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Bioadhesives such as tissue adhesives, hemostatic agents, and
tissue sealants have potential advantages over sutures and staples
for wound closure, hemostasis, and integration of implantable
devices onto wet tissues. However, existing bioadhesives display
several limitations including slow adhesion formation, weak bond-
ing, low biocompatibility, poor mechanical match with tissues, and/or
lack of triggerable benign detachment. Here, we report a
bioadhesive that can form instant tough adhesion on various wet
dynamic tissues and can be benignly detached from the adhered
tissues on demand with a biocompatible triggering solution. The
adhesion of the bioadhesive relies on the removal of interfacial
water from the tissue surface, followed by physical and covalent
cross-linking with the tissue surface. The triggerable detachment of
the bioadhesive results from the cleavage of bioadhesive’s cross-
links with the tissue surface by the triggering solution. After it is
adhered to wet tissues, the bioadhesive becomes a tough hydrogel
with mechanical compliance and stretchability comparable with
those of soft tissues. We validate in vivo biocompatibility of the
bioadhesive and the triggering solution in a rat model and demon-
strate potential applications of the bioadhesive with triggerable
benign detachment in ex vivo porcine models.
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E ach year, multiple millions of major surgeries are performed
worldwide (1). Whereas sutures and staples are most com-
monly used in these surgeries to close wounds, achieve hemo-
stasis, and attach implantable devices on tissues, bioadhesives
including tissue adhesives, hemostatic agents, and tissue sealants
have been intensively studied as an alternative to sutures and
staples because of their potential advantages such as ease of use,
airtight or watertight sealing, and minimal tissue damage (2-8).
However, most commercially available bioadhesives suffer from
limitations including slow adhesion formation, weak bonding,
low biocompatibility, poor mechanical match with tissues, and/or
lack of triggerable benign detachment (3-5, 8, 9). To address
these challenges, several bioadhesives have been developed in
recent years including mussel-inspired adhesives (10, 11), nano-
particle solutions (12), tough hydrogel adhesives (13, 14), ultra-
violet (UV)-curable tissue adhesive glues (15, 16), and tissue
double-sided tapes (17). Despite these recent developments, to
the best of our knowledge, there exists no bioadhesive that can
both form fast tough adhesion with wet tissues and be benignly
detached from the adhered tissues on demand. In particular, the
triggerable benign detachment of bioadhesives is critical to
repositioning misplaced bioadhesives and to retrieving implanted
devices (4, 9). Whereas a few reversible adhesives have been
developed (18-22), they commonly rely on harsh triggering
conditions such as concentrated metallic ions, heat, or UV ir-
radiation for the detachment, which are not favorable for bio-
adhesives and the adjacent native tissues.

Here, we report a bioadhesive that can form instant (within
5's) and tough (interfacial toughness over 400 J m~2) adhesion
on various wet dynamic tissues and can be benignly detached
from the adhered tissues on demand. The bioadhesive consists of

www.pnas.org/cgi/doi/10.1073/pnas.2006389117

interpenetrating networks of polyvinyl alcohol (PVA) and
poly(acrylic acid) (PAA) grafted with cleavable N-hydroxysuccinimide
(NHS) ester in the dry state. The instant adhesion of the bio-
adhesive relies on the removal of interfacial water from the wet
tissue surface by the highly hygroscopic PAA network in the bio-
adhesive (Fig. 14), which simultaneously forms instant physical
cross-linking such as hydrogen bonds and electrostatic interactions
to the tissue surface (17). Subsequent covalent cross-linking of the
cleavable NHS ester in the bioadhesive with primary amine groups
on the tissue surface further improves the long-term adhesion
stability and strength (Fig. 14). The triggerable detachment of the
bioadhesive relies on the cleavage of the bioadhesive’s physical
and covalent cross-links with the tissue surface by a biocompatible
triggering solution consisting of sodium bicarbonate (SBC) and
glutathione (GSH) (Fig. 2 B and C). After it is adhered to wet
tissues, the bioadhesive becomes a tough hydrogel with the low
shear modulus (20 kPa) and high stretchability (seven times)
comparable with those of soft tissues. We validate the in vivo
biocompatibility of the bioadhesive and the triggering solution
based on dorsal subcutaneous implantation in a rat model. We
further provide ex vivo demonstrations of the potential applica-
tions of the bioadhesive with triggerable benign detachment in-
cluding repositioning of a misplaced bioadhesive to seal an air leak
in a porcine lung and on-demand retrieval of a bioadhesive device
from a beating porcine heart.

Significance

Owing to potential advantages including ease of use, airtight
or watertight sealing, and minimal tissue damage, bioadhesives
have been intensively studied and developed as an alternative
to sutures and staples to close wounds, achieve hemostasis, and
attach and immobilize implantable devices. However, existing
bioadhesives have limitations including slow adhesion for-
mation, weak bonding, low biocompatibility, poor mechan-
ical match with tissues, and/or lack of triggerable benign
detachment. In this work, we report a bioadhesive capable of
instant tough adhesion and triggerable benign detachment
that can potentially address all the above-mentioned limita-
tions. The current work not only develops a bioadhesive with
superior performances but also advances the understanding of
wet adhesion.
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Fig. 1. Design and mechanisms of the instant, tough, and triggerably detachable bioadhesive. (4) Schematic illustration of design of the bioadhesive and dry
cross-linking and triggerable detachment mechanisms. (B) Schematic illustrations for the de-cross-linking process of cleavable physical cross-links by SBC.
(C) Schematic illustrations for the de-cross-linking process of cleavable covalent cross-links by GSH.

Results and Discussion

Mechanism for Instant Tough Adhesion of Bioadhesive. In wet
physiological environments, biological tissues are commonly
covered with a thin layer of water (23, 24). Upon the application
of bioadhesives, it becomes interfacial water between the tissue
and the applied bioadhesive, and the presence of this interfacial
water can substantially impede the formation of rapid and robust
adhesion between the tissues and the bioadhesives (17). To
achieve instant tough adhesion on wet tissues, our proposed bio-
adhesive adopts a dry cross-linking mechanism to remove the in-
terfacial water and form adhesion on wet tissues (17, 25) (Fig. 14).
The hygroscopic PVA and PAA networks of the dry bioadhesive
can absorb the interfacial water to dry the wet tissue surfaces
under gentle pressure (e.g., 1 kPa) applied for less than 5 s (17, 25)
(Fig. 14). Simultaneously, the PAA network of the bioadhesive
provides abundant carboxylic acid groups that can form instant
physical cross-links (i.e., hydrogen bonds) with the tissue surface
(17, 26) (Fig. 14 and SI Appendix, Fig. S1). Furthermore, the
cleavable NHS ester groups grafted to the PAA network form
stable covalent cross-links (i.e., amide bonds) with primary amine
groups abundant on the tissue surface within a few minutes (27,
28) (Fig. 14 and SI Appendix, Fig. S1). After adhering to tissues,
the swollen bioadhesive becomes a thin layer of highly stretchable
tough hydrogel with stretchability over seven times and fracture
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toughness over 1,000 J m~2, whose favorable mechanical proper-
ties are crucial to achieving tough adhesion of the bioadhesive
(29-32).

Mechanism for Triggerable Detachment of Bioadhesive. Tough ad-
hesion of the bioadhesive to the wet tissue surface relies on both
physical and covalent cross-links whose relative contributions are
varying at different timescales of adhesion. In the short term
(<5 min), the instant physical cross-links (i.e., hydrogen bonds)
dominate the adhesion between the bioadhesive and the tissue
surface. The contribution of the physical cross-links to the ad-
hesion decreases over time, as the equilibration and subsequent
neutralization of carboxylic acid groups in the bioadhesive de-
prive the bioadhesive’s ability to form physical cross-links with
the tissue surface (Fig. 1B and SI Appendix, Fig. S1). Therefore,
the contribution of the covalent cross-links (i.e., amide bonds)
to the adhesion gradually increases in the longer term (SI Appendix,
Fig. S1). The need for triggerable detachment of the bioadhesive
may present broadly at different timescales, including immediately
after application to reposition misplaced bioadhesives, within mi-
nutes to hours for intraoperative removal of temporary bioadhesives
for definitive surgical repair, and after days to weeks in the case of
a removal of implanted devices. Therefore, the bioadhesive should
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Fig. 2. Triggerable detachment of the bioadhesive. (A) FTIR spectra of the bioadhesive with associated peaks for carboxylic acid (1,698 cm™"), disulfide
(614 cm™"), and NHS ester (1,162 and 1,232 cm™") functional groups. a.u., arbitrary unit. (B) Schematic illustrations for validation of triggerable detachment
based on fluorescent primary amine-coupled microbeads. (C—F) Fluorescent microscope images for the bioadhesive sample in the initial state (C), 5 min after
incubation in PBS (D), PBS with 0.5 SBC (E), and PBS with 0.5 M SBC and 50 mM GSH (F). (G) Photograph of 180° peel test setup for the measurement of
interfacial toughness. (H-J) Interfacial toughness between the bioadhesive and wet porcine skin tissues 5 min after applying various solutions in short-term
(H), intermediate-term (/), and long-term (J) adhesion. Values in H-J represent the mean and the SD (n = 4). P values are determined by a Student’s t test. Scale
bars are shown in the images. ns, not significant (P > 0.05). *P < 0.05; **P < 0.01.

be able to offer triggerable detachments in an effective and bio-
compatible manner across a broad time frame.

We design both physical and covalent cross-links of the bio-
adhesive to be on-demand cleavable by a biocompatible trig-
gering solution (Fig. 14). To cleave the physical cross-links, we
adopt pH-dependent de-cross-linking of the physical cross-links
of hydrogen bonds by SBC (33, 34) (Fig. 1B). To cleave the
covalent cross-links, we introduce cleavable disulfide bonds
between the NHS ester groups and the PAA network by syn-
thesizing a functional monomer (SI Appendix, Figs. S2 and S3
show the synthesis of functional monomer and confirmation by
'"H NMR). Upon introduction of a biocompatible reducing
agent such as GSH (35), a pendant thiol group in the GSH can
break the disulfide bonds in the bioadhesive into thiol groups
under physiological conditions (21, 36), cleaving the covalent
cross-links between the bioadhesive and the tissue surface
(Fig. 1C).

Chen et al.

Evaluation of Performances of Adhesion and Triggerable Detachment.
We first validate the successful incorporation of carboxylic acid
(1,698 cm™), NHS ester (1,162 and 1,232 cm™), and disulfide
(614 cm™') groups in the bioadhesive by the attenuated total
reflection (ATR) Fourier transform infrared spectroscopy
(FTIR) analysis (37) (Fig. 24).

To validate the triggerable cleavage of the physical and co-
valent cross-links of the bioadhesive by the triggering solution
(0.5 M SBC and 50 mM GSH in phosphate buffered saline
[PBS]), we use primary amine-coupled fluorescent microbeads as
a model to evaluate the adhesion and detachment between the
bioadhesive and the amine-rich surfaces of the microbeads (Fig.
2B). A fluorescent microscope image of the bioadhesive in-
cubated in PBS with the amine-coupled fluorescent microbeads
for 30 min shows stably adhered microbeads on the bioadhesive,
owing to the physical and covalent cross-links between the bio-
adhesive and the microbeads’ surfaces (Fig. 2C and SI Appendix,
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Fig. S4). We further incubate the bioadhesive with the fluores-
cent microparticles in PBS alone, PBS with 0.5 M SBC, and PBS
with 0.5 M SBC and 50 mM GSH for 5 min. The bioadhesive
incubated in PBS alone exhibits no significant change in the
number of adhered fluorescent microbeads (Fig. 2D and SI
Appendix, Fig. S4). The bioadhesive incubated in PBS with 0.5 M
SBC shows a significant reduction in the number of adhered
fluorescent microbeads, although a substantial portion of the
microbeads remains adhered (Fig. 2E and SI Appendix, Fig. S4).
In contrast, the bioadhesive incubated in PBS with 0.5 M SBC
and 50 mM GSH exhibits nearly complete detachment of the
adhered fluorescent microbeads (Fig. 2F and SI Appendix, Fig.
S4). These results indicate that the adhesion of the microbeads’
amine-rich surfaces on the bioadhesive is stable under physio-
logical conditions and that their complete triggered detachment
requires the cleavage of both physical cross-links (by SBC) and
covalent cross-links (by GSH).

To investigate the effect of the proposed triggerable de-
tachment mechanism on the adhesion performance, we measure
the interfacial toughness between the bioadhesive and wet por-
cine skin tissues, following the standard test for tissue adhesives
(180° peel test, ASTM F2256) (Fig. 2G and SI Appendix, Fig. S5).
As shown in Fig. 2 H-J, the bioadhesive can form tough adhesion
with interfacial toughness over 400 J m~2 on wet porcine skin
tissues upon contact and gentle pressure (1 kPa) application for
less than 5 s, demonstrating the capability of instant tough ad-
hesion. Furthermore, the bioadhesive can form instant tough
adhesion under various physiological pH conditions, potentially
allowing its use in various places in the human body (SI Ap-
pendix, Fig. S6).

We next apply PBS alone, PBS with 50 mM GSH, PBS with
0.5 M SBC, and PBS with 0.5 M SBC and 50 mM GSH to the
bioadhesive adhered to the porcine skin followed by the in-
terfacial toughness measurements (SI Appendix, Figs. S7 and S8).
For the short-term adhesion (triggering solutions applied 1 min
after adhesion formation), the samples treated with the solutions
containing SBC (PBS with 0.5 M SBC, PBS with 0.5 M SBC and
50 mM GSH) show a significant reduction in the measured in-
terfacial toughness, while the samples treated with the solution
containing GSH alone (PBS with 50 mM GSH) exhibit negligible
difference to the samples treated with PBS alone (Fig. 2H). This
means that SBC and its capability to cleave the physical cross-
links play a critical role in the triggerable detachment of the
short-term adhesion. For the intermediate-term adhesion (so-
lutions applied 30 min after adhesion formation), all other
samples exhibit a substantial decrease in the measured interfacial
toughness compared with the samples treated with PBS alone.
Also, the samples treated with the solution containing both SBC
and GSH (PBS with 0.5 M SBC and 50 mM GSH) demonstrate
significantly lower interfacial toughness than the samples treated
with the solution containing either SBC or GSH (PBS with
50 mM GSH or PBS with 0.5 M SBC) (Fig. 2/). This means that
both SBC and GSH and their capability to cleave the physical
cross-links and the covalent cross-links play a critical role in the
triggerable detachment of the bioadhesive after intermediate-
term adhesion. For the long-term adhesion (solutions applied
12 h after adhesion formation), the samples treated with the
solutions containing GSH (PBS with 50 mM GSH and PBS with
0.5 M SBC and 50 mM GSH) show significant lower interfacial
toughness than other samples. Also, the samples treated with the
solution containing SBC alone (PBS with 0.5 M SBC) exhibit
negligible difference from the samples treated with PBS alone
(Fig. 2J). This means that GSH and its capability to cleave the
covalent cross-links play a critical role in triggerable detachment
of the long-term adhesion. These results validate that the trig-
gering solution of PBS with 0.5 M SBC and 50 mM GSH can
cleave both physical cross-links (by SBC) and covalent cross-links
(by GSH) and substantially decrease the interfacial toughness
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across a broad time frame after the formation of adhesion (Fig. 1
and SI Appendix, Fig. S1).

Evaluation of In Vivo Applicability and Biocompatibility. To evaluate
the bioadhesive’s capability of forming rapid, robust, and trig-
gerably detachable adhesion to wet tissues in vivo, we adhere the
bioadhesive to a muscular layer of a rat subcutaneous space
followed by a triggered detachment of the bioadhesive on de-
mand (Fig. 34). We find that the bioadhesive can be adhered to
the muscular layer of the rat after gently pressing for 5 s, forming
adhesion robust enough to resist pulling apart by tweezers. To
detach the adhered bioadhesive on demand, we apply the trig-
gering solution in the subcutaneous space of the rat for 5 min,
which allows benign removal of the bioadhesive patch without
observable damage to the underlying tissue surface (Fig. 34). We
further evaluate the in vivo biocompatibility of the bioadhesive
and the triggerable detachment process in a rat dorsal model of
subcutaneous implantation (Fig. 3 B-E). The histological as-
sessment made by a blinded pathologist indicates that the trig-
gering solution and the triggerable detachment process generate
a mild inflammatory reaction comparable with that generated by
the sham control group (surgery without implantation) at 2 wk
after the surgeries (Fig. 3 B, C, and E). Furthermore, the his-
tological assessment of the bioadhesive implanted for 2 wk shows
a mild to moderate inflammatory reaction (Fig. 3 D and E).
These results support the biocompatibility of the bioadhesive
and the triggerable detachment of the bioadhesive.

Potential Applications. Triggerable and atraumatic on-demand
detachment of bioadhesives can find potential applications in
various clinical scenarios in different time frames. In the short
term, the bioadhesives can accidentally be applied incorrectly on
the tissue surface, which requires the immediate correction for
appropriate surgical treatment. In such clinical scenarios, the
triggerable detachment of the bioadhesive can allow prompt
revision of the incorrectly applied bioadhesive without causing
damage to the underlying tissue (38). In the intermediate term,
emergency treatments of clinically unstable patients frequently
require subsequent definitive surgical repair after the initial sur-
gery. In such clinical scenarios, the triggerable detachment of the
bioadhesive can allow on-demand removal of the bioadhesive
during the definitive surgical repair after temporary organ sealing
for the initial damage control surgeries over hours. In the long
term, various medical devices such as cannulae and drains in
cardiac surgeries and drug depots in localized cancer chemo-
therapies require subsequent removal after several days to weeks
of implantation. In such clinical scenarios, the instant tough bio-
adhesive with triggerable detachment can provide both secure
fixations as well as atraumatic retrieval of the devices.

To investigate potential applications of the benignly detach-
able bioadhesive, we demonstrate ex vivo proof of principle ap-
plications on porcine organs. To demonstrate potential advantages
of the instant tough adhesion and triggerable benign detachment
of our bioadhesive in such situations, we show the successful
repositioning of a bioadhesive that initially only incompletely
sealed a lacerated porcine lung (3-cm incision) (Fig. 44 and Movie
S1). As shown in Fig. 4B, the incorrectly adhered bioadhesive can
be easily removed in a facile and benign manner within 5 min after
applying the triggering solution. Importantly, subsequent appli-
cation of a new bioadhesive yields the rapid formation of airtight
sealing of the porcine lung (Movie S1) without compromising the
adhesion performance (SI Appendix, Fig. S9).

In another example, we demonstrate instant robust integration
and on-demand removal of bioadhesive devices on wet dynamic
tissues. Since many devices are not readily permeable to the
triggering solution, we design a patterned bioadhesive to facili-
tate the transport and diffusion of the triggering solution to the
adhesion interface (Fig. 4C). As shown in Fig. 4D, a patterned
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bioadhesive on an impermeable thermoplastic polyurethane film
allows facile transport and diffusion of the triggering solution
(red colored by a food dye) across the adhered device. We fur-
ther demonstrate that a mock device consisting of a gold-coated
polyimide and a patterned bioadhesive can form rapid and robust
adhesion onto a beating ex vivo porcine heart (by introducing
pressurized air inputs to mimic heartbeats) and can be removed on
demand (Fig. 4E and Movie S2). Owing to the instant tough ad-
hesion capability of the bioadhesive, the bioadhesive device can
form robust and stable adhesion on the beating porcine heart
within 5 s of application (Movie S2). Also, the application of the
triggering solution allows benign and atraumatic removal of the
adhered device in 5 min (Fig. 4F). The bioadhesive’s capability to
form instant robust adhesion on wet dynamic tissues and be be-
nignly detached on demand may find particular advantages for
integration and potential atraumatic removal of implantable
devices.

Conclusion

In summary, we report a bioadhesive that synergistically incor-
porates the mechanisms of dry cross-linking and cleavable bonds
to enable its instant tough adhesion on wet tissues and trigger-
able benign detachment from the adhered tissues, respectively.
We systematically investigate the mechanisms, adhesion and
triggerable detachment performances, and in vivo applicability
and biocompatibility as well as proof of principle applications of
the proposed bioadhesive to facilitate its clinical adoption and
translation. The unique advantages of the instant tough bio-
adhesive with triggerable benign detachment can potentially ad-
dress the limitations of existing tissue adhesives and may broaden
the applications of bioadhesives in practice. This study not only
offers a promising tissue adhesive with superior performances but
also, advances the understanding of reversible wet adhesion for
the development of future adhesives in wet environments.

Chen et al.

Materials and Methods

Synthesis of NHS Ester Functionalized Monomer with Disulfide Bond. To pre-
pare NHS ester functionalized monomer with disulfide bond, 2,2’ disul-
fanediyldiacetic acid (1.8 g, 10.0 mmol) and acetic anhydride (8.0 mL) were
added to a 100-mL round-bottomed flask equipped with a magnetic stirring
bar. The mixture was stirred at room temperature for 3 h to obtain a ho-
mogeneous solution (S/ Appendix, Fig. S2A). Then, the solvent was removed
in vacuo to afford 1,4,5-oxadithiepane-2,7-dione as a light-yellow oil. The oil
was directly transferred into the mixture of 2-hydroxyethyl methacrylate
(1.9 g, 15.0 mmol), 4-dimethylaminopyridine (12.0 mg, 1.0 mmol), and 15 mL
anhydrous dichloromethane (DCM). The solution was stirred at room tem-
perature overnight, and then, the reaction was finalized by adding 30 mL of
saturated NaHCOj; solution (S/ Appendix, Fig. S2B). Then, the mixture was
acidified with 1 M HCl to pH = 2.0 and extracted with DCM. The organic
phase was dried over Na,SO,4 and concentrated under reduced pressure. The
crude product was purified by flash column chromatography on silica gel
with a mixture of MeOH and DCM (vol/vol = 1/20) as the eluent to afford 6-
(2-(methacryloyloxy)ethoxy)hept-6-enoic acid. The 6-(2-(methacryloyloxy)
ethoxy)hept-6-enoic acid (2.94 g, 10.0 mmol) was then dissolved in 30 mL
anhydrous DCM and stirred with NHS (1.15 g, 10 mmol) in an ice bath for
30 min. Then, 1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide hydrochlo-
ride (1.55 g, 10 mmol) in 20 mL DCM was added dropwise into the above
mixture. The solution was stirred overnight under a nitrogen atmosphere at
room temperature (S/ Appendix, Fig. S2C). The crude product was purified by
flash column chromatography on silica gel with a mixture of petroleum
ether and ethyl acetate (vol/vol = 1/1) as the eluent to afford the product as
a colorless liquid. "H NMR (400 MHz, CDCls, 5): 6.17 (p, 1H, -CH2), 5.59 (q, 1H,
-CH2), 4.44 to 4.33 (m, 4H, -OCH2CH20-), 3.83 to 3.68 (d, 4H, -CH2SSCH2-),
2.85 (s, -CH2-CH2-), 1.94 (s, 3H, -CH3) (SI Appendix, Fig. S3).

Preparation of the Bioadhesive. To prepare the bioadhesive, PVA (Mw =
146,000 to 186,000, 7 wt/wt %), acrylic acid (35 wt/wt %), o-ketoglutaric acid
(0.2 wt/wt %), and poly(ethylene glycol methacrylate) (Mn = 550, 0.05 wt/wt %)
were dissolved in deionized water. Then, we dissolved 100 mg functional
monomer (NHS ester functionalized monomer with disulfide bond) in 1 mL
acetone and added to 10 mL of the above stock solution to get a precursor
solution. The precursor solution was then poured on a glass mold with
spacers (the thickness is 210 pm unless otherwise mentioned) and cured in a
UV light chamber (284-nm, 10-W power) for 30 min. As a nonadhesive layer,
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Fig. 4. Potential applications of the bioadhesive. (A and B) Schematic illustrations (A) and photographs (B) for correction of a misplaced bioadhesive and
instant sealing of a lacerated ex vivo porcine lung by the bioadhesive. (C and D) Schematic illustrations (C) and photographs (D) for a patterned bioadhesive
for facile transport and diffusion of the triggering solution for impermeable devices. (E and F) Schematic illustrations (E) and photographs (F) for instant

robust adhesion and on-demand removal of a bioadhesive device on a beating ex vivo porcine heart. TPU, thermoplastic polyurethane.

10 wt/wt % thermoplastic polyurethane solution was spin coated on the
cured bioadhesive at 400 rpm for 30 s and dried completely. The prepared
bioadhesives were sealed in plastic bags with desiccant (silica gel packets)
and stored at -20 °C before use. To pattern the bioadhesive, a large sheet of
bioadhesive was cut into various patterns using a laser cutter (Epilog).
Weighing paper (VWR) was used as a removable liner for the bioadhesive.

Preparation of the Triggering Solution. To prepare the triggering solution,
0.5 M SBC and t-glutathione reduced (GSH) were dissolved in PBS. The
triggering solution was filtered by using a 0.2-um sterile syringe filter before
use. For validation of the triggerable detachment of the bioadhesive, the
bioadhesive was incubated in PBS with primary amine-coupled fluorescent
microbeads (FluoSpheres; Thermo Fisher Scientific) for 30 min in room
temperature. Then, the samples were further incubated in various triggering
solutions for 5 min followed by thorough washing with clean PBS to remove
nonadhered microparticles. The presence of the adhered microbeads was
characterized by using a fluorescence microscope (LV10; Nikon), and the
number of the adhered microbeads was counted by using ImageJ.

Mechanical Tests. For tissue samples stored more than 10 min before me-
chanical tests, the samples were covered with a large amount of 0.01 wt/vol %
sodium azide solution (in PBS) spray and sealed in plastic bags to prevent
degradation and dehydration of the tissues. Unless otherwise indicated, all
tissues and engineering solids were adhered to by the benignly detachable
bioadhesive after washout of the surfaces with PBS followed by 5 s of pressing
(with 1-kPa pressure applied by either mechanical testing machine or
equivalent weight). To measure interfacial toughness, adhered samples with
widths of 2.5 cm were prepared and tested by the standard 180° peel test
(ASTM F2256) using a mechanical testing machine (2.5-kN load cell; Zwick/
Roell Z2.5). All tests were conducted with a constant peeling speed of 50 mm
min~". The measured force reached a plateau as the peeling process entered
the steady state. Interfacial toughness was determined by dividing two times
the plateau force by the width of the tissue sample (S/ Appendix, Fig. S5).
Hydrophilic nylon filters (1-um pore size; TISCH Scientific) were applied as a
stiff backing for the bioadhesive. Poly(methyl methacrylate) films (with a
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thickness of 50 pm; Goodfellow) were applied using cyanoacrylate glue
(Krazy Glue) as a stiff backing for the tissues. Unless otherwise indicated, the
interfacial toughness was measured 5 min after applying the triggering
solution.

FTIR Characterization. Chemical composition of the bioadhesive was charac-
terized by a transmission Fourier transform infrared spectroscope (FTIR 6700;
Thermo Fisher) using a Germanium ATR crystal (55°).

In Vivo Biocompatibility Evaluation. All animal surgeries were reviewed and
approved by the Committee on Animal Care at the Massachusetts Institute of
Technology. Female Sprague-Dawley rats (225 to 250 g; Charles River Lab-
oratories) were used for all in vivo studies. Before implantation, the bio-
adhesive was prepared using aseptic techniques and was further sterilized
for 3 h under UV light. For implantation in the dorsal subcutaneous space,
rats were anesthetized using isoflurane (1 to 2% isoflurane in oxygen) in an
anesthetizing chamber. Anesthesia was maintained using a nose cone. The
back hair was removed, and the animals were placed over a heating pad for
the duration of the surgery. The subcutaneous space was accessed by a 1- to
2-cm skin incision per implant in the center of the animal’s back. To create
space for implant placement, blunt dissection was performed from the in-
cision toward the animal shoulder blades. For the sham surgery group, no
implant was placed in the subcutaneous pocket (n = 4). For the triggerable
detachment group, the bioadhesive (10 x 20 mm) was placed in the sub-
cutaneous pocket created above the incision and detached 5 min after ap-
plying 1 mL of the triggering solution (n = 4). For the bioadhesive
implantation group, the bioadhesive (10 mm in width and 20 mm in length)
was placed in the subcutaneous pocket created above the incision without
detachment (n = 4). The incision was closed using interrupted sutures (4-0
Vicryl; Ethicon), and 3 to 6 mL of saline was injected subcutaneously. Up to
three implants were placed per animal, ensuring no overlap between each
subcutaneous pocket created. After 2 wk following the implantation, the
animals were euthanized by CO, inhalation; subcutaneous regions of in-
terest were excised and fixed in 10% formalin for 24 h for histological
analyses.

Chen et al.
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Histological Processing. Fixed tissue samples were placed into 70% ethanol
and submitted for histological processing and Hematoxylin and Eosin (H&E)
staining at the Hope Babette Tang (1983) Histology Facility in the Koch In-
stitute for Integrative Cancer Research at the Massachusetts Institute of
Technology. Histological assessment was performed by a blinded pathologist
on a scale of zero to five (zero, normal or absent; one, very mild or minimal;
two, mild; three, moderate; four, severe or marked; five, very severe) to
evaluate the degree of inflammation in the tissues surrounding the implants.
The degree of acute inflammation was based on the number of neutrophils.
The degree of chronic inflammation was based on the presence of lym-
phocytes, macrophages, and plasma cells. The degree of inflammation was
evaluated based on the overall presence of indicators in each histological
sample (absent, minimal, mild, moderate, or marked presence). Represen-
tative images of each group were shown in the corresponding figures.

Ex Vivo Tests. All ex vivo experiments were reviewed and approved by the
Committee on Animal Care at the Massachusetts Institute of Technology. For
the correction of misplaced bioadhesive, a laceration was made on a porcine
lung lobe with a razor blade (3 cm in length). The air was then applied
through the tubing connected to the upper part of the trachea (25-mmHg
pressure) to visualize air leakage. A bioadhesive (2.5 cm in width and 5 cm in
length) was applied on the damaged lung lobe with 5 s of pressing to
partially cover the laceration to represent misplacement and incomplete
sealing. The misplaced bioadhesive was covered with medical gauze, and the
triggering solution was applied to the gauze. Five minutes after the appli-
cation of the triggering solution, the misplaced bioadhesive was removed by
tweezers. To seal the exposed laceration, a new bioadhesive was applied to
fully cover the laceration, and the airtight sealing was confirmed by cyclic
inflation and deflation of the porcine lung.

For the adhesion and on-demand removal of bioadhesive device, a mock
device with gold-coated polyimide and patterned bioadhesive (2 cm in width
and 4 cm in length, bioadhesive pattern with 1-mm width and 1.5-mm gap)
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was adhered on a beating ex vivo porcine heart. An aorta of the heart was
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removed by tweezers, and the surface of the porcine heart was examined
for tissue damage. For experiments longer than 1 h in ambient condition, a
wet towel soaked with 0.01 wt/vol % sodium azide solution (in PBS) was
covered on the heart to prevent dehydration and degradation.

Statistical Analysis. MATLAB software was used to assess the statistical sig-
nificance of all comparison studies in this work. Data distribution was as-
sumed to be normal for all parametric tests but not formally tested. In the
statistical analysis for comparison between multiple samples, one-way
ANOVA followed by Tukey’s multiple comparison test was conducted with
the thresholds of *P < 0.05, **P < 0.01, and ***P < 0.001. In the statistical
analysis between two data groups, a two-sample Student’s t test was used,
and the significance thresholds were placed at *P < 0.05, **P < 0.01, and
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Movie S1. Triggerable benign detachment and re-application of bioadhesive for sealing of ex vivo
porcine lung.

Movie S2. Triggerable benign detachment of bioadhesive device from beating ex vivo porcine
heart.
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