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Abstract:  9 

The biomedical and surgical applications of hydrogels demand effective methods to 10 

adhere hydrogels to diverse substrates including living tissues. Here we present a 11 

mussel mimetic polyurethane as topological suture material for tough adhesion of 12 

hydrogels by introducing catechol moieties into polymer chains. Solution of the 13 

stitching polyurethane can be injected onto the surface of a hydrogel, followed by 14 

diffusing spontaneously into the hydrogel, then get triggered by oxidant for in situ 15 

gelation. Oxidative cross-linkage of catechol-modified polyurethane after penetration 16 

into hydrogels or living tissues could establish enough covalently entangled networks 17 

to afford desired adhesion strength. The mussel mimetic polyurethane demonstrates 18 

excellent adhesion strength of hydrogels to universal substrates including inorganics, 19 

polymers, and biomaterials, with no requirements for specific functional groups or 20 

chemical modification. The adhesion energy achieved by the topological stitching 21 

strategy can reach up to 350 J/m2. Moreover, the stitching polymer shows good 22 

biocompatibility and the potential for debonding under the catalysis of elastase. This 23 

work will possibly become a promising strategy candidate for adhesion in wet 24 

environments. 25 
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Catechol chemistry 27 

1 Introduction  28 

Hydrogels adhered to diverse materials grant the substrates hydrophilicity, lubricity 29 

and biocompatibility, thus demonstrating infinite potential in emerging fields such as 30 

drug delivery [1-4], wound closure [5-8], stretchable bioelectronics [9-15], soft robots 31 

[16-19], and marine antifouling [20]. However, establishing an effective adhesion 32 

between hydrogels and most substrates is a hard task due to the abundance of water in 33 

hydrogels. Disadvantages of typical adhesives include weak bonding strength, poor 34 

biocompatibility and inapplicability with wet soft surfaces, limiting the practical 35 

application of hydrogels [21]. For example, when the commercial cyanoacrylate glue, 36 

which processes an excellent adhesion strength, is applied to a wet and soft surface, it 37 

will rapidly form a hard plastic layer and consequently loses the adhesion ability. So 38 

far, numerous fundamental works have been carried out on integrating hydrogels with 39 

diverse hard or soft substrates [21-23]. Among them, chemical bonding is the most 40 

common method to achieve robust adhesion with hydrogels. To illustrate, the double 41 

layer hydrogel adhesive with impressive adhesion strength uses a bridging polymer 42 

with amino groups to bond with carboxyl groups on the surfaces of hydrogel and 43 

biological tissue [5]. However, the strategy of covalent bonding suffers from the 44 

limitation of requiring specific functional groups [5, 24], previous chemical 45 

modifications [25, 26], complex hierarchical designs [16], or toxic reagents [27]. 46 

Therefore, a universal strategy for tough adhesion of hydrogel remains a challenge. 47 

Topological adhesion developed in recent years is a promising strategy combining 48 

covalent bonding, interchain interaction and entanglement of polymer network [28-30]. 49 

The stitching polymers utilized in topological adhesion are long chain macromolecules 50 

containing reactive sites. In a typical process of topological adhesion, precursors of the 51 

stitching polymer diffuse into the preformed hydrogel, then get triggered to crosslink 52 

mutually and form a network in situ. The stitching network could be constructed by 53 

either hydrogen bonds [28], polyelectrolyte complexes [29], or covalent bonds [30]. 54 

The gelation of the stitching polymer can be rapid (50 J/m2 in 60 s) and the resultant 55 

adhesion can be quite strong (above 1000 J/m2) as well [31]. Since the reaction between 56 
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the stitching polymer and hydrogel is not a necessity, no specific functional groups on 57 

hydrogel or adherend are required. Thereby, theoretically an arbitrary hydrogel could 58 

be adhered to all sorts of substrates by means of topological adhesion. The 59 

advantageous strength of topological adhesion originates from the synergistic effect of 60 

interfacial adhesion, internal cohesion and efficient stress dissipation [21]. However, 61 

the topological adhesion has its own limitation. For adherends with a compact structure, 62 

the stitching polymer is difficult to penetrate or generate effective entanglements. Thus, 63 

the topological stitching strategy needs to be modified. 64 

Polyurethane is a type of unique synthetic polymer with excellent biocompatibility, 65 

flexibility and tunable structure [32, 33], and has been widely used as coatings, 66 

adhesives, and thermoplastic elastomers. The U.S. Food and Drug administration (FDA) 67 

has approved the application of polyurethane as biomaterial owing to its outstanding 68 

properties. By alternating the “soft” and “hard” segments in the polymer chain, 69 

structure, morphology, and mechanical properties of polyurethane could be easily 70 

adjusted for desired performances [34, 35]. Taking advantage of the isocyanate groups 71 

in polyurethane, functional groups such as catechol could be efficiently and 72 

quantitatively grafted onto designed sites of polymer chain [36-39]. Furthermore, its 73 

high cohesive energy is also conducive to the formation of robust topological 74 

entanglement with hydrogels and adherends via hydrogen bond, π-π stacking and other 75 

interactions.  76 

Catechol moiety plays a crucial role in the tight adhesion of some marine organism 77 

to all kinds of surfaces in wet environments [40-44]. Combining mussel adhesive 78 

moiety dopamine and bio-functional moiety L-lysine, our group successfully 79 

synthesized functional molecule lysine-dopamine (LDA) and used it as chain extender 80 

to produce mussel mimetic functional polyurethane [45]. The catechol chemistry 81 

enables the adhesion of the catechol modified polyurethane to solid adherends such as 82 

glass or steel by chemical bonding. For living tissues which are essentially hydrogels 83 

composed of proteins and peptides, the incorporation of lysine-dopamine with similar 84 

peptide structure may facilitate the penetration and reinforce the adhesion. Meanwhile, 85 

the stitching network can be facilely generated by oxidative polymerization of catechol 86 
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triggered by addition of oxidant like sodium periodate. Additionally, the peptide bond 87 

in LDA could be identified and cut off easily by corresponding protease, which 88 

demonstrates the possibility of debonding between hydrogels and adherends [46].  89 

Herein, we report a topological stitching strategy using mussel mimetic 90 

polyurethane as the stitching polymer on basis of our previous work [47]. With a 91 

combined function of chemical bonding and topological entanglement, an effective 92 

adhesion between random hydrogels and adherends was realized. The mussel mimetic 93 

polyurethane can function as a topological suture material for strong adhesion of 94 

hydrogel to universal substrates including glass, metal, polymers, and biomaterials, 95 

with satisfying adhesion ability, great biocompatibility and potential for biocatalytic 96 

debonding. This work is hoped to be a promising alternative for wet adhesion in 97 

biomedical and surgical use. 98 

2 Material and Methods  99 

2.1 Materials 100 

Dopamine hydrochloride (DA∙HCl, InnoChem), 1,6-hexamethylene diisocyanate 101 

(HDI, Aladdin ), stannous octoate (Sn(Oct)2, Adamas-Beta), triethylamine (TEA, 102 

Adamas-Beta) and anhydrous diethyl ether (Et2O, General-Reagent) were used as 103 

received without further purification. Polyethylene glycol (PEG, Mw= 2000, J&K 104 

Scientific) was dried under vacuum at 110 ℃ for 2 h before use. N,N-105 

Dimethylformamide (DMF, Sinopharm Chemical Reagent Co., Ltd.) was refluxed with 106 

calcium hydride (CaH2) for 4 h, distilled under vacuum at 60 ℃, and stored in the 107 

presence of 4 Å molecule sieves before use. LDA (Lysine-Dopamine) was synthesized 108 

in the laboratory. To prepared the polyacrylamide (PAAm) hydrogel, acrylamide (AAm, 109 

Adamas-Beta) was used as monomer, and N,N’-Methylenebisacrylamide (MBAA, 110 

Adamas-Beta) was used as crosslinker. 2-Hydroxy-4’-(2-Hydroxyethoxy)-2-111 

Methylpropiophenone (MBAA, Adamas-Beta) was used as free radical initiators for 112 

polymerization. Glass, mica, stainless steel, aluminum oxide (Al2O3), copper oxide 113 

(CuO), polypropylene (PP), expanded polystyrene (EPS), polyethylene terephthalate 114 

(PET), polyvinyl chloride (PVC), polymethylmethacrylate (PMMA), 115 

polytetrafluoroethylene (PTFE), bovine bone, porcine skin and liver were used as 116 
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representative adherends and obtained from commercial market. The surface of the 117 

adherends were cleaned with ethanol and dried before experiment. Elastase (30 118 

units/mg, Shanghai Yuanye Bio-Technology Co., Ltd) was used in the biodegradation 119 

test. Dulbecco's modified eagle medium (DMEM, Gibco) and fetal bovine serum (FBS, 120 

Corning) were used in cytotoxicity test. 121 

2.2 Preparation of glue polymer solution 122 

Synthesis of mussel-mimetic polyurethane (PU-LDA): The mussel-mimetic 123 

polyurethane (PU-LDA) was synthesized from HDI, PEG and chain extender LDA 124 

using a multistep solution polymerization in DMF according to our previous work [47]. 125 

To a solution of polyethylene glycol (PEG, Mw= 2000, 1 equiv.) in DMF were added 126 

1,6-hexamethylene diisocyanate (HDI, 2 equiv.) and 2 drops of Sn(Oct)2 (catalyst) 127 

under a dry nitrogen atmosphere at 70 ℃. After mechanical stirring for 2 h, the 128 

prepolymer was cooled to 0 ℃, and chain extender LDA (1.1 equiv.) dissolved in DMF 129 

was added. TEA was injected dropwise into the solution to neutralize the hydrochloric 130 

acid. After stirring for another 16 h, the reaction mixture was filtrated, precipitated in 131 

anhydrous diethyl ether, dialyzed and lyophilized to afford desired product PU-LDA as 132 

white powder. GPC found Mn = 18233, Mw = 24793, PDI = 1.360. 133 

Preparation of the stitching polymer PU-LDA solution: PU-LDA (1.31 g) was 134 

dissolved in 10 mL deionized water. DA∙HCl (95 mg, 0.5 mmol) was added and the 135 

final concentration of catechol was 100 mM. The pH of the glue polymer solution was 136 

tested to be 7.5 (Mettler Toledo pH meter, FE20).  137 

2.3 Measurements 138 

Nuclear magnetic resonance (NMR) spectroscopy: The NMR spectra of 139 

synthesized LDA and LDA containing polyurethane (PU-LDA) were measured with a 140 

Bruker (AVANCE III HD 500, 500 MHz) NMR spectrometer at room temperature. 141 

Dimethyl sulfoxide-d6 was used as the solvent.  142 

FT-IR spectroscopy: The FT-IR spectra of LDA and PU-LDA were measured with 143 

a Perkin-Elmer (Spectrum 1000) FT-IR spectrometer at room temperature. Powdered 144 

samples were studied (KBr pellets). 145 

UV-vis spectroscopy: The UV-vis spectra of LDA and PU-LDA were measured 146 
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with a Perkin-Elmer (Lambda 35) UV-vis spectrometer at room temperature using H2O 147 

as solvent. All measurements were performed in quartz cuvettes. The scan range was 148 

200-800 nm, and the scan rate was 960 nm/min. 149 

Quadrupole time-of-flight mass spectroscopy (QTOF-MS): The mass spectrum 150 

of LDA was measured with a Bruker (Bruker impact II) QTOF mass spectrometer. 151 

Methanol is used as the solvent and the concentration of LDA is 0.05 mg/mL. 152 

Thermogravimetry analysis (TGA): Thermal decomposition of PU-LDA was 153 

tested with a TA (Discovery TGA550) thermogravimetric analyzer under a nitrogen 154 

flow (100 mL/min) from 50 to 600 °C at a heating rate of 20 °C/min.  155 

Differential scanning calorimetry (DSC): Thermal property of PU-LDA was 156 

tested with a TA (Q2000) modulated differential scanning calorimetry. The DSC cell 157 

was purged with a stream of 50 mL/min nitrogen. The weight of the sample was 10 mg. 158 

The following the procedure was performed: the sample was first heated to 200 ℃ at a 159 

rate of 20 ℃/min, then cooled to -60 ℃ at a rate of 10 ℃/min, and finally heated to 160 

200 ℃ at a rate of 10 ℃/min. 161 

Peeling test for measuring adhesion energy: 90-degree peeling test was 162 

conducted to measure the adhesion energy of the peeling samples using a universal 163 

testing machine (Model 43 MTS Criterion) with a 500 N load cell. The peeling samples 164 

were 75 mm long, 15 mm wide, and 2 mm thick. The back side of the hydrogel was 165 

glued to an inextensible, 20-μm-thick polyester film using cyanoacrylate (Krazy glue). 166 

The free end of the backing layer was fixed to the tensile tester and peeled at a rate of 167 

0.5 mm/s. Rigid adherend was fixed horizontally, and soft adherend was glued to a 168 

piece of glass with Krazy glue prior to the test. The force was measured as a function 169 

of displacement. The adhesion energy was calculated the plateau value of the peeling 170 

force divided by the width of the hydrogel. The tests were repeated at least 3 times and 171 

the averages with standard deviations were reported. 172 

Biocatalytic debonding test: 90-degree peeling samples prepared via stitching 173 

strategy were immersed in a solution of PBS (0.01 M, pH = 7.4) containing elastase (30 174 

units/mL) for 12, 24, 36, 48 h at 25 ℃. For experiments more than 24 h, PBS was 175 

refreshed to keep the activity of the enzyme. Samples incubated in PBS without the 176 
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enzyme at 37 ℃ were set as controls. The adhesion energy of the samples was measured 177 

by 90-degree peeling test. The tests were repeated at least 3 times and the averages with 178 

standard deviations were reported. 179 

Cell viability assay: According to MTT cytotoxicity assay, in vitro 180 

cytocompatibility of PU-LDA lyophilized powder and the extracts of the PU-LDA 181 

hydrogel formed by oxidative crosslinking was evaluated utilizing HeLa cells. 182 

Typically, HeLa cells were seeded into 96-well plates at a density of 104 cells per well 183 

and cultured in Dulbecco's modified Eagle medium (DMEM) containing 10% fetal 184 

bovine serum (FBS) at 37 ℃ in a humidified atmosphere containing 5% CO2 to obtain 185 

a monolayer of cells. Hydrogel extracts were acquired by adding 1 g PU-LDA hydrogel 186 

fragments to 10 mL DMEM, soaked at 37 ℃ for 24 h, and diluted 10, 100, 1000 times 187 

with DMEM. Subsequently, culture medium was replaced by the gel extracts at 188 

different concentrations and further incubated for 24 or 72 h. The cells cultured in the 189 

pure DMEM were set as the control. The sample solution was removed after incubation 190 

and the cells were further cultured with 50 μL of MTT solution (1 mg/mL) for 4h. 191 

Finally, the culture medium was substituted with 150 μL of DMSO and the absorbance 192 

of the DMSO solution at 490 nm was tested by a microplate reader (Tecan, Infinite 193 

M1000 Pro). The relative cell viability was calculated the mean absorbance value of 194 

the sample divided by that of the control. The assay was performed 6 times for each 195 

culture and the averages with standard deviations were reported. The sample with 196 

relative cell viability more than 70% was considered to be biocompatible. The in vitro 197 

cell viability assay of PU-LDA lyophilized powder with the concentrations of 10 198 

mg/mL and 1mg/mL was conducted using similar method as shown above.  199 

3 Results and discussion  200 

3.1 Synthesis of mussel mimetic polyurethane for the topological stitching strategy 201 

The mussel mimetic polyurethane PU-LDA was synthesized from HDI, PEG and 202 

chain extender LDA in accordance to our previous work [47] (Supporting Information, 203 

Scheme S1). NMR, FTIR, and other analytical measurements were conducted to 204 

characterize LDA and PU-LDA (Fig. S1-S9). 205 

The stitching polymer PU-LDA solution consisted of two major components: 206 
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catechol containing long-chain polyurethane as framework, and dopamine as 207 

crosslinking units. As illustrated in Fig. 1a, in a representative procedure of stitching 208 

strategy, the stitching polymer solution was injected onto the surface of a hydrogel and 209 

penetrated into the hydrogel network. Then the oxidant, sodium periodate (NaIO4) 210 

solution was added to the surface of the hydrogel, followed by pressing the adherend 211 

on top and compressing at a constant strain. After mixing with NaIO4, catechol units in 212 

the stitching polymer solution started to be oxidized almost immediately, and the 213 

assembly turned orange within a few seconds. Dopamine diffused through the hydrogel 214 

network easier than the polyurethane and acted as crosslinking points inside the gel (Fig. 215 

1b). Based on literature [47], multiple mechanisms can explain oxidative crosslinking 216 

of catechol, including oxidative coupling of catechol, formation of imide by Schiff-base 217 

reaction between dopamine and quinone, coupling between dopamine and quinone by 218 

Michael-addition reaction, etc. Non-covalent intermolecular interactions such as π-π 219 

stacking and hydrogen bond between carbamate and catechol also participated in the 220 

formation of crosslinked network in the stitching polymer solution (Fig. 1c). After 221 

complete gelation, the covalent network built by oxidative crosslinking of catechol 222 

entangled with the hydrogel network, thus to realize the stitching target. 223 
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 224 

Fig. 1. Principle of the topological stitching strategy. a) Schematic of experimental procedure of the 225 

stitching strategy. b) Mechanism of the topological stitching strategy. c) Representative interactions 226 

in topological stitching and chemical bonding. 227 

3.2 Universal adhesion of diverse substrates 228 

A universal stitching strategy retains good adhesion strength for varied texture of 229 

adherends. PAAm hydrogel, consisted of covalent crosslinked networks with no 230 

reactive functional group, was utilized as the model hydrogel. A series of adherends 231 

were tested to evaluate the versatility of the stitching polymer PU-LDA solution, 232 

including glass, mica, stainless steel, aluminum oxide (Al2O3), copper oxide (CuO), 233 

polypropylene (PP), expanded polystyrene (EPS), polyethylene terephthalate (PET), 234 

polyvinyl chloride (PVC), polymethylmethacrylate (PMMA), polytetrafluoroethylene 235 

(PTFE), bovine bone, porcine skin and liver. As presented in Fig. 1c, the catechol 236 

containing stitching polymer can adhere to different surfaces via various interactions: 237 

hydrogen bond with inorganic silicate, coordination with metal ion, π-π stacking or 238 
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hydrophobic interaction with polymer containing benzene ring or long alkane chain, 239 

covalent bonding with amino group on living tissue, etc. The hydrogel and the adherend 240 

were topologically stitched together via oxidative crosslinking of the stitching polymer 241 

solution, then 90-degree peeling test was conducted to measure the adhesion energy 242 

between them. Photographs of representative adherends showed obvious cohesive 243 

peeling front and brush-hair pattern for glass, stainless steel and PMMA (Fig. 2b). 244 

Deformation of hydrogel and entanglement with the adherend surface for porcine skin 245 

were observed as well, which represented the strength of the topological stitching. For 246 

all non-biological materials except PTFE, tough adhesion was achieved with adhesion 247 

energy over 200 J/m2, which is approximately the fracture toughness of the PAAm 248 

hydrogel and tough living tissue (Fig. 2c) [48]. Adherends of top three adhesion 249 

strength were glass, CuO and PMMA, with adhesion strength of 353.1, 326.3 and 321.8 250 

J/m2, respectively. The excellence of these adherends was likely to result from the 251 

strong interaction of hydrogen bond or coordination between the stitching polymer and 252 

the adherends. For biological materials, the adhesion strength decreased slightly but 253 

still remained at a relative high level with cohesive adhesion (around 150 J/m2). Hence, 254 

the stitching strategy based on catechol chemistry was proved to be applicant for 255 

universal adhesion.  256 
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 257 

Fig. 2. Versatility of adhesion to diverse substrates using PU-LDA. a) Schematic of 90-degree 258 

peeling test. b) Experimental photographs of four representative adherends. c) Adhesion energies of 259 

PAAm hydrogel to 14 different adherends. 260 

3.3 Mechanism of the topological adhesion 261 

A thorough understanding of mechanism is essential for methodology development 262 

of topological stitching, therefore investigation of the chemistry behind the robust 263 

adhesion was conducted. PAAm hydrogel and glass were chosen as the representative 264 

hydrogel and adherend, respectively. The adhesion energy was measured by 90-degree 265 

peeling test.  266 

The stitching condition was optimized by varying the component of the stitching 267 

polymer solution and the concentration of NaIO4. Stitching solutions with different 268 

molar ratios of PU-LDA and dopamine were prepared, and the concentration of catechol 269 
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was fixed at 100 mM. As the content of dopamine increased, the adhesion strength first 270 

raised, and then dropped significantly (Fig. 3a). The maximum was 353.1 J/m2 at the 271 

molar ratio of dopamine/catechol being 50% in the stitching solution. The addition of 272 

dopamine densified the entanglement within the PAAm network, thus made for tough 273 

adhesion. However, excess dopamine declined the amount of PU-LDA which acted as 274 

the backbone of the stitching polymer, and consequently reduced the mechanical 275 

strength after gelation, therefore causing poor performance in the peeling. Subsequently, 276 

the ratio of dopamine/catechol was fixed at 50%, and the influence of ratios of 277 

NaIO4/catechol were further investigated. As the concentration of NaIO4 increased, 278 

more crosslinking points were formed via the oxidation of catechol (Fig. 3b). When 279 

molar amount of NaIO4 was less than catechol, the adhesion strength increased with the 280 

addition of NaIO4. Yet, with too much addition of NaIO4, the bidentate hydroxyl on 281 

catechol was oxidized to o-quinone, which lost the ability to form covalent crosslink or 282 

hydrogen bond, therefore resulting in a weak adhesion. 283 

The kinetics of the stitching process was investigated detailedly by measuring the 284 

correlation between adhesion energy and pH of the stitching polymer solution, 285 

penetration time, and adhesion time. According to literature, alkaline environment 286 

could influence the crosslinking of the catechol by accelerating the oxidation process. 287 

Stitching polymer solutions were prepared using buffer solutions of different pH values. 288 

In neutral or slightly alkaline environment, tough adhesion was achieved (over 250 J/m2) 289 

(Fig. 3c). The result showed the stitching strategy was applicable for daily or 290 

biomedical use. The adhesion strength dropped in acidic environment as acid could 291 

retard the oxidative crosslinking of catechol. On the contrast, in a strong alkaline 292 

environment, the oxidative crosslinking proceeded so fast that few catechol was able to 293 

penetrate into the gel, thus not enough entanglements were formed to afford a tough 294 

adhesion. Stitching polymers penetrated into the hydrogel immediately after being 295 

added to the surface. To evaluate the speed of the penetration process, the adhesion 296 

energy was measured as a function of the penetration time. After a short time (1 min or 297 

2 min), the adhesion strength reached over 300 J/m2 (Fig. 3d), indicating the stitching 298 

polymer penetrated at a rather fast speed. For penetration over 30 min, the differential 299 
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mobility of dopamine led to reduced catechol concentration on the adherend surface 300 

and fewer crosslinked networks, and consequently decreased adhesion strength. 301 

Adhesion time was also tested. The adhesion energy increases with the adhesion time 302 

until a plateau was reached after 12h (Fig. S10). 303 

 304 

Fig. 3. Adhesion energy as a function of several variables. In a representative procedure, 400 μL 305 

stitching polymer solution (c[catechol] = 100 mM) was added to the surface of PAAm hydrogel. 306 

After penetrating for 2 min, the stitching polymer solution was mixed evenly with 100 μL NaIO4 307 

(400 mM) as oxidant. The glass was pressed on the top and the assembly was compressed at a 308 

constant strain of ~5 % for 12 h. Each variable was investigated with others fixed. a) Adhesion 309 

energy as a function of molar percentage of dopamine/catechol. b) Adhesion energy as a function 310 

of molar ratio of NaIO4/catechol. c) Adhesion energy as a function of pH. d) Adhesion energy as a 311 

function of penetration time. 312 

3.4 Function of the topological stitching strategy  313 

The adhesion energy of topological stitching consisted of two components: the 314 

entanglement between covalent networks, and the non-covalent interactions including 315 
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hydrogen bond, etc. Since covalent bonds are normally stronger than non-covalent 316 

interactions in bond energy, the covalent entanglement was assumed as the major 317 

contributor of the adhesion strength. The function of the stitching strategy was 318 

evaluated by the comparison with non-stitching strategy. In a typical procedure of 319 

stitching strategy, the stitching polymer solution and NaIO4 were successively added to 320 

the surface of a PAAm hydrogel followed by pressing of the adherend. For non-stitching 321 

strategy, the stitching polymer solution and NaIO4 were simultaneously added to the 322 

surface of the adherend. After complete gelation, the stitching polymer became 323 

immobilized in the crosslinked network, thus losing capability of penetration. The 324 

hydrogel was pressed afterwards to avoid covalent entanglements (Fig. 4a, 4b). Four 325 

representative adherends (glass, stainless steel, PMMA and porcine skin) were tested 326 

with both strategies. The adhesion made by stitching strategy could be quite tough (over 327 

150 J/m2), contrast to the poor adhesion strength of non-stitching strategy (around 20 328 

J/m2) (Fig. 4c). The comparison of the results confirmed our hypothesis and validated 329 

the formation of covalent entanglement by oxidative crosslinking of catechol. The 330 

outcome was also consistent with our previous work, in which mixing polyurethane 331 

without catechol moieties and NaIO4 led to no gelation [47]. 332 

 333 

Fig. 4. Effect of the topological stitching strategy on the adhesion energy. a) Schematic of 334 

experimental procedure of the non-stitching strategy. b) Comparison of the different topologies of 335 
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connection. c) Adhesion energy of four representative adherends by both strategies. 336 

3.5 Performance of biocatalytic debonding and biocompatibility 337 

Biocatalytic debonding and cytocompatibility of the stitching polymer are crucial 338 

to biomedical applicability. Owing to the peptide bond in the chain extender LDA 339 

granted the stitching polymer biodegradability, elastase was employed to evaluate the 340 

biocatalytic debonding of the stitching polymer. The peeling samples were first 341 

prepared via stitching strategy, then immersed in a solution of phosphate buffer saline 342 

(PBS) containing elastase for 12, 24, 36 and 48 h. Samples incubated in PBS without 343 

enzyme were set as controls. After hours of immersion, the adhesion strength of the 344 

control remained above 150 J/m2, presenting good durability of the stitching polymer 345 

in aqueous environment (Fig. 5a). Compared to the control, the adhesion strength of 346 

sample immersed in elastase solution dropped about 25% at 48 h, indicating fine 347 

biocatalytic debonding of the stitching polymer.  348 

In vitro cytocompatibility of the stitching polymer prepared by bio-sourced lysine 349 

and dopamine, and nontoxic polyurethane was evaluated via MTT assay. Lyophilized 350 

powder of PU-LDA and extracts of PU-LDA hydrogel formed by oxidative crosslinking 351 

were tested. Both materials showed satisfactory cytocompatibility, with the cell 352 

viability over 80% after 24 or even 72 h at different concentration gradients (Fig. 5b, 353 

Fig. S11), which illustrated the stitching polymer was capable of biomedical use.  354 

 355 

Fig. 5. a) Adhesion energy of four representative adherends as a function of degradation time. b) 356 

Cell viability of PU-LDA hydrogel extracts at three different concentration gradients after incubated 357 

for 24 or 72 h. 358 
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4 Conclusions 359 

In summary, we successfully developed a method of topological adhesion for 360 

biocompatible wet adhesion using mussel-mimetic polyurethane. The mussel-mimetic 361 

polyurethane demonstrated excellent adhesion strength of hydrogels to universal 362 

substrates including inorganics, polymers, and biomaterials, with no requirements for 363 

specific functional groups or chemical modification, paving a way for the application 364 

of hydrogel adhesive in previously inaccessible conditions. The key of the stitching 365 

strategy is to use catechol-modified suture, which could either stitch hydrogels by 366 

forming topological entanglements with the hydrogel networks, or bond to the substrate 367 

directly by catechol chemistry, Additionally, the stitching polymer demonstrated 368 

excellent biocompatibility and the potential for elastase-catalyzed interfacial debonding. 369 

The topological stitching strategy is hoped to be employed in biomedical and surgical 370 

applications such as drug delivery, wound closure, bioelectronics, etc.  371 

Appendix A. Supplementary data 372 

Supplementary materials include: synthesis steps of lysine-dopamine (LDA); scheme 373 

of synthetic procedure of LDA (Sc. S1); preparation of LDA containing polyurethane 374 

(PU-LDA) hydrogel and polyacrylamide (PAAm) hydrogel; rheology analysis of PU-375 

LDA hydrogel; experimental procedure of stitching strategy and non-stitching strategy; 376 

1H- and 13C-NMR spectra of LDA and PU-LDA (Fig. S1-S4); FT-IR spectra of LDA 377 

and PU-LDA (Fig. S5); UV-vis spectra of LDA and PU-LDA (Fig. S6); TGA and DSC 378 

curves of PU-LDA (Fig. S7, S8); dynamic frequency sweep and strain sweep of the PU-379 

LDA hydrogel (Fig. S9); adhesion energy as a function of penetration time (Fig. S10); 380 

cell viability of PU-LDA lyophilized powder (Fig. S11). 381 
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