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Abstract 
 
Interface-interaction induced self-healing and self-adhesive are a gem–like 
attribute inspired by our Mother Nature. Biocompatible gelatin methacrylate 
(GelMA) hydrogels exhibit tunable mechanical properties which are favorable 
in biomedical applications. However, it is difficult to integrate high stiffness, 
super-elasticity, large deformability and self-healing property together. Here, 
we report a GelMA-based double-network (DN) hydrogel with above properties 
by utilizing tannic acid (TA) as a multi-functional H-bond provider. We first 
investigated the morphological and mechanical properties’ changes of GelMA 
over different TA’s concentrations and treating times. In comparison to pristine 
GelMA hydrogel (10% w/v), the GelMA-TA hydrogels presented significant 
increase in ultimate stress (4.3-fold), compressive modulus (2.5-fold), and 
especially in elongation (6-fold). Adhesion properties of GelMA-TA can be 
tuned by TA and have been proven to be water-resistant. To test gels’ 
feasibility in vivo, we applied GelMA-TA gels to close skin wound and gastric 
incision without suture. The results indicated the gels had the capabilities of 
promoting wound healing with superior tissue restoration and minimal tissue 
adhesion. Furthermore, integrated with carbon nanotubes, the 
GelMA-TA-carbon nanotube gel was an alternative self-healing electric skin 
with strain-sensitive conductivity. This work demonstrated a strategy to yield 
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mechanically strong hydrogel adhesives for innovative biomedical 
applications. 
 
Keywords: 
Tannic acid induced double-network gelatin gel, Superelasticity, Self-healing, 
Tissue adhesive, Sutureless surgery, Biosensor 
 
 
1. Introduction 
 
As the microstructures and biological properties are akin to the extracellular 
matrix of native tissues, hydrogels play a vital role in tissue engineering and 
regenerative medicine. [1] Besides these fundamental purposes, hydrogels 
are also a promising candidate to engage in novel biomedical applications, 
such as wound dressings.[2-4] However, our bodies are extremely 

sophisticated, for instance, even a small piece of skin on hands, they can 
sustain deformation, sense objects and restore from scratch, which simulating 
in hydrogels are flexibility, pressure sensibility, and self-healing attribute. Thus, 
the simple strategies to access multi-functional and biocompatible hydrogels 
are always being pursued. 

 
Denatured from collagen, Gelatin is a less expensive protein-based hydrogel 
biomaterials. They have the superior biocompatibility than synthetic due to the 
intrinsic natural fibril structures and bioactive cues,[5, 6] as well as present 
relative low antigenicity compared to collagen.[7, 8] Despite these advantages 
above, chemical cross-linkers, for example, glutaraldehyde, are needed to 
obtain stable hydrogel networks. Nevertheless, an alternative option is always 
welcomed to avoid the cytotoxicity of residues and possibly long-term 
calcification in vivo after conventional chemical gelation.[9, 10] 
 
Modification of gelatin by grafting methacryloyl moieties on amine groups of 
lysine generates gelatin methacrylate (GelMA).[11, 12] Manipulating 
mechanical properties of Gel-MA by adjusting the degree of methylation (DM) 
and concentration of GelMA are well studied among tissue engineering.[13, 14] 
The real dilemma is that the most of existing methods can only improve 
hydrogel performances on the one aspect. For example, aiming to better the 
compressibility of GelMA hydrogel, the cryogenic process yielded flexible and 
macroporous interconnected network via ice crystal sublimation. Whereas, it 
sacrificed the elastic modulus or extensibility.[15] 

 
The hybrid gel is an approach to handling the pluripotency on functions, by 

selectively adding functional components. GelMA-based hybrid hydrogels 
have been intensively studied by incorporating inorganic nanoparticles,[16, 17] 
and polymers[18, 19]. These mechanically adjustable GelMA DN gels have led 
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to the success in creating the favorable extracellular matrix (ECM) for specific 
tissue reconstruction[20, 21] or meeting the demand for biofabrication 
technology such as photolithography, microfluidic or 3D printing.[22, 23] 
However, synthesis of a hydrogel that can couple favorable mechanical with 
enticing interactive properties is still challenging.[24]  

 
Learning from nature (e.g., skin epidermis regenerates after injury, or 

mussels can firmly attach to the rock withstanding waves) is an effective way 
to acquire the desired results.[25-27] Specifically, Tannic acid(TA) is a natural 
plant source polyphenols compound that intrinsically exhibits biological 
antioxidant and antibiosis properties.[28] Besides, extensively innovative 
studies have engaged TA as building blocks to construct layer-by-layer 
self-assembly films or multilayer nanoparticles by utilizing its versatile binding 
capabilities.[29-31] Nevertheless, it still encounters tough challenges to 
manipulate the strong interactions between TA and biomacromolecules in the 
construction of bulk hydrogels, since they always tend to form the amorphous 
structure of complex or coagulation.[32-35] The existing strategies to seek the 
balance of the interactions by either selecting particular biomacromolecule 
(e.g., DNA),[36] or adopting multi-step operations under precisely controlled 
conditions.[33, 37] What is more, similar to mussel-inspired biomaterials, high 
content anchor moieties (catechol and pyrogallol) in TA’s molecular structure 
can bestow composite hydrogels with tissue-like self-heal ability and 
adhesiveness to diverse surfaces.[38-40] 
 
 
Here, to make full use of TA’s excellent bonding ability to generate innovative 
GelMA-based double-network (DN) hydrogel, we hypothesize that a 
pre-crosslinked GelMA hydrogel network not merely can be strengthed by TA 
in a well-arranged manner, but also provide a platform for TA to perform its 
adhesive properties. Specifically, we firstly verified the formation of and 
defined the optimal chemical composition of GelMA-TA hybrid hydrogels. The 
improvements of compressive and tensile properties were then tested. After 
that, interfacial interactions of hydrogels (self-healing and adhesiveness) were 
systematically evaluated, and the wet adhesion ability was highlighted. 
Subsequently, we conducted in vivo experiments to demonstrate the capability 
of hydrogel for the closure of surgical incision in two forms, anti-tensile healing 
(skin), and body fluid tolerant healing (gastric). Finally, the GelMA-TA hydrogel 
with multiple wall carbon nanotubes (MWCNTs) was tested as a wearable 
strain-sensitive E-skin.[41, 42] 
 

 
 

2. Results and discussion 
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Scheme 1. The schematic illustration of preparing multifunctional GelMA-TA 
hydrogel (a) with high stiffness, super-elasticity, deformability (b), and in vivo 
self-healing and adhesive property (c). Biomedical applications of GelMA-TA 
gel for skin wound closure (d), sutureless gastric surgery (e), and applied as 
strain sensor with the presence of MWCNTs (f). 
 
2.1 Formation of GelMA-TA hydrogel 

We synthesized pristine GelMA hydrogels with different concentration by 
following a well-established method.[13, 43] As shown in Fig. 1a, after a 24 h 
treatment of TA (100% w/v), the transparent GelMA hydrogels (cylindrical 
shape with 7 mm in height and 7 mm in diameter; 10, 15, 20% (w/v)) turned 
into translucent along with size reduction, which shows the substrantial 
interactions between TA and GelMA. The Fourier Transform Infrared (FT-IR) 
studies were performed to measure the interactions (Fig. 1b). The spectra of 
GelMA-TA showed a typically wave at around 3100-3600 cm-1 are closely 
related to the formation of hydrogen bonds due to the wavenumber of amine 
N-H and galloyl O-H shift in this range.[44, 45] The peak value 3309 cm-1 
(GelMA) shifted to 3269 cm-1 (GelMA-TA) indicated the formation of 
H-bonding.[46] Furthermore, characteristic peaks of GelMA hydrogel (amide I, 
amide II, amide III) [47] were routinely observed at around 1612 cm−1, 
1520 cm-1, and 1436 cm−1, without distinct change of intensity and frequency. 
This result also provided evidence that there was no existence of covalent 
bonding. 
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Fig.1 (a) The representative morphological changes from pristine GelMA 
hydrogels (upper) to GelMA-TA (bottom) after a 24h incubation in TA solution. 
Concentrations of GelMA and TA are 10%, 15%, 20% (w/v), and 100% (w/v), 
respectively. (b) FT-IR spectra of 10% GelMA (upper)), 100% TA (middle) and 
as-prepared GelMA-TA (bottom). (c-e) The rheological properties of 
GelMA-TA hydrogels (triangle) and corresponding GelMA pristine hydrogels 
(block). Concentrations of GelMA from left to right are 10%, 15% and 20%. G’: 
Storage modulus (black), G”: loss modulus (red). 
 
2.2 Mechanical properties 
The dynamic mechanical properties of GelMA-TA hydrogels were evaluated by 
rheological experiments. We divided GelMA-TA and corresponding GelMA 
hydrogels into three groups according to the concentration and swept at room 
temperature with predetermined oscillation frequency. First of all, storage 
modulus (G') was higher than loss modulus (G") in all samples (Fig.1c, d, e) 
without any crossover traces occurred, which indicates the formation of stable 
hydrogels. With the increasing concentrations of GelMA, storage modulus (G’) 
in all groups were climbing. Specifically, either G’ or G’’ of GelMA-TA were 
significantly higher than pristine GelMA, which suggests the mechanical 
properties of GelMA-TA are stronger. Notably, unlike the flat traces of GelMA, 
a meaningful elevation of storage modulus (G’) of GelMA-TA was observed, 
and could be explained as an indication related to the presence of 
non-covalent bonds in the hydrogel.[36, 48] 
 
The mechanical strength of adhesive hydrogels is important for maintaining 
structural integrity during their work period. Thus, TA’s effects on the 
mechanical performances of gels were systematically evaluated. In Fig. 2a 
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and b, the ultimate stress of GelMA-TA hydrogels (4.6 MPa for 20% GelMA-TA 
and 3.2 MPa for 10% GelMA-TA) were considerably increased compared to 
the corresponding pristine GelMA, which were up to 3.5, and 4.3 folds of the 
latter, respectively. The same trend was found in both compressive modulus 
(Fig.2c) and tensile properties (Fig. 2e, f), indicating that we succeeded in 
obtaining a stiffer hydrogel. Moreover, deformability, the inferior part of 
GelMA's performance, has been greatly improved. We found TA treated 
GelMA gel led to a far better elongation than that of the pristine counterpart, 
especially in GelMA with high DM.[49] The elongations of GelMA-TA hydrogels 
(277%, 225%, and 154%) with growing GelMA concentrations (10%, 15%, 
20%) were at least around 6, 6 and 5 folds higher than those of the previous 
report.[43] However, the compressive and tensile strain decreased with 
increasing initial concentration of GelMA, especially in 20% groups (Fig. 2d, e). 
This phenomenon was considered caused by the combined effect of volume 
reduction of hydrogels and high crosslink density which consequently led to a 
brittle polymeric chain.[50, 51] Taken together, we chose 10% GelMA-TA for 
subsequent studies since it renders the best elongation as well as the 
comparable mechanical performances to skin and soft tissue.[52, 53] 
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Fig. 2: The mechanical properties of 10%, 15% and 20% GelMA and 
corresponding GelMA-TA (100% w/v TA, 24h treatment time). The 
compressive curves (a), maximum compressive stress (b), compressive 
modulus (c), and compressive strain at failure (d) of GelMA-TA hydrogels. The 
tensile stress-strain curves (e), and tensile modulus (f) of GelMA-TA hydrogels. 
(* indicates significant differences, p < 0.05, n=3) 
 
 
 
 
For further investigations of the effects of TA’ s concentration and acting time 
on gel’s mechanical properties, we selected 100%, 60%, 30% (w/v) TA and 3h, 
6h, 12h, 24h, and 48h treatment time as variables. As in Fig. 3a, b volume 
shrinking rate of GelMA-TA to GelMA were proportional to the TA 
concentration and treating time in all groups. This phenomenon is similar to the 
previous reports that TA/macromolecule ratio determine the intension of 
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interactions.[34, 35] The maximum compressive stress was also in response 
to the variables (Fig. 3c). Specifically, Compressive stress in 100% TA group 
reached the peak at 24 h and was no longer significantly changing at 48 h, 
whereas, the stress in 60% group gradually elevated along with time but could 
not reach the level of 100% group even at the end of 48 hours and the irregular 
changes was found in 30% group. We then identified the difference between 
two 100% GelMA-TA hydrogels with 24h and 48h treatment time via 
deformation recovery abilities. After five successively compressive cycles at 80% 
strain, the recovery ratio in the height of two gels were 90% and 78%, 
respectively (Fig. 3d; Movie S1, Supporting information). The reduction of 
resilience was considered as the plasticization effect of TA which probably 
related to the prolonged exposure.[54, 55] Swelling ratios of hydrogels were 
characterized and were shown in Fig. 3e. Macroscope of GelMA-TA have 
shown that the H-bonding interactions between TA and GelMA compressed 
the structure of hydrogels, which in turn might limit their water loading capacity. 
As expected, all GelMA-TA hydrogels swelled significantly lower than pristine 
GelMA. Other findings also demonstrated that the increased TA 
concentrations could lower the ratio, which was consistent with the mechanical 
performances due to the denser H-bonding networks. It is believed that 
hydrogels with relatively low swelling behavior also exhibited prolonged 
degradation rate, thus could extend the functional lifetime of hydroges.[43, 56] 
Taken together, we settled 100% TA and 24h as well-defined treatment 
conditions for the following studies. 
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Fig. 3 (a) Representative photographs of 10% GelMA hydrogels (left) and 
GelMA-TA hydrogels after treatments over different concentrations of TA and 
durations (right). (b) The relative volume curves of GelMA-TA hydrogels 
compared to their original volume (GelMA). Dash line indicates the volume of 
GelMA as 100%. (c) Time-dependent and TA concentration-dependent 
changes in maximum compressive stress of GelMA-TA hydrogels. Dash line 
refers to the maximum compressive stress of 10% GelMA hydrogel. (d) 
Recovery ratio of two different GelMA-TA hydrogels in the height 
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measurement after five consectively compressive cycles at 80% strain. (e) 
Swelling ratio of GelMA and GelMA-TA hydrogels. (* indicates significant 
differences, p < 0.05, n=3) 
 
2.3 Morphological study 
From SEM observations, the pristine GelMA hydrogel (Fig. S1a) exhibited a 
honeycomb-like porous microstructure ascribed to the evaporation of water.[57, 
58] However, after treatment of TA, we found thickened cell walls and a 
reduction of average pore size from 22.8 µm (GelMA) to 9.8 µm (GelMA-TA) 
(Fig. S1b, c). It suggests that GelMA’s covalent networks can effectively 
withstand the strong H-bond interactions, which leads to general shrinkage 
rather than cell collapse. From this perspective, as the second network of the 
hydrogel, TA contributes a pre-set structure to GelMA. Their synergistic effect 
gives gel unparalleled mechanical properties in GelMA-based hydrogels. 
 
 
 
2.4 Tissue adhesion 
Adhesion of GelMA-TA hydrogels to various substrates was demonstrated in 
Fig. S2. Hydrogels in two shapes (cylinder or thin sheet) were able to generate 
sufficient adhesiveness on rubber, plastic, metal, and glass. Notably, two 
pieces of glass slides jointed by hydrogel could withstand extra weight not less 
than 500g. For biomedical aspect, we applied porcine skin as representative 
tissue for quantitative examinations. The set up of the specimen for shear 
adhesion tests were illustrated in Fig. 4a. In Fig. 4b, the highest adhesive 
strength was found in 100% TA group at 81 kPa, which was significantly 
superior to those in lower concentration groups and two control groups (10% 
GelMA and fibrin glue as in our previous publication.[59] Though TA inherently 
presented adhesiveness, it was not commensurate to GelMA-TA’s, which is 
probably owing to the instability of the amorphous structure. Force-distance 
curves were plotted to evaluate the performances of hydrogels with the 
thickness of 0.3mm or 1mm (Fig. 4c). Thick gel showed superior elongation 
while maintaining the adhesion. The elongation of the thick gel group was up to 
5.8 mm. By contrast, the elongation of thinner gel and 100% TA were up to 4.5 
mm and 2.4 mm, respectively. It is a crucial ability of tissue adhesives that 
offering flexibility to accommodate deformations of tissue under physiological 
condition while maintaining robust adhesion strength.[60] Therefore, 1 mm 
thick hydrogels were chosen for the following in vivo experiments. 
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Fig. 4 (a) Schematic and representative photograph of prepared specimen for 
shear adhesion test. (b) Adhesion strength of 10% GelMA, fibrin glue (From 
our previous publication [59]), 100% TA and GelMA-TA hydrogels under three 
different treatment conditions to porcine skins. (* indicates significant 
differences, p < 0.05, n=3) (c) Shear-distance curves. 
 
 
2.5 Self-healing model 
Self-healed hydrogels were used to deepen the understanding of hydrogel 
adhesiveness before in vivo applications. As shown in Fig. 5a, to prepare 
hydrogels, two gel pieces reconnected in either head-to-head or overlap forms. 
The junction primarily took place after applying a gently external pressure for 1 
minutes (Movie S2, Supporting Information). Then the hydrogels were 
undergoing a 6h strengthening process. Evaluations were performed as tensile 
tests (Fig. 5b; Movie S2, Supporting Information). There were no significant 
differences in mechanical properties between rebonded and pristine 
GelMA-TA hydrogels (Fig. 5c). Also, the adhesion strength between two 
hydrogels was strong enough, because so far in our experiments, no fracture 
occurred at the joint. 
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To confirm the driving force, we immersed hydrogel in urea solution since it 
can disrupt the existing hydrogen bonds in the hydrogel.[61] Indeed, two 
hydrogels separated spontaneously and the whole process completed within 
20min (Fig. 5d). In contrast, separation did not occur when water presented 
along (data no shown). The bonding ability of bioadhesives to tissue in a wet 
environment is of importance but challenge the researchers a lot.[62, 63] We 
further tested the water-resistant adhesion property of GelMA by applying the 
same healing model, and a 7-day observation period was carried out in the 
phosphate buffer solution (PBS). It was found that the hydrogel was 
maintaining a constant connection throughout the entire observation period 
(Fig. 5e; Movie S3, Supporting Information). PBS solution is expected to 
simulation the body fluid due to the similar osmolarity. Therefore, the swelling 
properties of hydrogel might not be the key factor to affect the stability of 
bonding in vivo. 
 

 
 

 

 
Fig. 5 (a) Self-healing models were demonstrated in two patterns: over-lap, 
and end to end. Tensile-adhesion measurements of healed hydrogels, the 
setup illustrations (b), and the tensile stress at failure (c) (# indicates no 
significant differences compared with primary GelMA hydrogel, p > 0.05, n=3). 
(d) Urea-mediated separation of the self-healed hydrogel, photographs were 
taken at the same intervals (5 min) until complete separation. (e) Self-healed 
GelMA-TA hydrogel immersed in PBS for seven days to demonstrate the 
water-resistant adhesion. Photographs were taken at day 0, 1, 2, 3 and 7 to 
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confirm the connections. 
 

2.6 Cytocompatibility tests 
 
We examined the cytocompatibility of GelMA-TA. Dermal fibroblast cells were 
cultured in a flat 96-well plate with or without the presence of GelMA-TA. 
Live/dead staining was performed to cells on day 1, 3, and 7 after seeding (Fig. 
6a-f). Green fluorescence indicated living cells were found in all observations. 
Subsequently, we used cck8 quantitative detection of cell viability (Fig. 6g). 
Although the UV absorbance increases along with culture time from day 1 to 3 
and 7 due to the proliferation of cells, there was no statistical difference in cell 
viability between two groups at the same time. These results suggested the 
hydrogel is applicable for in vivo use. 
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Fig. 6 Live/dead staining of dermal fibroblast cell cultured with or without 
(control) the GelMA-TA hydrogels. Fluorescent micrographs of the control 
group (a–c) and GelMA-TA group (d-f) on day 1, day 3 and day 7. Scale bars: 
100 µm. (g) The proliferation of cells measured by CCK8 assays on days 1, 3 
and 7. (# indicates no significant differences compared with the control, p > 
0.05, n=3).  

 
 

 
2.7 in vivo wound closure 
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As a wound dressing, dealing wounds with tension or in the moist environment 
are two common contexts.[64, 65] For these reasons, the olivary skin incision 
model in nude mice (Fig. 7a) and the gastric incision model in C57 mice (Fig. 
8a) were designed. The curative effects were measured by a comprehensive 
comparison between three different treatments (no-operation, suture and 
hydrogel bonding) (Fig. 7a-c, 8a-c). Compared with surgical suture, one of the 
significant improvements of using adhesive hydrogels including the shortened 
and simplified operation procedure. Specifically, The adhesive hydrogels were 
placed over the incision where bilateral tissue aligned uniformly (Fig. 7c, 8c). 
After applying a gentle pressure for 1 min, the hydrogel offered adequate 
adhesion strength to address healing (Movie S4, Supporting Information). 
 
Postoperative observations were described separately. Typical skin photos of 
three groups at seven days after surgery were taken. Among them, the worst 
healing effect was found in mice without any treatment (Fig. 7d). Due to the 
existence of tension, the repair of defect skin only depends on the migration of 
cells from the surrounding tissue. As a classic method, the wound in suture 
group closed completely. However, the secondary damage caused by surgical 
sutures were reflected in scar formation (Fig. 7e). In contrary to suture, 
GelMA-TA not only successfully closed the wound but also rendered a skin 
scar nearly invisible (Fig. 7f). The histological evaluations at 7th-day post 
operations were shown in Fig. 7g-i. Significant differences in the structure of 
healed skins can be seen between three groups. In general, normal skin 
comprising appendages can be divided into three layers including epidermis, 
dermis, and hypodermis (Fig. 7j). From this point of view, the wounds in the 
hydrogel treated group had the most complete and aligned structure retaining, 
whereas structural disorders of wound sites were evident in the other two 
groups. These results suggested that the tissue reconstruction was facilitated 
by GelMA-TA, which provided a noninvasive supporting for skin binding and 
repair. 
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Fig.7 The healing of skin wound with tensile strength by using hydrogel 
adhesive and other two control methods. The labels of row and column are 
listed on the left and top, respectively. (a-c) Photographs of wound treatments. 
(d-f) Photographs of wounds 7 days postoperation. (g-i) Hematoxylin-eosin 
(HE) staining of healed skins. (j) Hematoxylin-eosin (HE) staining of 
non-wounded skin. Red dotted line and Red arrow indicate the wound. Scale 
bar = 500 µm 
 Each row or column of photos  
 
Gastric models pose a greater challenge to the performances of adhesive 
hydrogel since its intraperitoneal working environment.[66, 67] The high 
mortality was found in the untreated group, four of six mice died within one 
week after surgery intervention, whereas the survival rate in other two groups 
was 100%. The general shape of stomachs after seven days was shown in Fig. 
8d-f. In addition to the hydrogel-treated group, severe tissue adhesions were 
observed in other therapeutic groups, particularly in the no-sutured group 
where the leakage of gastric fluid caused inflammatory response not only 
resulted in the deformity and contracture of the stomach but also the extensive 
adhesion with surrounding tissue (Movie S5, Supporting Information). 
Histological observation revealed significant differences between the three 
groups in healing outcomes. In non-operation group (Fig. 8g), the typical 
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three-layer structure of gastric wall around the incision was disappeared, 
especially the large destruction of the mucosal layer. Mucosal ectropion 
alongside fistula formation suggesting that the tissue could not heal completely 
due to the prolonged inflammation phase. In the suture group (Fig. 8h), a 
classic fibroblast-mediated wound repair enabled to restore the tissue integrity. 
However, the structures of recovered stomach wall were disordered and 
replaced by distinct scar formation and intimal hyperplasia. Besides, excessive 
scars on the outmost surface of the stomach suggesting that their formation 
was related to tissue adhesion. In hydrogel group (Fig. 8i), the incision was 
entirely healed with precise edge opposition. Although the boundary between 
the serosal and muscular layers was blurred, this operation brought about the 
most uniform thickness of healing outcome. Also, we found immobilized 
fibroblast cells on both sides of the hydrogel, which is a standard interactive 
pattern when cells encounter with biocompatible materials. However, the 
presence of blank area in the middle of hydrogel clearly shown the 
autonomous status of two parts. Consequently, with the protection of 
GelMA-TA hydrogels, wound repairing took place independently to avoid 
annoying tissue adhesion. 
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Fig.8 Gastric incision closure with the suture-free operation, and other two 
control groups. The labels of row and column are list on the left and top, 
respectively. (a-c) Intraoperative photographs. (d-f) Photographs of stomach 
specimens obtained one week after surgery. (g-i) Hematoxylin-eosin (HE) 
staining of the samples. Red arrows indicate the wounds. Scale bar = 500 µm 
 
2.7. Applications as motion-sensor 
As our hydrogel exhibiting sufficient mechanical strength, flexibility, and 
adhesiveness. We proposed a proof of concept study to explore GelMA-TA 
hydrogel as fundamental material of strain-sensor. Carbon Nanotubes (CNT) 
was selected as the conductive component since numerous CNT-based 
materials exhibit high electrical sensitivity and practicality.[68-71] As shown in 
Fig. S3a, by applying cyclic compression on the cylindrical gel, the luminance 
intensity of LED was synchronized responding to the dynamic pressure-driven 
resistance change (Movie S6, Supporting Information). We then employed thin 
cuboid hydrogels to capture the motions of the index finger. These 
strain-dependent behaviors were recorded in real-time by a multimeter (Fig. 
S3b, c).  The normalized resistance (R-R0/R0, R0: resting resistance and R: 
excitative resistance) curves waved stable along with the finger reciprocation 
in the same degree. Otherwise, shifts were distinct when bending angle altered. 
(Movie S7, Supporting Information). Notably, the broken hydrogel could 
spontaneously reconnect through the H-bond interaction (Fig. S4a), as well as 
the restoration of conductivity (Fig. S4b, c; Movie S8, Supporting Information). 
 

 
3.Conclusion 

We for the very first time incorporated TA into cross-linked GelMA to prepare 
structural reinforced hybrid hydrogels. All alluring features of the hydrogel are 
based on TA's ability to form intermolecular hydrogen bonding, which is simple 
but strong. GelMA-TA hydrogel with varied polymer contents can achieve 
superior mechanical properties in ultimate stress, compressive modulus, 
compressive strain and elongation to those of pristine GelMA. The highest 
deformability occurred with low concentrations of GelMA, and the high relative 
concentrations of TA to GelMA enhanced not only the structural stiffness of 
hydrogel but also the adhesion properties. Besides, this hydrogel exhibits 
excellent biocompatibility, which is a meaningful feature for wound dressing. In 
vivo experiments, these adhesive hydrogels achieved the best-recovered 
result in both skin and gastric wounds, exhibiting their clinical potentials under 
tension or wet conditions. Finally, we incorporated conductive CNTs into 
elastic GelMA-TA hydrogel, and the newly formed hydrogel was capable of 
sensing body motion. We believe this multifunctional hydrogel with physical 
properties that closely resemble nature tissue will expand our vision beyond 
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using protein-based hydrogels as cell incubators, but those innovative 
biomedical devices. 
 
Materials and methods 
 
Materials 

Gelatin type A, tetramethylethylenediamine (TEMED), ammonium persulfate 
(APS), and methacrylic anhydride (MA) were purchased from Sigma. Tannic 
acid (TA) was obtained from Alfa Aesar. All chemicals were used without 
further purification. 

 
Synthesis of Gelatin methacryloyl (GelMA). 

We synthesized GelMA macromolecule with a methacryloyl graft by 
following the previous report.[43] Briefly, 10% (w/v) gelatin was completely 
dissolved in Dulbecco's phosphate-buffered saline (DPBS) at 50°C with 
magnetic stirring. After that, MA (ratio: 0.8 ml MA/1 g gelatin) was added to the 
gelatin solution and stirred at 50°C for 2 hours. T he reaction was stopped by 
diluting the solution volume to 4-fold, and GelMA solution was dialyzed against 
deionized water with 12-14 cut-off at 50 °C for 1 w eek. Then the solution was 
lyophilized for 5 days, the product of white porous foam was stored at -20 °C 
until further use. 
 
Fabrication of GelMA and GelMA-TA hydrogels 

GelMA solutions were prepared by dissolving GelMA powder in deionized 
water with different concentrations (10%, 15%, 20% (w/v)) at 50 °C for 12 
hours. TA storage solutions were prepared following the same procedure with 
the concentrations of 30%, 60%, 100% (w/v). The two-step method to 
synthesize the GelMA-TA hybrid hydrogels were briefed here. Firstly, GelMA 
hydrogel was formed by adding APS (5.7 mg ml-1) and TEMED (2.9 mg ml-1) 
into GelMA solution at 37 °C for a few minutes. Aft er gelation, the hydrogels 
were immersed in TA solution for predetermined times, then the free TA was 
rinsed with deionized water. For compressive tests, cylindrical GelMA samples 
(7 mm height, 7 mm diameter) were produced. For tensile and self-healing 
tests, the block like GelMA samples (30 mm length, 10 mm width, and 2 mm 
thickness) were fabricated. 
 
 
Rheology characterization. 

All rheology experiments were implemented on a TA Discovery Hybrid 
Rheometer. The hydrogels (8mm in diameter and 1mm in thickness) were 
loaded on the parallel plate. During oscillation-frequency experiments, the 
samples were measured in the frequency ranging from 0.1 to 100 rad s−1 with 
a constant strain of 0.5% strain at room temperature. 
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FT-IR characterization 
The intermolecular interaction between GelMA and TA were investigated by 

FTIR study. Lyophilized GelMA, TA, and GelMA-TA were respectively ground 
into powders and then mixed with KBr pellet to make specimens. The 
spectrums were obtained using an FTIR spectrometer (Nicolet Avtar 360, USA) 
at room temperature. 

 
Mechanical tests 

The mechanical properties of hydrogels were measured by an Instron 5965 
mechanical analyzer. The compression tests were performed on cylindrical 
hydrogels at a speed of 10 mm/min to the maximum strain of 95%. The 
resilience tests were carried out five successive compression cycles up to 80% 
strain followed the same speed. For tensile tests, cuboid hydrogels were 
stretched at a speed of 20 mm/min to the breaking points. The 
compressive/tensile modulus was calculated as the slope in the linear region 
(0%-20%) from the stress-strain curves. All samples are coated with silicone 
oil to prevent moisture evaporation. 

 
Volume changes 

The relative volume (VC) of GelMA-TA hydrogels to the correspondingly 
pristine GelMA was calculated according to Equation: VC = V(GelMA-TA) / 
V(GelMA) × 100%, where the V(GelMA-TA) was obtained from different 
treatment conditions (30%, 60% and 100% w/v TA).  
 
Swelling ratio 

As-prepared GelMA or GelMA-TA hydrogels were incubated in PBS at 37  

ºC for 24h. Subsequently, the samples were taken out from solution and 

blotted with filter paper to remove free liquid and then recorded the weight as 
Ws. After lyophilization, the weight of hydrogels were recorded as Wd. The 
swelling ratio (SR) were calculated according to Equation: SR = Ws-Wd / Wd. 
 
 
SEM characterization. 

The lyophilized hydrogels were placed on a wafer for gold coating. The 
morphologies of samples were characterized by scanning electron microscope 
(JEOL-5900). The average pore size of hydrogels was analyzed by Image J 
software. 
 
Adhesion tests 

The experimental model to assess the shear adhesion strength on animal 
tissues was according to an established method,[72] by utilizing a universal 
testing machine (Instron 5965). Rectangular GelMA-TA or GelMA hydrogels 
(20 mm in length, 5 mm in width) were cut from bulk hydrogels and placed 
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uniformly between two porcine skin tissues (30 mm in length, 5 mm in width). 
TA solution was thinly applied on the porcine skin in same size as the control 
group. In the force-distance tests, GelMA-TA hydrogels with thicknesses (0.3 
mm and 1 mm) were chosen. A 200 g external weight was applied to samples 
for 1 min to enhance the bonding. Afterward, tests were performed at a 
constant 10 mm/min speed of extension until the specimens were completely 
separated. Three samples of each group were tested, and the average 
strength was measured. 
 
Self-healing model 

To simulate the healing process for some in vitro measurements, hydrogels 
were stained with red and green pigments, respectively. The adhesion tests 
were performed in two configurations, overlap and end-to-end. Specifically, 
two hydrogels were joint by applying gentle pressure for 1 min. After then, we 
allowed hydrogel to undergo a further 6 h strengthening in the sealed petri dish. 
For the wet-resistant test, the whole healing process and observation period 
were carried out in PBS. Videos were taken on day 1, 2, 3, and 7, respectively. 
The PBS solution was changed daily. 
 

 
In vitro cell viability study 

Dermal-fibroblasts cells cultivation in 96-well plate with or without (control) 
the present of GelMA-TA hydrogels were used for cell viability studies. The 
relevant experiments were performed on days 1, 3, and 7, with the initial cells 
number 1×103 per well. The LIVE/DEAD kit (Invitrogen, USA) was used 

according to the instructions. After 15–20 min incubations at 37 ȭ , the 

resultant images were obtained using a fluorescence microscope (IX71 FL, 
Olympus, Japan). For cell counting kit (CCK-8) test, 10 ml CCK-8 reagent was 

added to each well and cells were subsequently incubated at 37 ȭ for 1 h. 

The absorbance was measured at 450 nm using a multi-label counter (n = 3). 
 
In vivo wound healing 

Preparing for the in vivo applications, athymic mice and C57BL/6J mice (4–6 
week-old) were purchased from the Experimental Animal Centre of Southern 
Medical University (Guangzhou, China). All animal experiments are subject to 
animal care institution and approved by the Ethics Committee. 

For the experiment of athymic mice skin tension wound closure, eighteen 
mice were randomly divided into 3 groups and anesthetized with pentobarbital 
sodium (1.3 mg kg-1). The tension incision model was made by removing a 
piece of olivary full-thickness skin around 1 cm in length. The GelMA-TA 
hydrogels (20 mm×15 mm×1 mm) was subsequently applied to cover the 
incision site with 1 min gently external pressure. Non-treatment group and 
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suture group (using a 4-0 PROLENE) were set as the control groups. One 
week after operations, the healing outcomes were first recorded by photos, 
after that the tissue specimens were fixed by 4% paraformaldehyde for further 
hematoxylin and eosin (HE) staining. The histological observation of incision 
sites was evaluated via a microscope (IX71 FL, Olympus, Japan). 

For the experiment of sutureless gastric incision closure, most of the 
operations were same as above, with only several modifications. The 
C57BL/6J mice were fasted 24 hours before surgery, and the hair of mice was 
denuded in a range from chest to the lower abdomen after anesthetization. 
The length of each mouse's stomach incision was approximately 1 cm. 
 
 
Strain-sensitive conductivity of GelMA-TA hydrogels 

The same procedures and dimensions were followed to prepare conductive 
hydrogels except that CNTs (5mg/ml) was added to GelMA solution before 
gelation. 
For pressure-sensitive test: The experimental setup included Instron 5965 
mechanical analyzer to perform a cyclic compression test and light-emitting 
diode (LED) as an indicator. The entire hydrogel-LED circuit was insulated 
from the frame of the machine. Therefore, the resistance variations of hydrogel 
along with compressing reflected in LED’s luminance intensity change. The 
compressive tests were carried out at a speed of 10 mm/min with the strain up 
to 80%. 

For finger movement capture: The rectangular hydrogel was sealed between 
two PDMS films and was connected to conductive guide wire at both ends. 
The device was subsequently attached to the proximal interphalangeal (PIP) 
joint of index finger. These strain-dependent behaviors were recorded 
(resistance) in real-time by the two-probes digital multimeter. 

To test whether the conductivity of hydrogel restored after self-healing, the 
initial volume (before the treatment of TA) of hydrogels was 7 mm in height and 
20 mm in diameter. The conductivity of the reconnected hydrogel was first 
illustrated by the LED-based verification device, and then had a quantifiable 
conductive evaluation between pristine and recovered hydrogels. The 
conductivity (σ) was calculated from the equation σ=1/ρ, where the resistivity 
(ρ) were measured using a digital four-probe tester (ST-2258C Suzhou Jingge 
Electronic Co., Ltd.), with a linear probe head (2.0 mm). 

 
Statistical analysis 

One-way analysis of variance (ANOVA) with a 95% confidence interval was 
applied to evaluate the difference between two groups using SPSS18.0 
software. All data derived from three independent experiments. When p-value 
less than 0.05, the difference was considered to be statistically significant. All 
graphs were plotted using OriginPro 2016 software (Northampton, MA). 
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