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ABSTRACT: Injectable and sprayable hydrogels have attracted considerable attention 

for application in the biomedical field owing to their high moldability and efficiency in 

encapsulating therapeutics and cells. Herein, we report the spontaneous assembly of 

injectable and sprayable hydrogels via a one-step mixing of solutions of tannic acid 

(TA) and O-carboxymethyl chitosan (CMCS) without an external stimulus. The 

presence of 1,4-benzenediboronic acid (BDBA) improves the mechanical properties 

and reduces the gelation time of the resulting hydrogels. The hydrogels assemble via 

hydrogen bonds between TA and CMCS as well as via dynamic boronate ester bonds 

between TA and BDBA, as confirmed by Fourier Transform-Infrared spectroscopy. 

Balancing the interactions between the three components (CMCS/TA/BDBA) is 

essential for the construction of the hydrogels. The moduli of the CMCS-TA-BDBA 

hydrogels initially increased as the amount of BDBA increased and decreased after 

reaching a maximum at a BDBA-to-TA molar ratio of 3:1. The CMCS-TA-BDBA 

hydrogels with interconnected porous morphologies display rapid gelation (~10 s), 

biocompatibility, and self-healing, injectable and sprayable abilities. In addition, the 

hydrogels can be used for hemostasis. The extent of bleeding in mouse livers treated 

with the hydrogels could be reduced extensively from 240 (non-treated mouse livers) 

to 55 mg (77% reduction). The reported hydrogels coupled with the combination of 

functionality and biological activity make them promising hemostatic materials for 

biomedical applications.  
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INTRODUCTION  

Hydrogels have numerous common physiochemical properties to those of the natural 

extracellular matrix (e.g., elasticity and low interfacial tension) and can be shaped into 

various forms including membranes, sheets, or coatings.1-3 In the biomedical field, 

hydrogels are of scientific and practical interest owing to their flexibility in fabrication, 

good biocompatibility, and desirable physiochemical characteristics.4,5 For instance, 

injectable hydrogels that can be injected through a small pinhead to alleviate the pain 

of patients have been widely studied.2,5,6 In contrast, to date, fewer studies have focused 

on sprayable hydrogels, which are formed instantly by spraying two liquid precursors.7 

Injectable and sprayable hydrogels are convenient to use and have advantages (e.g., 

suitable for tissue surfaces with a complex and non-flat geometry, high-efficiency in 

encapsulation and protection of therapeutic agents) in biomedical and pharmaceutical 

applications such as postsurgical cancer treatment.8 To ensure injectability and 

sprayability, the system should be either in a solution or have shear thinning properties 

before practical use, and gelation should then occur rapidly via either chemical cross-

linking or physical association.1,6 In situ chemical cross-linking is a conventional 

approach used to prepare hydrogels, which is generally achieved by free radical 

polymerization, Schiff base reaction, or Michael addition.1,9,10 However, the residue 

initiators or in vivo chemical reaction of these processes can restrict the application of 

such hydrogels as implanted biomaterials.1,11 Alternatively, physical gelation can be a 

more suited approach, wherein an important gel-inducing factor is the human body 

temperature. Well-known thermosensitive hydrogels based on poly(N-
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isopropylacrylamide) and polyester have been thoroughly studied.1,12 Furthermore, 

physical hydrogels derived from molecular self-assembly offer new opportunities for 

the design and fabrication of biomimetic materials. They have additional advantages of 

being highly biocompatible, degradable, and be easily metabolized.4 However, it is 

challenging to achieve rapid gelation in the absence of external stimuli, as well as a 

combination of functionality and biological activity in self-assembled hydrogels. 

Hydrogels with three-dimensional (3D) networks and high mechanical strength can 

absorb wound discharge and provide a moist environment for wound healing.13,14 For 

instance, hydrogels based on various active components have been designed as 

hemostats, bacteriostats, and tissue adhesives for wound closure.15,16 Specifically, 

naturally derived polyphenols, such as tannic acid (TA), have been found to exhibit 

antioxidant, antibacterial, and anti-inflammatory effects, and have been widely used for 

designing multifunctional nanoparticles or films for different biomedical 

applications.17-20 Recently, it has been reported that TA can also act as a hemostatic 

adhesive, owing to the interactions between blood and the phenolic hydroxyl groups of 

TA, leading to faster blood clotting.21,22 The negatively charged polyphenol acted as a 

contact activator and could thus activate clotting factor XII in the body, which improved 

the hemostatic capability of phenolic materials.22,23 TA can also be used as a molecular 

cross-linker to interact with synthetic polymers and biomacromolecules, including 

polyvinylpyrrolidone,24 polyethylene glycol (PEG),25 polypyrrole,26 thrombin,27 and 

gelatin,28 via hydrogen bonding and hydrophobic interactions. Furthermore, 

polyphenols can interact with metal ions (e.g., Fe3+) and boron ions (B3+) to form pH-
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responsive dynamic covalent bonds.29,30 Therefore, TA is a versatile candidate for 

applications in materials science and biotechnology.30,31 However, most polymer–TA 

complexes in water do not form hydrogels, unless in the presence of additives or 

external stimuli, thus often leading to either homogeneous solutions or coacervation.24 

TA-based hydrogels have been mostly reported as membrane-like gels generated via 

layer-by-layer assembly,33,34 which requires an oxidation initiator (e.g., FeCl3) and pH 

adjustments for gelation to occur.24,35 Therefore, precise control over the interactions 

between polymers and TA is important for the development of high-performance TA-

based multifunctional hydrogels. 

Herein, we report a facile and rapid strategy to fabricate injectable and sprayable 

hydrogels based on TA and O-carboxymethyl chitosan (CMCS). Water-soluble CMCS 

is nontoxic, biodegradable, hemostatic, antibacterial, and antifungal, thereby endowing 

functionalities to the final hydrogels.22 TA served as a “molecular glue” to cross-link 

CMCS into a network. The addition of 1,4-benzenediboronic acid (BDBA) improved 

the mechanical properties and reduced the gelation time of the hydrogels (Scheme 1). 

For example, when compared with the hydrogel prepared in the absence of BDBA, the 

CMCS-TA-BDBA hydrogel displayed a higher storage modulus of 2.5 × 104 Pa at 10 

Hz (cf 7.2 Pa) and a faster gelation time of 10 s (cf 1 min). Optimization of hydrogel 

preparation was achieved by controlling the concentration and ratio of the components. 

The combination of CMCS, TA, and BDBA provides a rapid and versatile approach to 

engineer biocompatible hydrogels with injectable and sprayable abilities for potential 

applications in hemostasis. 
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Scheme 1. Scheme of the formation of the CMCS-TA-BDBA hydrogel and the 

interactions between CMCS, TA and BDBA. The vial in the inset is a photograph 

of the CMCS-TA-BDBA hydrogel. 

 

MATERIALS AND METHODS  

Materials. CMCS (MW 20–30 kDa, degree of carboxylation ≈80%) was obtained from 

Beijing Solarbio Science & Technology Co., Ltd. (Beijing, China). TA and BDBA were 

purchased from J&K Scientific Ltd. (Beijing, China). Rhodmine B and methylene blue 

were purchased from Fuchen Chemical Reagent Co., Ltd. (Tianjin, China). These 

reagents were used without any further purification. 

Preparation of CMCS-TA and CMCS-TA-BDBA Hydrogels. For the preparation of 

the CMCS-TA hydrogels, precursor solutions A and B were first respectively prepared 

by dissolving CMCS and TA in water at desired concentrations and mixed 

subsequently. Specifically, CMCS was dissolved in water to achieve a concentration of 

60 mg mL−1 (precursor solution A). Precursor solution B was prepared by dissolving 

TA in water to achieve a concentration of 40 mg mL−1. Subsequently, 0.5 mL of 

solution B was added dropwise into 0.5 mL of solution A under vortex, resulting in the 

instant formation of the CMCS-TA hydrogel. 
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For the preparation of the CMCS-TA-BDBA hydrogels, precursor solution A consisted 

of a solution of CMCS and BDBA in water, wherein 0.1 M NaOH was used to aid 

solubilization (the final pH was regulated at 9.0). Typically, the CMCS-TA-BDBA 

hydrogels were obtained upon mixing of 0.5 mL of solution A, containing CMCS (60 

mg mL−1) and BDBA (0.96 mg), and 0.5 mL of solution B containing TA (20 mg mL−1); 

the ratio of BDBA and TA was 1:1. CMCS-TA-BDBA hydrogels at other BDBA-to-

TA ratios (3:1) were also prepared.  

Self-Healing of Hydrogels. To macroscopically examine the self-healing properties of 

the hydrogels, the CMCS-TA hydrogels were stained with either rhodamine B or 

methylene blue and sectioned into halves. Two halves with different colors were 

combined into an integral hydrogel. After incubation in a petri dish for 1 min, the 

hydrogels were suspended under gravity. 

Injectability of Hydrogels. CMCS-TA-BDBA hydrogels (BDBA/TA 1:1) stained 

with rhodamine B were introduced into a syringe fitted with a 26 G needle and then 

injected onto a glass slide. In a separate experiment, equivalent volumes of precursor 

solution A containing rhodamine B and precursor solution B were loaded into separate 

syringes (5 mL capacity) within a dual-syringe applicator. The solutions were extruded 

through a “Y” shape connector and then through a narrow needle (20 G), finally 

forming hydrogels at room temperature (25 °C). 

Sprayabiliy of Hydrogels. The gelation of the CMCS-TA-BDBA hydrogels 

(BDBA/TA 3:1) was also examined in sprayable devices. Precursor solutions A and B 

were separately loaded into 5 mL sprayable bottles. The two liquid precursors were 
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then sprayed onto a petri dish either in sequence or simultaneously, leading to the 

spontaneous formation of a hydrogel film.  

Morphological Observation. Scanning electron microscopy (SEM) images were 

obtained from a Zeiss G300 field-emission scanning electron microscope (Germany). 

freeze-dried hydrogels were sputtered with gold for 180 s at 2 mA before observation. 

Rheological Characterization. The mechanical properties of the hydrogels were 

examined using an RS6000 rheometer (HAAKE) with a cone–plate system (C35/1° Ti 

L07116, diameter 35 mm, and core angle 1°). The storage modulus (G′) and loss 

modulus (G′′) of the hydrogels were measured by frequency sweeps (0.1–100 Hz) at a 

strain level of 1%. The self-healing properties of the hydrogels were investigated by 

straining the gels under an alternately changing amplitude of oscillatory force from 

small stress (1 Pa) to large stress (800 Pa) at fixed intervals of 100 s. The experiments 

were performed at 25 °C. 

In Vitro Cytotoxicity Assay. The in vitro cytotoxicity of the hydrogels was evaluated 

by a methylthiazolyl-diphenyl-tetrazolium bromide (MTT) assay using MCF-7 human 

breast tumor cells. Degradation of the hydrogels was performed by immersing 1 g of 

the hydrogels in 10 mL of 0.2 M NaOH solution for 24 h. The pH of the solution was 

adjusted to 7.4, and the solution was filtered through a 0.22 μm filter. MCF-7 cells were 

suspended in 200 μL cell culture medium and seeded into 96-well plates at a density of 

1 × 104 cells/well and incubated for 24 h. Then, the solution within which the hydrogels 

degraded was added to the 96-well plate, and the cells were incubated for another 24 h 

prior to MTT assays. 
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Hemostatic Ability of Hydrogels. A mouse-hemorrhaging liver model was used for 

controlling hemostasis studies.36,37 The mouse (Kunming mice, weight of 40–50 g, 

female) was anesthetized prior to surgery. After abdominal incision, the mouse liver 

was carefully exposed, and a pre-weighed filter paper on a paraffin film was placed 

beneath the liver. The liver was bled by puncturing with a 23 G needle. The bleeding 

site was immediately treated with 200 μL of CMCS-TA-BDBA (BDBA/TA 1:1) 

injected hydrogel or preweighed sterile gauze (positive control). No treatment group 

was considered as a negative control. Blood loss was estimated by weighing the filter 

paper with adsorbed blood. Animal studies were conducted following the regulations 

of the Animal Ethics Review of Shandong University and the Health Guide for the Care 

and Use of Laboratory Animals of National Institutes. 

RESULTS AND DISCUSSION 

CMCS is a water-soluble chitosan derivative with a pKa of 2.0–4.0.38 Upon addition of 

TA solution (40 mg mL−1 in water, 0.5 mL, pH 3.4) to CMCS solution (60 mg mL−1 in 

water, 0.5 mL, pH 9.8), a fast-forming CMCS-TA hydrogel with a neutral pH (pH ~7.4) 

was obtained. TA has a pKa of ∼8.5 and its phenolic groups act as excellent H donors.24 

Therefore, strong hydrogen bonding and electrostatic interactions between TA and 

CMCS drives the formation of the CMCS-TA hydrogels. By controlling the 

concentration of CMCS and TA, solutions, gels, or coacervation (phase separation) was 

observed (Figure S1). Systematically, as depicted in Figure 1a, when the TA 

concentration was lower than 20 mg mL−1 or higher than 88 mg mL−1, the mixture could 

not form hydrogels. This might be due to insufficient hydrogen bond formation between 
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CMCS and TA to build a gelatinous network structure at low TA concentrations. This 

result is consistent with the frequency sweeping experiments: at TA concentrations 

below 20 mg mL−1 (at a given CMCS concentration of 30 mg mL−1), G″ was higher 

than G′, which is characteristic of liquid-like materials (Figure 1b).24 At TA 

concentrations higher than 88 mg mL−1, phase separation was observed. Thus, gel 

formation was observed within a TA concentration range of 20~88 mg mL−1 and the 

gelation time can be tuned from minutes to seconds by changing the TA concentration. 

It was difficult to prepare homogeneous hydrogels at CMCS concentrations greater than 

50 mg mL−1 owing to the poor fluidity of CMCS. As expected, hydrogels with weak 

rheological properties were obtained at low concentrations of CMCS (<20 mg mL−1). 

These results indicate that the concentrations of TA and CMCS influence their 

intermolecular interactions and further influence the mechanical properties of the 

hydrogels. At a given CMCS concentration of 30 mg mL−1 and TA at a concentration 

range of 20~50 mg mL−1, G′ was higher than G″, characteristic of an elastic material 

rather than a viscous material (Figure 1b),39 and the hydrogels showed injectable 

properties. Moreover, at 10 Hz, G′ and G″ increased from 2.5 and 4.9 Pa to 2.4 × 103 

and 2.0 × 102 Pa, respectively, as the TA concentration increased from 10 to 50 mg 

mL−1 at a given CMCS concentration of 30 mg mL−1. 
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Figure 1. (a) Phase diagrams of mixtures of CMCS and TA. (b) Storage modulus (G′) 

and loss modulus (G′′) of CMCS-TA hydrogels versus frequency. The CMCS 

concentration was fixed at 30 mg mL−1. (c) Phase diagrams of mixtures of TA and 

BDBA at a fixed CMCS concentration of 30 mg mL−1. (d) G′ and G′′ of the CMCS-

TA-BDBA hydrogels versus frequency. CMCS and TA concentrations were fixed at 30 

and 10 mg mL−1, respectively. Frequency sweep was performed at a constant strain of 

1% from 0.01 to 100 Hz at 25 °C.  

It is well known that phenolic compounds easily oxidize to quinones.40 Recent studies 

have demonstrated that boronic acid-based molecules can strongly interact with cis-diol 

structures to protect them from spontaneous autoxidation under basic conditions.39,40 
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Thus, BDBA was introduced into the bicomponent system because it can form 

tetrahedral boronate esters with the catechol and gallic end-groups of TA (Figure S2). 

Furthermore, BDBA is stable in biological conditions and displays zero-to-negligible 

toxicity against the human body.15,42,43 Upon addition of BDBA to the CMCS/TA 

homogeneous solution, the mixture rapidly cross-linked into stable hydrogels, even at 

a low TA concentration of 10 mg mL−1 (Figure 1c). 

To determine the driving forces in hydrogel self-assembly, Fourier transform infrared 

(FT-IR) spectroscopy was performed (Figure S3). TA and CMCS showed strong, broad 

bands of –OH stretching vibration at 3454 and 3428 cm−1, respectively. In the spectrum 

of the CMCS-TA hydrogel, the –OH vibration characteristic peak shifted to 3400 cm−1, 

which demonstrates the existence of hydrogen bonds between CMCS and TA.24,44 The 

–C=O vibration characteristic peak in TA was observed at 1723 cm−1 and shifted to 

1714 cm−1 when the CMCS-TA hydrogel was formed, which suggests that the carbonyl 

groups were involved in the hydrogen bond interactions.44 In the CMCS-TA-BDBA 

hydrogel, the peak ascribed to –C=O vibration in TA shifted with a shoulder peak at 

1699 cm−1 and the –OH bending vibration peaks shifted from 1609 to 1620 cm−1, which 

suggests that intermolecular hydrogen bonds are responsible for gel formation.24,45 

Compared with the spectrum of TA, a new peak at 1731 cm−1, which was assigned to 

B–O stretching vibration, appeared in the spectrum of the CMCS-TA-BDBA hydrogel 

as a result of binding between the cis-diol moiety of TA to phenylboronic acid of 

BDBA.30,46 Upon TA binding, the –OH stretching modes shifted from 3296 cm–1 for 

free BDBA to 3481 cm−1 in CMCS-TA-BDBA (BDBA/TA 1:1) and 3554 cm−1 in 
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CMCS-TA-BDBA (BDBA/TA 3:1).46 The smaller shift observed for CMCS-TA-

BDBA (BDBA/TA 1:1) suggests less phenylboronate ester bonds in the system than 

those present in the hydrogels formed at a higher BDBA-to-TA ratio (BDBA/TA 3:1). 

From the FT-IR results (Figure S3), it could be concluded that hydrogen bonds were 

the major driving force for the gelation process. In addition, the dynamic covalent 

binding between BDBA and TA played a key role in the self-assembly of the CMCS-

TA-BDBA hydrogels. 

In the tricomponent system, TA bound with CMCS and BDBA simultaneously. The 

influence of the BDBA-to-TA molar ratio on gel formation was explored (Figure 1d). 

At fixed concentrations of CMCS and TA, the G′ and G″ values of the hydrogels 

initially increased with increasing BDBA-to-TA molar ratios up to a BDBA-to-TA 

molar ratio of 3:1, after which the G′ and G″ values decreased. At a BDBA-to-TA molar 

ratio of 3:1, the G′ and G″ of the gels were 2.5 × 104 and 3.0 × 103 Pa, respectively, at 

an oscillatory frequency of 10 Hz. In contrast, the G′ and G″ values of the CMCS-TA-

BDBA (BDBA/TA 4:1) hydrogels were 4.6 × 103 and 4.3 × 102 Pa, respectively. This 

indicates that the cross-linking density reached maximum when the molar ratio of 

BDBA to TA was 3:1. At higher BDBA-to-TA molar ratios, possibly any excess BDBA 

molecules compete with CMCS to interact with the catechol or gallic groups of TA, 

which consequently disrupts the hydrogen bonds initially formed between CMCS and 

TA and therefore decreases the mechanical strength of the resulting hydrogel (Figure 

S4). In the CMCS-TA-BDBA hydrogel, the catechol–boric acid dynamic covalent 

bonds, hydrogen bonds, and a number of residual phenolic groups endow the obtained 
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hydrogels with robustness of covalent bonds and the flexibility of noncovalent 

interactions.47-49 These interactions can be well balanced by tuning the ratios of 

CMCS/TA and BDBA/TA. 

 

Figure 2. SEM images of the cross-sections of (a, b) CMCS-TA and (c, d) CMCS-TA-

BDBA hydrogels.  

As demonstrated above, the introduction of BDBA into the CMCS/TA system leads to 

formation of dynamic boronate ester bonds and influences the viscoelastic properties 

of the resulting hydrogels. The interior morphologies of the CMCS-TA and CMCS-

TA-BDBA hydrogels were observed by SEM. As shown in Figure 2, the hydrogels 

featured a porous 3D networks, with the porous structure of 40–80 μm in diameter in 

the CMCS-TA hydrogel and 20–40 μm in diameter in the CMCS-TA-BDBA hydrogel. 

In addition, the CMCS-TA-BDBA hydrogel featured a more compact porous structure 

than the CMCS-TA hydrogel, which was effectively responsible for the higher 

mechanical strength of the CMCS-TA-BDBA hydrogels. 

The injectability and sprayability of the hydrogels were investigated, as depicted in 

Figure 3. The gels were stained with rhodamine B for visualization purposes. To 

examine the injectability of the CMCS-TA-BDBA hydrogel, the solution of BDBA and 
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CMCS (precursor solution A stained with rhodamine B) and solution of TA (precursor 

solution B) were filled into two separate syringes in a dual-syringe applicator (Figure 

3a). When the plungers were pushed down, the two precursor solutions were extruded 

first through a “Y” shape connector and then through a narrow needle (18 G) to finally 

form a hydrogel in situ at room temperature (25 °C) (Figure 3b). To test the sprayability 

of the hydrogels, equal volumes of solution A and solution B were filled into separate 

sprayable bottles (Figure 3c). Precursor solution A was sprayed onto a petri dish 

followed by spraying of precursor solution B (TA solution). A fast-forming and self-

supported sprayable CMCS-TA-BDBA hydrogel was obtained (Figure 3d). This spray 

method is also suitable for the CMCS-TA hydrogels. 

 

Figure 3. Photographs of (a) a double-syringe device, (b) the injectable CMCS-TA-

BDBA hydrogel prepared using a dual-syringe applicator, (c) sprayable bottles 
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containing precursor solutions A (BDBA and CMCS, stained with rhodamine B) and B 

(TA), and (d) the self-supported sprayable hydrogel assembled by sequential spraying 

of solutions A and B on a petri dish. 

The self-healing abilities of the CMCS-TA and CMCS-TA-BDBA hydrogels were 

qualitatively and quantitatively evaluated by a macroscopic recovery process (Figure 

4) and dynamic oscillatory rheology (Figure 5), respectively. Hydrogels shown in 

Figure 4a stained with different colors were cut into halves and immediately brought 

into contact (Figure 4b–d). The sectioned pieces could heal into an integral hydrogel 

and were then suspended under gravity after 60 s (Figure S5). Notably, the impregnated 

dye molecules continually spread after healing for 12 h. Moreover, hydrogel strips 

stained with rhodamine B could pass through a 26 G needle without clogging and 

gradually healed into a whole piece (Figure 4e–g). The hydrogels could also be used as 

“ink” for writing (Figure 4 h). These results show the efficient self-healing process of 

the hydrogels prepared in the present study. 

 

Figure 4. (a) Native (yellow) and stained CMCS-TA hydrogels. Pink and blue 

hydrogels were stained with rhodamine B and methylene blue, respectively. (b, c) 
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Hydrogels were cut into halves and healed into integral hydrogel disks and suspended 

under gravity for 60 s. (d) Hydrogels healed and interconnected as a whole entity after 

12 h at 25 °C. (e–g) Hydrogel strips passed through a 26 G needle without clogging and 

healed gradually to a whole piece. (h) The word “hydrogel” written with hydrogel strips 

extruded from a syringe. 

To further investigate the self-healing ability, the rheological properties of the 

hydrogels were determined. A stress sweep was used to rupture the hydrogels followed 

by an oscillatory time sweep to monitor recovery. At the beginning of the stress sweep, 

G′ was higher than that of G″ under stress ranging from 1 to 400 Pa, which indicates 

that the elastic component is dominant in the system (Figure 5a).38,48 The sol-to-gel 

transition point was defined as the intersection of the G′ curve and G″ curve at ∼400 

Pa, indicative of the onset of damage of the hydrogel network.44 Subsequently, the time 

sweep showed that the damaged hydrogel could recover its initial G′ and G″ values 

within 30 s. Furthermore, the apparent viscosity (η) decreased significantly with 

increasing shear rate (Figure 5b), which demonstrates the shear thinning behavior of 

the gels,50 thus demonstrating the potential application the hydrogels in in vivo 

injection.48 
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Figure 5. (a) Dynamic oscillatory rheology under applied shear stress ranging from 

0.01 to 1000 Pa and the time recovery dependence of the CMCS-TA hydrogels at 1 Hz. 

(b) Apparent viscosity (η) rheology as a function of shear rate of the CMCS-TA 

hydrogels. Cyclic Gʹ, G″, and complex viscosity |η*| values of (c) CMCS-TA hydrogels 

and (d) CMCS-TA-BDBA hydrogels as a function of step stress from small stress (1 

Pa) to large stress (800 Pa) applied for fixed intervals of 100 s. 

In addition, dynamic oscillatory rheometry was used to determine the recovery rate. 

The hydrogels were repeatedly subjected to alternating cycles of applied low shear 

stress at 1 Pa and high stress at 800 Pa to break the gels periodically (Figure 5c). The 

gels were unaffected (G′ > G′′) at a low shear stress and became a sol (G′ < G′′) under 

a high shear stress. After reverting to the low strain, G′ and G′′ returned to their original 

values within less than 1 s, demonstrating that the hydrogels can self-heal quickly and 

recover to a hydrogel phase over four cycles of breakage and recovery.50 The self-

healing of the CMCS-TA hydrogels is attributed to the formation of hydrogen bonds 



19 

 

between CMCS and TA. Similarly, the CMCS-TA-BDBA hydrogel exhibited self-

healing behavior, which was due to the intermolecular hydrogen interactions as well as 

the dynamic boronate ester bonds (Figure 5d). 

CMCS, TA, and BDBA have been proven to be biocompatible.13,20 Thus, the toxicity 

of the CMCS-TA and the CMCS-TA-BDBA hydrogels (BDBA/TA 1:1 and BDBA/TA 

3:1) was examined using an MTT assay (Figure S6). The hydrogel degradation products 

(at 10 mg mL−1) resulted in approximate 80% cell viability, which improved to 90% at 

5 mg mL−1 and ~100% cell viability at 2.5 mg mL−1, regardless of the ratio of BDBA 

and TA. The results demonstrate that the CMCS-TA-BDBA and CMCS-TA hydrogels 

possess low cytotoxicity. 

Based on the biocompatibility and the gelation properties of the CMCS-TA-BDBA 

hydrogels, as well as the potential hemostatic activities of TA and CMCS, the 

antibleeding performance of the hydrogels was investigated. A mouse hepatic 

hemorrhage model was used to imitate severe trauma. The amount of blood loss 

experienced by a no treatment group (negative control), a gauze group (positive 

control), and a hydrogel group was measured. The mouse livers of all three groups at 

180 s after injury bleeding are shown in Figure S7. Hydrogels were applied onto the 

bleeding sites through injection by a standard syringe and exhibited excellent 

hemostatic effects with a total bleeding amount of 55 ± 19 mg, whereas the bleeding 

amounts obtained from the gauze-treated and no treatment groups were 180 ± 20 and 

240 ± 35 mg, respectively. A significant difference was found between the hydrogel 

group and the control groups (P < 0.001) (Figure 6a). It is hypothesized that the 
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hydrogels could serve as an effective physical barrier for antibleeding (Figure 6b). TA 

is rich in gallic and catechol groups and CMCS contains abundant amine moieties, 

which synergistically contributed to the adhesion property of hydrogels under humid 

conditions for hemostasis.22 Moreover, the gallic and catechol groups of TA could react 

with the thiol, amine, imidazole residues of proteins and carbohydrates in the tissues.51-

53 As shown in Figure S8, broad bands of –OH stretching vibration appeared at 3481 cm−1 in 

the spectrum of the hydrogel while the –OH vibration characteristic peak shifted to 3280 cm−1 

in the hydrogel treated with blood, which demonstrated the existence of hydrogen bonds 

between hydrogel and blood components. The –C=O vibration characteristic peak in hydrogel 

was observed at 1710 cm−1 and shifted to 1654 cm−1 when the hydrogel interacted with blood, 

which suggested that the carbonyl groups were involved in the hydrogen bond interactions. 

Therefore, strong interactions (e.g., hydrogen bonds, cation-π interactions and covalent 

bonds) between CMCS, TA, and blood components resulted in fast blood clotting 

(Figure 6c).23,54,55 The in vivo hemostatic experiments demonstrated that the CMCS-

TA-BDBA hydrogel had significant potential as local hemostatic agents, which could 

significantly reduce the bleeding amount. 
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Figure 6. (a) Total amount of bleeding at 180 s after the injury (n = 3, ***p < 0.001). 

(b) Scheme of the hydrogel, as a hemostatic agent, interacting with red blood cells and 

platelets. (c) Physical interactions and interfacial covalent cross-linking between the 

functional groups of gelators and blood. 

CONCLUSIONS 

In summary, we have developed a facile method to prepare TA/biomacromolecule-

based hydrogels with potential for hemostasis. The intermolecular hydrogen bonds and 

dynamic boronate linkages are responsible for gel formation. The interactions can be 

balanced by tuning the weight ratios of CMCS/TA and TA/BDBA, which is key for the 

construction of supramolecular hydrogels. The CMCS-TA-BDBA hydrogels benefit 

from ease and scalability of the assembly process and flexibility of injection and 
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spraying. The reported method provides a platform for the rapid assembly of 

polyphenol-based hydrogels with potential applications in hemostasis, wound closure, 

tissue sealant, and drug delivery.  
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