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A B S T R A C T   

The revolutionary role of tissue adhesives in wound closure, tissue sealing, and bleeding control necessitates the 
development of multifunctional materials capable of effective and scarless healing. In contrast to the use of 
traditionally utilized toxic oxidative crosslinking initiators (exemplified by sodium periodate and silver nitrate), 
herein, the natural polyphenolic compound tannic acid (TA) was used to achieve near instantaneous (<25s), 
hydrogen bond mediated gelation of citrate-based mussel-inspired bioadhesives combining anti-oxidant, anti- 
inflammatory, and antimicrobial activities (3A-TCMBAs). The resulting materials were self-healing and possessed 
low swelling ratios (<60%) as well as considerable mechanical strength (up to ~1.0 MPa), elasticity (elongation 
~2700%), and adhesion (up to 40 kPa). The 3A-TCMBAs showed strong in vitro and in vivo anti-oxidant ability, 
favorable cytocompatibility and cell migration, as well as photothermal antimicrobial activity against both 
Staphylococcus aureus and Escherichia coli (>90% bacterial death upon near-infrared (NIR) irradiation). In vivo 
evaluation in both an infected full-thickness skin wound model and a rat skin incision model demonstrated that 
3A-TCMBAs + NIR treatment could promote wound closure and collagen deposition and improve the collagen I/ 
III ratio on wound sites while simultaneously inhibiting the expression of pro-inflammatory cytokines. Further, 
phased angiogenesis was observed via promotion in the early wound closure phases followed by inhibition and 
triggering of degradation & remodeling of the extracellular matrix (ECM) in the late stage (supported by phased 
CD31 (platelet endothelial cell adhesion molecule-1) PDGF (platelet-derived growth factor) and VEGF (vascular 
endothelial growth factor) expression as well as elevated matrix metalloprotein-9 (MMP-9) expression on day 
21), resulting in scarless wound healing. The significant convergence of material and bioactive properties 
elucidated above warrant further exploration of 3A-TCMBAs as a significant, new class of bioadhesive.   

1. Introduction 

The largest organ in the human body, skin functions as a critical 
barrier against external invasion; however, damage via surgery, burns, 
and other accidents mediates adverse health events including bleeding 
and microbial infection. Infection and other pro-inflammatory factors 
left unchecked lead to chronic inflammatory reactions and significantly 
delayed wound healing [1–3]. During the inflammatory phase, immune 
cells secrete pro-inflammatory cytokines, inducing the production of 
reactive oxygen species (ROS), such as hydrogen peroxide (H2O2), hy-
droxyl radical (OH⋅) and superoxide anion radical (O2̇

− ), by resident 
inflammatory cells [4–6]. Excessive accumulation of ROS in infected 

wounds can overwhelm the native antioxidant defense system, 
strengthen the inflammatory reaction, and thus delay wound healing [7, 
8] and cause scar formation [9–12], resulting in skin dysfunction and 
adverse cosmetic appearance [13]. ROS-scavenging biomaterials 
including polyphenols [14,15], nanozymes [16,17], and others, exhibit 
enhanced therapeutic effects via augmentation of malfunctioning or 
depleted native antioxidant mechanisms, indicating their utility in the 
resolution of delayed wound closure and scarless wound healing. The 
development of a multifunctional therapeutic material system 
combining antimicrobial capacity, ROS scavenging, and promotion of 
skin regeneration is thus highly desirable. 

Wound dressings are widely used clinically due to ease of application 
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and significant therapeutic effects; however, traditional wound dress-
ings (e.g., cotton, bandages and gauze) lack functionality (antioxidant 
and antibacterial properties) and are unable to provide a moist envi-
ronment [18–21]. Tissue adhesives or adhesive hydrogels are an effec-
tive alternative to both traditional surgical sutures and wound dressings, 
able to provide a moist environment for wound healing [22]. As a 
subclass, mussel-inspired bioadhesives incorporating L-DOPA (L-3, 
4-dihydroxyphenylalanine) or dopamine have been the subject of 
intensive research as a result of strong wet tissue adhesion strengths 
caused by the formation of covalent bonds between catechol groups and 
amino/thiol groups on the tissue surface [23–26]. Moreover, the 
anti-oxidant capacity of dopamine can effectively relieve oxidative 
stress and improve the speed of wound healing [27,28]. In our previous 
work, a series of injectable citrate-based mussel-inspired bioadhesives 
(iCMBAs) have been developed via the facile one-step polycondensation 
of citric acid (CA), polyol, dopamine, and other functional moieties [23, 
24,29]; however, significant toxicity concerns have arisen due to the use 
of harsh oxidants, such as sodium periodate (PI), silver nitrate (SN), and 
iron (III) chloride (FeCl3), as crosslinking initiators. Significantly, the 
use of such strong oxidants also abolished the anti-oxidant potential of 
the incorporated catechol moieties, motivating the search for a new 
crosslinking strategy minimizing the toxicity and maintaining the 
anti-oxidant capacity of mussel-inspired bioadhesives. 

Tannic acid (TA), a typical plant-derived polyphenol, has become 
increasingly attractive as an alternative to dopamine, with strong 
adhesion and excellent anti-oxidant and antibacterial properties 
[30–34]. Additionally, TA is a low-cost material approved by the U.S. 
Food and Drug Administration (FDA) as a safe and biocompatible 
component for medical device development, enhancing its clinical po-
tential [35]. Leveraging its large number of carbonyl and phenolic 
functional groups, TA is able to bond to various polymers such as poly 
(ethylene glycol) (PEG) [36], chitosan (CS) [37], silk fibroin (SF) [38], 
and thioctic acid [14] through multiple reaction pathways, including 
electrostatic interactions, hydrogen bonding, hydrophobic interactions 
and covalent bonding [39,40]. Herein, we translated the impressive 
bonding ability of TA into development of a series of self-healing, low 

swelling, and tissue-adhesive citric acid-based bioadhesives via simple 
physical mixing of TA with previously developed iCMBA prepolymers. 
The resulting materials exhibited biocompatibility and excellent anti-
bacterial ability (Scheme 1). Avoiding traditional strong oxidant cross-
link initiators and supplementing iCMBA with the strong anti-oxidant 
and antimicrobial activities of TA, simultaneous anti-oxidant, anti-in-
flammatory and antimicrobial activities were achieved. The physical 
and mechanical properties, degradation profiles, tissue adhesion 
strengths, anti-oxidant properties, biocompatibility and NIR photo-
thermal antimicrobial activity of these anti-oxidant, anti-inflammatory 
and antibacterial tannin-crosslinked citrate-based mussel-inspired bio-
adhesives (3A-TCMBAs) were thoroughly investigated both in vitro and 
in vivo. The wound healing capability of 3A-TCMBAs was also studied in 
an infected full-thickness skin wound model and a rat skin incision 
model. Overall, 3A-TCMBAs serve as a versatile multifunctional thera-
peutic platform for wound closure and healing. 

2. Materials and methods 

2.1. Materials 

Tannic acid (TA, Mw = 1701.2 Da) and 2, 2-diphenyl-1-picrylhydra-
zyl (DPPH, 96%) were purchased from Macklin Reagent. Poly(ethylene 
glycol)-block-poly(propyleneglycol)-block-poly(ethylene glycol) (PEG- 
PPG-PEG, EPE, Pluronic®L-31, Mw = 1100 Da), citric acid (CA), dopa-
mine (DA) and calcium carbonate (CaCO3) were purchased from Sigma- 
Aldrich. All other chemical reagents were of analytical grade and were 
used without further purification. 

2.2. Synthesis of iC-E-Ca2+ prepolymers 

EPE containing and calcium carbonate treated injectable citrate- 
based mussel-inspired bioadhesive (iC-E-Ca2+) prepolymers were syn-
thesized via the one pot polycondensation of citric acid (CA), EPE and 
dopamine (DA) according to previous literature [41], followed by 
treatment with excess CaCO3 to ionize pendent carboxyl groups [26]. 

Scheme 1. Synthesis mechanism of 3A-TCMBAs and application for scarless wound healing.  
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Briefly, CA, EPE and DA at a molar ratio of 1.2: 1.0: 0.3 were charged to 
a one-necked round-bottom flask and heated to 160 ◦C under stirring 
until the reactants were melted. After that, the temperature was reduced 
to 140 ◦C, and the reaction was continued until the stir bar stopped 
turning at 60 rpm. Then, the reaction mixture was dissolved in ethanol, 
and excess CaCO3 (2–10 folds to CA) was added and the mixture was 
stirred for 12 h. Finally, the mixture was dialyzed in deionized (DI) 
water, filtered and lyophilized, and freeze-dried iC-E-Ca2+ prepolymer 
was obtained for further study. 

2.3. Preparation of 3A-TCMBAs 

The iC-E-Ca2+ prepolymer was dissolved in DI water to form a 33 wt 
% solution, and then 5, 10, 15, or 20 wt% of TA solution was used as a 
crosslinking initiator. The anti-oxidant, anti-inflammatory and anti-
bacterial tannin-crosslinked citrate-based mussel-inspired bioadhesives 
(3A-TCMBAs) were fabricated by simply mixing the iC-E-Ca2+ prepol-
ymer solution and TA solution with a volume ratio of 2: 1. All adhesives 
were allowed to cure for 24 h and then freeze-dried for further charac-
terization. The 3A-TCMBA samples crosslinked by TA solutions with 
different concentrations were named 3A-TC5%, 3A-TC10%, 3A-TC15% and 
3A-TC20%. 

2.4. Gel time, sol content, swelling ratio, and degradation study of 3A- 
TCMBAs 

The gel times of different samples were measured via a tilting test. 
For each sample, testing was conducted three times and the results were 
averaged. The sol content of 3A-TCMBAs were measured as described 
previously [41] and then calculated using the following equation: 

Sol ​ content ​ (%)=
Wi − Wd

Wi
× 100%  

where Wi and Wd represent the initial mass of dry hydrogel sample and 
freeze-dried sample after leaching with 1, 4-dioxane for 48 h, 
respectively. 

The swelling ratios of the 3A-TCMBAs were measured by gravimetric 
analysis. The freshly prepared wet sample was weighed (W0), and then 
separately immersed in PBS solution (pH 7.4) for a specific time at 37 ◦C 
until an equilibrium weight was reached. The surface water was 
removed by filter paper before the swollen weight (Wt) of the hydrogel 
was measured at a desired interval. The swelling ratios of 3A-TCMBAs 
were calculated using the following equation [42,43]: 

Swelling ​ ratio ​ (%)=
Wt

W0
× 100% 

The degradation performance of 3A-TCMBAs was investigated in 
phosphate buffered saline (PBS, 01 M, pH 7.4) at 37 ◦C. 3A-TCMBA 
hydrogels were lyophilized and the dry weights were recorded (W0). 
Then, the samples were immersed in 10 mL of PBS and incubated at 
37 ◦C. At predetermined time points, the samples were washed with DI 
water and lyophilized to record the residual mass (Wt). The degradation 
percentage was calculated using the following equation [44]: 

Degradation ​ (%)=
W0 − Wt

W0
× 100%  

2.5. Adhesion strength 

The adhesive strengths of 3A-TCMBAs were measured using the lap 
shear strength test according to a modified ASTM D1002-05 method. In 
order to mimic adhesion to soft tissue, 3A-TCMBAs were applied to the 
surface of porcine skin tissue with a bonding area of 10 mm × 10 mm. 
The adhered tissue strips were compressed with a 100 g weight for 30 
min and then were placed in a high humidity chamber for 2 h prior to 
testing. The lap shear strength of bonded tissue strips was subsequently 

measured using an Instron 34TM-10 fitted with a 10 N load cell at a rate 
of 1.3 mm/min. The adhesive strengths of 3A-TCMBAs to different 
substrates including iron, rubber, glass, and plastic were also conducted. 

2.6. Rheological and self-healing properties of 3A-TCMBAs 

Rheological testing of 3A-TCMBAs was carried out using a TA In-
struments, DHR-2. Time sweeps with 1% constant strain and a constant 
frequency of 10 rad/s at 37 ◦C were used to evaluate the stiffness of the 
3A-TCMBAs. The polymer mixture was placed between two 20 mm 
parallel plates, and the periphery was sealed with silicone oil to prevent 
the evaporation of water. Alternating small strain (1%) and large strain 
(100%) scans were also conducted for four cycles to study the self- 
healing property of 3A-TCMBAs. 

2.7. Mechanical properties of 3A-TCMBAs 

The tensile mechanical profiles of dried and swollen 3A-TCMBAs 
were measured employing an Instron materials test system (Instron 
34TM-10) equipped with a 500 N load cell. Dried 3A-TCMBAs films were 
cut into rectangles (25 mm length × 6 mm width × 1.5 mm thickness) 
and stretched to failure at a strain rate of 500 mm/min. The Young’s 
modulus was calculated by measuring the gradient from 0 to 10% 
elongation of the stress-strain curve. Eight specimens per sample were 
tested and the data were averaged. The mechanical property of 3A- 
TCMBAs in hydrated status was also tested after being hydrated in 
water for 2 h. 

2.8. Anti-oxidant activity evaluation 

The anti-oxidant activity of 3A-TCMBA was assessed by 2,2- 
diphenyl-1-picrylhydrazyl (DPPH) assay, adapted from previous litera-
ture [45,46]. Typically, 2 mg of dried 3A-TCMBA was added to 3 mL 
DPPH (100 μM) solution in methanol. The mixture was then incubated 
in the dark for a desired period. Wavelength scanning of the solution was 
performed using a UV–vis spectrophotometer (SHIMADZU UV-2550). 
The DPPH scavenging percentage was calculated using the following 
equation [47,48]. 

DPPH scavenging (%) =
AB − AS

AB
× 100%  

where AB and AS are the absorbances of blank (DPPH + methanol) and 
sample (DPPH + methanol + sample), respectively. 

In addition, for the measurement of anti-oxidant enzyme activities, 
wound tissues treated with 3A-TCMBA were collected, and the super-
natants of lysates were quantitatively assayed. The activities of super-
oxide dismutase (SOD), catalase (CAT), and glutathione peroxidase 
(GPx) were determined according to the manufacturer’s instructions 
(Beyotime Institute of Biotechnology, China). 

2.9. In vitro study 

Mouse fibroblasts (L929) were incubated in Dulbecco’s modified 
Eagle’s medium (DMEM, GIBCO, Thermo Fisher Scientific), with 10% 
(V/V) fetal bovine serum (FBS, Ausgenex, New Zealand, Australia) and 
1% (V/V) penicillin/streptomycin (Cyagen Biosciences Inc. USA). Cells 
were cultured in a humidified incubator (Thermo Fisher Scientific, USA) 
at 37 ◦C and 5% CO2. The media was changed every 2 days until the cells 
reached 80% confluence. 

The cytocompatibility of 3A-TCMBAs was evaluated using sol con-
tent and degradation products. Cell Counting Kit-8 (CCK-8, Jiancheng 
Co, Nanjing, China) assay against L929 cells was conducted. For sol 
content, 0.5 g dried 3A-TCMBA was incubated in 5 mL PBS (pH 7.4) at 
37 ◦C for 24 h. For degradation products, 1 g dried 3A-TCMBAs were 
fully degraded in 10 mL of 0.2 M NaOH solution and the pH was adjusted 
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to 7.4. The concentration of sol contents and degradation products was 
diluted to 1 × , 10 × and 100 × , respectively, using PBS (pH 7.4). L929 
cells were seeded at a cell density of 1 × 104 cells/well with 1 mL DMEM 
(containing 10% FBS and 1% penicillin/streptomycin) and incubated in 
the wells of a 24-well cell culture plate for 24 h. Then, 0.9 mL DMEM and 
100 μL sterilized sol content or degradation product with various di-
lutions were added, and the cells were incubated for another 24 h, fol-
lowed by CCK-8 assay according to the manufacturer’s procedure. Cells 
that were exposed to DMEM media were used as control, and the 
absorbance at a wavelength of 450 nm was measured. The cell viability 
was calculated as follows [49]:  

Cell viability (%) = Absample /Abcontrol × 100%                                          

The viability and morphology of cells were also observed by Live/ 
Dead assay using acridine orange/ethidium bromide (AO/EB) double 
staining, using 1 × sol content solution of 3A-TC15% as an example. After 
incubation for 1, 3, and 5 days, L929 cells were washed with PBS three 
times and then incubated with Live/Dead staining media for 10 min, 
followed by observation under an inverted fluorescent microscope 
(Olympus CKX41, Tokyo, Japan). The live cells were stained green, 
while the dead cells were stained red. 

The migration of L929 cells was evaluated using a scratch assay 
method. Briefly, L929 cells were cultured in 6-well cell culture plates 
until 80% confluency before being starved in DMEM containing 10% 
FBS for 12 h. Then, a pipette tip was used to generate a linear wound, 
and the cell debris was rinsed with fresh medium. The scratched cells 
were cultured with fresh DMEM containing 10% FBS and different sol 
contents (10 × ) of 3A-TCMBAs conditioned medium for 12 and 24 h. 
Phase contrast images were then taken by an inverted fluorescent mi-
croscope. In addition, the cell migration ability of L929 cells was further 
assessed using a transwell invasion assay. Briefly, transwell chambers 
were put into 24 well plates, and then 500 μL fresh DMEM containing 
10% FBS and different sol contents (10 × ) of 3A-TCMBAs were added. 
After that, 1 × 104 cells/mL was added and cultured for 24 h at 37 ◦C. 
The invaded cells were fixed with 4% paraformaldehyde for 30 min and 
stained with crystal violet for 15 min. The images of the invaded cells 
were observed and photographed under an optical microscope, then the 
chamber was immersed in 30% glacial acetic acid for elution, and the 
OD value at 570 nm was measured. 

2.10. Photothermal behavior and photothermal enhanced in vitro 
antibacterial activities of 3A-TCMBAs 

The photothermal property of 3A-TCMBAs was studied with a near- 
infrared laser (808 nm, B0T808-5W), using 3A-TC15% as an example. 3A- 
TC15% was cut into a circular shape, and 808 nm near-infrared light was 
applied to the surface. The data for temperature-time curves were 
collected and used to evaluate the photothermal property of 3A- 
TCMBAs. Furthermore, the effect of power densities (0.5, 0.85, and 
1.2 W/cm2) was also investigated. Four cycles of heating and cooling 
were also conducted to verify repeatable photothermal properties of 3A- 
TCMBAs. The heat maps and temperature profiles of the 3A-TCMBAs 
during light irradiation were recorded using an infrared (IR) thermal 
imaging camera (UTI165H). 

The in vitro antibacterial activities of 3A-TCMBAs with or without 
NIR irradiation was evaluated using E. coli (ATCC 8739, Gram-negative) 
and S. aureus (ATCC 6538, Gram-positive) as representative bacteria. 
Briefly, the dried adhesive films were cut into a circular shape (~0.1 g), 
then the sterilized films were added to 24-well plates. 10 μL of bacterial 
suspension in PBS (108 colony-forming units (CFU)/mL) was added onto 
the surface of the adhesive film. After that, the samples were exposed to 
NIR laser light (808 nm, 0.5 W/cm2) for 10 min and compared to 3A- 
TCMBAs treated samples without NIR irradiation. Untreated bacterial 
suspension (108 CFU/mL, 10 μL) on a petri dish was used as a negative 
control. After 10 min, 1 mL of sterilized PBS was introduced into each 

well to re-suspend surviving bacteria. Then, the diluted bacterial sus-
pensions were cast uniformly on agar plates in Petri dishes and cultured 
for 18–24 h at 37 ◦C followed by CFU counting. All experiments were 
performed in triplicate and the results were averaged. 

2.11. In vivo evaluation 

2.11.1. Infected full-thickness skin defect model 
Wound healing evaluation of 3A-TCMBAs was performed using an 

infected full-thickness skin defect model on male SD rats (240–280 g), as 
previously reported [50]. All animal experiments were conducted in 
compliance with the Animal Experimental Committee of Southern 
Medical University (Approval No. SYXK2016-0167). Before surgery, the 
rats were acclimatized for 1 week. Rats were anesthetized by intraper-
itoneal injection of 10% chloral hydrate, followed by shaving and ster-
ilization with iodine. Three full thickness wounds with a diameter of 1.2 
cm were created on the back of one rat, and 10 μL S. aureus (108 

CFU/mL) was injected into the wound to induce wound infection [14, 
51]. Then, 3A-TCMBAs were applied to the wound area, and NIR (0.5 
W/cm2) was used to irradiate one adhesive group in situ for 10 min. The 
thermographic images of the tested rats were recorded by an IR thermal 
camera. The rats were divided into three groups: physiological saline 
(control), 3A-TC15%+NIR (with NIR) and 3A-TC15% (no NIR), and the 
functional wound dressing of 3A-TC15% was changed every three days 
until wound healing, and a 10 min’ 808 nm NIR irradiation was con-
ducted after each dressing change. The process of wound regeneration 
was studied by monitoring wound area, and macroscopic photographs of 
the treated wounds were taken on the 3rd, 7th, 14th and 21st days. The 
wound size was measured by Image J software, and the wound healing 
ratio was calculated using the following equation [52]: 

Wound healing ratio (%) =
(A0 − At)

A0
× 100%  

where A0 and At are the initial wound area and the wound area at 
desired time t, respectively. 

2.11.2. Wound closure evaluation 
To evaluate the in vivo wound closure performance of 3A-TCMBAs, a 

full-thickness rat skin incision model was established using male 
Sprague-Dawley (SD) rats (240–280 g). All animal experiments were 
conducted in compliance with the Animal Experimental Committee of 
Southern Medical University (Approval No. SYXK2016-0167). After 
being paralyzed with 10 wt% chloral hydrate, the rats were fixed on a 
surgical corkboard, followed by shaving and sterilization with iodine. 
Then, four full-thickness incisions (1.5 cm in length) were created on the 
back of the rat, and treated with 3A-TCMBA adhesive (with NIR and 
without NIR) and suture, with no treatment as control. The incisions 
area was monitored and photographed on the 3rd, 5th, 7th, 10th and 
14th day. 

2.11.3. Histology and immunohistochemistry evaluation 
For histological examination, the wound skin tissues were isolated 

and immediately fixed in 4% formaldehyde in PBS at 4 ◦C. After being 
embedded in paraffin, skin tissues were sectioned into 4 μm thickness 
slices for hematoxylin and eosin (H & E), Masson trichrome and pic-
rosirius red staining. All the stained histological sections were observed 
with an optical microscope (DMI3000B, Leica). Collagen density (%), 
collagen type I/III ratios, epidermis thickness and quantification of hair 
follicles were determined by the analysis of Masson trichrome and pic-
rosirius red staining images using Image J software. 

For immunohistochemical staining, the skin tissue sections 
embedded in paraffin were de-paraffinized, washed with PBS several 
times, and then blocked with 5% serum for 30 min. Subsequently, the 
slides were incubated with primary interleukin-1β (IL-1β) (Abcam), 
tumor necrosis factor (TNF-α) (Abcam), platelet endothelial cell 
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adhesion molecule-1 (CD31) (Abcam), vascular endothelial growth 
factor (VEGF) (Abcam), platelet derived growth factor (PDGF) (Abcam), 
CD34 (Abcam) and matrix metalloproteinase-9 (MMP9) (Abcam) anti-
bodies, respectively, at 4 ◦C overnight, followed by incubation with 
peroxidase-conjugated secondary antibodies. All stained histological 
sections were observed with an optical microscope. Inflammatory cells 
and vessel numbers were calculated using Image J software. At least 3 
random areas were selected and the results were averaged. 

2.12. Statistical analysis 

Statistical analysis was performed by a one-tailed Student’s t-test 
using Statistical software (SPSS). The experimental results were 
expressed as mean ± standard division (SD). The differences were 
considered statistically significant when the p-values were <0.05. * and 
** represent p < 0.05 and p < 0.01, respectively. 

3. Results and discussion 

3.1. Characterizations of 3A-TCMBAs 

Gel times of 3A-TCMBAs were examined using the tilting test 
method. As shown in Fig. 1A, all 3A-TCMBAs displayed fast gelation (gel 
time <25 s) at various TA contents (5, 10, 15, and 20 wt%) at both room 
temperature and 37 ◦C, which is attributed to the fast hydrogen bonding 
interaction between iC-E-Ca2+ prepolymer and TA. Higher TA content 
and higher temperature all induced faster gelation. Specifically, the gel 
times for 3A-TC5%, 3A-TC10%, 3A-TC15% and 3A-TC20% were about 23.0, 
16.3, 10.0 and 8.0 s, respectively, at room temperature, while the gel 

times for the same samples decreased to 14.0, 8.0, 4.0 and 3.3 s, 
respectively, when the temperature was increased to 37 ◦C. By adjusting 
TA content and polymer concentration, the gelation time can be 
adjusted to meet the needs of a specific tissue engineering application. 
Sol contents of different 3A-TCMBAs are shown in Fig. 1B. It can be seen 
that sol content increased proportionally with TA content. However, all 
sol contents were lower than 15%, indicating effective crosslinking be-
tween iC-E-Ca2+ and TA via hydrogen bonding. The swelling ratios of 
3A-TCMBAs are shown in Fig. 1C, which decreased with increasing TA 
content. The lowest swelling ratio was <40 wt% (3A-TC15%), lower than 
similar hydrophobic adhesive samples chemically crosslinked by mag-
nesium oxide, as reported in our previous work [41]. 

The degradation profiles of 3A-TCMBAs are shown in Fig. 1D. As can 
be seen, with the increase of TA content, degradation rates decreased. In 
detail, the 3A-TC5% adhesive exhibited the fastest degradation rate in 
the tested formulations, with over 80% mass loss in 5 days, while the 3A- 
TC20% adhesive exhibited the lowest degradation rate, with less than 50 
wt% mass loss after 28 days. These results indicated that higher TA 
content could lead to higher crosslinking density and render the cross-
linking system of TA and pre-polymer more stable. 

3.2. Adhesion and self-healing properties 

The 3A-TCMBAs showed robust adhesion to various substrates such 
as rubber, glass, plastic, and metal (Fig. 2A and B), indicating the 
possible wide applicability of the adhesive. A small piece (~0.1 g) of 3A- 
TCMBA on a glove could firmly hold a weight of 30 g rubber, 30 g glass, 
60 g plastic and 100 g metal (Fig. 2B). The 3A-TCMBAs also displayed 
strong adhesion to wet tissues including porcine skin and various 

Fig. 1. Characterizations of 3A-TCMBAs: (A) gel times, (B) sol contents, (C) swelling ratios, and (D) degradation rates. (*p < 0.05, **p < 0.01).  
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Fig. 2. Adhesive properties of 3A-TCMBAs: (A) photographs of macroscopic adhesion, (B) photographs of the adhesion ability to glass, rubber, iron, and plastic, (C) 
photographs of the adhesion to porcine skin under water flushing, (D) adhesive properties to various tissues, (E, F) schematic presentation of the lap shear test, the lap 
shear strengths to (G) porcine skin and (H) other substrates, (I) the macroscopic photographs of self-healing capacity, (J) rheological behavior with alternate strains 
switched from 1% to 100% for four cycles. (*p < 0.05, **p < 0.01). 
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visceral organs including heart, liver, spleen, lung, and kidney (Fig. 2C 
and D). The adhesion strengths of 3A-TCMBAs to different substrates 
were quantitatively investigated by lap shear strength test (Fig. 2E–H 
and 2F). As shown in Fig. 2G, the lap shear strengths of 3A-TCMBAs to 
porcine skin at wet conditions increased proportionally to TA content. 
The 3A-TC5% (crosslinked by 5% TA) showed the lowest adhesion 
strength in the tested formulations (16.40 ± 1.71 kPa), while 3A-TC15% 
adhesive displayed the highest adhesion strength (41.54 ± 3.40 kPa). 
The adhesion strengths of 3A-TCMBAs were higher than that of 
commercially available fibrin glue (4.58 ± 1.57 kPa), typically used as a 
gold standard tissue adhesive. As shown in Fig. 2H, the 3A-TC15% also 
exhibited strong adhesion to glass, rubber, iron, and plastic, with the 
highest adhesion strength reaching ~140 kPa (to plastic). 

The fast self-healing behavior of 3A-TCMBA represented by 3A- 
TC15% is demonstrated in Fig. 2I. Fully cut 3A-TCMBA film pieces could 
be fused together in 3 min by simply contacting their freshly cut in-
terfaces without any external stimuli. The self-healing property of 3A- 
TC15% was also quantitatively studied via rheological test. As shown in 
Fig. 2J, it can be seen that after relaxation for ~1 min following 1 min of 
subjection to a large strain (100%), the storage modulus (Gꞌ) of 3A- 
TC15% could be mostly restored even after 4 cycles. 

The adhesive property of the 3A-TCMBAs mainly originates from the 
phenolic hydroxyl groups derived from dopamine (DA) and TA, which 
could strongly bond to various substrates through hydrogen bonding, 
electrostatic interaction, hydrophobic interaction, ion coordination, and 
even chemical reaction with amino groups of proteins on the tissue 
surface [53]. The existence of ionic bonds (–COO-—Ca2+——-OOC–) as 
well as hydrogen bonding (between the EPE chains or dopamine (DA) 
side groups of iC-E-Ca2+ prepolymer and the polyphenol groups on TA) 
confer self-healing property to 3A-TCMBAs. The strong wet tissue 
adhesion favors the application of 3A-TCMBAs in wound healing, and 

the favorable self-healing property confers 3A-TCMBAs with the ability 
to repair automatically upon damage in dynamic and complex wound 
sites. 

3.3. Mechanical properties of 3A-TCMBAs 

The mechanical properties of dried 3A-TCMBAs were investigated by 
tensile test (Fig. 3). As shown in Fig. 3A, the stress-strain curves of 3A- 
TCMBAs all demonstrated an ultra-high elasticity. In contrast to 
iCMBA prepolymers untreated with calcium carbonate, the uncros-
slinked iC-E-Ca2+ prepolymer film also exhibited an elastic property, 
attributed to the ion interactions between the side carboxylate anions on 
iC-E-Ca2+ prepolymer and calcium cations. The tensile strengths of 3A- 
TCMBAs were in the range of 550–1200 kPa, and with increased TA 
content, the tensile strength also increased (Fig. 3B). The Young’s 
moduli of 3A-TCMBAs also increased gradually with TA content, while 
the elongation at break decreased (Fig. 3C and D). All the 3A-TCMBA 
films possessed elongations (1500–2500%) much higher than that of 
uncrosslinked iC-E-Ca2+ prepolymer film (~1200%), further indicating 
the predominant role of hydrogen bonding in the crosslinked 3A- 
TCMBAs. Although the hydrogen bond interaction is a non-covalent 
bond, the results indicated that TA could effectively crosslink iC-E- 
Ca2+ prepolymer and make the crosslinked network more stable. In 
addition, the mechanical profiles of 3A-TCMBAs in hydrated status were 
tested and the results are shown in Table S2. As seen, 3A-TCMBAs 
maintain considerable mechanical strengths at hydrated and swollen 
status, indicating that 3A-TCMBAs have tailorable mechanical proper-
ties for various clinical applications. 

Fig. 3. Mechanical characterizations of 3A-TCMBAs: (A) stress-strain curves, (B) tensile strengths, (C) Young’s moduli, (D) elongations at break. (**p < 0.01).  
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3.4. Photothermal and antibacterial properties of 3A-TCMBAs 

The photothermal property of 3A-TCMBAs was investigated via the 
temperature rise (ΔT) upon 808 nm NIR irradiation. The temperature 
changes of 3A-TCMBA hydrogels with different TA contents were 
measured upon NIR irradiation for 10 min (power density = 0.85 W/ 
cm2). It could be seen that ΔT increased proportionally with TA content 
(Fig. 4A). From Fig. 4B, it can be seen that the temperature of 3A-TC15% 
hydrogel increased about 25 ◦C (to 50 ◦C) within 10 min under 808 nm 
NIR irradiation at a power density of 0.5 W/cm2, whereas, almost 65 ◦C 
was reached (ΔT = 40 ◦C) using 1.2 W/cm2 NIR irradiation in the same 
manner. In addition, 3A-TC15%, as a representative example, displayed 
highly repeatable photothermal properties. As shown in Fig. 4C, after 
four cycles of NIR irradiation (0.5 W/cm2) and free cooling, 3A-TC15% 
still maintained its photothermal ability. Photothermal images of 3A- 
TC15% being irradiated for different durations shown in Fig. 4D further 
demonstrated the significant increase in temperature of the irradiated 
3A-TC15% sample. 

Recently, photothermal therapy (PTT) has been widely used to cure 
diseases including tumors, bacterial-infected skin wounds and chronic 
wounds with the help of ultraviolet (UV), visible [54,55] and NIR light, 
with NIR light the most popular due to its larger penetration depth. 
Therefore, based on the photothermal property of 3A-TCMBAs, the 
photothermal antibacterial activity of 3A-TCMBAs was evaluated using 
E. coli and S. aureus as representative Gram-negative and Gram-positive 
bacteria (Fig. 4E–H). As shown in the representative photos (Fig. 4E and 
F), 3A-TCMBAs showed weak intrinsic antibacterial activity derived 
from both citric acid and TA without NIR irradiation [23,24,34]. How-
ever, after NIR irradiation, 3A-TCMBAs displayed obvious antibacterial 
activity compared to the iC-E-Ca2+ and PBS groups, in line with previous 
studies wherein bacteria are effectively killed when the temperature 
increases above 50 ◦C [56]. Moreover, with increased TA content, the 
antibacterial effect was significantly enhanced, with almost complete 
inhibition when TA content increased to 15% (Fig. 4G and H). These 
results indicated that the photothermal property of 3A-TCMBA is 
enhanced with increased TA content. 

3.5. Anti-oxidant activity of 3A-TCMBAs in vitro and in vivo 

Excessive ROS in the wound site can induce oxidative stress, thus 
delaying wound healing [57]. Both mussel-inspired dopamine (DA) and 
polyphenols have been reported to possess excellent anti-oxidant abili-
ties via inhibition of the free radicals through electron transfer [58,59]. 
Here, the antioxidant activity of 3A-TCMBAs was evaluated by DPPH 
assay, one of the most accepted standards for anti-oxidant property 
assessment. DPPH free radicals could be neutralized by accepting an 
electron or hydrogen atom, leading a solution color change from purple 
to yellow [60,61]. As shown in Fig. 5A and B, after being treated with 
3A-TCMBAs, the absorbance of DPPH at 516 nm significantly decreased, 
with higher TA contents leading to greater reduction. The iC-E-Ca2+

prepolymer also showed some anti-oxidant ability derived from DA 
(Fig. 5A). However, the UV–vis curve of iC-E-PI adhesive (prepared 
according to our previous work) was almost the same as the blank 
control (DPPH scavenging efficiency = 2.40%), indicating that the in-
clusion of strong oxidants, such as sodium periodate (PI), significantly 
dampened the anti-oxidant activity of iC-E-Ca2+ prepolymer (Fig. 5A). 
The DPPH scavenging efficiency of 3A-TC15% reached 83.29% in 2 min, 
while 3A-TC5% and 3A-TC10% could only scavenge 50.35 and 70.65% 
(Fig. 5C). In addition, the scavenging efficiency increased with a longer 
treatment time (Fig. 5B and D). These results indicated that crosslinking 
with TA via hydrogen bonding rather than utilizing strong oxidant 
crosslinking initiators preserved the anti-oxidant activity of 
3A-TCMBAs. 

ROS can be eliminated by anti-oxidant enzymes in vivo, such as SOD, 
CAT and GPx [62]. Therefore the improvement of SOD, CAT and GPx 
expression levels is important for reducing oxidative stress and 

promoting rapid wound healing in vivo [63]. The in vivo anti-oxidative 
activity of 3A-TCMBA was also evaluated by investigating their effect 
on the expression of SOD, CAT and GPx in the wound site. As illustrated 
in Fig. 5E-G, the SOD, CAT and GPx levels for both 3A-TC15% and 
3A-TC15% + NIR groups (especially the latter) were all significantly 
higher (p < 0.01) than that of the control group at the same time-points. 
Interestingly, on the 21st day, the levels of SOD and CAT stopped 
increasing compared with the 14th day, indicating a phase transfer of 
wound healing from inflammation to proliferation [62]. These results 
further confirmed the significant antioxidant ability of 3A-TCMBAs, 
which could effectively mitigate oxidative stress in vivo. Moreover, 
3A-TCMBA with NIR can accelerate the wound healing process, which 
induces the increased expression of SOD, CAT and GPx. 

3.6. In vitro cell cytocompatibility and proliferation 

The cytocompatibility of 3A-TCMBAs was assessed by investigating 
the cytotoxicity of the sol content and degradation products of 3A- 
TCMBAs via CCK-8 and Live/Dead assay against L929 cells. As shown 
in Fig. 6A, the sol content of 3A-TCMBAs at the 1 × dilution demon-
strated almost no cytotoxicity, with cell viabilities all higher than 80%. 
Moreover, the cell viabilities increased for 10 × and 100 × diluted sol 
contents, with cell viabilities even higher than 100%. The 1 × degra-
dation products of 3A-TCMBAs displayed low cell viabilities (<30%), 
while the cell viabilities of the 10 × and 100 × diluted degradation 
products became much higher (>80%), as shown in Fig. 6B. The growth 
of L929 cells was also investigated by the Live/Dead assay, using the 10 
× sol content of 3A-TC15%. From Fig. 6C, cells continually proliferated 
over five days of culture, with almost no dead cells found. These results 
indicated that 3A-TCMBAs exhibited satisfactory cytocompatibility. It 
has been reported that, as a natural polyphenol, TA can promote the 
proliferation of mammalian cells [38,64,65]. The use of abundant TA 
rather than toxic oxidants in 3A-TCMBAs was thus expected to result in 
favorable cytocompatibility, duly demonstrated above. 

The migration of fibroblasts is beneficial for wound healing; there-
fore, the effect of 3A-TCMBAs on the migration ability of L929 cells was 
studied via both 2D scratch assay and 3D trans-well assay [66]. As shown 
in Fig. 6D and E, the L929 cells incubated in the 10 × sol content of 
3A-TCMBAs moved into the scratched area faster than the control and 
iC-E-Ca2+ (10 × sol content) groups, with cell migration rates for 
3A-TC10% and 3A-TC15% significantly higher compared to the control 
and iC-E-Ca2+ groups (p < 0.01) at both 12 h and 24 h after treatment. 
With increasing TA content, the scratches became much narrower after 
24 h. The beneficial effect of 3A-TCMBAs on the migration of L929 cells 
was further confirmed by the qualitative (Fig. 6F) and quantitative 
(Fig. 6G) data of the 3D trans-well study. Studies have shown that the 
catechol group of dopamine and the galloyl groups on TA can form a 
strong interaction with the imidazoles or thiols on the cytomembranes of 
fibroblasts [62,67]. Thus, wound healing progress might be accelerated 
through sustained TA and dopamine release from the materials by 
promoting cell proliferation and migration. 

3.7. In vivo evaluation 

3.7.1. In vivo infected wound healing performance 
In vitro studies well demonstrated the tissue adhesion ability, ultra- 

high elasticity, self-healing property, favorable anti-oxidant activity, 
NIR photothermal antimicrobial activity and excellent cytocompati-
bility of 3A-TCMBAs, which all strongly suggested the application po-
tential of 3A-TCMBAs in infected wound healing. Thus, the suitability of 
3A-TCMBAs for skin wound healing applications was further evaluated 
in an infected full-thickness skin defect wound model. The photothermal 
temperature change images of SD rats for 3A-TC15%, 3A-TC15%+NIR and 
the control groups are shown in Fig. 7A. The infected wound-site tem-
perature in the 3A-TC15%+NIR group rapidly increased within 5 min 
upon NIR irradiation, consistent with the in vitro results. Representative 
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Fig. 4. Photothermal and photothermal 
antibacterial properties: the curves of ΔT- 
NIR irradiation time for (A) 3A-TCMBAs 
with different TA contents at 0.85 W/cm2 

and (B) 3A-TC15% under different NIR power 
densities; (C) temperature change of 3A- 
TC15% over four NIR irradiation on/off cy-
cles (0.5 W/cm2); (D) the representative 
thermal graphs of 3A-TC15% upon 808 nm 
NIR irradiation (0.5 W/cm2) for 10 min; (E, 
F) contacting antibacterial activity of 3A- 
TCMBAs, (E) bacterial colonies of E. coli 
and S. aureus cocultured with PBS (1), iC-E- 
Ca2+ (2), 3A-TC5% (3), 3A-TC10% (4) and 
3A-TC15% (5) and treated without or with 
NIR; (F) representative images of colony 
forming units for E. coli and S. aureus sus-
pensions on LB agar plates following 12 h 
incubation at 37 ◦C; relative bacterial via-
bilities of (G) E. coli and (H) S. aureus. (*p <
0.05, **p < 0.01).   
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photographs of the infected wounds treated by different samples are 
shown in Fig. 7B. Some yellow pus around the wound could be found on 
the 3rd day, indicating the successful creation of an infected wound 
model. Furthermore, the wound areas in the 3A-TC15% and 3A- 
TC15%+NIR groups closed much faster than that of the control group. On 
day 21, the wounds in the 3A-TC15%+NIR group were almost closed, 
while wounds in the control group remained unhealed and a scar was 
left, which could also be clearly seen in the overlapped wound areas of 
different time-points shown in Fig. 7C. The wound closure ratios of 
different groups were also quantitatively calculated by Image J. As seen 
in Fig. 7D, the average wound closure ratios of both the 3A-TC15% and 
3A-TC15%+NIR groups were significantly higher than that of the control 
group, especially on the 7th, 14th and 21st day (p < 0.01), and the 
wound closure ratios of 3A-TC15%+NIR group at day 7 and 14 were also 
significantly higher than that of 3A-TC15% group (p < 0.01). These re-
sults confirmed that the application of 3A-TCMBAs and the assistance of 
NIR irradiation could greatly promote infected wound healing. 

3.7.2. Histological and immunohistochemical analysis 
The wound healing efficacy of 3A-TCMBAs was further evaluated by 

Hematoxylin-eosin (H & E) and Masson’s trichrome staining [68]. As 
can be seen in Fig. 8, prominent inflammation was observed in all groups 
on the 3rd day. On the 7th day, obvious inflammation still presented in 
the control group but was significantly decreased in both 3A-TC15% and 
3A-TC15%+NIR groups, particularly in the latter, which was mainly 
attributed to the excellent antibacterial and anti-oxidant activity derived 
from 3A-TCMBAs. Meanwhile, epidermis gradually formed on the 14th 
day, and it could be seen that a complete epidermis was regenerated in 
both 3A-TC15% and 3A-TC15%+NIR groups but not in the control group 
(Fig. 8A). On the 21st day, the epidermis in all groups was completely 
regenerated and began to form some skin appendages, such as hair 
follicles and blood vessels, in the dermis, especially in the two adhesive 
groups (Fig. 8A). 

The formation of collagen at the wound site plays a vital role in 
remodeling damaged skin tissue and was assessed by Masson’s tri-
chrome staining [69]. As shown in Fig. 8B, collagen deposition could be 

Fig. 5. Anti-oxidant properties: (A) UV–vis spectra and (B) DPPH scavenging percentages of 3A-TCMBAs after incubating for 2 min; (C, D) dynamic DPPH scavenging 
of 3A-TC15%; expression levels of (E) superoxide dismutase (SOD), (F) catalase (CAT) and (G) glutathione peroxidase (GPx) during the process of in vivo wound 
healing after being treated with control, 3A-TC15% and 3A-TC15%+NIR adhesive for 7, 14 and 21 days, respectively. (*p < 0.05, **p < 0.01). 
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Fig. 6. Cytotoxicity evaluation of 3A-TCMBAs: cytotoxicity against L929 cells after 24 h for (A) sol content and (B) degradation products, (C) representative Live/ 
Dead images, (D) L929 cells migration images and (E) quantitative scratch closure rates, (F) representative images of the transwell migration assay of L929 cells and 
(G) quantitative migration cell OD values. (*p < 0.05, **p < 0.01). 
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seen in all groups at all tested time points. Less collagen deposition was 
found in the control group, while the adhesive groups (especially 
3A-TC15%+NIR) showed more collagen deposition with a better orga-
nized fibrous structure (Fig. 8B). The quantitative analysis results shown 
in Fig. 8C further revealed that the collagen densities in the 
3A-TC15%+NIR group were significantly higher than that of the 
3A-TC15% group (p < 0.05) on the 7th and 14th day, and they were all 
significantly higher than that of the control groups at the same 
time-points. In addition, to evaluate the collagen subtype progression, 
picrosirius red staining was performed (staining collagen I in red and 
collagen III in green) as the collagen I/III ratio is often used to evaluate 
scarless wound healing [70,71]. As displayed in Figs. S1A and S1B, the 
collagen I/III ratios of the adhesive groups (especially 3A-TC15%+NIR) 
were significantly lower than that of the control group (p < 0.01). The 
collagen I/III ratio was 38.56 ± 3.54 for the control group, while it 
decreased to 8.96 ± 1.45 and 4.32 ± 0.56 for the 3A-TC15% and 
3A-TC15%+NIR groups, respectively. This result indicated that 3A-TC15% 
could improve scarless wound healing. Quantitative epidermis thickness 
results are illustrated in Fig. 8D, revealing that epidermis thickness 
decreased in the adhesive groups (especially 3A-TC15%+NIR) compared 
to the control group, further implying decreased scar tissue formation in 
the adhesive groups (especially 3A-TC15%+NIR) [70]. Finally, the 

quantification of hair follicles was studied, as shown in Fig. 8E. Re-
generated skin in the adhesive groups (especially 3A-TC15%+NIR) was 
filled with many regenerated hair follicles and sebaceous glands, further 
confirming that 3A-TC15% leads to scarless and effective regeneration. 
These results suggested that 3A-TCMBAs (especially with NIR assis-
tance) could greatly enhance collagen deposition and ordered arrange-
ment, thus inhibiting scar formation during the wound healing process. 

Acute inflammatory responses may lead to excessive oxidant pres-
sure, causing tissue damage and delayed wound healing [65], while the 
intrinsic anti-oxidant activity of TA is believed to impart a considerable 
anti-inflammatory ability to the 3A-TCMBAs. Therefore, two represen-
tative pro-inflammatory factors, interleukin-1β (IL-1β) and tumor ne-
crosis factor-α (TNF-α), were detected to estimate the efficacy of 
3A-TCMBAs in preventing infection and extenuating inflammation 
during wound healing. The expression of the two cytokines was reduced 
in both 3A-TC15% and 3A-TC15%+NIR groups (Fig. 8F, G, 8H and 8I). 
Also, it could be seen that inflammatory cell numbers gradually 
decreased during the tissue healing process. On the 14th day, there was 
no significant inflammatory response in all groups, as indicated by the 
mild expression levels of IL-1β and TNF-α (Fig. 8F, G, 8H and 8I). These 
results suggested that the 3A-TCMBAs (especially with the assistance of 
NIR) could effectively prevent wound infection and reduce the 

Fig. 7. Wound closure results of the infected wounds: (A) Photothermal temperature change of SD rats for 3A-TC15%, 3A-TC15%+NIR and the control groups; (B) 
representative photographs of the wounds treated with physiological saline (control) and 3A-TC15% (with and without NIR) on the 3rd, 7th, 14th and 21st day; (C) 
schematic diagram of wound closure; (D) quantitative statistical analysis of wounds closure. (**p < 0.01). 
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inflammatory response due to the excellent anti-oxidant and photo-
thermal antibacterial properties of 3A-TCMBAs. 

In addition, the effect of 3A-TCMBAs on the neovascularization of 
the wound sites was also evaluated by immunohistochemical staining of 
CD31, PDGF, and VEGF on the 7th and 14th day. As shown in Fig. 9A-F, 

the expression of CD31, VEGF and PDGF in the adhesive groups, espe-
cially in the 3A-TC15%+NIR group, were all significantly higher than 
that of the control group (p < 0.01) on the 7th day. The enhanced 
expression of endovascular factors is favorable for angiogenesis and 
could promote wound healing in the early stage. On the contrary, after 

Fig. 8. Histological and inflammation-related immunohistochemical analysis: (A) H & E and (B) Masson’s trichrome staining images of the infected skin wound after 
being treated with 3A-TCMBAs (with and without NIR), and physiological saline (control), (C) collagen densities, (D) epidermis thicknesses (day 21) and (E) 
quantitative hair follicle numbers (day 21); Immunohistochemistry staining images of (F) TNF-α, and (G) quantitative IL-1β, cell densities of (H) TNF-α positive cells 
and (I) IL-1β positive cells. (*p < 0.05, **p < 0.01). 
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Fig. 9. Angiogenesis, hair follicle and remodeling related immunohistochemical analysis: Immunohistochemical staining images and the corresponding dyeing 
scores of (A, B) CD31 (Red arrows represent new blood vessels), (C, D) PDGF, (E, F) VEGF at day 7 and 14; immunohistochemistry staining images and the cor-
responding dyeing scores after being treated of (G, H, I) of CD34 and MMP9 on day 21. (**p < 0.01). 
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being treated with 3A-TC15% and 3A-TC15%+NIR for 14 days, the 
expression levels of CD31, PDGF and VEGF all became lower than that of 
the control group (p < 0.01), which is beneficial to promote scarless skin 
formation at the later stage (remodeling stage) of wound healing. 
Studies have shown that timely degeneration of the temporary built 
immature blood vessels is necessary for avoiding scar formation [72]. 
Therefore, the opportune and phased angiogenesis ability of 
3A-TCMBAs is believed to accelerate wound closure and promote scar-
less wound healing by inhibiting excessive neovascularization and 
subsequent over deposition of collagen in the remodeling phase. To 
further evaluate scarless wound healing efficacy, the expression of CD34 
(a hair follicle stem cell marker) and MMP9 (matrix metalloproteinase) 
in the wound sites on the 21st day was studied [73]. As shown in Fig. 9G 
and H, the expression levels of CD34 and MMP9 in the 3A-TC15%+NIR 
group were significantly higher than that of the 3A-TC15% group, and 
expression levels in the two adhesive groups were significantly higher 
than that of the control group. High expression levels of CD34 implied 
more skin appendage (such as hair follicle) regeneration, implying that 
the adhesive groups can stimulate hair regeneration, especially with the 
assistance of NIR. This is reinforced by the appearance of hair follicles in 
the H & E and Masson’s trichrome staining images shown in Fig. 8A and 
B. Higher expression levels of MMP9 in the adhesive groups indicated 
that the 3A-TCMBAs could induce more active extracellular matrix 
degradation, especially the degradation of collagen I, in the remodeling 
phase of wound healing, thus inhibiting scar formation and promoting 
scarless wound healing [73]. 

3.7.3. Wound closure study on a skin incision model 
The tissue adhesion and wound closure performance of 3A-TCMBAs 

was further assessed in a full-thickness skin incision model in vivo. Skin 
incisions (1.5 cm) were made on the back of SD rats, and the incisions 
were closed with surgical suture or 3A-TC15% with or without NIR 
irradiation, with the untreated wound as control. As illustrated in 

Fig. 10A, the incisions treated by surgical sutures and 3A-TCMBAs were 
closed on day 7, while skin incisions still existed in the untreated group. 
After 14 days, all the incisions were almost healed. The incisions of the 
control and suture groups showed obvious scars after healing, while the 
groups treated with 3A-TCMBA showed significantly less scar formation. 

Histological analysis was performed on days 7 and 14 to further 
evaluate the wound healing efficacy, as shown in Fig. 10. H&E staining 
demonstrated that both control and surgical suture groups displayed 
severe structural disorder and acute fibrosis on the 7th day (Fig. 10B) 
[22,74]. By contrast, 3A-TC15% and 3A-TC15%+NIR groups illustrated 
milder inflammatory responses and decreased fibrosis (Fig. 10B). On the 
14th day, 3A-TC15% groups almost recovered, with highly integrated 
epithelium and more hair follicles, while histologic fibrosis was allevi-
ated, especially for the 3A-TC15%+NIR group (Fig. 10B). Additionally, 
Masson’s trichrome staining for collagen was performed to evaluate 
tissue reconstruction [75]. As shown in Fig. 10C, on the 7th day, poor 
tissue reconstruction was observed in the control and surgical suture 
groups, while 3A-TC15% and 3A-TC15%+NIR groups showed more 
collagen deposition. On the 14th day, all groups displayed dense 
collagen fiber formation, while the collagen fibers in 3A-TC15% and 
3A-TC15%+NIR groups were significantly denser and better arranged, 
especially for the 3A-TC15%+NIR group. These encouraging results may 
originate from the anti-oxidant, anti-inflammatory and antibacterial 
activities of DA and TA in 3A-TCMBAs, as well as their favorable pho-
tothermal activity. The wound closure study further demonstrated the 
potential of 3A-TCMBAs in scarless wound healing [76,77]. 

4. Conclusion 

In this work, the abundant hydrogen bonding capability of the 
naturally derived anti-oxidant tannic acid was utilized as a novel 
crosslinking agent for injectable citrate-based mussel-inspired bio-
adhesive (iCMBA) prepolymer, generating a family of anti-oxidant, anti- 

Fig. 10. Wound closure assessment of skin incision: (A) representative images of untreated skin incisions and the skin incisions treated by surgical sutures, 3A-TC15% 
(with and without NIR); (B) H & E staining images and (C) Masson’s trichrome staining of the skin incisions on the 7th and 14th day; (D) photothermal temperature 
change images of SD rats for 3A-TC15% and 3A-TC15%+NIR groups. 
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inflammatory and antibacterial tannin-crosslinked citrate-based mussel- 
inspired bioadhesives (3A-TCMBAs). Elimination of the strong oxidants 
traditionally used in mussel-inspired bioadhesive crosslinking preserved 
the dopamine-derived anti-oxidant activity of iCMBA, which was further 
enhanced via the inclusion of TA, endowing the adhesive with signifi-
cant anti-inflammatory capability. 3A-TCMBAs achieved rapid gelation, 
low swelling ratios, super-high elasticity, strong wet tissue adhesiveness, 
self-healing ability, excellent anti-oxidant properties and considerable 
biocompatibility. Further, the innate antimicrobial property of TA was 
reinforced by NIR-assisted photothermal ablation, synergistically 
enhancing the antibacterial effect. Convergence of the above properties 
led to significantly accelerated in vivo wound healing in both infected 
full-thickness and skin incision wound models. Most significantly, 3A- 
TCMBAs (with the assistance of NIR) could promote scarless wound 
healing by enabling phased angiogenesis (enhanced in the early wound 
healing phase but diminished in the later phases) and triggering late 
stage degradation & remodeling of the extracellular matrix. The design 
principles of 3A-TCMBAs can be universally expanded to other poly-
meric systems, inspiring a new methodolgy for the development of next- 
generation adhesives with enhanced clinical outcomes. 
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