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A B S T R A C T   

Endoscopic submucosal dissection (ESD) for gastrointestinal tumors and premalignant lesions needs submucosal 
fluid cushion (SFC) for mucosal uplift before dissection, and wound care including wound closure and rapid 
healing postoperatively. Current SFC materials as well as materials and/or methods for post-ESD wound care 
have single treatment effect and hold corresponding drawbacks, such as easy dispersion, short duration, weak 
hemostasis and insufficient repair function. Thus, designing materials that can serve as both SFC materials and 
wound care is highly desired, and remains a challenge. Herein, we report a two-component in-situ hydrogel 
prepared from maleimide-based oxidized sodium alginate and sulfhydryl carboxymethyl-chitosan, which gelated 
mainly based on "click" chemistry and Schiff base reaction. The hydrogels showed short gelation time, 
outstanding tissue adhesion, favorable hemostatic properties, and good biocompatibility. A rat subcutaneous 
ultrasound model confirmed the ability of suitable mucosal uplift height and durable maintenance time of AM 
solution. The in vivo/in vitro rabbit liver hemorrhage model demonstrated the effects of hydrogel in rapid he
mostasis and prevention of delayed bleeding. The canine esophageal ESD model corroborated that the in-situ 
hydrogel provided good mucosal uplift and wound closure effects, and significantly accelerated wound healing 
with accelerating re-epithelization and ECM remodeling post-ESD. The two-component in-situ hydrogels 
exhibited great potential in gastrointestinal tract ESD.   

1. Introduction 

Endoscopic submucosal dissection (ESD) is a commonly used mini
mally invasive technique for removing premalignant lesions and early 
tumors of the gastrointestinal (GI) tract [1,2]. However, thermal injury 
procedure by ESD can lead to intra- and/or postoperative complications 
such as bleeding, perforation, infection and stricture [3–5], which may 

seriously affect the quality of life of patients. Therefore, the SFC mate
rials, as a buffer layer between the mucosa and muscle layers 
pre-operation, are introduced to reduce above complications [6]. Cur
rent SFC materials, including hypertonic saline, hypertonic glucose, 
glycerol fructose, sodium hyaluronate, succinyl gelatin and fibrinogen 
etc. [7], have limited use due to their short duration, poor injectability, 
and safety concerns [8,9]. Thus, long-acting uplifting fluid is the 
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uppermost strategy to maintain an appropriate height of the uplift mu
cosa [2], which can help to minimize the surgical procedure and prevent 
complications such as intraoperative bleeding and perforation [3,10]. 
Besides, wound closure after ESD is another strategy proposed to 
enhance hemostasis, prevent infection and accelerate wound healing 
[11–13]. To achieve this, thermal coagulation, mechanical methods 
(hemostatic clips, ligatures, etc.) as well as drugs and materials have 
been introduced for post-ESD wound closure [14–17]. However, due to 
various shortcomings, e.g., mismatched cover degradation with ulcer 
healing, limited ulcer healing-promoting effect, and even serious side 
effects (delayed perforation, severe infection etc.), above methods have 
not been applied for routine clinical use [18]. Moreover, to adapt to the 
strong peristaltic nature and complex physiology of the gastrointestinal 
tract, the properties of outstanding durability and convenient delivery 
for materials are also required. Despite considerable research progress 
has been made in post-operative wound care, insufficient durability in 
situ (e.g., fibrin glue, etc.) [19] and inconvenient delivery (e.g., hemo
static sprays, porous gelatin membranes, etc.) of the materials or drugs is 
still unaddressed [13,20]. Thus, materials with multifunctional such as 
mucosa uplift, wound closure, ease of delivery and proper tissue adhe
sion would be a desirable alternative and might achieve an optimal 
outcome for ESD. 

Hydrogels are tissue-like polymers with high water content, low 
modulus and diffusivity, and have a great potential to be applied as the 
SFC materials for extended uplifting time [21]. Yet conventional 
hydrogels cross-linked by chemical bonds or physical interactions are 
usually unsuitable for injection through endoscopic needles [22]. 
Physically cross-linked hydrogels, e.g., thermally triggered gelation, 
may also encounter the same problem during injection [23]. Fortu
nately, in situ-formed injectable hydrogels (ISFIHs) may provide an 
effective solution to above dilemma [21]. Specifically, the ISFIH is 
initially a liquid at room temperature and has a pre-gelling fluidity that 
can be applied to any defect or cavity with minimal invasiveness 
[24–26]. ISFIHs could be formed in situ and can rapidly cross-link with 
the tissues around the wound site to act as a bio-adhesive material to 
bind tissues together, sealing wounds and stopping unwanted bleeding 
[26–30]. The hysteretic gel formation and tissue adhesion characteris
tics of in situ hydrogels offer the possibility to address both intra
operative mucosal-uplifting and postoperative wound-closuring of the 
ESD. However, until now, there have been no reports on any type of 
hydrogel that can simultaneously address mucosal dissection and post
operative care and can be used in clinical ESD. 

We hereby describe a multifunctional two-component in-situ hydro
gel for esophageal ESD. Two natural biomolecules, sodium alginate (SA) 
and carboxymethyl chitosan (CMCS), which have several excellent 
biological properties and are widely used in biomedical applications 
[31–34], were modified into two derivatives, maleimide-based oxidized 
sodium alginate ADA-Mal (abbr. to AM) and sulfhydryl carboxymethyl 
chitosan CMCS-SH (abbr. to CS). Of the two derivatives, the AM 
component can serve as the SFC material for its high viscosity, while the 
CS solution with a lower viscosity can be sprayed onto the wound after 
mucosal dissection. The two solutions are able to cross-link rapidly to 
form a gel based on the reaction principles of "click chemistry" and Schiff 
base upon contact with the wound surface. The viscosity of AM solution 
and durable uplift height as well as lasting time of the subcutaneous 
cushion as the SFC material was determined by viscosity detection and 
subcutaneous ultrasonic detection in rats. Among them, the AM7 (7 wt 
%) solution showed a better uplifting effect, and the effect was further 
confirmed in the canine esophageal model. The tissue adhesion and 
wound closure ability of in-situ hydrogel were investigated by bursting 
test and rabbit liver hemostasis test in vitro/in vivo, respectively. Finally, 
the function of mucosal uplift, wound hemostasis, sealing and promot
ing healing of the in-situ hydrogel were verified in the canine esophageal 
ESD model, and the effect was consistent with the in vivo experiment. All 
in all, a multifunctional two-component in-situ hydrogel with individu
alized characteristics for gastrointestinal tract ESD was prepared in this 

study, and the chemical structure, rheology, gel-forming time, 
morphology, swelling behavior, adhesiveness, in vitro/in vivo biocom
patibility, mucosal uplifting effect, hemostasis, wound sealing and 
therapeutic efficacy were systematically characterized. All of the results 
suggested that the in-situ hydrogels wound dressings exhibit great clin
ical potential for GI tract ESD treatment. Fig. 1 shows the schematic 
diagram of the material modification, hydrogel preparation and appli
cation process in the canine esophageal ESD in this study. 

2. Results and discussion 

2.1. Synthesis and characterization of the multifunctional Hydrogel 

2.1.1. Characterization of the synthetic materials 
Two biological macromolecules, SA and CMCS, were modified and 

grafted following the path diagram shown in Fig. 1, S1a and S1b to 
obtain two derivatives, maleimide-based oxidized alginate (AM) and 
sulfhydryl carboxymethyl chitosan (CS), respectively. The derivatives 
were characterized via FTIR and 1H NMR. Details of FTIR and 1H NMR 
spectra of SA, CMCS and their derivatives are shown in Figs. S1c and S1d 
in the Supplementary. The oxidation degree of sodium alginate oxide 
(ADA) was measured by the hydroxylamine hydrochloride method, and 
the oxidation-degree was 47.5 ± 2.69%. The FTIR and 1H NMR spectra 
showed that the maleimide group (-Mal) and the sulfhydryl group (-SH) 
were successfully grafted onto ADA and CMCS, respectively. The degree 
of substitution (DS) of the maleimide groups in AM and the sulfhydryl 
groups in CS were about 27.29% and 48.2%, respectively. 

2.1.2. Hydrogel synthesis and gelation mechanism 
The gels of AxCy (x, y = 3, 4, 5, 6, 7) (In the AxCy formula, Ax and Cy 

are abbreviations for AMx and CSy, respectively, and x, y = 3, 4, 5, 6, 7 
represent the mass percentages of 3 wt%, 4 wt%, 5 wt%, 6 wt% and 7 wt 
% of AM or CS, respectively) were obtained by mixing equal volume of 
AM and CS (Fig. 2a–c). Multiple molecular bonds attribute to the for
mation of the hydrogels. The –SH groups in the CS can form a stable 
thioether bond with the -Mal groups in the AM through Michael addition 
reaction, which occurs within a few seconds. The aldehyde groups in the 
ADA can form imide bonds with the primary amine groups (-NH2) in the 
CS. In addition, Na2B4O7 (borax) in the CS solution can decompose into 
B(OH)4- and B(OH)3, and the alkaline environment accelerates the 
Michael addition reaction. Meanwhile, -S- decomposed from –SH can 
also react with each other to form disulfide bonds (-S-S-). Moreover, 
borate-diol bonds between alcohol hydroxyl groups in polysaccharides 
and B(OH)4- can also accelerate the gelation [35,36]. The multiple 
cross-linking strengthens the interpenetrating network inside the 
hydrogel (Fig. 1), leading to stable gel formation (Fig. 2d). The color of 
the hydrogel deepens with the increasing of AM (Fig. 2e(i), (ii) and (iii)), 
which may be attributed to the imide bond (-C––N-) formed by the Schiff 
base reaction occurring, and deepened with the number of groups [37, 
38]. Moreover, the color degree of the gel is also influenced by the 
gelation rate. The Michael addition reaction between -Mal and –SH is the 
rate-limiting step in gel formation, which occurs immediately upon the 
two groups contact. Both AM7 and CS7 are rich in -Mal and –SH groups, 
respectively, and can gel rapidly at the interface where the two solutions 
come into contact, thus preventing further contact of the two solutions 
and reducing the formation of more imide bonds; therefore, it can be 
seen that the A7C3 gel presents a darker brown color than the A7C7 gel 
(Fig. 2e (iv)). 

2.1.3. Gelling time of the hydrogels 
Suitable gelling time is necessary for shortening the operative time 

and emergency treatment for severe bleeding scenes. Specifically, the 
gelling time of the gel was measured by the stirring-inversion method 
(Video 1). The gelling time is about 3–10 s of AxCy (x, y = 3, 4, 5, 6, 7) 
hydrogel (Fig. 2e), which depends on the degree of Michael addition 
reactions occurring in the AM and CS solutions. Among them, the gelling 
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time of the A3C7 gel is the longest, and that of the A7C7 gel is the 
shortest, with an average of 8.3 ± 1.5 s and 3.7 ± 0.56 s, respectively, 
which is an appropriate operation time for gastrointestinal tract ESD. 

Supplementary video related to this article can be found at https:// 
doi.org/10.1016/j.bioactmat.2023.04.015 

2.1.4. Internal structure of the hydrogels 
From the SEM results, the internal pore structure of the hydrogel 

presents lamellar or honeycomb interlaced arrangement (Fig. 2g–l). The 
average internal pore sizes in the A3C7 (146.3 ± 28.17 μm) and A7C3 
groups (133.7 ± 24.91 μm) were significantly larger than that of the 
other groups (Fig. 2m). Analysis of the internal pore size distribution of 
the scaffold showed that when the ratio of AM and CS groups was larger 
(＞100%), the internal structure was sparser and the pore size was 
greater. We inferred that the internal pore size of the hydrogels depends 
on the intermolecular network structure, and the greater the intermo
lecular force inside the hydrogel, the denser intermolecular network will 

be formed, resulting in a more regular pore-like structure. 

2.1.5. Rheological behavior of the hydrogels 
To describe the effect of different ratios of AM and CS solutions on 

the rheological behavior of hydrogels. The rheological properties of the 
AxCy (x, y = 3, 4, 5, 6, 7) hydrogels were investigated using a modular 
intelligent advanced rotary rheometer (Anton Paar GmbH, MCR302, 
Austria) (Fig. S2a). From the rheological curve, when in the shear 
amplitude-sweep mode was performed at a frequency of 1 Hz, and 
conducted at a strain of <10%, the hydrogel behaves as an elastic solid 
in all groups (G’ > G′′) (Fig. S2b). The G′ value of each group was 
recorded (Fig. S2d); when strain >100%, the gels were crashed (G’ <
G′′).When the oscillatory frequency sweep was conducted at a strain of 
<10%, the hydrogels were stable and behave as elastic solids at the 
frequency between 0.1–10 Hz (G’ > G′′) (Fig. S2c); the G′ values of 
groups A3C7, A4C6, A5C5, A6C4, A7C3, A7C7 were recorded, and 
increased in order from the rheological curve and statistics, among 

Fig. 1. Schematic diagram showing the design principle of multifunctional hydrogel and its application in canine esophageal ESD.  

Fig. 2. Morphology and physicochemical properties 
of the hydrogels composed of AM and CS. (a) AM 
solution. (b) CS solution. (c) AxCy (x, y = 3, 4, 5, 6, 7) 
hydrogels. (d) Columnar morphology of the hydrogels 
after stabilization. (e) Morphology of the hydrogels 
with different components: (i) The A3C7 hydrogel, 
(ii) The A5C5 hydrogel, (iii) The A7C3 hydrogel, (iv) 
The A7C7 hydrogel. (f) Gel formation time of the 
hydrogels. (g–l) SEM images of A3C7, A4C6, A5C5, 
A6C4, A7C3, A7C7 hydrogel lyophilized scaffolds, 
respectively, at 50 × . (m) Internal pore size statistics 
of hydrogel lyophilized scaffolds. (*P < 0.05, **P <
0.01, ***P < 0.001, ****P < 0.0001, and n = 3).   
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which G′ value of groups A5C5 and A6C4 were similar (Fig. S2e). The 
rheological behavior of the hydrogels was consistent in both sweep 
modes. 

2.1.6. Swelling properties of the hydrogels 
Swelling is one of the most important properties of hydrogels, which 

is important for the transport of nutrients, oxygen and water exchange 
[39]. The swelling properties of the hydrogels were evaluated by 
immersing in PBS buffer till swelling to equilibrium. From the swelling 
curve, the hydrogels swelled to equilibrium in the PBS buffer after about 
30 h (Fig. S2f). The swelling rate of the A7C3 gel (101.9 ± 14.63%) and 
A3C7 gel (94.34 ± 10.75%) is greater than that of A7C7 gel (55.77 ±
6.39%). The dissolution rate of hydrogel showed a trend of increasing 
and then decreasing, in which the degradation started after 30h. 

Taken together, we concluded that the morphology, rheological 
behavior, swelling properties of the hydrogels are probably related to 
the bond types within the hydrogel. From the study, the Michael addi
tion reaction determines the rate of gel formation, and the degree of 
reaction proceeds is related to the amount of maleimide and sulfhydryl 
groups as well as the viscosity effect of the solution [40]. Specifically, 
the lower the viscosity, the better contact between the two reaction 
solutions. Adequate contact of reactive groups (e.g. –NH2, –SH, –COH, 
–C––C-, B(OH)4-, –OH, etc.) in the reaction solution can form a denser 
cross-linked network, thus leading to better mechanical properties. 
There is no doubt about that the viscosity of the AM and CS solutions 
increased with increasing mass percentage, and the viscosity of AM so
lution was much higher than that of CS solution at the same percentage 
content (Fig. 5a and b). Compared to the A7C7 gel, the A7C3 gel 
exhibited larger internal pore size and swelling rate, which may be 
attributed to more thorough reaction and more stable internal network 
structures. The difference in bonding types between gels may be the 
main reasons for the difference in performance. The Schiff base reaction, 
which is widespread in A3C7 gels, has a low reaction rate and can 
continually form reversible imide bonds after the Michael addition re
action, allowing the gels to withstand greater deformation. Moreover, 
the interactions between hydrogen bonds and reactive groups (-OH, 
–NH2, –COH and –CONH, etc.) also affect the mechanical properties of 
the gels [41]. In conclusion, the cross-linked network inside the AxCy (x, 
y = 3, 4, 5, 6, 7) hydrogel is the result of multiple intermolecular forces, 
and it is difficult to tell the individual contribution of the bonds to the 
multiple physical properties of the hydrogel. The A7C3 gel combination 
exhibits appropriate physical properties (gelation time, pore size, 
swelling properties) and a suitable one-component viscosity for sub
mucosal injection and postoperative wound closure, making it the 
preferred choice for follow-up studies. 

2.2. Adhesive properties of the Hydrogel 

2.2.1. Tissue adhesion 
Compared with the traditional hemostatic method, the hemostatic 

mechanism of hydrogels mainly relies on the good tissue adhesiveness 
that can adhere to wound sites with a short gelation time. Specifically, 
the adhesion layer formed by the gel on the wound site acts as a physical 
barrier to seal the wound and prevent blood outflow [42]. In addition, 
the GI tract is an open and complex environment, and post-ESD wounds 
are often irregularly shaped and require certain tension; therefore, as a 
material for post-ESD closure in GI tract, hydrogel not only needs to be 
able to adapt to the irregular wound shape post-operative and resist the 
continuous peristalsis of the GI tract as well as the pH fluctuations in 
different sites, but also needs to have certain self-healing ability. The pH 
of the GI tract is known to vary widely from highly acidic (pH 1–3) in the 
stomach to neutral or weakly alkaline in the duodenum, jejunum and 
ileum (pH 6–7.5) [43,44]. Thus, the adhesion behavior, shear strength, 
rheological behavior and compressive strength of the in-situ hydrogel 
were investigated by performing porcine skin adhesion test, lap-shear 
test, self-healing ability test, and bursting test, respectively. 

The tissue adhesion of the hydrogels was evaluated by the adhesion 
of the hydrogels to porcine skin. Specifically, the hydrogel was formed in 
situ on a piece of porcine skin with the surface grease removed, and after 
the gelling was stabilized, forces of different orientations (stretch, bend, 
extrude, twist) were applied to the skin to observe the adhesion of the 
hydrogel to the skin (Fig. 3a). From the results, the gel on the porcine 
skin can still adhere firmly to the porcine skin even after experiencing 
repeated anisotropic forces, showing good tissue adhesion. The GI tract 
is an environment with a wide range of pH (1–7.5). To verify the sta
bility and tissue adhesion of hydrogels in different pH environments, the 
porcine skin adhered with hydrogels was immersed in dilute hydro
chloric acid solution (pH = 1.2) and PBS solution (pH = 7.4), respec
tively (Fig. 3b). To better simulate the adhesion of hydrogels in the 
scenarios of peristalsis in GI tract, the gel-adhered-skin immersed in 
different pH solutions were allowed to undergo vibration at 60 rpm/ 
min, and after 72 h, as before, forces of anisotropic were applied to the 
skin to observe the adhesion of hydrogels to porcine skin. As shown in 
Fig. 3b, the gel on the skin surface of both groups remained firmly 
adhered and did not peel off under experimental conditions. However, 
the surface of the gel in the PBS group was partially broken and exfo
liated after 72 h of immersion. The gel’s morphology in the HCl group 
has remained intact, while the volume decreased compared to the initial 
state, which may be due to mechanical force disruption caused by shaker 
vibration and degradation. 

Surgical wounds are often irregular shape, and a good tissue adhe
sive should be able to accommodate irregular wounds of any shape. The 
adhesion of hydrogel to irregular wounds was simulated by in-situ gel
ling in a “☆” shaped groove etched on the porcine skin surface. Once the 
gel has formed and stabilized, the interface between the gel and the 
attached tissue was flushed with running water to observe the gel 
shedding. As shown in Fig. 3c, the gel remained firmly adhered to the 
wound and did not peel off when rinsed with a washing bottle. Lap-shear 
tests were carried out to evaluate the tissue adhesion properties of the 
hydrogels (Fig. S3a). As shown, the A7C3 gel has attained good tissue 
adhesion, with a strength greater than that of Fibrin glue (Figs. S3b and 
3c). The self-healing ability of the hydrogel was tested by a rheometer in 
the alternating step-strain sweep mode. As shown in Fig. S4, the 
hydrogel structure was destroyed at a strain of 300% (G’ < G′′) and 
restored at a strain of 1% (G’ > G′′). When the oscillatory strain has 
switched back and forth between 1% and 300%, the hydrogel also 
switched between reconstruction and destruction, showing a good self- 
healing ability. 

The adhesion tests have illustrated that the hydrogels prepared could 
attain good tissue adhesion and can adapt to the variable pH environ
ment of the GI tract as well as irregular wounds. More importantly, the 
hydrogel can continue to act on the wound closure by self-healing even if 
it is disrupted by creeping or moving tensions. 

2.2.2. Burst strength of the hydrogels 
As we know, blood pressure will be produced in the process of 

bleeding, while hemostatic material should have certain resistance to 
rupture strength. The ability of hydrogels to resist blood pressure as 
wound sealants was verified by bursting test. The experimental setup is 
shown in Fig. 3d. Specifically, a porcine skin with a hollow "1"-shaped 
hole was fixed above the chamber of a bursting experimental device, and 
after the gel was formed and stabilized in situ in the "1"-shaped hole, 
water was slowly injected into the chamber through a syringe attached 
to one end of the tee tube until the hydrogel was completely broken by 
water pressure. The maximum breaking pressure was recorded by a 
pressure gauge connected to the other end of the tee tube. Commercial 
fibrin glue for clinical use was used as a control. The working schematic 
of the device is shown in Fig. 3e. The test results showed that the 
maximum bursting pressure of A7C3 gel and fibrin glue were 9.51 ±
1.20 kPa and 10.16 ± 0.78 kPa (Fig. 3f), respectively, showing no sig
nificant difference. 

The in-situ hydrogels exert tissue adhesion may be attributed to the 
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reaction of the active groups in the gel with that of tissue surface. Two 
types of reactions may occur when the gel exerts tissue adhesion. One is 
the Schiff base reaction between the free aldehyde group in AM and the 
ε-amino group of the lysine or hydroxylysine in the tissue [37,45], 
another is the Michael addition reaction between the maleimide group 
in AM and cysteine sulfhydryl groups in mucins [7]. In addition, the free 
sulfhydryl groups in the hydrogel can form disulfide bonds with sulf
hydryl groups in cysteine in the tissue. Groups such as –OH, –NH2, and 
–CONH– in the hydrogel can also form hydrogen bonds with tissue 
surface groups (e.g., –OH and –NH2), which may further strengthen the 
interfacial bonding between the gel and the tissue (Fig. 3e) [41]. 
Adhesion tests and bursting test have showed that the adhesion of in-situ 
hydrogels to tissues is based on chemical binding reactions between 
groups rather than physical adsorption. Moreover, as a tissue 

adhesive/sealant, the hydrogel has certain burst resistance strength, 
which have potential application in wound closure and hemostasis. 

2.3. Biocompatibility of the Hydrogel 

A prerequisite for hydrogels used as tissue sealant applications is 
good biocompatibility, which includes cytocompatibility, hemo
compatibility, and histocompatibility. NIH-3T3 cells was used for eval
uating the cytocompatibility of the hydrogels. The cells were co-cultured 
with the hydrogel extract, and the toxicity of the hydrogel and the 
proliferation trend of the cells in the extract were evaluated by CCK-8 
assays. In addition, cells were seeded onto the hydrogel, and the death 
and growth morphology of the cells on the gel was detected by Live/ 
Dead staining and SEM, respectively. From the detections, the survival 

Fig. 3. In vitro assessment of the tissue adhesion of 
the hydrogels. (a) A7C3 hydrogel gelation in situ on 
the porcine skin surface followed by applying of force 
in various orientations (e.g., stretching, bending, 
extruding, twisting). (b) Effect of different pH solu
tions (pH = 1.2 and 7.4) on hydrogel adhesion. (c) 
The gel is formed in situ in the groove of the porcine 
skin with a "☆" shape, followed by rinsing the 
boundary between the gel and tissue adhesion with 
running water to simulate the adhesion behavior of 
the hydrogel in irregular wounds. (d) Diagram of the 
test device for the bursting test. (e) Schematic dia
gram of the bursting test, and the principle of adhe
sion between the hydrogels and tissues. (f) Average 
rupture pressure of commercially available fibrin glue 
and the A7C3 hydrogel (n = 3). (ns: no significant 
difference).   

Fig. 4. Biocompatibility evaluation of the hydrogels. 
(a) Viability of the NIH-3T3 cells in hydrogel extracts. 
(b) Proliferation properties of the NIH-3T3 cells in 
hydrogel extract. (c) Morphology of the NIH-3T3 cells 
grown on A7C3 gel for 3 days by SEM (at 1000 × ). 
(d) The hemolysis rate of seven groups of hydrogels. 
The inset pictures showed the visualization of the 
hemolysis experiments after centrifugation, where the 
sediment at the bottom of the tubes is red blood cells. 
(e) H&E staining of the hydrogel and surrounding 
tissues after hydrogel injection into the subcutaneous 
of rats at 3,7, 14, 21 and 28 days. (The yellow dashed 
box indicates the hydrogel in the subcutaneous 
membrane capsule. The green "Δ" mark the blood 
vessels, and the yellow "☆ " indicates the hydrogel in 
the membrane capsule).   
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rate of cells in all groups in the extracts was greater than 80% after 24h 
of incubation in the extracts, i.e., the extracts were not significantly toxic 
(Fig. 4a). According to the absorbance from day 1 to day 3, the cells in 
the extracts showed an overall trend of proliferation over time. On day 1, 
the gel group showed a faster proliferation rate than the TCP group. On 
days 2 and 3, the proliferation trend of the hydrogel group was similar to 
that of the TCP group, with no significant difference, except for the A3C7 
group (Fig. 4b). After the NIH-3T3 cells were inoculated onto the surface 
of the hydrogels with various mass percentages for 3 days, the Live/ 
Dead staining confirmed that the cells did not undergo significant death 
(Fig. S5). The growth morphology of cells incubated on the hydrogels for 
3 days was observed by SEM. The growth pattern of the cells on the 
hydrogel showed that the cells were round and grew in an aggregated 
manner. Cytocompatibility evaluation confirmed that the hydrogel had 
no significantly cytotoxic; the low affinity of the hydrogel predicts the 
adhesion prevention properties of the gel. 

A prerequisite for materials used for hemostasis is good hemo
compatibility. Thus, the hemocompatibility of the hydrogels was 
assessed by an in vitro hemolysis test using 5% rabbit blood dilution. The 
test results showed the macroscopic color of all five hydrogels was pale 
yellow, similar to the N.C. groups (PBS), while the P.C. groups (0.1% 
TrtonX-100) had a bright red color (inset in Fig. 5d). The hemolysis rate 
of each group of the hydrogels was less than 5%, closed to that of the N. 
C. groups and much lower than that of P.C. groups (Fig. 5d). The gel 
exhibited good hemocompatibility. 

Good histocompatibility is a desirable property for implantable 
materials. The histocompatibility of the hydrogels was assessed by 
subcutaneous implantation experiments in rats. Specifically, 100uL 
A7C3 gel was implanted subcutaneously in rats (Figs. S6a and b), and 
the gel and tissues surrounded were harvested for pathological analysis 
on days 3, 7, 14, 21 and 28, respectively. After 7 days of injection, there 
was no obvious redness, swelling and suppuration in the tissues around 
the hydrogel from the macrographs (Fig. S6c). From the H&E staining of 

skin and subcutaneous hydrogel, on the 3rd day, only a small amount of 
mononuclear inflammatory cells was found to be present at the interface 
between hydrogel and tissue; However, a significant infiltration of in
flammatory cells was observed around and inside the hydrogel 7 days 
after injection, which is the normal inflammatory response of the body 
to foreign implants. By day 14, the number of inflammatory cells had 
begun to decrease. No significant inflammatory cells were found in the 
hydrogel or surrounding tissues at days 21 and 28 (Fig. 5e). The number 
of blood vessels in the tissue around the hydrogel also showed a ten
dency of first increasing and then decreasing, consistent with the 
occurrence of inflammatory cells and with previous reports of the rela
tionship between inflammation and angiogenesis [46,47]. 

Furthermore, to determine the maximum retention time of the 
hydrogels in vivo, we have detected their degradation in vivo dynami
cally by Magnetic Resonance Imaging (NMRI) technique in situ 
(Fig. S7a). As shown, the hydrogels had retained in vivo for as long as 20 
weeks, with the residual volume being about 1/5 of the initial volume 
(Fig. S7b). This suggested that the biomacromolecule-based hydrogels 
may be degraded in vivo by endogenous enzymes such as hyaluronidase 
or chondroitinase, though the process is relatively long. On the other 
hand, it also suggested that the prepared hydrogels can persist in vivo for 
a long time without affecting the survival of the animals. 

In conclusion, the biocompatibility test demonstrated that the 
hydrogel was not significantly cytotoxic, did not cause significant he
molysis, and exhibited a mild inflammatory response after implantation, 
indicating that the gel has good biocompatibility and is safe for use in 
vivo. 

2.4. The uplifting and sealing effect of the multifunctional in-situ 
Hydrogel 

2.4.1. Viscosity of a single component 
The viscosity of the single component of the hydrogel was detected in 

Fig. 5. Viscosity of a single hydrogel component and its effect on the subcutaneous uplift effect in rats. (a) Schematic diagram of the process of subcutaneous in
jection of SFC and ultrasonic detection in rats. (b) Viscosity curves of the GFI and AMx (x = 3, 4, 5, 6, 7, 8) solutions. (c) Viscosity curves of the CSy (y = 3, 4, 5, 6, 7) 
solutions. (d) Ultrasonic detection of the subcutaneous uplift effect of the NS, GFI and AMx (x = 3, 4, 5, 6, 7, 8) solutions in rats. (e) Statistics of the subcutaneous 
uplift height after submucosal injection in each group (n = 3) (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns: no significant difference). 
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order to preferably select an appropriate component for submucosal 
injection. The viscosity curves are shown in Fig. 5b and c. From the 
viscosity curves, the viscosity of both solutions decreased with 
increasing shear rate, exhibiting typical shear thinning characteristics of 
non-Newtonian fluids. And the viscosity values of AMx (x = 3, 4, 5, 6, 7, 
8) solutions were much larger than that of CSx (x = 3, 4, 5, 6, 7, 8) 
solution, as well as glycerol fructose injection (GFI) (Fig. 5b). However, 
when the mass fraction of AM reached 8 wt% (AM8), the viscosity of the 
solution increases sharply, which may be due to the increase of the 
viscosity of the solution with the increase of the content of AM, pre
venting the solvent molecules from entering the interior of the material, 
making the overall viscosity of the solution increase due to inadequate 
AM dissolution. Yet, viscous fluid is essential to reduce the spread of 
submucosal injection liquid. When performing endoscopic submucosal 
injection, the low-viscosity solution will spread rapidly in the submu
cosa after injection, which is not conducive to subsequent surgical op
erations, while the highly viscous solution may clog the needle. 
Therefore, according to the static viscosity values and viscosity curve 
trends of AM and CS solutions, the viscosity of AM solution is signifi
cantly larger than that of CS solution, which is more suitable for SFC. 

2.4.2. Evaluation of uplift effect of AM solution 
According to the 3R principle of experimental animal welfare, i.e., 

Replacement, Reduction and Refinement, the evaluation of the uplift 
effect of AM solution in the subcutaneous of rats was used to replace that 
of the effect in canine esophageal mucosa model to optimize the 
appropriate concentration of AM solution for subsequent canine 
esophageal ESD. And the process of subcutaneous i 

njection of SFC materials and ultrasonic detection ain rats is shown 
as the schematic diagram in Fig. 5a. Specifically, 100 μL of each con
centration of AMx (x = 3, 4, 5, 6, 7) solution was injected into the 
subcutaneous of the rats, and the uplift height was detected by ultra
sonic at the initial (T0 = 0 min) and 15min and 30min after injection, 
respectively, to evaluate the change of uplift height with time for 
different concentrations of AM solution (Fig. 5d). The saline (N.S.) and 
GFI were used as controls. It is evident from the figures that the initial 
(T0 = 0 min) uplift height increased with the percentage of AM, where 
the uplift height is 0.48 ± 0.08 cm at concentrations of 4 wt%, higher 
than that of the N.S. and GFI groups (0.32 ± 0.05 cm and 0.34 ± 0.05 
cm, respectively) (Fig. 4e). 30 min after injection, the AM7 group still 
maintained a significant uplift height of 0.42 ± 0.06 cm, much higher 
than the N.S. and GFI groups. Ultrasonic detection of the subcutaneous 
uplift height of AM solution showed that the 7 wt% AM (AM7) solution 
can maintain better uplift height and duration subcutaneously in rats 
compared to clinically used N.S. and GFI injections. Combined with the 
component viscosity detection and ultrasonic detection of the uplift 
height in rat subcutaneous, the AM component has a higher viscosity 
than the CS solution, and the 7 wt% of the AM component (AM7) has the 
optimal viscosity and is suitable for use as SFC material. In contrast, the 
CS3 component with lower viscosity is suitable for spraying on the post- 
ESD wound and gelled with residue and/or backfill AM7 solution in 
wound. In this section, the combination of AM7 and CS3 optimized 
according to the actual demands of ESD is consistent with the A7C3 gel 
combination optimized by physicochemical properties in the previous 
section. 

2.4.3. Hemostatic ability of hydrogels in vivo/in vitro 
In trauma and emergencies, hemostasis is the first step in the repair 

of injured tissue, and hemostatic materials are necessary to the pre
vention of uncontrolled bleeding during surgery [12]. As a wound 
sealant, the hydrogel achieved a good balance between adhesion 
strength and biocompatibility, which was verified from the results of 
adhesion tests (Fig. 3) and biocompatibility (Fig. 4). Therefore, we 
further investigated the in vivo/in vitro hemostatic properties of the 
in-situ hydrogel and subsequently explored the potential application of 
hydrogels in canine esophageal closure/wound healing. The hemostatic 

behavior of the in-situ hydrogel was detected by employing the rabbit 
liver trauma model (in vitro) (Fig. 6a) and an endoscopy-assisted mini
mally invasive rabbit liver hemostasis model (in vivo) (Fig. 6e). The 
untreated group and commercially available fibrin glue were served as 
controls. The amount of blood loss and bleeding time were recorded. In 
the rabbit liver trauma model 1 (Fig. 6a), the untreated group showed a 
larger blood stain on the filter paper, with the liver blood loss being 
0.945 ± 0.161 g (Fig. 6b). The fibrin glue group had a smaller blood 
stain area on the filter paper than both the untreated group and the 
A7C3 gel group, with a blood loss of 0.603 ± 0.040 g. The blood-stained 
area in the A7C3 gel group was smaller than that of untreated group but 
slightly larger than that of the fibrin glue group, with the blood loss of 
0.658 ± 0.075 g (Fig. 6c). The untreated group had the longest hemo
stasis time of 152.7 ± 17.5s, much longer than the fibrin glue and A7C3 
gel groups, while the hemostasis time between these two groups was 
78.00 ± 29.21s and 91.33 ± 16.65s, respectively, with no significant 
difference (Fig. 6d). 

In clinical practice, laparoscopic surgery is increasingly being used as 
an alternative to open laparotomy. Here, we performed minimally 
invasive surgery on both sides of the midline of the rabbit’s abdomen, 
and established liver-injury model under portable endoscope guidance, 
along with endoscopically assisted targeted delivery of hydrogel, to 
explore the hemostatic ability of the in-situ hydrogel for in vivo injury 
(Fig. 6e, f and g). Commercially available fibrin glue was used as control. 
The liver was harvested one week after the surgery to observe the wound 
healing. As shown in the results, no blood exudation from the wound 
was observed after sealing with the in-situ gel and fibrin glue, respec
tively, and both the A7C3 gel and fibrin glue showed a good sealing 
effect (Fig. 6h and i). One week after the surgery, it can be seen that the 
wounds in both groups have healed, and the scar at the healing site is of 
the same degree. 

The hemostasis test of the rabbit liver in vitro/in vivo showed that the 
A7C3 gel achieved excellent closure and hemostatic effect on the 
bleeding wounds, and the hemostatic effect was consistent with that of 
fibrin glue. We inferred that this rapid hemostatic ability of in-situ 
hydrogels may be attributed to the rapid click-crosslinked gel-forming 
ability of the hydrogels as well as its tissue adhesion properties. 
Furthermore, no tissue adhesion was occurred in the rabbit liver in vivo 
hemostasis model due to the low cell affinity property of the hydrogel 
(Fig. 4c). Hemostatic tests demonstrated that A7C3 in-situ hydrogel can 
be used as a sealant and hemostatic agent in wounds after injury has 
occurred. 

2.5. Evaluation of the Tow-component in-situ Hydrogel on canine 
esophageal ESD 

2.5.1. Mucosal uplift effect of the AM7 solution 
The AM7 solution was used as SFC for ESD in the canine esophagus 

and its uplift effect in the esophageal submucosa was evaluated. The 
canine esophageal ESD surgery was performed with the assistance of a 
portable endoscopic system (Fig. 7a). Briefly, a sterile rubber band (1.5 
cm in diameter) was placed in the esophagus with a biopsy forceps to 
simulate the localization of the lesion, and marked around the “lesion” 
with an electric knife, then 50 μL of AM solution was injected into the 
submucosa of the marked area using a disposable endoscopic injection 
needle. The change of the mucosa uplift height was observed by the 
implanted ruler (Fig. 7b). Clinical mucosal injection GFI was used as a 
control. As seen in Fig. 7c, the mucosa showed a broad-based peak 
elevation after GFI injection. Whereas after injection of AM7 solution, 
the mucosa showed a convex peak elevation. After 15min, the mucosal 
bulge peak in the GFI group tended to be flattened due to the diffusion of 
GFI submucosal, accompanied by the appearance of mucosal folds, 
while the bulge height in the AM7 group did not change significantly. 
After 30 min, the mucosal bulge peak of the GFI group disappeared with 
mucosal folds evident, while the AM7 solution group still maintained a 
good mucosal uplift effect after injection, with no significant difference 
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compared with the initial height. 
In the experiment on the effect of submucosal injection in canine, it 

can be seen that GFI dissipates rapidly when injected into the submucosa 
due to the low viscosity, which is consistent with its clinical use effect, 
while the AM7 solution developed in this study maintains a long-lasting 
mucosal uplift height (>30 min) after injection due to its high viscosity. 
Therefore, AM7 solution has a great prospect as a potential alternative to 
submucosal injection in ESD. 

2.5.2. Application of in-situ gel in canine esophageal ESD 
In the application of A7C3 gel in canine esophageal ESD, AM7 so

lution is used as SFC material, followed by CS3 solution sprayed on the 

wound after ESD, which gelatinized in situ with AM7 solution to seal the 
wound. The surgical schematic and procedure are shown in Fig. 8a and 
Video 2. Specifically, AM7 solution was firstly injected into the sub
mucosa marked "lesion" area through a disposable endoscopic injection 
needle (Fig. 8b), and then the mucosal layer of the lesion area was 
dissected with an electrocoagulation knife, at which point the exposed 
AM7 solution in the submucosa was visible (Fig. 8c). Subsequently, the 
CS3 solution was sprayed on the wound, which can be immediately 
gelatinized in situ when in contact with the AM7 solution, separating the 
wound from the GI environment. In contrast, for lesions occurring in the 
submucosa, such as early submucosal tumors, blood stains and residual 
SFC material (AM7 solution) should be removed from the wound to 

Fig. 6. (a) Schematic diagram of the surgical pro
cedure for hemostasis of the rabbit liver (in vitro). (b) 
Diagram of hemostatic effect of untreated group and 
after hemostasis with fibrin glue and hydrogel 
respectively. (c) Statistics of blood loss after hemo
stasis in control and gel groups. (d) Statistics of he
mostasis time in control and gel groups (n = 5). (e, f) 
Schematic diagram of endoscopically assisted hemo
stasis in rabbit liver model (in vivo). (g) Operation 
diagram of endoscopy-assisted rabbit liver hemostasis 
experiment. (h) Endoscopic modeling of rabbit liver 
hemorrhage and morphology after wound closure 
with fibrin glue and A7C3 gel (White arrows indicate 
postoperative wounds; Yellow dashed boxes indicate 
the wound after hydrogel closure). (i) Liver healing 
one week after surgery (The yellow "△" in the figure 
indicate the healed wound) (*P < 0.05, ns: no sig
nificant difference).   

Fig. 7. Procedure of ESD in canine esophagus and the 
evaluation of the effect of AM solution on submucosal 
uplift of canine esophagus. (a) Portable endoscopy 
pictures and surgical procedure picture of canine 
esophageal ESD. (b) ESD submucosal injection pro
cedure, including lesion localization, electrotome 
marking, and submucosal injection of AM7 solution. 
(c) Morphological diagram of the effect of GFI and 
AM7 solutions as SFC in the submucosa and photo
graphs of the uplift height of the mucosal layer by GFI 
and AM7 solutions at 0, 15, and 30 min.   
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provide a clear surgical view (Fig. 8d and e), followed by filling the 
wound with fresh AM7 solution to facilitate gel formation (Fig. 8f and g). 
The postoperative wound closure ability of the in-situ gel may result 
from the rapid click-crosslinked ability between the AM solution and the 
CS solution, and tissue adhesion properties as previously described. 

Supplementary video related to this article can be found at https:// 
doi.org/10.1016/j.bioactmat.2023.04.015 

The experimental grouping of canine esophageal ESD is shown in 
Fig. S8a, and all esophageal ESD surgeries were performed according to 
the procedure described above. The wound healing was observed with a 
portable endoscope on the 3rd, 9th, 14th, and 28th days after ESD 
(Fig. 8h). From the observations, the wounds of GFI, GFI + CS3 and AM7 
groups showed obvious redness and inflammation on the 3rd day post 
operation due to wound exposure, and inadequate granulation tissue 
growth in the wound and did not fully fill the wounds. On day 9, wounds 
in the GFI, GFI + CS3, and AM7 groups showed varying degrees of scar 
tissue formation, which persisted until day 28. In contrast, the wounds 
in the A7C3 gel group did not exhibit significant redness and swelling, 
and were adequately filled with granulation tissue by day 3 post
operatively. Similarly, in group A7C3, the wound was well filled with 
granulation tissue on postoperative day 9. On day 14, the granulation 
matured and the wound looked flat. On day 21, the wound was 
completely healed without obvious scar formation. On day 28, the 
wound was flat and the morphology did not differ significantly from 
normal esophageal tissue. The esophageal tissues of the five groups were 
harvested on the 28th day after the ESD (Figs. S8b–S8g). Morphologi
cally, it can be seen that compared with normal esophageal tissue 
(Fig. S8g), the A7C3 gel group (Fig. S8b-①, e− ②, f-①) showed a flat 
wound surface without obvious scars, while the other three groups all 
had scars of different degrees, indicating that wound closure after ESD in 
canine esophagus facilitates healing. 

The better healing and weaker scar formation exhibited by the gel- 
sealed wounds after ESD may be attributed to the fact that the gel iso
lates the wounds from direct contact with the environmental noxious 
factors in GI tract, reducing the impact of environmental noxious factors 
on wound repair. 

2.5.3. Healing promoting effects of the hydrogels in canine esophageal ESD 
model 

The wound healing process after esophageal ESD also includes re- 

epithelialization and ECM remodeling. Therefore, we evaluated the ef
fect of in-situ hydrogel A7C3 on these processes after ESD surgery. The 
esophageal tissues were collected on day 28 after ESD, and stained for 
H&E. According to the staining results, the wounds in all groups were 
completely healed and re-epithelialization on the 28th day (Fig. 8i). 
However, there were significant differences in the structure of mucosal 
lamina propria in the healed area between groups. Compared with 
normal esophageal tissue, the lamina propria of the esophageal mucosa 
in GFI and GFI + CS3 groups was thinner, and the collagen fibers were 
loosely arranged and wavy, indicating severe fibrosis in the ECM 
reconstruction during the wound healing process. Whereas, the mucosal 
lamina propria of the AM7 group was dense, with obvious stromal 
deposition. By contrast, the mucosal lamina propria of the A7C3 gel 
group was moderately thick, with blood vessels and small glandular 
structures contained in it (yellow arrows in Fig. 8i), which was close to 
the structure of mucosal lamina propria of healthy esophageal tissue. 

The ratio of type I/III collagen and its arrangement during wound 
healing has an important effect on the scar-free healing of the tissue 
[48]. Sirius red staining was performed on esophageal tissues of each 
group on the 28th day after surgery. As shown in Fig. 9a, Sirius red 
staining of the damaged area in the GFI, AM7 and GFI + CS3 groups 
showed a predominance of type I collagen, and the arrangement and 
morphology of collagen fibril were consistent with that observed in H&E 
staining. In contrast, in the A7C3 gel group, type III collagen was 
increased (green staining), and type I and III collagen were arranged 
interchangeably in an irregular manner, which was similar to that of 
normal esophageal tissues. The collagen architecture of the wounds in 
each group was further assessed using CT-FIRE and CurveAlign software 
algorithms, which were developed to analyze collagen fiber properties 
in histological images [49,50]. From the fiber structure analysis, 
collagen fiber in the GFI, AM7 and GFI + CS3 groups exhibited signifi
cant elongation and increased unidirectional alignment, whereas 
collagen fiber in A7C3 gel groups, in contrast, presented a basket 
weave-like collagen fiber network similar to that of health esophagus 
with a wide range of metrics. Specifically, both A7C3 gel-treated 
esophagus and the normal esophagus exhibited misalignment, and a 
reduction in fiber length, along with an increased in the number of 
shorter collagen fibers (Fig. 9b). Although there are many factors that 
affect the process of re-epithelialization and scar formation after injury, 
but in our study, the postoperative wound closure with hydrogel 

Fig. 8. Evaluation of the multifunctional in-situ 
hydrogel in canine esophageal ESD. (a) Schematic 
diagram of the canine esophageal ESD procedure. (b) 
Injection of AM7 solution into the submucosa of the 
canine esophagus (The white “△” indicates the AM7 
solution returned after needle withdrawn).(c) 
Mucosal dissection (The white “△” indicates the 
exposure of AM7 solution after mucosal dissection). 
(d) Removal of blood stains and SFC materials from 
the wound. (e) Fulfilled the wound with AM7 solu
tion, and then spray with CS3 solution. (f) Gel 
morphology after CS3 solution in contact with AM7 
solution at the wound (0 min) (White arrows indicate 
the A7C3 gel). (g) Morphology of the hydrogel after 
gelling and stabilizing in the wound (10 min). (h) 
Observation of wound healing on days 0, 3, 9, 14, 21 
and 28 after ESD (Yellow “△” indicates the border of 
the wound). (i) H&E staining of esophageal tissues 
harvested on day 28 after ESD (Yellow arrows indi
cate the glands in the mucosa).   
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accelerated the healing process and reduced the occurrence of fibrosis in 
ECM formation. A possible reason for the better repair effect exhibited 
after closure of post-ESD wounds in the canine esophagus with A7C3 gel 
is that the gel reduces the exposure of the wounds to digestive juices and 
food, thus preventing bacterial infection and inflammation of the 
wounds, and ultimately reducing the fibrosis and scar formation during 
the healing process. 

In summary, the two-component in-situ hydrogel we prepared ful
filled the initial expectations for use as mucosa uplift, wound closure and 
accelerated healing in ESD, but there are still some shortcomings in the 
study. Limited by the acquisition of experimental dogs and specific an
tibodies for relevant pathological indexes, we have not been able to 
conduct more exploration on the mechanism of hydrogel promoting 
wound repair after ESD. In the follow-up study, we will further explore 
the principle of the promoting repair effect of the hydrogel and further 
validate the application effect of this multifunctional in-situ hydrogel in 
GI tract ESD in larger experimental animal. 

3. Conclusion 

In this study, a series of rapid-gelling AxCy (x, y = 3, 4, 5, 6, 7) 
hydrogels were prepared by mixing two derivatives, ADA-Mal (AM) and 
CMCS-SH (CS), based on the Michael addition reaction in “click” 
chemistry and Schiff base reaction, etc. The developed in-situ gel 
simultaneously solves the problems of easy diffusion of submucosal in
jection materials and postoperative wound closure in clinical ESD. The 
A7C3 gel has the characteristics of short gel-forming time, good tissue 
adhesion, better physicochemical performance and biological properties 
(cytocompatibility, hemocompatibility and histocompatibility), which 

can be used as a rapid wound sealant. The single component of the A7C3 
gel, AM7 (7 wt%) solution, is used as a submucosal injection solution 
due to its suitable viscosity, while the lower viscosity CS3 (3 wt%) so
lution is used for postoperative spraying on the wound surface and cross- 
linking with AM7 solution to form a gel and seal the wound. Studies 
have confirmed that AM7 solution can maintain sufficient uplift height 
and duration without dissipation in the rat subcutis as well as in the 
canine esophageal submucosa, and therefore can be used as an alter
native option to clinical use SFC for ESD. When the sprayed CS3 solution 
comes in contact with the exposed or backfilled AM7 solution, the A7C3 
gel is formed immediately based on click-crosslinked, which acts to seal 
the wound and stop bleeding. In vivo and in vitro rabbit liver hemostatic 
experiments confirmed that A7C3 in-situ hydrogel has good wound 
sealing ability and hemostatic effect, which is close to that of commer
cial fibrin glue. In addition, the results of H&E staining and Sirius red 
staining of healed esophageal tissues revealed that postoperative 
wounds sealed by hydrogels exhibited better healing effect, as well as 
lower fibrosis and scar formation, and the recovered esophageal tissue 
was closer to the natural tissue structure. In conclusion, the multifunc
tional in-situ hydrogel prepared in this study provides a promising 
candidate for the clinical treatment of ESD. 

4. Experimental section 

Preparation of the Hydrogels: ADA-Mal (abbr. to AM) and CMCS-SH 
(abbr. to CS), of which the preparation methods are described in detail 
in the supplementary materials, were respectively dissolved in phos
phate buffer solution (PBS) and Na2B4O7 solution (0.01 M) to obtain the 
AMx and CSy (x, y = 3, 4, 5, 6, 7) solution, where x and y are the mass 

Fig. 9. Type of collagen formation after wound healing. (a) Sirius red staining of the esophageal tissue on day 28 after ESD (red for type I collagen, green for type III 
collagen), and quantification of five groups of wounds by alignment (CurveAlign, 3rd column) and CT-FIRE (4th column). (b) Quantification of the different collagen 
fiber network characteristics, alignment, fiber length and number among the five groups. (*P < 0.05, **P < 0.01, ***P < 0.001, ns: no significant difference). 
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percentage of the solute. The gel is formed once the two solutions are 
mixed in a certain proportion. Thereinto, a series of hydrogels, namely 
AxCy (x, y = 3, 4, 5, 6, 7), can be formed with the mixing of AMx and 
CSy. 

Gelation Time: The gelation time of AxCy (x, y = 3, 4, 5, 6, 7) was 
measured by a tube inversion method. Briefly, 500 μL of AMx and CSy 
(x, y = 3, 4, 5, 6, 7) solution was added into a ep tube (5 mL) in order 
followed by adding a rotor (type-C, 0.5 cm), then placed on a magnetic 
agitator (Sile Instruments Co., Ltd. Shanghai, China), stirred at 120 rpm. 
The tube was inverted every 3 s until the hydrogel was formed at the 
bottom of ep tube and did not fall during inversion, when the time is 
defined as the time of hydrogel formation, and the final gelation time 
was recorded (n = 5). 

Microstructure Observation: The morphology of the hydrogels was 
characterized with a scanning electron microscope (SEM, EVO MA10, 
ZEISS, Germany). Prior to the test, the gel was lyophilized and quenched 
with liquid nitrogen to exposed the inner structure. The cross-section of 
the lyophilized gel was observed by SEM after gold sputtering treatment. 
The pore diameters were measured with Image J software (n = 20 visual 
fields). 

Swelling Property Study: Swelling property of the AxCy (x, y = 3, 4, 
5, 6, 7) is defined with the swelling ratio. For swelling test, cylindric 
hydrogels was weighed and immersed in PBS (10 mL) at 37 ◦C with 
shaking at 60 rpm in a shaker. At the predetermined time, the hydrogel 
was taken out and weighed after blotting the extra water. The process 
was repeated until the hydrogels reached equilibrium (n = 3). The 
swelling ratio (%) is calculated with the following formula: 
Swelling Ratio (%) = (Wt − W0) /W0 × 100%, where W0 and Wt repre
sent the weight of the hydrogel at the initial and pre-set time, 
respectively. 

Rheological Properties Study: The rheological properties of the 
AxCy (x, y = 3, 4, 5, 6, 7) were measured using a rotational rheometer 
(Physica MCR302, Anton Paar, Austria). All tests were carried out with a 
cone plate rotor (CP25-3, diameter = 25 mm, angle = 3◦) and a 500 μm 
gap size at 37 ◦C. The amplitude sweep mode (0.1–500%, 1 Hz) and 
frequency sweep mode (1%, 0.1–10 Hz) were conducted to assess the 
rheological property of the hydrogels, and the rheological curve was 
recorded. Self-healing was assessed by alternating the step-strain sweep 
mode at a fixed frequency of 1 Hz and temperature of 37 ◦C, with 
oscillatory strains switching back and forth between 1% and 300% at an 
interval of 50 s. 

Adhesive Behavior Study: The adhesive behavior of the hydrogels 
was evaluated by in vitro adhesion test and bursting test. Fresh porcine 
skin stripped of excessive fat was cut into long strips (5 cm × 3 cm) and 
incubated in PBS (37 ◦C) for 30 min before the test. 200 μL of hydrogel 
was gelled in situ on the surface of porcine skin. After hydrogel stabili
zation, repeatedly stretched, bent and twisted the skin to observe the 
adhesion of the hydrogel to the porcine skin. Subsequently, the strips 
were separately soaked in PBS (pH = 7.4) and 1 M HCl solution (pH =
1.2) at 37 ◦C and shook at 60 rpm for 24, 48 and 72 h, and subjected to 
twisting, bending and stretching similarly as before to observe the 
adhesion of the hydrogels. Adhesion of the hydrogel to the irregular 
wounds by gelling the in-situ gel on the surface of the star-shaped 
wound, then the boundary of the hydrogel in contact with the wound 
was rinsed with running water to observe the gel shedding. The burst 
pressure was performed on a porcine skin with a hole in the center. 
Briefly, a defect (2 mm × 1 mm) was made on the fixed porcine skin. 
100 μL of A7C3 hydrogel was gelled in situ onto on a defect (2 mm × 1 
mm) previously made on the surface of the pigskin fixed on the detection 
device, then the water in the syringe was slowly pushed into the 
chamber of the experimental device until the hydrogel adhering to the 
pigskin groove surface is broken. The maximum pressure (kPa) was 
recorded as the burst pressure. Fibrin glue was used as the control. All 
tests were repeated for 3 times (n = 3). Lap-shear test was performed to 
evaluate the tissue adhesion forces of the hydrogels. Briefly, tissues were 
coated on PMMA plates with α-cyanoacrylate ethyl ester-based glue 

before the testing, and the A7C3 hydrogel was placed between two 
PMMA plates coated with the tissues and fixed for 10 min. The two 
PMMA plates were then placed into an universal testing machine (Ins
tron 5967, USA) for tensile loading at a strain rate of 1 mm/s. The 
hydrogel adhesion strength was determined at the point of detachment. 

Biocompatibility Study: The cytocompatibility, hemocompatibility 
and histocompatibility of the hydrogels were evaluated respectively. 
Detailed methods are described in the Supporting Information. 

Viscosity Study: The viscosities of the AM and CS solutions were 
tested as follows: AM and CS solutions of different mass percentages (wt 
%) were prepared. A rotational rheometer (MCR302, Anton Paar, 
Austria) with a 50 mm plate rotor (PP50) was used as the test compo
nent. The test parameters were set as follows: the gap between the upper 
and lower plates was set as 0.25 mm, and the platform temperature was 
set as 37 ◦C. The shear rate was set as 0.1–100 rad/s. The viscosity 
curves of AMx and CSy (x, y = 3, 4, 5, 6, 7) were tested in the rotating 
mode. The glycerol fructose injection (GFI) was used as the control. 

Subcutaneous Uplift Effect Study: AMx (x = 3, 4, 5, 6, 7) solutions 
were used as submucosal fluid cushion (SFC) materials, and the change 
of the subcutaneous uplift height over time in rats was detected by ul
trasound detector (PHILIPS IU22, Philips Electronics Group, The 
Netherlands). Specifically, SD rats weighing 300–350 g were anes
thetized with 1.5 wt% pentobarbital sodium solution (200 mg mL− 1). 
The back area was depilated to expose both sides of the skin, and the 
injection sites were marked. 100 μL of AMx (x = 3, 4, 5, 6, 7) solution 
was injected subcutaneously into the rat and the height of skin uplifting 
was measured with an ultrasonic detector, recorded and marked as t = 0 
min. Three parallel injection points were set up in each group (n = 3), 
with saline and GFI as controls. The skin uplift height was recorded at 
15 min and 30 min, respectively. 

Hemostasis Ability Study: The hemostatic properties of the hydrogel 
were assessed by rabbit liver hemostasis assay (in vitro), and endoscopy- 
assisted minimally invasive hemostasis assay (in vivo) [51]. Detailed 
procedures are described in the Supporting Information. 

Canine Esophageal ESD: Healthy adult Beagle (weighing 10–15 kg 
each, n = 5) were selected and fasted for food and water for 6 h prior the 
surgery. All canine procedures were approved by the Experimental 
Animal Ethics Committee of the West China Hospital, Sichuan Univer
sity (Approval No. 20220225127). Detailed experimental groupings and 
surgical procedures are described in the Supplementary material. These 
experimental dogs were fed through a nasal cannula for the first three 
days after surgery and then fed a normal diet until euthanasia. The 
canine esophagus was examined with a portable endoscope on post
operative days 3, 9, 14, 21, and 28 to observe inflammation, granula
tion, and wound closure in the trabecular area. Euthanasia was carried 
out on day 28, and esophageal tissues were harvested for follow-up 
examination. 

Histological Test: The wound tissues harvested were fixed and 
embedded in paraffin, sectioned into slices, and subjected to H&E 
staining to evaluate the pathological status and healing process. Sirius 
red staining was used to evaluate the expression levels of COL I and COL 
III. The detailed procedures are described in the Supporting Information. 

Statistical analyses: Statistical analyses were carried out in Prism8 
(GraphPad) using paired or unpaired Student’s t tests, and one-way or 
two-way analysis of variance (ANOVA) with Tukey’s multiple compar
isons test. All data are presented as means ± SD. P < 0.05 was consid
ered statistically significant. 
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