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Twodry surfaces caninstantly adhere upon contact with each other through
intermolecular forces such as hydrogen bonds, electrostatic interactions and van der
Waals interactions'2. However, such instant adhesion is challenging when wet
surfaces such as body tissues are involved, because water separates the molecules of
the two surfaces, preventing interactions**. Although tissue adhesives have potential

advantages over suturing or stapling>®, existing liquid or hydrogel tissue adhesives
suffer from several limitations: weak bonding, low biological compatibility, poor
mechanical match with tissues, and slow adhesion formation® . Here we propose an
alternative tissue adhesive in the form of a dry double-sided tape (DST) made froma
combination of abiopolymer (gelatin or chitosan) and crosslinked poly(acrylic acid)
grafted with N-hydrosuccinimide ester. The adhesion mechanism of this DST relies on
the removal of interfacial water from the tissue surface, resulting in fast temporary
crosslinking to the surface. Subsequent covalent crosslinking with amine groups on
the tissue surface further improves the adhesion stability and strength of the DST.
Invitro mouse, in vivo rat and ex vivo porcine models show that the DST can achieve
strong adhesion between diverse wet dynamic tissues and engineering solids within
five seconds. The DST may be useful as a tissue adhesive and sealant, and in adhering
wearable and implantable devices to wet tissues.

Existing tissue adhesives—which arein the form of liquids or wet hydro-
gels— mostly rely on the diffusion of their molecules (for example,
monomers, macromers or polymers) through the interfacial water
to form bonds with the polymer networks of tissues®* (Fig. 1a, b). By
contrast, animals capable of forming adhesion in wet environments
commonly possess mechanisms (for example, mussel, barnacle and
spider-web glues) toremove interfacial water from the contact surfaces
in order to form bonds™ . Inspired by these examples in nature, we
have engineered our DST to adopt a dry-crosslinking mechanism to
remove interfacial water and form adhesion on wet tissues (Fig. 1c, d
and Extended Data Fig.1).

The DST consists of two major components: first, poly(acrylic acid)
grafted with N-hydroxysuccinimide ester (PAAc-NHS ester) crosslinked
by biodegradable gelatin methacrylate; and second, biodegradable
biopolymers (for example, gelatin or chitosan). The negatively charged
carboxylicacid groupsin the PAAc-NHS ester facilitate the quick hydra-
tion and swelling of the DST to dry the wet surfaces of various tissues
under gentle pressure of around 1kPa, applied for less than 5seconds.
(See Supplementary Information for a quantitative model showing
how the DST dries interfacial water, and Supplementary Figs. 1-6.)
Simultaneously, the carboxylic acid groups in the PAAc-NHS ester
formintermolecular bonds (for example, hydrogen bonds and electro-
staticinteractions) with the tissue surfaces (Fig. 1d and Extended Data

Fig.1). To provide stable adhesion, the NHS ester groups grafted on the
PAAc also couple covalently with primary amine groups on various
tissues within a few minutes, without the need for further pressure
(Extended DataFigs. 1,2). After adhering onto tissues, the swollen DST
becomes a thin hydrogel layer with an equilibrium water content of
around 92% by volume (Extended Data Fig. 3). Because the swollen DST
integrates mechanisms for high stretchability and mechanical dissipa-
tion8, it exhibits a high fracture toughness of more than 1,000 m™
(Supplementary Figs. 7, 8), whichis crucial in achieving tough adhesion
of the swollen DST*?°,

The dry DST takes the form of a conformable thin film that can be
applied on non-planar tissue surfaces (Extended DataFig.4).It canbe
fabricated into diverse shapes such as flat sheets, perforated sheets
and adhesive-tape-like rolls (Fig.1e). The DST, inits fully swollen state,
exhibits ashear modulus of 2.5-5kPa and the ability to stretch to more
than16 times the original length, capable of mechanically matching soft
tissues? (Fig. 1f, g). Toremove potentially cytotoxic residual reagents,
wethoroughly purified the DST duringits preparation (Extended Data
Fig.5). The in vitro biocompatibility of the DST-conditioned medium
is comparable to that of the control medium, showing no observa-
ble decrease in the in vitro viability of mouse embryonic fibroblasts
(MEFs) after 24-h culture (Fig. 1h). The crosslinkers (that is, gelatin
methacrylate) for PAAc-NHS ester and the biopolymers (that is, gelatin
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Fig.1|Dry DST and dry-crosslinking mechanism for adhesion of wet tissues
anddevices. a, Existing tissue adhesives take the form of liquids or wet
hydrogels. b, Adhesion formation by these existing adhesives mostly relies on
the diffusion of monomers, macromers or polymers towards the tissues. c, Our
proposed tissue adhesive takes the form of adry DST.d, The dry-crosslinking
mechanism for the DST integrates the drying of interfacial water by hydration
and swelling of the dry DST, temporary crosslinking, and covalent crosslinking
(thelatterinvolving the formation of covalentbonds between the DST and
aminegroups ontissues). e, The DST can take on various shapes owing toits

or chitosan) in the DST are biodegradable by endogenous enzymes
(forexample, collagenase, lysozyme or N-acetyl--D-glucosaminidase
(NAGase)) at varying rates. For example, gelatin typically degrades
more quickly than chitosan under physiological conditions*. Hence,
thein vitrobiodegradationrate of the DST can be controlled over time
periods from a week (for the gelatin-based DST) to several months
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saline (DPBS) with or without collagenase. Valuesin panelsh,irepresent the
mean and the standard deviation (n=3-5).

(for the chitosan-based DST) by tuning its composition (Fig. 1i and
Supplementary Fig. 9).

Toevaluate the adhesion performance of the DST, we conduct three
different types of mechanical tests, measuring the interfacial tough-
ness by peel tests, the shear strength by lap-shear tests and the tensile
strength by tensile tests (according to the following testing standards
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Fig.2|Adhesion performance of the DST. a, Interfacial toughness and shear
and tensile strength versus pressing time for wet porcine skins adhered using
the DST with NHS ester. b, Interfacial toughness and shear and tensile strength
versus time after pressing for wet porcine skins adhered using the DST with
NHS ester. ¢, Comparison of adhesion performances of the DST and various

fortissue adhesives: ASTM F2256 for 180-degree peel tests, ASTM F2255
for lap-shear tests, and ASTM F2258 for tensile tests; Extended Data
Fig. 6 and Supplementary Fig. 10). We first choose wet porcine skin
as the model tissue for evaluation of adhesion performance, owing
to its mechanical robustness and close resemblance to human skin,
The DST can establish tough (with an interfacial toughness of more
than 710 ) m™) and strong (with a shear and tensile strength of more
than 120 kPa) adhesion between wet porcine skins upon contact and
application of gentle pressure (1kPa) for less than 5 seconds (Fig. 2a,
Supplementary Fig.11and Supplementary Video1). The tissues adhered
by the DST exhibit a relatively small decrease (of less than 10%) in the
measured interfacial toughness and strength more than 48 h after the
initial pressing (Fig. 2b). Furthermore, the DST can maintain its ability

commercially available tissue adhesives. PSA, pressure-sensitive adhesives.

d, Interfacial toughness and shear and tensile strength between various tissues
adhered by the DST. e, Interfacial toughness and shear and tensile strength
between porcine skinand various engineering solids adhered by the DST.
Values represent the mean and standard deviation (n=3-5).

toformrobust adhesion on wet tissues after being stored for more than
2 weeks (Supplementary Fig.12).

We also examine the importance of covalent crosslinking after
intermolecular crosslinking on the adhesion performance of the DST.
We test the adhesion performance of the DST without grafted NHS
ester on the PAAc, which cannot form covalent crosslinks with tissues
(Extended DataFig. 7). Although the DST without NHS ester can provide
tough (with aninterfacial toughness greater than 500) m2) and strong
(with ashear and tensile strength more than 80 kPa) adhesion upon
application between wet porcine skins (Extended Data Fig. 7a), the
adhesion performance shows substantial deterioration over time
(Extended Data Fig. 7b), owing to the unstable and temporary nature
of the intermolecular bonds in wet environments®. Hence, both the
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surface.d, e, Representative histologicalimages of the DST-TPU patch (d) and
thesutured TPU patch (e) stained with haematoxylinand eosin (H&E).

f-h, Representative histologicalimages of the chitosan-based DST (f), the

temporary crosslinks and the subsequent covalent crosslinks are
necessary for stable and robust adhesion of wet surfaces, supporting
our proposed mechanism (Fig. 1d and Extended Data Fig. 1).

We further test the adhesion performance of the DST under cyclic
loading conditions. Two porcine heart tissues adhered by the DST
maintain a high interfacial toughness of more than 650 ) m2 during
cyclicloading over 5,000 cycles with physiologically relevant strain
(30% tensile strain) (Supplementary Fig. 13). In addition, the DST can
provide similarly high interfacial toughness (of more than 640 ) m™)
andshear and tensile strength (of more than 85 kPa) on blood-covered
porcine tissues after washout with saline? (Supplementary Fig. 14).

The DST demonstrates superior adhesion performance compared
with existing tissue adhesives, including commercially available
cyanoacrylate adhesives (Histoacryl and Dermabond), albumin-based
adhesives (BioGlue), polyethylene-glycol-based adhesives (Coseal and
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gelatin-based DST (g) and the Coseal (h), stained with H&E. i, j, Representative
histologicalimages stained with H&E for assessment of the biodegradation of
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DuraSeal), fibrin glues (Tisseel), hydrophilic pressure-sensitive adhe-
sives (Tegaderm hydrocolloid), as well as nanoparticle solutions® and
ultraviolet-curable surgical glues® (Fig. 2c and Extended Data Fig. 8).
We find that these existing tissue adhesives require a relatively long
time to form adhesion (longer than 1 min; Extended Data Fig. 8) and
exhibit limited adhesion performance on wet tissues (with aninterfacial
toughness of less than than 20 ) m2 and a shear and tensile strength
of less than 45 kPa; Fig. 2¢), consistent with published performances’.
TheDST provides a higher interfacial toughness (up to1,150) m2) and
shear and tensile strength (up to 160 kPa) than existing tissue adhesives,
andformstheadhesioninless than5seconds (Fig.2c-e and Extended
DataFig. 8). Although tough hydrogel adhesives can achieve asimilarly
high interfacial toughness of more than1,000) m~on wet tissues, they
require steady pressure application for substantially longer periods of
time (5-30 min) on tissue surfaces to form the adhesion*?,



a Porcine lung lobe

Sealing by
DST-hydrogel

DST-hydrogel
—

Damaged porcine lung lobe

Damaged
lobe

Hydrogel ~

psT”

.~ Porcine

Sealing by 7 stomach

DST-hydrogel
DST-hydrogel

Damaged
stomach

y)

c .~ Drug-loaded

{ %» hydrogel i
A

‘ﬁPerforated //
\ DST . 4

*
Stretching

Beating porcine heart
Drug delivery 9 B‘ -
by DST-patch

DST-patch

Drug diffusion

porcine
heart

to fit wound =
Adhesion of drug patch on heart
Beating

porcine heart \

J DST-sensor

Backing

DST-sensor application

Strain sensing
by DST-sensor

\ AR in sensor /

-
Beating heart

~

Adhesion of sensor on heart

Fig.4|Potential applications of the DST. a, Sealing of an air-leaking lacerated
ex vivo porcine lunglobe by ahydrogel patch adhered with the DST. b, Sealing
ofafluid-leaking ex vivo porcine stomach by a hydrogel patchadhered with the
DST. ¢, DST-mediated adhesion of adrug-loaded patchon abeating ex vivo
porcine heartwith acut.d, Diffusion of amock drug (fluorescein) fromaDST-
adhered drug patchinto the ex vivo porcine hearttissue over time. e, Adhesion

The DST can be applied to various wet tissues, including skin, small
intestine, stomach, muscle, heart and liver (Fig. 2d and Supplemen-
tary Video 2), with high interfacial toughness (more than 710 Jm™ for
skin, 580 ) m~for small intestine, 450 ) m™for stomach, 570 ) m™=for
muscle, 340 m~for heart and 190 J m™for liver) and high shear and
tensile strength (more than120 kPa for skin, 80 kPa for small intestine,
70 kPa for stomach, 80 kPa for muscle, 70 kPa for heart and 20 kPa for
liver) (Fig.2d and Supplementary Fig.10a-c). The DST can also provide
adhesion between wet tissues and various engineering solids, including
hydrogel, silicon, titanium, polydimethylsiloxane (PDMS), polyimide and
polycarbonate (Fig. 2e and Supplementary Video 3). We functionalize
the surfaces of various engineering solids with primary aminesinorder
to ensure covalent coupling with the DST” (Extended Data Fig. 9), and
then evaluate the adhesion performance using wet porcine skin (Sup-
plementary Fig.10d-f). Theadhesion between the wet tissues and vari-
ous engineering solids by the DST exhibits high interfacial toughness
(higher than 1,150 ) m™for hydrogel, 800 ) mfor silicon, 680 ) m™for
titanium, 480 ) m™ for PDMS, 720 ) m% for polyimide and 410 m™ for
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polycarbonate) and high shear and tensile strength (more than 80 kPa
for hydrogel, 160 kPafor silicon, 150 kPa for titanium, 100 kPa for PDMS,
100 kPafor polyimide and 70 kPa for polycarbonate) (Fig. 2e).

In order to evaluate the ability of the DST to adhere to wet and
dynamic surfaces in vivo, we adhere a thermoplastic polyurethane
(TPU) patch? to the epicardial surface of a rat heart using the DST
(Fig.3a,band Supplementary Fig.15a). We find that a 5-mm-diameter
DST-TPU hybrid patch (using the gelatin-based DST with a dry thick-
ness of 20 pum) can be adhered to the epicardial surface of a beating
rat heart after gently pressing for 5 seconds (Fig. 3a and Supplemen-
tary Video 4). After 3 days of in vivo implantation, the DST-TPU patch
maintains adhesion to the rat heart surface (Fig. 3b) while producing
ahostresponse similar to that of reported epicardial patches (Fig. 3c,
d). Histological assessment by a blinded pathologist indicates that
the degree of inflammatory reaction induced by the DST-TPU patch
is comparable to that of asutured TPU patch (Fig. 3c-e).

We further evaluate the in vivo biocompatibility and biodegrada-
bility of the DST in a rat model of dorsal subcutaneous implantation
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(Fig.3f~hand Supplementary Fig.15b). Histological assessment dem-
onstrates that, after 2 weeks of implantation, the chitosan-based DST
(20-pmdry thickness) generates acomparable inflammatory reaction
(Fig.3f) to that produced by Coseal, a US Food and Drug Administration
(FDA)-approved, commercially available tissue adhesive (Fig. 3h). The
histology at 2 weeks for both implant types is characterized by a mild
to moderate chronicinflammatory response involving macrophages,
lymphocytes and occasional giant cellsin association with the forma-
tionof a capsule of granulation tissue comprising fibroblasts, collagen
and newblood vessels. There is no evidence of necrosis of the overlying
skeletal muscle or skin, or of an eosinophilic response suggestive of an
allergicreaction. Although the gelatin-based DST shows a higher degree
ofinflammatory response thanthe chitosan-based DST, asindicated by
adenser chronicinflammatory reaction (Fig. 3g), no major damage to
the surrounding dermal and muscular layers is observed after 2 weeks
of implantation. The more pronounced inflammatory response of
the gelatin-based DST might result from the faster biodegradation of
gelatin than of chitosan and subsequent effects on the surrounding
tissues, including a higher degree of phagocytotic responses?.

Furthermore, the histological images of the subcutaneously
implanted DST demonstrate in vivo biodegradability of the DST
(Fig. 3i-1). After two weeks of implantation, the relatively slow-degrading
chitosan-based DST maintains an intact film-like configuration
(Fig. 3i), while the relatively fast-degrading gelatin-based DST shows
signs of degradation such as reductionin thickness and afragmented
configuration (Fig. 3j). At an implantation period of 4 weeks, the chi-
tosan-based DST shows limited signs of degradation (Fig. 3k), whereas
there is substantial continued degradation of the gelatin-based DST,
asshown by increased material resorption by macrophages (Fig.31).In
addition, thereis appropriate evolution and attenuation of the inflam-
matory response generated by both the gelatin-based and the chitosan-
based DST after 4 weeks of implantation, including a decrease in the
magnitude of the chronic inflammatory infiltrate and thinning of the
surrounding fibrous capsule.

In order to demonstrate potential applications of the DST, we inves-
tigate a range of proof-of-principle applications using ex vivo porcine
models. The DST combined with a degradable tough hydrogel patch
can form an air-tight sealing of a lacerated, air-leaking lung lobe and
trachea (Fig. 4a, Extended Data Fig.10a and Supplementary Video 5).
Furthermore, it provides afluid-tight sealing of a fluid-filled perforated
stomach (with al-cm-wide hole) and adissected smallintestine (Fig. 4c,
Extended DataFig.10b and Supplementary Videos 6, 7). We further show
thatthe DST can be used to adhere devices onto dynamic and deform-
able tissues?*°, For example, we use the DST to adhere a hydrogel
patch with amock drug (fluorescein) onto a beating ex vivo porcine
heart (introducing cyclical, pressurized air inputs to mimic heart beats).
This suggests that the DST might allow the attachment of drug-delivery
devices onto dynamic wet tissues (Fig.4d and Supplementary Video 8).
The adhered DST patch maintains adhesion on the beating heart for
morethan12 hwithoutany sign of decreased adhesion and allows deliv-
eryofamockdrugintothe heart tissue (Fig. 4e). Asanother example, we
adhereastretchable strain sensor on the beating porcine heart (Fig. 4f
and Supplementary Video 9). The DST allows facile attachment of the
strain sensor on the dynamic and curved surface of the beating heart,
as well as electrical measurements of the heart movements (Fig. 4g).
Notably, the stretchable DST-sensor hybrid is prepared by printing a
conductive ink on a DST-Ecoflex hybrid substrate?® (Supplementary
Fig.16). Such DST-device hybrids could serve as a versatile platform
forwearable and implantable devices to adhere onto wet and dynamic
tissues. Although these ex vivo models show possible applications of
the DST, we note that its long-term efficacy, biocompatibility and bio-
degradability, as well asthe induced biological responses (for example,
healing) in clinically relevant settings, require further studies.

Inthis study, we have reported abiologically inspired, dry-crosslink-
ingmechanism—whichisimplementedin the formof adry DST—for the
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adhesion of wet tissues and devices. This DST offers advantages over
existing tissue adhesives and sealants, including fast adhesion forma-
tion, robust adhesion performance, flexibility, and ease of storage and
use. The DST may also provide new opportunities for bioscaffolds, drug
delivery,and wearable and implantable devices. This dry-crosslinking
mechanism for the adhesion of wet surfaces could also be applied in
the design of adhesives for wet and underwater environments.
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Methods

Materials

All chemicals were obtained from Sigma-Aldrich unless otherwise men-
tioned, and used without further purification. To prepare the DST, we
used acrylic acid, gelatin methacrylate (gelMA; type A bloom 90-100
from porcine skin with 60% substitution), acrylic acid N-hydroxysuc-
cinimide ester (AAc-NHS ester), a-ketoglutaric acid, gelatin (type A
bloom 300 from porcine skin) and chitosan (75-85% deacetylated). To
visualize the DST in photographs and microscope images, we used red
food dye (McCormick) and fluoresceinisothiocyanate (FITC)-gelatin
(Thermo Fisher Scientific). For in vitro biodegradation tests, we used
Dulbecco’s phosphate-buffered saline (DPBS, with calcium and mag-
nesium; Gibco), collagenase, lysozyme and NAGase. To prepare the
degradable tough hydrogel, we used acrylamide, gelatin, gelMA, and
Irgacure 2959. For surface functionalization of engineering solids, we
used (3-aminopropyl) triethoxysilane (APTES) and hexamethyldiamine
(HMDA). To prepare the stretchable strain sensor, we used Ecoflex
00-30 (Smooth-On), silicone curing retardant (SLO-JO, Smooth-On)
and carbon black (Alfa Aesar). All engineering solids were obtained
from McMaster Carr unless otherwise mentioned. All porcine tissues
forex vivo experiments were purchased fromaresearch-grade porcine
tissue vendor (Sierra Medical).

Preparation of thedry DST

The DST was prepared with either gelatin or chitosan. To prepare the gel-
atin-based DST, we dissolved 30% (w/w) acrylic acid, 10% (w/w) gelatin,
1% (w/w) AAc-NHS ester, 0.1% (w/w) gelMA and 0.2% (w/w) a-ketoglutaric
acidindeionized water. The mixture was then filtered with 0.4-pum ster-
ile syringe filters and poured on a glass mould with spacers. The DST
was cured in an ultraviolet light (UV) chamber (284 nm, 10 W power)
for 20 min and completely dried. The final DST was sealed in plastic
bags with desiccant (silicagel packets) and stored at -20 °Cbefore use.
The chitosan-based DST was prepared by replacing 10% (w/w) gelatin
with2% (w/w) chitosan. In experiments, we used the gelatin-based DST
with an as-prepared thickness of 210 pm unless otherwise mentioned.
To prepare the DST in various shapes, we cut a large sheet of DST into
each design using a laser cutter (Epilog). Polyethylene-coated paper
was used as a backing for the DST. To aid visualization of the DST, we
added 0.5% (w/w) of red food dye (for photographs) or 0.2% (w/w)
FITC-gelatin (for fluorescence microscopy images) into the precursor
solution before curing.

Mechanical tests

Tissue samples stored more than 10 min before mechanical tests were
covered with an excess of 0.01% (w/v) sodium azide solution (in PBS)
spray and sealed in plastic bags to prevent degradation and dehydra-
tion. Unless otherwise indicated, all tissues and engineering solids
were adhered by the DST after washing out the surfaces with PBS fol-
lowed by 5seconds of pressing (with 1kPa pressure applied by either a
mechanical testing machine or an equivalent weight). Unless otherwise
indicated, all mechanical tests on adhesion samples were performed
24 hafterinitial pressing to ensure equilibrium swelling of the adhered
DST in wet environments. The application of commercially available
tissue adhesives followed the manual provided for each product. The
gelatin-based DST was used unless otherwise noted.

To measure interfacial toughness, adhered samples with widths
of 2.5 cm were prepared and tested by the standard 180-degree peel
test (ASTM F2256) or 90-degree peel test (ASTM D2861) (for inflex-
ible substrates such as silicon) using a mechanical testing machine
(2.5kN load-cell, Zwick/Roell Z2.5). All tests were conducted with a
constant peeling speed of 50 mm min™. The measured force reached
aplateau as the peeling process entered the steady state. Interfacial
toughness was determined by dividing two times the plateau force (for
a180-degree peel test) or the plateau force (for a 90-degree peel test)

by the width of the tissue sample (Extended Data Fig. 6a). Poly(methyl
methacrylate) films (with a thickness of 50 pum; Goodfellow) were
applied using cyanoacrylate glue (Krazy Glue) as a stiff backing for
the tissues and hydrogels.

Tomeasure shear strength, adhered samples with anadhesion area of
width2.5cmandlength1cmwere prepared and tested by the standard
lap-shear test (ASTM F2255) with amechanical testing machine (2.5kN
load-cell, Zwick/Roell Z2.5) (Extended Data Fig. 6b). All tests were con-
ducted with a constant tensile speed of 50 mm min™. Shear strength
was determined by dividing the maximum force by the adhesion area.
Poly(methyl methacrylate) films were applied using cyanoacrylate glue
to act as a stiff backing for the tissues and hydrogels.

To measure tensile strength, adhered samples with adhesion areas
of width 2.5 cm and length 2.5 cm were prepared and tested by the
standard tensile test (ASTM F2258) with a mechanical testing machine
(2.5kN load-cell, Zwick/Roell Z2.5) (Extended Data Fig. 6¢). All tests
were conducted with a constant tensile speed of 50 mmmin™. Tensile
strengthwas determined by dividing the maximum force by the adhe-
sionarea. Aluminium fixtures were applied using cyanoacrylate glues
to provide grips for tensile tests.

To characterize mechanical properties of the swollen DST, the DST
was equilibrated in PBS before tests. The tensile properties and fracture
toughness of the DST were measured using pure-shear tensile tests of
thinrectangular samples (10 mminlength, 30 mminwidthand 0.5mm
inthickness) with amechanical testing machine (20 Nload-cell, Zwick/
Roell Z2.5). All tests were conducted with a constant tensile speed of
50 mm min™. The fracture toughness of the DST was calculated using
areported method based on tensile tests of unnotched and notched
samples®.

To characterize the adhesion performance of the DST under cyclic
loading, two porcine heart tissues were adhered by the DST with an
adhesionareaofwidth2.5cmandlength4 cm.Eachside oftheadhered
tissues was cyclically stretched at 30% tensile strain (with respect to
the DST length) using a mechanical testing machine (2.5 kN load-cell,
Zwick/Roell Z2.5) to provide cyclic shear loading to the adhesion inter-
face (Supplementary Fig.13). Interfacial toughness between the heart
tissues adhered by the DST was measured at different cycle numbers
by the standard 180-degree peel test (ASTM F2256). During the cyclic
tests, a 0.01% (w/v) sodium azide solution (in PBS) was sprayed onto
the heart tissues to avoid tissue degradation and dehydration.

Preparation of engineeringsolids

To prepare degradable tough hydrogels for adhesion tests of engineer-
ingsolids, we dissolved 20% (w/w) acrylamide, 10% (w/w) gelatin, 0.2%
(w/w) gelMA and 0.2% (w/w) Irgacure 2959 in deionized water. The
mixture was then filtered with 0.4-um sterile syringe filters and poured
onaglass mould with spacers. The hydrogels were curedina UV cham-
ber (284 nm, 10 W power) for 60 min. To facilitate covalent coupling
with the DST, engineering solids except hydrogel were functionalized
with primary amines (Extended Data Fig. 9). For silicon, titanium and
PDMS, the substrates were first treated with oxygen plasma for 2 min
(30 W power, Harrick Plasma) to activate the surface. Subsequently, the
plasma-treated substrates were covered with APTES solution (1% (w/w)
APTES in 50% ethanol) and incubated for 3 h at room temperature®.
The substrates were then thoroughly washed with isopropyl alcohol
and dried using a nitrogen flow. For polyimide and polycarbonate, the
substrates were immersed into the HMDA solution (10% (v/v) indeion-
ized water) for 24 hatroom temperature. The substrates were then thor-
oughly washed with deionized water and dried using a nitrogen flow™".

Invitro biocompatibility tests

We conducted in vitro biocompatibility tests using DST-conditioned
medium for cell culture®. To prepare the DST-conditioned medium for
invitro biocompatibility tests, we incubated 20 mg of the gelatin-based
DST in1 ml of Dulbecco’s modified Eagle medium (DMEM) at 37 °C
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for 24 h. Pristine DMEM was used as a control. Wild-type MEFs were
platedin 96-well plates (n=10 for DST-conditioned medium; n=10 for
DMEM). The cells were then treated with the DST-conditioned medium
andincubated at37 °Cfor24 hin5% CO,. Cell viability was determined
with alive/dead viability/cytotoxicity kit for mammalian cells (Thermo
Fisher Scientific) by adding 4 puM calcein and ethidium homodimer-1
into the culture medium. We used a confocal microscope (SP 8, Leica)
toimage live cells with excitation/emission at 495 nm/515nm, and dead
cellsat 495 nm/635 nm.

Invitro biodegradation tests

We carried out in vitro biodegradation tests of the DST using enzy-
matic degradation media as described®. To prepare in vitro enzymatic
biodegradation medium for the gelatin-based DST, we added 5 mg col-
lagenasein100 mI DPBS. To prepare in vitro enzymatic biodegradation
medium for the chitosan-based DST, we added 5 mg collagenase, 5Smg
lysozyme and 10 pl of 1 mg ml™ NAGase aqueous solution in 100 ml
DPBS. The DST was cutinto small samples (of width 10 mm and length
10 mm) and accurately weighed. Before immersion in the enzymatic
media, the samples were sterilized in 75% ethanol for 15 min and washed
three times with DPBS. Each sample was thenimmersedin15mlofthe
enzymatic medium withinglass scintillation vials and incubated at 37 °C
with shaking at 60 r.p.m. About 0.01% (w/v) sodium azide was added
into the enzymatic media to prevent growth of any microorganisms
duringthe tests. At each time interval, the DST was removed from the
incubation medium, exhaustively washed with deionized water and
lyophilized. Weight loss was determined as the percentage ratio of
the mass of the lyophilized sample at each time interval, normalized
by the dry mass of the original lyophilized sample.

Invivo adhesion, biocompatibility and biodegradability tests
Allanimal procedures were reviewed and approved by the Massachu-
setts Institute of Technology Committee on Animal Care. Details of
surgical procedures and in vivo data analysis are provided in the Sup-
plementary Information.

Preparation of the DST-strain-sensor hybrid

We prepared the DST-strain-sensor hybrid by printing a conductive ink
ontoaDST-elastomer hybrid substrate. This elastomer substrate was
first prepared by casting Ecoflex 00-30 resin mixture (part A and part
Binal/lvolumeratio) into alaser-cut acrylic mould. Subsequently, a
thinlayer of gelatin-based DST (100-pum dry thickness) was introduced
onthebottomside of the Ecoflex substrate according to the reported
protocol for hydrogel-elastomer hybrids®. The strain sensor was fab-
ricated by printing the conductive ink onto the DST-Ecoflex hybrid
substrate using a custom direct ink writing (DIW) 3D printer®. Briefly,
the conductive ink was prepared by mixing 10% (w/w) carbon black
and 1% (w/w) silicone curing retardant into Ecoflex 00-30 resin (part
A and part Bin al/1 volume ratio) using a planetary mixer (AR-100,
Thinky). The printing paths were generated through production of
G-codes that control the XYZmotions of arobotic gantry (Aerotech). We
used a pressure-based microdispenser (Ultimus V, Nordson EFD) with
a200-um-diameter nozzle (Smoothflow tapered tip, Nordson EFD) to
print the conductive ink on the substrate through a custom LabVIEW
interface (National Instruments). Deformation-induced changesin the
electrical resistance of the strain sensor were monitored with a digital
multimeter (34450A, Keysight).

HPLC characterization of the DST

We analysed the residual monomer contents of the DST using analytical
high-performance liquid chromatography (HPLC; Model 1100, Agilent).
We used 0.1% phosphoric acid as the mobile phase, extractant and
medium foran acrylic acid monomer standard solution as described**
(Extended DataFig.5). To extract the residual monomer fromthe DST,
weincubated 100 mg of the DST in 20 ml of the extractant for 24 hwith

stirring. After the extraction, the solution was filtered with a sterile
0.2-pm syringe filter and injected into the HPLC system for analysis.
The concentration of the residual acrylic acid monomer in the DST
was determined on the basis of the calibration curve obtained from
the standard solution diluted with the mobile phase to varying mono-
mer concentrations.

FTIR characterization of the DST

The chemical composition of the DST was characterized using atrans-
mission Fourier transforminfrared spectroscope (FTIR 6700, Thermo
Fisher) with a germanium-attenuated total reflectance (ATR) crystal
(55degrees). The FTIR spectrum ofthe DST was analysed as described®
(Extended DataFig. 2a).

Ex vivo tests

Allex vivo experiments were reviewed and approved by the Committee
on Animal Care at the Massachusetts Institute of Technology. To assess
sealing of damaged trachea, we made alaceration (1.5cminlength)in
aporcine trachea using a razor blade. Air was then applied through
tubing connected to the upper part of the trachea (25 mm Hg pressure)
tovisualize air leakage from the trachea submerged in a water bath. To
seal the laceration, we adhered a hydrogel patch (of width 2.5 cm and
length 5 cm) to the damaged trachea using the DST with 5 seconds of
pressing. The sealed porcine trachea was kept for 12 h at room tem-
perature with continuous inflation-deflation cycles to monitor the
DST-based sealing. We added 0.01% (w/v) sodium azide into the water
bath to avoid tissue degradation.

Toassess sealing of adamaged lung lobe, we made alaceration (3cm
long) in a porcine lung lobe with a razor blade. Air was then applied
through tubing connected to the upper part of the trachea 25 mmHg
pressure) inorder to visualize air leakage from the lung lobe submerged
inthe water bath. To seal the laceration, we adhered a hydrogel patch
(of width 2.5 cm and length 5 cm) to the damaged lung lobe using the
DST with5seconds of pressing. The sealed porcine lung lobe was kept
for12hatroom temperature with continuous inflation-deflation cycles
to monitor the DST-based sealing. We added 0.01% (w/v) sodium azide
into the water bath to avoid tissue degradation.

To assess sealing of damaged stomach, we punched a 10-mm-
wide hole in a porcine stomach. A tube with flowing water was then
connected to the upper part of the stomach to visualize fluid leakage
fromthe stomach. To seal the hole, we adhered a40-mm-wide hydro-
gel patch onto the damaged stomach using the DST with 5 seconds of
pressing. The sealed porcine stomach was kept for 12 h at room tem-
perature to monitor the DST-based sealing. We sprayed 0.01% (w/v)
sodium azide solution (in PBS) onto the porcine stomach to avoid tis-
sue degradation.

To assess sealing of an anastomosis site in a small intestine, we
dissected a porcine small intestine into two pieces. Anastomosis
of the dissected small intestine was made by approximating each
edge of the small intestine followed by wrapping of the DST (2.5cm
wide and 8 cm long) and 5 seconds of pressing around the approxi-
mated edges. To check that the DST had produced fluid-tight sealing,
we applied water to the anastomosed small intestine at 60 mm Hg
pressure using a microdispenser. We sprayed 0.01% (w/v) sodium
azide solution (in PBS) onto the porcine smallintestine to avoid tissue
degradation.

Toassess the adhesion of a drug-delivery device, weintroduced a cut
(4 cminlength) onan explanted porcine heart. The aortawas connected
to tubing, and programmed pressurized air inputs were introduced
into the heart using a microdispenser to mimic heart beats. To prepare
the drug-delivery device, we added 0.5% (w/w) fluorescein sodium
salt as amock druginto a hydrogel patch (2.5 cmin widthand 5cmin
length). The drug-loaded hydrogel patch was then stretched to fit the
cut and adhered onto the beating porcine heart with the perforated
DST. The adhered drug patch on the beating heart was kept for 12 h



atroom temperature with continuous beating to allow diffusion of
the mock drug into the heart tissue. The diffusion of the mock drug
was imaged using a fluorescence microscope (LVIOOND, Nikon). To
assesstheadhesion of astrain sensor, we adhered the DST-strain-sensor
hybrid onto the beating porcine heart after removing the backing. The
adhered strain sensor on the beating heart was kept for 12 h at room
temperature with continuous beating, and then connected with the
digital multimeter to monitor the deformation of the beating heart.
All devices were adhered onto the beating heart after washing out
the surfaces with PBS, followed by 5 seconds of pressing. To prevent
dehydration and degradation during experiments of longer than1h
in ambient conditions, we covered the heart with a wet towel soaked
with 0.01% (w/v) sodium azide solution (in PBS).

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability
Alldataareavailable in the main text or the Supplementary Information.
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Extended DataFig. 8 | Adhesion performances of the DST and various
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Ex vivo experiments on porcine organs and tissues were conducted to evaluate adhesion performance of the DST. The appropriate sample size
(n=3-5) was used for each test.
In vivo experiments on rat were conducted to investigate in vivo biocompatibility and biodegradability based on histological assessment after
implantation. The appropriate sample size (n=3) was used to evaluate biocompatibility and biodegradability of each sample.

Data exclusions  No data was excluded for ex vivo experiments.
The following rats were also excluded: Animals that did not survive the surgery, animals that showed infection or opened the sutured incision,
and animals with defective samples.

Replication Ex vivo studies for mechanical characterization of the DST were reliably reproduced. The average and standard deviation were reported for
each test.
In vivo studies for biocompatibility and biodegradability were reliably reproduced based on similar histological assessment for each case by

the blinded pathologist. Adhesion performance was compromised when sample was defective due to expired chemical.

Randomization  No formal randomization was used but surgeries were carried out on groups, which were alternated. Each group was completed over 2-3
different surgery days.

Blinding All histological assessments were conducted by the blinded pathologist without informing type or group of samples.
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Laboratory animals For ex vivo studies, porcine organs and tissues were purchased and used from Sierra Medical Inc. (Whittier, CA).
For in vivo studies, female Sprague Dawley rats, aged by weight (225-275g), were purchased from Charles River Laboratories
(Wilmington, MA).

Wild animals This study does not involve wild animals.

Field-collected samples This study does not involve field-collected samples.

Ethics oversight Both ex vivo and in vivo animal procedures were reviewed and approved by the Massachusetts Institute of Technology

Committee on Animal Care (CAC).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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