y. Yang et al.                                                                                                                                                                                                                                    

http://doi:10.1016/j.bioactmat.2021.04.007
http://doi:10.1016/j.bioactmat.2021.04.007


Bioactive Materials 6 (2021) 3962–3975

3969

intact tissue recovery, demonstrating the advantage of TAP hydrogel to 
promote wound healing. 

2.6. In vivo wound healing performance of TAP30% hydrogel 

Owing to promising mechanical strength and anti-fatigue property, 
adequate tissue adhesiveness, excellent antibacterial and antioxidant 
effects, and good hemostatic activity, TAP30% hydrogel was employed 
to evaluate the promotion of wound healing on full-thickness skin defect 
in diabetic mice. The diabetic mouse model was established through 
consecutive intraperitoneal injection of streptozotocin (STZ) for 5 days. 
Once the blood glucose level was stabilized above 300 mg dL− 1 (16.65 

mmol/L) for 4 weeks, the mice were selected for wound healing eval-
uation. An 8 mm diameter skin punch wound was inoculated on the 
dorsal of the mice, which was subsequently treated with PMI hydrogel, 
Tegaderm film, TAP30% hydrogel, or left undressed. The gross inspec-
tion of the wound contraction in the four different groups on day 0, day 
7, and day 14 were shown in Fig. 5a. It was found that TAP30% hydrogel 
showed faster wound recovery than the other three groups, and the 
wound almost disappeared after 14 days. To quantify the wound healing 
speed, the wound area was measured, and the results were presented in 
Fig. 5b. On the seventh day, the TAP30% hydrogel treated group showed 
77% wound contraction, which was significantly faster than the control 
(51.7%), Tegaderm (51.9%), and PMI groups (64.5%). Moreover, the 

Fig. 5. The evaluation of diabetic wound healing. (a) Representative photographs of full-thickness skin wound healing on day 0, day 7, and day 14 for Tegaderm 
film, PMI hydrogel, TAP30% hydrogel, and control groups. (b) Wound contraction for Tegaderm film, PMI hydrogel, TAP30% hydrogel, and control groups. (c) 
Histological evaluation of regenerated skin tissues for Tegaderm film, PMI hydrogel, TAP30% hydrogel, and control groups on day 7 and day 14. Blue dotted line 
represents the residual blood crust. Red and yellow arrows represent hair follicles and sweat glands respectively. 
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blood crust completely fell off on the 14th day in the TAP30% hydrogel 
treated group, while there was still 10% unclosed wound area in the 
control group, 8.5% in the PMI hydrogel group, and 6.5% in the Tega-
derm film treated group. 

To reveal the promotion of wound healing by TAP30% hydrogel 

from a histological perspective, H&E and Masson trichrome staining 
(MTS) were performed on regenerated skin tissues collected on day 7 
and day 14. As demonstrated in Fig. 5c, inflammation response around 
the surgical site was observed in all four groups 7 days after surgery. 
However, the TAP30% hydrogel treated groups showed minimum 

Fig. 6. Collagen deposition and angiogenesis evaluation of TAP30% hydrogel. (a) Masson staining of regenerated skin wounds for Tegaderm film, PMI 
hydrogel, TAP30% hydrogel, and control groups on day 14. (b) Quantitative analysis of relative percentage of collagen deposition coverage area for different groups. 
(c) Immunofluorescence staining of CD31 in regenerated skin tissue for Tegaderm film, PMI hydrogel, TAP30% hydrogel, and control groups on day 14. CD31 was 
labeled in red fluorescence and the cell nucleus was labeled in blue fluorescence. (d) Quantitative analysis of the relative percentage of CD31 fluorescence coverage 
area for different groups. (e) Immunohistochemical staining of CD31 in regenerated skin tissue for Tegaderm film, PMI hydrogel, TAP30% hydrogel, and control 
groups on day 14. Red arrows represent the location of blood vessels. (f) Relative capillary density in different groups. Mean ± SD (n = 3). *P < 0.05, **P < 0.01, 
***P < 0.001. 
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inflammatory cell infiltration, which is due to the inflammation sup-
pression by TA [38]. Meanwhile, Tegaderm, as well as PMI hydrogel, did 
not show significant difference in local inflammation reaction. On the 
14th day, the TAP30% hydrogel treated group formed constant and 
almost intact epidermal tissue with cutaneous appendages regenerated 
within subcutaneous tissue, such as hair follicle and the sweat gland, 
which were marked with red and yellow arrows, respectively. Moreover, 
the blood crust (blue dotted lines) was still observed in the other three 
groups after 14 days of recovery as well as mild inflammatory response. 
MTS was also conducted on the 14th day after surgery to evaluate the 
collagen formation during the wound healing process. As shown in 
Fig. 6a and b, TAP30% hydrogel mediated the most collagen deposition, 
and there was no significant difference in collagen regeneration for the 
other three groups, indicating that the promotion of collagen deposition 
by TAP30% hydrogel accelerated the wound healing. 

To further evaluate the revascularization mediated by TAP30% 
hydrogel in the wound healing process, immunofluorescence staining 
was performed to observe the newly formed vessel stained by the 

vascular cell surface marker, platelet endothelial cell adhesion 
molecule-1 (CD31), with red fluorescence. Obvious red fluorescence was 
observed in the TAP30% treated group (Fig. 6c), and the relative fluo-
rescence intensity was 1.8, 1.5, and 1.9 times higher than that by the 
control, Tegaderm film, and PMI hydrogel group, respectively (Fig. 6d). 
Interestingly, the CD31 expression in Tegaderm treated group was also 
higher than that of the control and PMI group. This may be attributed to 
the wound coverage provided by Tegaderm film, which led to less 
friction during the healing process. The immunohistochemical staining 
of CD31 was also performed, and the results in Fig. 6e showed a clear 
exhibition of the structure and distribution of blood vessels within the 
corium layer and subcutaneous tissue. The relative vessel density iden-
tified in the TAP30% treated group was much higher than that of the 
other three groups (Fig. 6f), which indicated a better pro-vascularization 
property of TAP30% hydrogel. The capillary regeneration was also 
evaluated at the molecular level. Vascular endothelial growth factor 
(VEGF) expression was further tested on the subcutaneous tissue around 
the wound area 7 days after surgery by ELISA test. As shown in Fig. 7a, 

Fig. 7. Angiogenesis and anti-inflammation properties of TAP30% hydrogel. The expression intensity of inflammation and angiogenesis-related chemokines in 
full-thickness diabetic wound tissues with different treatments for 3 days were extracted and evaluated by ELISA (a–f) (n = 3). (g) The inflammation-related gene 
expression around full-thickness diabetic skin wound area was extracted and quantitively evaluated by RT-PCR test (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001. 
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the VEGF expression was significantly up-regulated in the TAP30% 
hydrogel treated group. 

These results suggested that TAP30% hydrogel could significantly 
accelerate the skin wound healing through the regulation of inflam-
mation, collagen deposition, and pro-vascularization. 

2.7. Anti-inflammation evaluation 

A variety of signal pathways can be activated by oxidative stress 
which can lead to the overexpression of chemokines, cell cycle regula-
tory molecules as well as inflammatory cytokines [39]. The up-regulated 
inflammation reaction is a major cause of prolonged wound closure in 
diabetic patients. To evaluate the anti-inflammation property of 
TAP30% hydrogel, ELISA examination was first performed on the 
samples collected from the wound site after 3 days of treatment. After 
the skin and subcutaneous tissue around the wound area were homog-
enized, the proteins were extracted for testing. The expression of the 
pro-inflammation factors interleukin-1 beta (IL-1β) and interleukin 6 
(IL-6) was significantly reduced in the TAP30% hydrogel treated group 
compared to the control, Tegaderm film, and PMI hydrogel group 
(Fig. 7b and c). Meanwhile, the expression of the anti-inflammatory 
cytokine, including interleukin 4 (IL-4), interleukin 10 (IL-10), and 
transforming growth factor-beta. 

(TGF-β), was up-regulated mediated by TAP30% hydrogel 
(Fig. 7d–f), indicating obvious inflammation suppressive effect of 

TAP30% hydrogel. The inflammation-related gene expression was also 
tested by RT-PCR to further demonstrate the advantage of TAP30% 
hydrogel. As shown in Fig. 7g, all inflammation factor expression 
including tumor necrosis factor-alpha (TNF-α), nitric oxide synthase 2 
(Nos2), prostaglandin E2 (PGE-2), interleukin-1beta (IL-1β), C-X-C motif 
chemokine 15 (Cxcl15), and myeloperoxidase (MPO) was down- 
regulated in the TAP30% hydrogel treated group. It was also noted 
that the expression of TNF-α, Cxcl15, and MPO was reduced in the 
Tegaderm film treated group compared to the control and PMI hydrogel 
treated group. These results proved the excellent anti-inflammation ef-
fect of TAP30% hydrogel. 

2.8. In vivo degradation and systemic toxicity evaluation 

The in vivo degradation of PMI and TAP hydrogels was evaluated 
through the subcutaneous implantation of the hydrogels into rats. The 
results showed that the degradation time was significantly extended in 
TAP30% hydrogel compared to PMI hydrogel, and TAP30% hydrogel 
can be completely cleared after 28 days of implantation (Fig. S14). 
Moreover, the long-term system toxicity of TAP30% was also evaluated 
by H&E staining of the tissues of heart, lung, liver, kidney, and spleen 
after 30 days of the treatment. Since PMI hydrogels showed good tissue 
biocompatibility and TA is a naturally derived antimicrobials molecule 
approved by the United States Food and Drug Administration (FDA) for 
human use [18,40], it is expected that TAP30% should show acceptable 

Fig. 8. In vivo antibacterial activity of 
TAP30% hydrogel (a) Schematic illustra-
tion of the construction of diabetic mice in-
fectious wound model. (b) Representative 
photographs of infectious full-thickness mice 
dorsal skin wound on day 0 and day 7 with 
different treatments. The survival S. aureus 
clones on the agar plates from subcutaneous 
tissue of mice with different experimental 
conditions. (c) Quantitative bacterial sur-
vival rate of S. aureus extracted from control, 
Tegaderm, PMI, and TAP30% hydrogel 
treated groups. *P < 0.05, **P < 0.01, ***P 
< 0.001.   
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safety for in vivo applications. As demonstrated in Fig. S15, the appli-
cation of TAP30% hydrogel did not cause any damage in the main or-
gans of mice compared to the control group, suggesting that TAP30% 
hydrogel is a good candidate for in vivo applications. 

2.9. In vivo antibacterial evaluation 

The bacterial infection is commonly found in diabetic chronic 
wounds due to the hyperglycemia, prolonged wound closure process, 
and increased inflammatory response [1b,16,17]. However, there were 
few works to report the treatment of infected diabetic wounds by 
hydrogel wound dressings. Herein, TAP30% hydrogel was employed to 
evaluate the treatment efficiency in the promotion of infected skin 
incision on diabetic C57 mice following published protocol [8b]. 
S. aureus is the most common pathogen on skin infections, which was 
injected in the skin incision to mimic the infected tissue in the clinic 
(Fig. 8a). As shown in Fig. 8b, the subcutaneous abscess was observed in 
control, Tegaderm film, and PMI hydrogel treated group 7 days after 
treatment, while the TAP30% hydrogel treated diabetic mice showed a 
smooth and almost intact skin healing without infectious symptom. 
Furthermore, the infected subcutaneous tissue was excised and ho-
mogenized to culture on the agar plate for standard plate counting after 
treatments. The photographs showed that there were few bacterial 
colonies observed in the TAP30% hydrogel treated group (Fig. 8b), and 
more than 99% reduction in CFU counting was achieved compared to 
the control, Tegaderm film, and PMI hydrogel treated groups (Fig. 8c). 
These results demonstrated that TAP30% hydrogel could be applied as 
an excellent antibacterial wound dressing for diabetic infected wound 
healing. 

3. Conclusion 

In summary, we developed a series of bioactive skin-mimicking 
hydrogels, TAP hydrogels, by soaking PMI film into TA solution with 
different concentrations. The TAP hydrogels exhibit ultra-strong me-
chanical strength, good self-recovery, and anti-fatigue performance, 
which could provide sufficient protection for wound areas and maintain 
the integrity of the dressings during the healing process. Moreover, the 
promising tissue adhesiveness and hemostatic activity were also ach-
ieved by TAP hydrogels. In vitro studies showed that TAP hydrogels 
efficiently inhibited the proliferation of E. coli and S. aureus as well as 
excellent antioxidant efficiency. In vivo results demonstrated that 
TAP30% not only accelerated the healing of skin incision and defect 
through the modulation of inflammation, promotion of collagen depo-
sition, and vascularization, but also exhibited outstanding therapeutic 
efficiency with S. aureus infected skin incision on diabetic mice. Owing 
to the various advantages of TAP hydrogels, they may show vast po-
tential as bioactive hydrogel band-aids for the treatment of different 
wounds for clinical applications. 

4. Experimental section 

4.1. Materials 

Poly (ethylene glycol) (PEG) (Mn = 10,000), methylene diphenyl 4, 
4-diisocyanate (MDI), imidazolidinyl urea (IU), dibutyltin dilaurate 
(DBTDL), N,N-dimethylformamide (DMF), and tannic acid (TA) were 
purchased from Aladdin Biological Technology Co., Ltd (Shanghai, 
China). All chemicals were analytical reagents and used as received. 
Streptozotocin (STZ, 98%) was purchased from Sigma-Aldrich. 

4.2. Preparation of TAP hydrogels 

TAP hydrogels were fabricated by soaking PMI dry films into TA 
solution. In brief, PMI hydrogel was first synthesized through poly-
condensation of PEG, MDI, and IU in the presence of DBTDL [18]. The 

same amount of PMI dry film was then immersed in TA solution with 
different concentrations (10%, 20%, and 30%, w/v). A series of TAP 
hydrogels were obtained after 96 h swelling in TA solution. The syn-
thetic protocol of PMI and TAP hydrogels was detailly shown in Sup-
plementary Material. 

4.3. Mechanical properties of TAP hydrogels 

The tensile test and consecutive loading-unloading test were 
employed to exam the mechanical properties of PMI and TAP hydrogels. 
The stress-strain curves were recorded, and the toughness and Young’s 
modulus of each sample were calculated from the area under the stress- 
strain curve and the slope of the stress-strain curve. The dissipated en-
ergy of TAP30% hydrogels was calculated from the area between the 
loading-unloading curves. The self-recovery property of TAP30% 
hydrogel was tested through the loading-unloading test with different 
resting times. The experimental details are available in Supplementary 
Material. 

4.4. Adhesion property of TAP hydrogels 

The adhesion property of TAP hydrogels was tested on glass and 
porcine skin surfaces through a lap shear test as previously reported 
protocol [8b]. The underwater adhesion test of TAP30% was conducted 
in a glass baker filled with deionized water. The tissue adhesive property 
of the TAP30% hydrogel was tested on different mice tissue samples. 
The experimental details are available in Supplementary Material. 

4.5. In vivo hemostasis and wound closure properties of TAP30% 
hydrogel 

All animal protocols in this study were approved by the Ethical 
Committee of Xi’an Jiaotong University. The in vivo liver bleeding rat 
model was employed for hemostasis assay according to previously 
published research [19b]. The full-thickness skin incision model was 
employed to evaluate the wound closure ability of TAP30% hydrogel. 
The experimental details are available in Supplementary Material. 

4.6. Full-thick skin wound healing evaluation 

Type I diabetes was induced by successive streptozotocin (STZ) 
(Sigma-Aldrich, USA) intraperitoneal injection in C57BL/6 mice (male, 
4 weeks). The wildly used full-thickness dorsal skin defect model was 
employed to evaluate the wound healing ability of TAP30% hydrogel. 
The wound contraction rate, histopathologic examination, Masson tri-
chrome staining, immunofluorescence, and immunohistochemical 
staining were used to study the wound healing, inflammation reaction, 
epithelial regeneration, collagen deposition, and revascularization 
properties of TAP30% hydrogel. The experimental details are available 
in Supplementary Material. 

4.7. Anti-inflammation property of TAP30% hydrogel 

Anti-inflammation property of TAP30% hydrogel was evaluated by 
ELISA and RT-PCR analysis. After different treatment for 3 days, 200 mg 
of fresh subcutaneous tissue around the wound area was weighted. The 
tissue samples were homogenized in a pre-cooled grinding tube before 
the total protein and RNA extraction. The expression levels of pro- 
inflammation protein IL-1β and IL-6, anti-inflammation protein IL-4, 
IL-10, and TGF-β and VEGF were tested by ELISA. More pro- 
inflammation factors were evaluated by the RT-PCR. The details are 
available in Supplementary Material. 

4.8. In vivo antibacterial evaluation 

The infectious wound therapeutic ability of TAP30% hydrogel was 
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evaluated by treating S. aureus caused subcutaneous abscess on diabetic 
C57 mice model [8b]. The CFU of each group was photo-recorded and 
counted to evaluate the in vivo antibacterial property. 

4.9. Statistical Analysis 

All data are presented as mean ± standard deviation (*P < 0.05, **P 
< 0.01, and ***P < 0.001) and analyzed by the Student’s t-test or one- 
way ANOVA followed by Tukey’s post hoc test, in which P < 0.05 was 
considered statistical significance. SPSS 20.0 software (IBM, USA) and 
Origin Pro 2016 software (Origin Lab, USA) were used for data analysis 
and plotting. 
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