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SUMMARY

The widespread use of biological tissue adhesives for tissue repair is limited by
their weak adhesion in a wet environment. Herein, we report the wet adhesion
mechanism of a dry granular natural bioadhesive from Andrias davidianus skin
secretion (ADS). Once contacting water, ADS granules self-assemble to form a hy-
drophobic hydrogel strongly bonding to wet substrates in seconds. ADS showed
higher shear adhesion than current commercial tissue adhesives and an impres-
sive 72-h underwater adhesion strength of ~47kPa on porcine skin tissue. The
assembled hydrogel in water maintained a dissipation energy of ~8 kJ/m?, com-
parable to the work density of muscle, exhibiting its robustness. Unlike catechol
adhesion mechanism, ADS wet adhesion mechanism is attributed to water ab-
sorption by granules, and the unique equilibrium of protein hydrophobicity,
hydrogen bonding, and ionic complexation. The in vivo adhesion study demon-
strated its excellent wet adhesion and hemostasis performance in a rat hepatic
and cardiac hemorrhage model.

INTRODUCTION

Adhesives for biological tissues have great perspectives in tissue repair and suture-free wound closure.
Current tissue adhesives are generally comprised of synthetic polymers or natural macromolecules. Syn-
thetic adhesives mainly include cyanoacrylates (Trott, 1997), polyethylene glycol (Elefteriades, 2009), and
polyurethane (Su et al., 2019), which showed good adhesion but may present some drawbacks, such as
cytotoxicity, slow biodegration, and inflammations{Trott (1997) #6}{Trott (1997) #6}. Nature-derived adhe-
sives are mainly protein-based materials, such as fibrin (Spotnitz, 2010), gelatin, and elastin (Annabi et al.,
2017; Guo et al., 2021; Liu et al., 2016, Wang et al., 2021), or polysaccharides (Sani et al., 2019), including
alginate, chitosan, and hyaluronic acid (Li et al., 2017; Puertas-Bartolomé et al., 2019), which are generally
biocompatible and biodegradable. The general adhesion mechanisms of tissue adhesives include inter-
molecular covalent bonding and intermolecular non-covalent bonding including hydrogen bonding, elec-
trostatic interaction and hydrophobic intreaction, mechanical interlocking, and chain entanglement (Li
etal., 2017; Mahdavi et al., 2008; Mehdizadeh and Yang, 2013; Steck et al., 2020). However, high adhesion
capacity on wet tissue surface or in wet biological environment is still a huge challenge. To achieve high
adhesion performance on wet biological substrates (Bouten et al., 2014; Feiner et al., 2016; Mehdizadeh
and Yang, 2013; Sharma et al., 2013), the boundary water layer of body fluids or blood on the tissue surface,
which hinders formation of strong adhesion, have to be displaced by bioadhesives. Several wet adhesion
mechanisms and strategies were explored to remove surface water and improve interfical interactions to
improve adhesion capacity in wet environment have been explored(Cui and Liu, 2021), including mus-
sels-inspired adhesives through strong catechol bonding (Gao et al., 2020; Hofman et al., 2018; Lee
etal.,, 2007a; Tiu et al., 2020; Zhang et al., 2020), dry double-sided hydrogel tape to absorb surface water
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(Yuk et al., 2019), entangled hydrophobic fluid gel to repel surface water and build covalent bonding (Liu *Correspondence:
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(Han et al., 2020), and nanoparticles acting as connectors between polymer chains to achieve rapid adhe-
sion (Rose et al., 2014). Notwithstanding the progress made to date, the challenges, including low instant
adhesion, long curing time, complex procedure, poor water resistance, and biocompatibility, are still diffi-
cult to overcome simultaneously. Furthermore, adhesives of polyelectrolyte/thermoresponsive coacer-
vates and physical adhesives with biomimetic architectures still lack strong adhesion and may need organic
solvents(Dompé et al., 2019; Lee et al., 2007b; Liu et al., 2019a; Zhao et al., 2016). The instant adhesion of
catechol-based or covalent bonding adhesives is not enough, and a longer reaction time is needed (Cui
etal., 2019, Gao et al., 2021). Moreover, the adhesion performance of lots of wet adhesives may drop signif-
icantly over time in a wet environment because of inadequate water resistance (Cui et al., 2019; Han et al.,
2020; Mao et al., 2020; Yuk et al., 2019). Therefore, those challenges still obstruct the clinic transition of bio-
adhesives, although existing wet adhesives showed various application prospects.

Although the excellent wet adhesion performance observed in mussels and sandcastle worms inspired the
development of biomimetic underwater adhesives, there are still several natural materials hidden in the
secrets of nature that are yet to be explored (Lee et al., 2007a). Here, we focus on Andfrias davidianus, or " Chi-
nese giant salamander,” which is known as the "living fossil”. Andrias davidianus belongs to the Cryptobran-
chidae family dating back to 350 million years ago and is the current largest aquatic amphibian (Gao and Shu-
bin, 2003; He et al., 2018; Hou et al., 2004; Murphy et al., 2000). Its skin secretions contain abundant bioactive
compounds showed antibacterial behavior (Guo et al., 2012; Wang et al., 2011), wound healing activities (Xi
etal., 2012), prohealing properties (Dang et al., 2022), high hemostasis performance (Zhang et al., 2022), and
was used as wound dressing materials (Liu et al., 2022a). Apparently, like sandcastle worms building under-
water “concretes” through particle aggregation (Zhao et al., 2016), dry ADS particulates instantly glue
together to form a hydrophobic water-insoluble hydrogel strongly bonding to wet substrates when contact-
ing water (Mao et al., 2020), showing impressive underwater contact adhesion behavior. Although the utility
of ADS as a tissue adhesive is recently described (Deng et al., 2019; Zhang et al., 2022), the mechanism of
adhesion remains unexplored. Herein, we report that the mechanism of ADS underwater adhesion differs
from sandcastle worms because limited hydration and self-assembly of the dry granular natural hydrogel
are driven by a unique combination of hydrophobic aggregation, hydrogen bonding, and ionic interactions
are the main causes for strong and instant adhesions. The self-assembled hydrogel from hydrated granulates
is self-standing with good mechanical performance, and could be applied without additional patches/
support. Interestingly, the dry ADS granular adhesive exhibited excellent in vitro and in vivo hemostasis ac-
tivity, exhibiting its functional prospect in clinical applications as wet bioadhesives.

RESULTS
Underwater contact adhesion behavior of instantly self-assembled granular ADS hydrogels

As shown in Figures 1A and 1B, the Andrias davidianus skin produces emulsion-like secretions under stim-
uli. By lyophilization and subsequent grinding, the white mucus was gradually turned to dry ADS granules
(the size is around 3-200pum, as shown in Figure S1), which exhibits outstanding underwater contact adhe-
sion. When the non-sticky dry ADS powder contacted with water, it was hydrated and assembled into gran-
ular hydrogel instantly. Time-lapse microscopy showed ADS particles absorbed water to form a granular
gel, and further self-assembled together into bulky gel rapidly (Figure S2 and Video S1). The SEM images
of ADS hydrogel showed that ADS granular gel integrated to form a porous hydrogel morphology
(Figure 1C). It was observed that the bulk ADS hydrogel was formed from the assembly of ADS granular
hydrogel, which no longer kept the morphology of individual grains. Figure 1D showed that when the
dry ADS powder was hydrated in water, it quickly assembled into a sticky hydrogel within ~20s, which could
hold a pendant of 50 g, exhibiting a strong underwater instant adhesion performance (Figure S3 and Video
S2). The instant underwater adhesion of ADS granular hydrogel is much higher than that from underwater
coacervation of polyelectrolytes containing catechol groups in a short period of less than 1 min, and
without the need for organic solvent in the process (Zhao et al., 2016). The size of the hydrogel did not
change in water, suggesting the assembled ADS hydrogel controlled its swelling, which can avoid weak-
ened mechanical performance and also enhance water-tolerant adhesion (Figures S4-5S6). The assembled
granular hydrogel fastened with two cotton threads can even hold a weight of 50 g underwater for 7 days
without failure (Figures 1E and S7), showing its surprising underwater adhesion performance and good wa-
ter resistance. The granular hydrogel has intrinsic self-adhesion by bridging head-to-head gel pieces
within, and the jointed interface (1 X 15mm) sustained a weight of 20g normal adhesion stress without fail-
ure (Figures 1F, S8 and Video S3). The self-adhesion behavior of ADS granular adhesive increased the adhe-
sion robustness, which was not reported for coacervation-based adhesives, as their macromolecular chain
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Figure 1. Underwater contact adhesion behavior of instantly self-assembled granular hydrogels from dry ADS particulates

(A) Digital photograph of an adult Andrias Davidianus.

(B) Digital photograph of the skin secretion collection (the inset shows ADS powders).

(C) SEM images of dry ADS granules (c1, scale bar: 200 pm) and self-assembled ADS granular hydrogel internal cross-section at different magnifications (c2
and c3, scale bar: 50 pm and 10 um respectively).

(D) Instant self-assembly of ADS particulates to form an adhesive patch in water (E) 50 g weight handing from the hydrogel was soaked in water for up to
7 days (the color was from the fluorescein dye).

(F) Self-adhesion behavior of ADS hydrogel and the repaired patch could afford a weight of 20 g.

(G) Molding ADS into a U-shape hydrogel via self-assembly and self-adhesion.
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Figure 2. Wet adhesion mechanism of ADS

Wavenumber (cm-1)

Wavenumber (cm-1)

(A) Schematic illustration of dry ADS particulates’ self-assembly and adhesion mechanism in water.
(B) The amino acid composition analysis of ADS proteins.
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Figure 2. Continued

(C) The GRAVY score evaluation of ADS proteins.

(D) The hydrophobic behavior of self-assembled hydrogels floated on water.

(E) The diffusion behavior of fluorescein dye a.q. solution (1 mg/mL) passing through an ADS hydrogel patch or a control hydrogel (dimethylacrylamide,
DMA) (thickness= 1Tmm).

F) Hydration and hydrophobic self-assembly of ADS particles on the air-water interface of a water droplet.

G) The water contact angle of a water droplet on ADS hydrogel surface.

H) The solubility of ADS hydrogel (100% water-swollen, 20mg) in different solvents (1 mL). (A) water, (B) 8M urea a.q. solution, (C) 1M acetic acid solution, and
D) HFIP.

1) The swelling behaviors of the ADS hydrogel (100% original swollen ratio) in water or 8M urea a.q. solution respectively.

J1) The FTIR-ATR spectra of dry ADS powder and ADS hydrogel with different hydration levels (100% or 200%). The FTIR-ATR raw curves, self-deconvoluted curves,
and corresponding Gaussian fittings in the amide | region of dry ADS powder (J2), 100% swollen ADS hydrogel (J3), or 200% swollen ADS hydrogel (J4).

(
(
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(
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mobility was lost after coacervation and solidification (Cui et al., 2019; Zhao et al., 2016). Thisself-assembly
behavior of granular hydrogel in water can also assure preparing it underwater rapidly without heat or high
pressure. As shown in Figure 1G, the ADS powder was filled into a U-shape mold, and the bulk hydrogel
formed in less than 1 min by soaking with water (Figure S9 and Video S4). This self-assembly molding of
granular hydrogel could offer a facile way to fabricate complex shapes.

Wet adhesion of ADS hydrogels

The ADS's composition was studied first at the molecular level. The major components found in ADS were
proteins (accounting for ~90 wt %), polysaccharides (~6 wt %)and fatty acids (~4 wt %). There are ~150
proteins and 17 amino acids found in the secretion according to the proteomic analysis results (Data S1)
(Geng et al., 2015). Because of the limited amount of catechol or other reactive groups such as thiols found
in ADS and the total dissolution of ADS hydrogel in hexafluoroisopropanol (HFIP), the catechol chemistry or
covalent bonding (disulfide) mechanism could be excluded. Instead, we hypothesized that the instant wet
adhesion is of physical interactions attributed to the exquisite mixing of hydrophobicity, hydrophilicity,
hydrogen bonding, and ionic complexation of ADS proteins (Figure 2A). Hydrophobic aggregation drives
the self-assembly of ADS particles in water (Oliveira et al., 2016), whereas hydrophilic components are hy-
drated and plasticized instantly assemble the granular hydrogels and glue the substrate in position (Mao
etal., 2020; Yuk et al., 2019). On a wet surface, an aqueous hydration layer obstructs direct contact between
adhesives and substrate (Israelachviliand Wennerstrom, 1996), which will be absorbed by ADS hydration to
achieve direct touch for strong wet adhesion (Yuk et al., 2019). Because of hydration, the hydrated hydro-
philic chains become flexible and interpenetrated between adjacent granules and therefore “fused” them
into an intact bulk. The SEM images (Figure 1C) of self-assembled ADS hydrogel showed typical porous
structure without morphology of any individual ADS dry particles, suggesting the complete integration
of ADS granular gels. The physical crosslink further restrains ADS hydrogel from swelling caused disas-
sembly and thus to achieve strong underwater cohesion.

The amino acid analysis (Figures 2B and 2C) confirms the amphiphilic compositions of ADS proteins, which
were evaluated as ~-0.2 through grand average of hydropathicity (GRAVY) estimation (Tables S1 and S2)
(Kyte and Doolittle, 1982). Figure 2D presents the high hydrophobicity of assembled ADS hydrogel. The
dye-colored water droplets spherically stood on ADS hydrogel which was freely floating on the water surface.
The water droplets retained their shape with high water contact angle over for 10 min without wetting ADS
hydrogel surface. Figure 2E shows that the sodium fluorescein dye solution diffused much slower through
ADS hydrogel than poly(dimethylacrylamide) hydrogel (PDMA, crosslinked by N,N’-methylenebisacrylamide
at the same thickness and concentration). Compared with the non-ionic hydrophilic PDMA gel, the self-
assembled ADS granular hydrogel significantly retarded the diffusion of the sodium fluorescein salt solution
because of its hydrophobicity and abundant intermolecular ionic interactions.

Figure 2F (Video S5) exhibits the ADS particulates dynamically adsorbed onto the water droplet surface,
then quickly self-assembled to form an ultra-thin gel layer, because the gel hydrophobicity kept granules
from further diffusion inward. The ADS hydrogel of 100wt % swelling ratio had a water contact angle of
132.1 + 3.0°, showing its high hydrophobicity (Figures 2G and S10). Under a real-time optical microscope,
dry amphiphilic ADS granules were observed instantly hydrated to form an insoluble hydrogel.

To understand the influence of ADS particles’ size, ADS particles were prescreened to two groups through
the mesh of ~250 um, ADS-large and ADS-small groups. The size distributions of ADS-small and ADS-large
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are 3-160 um and 50-550 um respectively. For the ADS-large group, small size particles (diameter <50 pm)
were ignored as their volume percentage in the ADS-large group is low, as shown in Figures STTA-S11E. It
was found that the overall water swelling ratio of two groups kept similar, suggesting similar hydrophobic-
ity and hydrophilicity, as ADS-large and ADS-small have same chemical compositions (Figure ST1F).
Although the water-absorption rate of ADS-small is obviously higher than that of ADS-large particles in first
5min of soaking, which should be because of the surface area of small size particles are typically higher than
that of large particles, leading to higher absorption rate at early stage. The water contact angle of ADS hy-
drogel patches from ADS-large are 137.4+ 1.8°, which is significantly higher than that of ADS-small hydro-
gel patches, 127.1 £+ 1.8° (Figures S11G=5111). This should be attributed to the higher surface roughness of
the hydrogel patch from assembly of large particles. The pore sizes of ADS hydrogels from ADS-large or
ADS-small are similar, as shown in Figure S12. The hydrogel patches comprised of ADS-large particles
or ADS-small particles have similar pore size distribution of 1-160 pm, which is reasonable as ADS-small
and ADS-large hydrogel patches have similar water swelling ratio when balanced.

As a comparison, the behaviors of water-insoluble polymer (chitosan powder; > 400mPas) and water-sol-
uble polymer (sodium alginate) were also studied (Figure S13). Chitosan has a similar structure to polysac-
charides with abundant amine groups, which could be dissolved in acidic solution but not in neutral pH (Lee
etal., 2013). Water soluble sodium alginate powder was selected as water soluble particulate model, which
has a polysaccharide structure with carboxylate groups and therefore good solubility in water. As shown in
Figures S13A and S13B, water-insoluble chitosan particulates floated and self-assembled on the waterfront
but never adhered together because the rigid biomacromolecular chains were not hydrated and plasti-
cised with water to obtain high chain mobility, whereas the hydrophilic sodium alginate particulates
were hydrated first but soon completely dissolved (Figure S13C). The proper amphiphilicity is critical to bal-
ance the interface adhesion and underwater cohesion. Because the main composition of ADS is amphi-
philic proteins, containing abundant hydrogen bonding and ionic charges, multiple non-covalent interac-
tions were taken into consideration, including hydrophobic interaction, hydrogen bonding and ionic
complexation. To further confirm the type of interactions in ADS hydrogel, four types of solutions, water,
urea a.q. solution (8M), acetic acid a.q. solution (1M), and HFIP, were tested to swell or dissolve ADS hydro-
gels. ADS gel (~20 mg, weight ratio of ADS and water = 1:1) was placed in a glass vial, and 1mL of selected
solvent was added. The glass vial was vortexed for a few minutes and placed at ambient temperature for
1 h. The ADS hydrogel maintained its shape and was insoluble in water. In urea solution, the gel was insol-
uble but swollen, because the urea molecules were favorably competitive over hydrogen bonding of ADS
to form the intermolecular H-bond with ADS through introduced carbonyl diamide functional groups, and
the swelling ratio of the hydrogel in urea solution was over 2-folds of that in water (Figure 21). The ADS hy-
drogel was completely disassembled in 1M acetic acid a.q. solution, appeared cloudy, suggesting the ex-
istence of insoluble microparticles or micelles from the hydrophobic aggregates of ADS. The acetic acid
molecules could break both ionic and hydrogen bonding interactions in ADS, but not hydrophobic aggre-
gations. ADS hydrogel was completely dissolved in HFIP, because HFIP contains both hydrophilic groups
of hydroxyls and hydrophobic fluorocarbons, and therefore can dissolve the both hydrophilic and hydro-
phobic components of ADS completely. The dissolution and disassembly behavior of ADS hydrogel sug-
gests that its self-assembly and wet adhesion mechanism should be attributed to non-covalent interactions
of hydrogen bonding, ionic complexation and hydrophobic interaction.

For underwater cohesion, a high mixing free energy of ADS with water (AG > 0) and a high enthalpy (Equa-
tions 1 and 2) are required. Hansen solubility parameter of ADS proteins were calculated to estimate the
cohesive energy contributions of atomic dispersion force (84), dipole-dipole interaction force (d,), and
hydrogen bonding interaction (65) (Equation 3)(Hansen, 2007). The calculated d4;6,05 values of ADS pro-
teins are 17.78; 11.14; 11.54 MPa'’? (Tables S3, S4 and Data S2), suggesting the important contribution
of protein nonpolar interactions to its cohesive energy and high mixing enthalpy because of huge dissim-
ilarity with water(6::47.9, 64 : 12.9) (Barton, 2017).

AGmi>< = AHnix — TAS (Equation 1)

AHpy = V2D, (01 — w2)? + (Q1 — 92)2] (Equation 2)
i 2 2 s2\'? .

Total solubility parameter: 3; = <6d+6p+8h> (Equation 3)
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The intermolecular hydrogen bonding and ADS proteins secondary structures were analyzed in the amide
band | region of FTIR-ATR spectra (Figure 2J) (Jackson and Mantsch, 1995). In a dry state, the fraction of B
and antiparallel B sheet accounted for 53.34% of total secondary structures, showing strong intermolecular
hydrogen bonding interactions. After the formation of the hydrogel, the value was 53.29% for 100% hydra-
tion (water swelling), or 54.51% for 200% hydration, suggesting that water neither disassembled the B sheet
aggregates nor broke the intermolecular hydrogen bonding network (Xu et al., 2017), but could be broken
by urea molecules as discussed above (Tables S5-57).

Figure 3A shows the schematicillustration to interpret the ionic complexation interactions in ADS hydrogel.
In 1 M acetic acid solution, a 5wt% of ADS (disassembled to form a cloudy emulsion, as excessive acetic acid
molecules broke protein inter/intrachain ionic complexation and hydrogen bonding. Mixed with 1wt % so-
dium alginate solution, the crosslinked network of ionic complexation and new hydrogel re-formed, with
increased storage modulus (G’), loss modulus (G”), and viscosity, demonstrating the contribution of ionic
complexation to ADS underwater cohesion, as shown in Figures 3B-3D. In the frequency sweep profiles of
ADS hydrogel, both G’ and G” dropped significantly with an increase of water swelling ratio because of a
decrease in physical crosslink density, as shown in Figure 3E. The self-adhesion behavior of ADS granular
hydrogel was also characterized as shown by the oscillation frequency sweeping results of the ADS granular
hydrogel before cutting and after recovery (Figure 3F). The self-adhered hydrogel exhibited similar dy-
namic behavior with 20-30% loss in both G’ and G"'. The alternate strain cycling test (0.1% or 100%) was
conducted for ADS hydrogels, as shown in Figure 3G. During the whole period, G’ was always higher
than G”, without any sign of solid-liquid transition under high strain shearing condition, as typical self-heal-
able materials. So the recovery of the cut patches was considered as self-adhesion at the macroscopic level.
It also suggests that granular assembled ADS hydrogel kept good stability without physical-network disas-
sembly or reconstruction under a highly dynamic environment, which is necessary for soft tissue adhesives
applied to biological tissues where dynamic movements happen.

To evaluate the underwater cohesion of ADS bulk hydrogel, the dissipated cohesion energy of hydrogels
with different swelling ratios was measured according to Equation 4 (Figures 3H and 3l).

Ac Ac
AU = / Uéoadingdg - / Uun/oadingdg (Equation 4)
1 1

There is good linearity between dissipated energy and the solid content in ADS hydrogels (Figure 3J), sug-
gesting the underwater cohesion is proportional to hydrogel solid content (inversely proportional to swelling
ratio). Thus, the higher the swelling ratio of the assembled ADS hydrogel the weaker its underwater cohesion,
and the hydrophobicity could prevent ADS hydrogel from dissembling in water. Based on the linear fitting and
the swelling behavior, the minimum dissipated energy of fully swollen ADS hydrogel in water is calculated as
~8 kJ/m?®, which is comparable to the work density of muscle tissue (Ma et al., 2020; Mirfakhrai et al., 2007),
suggesting its robustness for tissue adhesion applications in wet environment. With the same swelling ratio,
the ADS hydrogel in 8M urea showed much less cohesion energy because of the weakened intermolecular
hydrogen bonding network by urea molecules (Figure 3K). Therefore, it could be concluded that the exquisite
hydrophobicity/hydrophilicity, hydrogen bonding, and ionic complexation of ADS proteins contribute to the
self-assembly and adhesion performance of ADS granular gels, and the dry ADS powder could remove the
surface water barrier to contact substrate closely and build strong adhesion by water absorption.

Instantly assembled ADS granular hydrogel on porcine skin tissue could afford dynamic stretching and
twisting and a normal force of 500 g without any failure in the perpendicular direction of the substrate
(Figures 4A, 4B and Video S6). ADS particulates self-assembled to form a hydrogel patch that tightly
adheredto liver tissue in the presence of blood (Figure 4C and Video S7). To evaluate the adhesion capacity
of ADS hydrogel, its lap shear adhesion on two flexible substrates, porcine skin tissues and PDMS, was
measured (Figure S14). ADS hydrogel showed the highest lap shear adhesion of 80.8kPa +8.8 kPa on
porcine skin surface, compared with two commercial tissue adhesives, cyanoacrylate and fibrin glue
(Figures 4D-4G). Although the adhesion was much less on the hydrophobic PDMS surface because of little
ionic complexation and hydrogen bonding, ADS hydrogel still showed the best performance among all
tested groups. The ADS hydrogel also showed the highest normal adhesion performed on stainless steel
plates compared to fibrin and cyanoacrylate glues (Figure S15). Considering the ionic interaction from the
negative charges of tissue surfaces is a factor in ADS adhesion, a carboxylic acid decorated PDMS surface
(PDMS-COOH) was prepared for validation (Scheme S1). ADS adhesion was significantly enhanced on
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Figure 3. Physical crosslinking in ADS hydrogel

(A) Schematic illustration of ionic complexation contribution in ADS hydrogel.

(B-D) The rehological profiles of 5wt% ADS in 1M acetic acid solution, Twt% alginate aqueous solution, and the mixture of ADS-acetic acid/alginate solution
in oscillation frequency sweeping test, including storage modulus vs. angular frequency (B), loss modulus vs. angular frequency (C) and complex viscosity vs.
angular frequency (D).

(E) Frequency sweep rheological profiles of ADS hydrogel with different swelling ratios (100, 200, and 300%).

(F) Frequency sweep test of ADS hydrogel before cutting and after self-adhesion.

(G) The dynamic strain amplitude alternating cyclic test of ADS hydrogel at the shearing rate of 1 rad/s, the strains were shifted between 0.1% or 100% for 8
steps (4 cycles), and the period per step was 200 s.

(H)The tensile stress-strain cycle curves of ADS hydrogels with different swelling ratios.

(I) The dissipated energy of ADS hydrogels with different swelling ratios (n = 3).

(J) The linearity of dissipated energy vs. ADS solid content (n = 3).

(K) Comparison of dissipated energy between ADS hydrogels swollen with 100% water or 8M urea a.q. solution (n = 3).
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Figure 4. The adhesion performance of ADS hydrogel

A) ADS hydrogel adhered to porcine skin tissue twisted and restored.

B) ADS hydrogel formed on porcine skin tissue surface bearing a weight of 500 g.

C) ADS hydrogel in-situ formed and adhered to the porcine liver surface via self-assembly.

F and G) Lap shear adhesion stress of ADS hydrogel, cyanoacrylate adhesive, and fibrin glue on PDMS substrate (n = 3).
H and I) Lap shear adhesion of ADS hydrogel on regular PDMS or carboxylic acids decorated PDMS (PDMS-COOH) surface (n = 3).

(

(

(

(D and E) Lap shear adhesion stress of ADS hydrogel, cyanoacrylate, and fibrin glue on porcine skin tissue substrate (n = 3).

(

(

(J and K) Underwater contact adhesion of ADS assembled hydrogel on porcine skin tissue and PDMS substrate surface (n = 3).

PDMS-COOH surface, further confirming the contribution of ionic complexation (Figures 4H, 41, S16 and
S17). The underwater contact adhesion performance of ADS hydrogel was examined by underwater soak-
ing up to 72 h. The ADS hydrogel soaked in water maintained ~80% adhesion capacity on porcine skin tis-
sue after 24 h, and ~65% of its initial performance after 72h (~47kPa), exhibiting an outstanding underwater
contact adhesion capacity. On a PDMS surface, the adhesion in water dropped considerably, but still had
35% residual capacity after 72h (Figures 4J and 4K).

To further confirm the adhesion mechanism of ADS granular hydrogel, an amphiphilic model bio-
macromolecule containing both free amine groups and carboxylic acid groups, O-carboxymethyl chitosan
(CM-chitosan), was synthesized. In doing so, its hydrophobicity was further enhanced by the introduction of
methacrylate groups on CM-Chitosan (CM-Chitosan-MA), as shown in Figures 5A (Figures S18 and S19).
The lyophilized CM-chitosan-MA solid was ground to a fine powder under liquid nitrogen, which showed
an interesting self-assembly behavior in water similar to ADS granules. Mixed with equal amount of water,
CM-chitosan-MA particulates assembled in less than 1 min and afforded a weight of 500 g successfully on a
glass substrate, exhibiting significantly improved adhesion capacity (Figure 5B). By introducing the extra
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Figure 5. Synthetic model polymer methacrylated carboxymethyl chitosan (CM-chitosan-MA) granular adhesive to mimic the wet adhesion
behavior of ADS hydrogel

(A) The designed model polymer, CM-chitosan-MA, based granular hydrogel adhesive.

(B) CM-chitosan-MA particulates with 100% water self-assembled to a hydrogel patch to hold a weight of 500 g on a glass substrate.

(C and D) Underwater adhesion performance of CM-chitosan-MA particulates and CM-chitosan particulates (control group).

(E and F) Lap shear adhesion of CM-chitosan-MA and CM-chitosan hydrogels on glass substrates. Note: with water, chitosan particles could not assemble
and could not adhere to substrates (n = 3).
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Figure 6. Characterization of the procoagulant effect of ADS on the whole blood

(A) Qualitative analysis of blood clotting with or without ADS powder treatment in 96-well plates.

(B) Quantification of clotting time of whole blood in contact with ADS powder compared to control group. Data are
means + SD (n = 3). p value determined by Student'’s ttest (***p < 0.001).

(C) SEM analysis of the interaction of ADS with red blood cells (RBCs, scale bar: 50 um and 10 um respectively).

ionic complexation of calcium ions, the gel showed strong underwater adhesion behavior as well. 50-mg
CM-chitosan-MA particulates or CM-chitosan particulates (control group) were mixed with 50uL of 0.5M
CaClj solution (100% swelling) to form hydrogel patch and adhered to two glass slides, which were hanged
and soaked in water, as presented in Figure 5C. After one day, the CM-chitosan-MA hydrogel patch still
successfully held two glass slides through a cotton thread underwater, whereas the control group CM-chi-
tosan without hydrophobic MA components failed soon, as shown in Figure 5D. The lap shear adhesion
results in Figures 5E and 5F also showed the obvious improvement of adhesion performance of hydro-
phobically modified particulates, suggesting a feasible approach to improve adhesion capacity and wet
adhesion performance.

Hemostatic properties of ADS hydrogels

To evaluate the hemostatic performance of ADS hydrogels, we first investigated the in vitro procoagulant
effect of ADS on whole blood (Figure 6). As shown by plate assay (96-well), the clotting process of ADS-
treated blood was accelerated remarkably in comparison with the control (Figure 6A). Quantitative analysis
of blood clotting time showed that the mean coagulation time of the ADS group was 2.5 + 0.5 min, which is
much shorter than 7.8 £+ 0.2 min for the control group (Figure 6B). Morphological analysis of the ADS-blood
components complex by SEM (Figure 6C) confirmed that the red blood cells (RBCs) were rapidly aggre-
gated to form a 3D network structure with ADS and transformed biconcave shapes into polyhedral shapes
upon ADS interaction.

We further probe the in vivo hemostatic performance of ADS hydrogel on a liver hemorrhage model (Figures 7A,
S20 and Video S8). A severe laceration on the lobe of rat liver was created with scalpel (Figures 7A1 and A2), and
then dry ADS powder was applied to the lesion region immediately (Figure 7A3). With the hydration and instant
self-assembly of ADS powder on the bleeding liver surface, a free standing hydrogel layer was formed to cover
the wound site, which showed strong wet adhesion and cohesion and efficiently stopped the bleeding in 1 min
without applying an extra patch (Figures 7A4 andAb5) whereas in the untreated group, bleeding was nearly un-
controllable without treatment (Video S9). The hemostatic capacity of ADS hydrogel was further evalauated in
heart hemorrhage model (Figures 7B and Video S10). As shown in Figures 7B1 and 7B2, the ventriculus sinister
of the rat heart was punctured by a needle of 1 mm diameter, leading to bleeding, which was immediately
treated with ADS powder (Figure 7B3). The puncture wound was sealed robustly following ADS hydration
and assembly (Figures 7B4 and 7B5). The SEM images revealed that a sealing layer with 3D microporous network
was formed at the interface between ADS powder and wound tissues (Figures 7C and 7D). A large number of
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Figure 7. Hemostatic performance of ADS hydrogel in rat’s hepatic and cardiac hemorrhage model

(A and B) The rapid hemostasis and sealing process of ADS hydrogel for rat liver laceration (A) and heart puncture (B); (C and D) Photographic (left) and SEM
(right) images of freeze-fractured ADS-tissue interface for injured liver (C) and heart (D) tissues. The interfaces were marked with a dotted yellow line (scale
bar: Tmm (left), 100 um (right top), and 10 um (right bottom) respectively).

(E) Quantification of blood loss for lacerated liver treated with ADS hydrogel, gauze and control (untreated) (n = 3).

12 iScience 25, 105106, October 21, 2022



iScience ¢? CellPress
OPEN ACCESS

Figure 7. Continued

(F) Echocardiography measurements of normal and ADS-treated groups after 4 weeks.

(G) Histology images of ADS hydrogel and the around injured tissue stained with H&E and Masson’s trichrome after 4 weeks of treatment (scale bar: 200 um).
(H) Immunostaining images (DAPI, CD3 and CDé8 marker) of injured tissue treated with ADS hydrogel after 4 weeks (scale bar: 50 pm).

RBCs were activated, aggregated and encapsulated into the network, which demonstrated ADS as the effective
physical barrier for hemostasis. During the treatment, the blood loss was also carefully collected with a filter pa-
per to quantify the hemostatic efficiency of ADS hydrogel (Figure S18). In comparison with the untreated group,
the blood loss was significantly reduced in the ADS-treated group, and the hemostatic efficacy of ADS reached
~94%, which is superior than the gauze-treated group which showed only ~28% hemostatic efficacy (Figure 7E).
In addition to the timely hemostatic effect at an early stage, the repair capacity of the ADS hydrogel at late stage
was also probed. After 4 weeks, all animals survived without secondary hemorrhage in rat hepatic and cardiac
hemorrhage model. Evaluation of cardiac function by echocardiography measurements revealed that of ADS-
treated group did not have a marked decrease in the ejection fraction (EF) and fractional shortening (FS) values,
and maintained similar left ventricle (LV) geometry compared to the normal group (Figure 7F). Furthermore, the
host immune response of ADS hydrogel in rat models of hepatic and cardiac hemorrhage was evaluated. His-
tological analysis and immunostaining for macrophages (CDé8) and lymphocytes (CD3) showed that only slight
lymphocytes (CD3*) and macrophages (CD68") infiltration was observed after 4 weeks of ADS treatment, which
indicates no apparent local host inflammatory response for this foreign secretion (Figures 7G and 7H). The in vivo
biocompatibility, biodegradation and immunogenicity of the ADS were further evaluated by subcutaneous im-
plantation in a rat model of dorsal subcutaneous implantation (Figures 8A and 8B). Histological assessment dem-
onstrates that after 1 week of implantation, ADS hydrogel generates moderate inflammatory reaction with the
degradation of matrix network (Figure 8C, top). The infiltrated inflammatory cells are dispersed in the network
structure. At 2 weeks of implantation, ADS hydrogel degrades significantly with the resolution of inflammatory
response (Figure 8C, middle). The inflammatory cells retreat to the interacted tissue interface. At 4 weeks of im-
plantation, the inflammatory cells are nearly disappeared (Figure 8C, bottom). There was no fibrous capsule for-
mation or tissue necrosis during the whole treatment stage. The immunogenicity of ADS was also demonstrated
in the related publication (Deng et al., 2019). These results demonstrated that ADS was highly biocompatible for
wound treatment.

DISCUSSION

This study reports a natural hydrogel bioadhesive, dry amphiphilic protein granules from Andrias davidia-
nus skin secretions, which could instantly self-assemble to form integrated hydrophobic bulky hydrogel in
wet environment with strong wet adhesion and good water resistance. The interesting self-assembly and
wet adhesion behavior of the ADS dry granules were unlike that of current popular wet adhesion bio-
adhesives using catechol bonding or underwater polyelectrolyte coacervate, and therefore the mechanism
of ADS adhesive were studied and discussed.

Understanding self-assembly and wet adhesion mechanism of ADS granular adhesive

To elaborate on the self-assembly and integrated adhesion mechanism, the compositions of ADS was first
investigated, which contains ~90wt % proteins, ~éwt % polysaccharides and ~4wt % fatty acids. With pro-
teomic analysis results (Data S1), the amount of catechol and thiol reactive groups in ADS is low, and ADS
hydrogel could be completely dissolved in HFIP, suggesting there is not any covalent bonding crosslinking.
Therefore, the interesting self-assembly and integrated adhesion should be attributed to physical interac-
tions, which may include the hydrophobicity/hydrophilicity, hydrogen bonding, and ionic complexation.

The amino acid analysis and GRAVY evaluation (Figures 2B and 2C) exhibited amphiphilic performance of
ADS proteins, which was further proven by water swelling and water contact angle test. Water swelling test
showed the hydrophilicity of ADS, which could absorb up to ~375wt% of water; and water contact angle
showed its hydrophobicity with the water contact angle of 132.1 + 3.0°, suggesting its amphiphilicity.
The amphiphilicity is critical for the self-assembly and adhesion of ADS. On a wet surface, an aqueous hy-
dration layer obstructs direct contact between adhesives and substrate (Israelachvili and Wennerstrom,
1996), which will be absorbed by ADS hydration to achieve direct touch for strong wet adhesion (Yuk
et al., 2019). Because of hydration, the hydrated hydrophilic chains become flexible and interpenetrated
between adjacent granules and therefore “fused” them into an intact bulk. The SEM images (Figure 1C)
of self-assembled ADS hydrogel showed typical porous structure without morphology of any individual
ADS dry particles, suggesting the complete integration of ADS granular gels. Although the hydrophobic
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Figure 8. In vivo biocompatibility and biodegradability evaluation

(A) Schematic of ADS implantation in the rat dorsal subcutaneous pocket.

(B) Macroscopic appearance of ADS hydrogel pre-implantation and post-implantation excised at 1, 2 and 4 weeks.

(C) Histological images of ADS hydrogel implants and surrounding tissues after 1, 2 and 4 weeks after implantation (scale
bar: 50 pm).

components could provide a physical crosslinking because of hydrophobic aggregations, which provided
strong cohesion and good stability for the formed ADS hydrogel bulk in the wet environment.

The types of physical interactions were further discussed, which provided ADS hydrogels with good interfacial
adhesion and underwater cohesion. As the main composition of ADS is amphiphilic proteins, containing abun-
dant hydrogen bonding and ionic charges, multiple non-covalent interactions were taken into consideration,
including hydrophobic interaction, hydrogen bonding and ionic complexation. Water, urea solution, acetic
acid solution, and HFIP, were tested to swell or dissolve ADS hydrogels. Compared with water, the ADS gel in
urea solution was further swollen but not dissolved. Urea molecules broke hydrogen bonding in ADS gels and
leaded to further swelling (Figure 21), but there are other interactions keeping the cohesion of ADS gels. The
ADS hydrogel was completely disassembled in acetic acid solution, which broke both hydrogen bonding and
ionic complexation of ADS. The solution appeared cloudy, suggesting existence of insoluble microparticles or
micelles from the hydrophobic aggregates of ADS. ADS hydrogel was completely dissolved in HFIP, which can
dissolve both hydrophilic and hydrophobic components of ADS completely. The analysis in the amide band | re-
gion of FTIR-ATR spectra (Figure 2J) suggested over 50% of total secondary structures in dry ADS and ADS gels
are Bsheet, showing strong hydrogen bonding in ADS gels. Figure 3A shows the schematicillustration to interpret
the ionic complexation interactions in ADS hydrogel. The change of rheological profiles of ADS solution without
or with acetic acids further confirmed the presence of strong ionic complexation in ADS (Figures 3B-3D).

Therefore, it could be concluded that the exquisite hydrophobicity/hydrophilicity, hydrogen bonding, and
ionic complexation of ADS proteins contribute to the self-assembly and adhesion performance of ADS
granular gels, and the dry ADS powder could remove the surface water barrier to contact substrate closely
and build strong adhesion by water absorption.

Hemostatic mechanism of dry ADS granular adhesive

The hemostatic performance of ADS granules should be attributed to both its self-assembly driven by its
ampbhiphilicity and the compositions of proteins. When ADS powder is applied to bleeding sites, the dry
powder will absorb the fluid in the whole blood and self-assemble to form a layer of hydrophobic hydrogel
patch within 20's, which will adhere to the wound sites to block bleeding. On one hand, the dry ADS granules
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absorbed blood, which removed blood and the surface liquid layer on the wound site to build strong
bonding interactions and adhered to wound sites. On the other hand, the self-assembled bulky ADS hydro-
gel due to absorbing blood would block the wound site to stop bleeding and the hydrophobicity of ADS
hydrogel further stopped the permeation of blood as a physical barrier. So, dry ADS powder could promote
hemostasis through a physical approach. The absorption of the fluid components in the whole blood by ADS
dry powder will also lead to aggregation of plasma proteins. From the view of chemical compositions, the
major components in ADS are proteins, containing large amount of carboxylic acid groups and amine
groups. Charge-based coagulation has also been applied to achieve rapid hemostasis (Avery et al., 2016,
Gaharwaretal., 2014). The widespread charge on ADS protein can concentrate procoagulant factors around
the adhesive hydrogel to realize coagulation and hemostasis. Moreover, ADS can also interact directly with
cellular components in blood as the presence of cellular receptor proteins to promote hemostasis. The SEM
images of the complex of ADS granules (Figure 6C) and blood suggested that the red blood cells (RBCs)
were aggregated with ADS to form a 3D network structure and transformed the biconcave shape into the
polyhedral shape upon ADS interaction. Thus, the unprecedented hemostatic ability of ADS is derived
from the synergistic effect of its physical adhesion barrier and the procoagulant activity.

In conclusion, the interesting wet adhesion and water resistance of granular ADS adhesives are attributed to
its unique amphiphilic protein composition, hydrogen bonding, and ionic complexation. The in vivo study
demonstrated that dry ADS particulates could absorb water and self-assemble to form hydrogel sticking to
wet tissues rapidly, which efficiently stopped blooding of punctured wound sites on livers and hearts without
side effects. Because of the excellent adhesion capacity, rapid solidification via self-assembly, remarkable he-
mostasis performance and water-resistance, and good bio-compatibility and degradability, the ADS dry pow-
der could be a promising surgical glue and hemostatic material for wound closure and tissue repair. It could
be especially used for the emergent scenarios of severe bleeding and instant closure of wounds in wet con-
ditions. Moreover, the granular particles can form any kind of shape via self-assembly and therefore could be
used to handle wounds with irregular shapes in different positions.

Limitation of the study

In this study, the ADS granular adhesives are animal origin biomaterials from the skin secretions of adult
Andrias davidianus. The cyctotoxicity, biocompatiability, and safety of these ADS granular adhesives
should be investigated and evaluated more strictly for clinical trial and applications in the future, compared
with plant origin biomaterials. Currently, the wet adhesion and hemostasis performance on biological tis-
sue were assessed on rat hepatic and cardiac hemorrhage models only. The adhesion, hemostasis, and
wound healing performance on other imporant tissues and organs, such as damaged lungs, arteries,
and so on, are also challenges for the clinical applications of bioadhesives. Also, large animal models
such as dogs and pigs should be employed for more detailed evaluation in the future.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Andrias Davidianus secretion (ADS) In-house collected skin secretion from N/A

adult Andrias Davidianus (Sichuan China)
Porcine skin tissue Local meat store (Manitoba Canada) N/A

Anti-CD68 antibody

Abcam

Abcam Cat# ab283654; RRID:AB_2922954

Anti-CD3 antibody Abcam Abcam Cat# ab16669; RRID:AB_443425
Alexa Fluor 568-conjugated secondary Abcam Abcam Cat# ab175471, RRID:AB_2576207
antibodies
DAPI Abcam ab228549
Sprague Dawley (SD) rats, 6-week-old The Animal Experimental Center of N/A
Third Military Medical University
Chemicals, peptides, and recombinant proteins
a-Cyanoacrylate adhesives Guangzhou Baiyun Medical Adhesive N/A
Co., Ltd., Guangzhou, China
Porcine Fibrin Sealant Kit Hangzhou Puji Medicine Technology N/A
Development Co.Ltd, Hangzhou, China
SYLGARD®184 silicone elastomer kit Dow corning Company SYLGARD®184
Hexafluoroisopropanol Synquest Laboratories 2102-3-X6
Chitosan (low viscosity: < 200mPa-s) Aladdin C105801
Sodium hydroxide Sigma Aldrich S5881
Acetic acid Sigma Aldrich A6283
Alginic acid sodium salt, low viscosity Alfa Aesar B25266
Methacrylic anhydride Sigma Aldrich 276685
(3-aminopropyl) trimethoxysilane Sigma Aldrich 281778
N-Hydroxysuccinimide Sigma Aldrich 130672
N-(3-Dimethylaminopropyl)-N'- Sigma Aldrich E7750
ethylcarbodiimide hydrochloride
Hydrochloric acid Sigma Aldrich 320331
Isoflurane Shenzhen RWD Life Science Co., Ltd. , China R510-22

4% paraformaldehyde

Beyotime (Shanghai, China)

P0099-100mL

Software and algorithms

ImageJ

GraphPad Prism 8

ImageJ

GraphPad

https://imagej.nih.gov/ij/
https://www.graphpad.com/

RESOURCE AVAILABILITY
Lead contact

Further information and requests should be directed to the lead contact: Wei Hong, Malcolm Xing, and

Chuhong Zhu.

Materials availability

All data are available in the main manuscript and supplementary information. This study does not generate

new unique reagents.

iScience 25, 105106, October 21, 2022 19


https://imagej.nih.gov/ij/
https://www.graphpad.com/

¢? CellPress iScience
OPEN ACCESS

Data and code availability

All data produced in this study are included in the published article and its supplementary information.

This study does not report original code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
In vivo biocompatibility and biodegradability evaluation of ADS hydrogel
Male Sprague Dawley rats (200-250g) were anesthetized with 1-1.5% isoflurane. After the creation of skin

incisions (about 1.5 cm long) on the dorsum of the rat, the subcutaneous pockets were implanted with ADS
hydrogels and then closed by suturing. At day 7, 14, and 28, the animals were euthanized by CO; inhalation.

In vivo application of ADS hydrogel in a rat liver injury model

Male Sprague Dawley rats (200-250g) were anesthetized with 1-1.5% isoflurane. After the abdomen was
open, a severe laceration of 2-3 cm long on the lobe of rat’s liver was created with a scalpel.

In vivo application of ADS hydrogel in a rat heart injury model

Male Sprague Dawley rats (200-250g) were anesthetized with 1-1.5% isoflurane. Breathing was maintained
by a ventilator. After a left lateral thoracotomy, the ventriculus sinister of the rat heart was exposed and then
punctured by a needle of 1 mm diameter. ADS powder was applied onto the lesion site and pressed to stop
bleeding immediately. The chest incisions were closed with sutures, and rats were returned to their cages
after recovery from anesthesia.

METHOD DETAILS

Andrias davidianus secretion (ADS)

ADS powder was harvested from Chinese giant salamander skin, lyophilized and then ground to fine pow-
der, and finally stored at 4°C before use. Porcine skin tissues were from a local market and frozen at —20°C
till use. Before use, the fat tissue on porcine skin was removed with a knife, and the cleaned porcine skin was
soaked in water and stored at 4°C. Cyanoacrylate adhesives were purchased from Guangzhou Baiyun Med-
ical Adhesive Co., Ltd. Porcine fibrin sealant was purchased from Hangzhou Puji Medicine Technology
Development Co. Ltd. SYLGARD®184 silicone elastomer and the corresponding curing agent were
obtained from Dow Corning Corporation. Hexafluoroisopropanol (HFIP) was purchased from SynQuest
Laboratories. Chitosan (low viscosity: < 200mPa-s) was purchased from Aladdin. All other chemicals
used in the experiments were purchased from Sigma-Aldrich and used directly without further purification.

Lap shear adhesion test

A universal tensile tester (Instron 5965) was employed to determine the lap shear adhesion of different ad-
hesives on diverse substrates. The PDMS substrate was prepared by curing SYLGARD®184 silicone elas-
tomer at 80°C, and cut to a rectangular shape with a width of 10 mm. Porcine skin tissue was freshly
prepared by thawing the stored bulk product at room temperature for1h and then cut into the rectangular
shape with a width of 10mm. For cyanoacrylate or fibrin glue adhesive, ~50pL adhesive or mixture was cast
on one end of the rectangular substrate (in a region of 10mm x 10mm), which was then covered by another
piece of the substrate. The adhered substrate was cured for 5 min under an external weight of 500g before
the test. For ADS, a region of 10mm x 10 mm of the substrate was covered by a layer of ADS fine powder
(~25mg), and then 25ul of water was dropped onto ADS powder, which was sequentially sandwiched by
another piece of substrate. The adhered substrate was cured under the same condition described above.
The lap shear adhesion was measured on a universal tester (Instron 5965) equipped with a loading cell of
500N at a tensile rate of 5 mm/min for all samples. Underwater shear adhesion tests were conducted simi-
larly while fully soaked in water for different times before the test and were measured instantly once taken
out of water.

Cohesive energy of ADS the granular hydrogel with different swelling ratios

Cohesive energy was measured by cyclic tensile test using INSTRON 5965. The ADS hydrogel patch was
prepared by sandwiching ADS and water mixture between 2 glass slides. Typically, 150 mg ADS powder
was sandwiched with 2 glass slides to form a uniform layer, and the top glass slide was removed. Then,
150I, 300! or 450uL of water was dispensed on the ADS layer, which was covered by the top glass slide again
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for 30 s to prepare ADS hydrogel with different water content. The ADS hydrogel sample with maximum
swelling ratio was further soaked in water for 3 h to achieve maximum swelling. The formed ADS hydrogel
patch had a uniform shape to prevent the formation of any cracks. The patch was then challenged with a
cyclic tensile deformation of 150% strain for 1 cycle. The cohesive (dissipated) energy was calculated by
integrating the area of the formed cycle in the stress-strain curve.

SEM characterization

The SEM characterization of the hydrogel morphology was performed on a JEOL-5900 scanning electron
microscope. The samples with their substrates were lyophilized together, and then the sample-substrate
interface part and internal cross-section area were selected and sputter-coated with a thin layer of gold
for characterization.

FTIR identification of ADS secondary structure fractions

The secondary structure fractions of dry ADS powder or ADS granular hydrogel with different water
swelling ratio was quantified by FTIR-ATR spectra, performed on a Nicolet iS10 FTIR Spectrometer with
a scan number of 32 and resolution of 4. The protein secondary structures of ADS were quantified by
analyzing its FTIR-FTR spectrum peaks in the amide | region. The raw curve of FTIR spectrum was self-de-
convoluted to overlain single peaks, which were fitted by Gaussian fitting to obtain all single peaks and
their peak areas (all fitted peaks were in accordance with the corresponding secondary derivative trace).
Therefore, the secondary structure fractions were calculated according to the corresponding peak areas.

Rheological characterization

All rheology experiments were performed on TA Discovery Hybrid Rheometer at the temperature of 25°C.
The normal stress of adhesives was measured on steel parallel plates with 8 mm diameter geometry. After
the adhesive was sandwiched and held between two plates under a normal force of 0.5N to cure for 5 min,
the supper plate moved along the axial direction at the rate of 1 um/s. For cyanoacrylate and fibrin glue,
50uL of adhesive was applied each test, and 25mg powder with 25uL of water was applied for ADS.

The rheological measurements of 5% ADS-acetic acid solution, 1% alginate sodium solution and ADS-algi-
nate mixture were conducted on a cone and plate with a geometry of 20mm diameter and 2° cone angle.
The frequency was ramped from 0.1 rad/s to 100 rad/s with a constant strain of 0.5%.

The storage module (G') and loss module (G”) of the hydrogel and self-adhered hydrogel were determined
by frequency sweeping from 0.1 rad/s to 100 rad/s with a constant strain of 1.0% under parallel plates with
8 mm diameter. The time sweeping rheology test with alternating amplitudes was run on self-adhered ADS
hydrogel. The amplitudes of 0.1% or 100% strains were alternated at the interval of 200 s under a constant
shear rate of 1 rad/s for 8 steps.

Wet adhesion behavior of self-assembled ADS hydrogel

The dry ADS particulates (~100mg) and a cotton thread bound to a 50-gram weight were sandwiched by
two glass slides and placed in a glass petri dish. 50 mL of water was poured into the petri dish and then
sandwiched ADS particulates were soaked in water for ~20s for self-assembly. Then the sandwiched
ADS patches with glass slides were lifted out of the water surface, which could hold a weight of 50 g suc-
cessfully through the adhered cotton thread. One glass slide of the sandwich structure was carefully
removed with a razor blade, and therefore the ADS hydrogel patch was only adhered to one glass slide
and fully contacted with water. The glass slide with ADS patch was hanged on the wall of the glass beaker
and soaked in water, which still held the weight standard of 50g through the cotton thread. The ADS hydro-
gel patch was still adhered to the glass slide after 7 days.

Optical microscope characterization

The real-time observation of ADS granular self-assembly was conducted on optical microscopy (Saike Dig-
ital) equipped with a camera (Samsung) at the magnification of 40X. ADS particulates were dispersed on a
glass slide and covered by a thin coverslip, and water droplets were dropped to one side of the coverslip
and spread to contact the ADS particulates. The particle size and size distribution were measured by op-
tical microscope photograph and quantified using Image J software.
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Water contact angle measurement

An optical contact angle measurement instrument (JY-PHA, SINDIN company) was used for water contact
angle measurements and real-time video recording of water droplets contacting ADS powder. The ADS
hydrogel patches used for water contact angle measurements were prepared as described above, and
the water swelling ratio was 100%. 5 plL water droplets were used for measurement.

Water swelling ratio measurement

The ADS hydrogel patch was prepared according to the protocol described above, and ADS hydrogel
patches containing 100% water were prepared for swelling ratio measurement. The swelling ratio was eval-
uated by the weight change of ADS patches soaked in water up to 6 h. The patches were taken out of the
water to weigh at different time points, and all water on surface should be cleaned before weighing. The
water swelling ratio can be calculated as follow:

Swelling ratio = (Woverall — Wary) /Wary X 100%
where Woerail is the overall weight of ADS hydrogel at time point t, Wg,y is the weight of dry ADS powder.

Synthesis of CM-chitosan-MA

Methacrylated Carboxymethyl chitosan (CM-chitosan-MA) was prepared as a model compound to mimic the
adhesion and underwater adhesion behavior of ADS. Carboxymethylation of chitosan was prepared in accor-
dance with previously published literature (Chen and Park, 2003). Briefly, 2 g of chitosan and 2.7 g of NaOH
were dispersed in the 20 mL mixture of isopropyl alcohol and water (volume ratio 9:1). The mixture was stirred
and alkalized in an oil bath of 50°C for 1 h, and then 4 mL isopropyl alcohol solution of monochloroacetic acid
(3 g) was dropped into the mixture and heated for another 4h with stirring at 50°C. The reaction was termi-
nated by cooling down, and the product was precipitated out of 70% aqueous ethanol solution. The obtained
product was dissolved in water and dialyzed against DI water in dialysis tubing with an MWCO of 8000~
14000 Da for 2 days. Carboxymethyl chitosan (CM-chitosan) was obtained after lyophilization.

Methacrylate groups were introduced onto CM-chitosan backbone by reacting with methacrylic anhydride.
In a typical reaction, 1g CM-chitosan was dissolved in 50mL of DI water at 50°C, and then cooled down to
room temperature. 1 mL of methacrylic anhydride was dropped into the solution slowly, and the mixture
was stirred at room temperature for 20 h. After the reaction, the solution was transferred to a dialysis tubing
(MWCO = 8000-14000 Da) against DI water for 3days. Finally, CM-chitosan-MA was recovered from lyoph-
ilization and was ground to a fine powder with liquid nitrogen as a self-assembled adhesive. FTIR-ATR and
"H NMR were employed to characterize the chemical structures of CM-chitosan and CM-chitosan-MA.

Anionic functional groups grafted PDMS surface

Considering the presence of negative charges on the human tissue surface, we modified the soft PDMS
substrate surface with polyacrylic acids to obtain a soft substrate with a negatively charged surface. The
SYLGARD®184 PDMS thin sheet was prepared in advance through mixing base and catalyst at the ratio
of 10:1, removing bubbles and thermally curing at 80°C according to the instruction. The PDMS sheets
were treated with hot piranha (30% H,O,: concentrated H,SO,4 = 2:3) for 30 min to introduce more hydroxyl
groups onto the surface. After treatment, the sheets were soaked in 1M KOH solution for another 30 min,
and then repeatedly rinsed with DI water. After rinsing with DI water, hydrophilic-modified PDMS surface
was sequentially decorated with primary amines by silanization of (3-aminopropyl) trimethoxysilane
(AMPTMS). PDMS sheets were immersed in the DMF solution of AMPTMS (2mL of AMPTMS +20mL
DMF and 0.6 mL DI water) at 65°C for 15 h. After the reaction, the samples were washed with DI water
completely to remove unreacted silanes. Finally, poly (acrylic acid) (PAA, Mw: ~60000 Da, sodium salt
form, protonated by HCI) was grafted onto PDMS through amidation catalyzed with EDC/NHS. PAA so-
dium salt was protonated with 0.1M HCI a.q. solution in advance, and then PDMS sheets were soaked in
20mL PAA a.g. solution for 24 h in the presence of EDC/NHS catalyst. After the reaction, PDMS sheets
were rinsed with DI water completely and dried in air. The PAA conjugated PDMS sheets were used as
anionic charges containing PDMS substrate.

Amino acid composition analysis

The amino acid composition quantification was carried out on Hitachi Amino Acid Analyzer L-8900. ADS
sample was grounded and filtered through afilter screen of 60 mesh before the test. 300mg of ADS powder
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was weighed into a 20 mLAmpere bottle, and then 10 mL of HCI aqueous solution (6.0 mol/L) was added.
The mixture was frozen in liquid nitrogen, vacuumed to less than 7 Pa, and then sealed. The container was
placed in an oven at 110 + 1°C for hydrolyzing the proteins. After hydrolysis of 22-24h, the mixture was
cooled down and filtered. Contain amount of aliquot of solution was collected and dried by rotational
evaporation. A small amount of water was added to re-dissolve the product, and then dried again by rota-
tional evaporation. This procedure was repeated once or twice. The dry product was dissolved in 3~5mL
dilute HCI (0.02 mol/L, pH 2.2) for the test, and the concentration of amino acids in the sample solution
should be ~100 nmol/mL. The sample solution was mixed well and centrifuged, and the supernatant
was used for quantification.

According to instrument instruction, a standard working solution of amino acids was prepared at the con-
centration of 2 nmol/20uL, and sodium citric acid buffer with different pH value was used as eluent. The
hydrolyzed sample solution and mixed corresponding amino acid working standard solution were sequen-
tially injected for quantification analysis. The mass of amino acids (mg) per kg sample could be calculated
according to the following equation:
X = ml Xn
m

where, X = the mass of amino acids per kg sample (mg); m1: the amount of amino acids of corresponding
peaks on sample chromatographic spectrum (ng); m: sample weight (g); n: dilution factor.

Free carboxylic acid and amine contents in ADS

Thefree amine group content in ADS was determined by potentiometric titration and 0.68% free amine
groups were measured. The free carboxylic acid group content was confirmed by titration with dilute so-
dium hydroxide solution and 0.95% free carboxylic acids were measured.

Clotting assay

Citrated whole blood (containing 0.109 M sodium citrate) was mixed with 10% (v/v) CaCl, (0.1M) to prepare
standard blood sample for cloting assay. 50 uL per well was pipetted into sequential wells on a 96-well
plate. Then, saline solution (0.9%) was added into corresponding well at each time point to terminate
the clotting process, and all soluble blood components were removed. For experimental group, the bot-
tom surface of each well was pre-covered with a thin layer of ADS powder (4 mg). Once a uniform size of clot
was formed among sequencial wells, the assay can be finished. The time that first formed the uniform size of
clot was marked as the clotting time. Clots with ADS hydrogel were fixed overnight with glutaraldehyde,
lyophilized, and characterized with SEM (ZEISS Crossbeam 340) to investigate the interaction between
ADS and blood components.

Animal experiments

All animal experiments were carried out in accordance with the regulations of ethical approval for research
involved animals and were approved by the Ethics Committee of the Third Military Medical University.

In vivo biocompatibility and biodegradability evaluation of ADS hydrogel

Before implantation, the ADS samples were prepared, weighed, and sterilized (60-70 mg). Male Sprague
Dawley rats (200-250g) were anesthetized with 1-1.5% isoflurane. After the creation of skin incisions (about
1.5 cm long) on the dorsum of the rat, the subcutaneous pockets were implanted with ADS hydrogels and
then closed by suturing. At day 7, 14, and 28, the animals were euthanized by CO, inhalation, and the ADS
implants with the surrounding tissue were excised for further histological analysis.

In vivo application of ADS hydrogel in a rat liver injury model

Before surgery, male Sprague Dawley rats (200-250g) were anesthetized as described above. After the
abdomen was open, a severe laceration of 2-3 cm long on the lobe of rat’s liver was created with a scalpel.
Then, dry ADS powder (10-20 mg) was applied to the lesion region and immediately pressed with a glass
plate. One minute later, with the formation of a free-standing hydrogel layer on the wound site, a brief
assessment of the adhesion strength between ADS hydrogel and lesion liver proceeded with tweezers.
During the treatment, the blood loss was also carefully collected with a filter paper to quantify the hemo-
static efficiency of ADS hydrogel.
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In vivo application of ADS hydrogel in a rat heart injury model

The heart sealing capacity of ADS hydrogel was tested on rats. Anesthesia was performed as described
previously. Breathing was maintained by a ventilator. After a left lateral thoracotomy, the ventriculus
sinister of the rat heart was exposed and then punctured by a needle of 1 mm diameter. ADS powder
was applied onto the lesion site and pressed to stop bleeding immediately. The chest incisions were closed
with sutures, and rats were returned to their cages after recovery from anesthesia. Four weeks later, the car-
diac function of rats was evaluated by echocardiography measurements (Vevo 2100, VisualSonics).

Histology and immunohistology

ADS hydrogel and surrounding tissue were used for histological analysis. Samples with the surrounding tis-
sue were fixed overnight with glutaraldehyde and lyophilized for characterization of ADS-tissue interface
with SEM (ZEISS Crossbeam 340). The sections were fixed with 4% paraformaldehyde/PBS at 4°C overnight
and then processed for H&E staining. Anti-CDé8, anti-CD3 (Abcam), primary antibodies with Alexa Fluor
568-conjugated (Life Technologies) secondary antibodies were applied to immunofluorescence staining.
The sections were further stained by DAPI (Abcam). The H&E-stained sections were imaged with a Leica
microscope (DM IL LED). The immunofluorescence-stained sections were imaged with a confocal micro-
scope (LSM800, Zeiss).

Statistical analysis

Data are presented as the mean £ SD. Significance was determined using Student’s t-test. ***p < 0.001
was defined as statistically significant. All statistical analysis was performed with the GraphPad Prism
version 8 software.
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