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a b s t r a c t 

Tough hydrogel adhesives that consist of a robust gel network and can strongly adhere to wet tissues 

have shown great promise as the next generation of bioadhesives. While a variety of chemistries can be 

utilized to construct the tough gel network, the covalent conjugation methods for tissue adhesion are still 

limited. Here we report, for the first time, the use of side product-free amine-thiolactone chemistry which 

initiates a double crosslinking adhesion mechanism to develop tough gel adhesives. Thiolactone groups 

can conjugate with tissue-surface amines via a ring-opening reaction. The resultant thiol end groups can 

be further crosslinked into disulfide linkages, enabling the formation of a robust and stable adhesion 

layer. The thiolactone-bearing tough hydrogel composed of methacrylate-modified gelatin, acrylic acid, 

and thiolacone acrylamide exhibited good biocompatibility and mechanical properties, and strong adhe- 

sion to various types of engineering solids and tissues. We also demonstrated its ability to function as a 

tissue sealant and drug depot. The novel adhesion mechanism will diversify future design of bioadhesives 

for hemostasis, drug delivery, tissue repair, and other applications. 

Statement of significance 

Tough hydrogel adhesives with excellent tissue-adhesive and mechanical properties have demonstrated 

tremendous promise for hemostasis, tissue repair, and drug delivery applications. However, the covalent 

chemistry for tissue adhesion has been limited, which narrows the choice of materials for the design of 

bioadhesives and may pose a safety concern. Here, for the first time, we report the use of side product- 

free amine-thiolactone chemistry, which involves a double crosslinking adhesion mechanism, for develop- 

ing tough hydrogel adhesives. We demonstrate that thiolactone-bearing tough hydrogels exhibit favorable 

biocompatibility and mechanical properties, and superior adhesion to both engineering solids and tis- 

sues. Our new adhesion technology will greatly facilitate future development of advanced bioadhesives 

for numerous biomedical applications. 

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Bioadhesives that can strongly adhere to wet tissues have 

hown tremendous promise for hemostasis, tissue repair, drug de- 

ivery, and other applications [1–4] . The design of bioadhesives was 

nitially inspired by nature where living organisms (barnacle, slug, 
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ecko, abalone, worms, etc.) secrete molecules and biopolymers 

nto the residing surface to form an adhesion layer [5–10] . The ad- 

esion layer was often viscous and capable of improving the reten- 

ion of the body on the residing surface, but suffered from low ad- 

esion energy and poor mechanical strength. The need of tougher 

nd stronger adhesives motivated more in-depth understanding 

f adhesion mechanisms, which later shed light on the critical 

oles of both the adhesion layer and bulk gel network in gener- 

ting a strong and stable adhesion [ 3 , 6 ]. The adhesion layer estab-

https://doi.org/10.1016/j.actbio.2022.07.028
http://www.ScienceDirect.com
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Fig. 1. (a) Schematic illustration for the synthesis of thiolactone-bearing tough hydrogels via co-polymerization of GelMA, thiolactone acrylamide, and acrylic acid in the 

presence of α-ketoglutaric acid and ultraviolet light. (b) Schematic illustration for the adhesion of thiolactone-bearing tough hydrogels to wet tissues via the ring-opening 

reaction between amine and thiolactone groups and subsequent crosslinking of the resultant thiol groups. 
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ishes connection between tissues and adhesives, while the bulk 

el network provides mechanical strength and enables the dissi- 

ation of energy from the adhesion layer [ 3 , 6 , 11 ]. Various types

f covalently-crosslinked, ionically-crosslinked, and hybrid gel net- 

orks have been successfully used to construct tough hydrogels 

12–14] . For example, the combination of calcium ion-crosslinked 

lginate and covalently crosslinked alginate was able to form a 

ough hydrogel with superior mechanical strength [ 3 , 15 ]. For the 

dhesion layer, hydrogen bond, van der Waals force, and hydropho- 

ic interaction are the common types of interactions that bring 

issues and adhesives together, partially due to the large library 

f molecules and polymers that can form these interactions [16–

0] . However, these non-covalent interactions are still relatively 

eak to form a stable adhesion layer towards wet tissues, espe- 

ially tissues that function in a highly mobile and mechanically- 

emanding environment (heart, muscles, joints, etc.) [21–24] . Also, 

he strength of these non-covalent interactions vary with the type 

f molecules and materials, requiring custom-design of the adhe- 

ion layer for each bioadhesive candidate. 

Compared to non-covalent interactions, covalent linkages can 

ignificantly improve the stability of adhesion towards wet tis- 

ues and can be universally applied to different material sys- 

ems [ 3 , 6 ]. Tissue surface contains amine (-NH 2 ), carboxyl (-COOH),

nd hydroxyl (-OH) groups that are originated from proteins, sac- 

harides, metabolites, and extracellular matrix [25–28] . Among 

hem, amines have been widely explored for the conjugation of N - 

ydroxysuccinimidyl (NHS)-bearing compounds [29–32] . Recently, 

mine-NHS chemistry was also successfully used to develop tough 

ydrogel adhesives [ 3 , 6 ]. In these designs, alginate- or gelatin- 

ased tough hydrogels bearing carboxyl or NHS groups can react 

ith amines on the surface of tissues to form an adhesion layer. 

he stable covalent linkage, together with the ability of tough gel 

etwork to dissipate energy from the adhesion layer, resulted in 
200 
trong and robust adhesion [ 3 , 30 ]. However, the generation of NHS

s a side product in this reaction, albeit neglected to some extent 

or in vitro and ex vivo studies, could pose a safety concern for in 

ivo applications. Nevertheless, amine-NHS reaction remains one 

f the most commonly used chemistries for forming covalent link- 

ges with tissues to date [ 25 , 30 , 33–35 ]. These issues motivate the

evelopment of novel covalent adhesion mechanisms, especially 

hose enabling stronger adhesion and avoiding the generation of 

ide products, for diversifying the design of bioadhesives with op- 

imal adhesive properties, biocompatibility, and mechanics. 

Here we report the use of amine-thiolactone chemistry, which 

s free from any side product upon conjugation and enables a dou- 

le crosslinking mechanism, for the design of tough hydrogel ad- 

esives that can strongly adhere to wet tissues with high adhesion 

nergy and mechanical strength ( Fig. 1 ). Thiolactone-bearing tough 

ydrogels can be synthesized by copolymerizing thiolactone acry- 

amide, methacrylate-modified gelatin (GelMA), and acrylic acid 

ia free radical polymerization ( Fig. 1 a). Upon contact with tis- 

ues, gels can adsorb water at the interface and expose thiolac- 

one groups which can then conjugate with amines on the surface 

f tissues via a ring-opening reaction [36–38] , resulting in the for- 

ation of thiol end groups without generating any side product. 

he resultant thiol groups can be further crosslinked into disul- 

de linkages to strengthen the adhesion layer ( Fig. 1 b). We show 

hat thiolactone-bearing tough hydrogels exhibited high mechani- 

al strength, great biocompatibility, and robust adhesion towards 

oth engineering solids and wet tissues (porcine skin, small in- 

estines, and liver). A variety of applications including hemosta- 

is, drug delivery, and tissue repair can be envisioned with this 

ype of tough gel adhesives [39–41] . The successful use of amine- 

hiolactone chemistry to induce stable and covalent adhesion of 

aterials to tissues paves a new way for developing robust bioad- 

esives. 
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Fig. 2. Rapid reaction between thiolactone and amine groups. (a) Schematic illustration of the conjugation between amine and thiolactone groups and subsequent crosslink- 

ing of the formed thiols. Hexylamine and dopamine structures are shown. (b) HPLC profiles of the reaction mixture of hexylamine and thiolactone acrylamide at 0, 10, 30, 

60, and 180 min post mixing. The peaks corresponding to the formed thiol-bearing compound 2 and disulfide-containing compound 3 are highlighted. Detection wavelength 

was set at 254 nm. (c) HPLC profiles of the reaction mixture of dopamine and thiolactone acrylamide at 0, 10, 140, 200, and 260 min post mixing. The peaks corresponding 

to the formed thiol-bearing compound 2 and disulfide-containing compound 3 are highlighted. Detection wavelength was set at 254 nm. 
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. Methods 

.1. Materials 

D,L -Homocysteine thiolactone hydrochloride, acryloyl chloride, 

riethylamine, acrylic acid, gelatin methacrylate(gelMA), acrylic 

cid N -hydroxysuccinimide ester, α-ketoglutaric acid, gelatin, and 

examethyldiamine (HMDA) were purchased from Sigma-Aldrich 

St. Louis, MO, USA) and used without further purification. The 

ngineering solid (polycarbonate) was purchased from Mcmaster 

arr (Elmhurst, IL, USA). All porcine tissues for adhesion tests were 

urchased from Sierra for Medical Science (Whittier, CA, USA). 

oly (methyl methacrylate) films with a thickness of 50 μm were 

urchased from VWR International (Radnor, PA, USA). Calcein AM 

nd ethidium homodimer 1 were purchased from Thermofisher 

Waltham, MA, USA). Primary antibodies used in this study, includ- 

ng fluorescein isothiocyanate (FITC)-conjugated anti-CD45 (Invit- 
201 
ogen), PE-conjugated anti-CD11b (Invitrogen), PE/Cy7-conjugated 

nti-CD11c (Invitrogen), Alexa Fluor 700-conjugated anti- Ly- 

 G/Ly-6C (Invitrogen), PerCP/Cy5.5-conjugated anti-F4/80 (Invitro- 

en) were purchased from Thermo Fisher Scientific (Waltham, MA, 

SA). Fixable viability dye efluor780 was obtained from Thermo 

isher Scientific (Waltham, MA, USA). All antibodies were di- 

uted according to the manufacturer’s recommendations. Amine- 

odified Microspheres and Alexa Fluor TM 660 C2 Maleimide were 

urchased from Thermo Fisher Scientific (Waltham, MA, USA). 

mall molecule compounds were run on the Agilent 1290/6140 

ltra-high performance liquid chromatography/mass spectrometer 

r the Shimadzu high performance liquid chromatography. Pro- 

on and carbon nuclear magnetic resonance spectra were collected 

n the Varian U500 or VXR500 (500 MHz) spectrometer. Fluores- 

ent images were taken with a EVOS microscope (Thermofisher, 

altham, MA, USA). Fluorescence measurement was conducted on 

 Biotek plate reader (BioTek Instruments, Winooski, VT, USA). Me- 
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Fig. 3. Thiolactone-bearing gelatin hydrogels are mechanically tough, biocompatible, and reactive to amine-bearing surface. (a) Pictures illustrating the highly-stretchable 

thiolactone-bearing tough hydrogel (24 mm × 24 mm × 0.25 mm). (b) Elastic moduli of thiolactone- or NHS-bearing tough hydrogels. (c) Fluorescence images of 3T3-L1 

fibroblasts cultured on thiolactone- or NHS-bearing tough hydrogels for 48 h. Live and dead cells were stained with Calcein AM and Ethidium Homodimer-1, respectively. 

Scale bar: 300 μm. (d) Quantification of 3T3-L1 viability after cultured on thiolactone- or NHS-bearing tough hydrogels for 48 h. (e) Schematic illustration of validation of the 

two-step adhesion mechanism. Gels were incubated with amine-modified microbeads (green fluorescent) for 30 min, and then incubated with Alexa Fluor 660 maleimide 

for 30 min. (f) Representative fluorescence images of gels under the FITC or Cy5 channel. Also shown are (g) Microbead fluorescence intensity and (h) Alexa Fluor 660 

fluorescence intensity of gels, as measured on a plate reader. Scale bar: 300 μm for FITC channel / 750 μm for Cy5 channel All the numerical data are presented as mean ±
SD (0.01 < 

∗P ≤ 0.05; ∗∗P ≤ 0.01; ∗∗∗P ≤ 0.001). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

202 
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Fig. 4. Thiolactone-bearing tough hydrogels can rapidly and strongly adhere to amine-modified engineering solids. (a) Modification of polycarbonate (PC) substrates with 

amine groups and subsequent adhesion of thiolactone- or NHS-bearing tough hydrogels. (b) Pictures illustrating the peeling test of PC substrates adhered together by 

thiolactone-bearing tough hydrogels (24 × 24 × 0.25 mm in dimension), which showed the strong adhesion of gels to PC substrates. (c) Adhesion energy of thiolactone- or 

NHS-bearing tough hydrogels (24 × 24 × 0.25 mm). Thiolactone-bearing gels adhered to unmodified PC substrates were used as the control. (d) Shear strength of thiolactone- 

or NHS-bearing tough hydrogels (24 × 24 × 0.25 mm). (e) Tensile strength of thiolactone or NHS-bearing tough hydrogels (24 × 24 × 0.25 mm). All the numerical data are 

presented as mean ± SD (0.01 < 
∗P ≤ 0.05; ∗∗P ≤ 0.01; ∗∗∗P ≤ 0.001). (For interpretation of the references to colour in this figure legend, the reader is referred to the web 

version of this article.) 
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hanical tests were performed with Criterion C43.104E (MTS, Eden 

rairie, MN). FACS analyses were collected on Attune NxT flow cy- 

ometers and analyzed on FCS Express v6 and v7. Statistical testing 

as performed using GraphPad Prism v8. 

.2. Cell line and animals 

3T3-L1 cell line was purchased from American Type Culture 

ollection (Manassas, VA, USA). Cells were cultured in DMEM con- 

aining 10% FBS, 100 units/mL Penicillin G and 100 μg/mL strep- 

omycin at 37 °C in 5% CO 2 humidified air. Female C57BL/6 mice 

ere purchased from Jackson Laboratory (Bar Harbor, ME, USA). 

eed and water were available ad libitum. Artificial light was pro- 

ided in a 12/12 hour cycle. All procedures involving animals were 

one in compliance with National Institutes of Health and Insti- 

utional guidelines with approval from the Institutional Animal 

are and Use Committee at the University of Illinois at Urbana- 

hampaign. 

.3. Synthesis of thiolactone acrylamide 

D,L -Homocysteine thiolactone hydrochloride (10 mmol) was dis- 

olved in methylene chloride, followed by the addition of acryloyl 
203 
hloride (20 mmol). Triethylamine (25 mmol) in methylene chlo- 

ide was added dropwise into the reaction mixture on ice bath. The 

eaction mixture was stirred for 24 h. The generated triethylamine 

ydrocloride salt was removed by washing the reaction mixture 

ith deionized water for three times. The solvent was then re- 

oved under reduced pressure, and the solid crude product was 

urther purified with silica column chromatography using ethyl ac- 

tate/hexane as the eluent. 1 H NMR (400 MHz, DMSO–d 6 ) δ 8.46 

d, J = 8.2 Hz, 1H), 6.29–6.16 (m, 1H), 6.18–6.06 (m, 1H), 5.72–5.61 

m, 1H), 4.68 (dt, J = 12.5, 7.4 Hz, 1H), 3.47–3.36 (m, 2H), 2.50–

.09 (m, 2H). 13 C NMR (126 MHz, DMSO–d 6 ) δ 205.69, 164.98, 

31.13, 126.66, 58.47, 30.43, 27.05. 

.4. Thiolactone-amine chemistry validation 

Thiolactone acrylamide (1.0 molar equiv.) and amine com- 

ounds (hexylamine or dopamine hydrochloride, 1.0 molar equiv.) 

ere separately dissolved in 1 mL of acetonitrile/water (50%/50%, 

/v). 100 μL of thiolactone acrylamide solution and 100 μL of 

mine compound solution were mixed to initiate the reaction. For 

he reaction between thiolactone acrylamide and dopamine hy- 

rochloride, triethylamine (1.0 molar equiv.) was added. At selected 
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Fig. 5. Thiolactone-bearing tough hydrogels can rapidly and strongly adhere to porcine skin. (a) Pictures illustrating the adhesion of thiolactone-bearing tough hydrogels 

towards porcine skin and the peeling test. (b) Force-displacement profiles and (c) interfacial toughness of porcine skin adhered by thiolactone or NHS or control gels 

(24 × 24 × 0.25 mm), as determined via a peeling test. (d) Force-displacement profiles and (e) shear strength of porcine skin adhered by thiolactone or NHS or control gels 

(24 × 24 × 0.25 mm), as determined via a lap-shear test. (f) Force-displacement profiles and (g) tensile strength of porcine skin adhered by thiolactone or NHS or control 

gels (24 × 24 × 0.25 mm), as determined via a tensile test. (h) Comparison of the interfacial toughness, sheer strength, and tensile strength between different groups. All 

the numerical data are presented as mean ± SD (0.01 < 
∗P ≤ 0.05; ∗∗P ≤ 0.01; ∗∗∗P ≤ 0.001). (For interpretation of the references to colour in this figure legend, the reader 

is referred to the web version of this article.) 
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ime points, 5 μL of mixture solution was injected into HPLC for 

eaction monitoring. 

.5. Surface chemistry validation 

Thiolactone-bearing gels, NHS-bearing gels, and control gels 

ithout any modification were prepared. Gels were placed in PBS 

n 48-well plates. After gels were fully swollen, Amine-Modified 

icrospheres (ex/em: 505/515 nm) were added and incubated with 

els for 30 min at 37 °C. After washing, Alexa Fluor TM 660 C2 

aleimide (ex/em: 650/665 nm) in PBS was then added and incu- 

ated for another 30 min at 37 °C. After the incubation, gels were 

ashed with PBS for multiple times, and fluorescent images were 

aken with an EVOS microscope. Fluorescence intensity were fur- 

her measured on a plate reader. 

.6. Preparation of gelatin tough hydrogels 

30% (w/w) acrylic acid, 10% (w/w) gelatin, 0.3% (w/w) thiolac- 

one acrylamide or (acrylic acid N -hydroxysuccinimde ester), 0.1% 
204 
w/w) gelMA, and 0.2% (w/w) α-ketoglutaric acid were dissolved 

n deionized water. The mixture was poured into a PTFE mold and 

ured in an ultraviolet light chamber (320 nm, 40 W power) for 

0 min. For some tests, the gels were completely dried in a 60 °C 
ven. For all the experiments, gels with a thickness of 250 μm 

ere used unless otherwise mentioned. 

.7. Gel elastic modulus measurement 

Thiolactone- or NHS-bearing tough hydrogels with a dimension 

f 25 mm 
∗ 25 mm 

∗ 250 μm (W 
∗L ∗H) were prepared. After fully 

ydrated with deionized water, gels were placed on the top of a 

old with a 15 mm hole. After the gel was firmly clamped onto 

he mold, a rod with a diameter of 10 mm was used to push down

he gel for 12 mm on a mechanical testing machine (Electroforce 

200). The modulus of elasticity can be calculated by following 

quation: 

 max = 0 . 0242 
P a 2 

3 
Eh 
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Fig. 6. Thiolactone-bearing tough hydrogels can robustly adhere to various types of tissues. (a) Force-displacement profiles and (b) interfacial toughness of porcine small 

intestines adhered by thiolactone or NHS or control gels, as determined via a peeling test. (c) Force-displacement profiles and (d) shear strength of porcine small intestines 

adhered by thiolactone or NHS or control gels, as determined via a lap-shear test. (e) Force-displacement profiles and (f) tensile strength of porcine small intestines adhered 

by thiolactone or NHS or control gels, as determined via a tensile test. (g) Force-displacement profiles and (h) interfacial toughness of porcine liver adhered by thiolactone 

or NHS or control gels, as determined via a peeling test. (i) Force-displacement profiles and (j) shear strength of porcine liver adhered by thiolactone or NHS or control 

gels, as determined via a lap-shear test. (k) Representative force-displacement profiles and (l) tensile strength of porcine liver adhered by thiolactone or NHS or control 

gels, as determined via a tensile test. (m) Picture showing the adhesion of thiolactone tough gels onto the bleeding mouse heart for rapid hemostasis. All gels tested have 

a dimension of 24 mm × 24 mm × 0.25 mm. All the numerical data are presented as mean ± SD (0.01 < 
∗P ≤ 0.05; ∗∗P ≤ 0.01; ∗∗∗P ≤ 0.001). (For interpretation of the 

references to colour in this figure legend, the reader is referred to the web version of this article.) 
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ere, W max is the maximum deflection, P is the pressure applied, 

 is the diameter of the gel, h is the thickness of the gel, and E is

he elastic modulus. 

.8. Preparation of amine-modified engineering solids 

Polycarbonate substrates were immersed with the hexam- 

thylenediamine (HMDA) solution (10% (v/v) in deionized water) 

or 24 h at room temperature to functionalize the surface of poly- 

arbonate sheets with amine groups. After washed with water for 

ve times, polycarbonate sheets were covered with parafilm and 

tored at room temperature until use. 

.9. Adhesion tests with engineering solids 

Amine-functionalized polycarbonate sheets were washed with 

BS. Thiolactone- or NHS-bearing tough hydrogels were adhered 

nto the polycarbonate sheets. 1 kPa pressure was applied for 

 s to ensure the adhesion. Samples were then stored in PBS for 

4 h to reach equilibrium swelling of the adhered gel. The gels 

ere soaked but not immersed in PBS in a closed system. PBS 
205 
s added every few hours to keep the closed system humid. To 

easure the interfacial toughness of the gel, the samples were 

ested by a peeling test. l -shaped aluminum fixtures were attached 

o the polycarbonate sheets by cyanoacrylate glue to guide the 

eeling test. The specimen was pulled with a constant speed of 

0 mm/min by Electromechanical test frame (CRITERION C43.104E 

all Dual Column 10 kN Frame) with a 200 N load cell. The inter- 

acial toughness can be calculated by dividing two times the max- 

mum force measured by the width of the sample. To measure the 

hear strength, the samples were tested by the standard lab-shear 

est (ASTM D5868) using an electromechanical test frame with a 

00 N load cell. A lap-shear test was conducted with 50 mm/min 

eeling speed. Shear strength was calculated by dividing the max- 

mum force by the adhesion area. To measure tensile strength, the 

amples were tested by the standard tensile test (ASTM D897) us- 

ng an electromechanical test frame with a 200 N load cell. A ten- 

ile test was conducted with a 50 mm/min peeling speed. tensile 

trength was calculated by dividing the maximum force by the 

dhesion area. Engineering solids were attached to T-shaped alu- 

inum fixtures with cyanoacrylate glue to provide grips for the 

easurement. 
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.10. Adhesion tests with wet tissues 

Porcine tissues were stored with an excess of 0.01% 

w/v) sodium azide solution to prevent degradation. 50 μm 

oly(methylmethacrylate) films were attached by cyanoacrylate 

lue as a backing to prevent the stretching of the tissue. After 

ashing the porcine tissues with PBS, the gelatin tough gel was 

pplied onto the tissue, followed by pressing with 1 kPa pressure 

or 5 s. Samples then stored in a wet environment for 24 h to 

each swelling equilibrium. To measure the interfacial toughness 

f the gel, the samples were tested by the standard T-peel test 

ASTM D1876) using an electromechanical test frame (CRITERION 

43.104E Tall Dual Column 10 kN Frame) with a 200 N load cell. 

he T-peel test was conducted with 50 mm/min peeling speed. 

he load measured during the peel test reached a plateau as the 

eeling reached a steady state. After the force was measured by 

he T-peel test, the interfacial toughness was calculated by dividing 

wo times the plateau force by the width of the tissue sample. 

hear strength and tensile strength were measured following the 

bovementioned procedures. 

.11. In vitro biocompatibility test 

Thiolactone-bearing tough hydrogels or NHS-bearing tough hy- 

rogels modified gels were plated in 24-well plates. 3T3-L1 cells 

ere then placed on top of the gels and incubated at 37 °C for 
8 h in 5% CO 2 . Live and dead cells were stained by 5 μM Calcein

M and Ethidium Homodimer-1, respectively. Fluorescent images 

ere taken with an EVOS microscope. 

.12. In vivo biocompatibility study 

C57BL/6 mice were divided into three groups: thiolactone- 

earing gels ( n = 5), NHS-bearing gels ( n = 5), and no treatment

 n = 5). Gels were freshly prepared and subcutaneously adminis- 

ered to the flank of C57BL/6 mice on day 0. Weight of mice were

losely monitored after the implant. On day 10, gels and lymph 

odes were harvested. Harvested tissues were treated with colla- 

enase IV (0.5 mg/mL) for 45 min. After treated with collagenase 

V, tissues were disrupted using a syringe plunger to release cells. 

ells were collected, washed, and stained for flow cytometry anal- 

sis. For the evaluation of overall immune cell populations, cells 

ere stained with FITC-conjugated anti-CD45, PE-conjugated anti- 

D11b, PE/Cy7-conjugated anti-CD11c, Alexa Fluor 700-conjugated 

nti-Ly-6 G/Ly-6C, PerCP/Cy5.5-conjugated anti-F4/80. 

.13. Release of cargo from tough gels 

Cargo-encapsulating thiolactone tough gels were fabricated by 

issolving Dextran-FITC or DBCO –Cy5 in 1 mL of gelatin mixture 

30% (w/w) acrylic acid, 10% (w/w) gelatin, 0.3% (w/w) thiolac- 

one acrylamide, 0.1% (w/w) GelMA, and 0.2% (w/w) α-ketoglutaric 

cid), and cured in the ultraviolet light chamber (320 nm, 40 W 

ower) for 15 min. Gels were then placed in PBS in a 24-well plate. 

t selected time points, 100 μL aliquot of supernatants was sam- 

led for quantification of released cargo on a plate reader. 

.14. Blood clotting test 

C57BL/6 mouse was euthanized before opening up the chest. 

he heart was punctured with a 16 G needle to cause bleeding. 

he gelatin tough gel was quickly applied onto the punctured area. 

.15. Burst pressure test 

The burst pressure of the gels was measured according to the 

STM-F2392–04R, Standard Test Method for Burst Strength of Sur- 
206 
ical Sealants. As a tissue model, porcine heart was used. 4 mm 

n diameter hole was made with biopsy punch. PBS were applied 

o the surface of the tissue to keep the surface wet. To test the 

urst strength of the gel, porcine hearts were divided into four 

roups: thiolactone-bearing gels ( n = 5), NHS-bearing gels ( n = 5), 

ontrol gels ( n = 5), and Dermabond (Medical Mega, New Jersey) 

 n = 5). The gels were applied followed by gently pressing for 5 s

ith a finger. The porcine heart was then connected to a syringe 

ump filled with PBS solution. PBS were injected with the speed 

f 20 mL/min. Digital manometer was connected along the tubes 

o measure the maximum pressure applied during the pumping. 

.16. Statistical analyses 

Statistical analysis was performed using GraphPad Prism v6 and 

8. Sample variance was tested using the F test. For samples with 

qual variance, the significance between the groups was analyzed 

y a two-tailed student’s t-test. For samples with unequal vari- 

nce, a two-tailed Welch’s t -test was performed. For multiple com- 

arisons, a one-way analysis of variance (ANOVA) with post hoc 

isher’s LSD test was used. The results were deemed significant at 

.01 < 
∗P ≤ 0.05, highly significant at 0.001 < 

∗∗P ≤ 0.01, and ex- 

remely significant at ∗∗∗P ≤ 0.001. 

. Results and discussion 

Prior to the fabrication of tough hydrogels, we first synthesized 

hiolactone-modified acrylamide, N -(2-oxotetrahydrothiophen-3- 

l)acrylamide, via the conjugation between D , L - dolocysteine thi- 

lactone and acryloyl chloride. N -(2-oxotetrahydrothiophen-3- 

l)acrylamide was well characterized by 1 H NMR and 13 C NMR 

pectrometry (Fig. S1–2). To demonstrate the reaction between thi- 

lactone and amine groups, we mixed the synthesized thiolac- 

one acrylamide and hexylamine or dopamine at 1:1 molar ra- 

io in acetonitrile/water (50%/50%, v/v), and monitored the reac- 

ion at room temperature via high-performance liquid chromatog- 

aphy (HPLC) ( Fig. 2 a). At 10 min post mixing, a new peak showed

p in HPLC (labeled as compound 2), indicating the successful 

onjugation between thiolactone and amine groups ( Fig. 2 b). Al- 

owing for a longer reaction time, thiolactone acrylamide contin- 

ed to be consumed and more conjugates were formed ( Fig. 2 b). 

fter mixing the two compounds for over 60 min, another new 

eak appeared in HPLC (labeled as compound 3), as a result of 

he crosslinking between thiol groups ( Fig. 2 b). To further con- 

rm these phenomena, we mixed thiolactone acrylamide with an- 

ther amine compound, dopamine, at 1:1 molar ratio in acetoni- 

rile/water (50%/50%, v/v) ( Fig. 2 c). Within 10 min of mixing, a new

eak close to the dopamine peak which corresponds to the conju- 

ate (labeled as compound 2) was formed ( Fig. 2 c). At 140 min, 

ew compounds with less polarity were detected (labeled as com- 

ound 3), which correspond to the disulfide compounds resulted 

rom the crosslinking of thiol groups ( Fig. 2 c). It is noteworthy that 

hese reactions were performed in acetonitrile/water at room tem- 

erature, under which condition the conventional Michael addition 

eaction between thiol and alkene unlikely occurs. These experi- 

ents demonstrated the covalent conjugation between thiolactone 

nd amine groups and subsequent crosslinking of the resulting thi- 

ls. 

We next synthesized thiolactone-bearing tough hydrogels by 

olymerizing thiolactone acrylamide, GelMA, and acrylic acid in 

he presence of α-ketoglutaric acid and ultraviolet (UV) irradia- 

ion. UV irradiation of α-ketoglutaric acid is supposed to gener- 

te free radicals for subsequent co-polymerization of thiolactone 

crylamide, GelMA, and acrylic acid. After irradiated with UV light 

or 10 min, a clear and highly stretchable hydrogel was formed 

 Fig. 3 a). The formed tough gels, even at a very low thickness 
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Fig. 7. Thiolactone-bearing tough hydrogels exhibit reduced immunogenicity compared to NHS-bearing gels. (a) Timeframe of animal study. C57BL/6 mice were subcuta- 

neously implanted with gels (attached to the inner side of skin), followed by the analysis of immune cells in gels and surrounding tissues after 10 days. (b) Percentages of 

CD45 + immune cells in skin tissues surrounding gels or control skin tissues. (c) Percentages of CD45 + CD11b + CD11c + dendritic cells in tissues surrounding gels or control 
tissues. (d) Percentages of CD45 + CD11b + F4/80 + macrophages in tissues surrounding gels or control tissues. (e) Percentages of CD45 + CD11b + Gr1 + neutrophils in tissues sur- 
rounding gels or control tissues. (f) Body weight of mice over the course of a parallel animal study. All the numerical data are presented as mean ± SD (0.01 < 

∗P ≤ 0.05; 
∗∗P ≤ 0.01; ∗∗∗P ≤ 0.001). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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250 μm), can be stretched over 5-fold of initial length without 

ny sign of fracture ( Fig. 3 a). Mechanical tests of the fabricated gels

evealed a high elastic modulus ( ∼1.0 MPa) ( Fig. 3 b), which indi-

ated the high toughness of the formed gel in comparison with 

everal tens to hundreds of kPa for common gelatin-based hydro- 

els. As a control, NHS-bearing tough hydrogels were also synthe- 

ized using the same method except for the replacement of thi- 

lactone acrylamide with acrylate NHS ester. NHS-bearing hydro- 

els showed a similar elastic modulus ( ∼1 MPa) to thiolactone- 

earing tough hydrogels ( Fig. 3 b). We next studied the biocom- 

atibility of thiolactone-bearing tough hydrogels. 3T3-L1 fibrob- 

asts were seeded on the hydrogels, and monitored for cell at- 

achment, survival, and proliferation. After 48 h, 3T3-L1 fibroblasts 

dhered and spread well on the thiolactone-bearing tough hydro- 

els ( Fig. 3 c). By staining live cells with Calcein AM and dead cells

ith Ethidium Homodimer-1 after 48-h culture, 3T3-L1 cells cul- 

ured on the thiolactone-bearing tough hydrogels showed a high 

iability of 98% ( Fig. 3 c-d). Cells also spread well on the surface

f thiolactone-bearing gels, with minimal sign of toxicity ( Fig. 3 c). 

n comparison, cells cultured on NHS-bearing tough hydrogels ex- 

ibited a lower viability after 48 h, with a higher variation across 

eplicates ( Fig. 3 d). These experiments demonstrated the great bio- 

ompatibility of thiolactone-bearing tough hydrogels. 

To further confirm the ability of thiolactone-bearing hydrogels 

o adhere to amine-modified surface via a two-step mechanism. 

e first incubated thiolactone-bearing gels, NHS-bearing gels, 

r control gels with amine-modified fluorescent beads (ex/em: 
207 
05/515 nm) for 30 min, and then Alexa Fluor 660 Maleimide 

ex/em: 650/665 nm) for another 30 min ( Fig. 3 e). After washing, 

he gels were imaged under a fluorescence microscope. Compared 

o control gels, both thiolactone-bearing gels and NHS-bearing gels 

uccessfully captured amine-modified fluorescent beads ( Fig. 3 f), 

ndicating the covalent conjugation between amine and thiolac- 

one or NHS groups. Thiolactone-bearing tough gels instead of 

HS-bearing gels further successfully captured Alexa Fluor 660 

aleimide ( Fig. 3 f), demonstrating the successful generation of 

hiol groups in the first step for subsequent conjugation with the 

aleimide-bearing dye. The measurement of fluorescence intensity 

ia a plate reader also supported the successful capture of amine- 

odified fluorescent beads and then Alexa Fluor 660 Maleimide by 

hiolactone-bearing tough gels ( Fig. 3 g-h). 

We next studied the adhesive property of thiolactone- or NHS- 

earing tough gels towards amine-modified engineering solids 

uch as polycarbonate. Polycarbonate substrate was modified with 

mine groups by immersing in a solution of hexamethylenedi- 

mine (HMDA, 10% v/v in deionized water) for 24 h ( Fig. 4 a). Af-

er multiple washing steps, thiolactone- or NHS-bearing tough hy- 

rogels were applied to the surface of amine-modified or unmod- 

fied polycarbonate ( Fig. 4 a). By manually peeling the gel from 

he substrate, a much stronger adhesion was observed towards 

mine-modified polycarbonate than unmodified polycarbonate for 

hiolactone-bearing tough gels. The as-synthesized thiolactone- or 

HS-bearing tough gels could adhere to amine-modified substrates 

rom both sides, which enabled us to easily perform the peeling, 
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Fig. 8. Thiolactone-bearing tough hydrogels for sealant and drug delivery applications. (a) Experiment set-up of the burst pressure test. (b) Representative picture of 

thiolactone-bearing gels attached to the punched hole on a porcine liver. (c) Measured burst pressure of thiolactone-bearing gels, NHS gels, control gels, or dermabond 

(d) Release profiles of dextran-FITC ( ∼40,0 0 0 Da) and DBCO –Cy5 (1211.6 Da) from thiolactone-bearing tough hydrogels over time. (e) Volume change of thiolactone-bearing 

tough gels over time after immersed in PBS at 37 °C. (f) Swelling ratio of thiolactone-bearing tough gels over time after immersed in PBS at 37 °C. All the numerical data 

are presented as mean ± SD. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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ap-shear, and tensile tests for adhesion measurements (Fig. S3–

). We first performed a peeling test by placing the thiolactone- 

earing tough hydrogel between two amine-modified polycarbon- 

te substrates, applying 1 kPa pressure for 5 s to ensure the 

dhesion, and then storing the samples in PBS for 24 h to al- 

ow the gels to swell and equilibrate. It is noteworthy that a 

ood adhesion between gels and polycarbonate substances was al- 

eady formed after applying the pressure. Polycarbonate substrates 

ith gels in between were then fixed to the horizontal lever of 

he testing machine ( Fig. 4 b, Fig. S3). Thiolactone-bearing tough 

els exhibited an adhesion energy of ∼870 J/m 
2 towards amine- 

odified polycarbonate, which is significantly higher than the con- 

rol group ( ∼390 J/m 
2 ) ( Fig. 4 c), demonstrating the strong ad-

esion of thiolactone-bearing tough gels to amine-modified engi- 

eering solids. NHS-bearing tough gels also showed a high ad- 

esion energy ( ∼700 J/m 
2 ), albeit lower than thiolactone-bearing 

ough gels ( Fig. 4 c). To further validate the adhesion of thiolactone- 

earing tough gels, we also performed the lap-shear and ten- 

ile tests using the amine-modified polycarbonate substrates (Fig. 

4–5). Thiolactone-bearing tough hydrogels resulted in a shear 

trength of ∼90 kPa and a tensile strength of ∼67 kPa ( Fig. 4 d-

, Fig. S4–5), in comparison with ∼50 kPa shear strength and 

67 kPa tensile strength for NHS-bearing tough hydrogels. 

After demonstrating the ability of thiolactone-bearing tough hy- 

rogels to strongly adhere to amine-modified engineering solids, 

e next studied their adhesion towards wet tissues. Similar to 

he amine-modified engineering solids, thiolactone-bearing tough 

ydrogels could also easily adhere to porcine skin ( Fig. 5 a). Two 

ieces of porcine skin could be strongly adhered together by the 

hiolactone-bearing tough gel (24 × 24 × 0.25 mm), for the quan- 

ification of adhesion energy (or interfacial toughness) ( Fig. 5 a, Fig. 

6). Thiolactone-bearing tough gels showed an adhesion energy of 
208 
920 J/m 
2 towards porcine skin, which is significantly higher than 

hat of NHS-bearing gels ( ∼750 J/m 
2 ) ( Fig. 5 b-c). Both thiolactone-

nd NHS-bearing gels exhibited a significantly higher adhesion en- 

rgy than control gels without thiolactone or NHS groups ( Fig. 5 b- 

), demonstrating the importance of covalent linkages between gels 

nd tissues. The shear strength and tensile strength of porcine 

kin adhered by gels were also measured via lap-shear and ten- 

ile tests, respectively, with a shear strength of 137 kPa and ten- 

ile strength of 81 kPa for thiolactone-bearing tough gels ( Fig. 5 d-g, 

ig. S6). Compared to NHS-bearing gels, thiolactone-bearing tough 

ydrogels resulted in a slightly higher shear strength and a sim- 

lar tensile strength ( Fig. 5 d-g). The shear strength and tensile 

trength resulted from thiolactone-bearing tough gels were sig- 

ificantly higher than control gels without covalent linkages with 

he tissue ( Fig. 5 d-g). It is noteworthy that the adhesion energy of 

hiolactone-bearing tough hydrogels is much higher than commer- 

ial bioadhesives including Dermabond, Tissel, and Duraseal, which 

re all below 250 J/m 
2 ( Fig. 5 h) [ 3 , 6 ]. 

We also characterized the adhesion of thiolactone-bearing 

ough gels towards porcine small intestine and liver. Similar to 

orcine skin, thiolactone-bearing tough gels resulted in a higher 

dhesion energy towards small intestine compared to NHS-bearing 

els or control gels ( Fig. 6 a-b). The shear strength of thiolactone- 

earing gel adhesives was also higher than that of NHS-bearing 

el adhesives ( Fig. 6 c-d), albeit showing a similar tensile strength 

 Fig. 6 e-f). Both thiolactone- and NHS-bearing gels showed a sig- 

ificantly higher shear strength and tensile strength than control 

els ( Fig. 6 c-f). Different from skin and small intestine, the adhe- 

ion of thiolactone-bearing tough gels towards porcine liver was 

elatively weak, with an adhesion energy of 237 J/m 
2 ( Fig. 6 g-h). 

evertheless, thiolactone-bearing gels still exhibited much higher 

dhesion energy and shear strength in comparison with the control 
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els ( Fig. 6 g-l). These experiments well demonstrated the supe- 

ior adhesive property of thiolactone-bearing tough hydrogels to- 

ards different types of tissues, presumably due to the two-step 

rosslinking/adhesion mechanism. 

We next studied and compared the immunogenicity of 

hiolactone-bearing gels and NHS-bearing gels. Immunocompe- 

ent C57BL/6 mice were subcutaneously implanted with gels (at- 

ached to the inner side of skin), followed by the analysis of im- 

une cells in gels and surrounding tissues after 10 days ( Fig. 7 a).

trikingly, NHS-bearing tough gels induced the recruitment of 

 significantly higher number of CD45 + immune cells, in com- 

arison with thiolactone-bearing tough gels or untreated tissues 

 Fig. 7 b). Similarly, a much higher number of CD11b + CD11c + den- 
ritic cells ( Fig. 7 c), CD11b + F4/80 + macrophages ( Fig. 7 d), and

D11b + Gr1 + neutrophils ( Fig. 7 e) were detected in tissues sur- 

ounding NHS-bearing gels than thiolactone-bearing gels. Com- 

ared to the untreated tissues, tissues surrounding thiolactone- 

earing gels contained a higher number of CD45 + immune 

ells but showed negligible differences in the number of den- 

ritic cells, macrophages, and neutrophils ( Fig. 7 b-e). These data 

emonstrated the significantly higher immunogenicity of NHS- 

earing gels than thiolactone-bearing gels, supporting our hypoth- 

sis that thiolactone-bearing gels based on the side product-free 

hiolactone-amine chemistry could show improved biocompatibil- 

ty. 

We envision various applications of the thiolactone-bearing 

ough gel adhesive including hemostasis, drug delivery, tissue re- 

air, and mechanotherapy. As a proof-of-concept demonstration 

or sealant application, we performed a burst pressure test with 

orcine heart ( Fig. 8 a). After punching the porcine heart with a 

ole of 4 mm in diameter, thiolactone-bearing gel or NHS-bearing 

el or control gel or Dermabond was applied to the punched area 

 Fig. 8 b), followed by the measurement of burst pressure upon in- 

ection of PBS ( Fig. 8 a). Compared to the control gel or Dermabond,

oth thiolactone-bearing tough gels or NHS-bearing tough gels re- 

ulted in significantly higher burst pressure ( Fig. 8 c), demonstrat- 

ng their stronger sealant effect. As a quick test for hemostatic ap- 

lications, we also showed that thiolactone tough gels could eas- 

ly and rapidly adhere to the bleeding mouse heart for hemostasis 

Fig. S7). After demonstrating that thiolactone-bearing tough hy- 

rogels can robustly adhere to engineering solids and wet tissues, 

e next studied their potential as a depot for drug delivery. Two 

odel fluorescent compounds of different molecular weights and 

ydrophilicity, dextran-FITC ( ∼40,0 0 0 Da) and dibenzocyclooctyne 

DBCO)-Cy5 (1211.6 Da), were encapsulated into the tough hydro- 

els by mixing them with the monomers and crosslinkers prior 

o polymerization. Surprisingly, dextran-FITC with a much higher 

olecular weight than DBCO –Cy5 showed significantly faster re- 

ease from thiolactone-bearing tough hydrogels, with ∼66% of 

oaded dextran-FITC released within 90 min ( Fig. 8 d). In con- 

rast, ∼24% of encapsulated DBCO –Cy5 was released from the gels 

ithin 90 min ( Fig. 8 d). The significantly higher release rate of 

igher-molecular-weight dextran-FITC is inconsistent with the typ- 

cal phenomena observed with hydrogel-based drug delivery sys- 

ems, but could be potentially explained by the higher hydrophilic- 

ty of dextran-FITC than DBCO –Cy5, especially considering the high 

ater-adsorbing capability of the tough hydrogel. In support of 

his, thiolactone-bearing tough hydrogels showed rapid swelling 

hen cultured at 37 °C ( Fig. 8 e), with a swelling ratio of ∼7.6

ithin 30 min ( Fig. 8 f). The high amount of water diffusing into

he tough hydrogels and the exchange of water molecules be- 

ween the hydrogels and the surrounding culture medium likely 

ccounted for the rapid release of hydrophilic dextran-FITC. These 

xperiments demonstrated that thiolactone-bearing tough hydro- 

els not only can strongly adhere to various types of tissues, but 

an also function as a drug depot for local release of drugs of 
209 
ifferent molecular weights. The ability to release cargos while 

trongly adhering to tissues holds great promise for tissue repair 

nd drug delivery applications. 

. Conclusion 

To summarize, we report the use of side product-free 

hiolactone-amine chemistry, which initiates a double crosslinking 

dhesion mechanism, for the development of tough hydrogel ad- 

esives. The thiolactone-bearing tough hydrogels showed high me- 

hanical strength, good biocompatibility, and robust adhesion to 

oth engineering solids and wet tissues (porcine skin, small in- 

estine, and liver). In addition to functioning as an adhesive and 

emostatic sealant, thiolactone-bearing tough hydrogels also en- 

bled controlled release of cargos of different molecular weights. 

e envision various promising applications of thiolactone-bearing 

ough gel adhesives including hemostasis, tissue repair, mechan- 

therapy, and drug delivery. The success of thiolactone-amine 

hemistry to mediate strong adhesion to wet tissues also expands 

he currently-minimal library of available covalent chemistries for 

issue adhesion, and will greatly facilitate future development of 

ioadhesive systems. 
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