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Development of Bioorthogonally Degradable Tough
Hydrogels Using Enamine N-Oxide Based Crosslinkers

Thomas T. Kim, Deep Malu, Dongjing He, Yuhang Hu, and Justin Kim*

Inducibly degradable polymers present new opportunities to integrate tough
hydrogels into a wide range of biomaterials. Rapid and inducible degradation
enables fast transition in material properties without sacrificing material
integrity prior to removal. In pursuit of bioorthogonal chemical modalities that
will enable inducible polymer degradation in biologically relevant
environments, enamine N-oxide crosslinkers are developed for double
network acrylamide-based polymer/alginate hydrogels. Bioorthogonal
dissociation initiated by the application of aqueous diboron solution through
several delivery mechanisms effectively lead to polymer degradation. Their
degradation by aqueous B,(OH), solution results in a fracture energy half-life
of <10 min. The biocompatibility of the degradable hydrogels and B,(OH),
reagent is assessed, and the removability of strongly adhered tough hydrogels
on mice skin is evaluated. Thermoresponsive PNiPAAm/Alg hydrogels are
fabricated and application of the hydrogels as a chemically inducible
degradable intraoral wound dressing is demonstrated. It is demonstrated
through in vivo maximum tolerated dose studies that diboron solution
administered to mice by oral gavage is well tolerated. Successful integration
of enamine N-oxides within the tough double network hydrogels as
chemically degradable motifs demonstrates the applicability of enamine
N-oxides in the realm of polymer chemistry and highlights the importance of
chemically induced bioorthogonal dissociation reactions for materials science.

hydrogels have seen many uses in biomed-
ical applications such as Dbiomedical
devices,*]  drug delivery systems,®®]
and tissue engineering.*l Despite the
hydrogel’s ability to possess similar water
content to native biological tissues, most
exhibit poor material toughness, limiting
their use in load-bearing and mechani-
cally deforming biomedical settings.[?!
In efforts to improve the hydrogel's me-
chanical properties, new approaches have
been developed to enhance the toughness
of hydrogels, including double network
(DN)  hydrogels,'*]  nanocomposite
hydrogels,[1®17] and slide-ring hydrogels.[*®]

Notably, the ease of preparation and
the tunable nature of DN hydrogels have
gained significant attention in recent
years.'”l These hydrogels combine two
independently crosslinked polymers to
create an interpenetrating network that
works synergistically to dissipate energy
and resist fracture. For example, DN
hydrogels of poly(acrylamides) (PAAm)
covalently crosslinked with  bisacry-

1. Introduction

Hydrogels, hydrophilic polymer networks that can absorb and
retain high volumes of water,['!l have been identified as ideal
biomaterials due to their high water content, tunable physical
and chemical properties,[**] and biocompatibility. As a result,

lamides, and alginates (Alg) physically
crosslinked with divalent cations have been
reported to be capable of stretching >20
times their initial length with fracture
energies >6 k] m=2.'"" As a result, the enhanced toughness
of hydrogels has expanded their applications to tough hydro-
gel adhesives,[?% cartilage repair,!2!'?2] soft robotics,2>] contact
lenses, 1?6?71 wound dressings, % and other areas where both
durability and flexibility are essential.
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Figure 1. Degradable bisacrylamide/acrylate chemical crosslinkers.
A) Molecular structures of degradable functional groups of chemical
crosslinkers and relative degradation profiles of hydrogels cast with
degradable crosslinkers. *Certain photodegradable hydrogel applications
exhibit a degradation timescale of minutes.[*°] B) Bioorthogonal dissoci-
ation reaction of polyacrylamides crosslinked with enamine N-oxide and
diboron reagent in aqueous solution. C) Degradable PAAm/Alg hydrogel’s
application as removal tissue adhesives and degradable PNiPAAm/Alg
hydrogel’s application as removal intraoral wound dressings.

However, the superior toughness and adhesive strengths of
DN hydrogels have spawned a new challenge: their removal.
Leaving materials in place beyond their serviceable lifetime risks
long-term adverse effects. Yet, their removal risks secondary tis-
sue damage,®! fibrosis,*2l and may involve invasive surgical
interventions.[**] Degradable systems provide an effective solu-
tion to this challenge.

There are two distinct classes of degradable biomaterials,
each with its own set of design philosophies and applications:
biodegradable materials and inducibly degradable materials.
Biodegradable materials undergo degradation via environmental
factors (e.g., enzymatic digestion,>*3¢ hydrolysis, #3573
oxidation)!***2l and exhibit decay with a characteristic half-life
during and beyond their serviceable lifetime (Figure 1A). These
materials have seen applications in areas such as implantable
hydrogel devices,[***! tissue engineering,!**! and drug delivery
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systems.[*7*8] On the other hand, inducibly degradable materials
maintain their structural or functional integrity while in service
but rely on external stimuli to trigger degradation, offering a
sharper transition in material properties. This report concerns
the latter.

Stimuli-responsive soft materials featuring a wide range of
triggers such as heat,[*>% pH,>!l magnetism,>2%3] and light!>+>°]
have been described previously with photodegradable hydro-
gels featuring prominently. These materials find applications
in biosensors,*! vascular grafts,’’*% and ingestible medical
devices;®®! however, opportunities exist for further advances in
this space. Materials featuring faster degradation kinetics, greater
biocompatibility, minimal invasiveness, improved degradation
scope, and broader accessibility are desired, and designing sev-
eral if not all these aspects into a material is the aspiration. For
instance, photoresponsive gels offer some of the fastest degra-
dation kinetics, but with few exceptions of precisely engineered
devices that place a light source directly adjacent to a hydro-
gel target,[**! light-inducible methods generally achieve degrada-
tion of PAAm/Alg hydrogels on the order of 2-24 h depending
on the light source and placement as well as material size and
composition.[*?] Light-based degradation strategies are unrivaled
in spatial precision but are likewise challenged by substrates with
large, diffuse, or amorphous geometries. Issues of tissue pene-
tration, accessibility of an appropriate light source, and invasive-
ness of endoscopic procedures needed for the degradation of in-
ternally implanted hydrogels are additional points of concern.

Here, we introduce a new modality for rapid polymer degra-
dation employing a bioorthogonal chemical reaction (Figure 1B).
The reaction is rapid, and its components are flexible in deliv-
ery, readily accessible, highly biocompatible, and can be substi-
tuted for their non-degradable counterpart in hydrogels with-
out significant loss of performance. We demonstrate these fea-
tures in applications of tough double network PAAm/Alg hy-
drogels and extend the work to oral wound dressings using a
non-swelling poly(N-isopropylacrylamide) (PNiPAAm)/Alg vari-
ant (Figure 1C). Bioorthogonal reagent-induced degradation of-
fers opportunities in applications where a material’s service life-
time is very short, such as in wound dressings requiring frequent
attachment and removal or where a temporary device is installed
but requires undiminished performance over an extended period
of time.

2. Results and Discussion

This work leverages the bioorthogonal dissociation reaction be-
tween enamine N-oxide and diboron reagents. We previously re-
ported that enamine N-oxides undergo hypoxia-dependent re-
duction and fragmentation in the presence of hemeproteins to
activate a caged prodrug and a latent electrophile.[’!] We also
described how the biological trigger could be substituted with
a chemical trigger to induce enamine N-oxide fragmentation.
Specifically, we found diboron could initiate bioorthogonal bond
cleavage between protein and small molecule.[®?l We now demon-
strate that the enamine N-oxide motif can be used to engineer
biocompatible materials whose polymeric network can be de-
crosslinked by a diboron chemical trigger.

Degradation of tough double network PAAm/Alg hydrogels
can be achieved by disrupting either its physical or covalent

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

crosslinks; Mooney and co-workers have shown that disrup-
tion of a single network is sufficient to significantly de-
grade performance.*! The physical crosslinks were targeted by
Kobaglija and McQuade using the metal cation chelating agent
ethylenediaminetetraacetic acid (EDTA)®} while the covalent
crosslinks were targeted by Mooney and co-workers in enzyme or
hydrolysis-dependent biodegradable materials.*! In this work,
we focused on disrupting the latter with the goal of achieving
a sharper degradation profile than the 2 week to several month
half-lives achieved by such biodegradable systems.

The typical nondegradable tough hydrogel was converted to a
degradable tough hydrogel by replacing the non-degradable acry-
late functionalized crosslinker (N,N-methylenebis(acrylamide),
MBAA) with the inducibly degradable analog enamine N-oxide
bis(acrylamide) (ENBAA).

2.1. Synthesis of ENBAA Crosslinkers

Enamine N-oxides can Dbe synthesized by intermolecular
retro-Cope elimination reaction between hydroxylamines and
alkynes;[®!l however, we anticipated that the regioselectivities
achieved through this reaction would be insufficient for the
current application. In instances where complete polymer de-
crosslinking is desired for thorough material degradation, exclu-
sive formation of enamine N-oxides with the anti-Markovnikov
regiochemistry was deemed to be paramount. Unlike its coun-
terpart, the regioisomeric Markovnikov addition product does
not undergo rapid fragmentation upon treatment with aque-
ous diboron reagents under equivalent conditions. While the
regioselectivity of the hydroamination reaction is strongly
governed by propargylic substituent inductive effects on the
alkyne component and judicious choice of such substituents
is known to improve regioselectivity in some applications,®]
here, the composition of the alkyne is constrained by the need
for a propargylic carbamate at the propargylic position where it
serves as both a convenient linkage and a superb leaving group.
Unfortunately, hydroamination of propargylic carbamates does
not produce enamine N-oxides with regioisomeric purity.

Scheme 1A describes the first-generation route to bisacry-
lamide enamine N-oxide crosslinkers. Hydroamination of
alkyne 2 featuring a propargylic carbamate with hydroxylamine
1 resulted in formation of an 8.3:1 ratio of regioisomers favor-
ing the desired anti-Markovnikov product 3 over the undesired
Markovnikov product 4. Notably, the regioisomers were insepa-
rable by both standard flash column chromatography and reverse
phase high-performance liquid chromatography (HPLC). Reduc-
tion of each with an aqueous solution of tetrahydroxydiboron
(B,(OH),) reagent resulted in reductive fragmentation of the for-
mer to amines 5 and 6 and the latter to enamine 7, poignantly
highlighting the challenges of advancing a regioisomeric
mixture.

Alternatively, prior studies demonstrated that termi-
nally halogenated alkynes undergo rapid and regioselective
hydroamination with N,N-dialkylhydroxylamines to produce
regioisomerically pure enamine N-oxides with the anti-
Markovnikov constitution.[**%] While it was determined that
a-haloenamine N-oxides featuring a primary carbamate at the
allylic position cannot be directly employed for polymer degra-
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Scheme 1. Synthesis of enamine N-oxide-based bioorthogonally degrad-
able bisacrylamide crosslinkers. Reagents and conditions: a) Hydrox-
ylamine 1 (2 equiv), alkyne 2 (1 equiv), 20% TFE/CHCl; (v/v),
60 °C, 56%, b) B,(OH),, H,0, c) NBS, AgNO;, acetone, 0 °C, 91%,
d) 1 (2 equiv), 20% TFE/CHCl; (v/v), 50 °C, 92%, €) nBuLi, THF- 78 °C;
H,0, 23 °C, 76%, f) 20% TFA/CH,Cl, (v/v), 23 °C; N-acryloxysuccinimide,
NaHCO3, H,0, 23 °C, 80% (2-step). TFE, 2,2,2-trifluoroethanol; NBS, N-
bromosuccinimide; THF, tetrahydrofuran; TFA, trifluoroacetic acid.

dation as currently designed since their reductive activation does
not lead to complete and rapid dissociation, we posited that
dehalogenation would afford the enamine N-oxide crosslinker
precursor 3 that we originally targeted.

Scheme 1B describes the efficient regioselective synthesis of
enamine N-oxide bisacrylamide (ENBAA) crosslinkers. Retro-
Cope elimination reaction between hydroxylamine 1 and bro-
moalkyne 8 yielded bromoenamine N-oxide 9 in 92% vyield as a
single regioisomer. Subsequent lithium-bromine exchange using
n-Buli followed by protonation of the vinyllithium intermediate
with water afforded enamine N-oxide 3. Then, Boc-deprotection
followed by acryloylation using N-acryloxysuccinimide in ba-
sic aqueous solution afforded enamine N-oxide bisacrylamide
ENBAA-1 in 80% yield over two steps. To synthesize crosslinkers
of varying lengths, hydroxylamines S8 and S9 were employed in
the hydroamination reaction with bromoalkyne 8. These ENBAA
crosslinkers were then used to fabricate PAAm/Alg hydrogels.

2.2. ENBAA Linker Length Study and Fabrication of Degradable
Tough Hydrogel

To fabricate PAAm/Alg hydrogels, high and low molecular
weight sodium alginates were physically crosslinked using cal-
cium sulfate. Acrylamides were covalently crosslinked using
either nondegradable MBAA or degradable enamine N-oxide
bisacrylamides (ENBAA) 1-3 (Figure 2A).
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Figure 2. Fabrication and mechanical properties of degradable double network PAAm/Alg hydrogels using crosslinkers ENBAA-1-3. A) Illustration
highlighting monomers, crosslinkers, and polymerization reagents used to fabricate degradable PAAm/Alg hydrogels. The effect of crosslinker length on
the B) maximum stresses, C) maximum strains, D) fracture energies, and E) initial slopes of the stress-strain curves in the strain range of 0—1 mm mm~2
of PAAm/Alg hydrogels fabricated with varying covalent crosslinker concentrations (MBAA, ENBAA-1-3) measured under tensile loading. Mean values
are shown, and error bars represent + SD (n = 3). F) Stress-strain curves comparing PAAm/Alg hydrogels cast with MBAA and varying concentrations of
ENBAA-1 crosslinker relative to that of MBAA. The maximum G) stress and H) strain of PAAm/Alg hydrogels cast with ENBAA-1 crosslinker and stored
at 37 °C for 15 d are plotted. Mean values are shown, and error bars represent + SD (n = 3). I) Viscoelastic responses of PAAm/Alg hydrogels cast with
MBAA and ENBAA-T crosslinkers measured by dynamic mechanical analysis (DMA). Mean values are shown, and error bars represent + SD, (n = 3).
J) Compressive stresses at 80% strain of PAAm/Alg hydrogels cast with MBAA and ENBAA-1 crosslinkers measured under compressive loading. Mean
values are shown, and error bars represent + SD (n = 3). K) lllustration of PAAm/Alg hydrogels crosslinked with ENBAA-1 crosslinker.
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To evaluate the effect of the covalent crosslinker length on
the mechanical properties of PAAm/Alg hydrogels, crosslink-
ers ENBAA-1-3 were used to fabricate the hydrogels (Table S1,
Supporting Information). Stress—strain curves were obtained un-
der tensile loading, and the maximum stress and strain, frac-
ture energies, and the initial slope of the stress-strain curve were
compared (Figure 2B-E; Figures S1-S4, Supporting Informa-
tion). Fracture energies were determined using a method in-
troduced by Rivlin.[®] Nondegradable hydrogels fabricated with
MBAA crosslinkers have been reported to give a maximum
stress of 156 kPa, maximum strain of >20 mm/mm, and a frac-
ture energy of >6 k] m~2.["*] Our goal was to find an enamine
N-oxide crosslinker that would perform similarly to the MBAA
crosslinker while using the least amount of the crosslinker. This
would enable the use of lower effective concentrations of the
chemical inducer. Linker length studies revealed that as the cova-
lent crosslinker length increases, greater stoichiometries of the
crosslinkers are necessary to obtain a similar stress, strain, frac-
ture energy, and the initial slope of the stress-strain curve. When
comparing the fracture energies of hydrogels made with different
crosslinkers, hydrogels made with ENBAA-1 at 1x mol equivalent
relative to MBAA had fracture energies that were twice as large as
those of hydrogels made with ENBAA-3 at 1x mol equivalent rel-
ative to MBAA. Moreover, hydrogels cast with ENBAA-3 required
more than 2X the amount of crosslinkers to obtain similar me-
chanical properties compared to those cast with MBAA. These
trends have been reported previously. As the covalent crosslinker
lengths increase, greater stoichiometries of the crosslinker is nec-
essary to achieve comparable mechanical properties.[3>¢768]

Because the intrinsic physicochemical properties of the enam-
ine N-oxide crosslinkers are different from those of MBAA, it
was essential to optimize the relative amount of the crosslinker
to obtain hydrogels with mechanical properties comparable to
those of the nondegradable tough hydrogels. We observed that
hydrogels cast with 1.2x ENBAA-1 crosslinkers behaved most
like those cast with MBAA (Figure 2F; Figure S5, Supporting
Information). Moreover, degradable tough hydrogels maintained
their mechanical properties even after incubation at 37 °C for
15 d (Figure 2G,H; Figure S6, Supporting Information), high-
lighting the stability of enamine N-oxide crosslinkers under phys-
iologically relevant conditions for extended periods of time. Vis-
coelastic responses measured by dynamic mechanical analysis
(DMA) and compressive stresses of hydrogels further confirm
the similar mechanical properties between the nondegradable
and degradable tough hydrogels (Figure 2L,J; Figure S7, Support-
ing Information). Figure 2K depicts PAAm/Alg hydrogels cast
with covalent crosslinker ENBAA-1.

2.3. Degradation of PAAm/Alg Tough Hydrogels

Next, we evaluated the degradation of hydrogels fabricated with
enamine N-oxide crosslinkers starting with the degradation of
PAAm hydrogels incorporating crosslinker ENBAA-1 (Figure S8,
Supporting Information). Previously, we reported the second-
order rate constant for the reductive dissociation of enamine N-
oxides by diboron reagents in solution phase to be 82 M~1s~1.162]
To evaluate the degradation of PAAm hydrogels with B,(OH),,
PAAm hydrogels were exposed to 10 mM aq. B,(OH),, and com-
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plete dissolution of the hydrogel was observed within 20 min by
vial inversion tests.

We also demonstrated the diboron-induced degradation of
tough DN PAAm/Alg hydrogels. PAAm/Alg hydrogels cast with
blue food coloring were exposed to 500 uM aq. B,(OH),, and
we observed that these gels were degraded considerably within
20 min (Figure 3A; Figure S9, Supporting Information). The me-
chanical properties of hydrogels exposed to B,(OH), were evalu-
ated further by obtaining their stress-strain curves (Figure 3B—E).
We observed significant degradation of the hydrogels even when
they were exposed to 500 um aq. B,(OH), for 10 min with a de-
crease in maximum stress from 90 to 18 kPa, and fracture energy
from 6.8 to 0.3 k] m~2. Hydrogels exposed to B,(OH), for 3 and
20 min have also been evaluated (Figures S10 and S11, Support-
ing Information).

Photos of PAAm/Alg hydrogels exposed to 500 um aq. B,(OH),
for 10 min then placed under tension are displayed in Figure 3F.
Diboron induced degradation of the PAAm/Alg hydrogels are
apparent. The gels have clearly lost most of their mechanical
properties as evidenced by formation of holes in the middle of
the gel even at low strain. Surprisingly, the mechanical proper-
ties remained largely intact for hydrogels exposed to 100 pm aq.
B,(OH),. Although we observed a greater than twofold decrease
in fracture energy, the maximum stress was maintained at 80 kPa
at>35 mm mm-™! strain. The increase in strain and a decrease in
the initial slopes of the stress-strain curves are both reflected in
the stress-strain curves, which suggests that only partial degra-
dation has occurred despite the excess amount of B,(OH), used
relative to the crosslinker.

To determine whether the marginal degradation was due to
poor diffusion of the diboron solution into the hydrogel, the
degradation of 1.5 and 1.0 mm thick PAAm/Alg hydrogels were
evaluated at varying concentrations of B,(OH), (Figure 4A-D;
Figure S12, Supporting Information). 1.0 mm thick hydrogels
reacted with B,(OH), more effectively across all concentrations.
The greatest difference was observed at 100 um B,(OH), where
the maximum stress decreased below 20 kPa and the fracture en-
ergy decreased to less than 1 k] m~2 for 1.0 mm thick gels.

To better understand the effect of gel thickness on the rate of
degradation, the hydrogels’ (1.0 or 1.5 mm thick, 5 mm diameter)
shear moduli were measured in the presence of aqueous B, (OH),
(Figure 4E,F; Figure S13, Supporting Information). Discrete rhe-
ology measurements of hydrogels exposed to B,(OH), with con-
centrations ranging from 100 pm to 10 mm show that 1.0 mm
thick gels respond to B,(OH), faster across all concentrations. At
500 um [B,(OH),], a 10-fold decrease in G’ was achieved by 45
min. To better visualize the relative trends between samples, the
fraction storage modulus was calculated and plotted by normal-
izing the modulus with the initial storage modulus (Figure 4G;
Figure S14, Supporting Information). Expectedly, 1.0 mm thick
gels responded to B,(OH), across all concentrations. Even for
100 um and 500 um concentrations of aq. B, (OH), tested, the stor-
age moduli of both 1.0 and 1.5 mm thick gels all decreased by
more than half in less than 10 min. Tensile testing data coupled
with viscoelastic responses of hydrogels with these dimensions
and geometry strongly suggest that PAAm/Alg hydrogels fabri-
cated with ENBAA-1 as the chemical crosslinker can undergo
induced degradation using B,(OH), within 10 min. Moreover,
the data indicate that the rate of degradation is limited by the rate
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Figure 3. Degradation profiles of degradable 1.5 mm thick PAAm/Alg hydrogels. A) Photos of PAAm/Alg hydrogels before and af-
ter exposure to aqueous B,(OH), (500 pm) for 20 min. Degradation of PAAm/Alg hydrogels cast with ENBAA-1 crosslinkers evalu-
ated by tensile tests. B) Stress—strain curves, C) maximum stresses, D) fracture energies, and E) initial slopes of the stress-strain
curves in the strain range of 0—1 mm mm™2 of PAAm/Alg hydrogels exposed to various concentrations of aqueous B,(OH), for
10 min. F) Photos of PAAm/Alg hydrogels exposed to aqueous B, (OH), (500 um) for 10 min under tensile loading. Before tensile pull (left) and at
3.4 mm mm~" strain (right). Mean values are shown, and error bars represents + SD (n = 3). Statistical analysis by a one-way ANOVA with post hoc
t-tests with Bonferroni correction, ****p < 0.0001, ***p < 0.001, ns = no significance between groups.

of diffusion of the diboron solution into the hydrogel for gelswith  portant application of tough hydrogels. The ability of ENBAA-
these dimensions and geometry. crosslinked degradable tough hydrogels to adhere to porcine
skin was evaluated by T-peel test using three adhesives: 1) chi-
tosan with EDC and sulfo-NHS, 2) commercially available gel-
2.4. Biocompatibility and Removability of Degradable Tough type cyanoacrylate adhesive Loctite 4541, and 3) commercially
Hydrogels available high viscosity liquid-type cyanoacrylate adhesive Peri-
acryl 90HV (Figure 6A). While many types of chitosan adhesives
To assess the biocompatibility of the PAAm/Alg hydrogels, the  have been reported in the literature, including covalent adhesives
gels were placed on top of a monolayer of 1929 fibroblast cellsin ~ based on chitosan solution supplemented with EDC and sulfo-
tissue culture. After incubation for 72 h, the gels were degraded =~ NHS,[?%l pH-responsive topological adhesives based on chitosan
with 500 um aq. B,(OH), then stained with Calcein AM and ethid- ~ adsorbed on a dissipative matrix,*”) or chitosan-based films, "]
ium homodimer 1 (Figure 5A). The cells were imaged with a flu-  we chose chitosan adhesives supplemented with EDC and
orescence microscope, showing live and dead cells (Figure 5B).  sulfo-NHS.
The cell viability was calculated for cells treated with or without Adhesion energies were determined by taking twice the
the degradable hydrogel, and the results showed no statistical dif-  plateau value of the ratio of the force to width.[*®] Of the three ad-
ferences between the two groups (Figure 5C). Similarly, the cyto-  hesives tested, chitosan + EDC/sulfo-NHS proved to be the most
toxicity of B,(OH), was also evaluated on 1.929 cells. 1929 cells  effective adhesive with an adhesion energy of 710 ] m~2, followed
were treated with B,(OH), at concentrations up to 50 mwm, incu- by Periacryl with 550 ] m~2, then Loctite with 290 ] m~2. More-
bated for 0.5 or 3 h, then assayed by the CellTiter-Glo cell viability ~ over, when comparing the adhesion energies of nondegradable
assay. Cells treated with diboron for 0.5 h showed an IC,, value  and inducibly degradable hydrogels on porcine skin, no signifi-
of >20 mwm, and cells treated with diboron for 3 h showed an IC,,  cant differences were observed (Figure 6B).

value of >9 mwm, both well above the concentrations and exposure Using our inducibly degradable gels, we confirmed that chi-
times required to effectively degrade the PAAm/Alg hydrogels  tosan acts as a strong adhesive even on wet surfaces and that
(Figure 5D). the adhesion energies are not compromised in the presence of

With a bioorthogonal means of degrading hydrogels in hand,  blood as previously reported.’! In contrast, the cyanoacrylate-
we looked to evaluate the gels as adhesives, which are an im-  based adhesives Loctite and Periacryl exhibited poor adhesion
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Figure 4. Degradation profiles of 1.0 and 1.5 mm thick PAAm/Alg hydrogels evaluated with tensile and rheology tests. A) Stress—strain curves,

B) maximum stresses, C) fracture energies, and D) initial slopes of the stress-strain curves in the strain range of 0—1 mm mm=2 of PAAm/Alg hy-
drogels of varying thickness exposed to various concentrations of aqueous B, (OH), for 10 min. Mean values are shown, and error bars represents +
SD (n = 3). E) Shear storage moduli of 1.0 mm thick, and F) 1.5 mm thick PAAm/Alg hydrogels cast with ENBAA-1 exposed to aqueous B, (OH)4. Mean
values are shown, and error bars represents + SD (n = 3). G) Fraction storage modulus of 1.0 and 1.5 mm thick PAAm/Alg hydrogels cast with ENBAA-1
exposed to aqueous B, (OH),. Mean values are shown, and error bars represents + SD (n = 3). Statistical analysis by a one-way ANOVA with post hoc
t-tests with Bonferroni correction, ****p < 0.0001, **p < 0.01, *p < 0.05, ns = no significance between groups.

energies when blood was applied to the surface of tissues prior to
adhesion (Figure S15, Supporting Information). This is consis-
tent with the known incompatibility of cyanoacrylate adhesives
with wet surfaces. Both adhesives solidify immediately upon ex-
posure to water and form plastics that cannot accommodate dy-
namic movements of the tissues.

Strong adhesion energies are important for holding a ma-
terial in place; however, they can be a problem when detach-
ment is required. For example, the removal of strong adhesives
from various tissues risks fibrosis and other forms of secondary
tissue damage. An effective approach to this challenge is to de-
grade the underlying biomaterial to which the adhesive has been
applied. When a material’'s mechanical properties are compro-
mised, its ability to adhere also decreases as the toughness of
a material is linked to the strength of its adhesion to biologi-
cal tissues, and the two cannot be decoupled.’*”!] To evaluate
the effect of hydrogel degradation on the adhesion energies, hy-
drogels were adhered to mice skin then removed with or with-
out degradation. The tissues were then stained and assessed by
histology (Figure 6C; S16, Supporting Information). Removal
of both MBAA and ENBAA-1 crosslinked PAAm/Alg hydrogels
from mice skin without degradation resulted in the detachment
of the outer layer of epithelium when adhesives such as Peri-
acryl and chitosan were used; however, the epithelia were ob-
served to be intact when the hydrogels were peeled after sub-
merging the tissue in an aqueous solution of 500 um B, (OH), for
30 min.

Adv. Mater. 2025, 37, 2414692 2414692 (7 of 16)

3. Poly(N-isopropylacrylamide)/Alginate Intraoral
Hydrogels in Wet Environments

PAAm/Alg hydrogels are tough and powerful in dry environ-
ments. However, once introduced to a wet environment where
the hydrogel can absorb the solvent, PAAm/Alg hydrogels’
toughness decreases due to swelling.”?! To minimize the ef-
fect that swelling has on the intrinsic properties of the mate-
rial, degradable thermoresponsive poly(N-isopropylacrylamide)
(PNiPAAm)/Alg hydrogels were also fabricated using the same
ENBAA-1 crosslinker. PNiPAAms undergo phase transition
above its low critical solution temperature (LCST) which allows
for de-swelling, maintaining the material’s original mechanical
properties.”374] And because PNiPAAm’s LCST is below 37 °C or
the normal body temperature, PNiPAAm/Alg hydrogels are suit-
able for applications in vivo under wet environments.”>~"7] Devel-
oping a robust, biocompatible, and chemically inducible tough
hydrogel could enable the use of these materials in a range of in
vivo applications, where repeated detachment is crucial.

Tough degradable hydrogel wound dressings are most attrac-
tive in applications where the surrounding environment under-
goes consistent deformations and where repeated attachment
and detachment is favorable. The intraoral cavity is one organ
where hydrogel wound dressings can have an impact (Figure 7A).
Attachment of tough hydrogels to oral lesions such as mouth
ulcers, sores, or post-surgical sutures can be beneficial to pro-
tect the site of injury from food or beverage as well as from
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Figure 5. Biocompatibility of degradable PAAm/Alg hydrogel and
B,(OH), reagent. A) lllustration of the biocompatibility assay of
PAAm/Alg hydrogels. B) Fluorescence microscope images of cells stained
with Calcein AM (left, green), ethidium homodimer-1 (middle, red), and
overlay of two channels (right). C) Cell viability of L929 cells incubated
with PAAm/Alg hydrogels and exposed to aqueous B, (OH), (500 um) for
30 min at 37 °C. Cell viability was calculated using a custom pipeline on
CellProfiler. Mean values are shown, and error bars represents + SD (n =
5). D) L929 fibroblasts exposed to B, (OH), were evaluated for cell viability
using the CellTiter-Glo 2.0 assay. Mean values are shown, and error bars
represents + SD (n = 3).

secondary infections;!”®7?l however, because the intraoral cav-
ity is constantly wet from saliva, hydrogels that undergo ex-
treme swelling are not ideal materials for oral wound dressings.
For example, PAAm/Alg hydrogels undergo significant swelling
when immersed in water.®”) Many anti-swelling and adhesive hy-
drogels have been developed to address the swelling behaviors
of hydrogels.[”#81] To create tough hydrogels that can maintain
their mechanical properties in wet environments at biological
temperatures, we turned our attention to PNiPAAm/Alg
hydrogels. PNiPAAms are well known for their thermo-
responsive characteristics and PNiPAAm/Alg hydrogels have
been reported for applications in drug delivery and soft
robotics.[8233]

To evaluate the swelling of PAAm/Alg and PNiPAAm/Alg hy-
drogels in various aqueous media, the swelling ratios for these
hydrogels were measured (Figure 7B). Hydrogels were immersed
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in PBS, pH 7.4 at either 23 or 37 °C for 72 h, and the swelling
ratios were recorded. At room temperature, both PAAm/Alg
and PNiPAAm/Alg hydrogels showed swelling ratios up to
40-fold. At 37 °C, although PAAm/Alg hydrogels showed sim-
ilar final swelling ratios, PNiPAAm/Alg hydrogels showed de-
swelling from the originally fabricated state, with a swelling ra-
tio of 0.6-fold. This data is consistent with other PNiPAAm-
based hydrogels that are swelled above their LCST. The N-
isopropyl groups interfere with hydrogen bonding and causes
deswelling. Photos of hydrogels swollen at 37 °C in PBS
show that PNiPAAm/Alg hydrogels maintain their size while
PAAm/Alg hydrogels swell to almost 3 times their original size
(Figure 7C). Swelling behaviors were similar in other aque-
ous media including cell culture media + 10% human serum
or media + 10% pooled human saliva, suggesting that the
swelling behavior of PNiPAAm/Alg hydrogels will be similar in
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Figure 6. Analysis of the strength of adhesion of degradable hydrogels to
tissues. A) lllustration of T-peel test on porcine skin. B) Adhesion energies
of degradable hydrogels on porcine skin. Energies were measured using
the T-peel test. Loctite, Periacryl, chitosan + EDC/sulfo-NHS were used
as adhesives. Mean values are shown, and error bars represent + SD,
(n = 3). C) H&E images of mice skin after adhesion and removal of
PAAmM/Alg hydrogels cast with ENBAA-1 crosslinker. Aqueous B, (OH),4
(500 um, 30 min) was used to degrade the hydrogels.
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Figure 7. PNiPAAm/Alg hydrogels employed as intraoral hydrogel wound dressings. A) lllustration of the use of PNiPAAm/Alg hydrogels as anti-swelling
and degradable intraoral hydrogel wound dressings together with aqueous tetrahydroxydiboron as the chemical inducer applied as a mouth wash.
B) Swelling ratios of PAAm/Alg and PNiPAAm/Alg hydrogels swollen in PBS, pH 7.4 at 23 or 37 °C for 3 d. Mean values are shown, and error bars
represent + SD (n = 3). C) Photos of PAAm/Alg and PNiPAAm/Alg hydrogels before and after swelling in PBS, pH 7.4 at 37 °C for 3 d. D) Maximum
stress, E) maximum strain, and F) initial slopes of the stress-strain curves in the strain range of 0—0.5 mm mm~2 of swollen PAAm/Alg and PNiPAAm/Alg
hydrogels in PBS, pH 7.4 at 37 °C for 3 d. Mean values are shown, and error bars represent + SD (n = 3). G) Viscoelastic responses of swollen PAAm/Alg
and PNiPAAm/Alg hydrogels in PBS, pH 7.4 at 37 °C for 3 d. Mean values are shown, and error bars represent + SD (n = 3). H) Lap shear stress of
swollen PAAm/Alg and PNiPAAm/Alg hydrogels in PBS, pH 7.4 at 37 °C for 3 d on porcine skin pre-treated with pooled human saliva. Adhesives used
include Loctite, Periacryl, chitosan + EDC/sulfo-NHS and Ora-Aid. Mean values are shown, and error bars represent + SD (n = 3), as analyzed by a

one-way ANOVA with post hoc t-tests with Bonferroni correction, ****p < 0.0001.

an intraoral environment (Figure S17; Figure S18, Supporting
Information).

Swelling or deswelling of hydrogels influences their mechan-
ical properties. When comparing the maximum stress, strain,
initial slopes of the stress-strain curves, and viscoelastic prop-
erties of swollen hydrogels, swollen PNiPAAm/Alg hydrogels
dramatically outperform swollen PAAm/Alg hydrogels. More-
over, swollen PNiPAAM/Alg hydrogels outperformed unswollen
PNiPAAm/Alg hydrogels (Figure S19, Supporting Information),
reaching maximum stress and strain of 48 kPaand 11 mm mm~1,
respectively (Figure 7D-F). Viscoelastic responses of swollen
PAAm/Alg and PNiPAAm/Alg hydrogels in various media were
also evaluated (Figure 7G; Figures S20,S21, Supporting Infor-
mation). The storage modulus G’ of PNiPAAm/Alg hydrogels
was nearly 10-fold greater compared to that of PAAm/Alg hy-
drogels. Additionally, hydrogels that were swollen in media
+ human serum or media + human saliva showed compa-
rable G’ and G” to hydrogels swollen in PBS, pH 7.4, sug-
gesting that the enamine N-oxides are stable in biological
media.

Again, because adhesion energies cannot be decoupled from
the toughness of the hydrogel, we hypothesized that swollen PNi-
PAAm/Alg hydrogel adhesives would outperform the swollen
PAAm/Alg hydrogel adhesives. To evaluate the adhesive ener-
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gies most applicable for intraoral applications, lap shear stress
of swollen hydrogels were measured (Figure 7H). Lap shear
stress of PNiPAAm/Alg hydrogels on porcine skin were an
order of magnitude higher than those of PAAm/Alg hydro-
gels as well as those of the commercially available intrao-
ral hydrogel adhesive Ora-Aid. The tissues were pre-incubated
with pooled human saliva before adhesion for 2 min. The
saliva had minimal effect on the adhesion energies of all three
adhesives.

Degradation of PNiPAAm/Alg hydrogels was also evaluated
in a similar manner to that of PAAm/Alg hydrogels. Because
ENBAA-1 was used to fabricate the PNiPAAm/Alg hydrogels, the
degradation trends were similar to those of PAAm/Alg hydrogels
(Figure 8A). Stress-strain curves of hydrogels exposed to aqueous
B,(OH), for 10 min showed a concentration dependent degra-
dation profile. Again, the maximum stresses, fracture energies,
and the initial slopes of the stress—strain curves of PNiPAAm/Alg
hydrogels were indicative of the significant degradation of me-
chanical properties as the concentration of the B,(OH), was in-
creased (Figure 8B-D). It was difficult to measure the fracture
energies of hydrogels exposed to B,(OH), with concentrations
greater than 100 pm because rapid degradation led to formation
of an amorphous gel. It is interesting to note that hydrogels ex-
posed to 100 um aq. B,(OH), showed no loss in the initial slopes
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Figure 8. Degradation profiles of swollen PNiPAAm/Alg hydrogels.
A) Stress—strain curves of swollen PNiPAAm/Alg hydrogels exposed to
various concentrations of B, (OH), for 10 min 23 °C. B) Maximum stress,
C) fracture energy, and D) initial slopes of the stress-strain curves in the
strain range of 0—0.5 mm mm™2 of swollen PNiPAAm/Alg hydrogels ex-
posed to various concentrations of B, (OH), for 10 min at 23 °C. Mean
values are shown and error bars represent + SD (n = 3). E) Ex vivo ap-
plication of PNiPAAm/Alg hydrogels adhered to and removed from pork
tongue. Hydrogels were adhered using chitosan + EDC/sulfo-NHS. Solu-
tion of B, (OH), (500 um) was applied in 3 different ways for 10 min at
23 °C: 1) submerged, 2) sprayed or 3) applied by wet gauze.

of the stress-strain curves, which suggests incomplete degrada-
tion; however, the stress-strain curves show a sharp drop in the
stress as the strain starts to increase after the inflection point. A
certain force is required to observe loss in mechanical properties
of hydrogels in tensile tests,[*3#] but this does not mean that the
dissociation of the ENBAA-1 crosslinker is absent. Degradation
of PNiPAAm/Alg hydrogels exposed to various concentrations of
aqueous B,(OH), for 3 min was also explored (Figure S22, Sup-
porting Information).

Cell viability assays were also performed with PNiPAAm/Alg
hydrogels to confirm their biocompatibility. Prior to assays, the
gels were incubated with PBS pH 7.4 for 3 d at 37 °C and
the media was exchanged every 24 h to remove any remain-
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ing unreacted monomers to maximize biocompatibility. 1929
cells were exposed to PNiPAAM/Alg hydrogels that had been
pre-incubated in PBS, pH 7.4 for 3 d (Figure S23, Supporting
Information). The cells were incubated with the hydrogels for
72 h, then treated with B,(OH), to induce hydrogel degrada-
tion. After 0.5 h, the cells were treated with Calcein AM and
ethidium homodimer 1 to visualize live and dead cells. Cells
that were treated with both the hydrogel and aqueous B,(OH),
showed cell viabilities >95%. Moreover, PAAm/Alg hydrogels
have been reported previously as biocompatible intraoral wound
dressings. %]

To evaluate the feasibility of removing PNiPAAm/Alg hydro-
gels from tissue, the diboron-mediated hydrogel degradation ap-
proach was evaluated on pork tongue in an ex vivo setting at 23 °C
(Figure 8E; Figure S24—S29, Supporting Information). Hydro-
gel disks were first adhered to pork tongue using Loctite, Peri-
acryl, or chitosan + EDC/sulfo-NHS. Then, aqueous solutions of
B,(OH), (500 um) were applied to the tissue in three different
ways for 10 min: 1) the tissue was submerged in a diboron so-
lution to simulate the delivery of the reagent as a mouth wash,
2) the diboron solution was sprayed directly onto the hydrogel
with a spray bottle, completely covering the surface of the tis-
sue, and 3) a wet gauze saturated with diboron solution was
placed over the hydrogel. Photos show that when the hydrogel-
tissue adduct was submerged in water without diboron treat-
ment, the hydrogel remained adhered. Application of diboron
solution by any of the three methods resulted in quick and
easy removal of the hydrogel. Submerging the hydrogel in the
aqueous B,(OH), solution proved to be most effective at de-
grading the hydrogel, but applying solutions of diboron via
either spray bottle or wet gauze was enough to degrade the
hydrogel for easy removal. Application of the aqueous solu-
tion of diboron for 5 min also resulted in efficient removal of
the hydrogels (Figure S30, Supporting Information). The re-
movability of PNiPAAm/Alg hydrogels was also evaluated at
37 °C (Figures S31-S35, Supporting Information). The photos
demonstrate that diboron solutions effectively induce degrada-
tion and removal of the hydrogels at physiologically relevant
temperatures within 5 min. Chemically inducible and degrad-
able hydrogels with its fast degradation times and efficient re-
movability coupled with the biocompatibility of the diboron
reagent are effective in circumstances where repeated attach-
ment and detachment of hydrogels is necessary, like in the oral
cavity.

PNiPAAm/Alg hydrogels were designed to function as a
degradable intraoral wound dressing in the presence of diboron
reagents, so it was necessary to assess the safety of B,(OH),
when swallowed. In vivo maximum tolerated dose (MTD) stud-
ies of B,(OH), were conducted in mice to prove the safety of the
B,(OH), solutions (Figure 9A). Nude mice were administered 0
(H,O vehicle), 25, 75, and 150 mg kg ! doses of aqueous B, (OH),
solution via oral gavage. Five consecutive daily doses were admin-
istered, and the survival rate, weight, and food consumption of
the mice were recorded over 14 d (Figure 9B,C). All of the mice
in the study survived and showed no signs of weight loss or re-
striction in their diet. The byproduct of B,(OH), when reacted
with N-oxides is boric acid, which is widely used as a buffering
component in pharmaceutical formulations. These MTD studies
show that B, (OH), is safe for ingestion by mice even at 200 mm
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Figure 9. Maximum tolerated dose (MTD) study for administration of
B, (OH), by oral gavage in mice. A) Illustration of oral gavage and time-
line of the MTD study. B) Survival rate (%), and C) weight change (%) of
mice administered with B, (OH), every 24 h for 5 consecutive days. Mean
values are shown (n =35).

concentrations and volumes up to 200 uL repeatedly over multi-
ple days.

4, Conclusion

We have described bioorthogonally degradable tough hydrogels
that can function in both dry and wet environments. Employ-
ing enamine N-oxide bisacrylamide as a covalent crosslinker for
PAAm/Alg or PNiPAAm/Alg hydrogels enables these hydrogels
to be degraded by treatment with B,(OH),. We were able to iden-
tify the most appropriate crosslinker by evaluating crosslinkers of
various lengths, and we were able to identify the optimal concen-
tration of the crosslinker most effective for fabricating tough hy-
drogels with comparable mechanical properties to those of their
nondegradable PAAm/Alg or PNiPAAm/Alg counterparts. The
degradation is inducible, and the degradation kinetics are rapid.
The factor limiting the rate of degradation is the diffusion of
B,(OH), solution into the hydrogel for hydrogels of the dimen-
sions and geometries evaluated in this study. High biocompati-
bility of both the hydrogels and B,(OH), suggest their potential
use in wound dressings and allows for repeated attachment and
detachment to the adhered tissue without causing secondary skin
damage.

We were able to circumvent the swelling property of
PAAm/Alg hydrogels by switching the covalently linked poly-
mer network to PNiPAAm polymers. This allowed the PNi-
PAAm/Alg gels to be used in constantly wet and damp Dbi-
ological environments. PNiPAAm/Alg hydrogels also demon-
strated inducible degradation with fast kinetics. PNiPAAm/Alg
hydrogels exhibit potential for use in intraoral hydrogel wound
dressings. In vivo MTD studies involving the administration
of diboron solution through oral gavage demonstrates the
low toxicity of tetrahydroxydiboron and its potential to be
used as the chemical stimulus for the induction of degra-
dation of hydrogels fabricated with ENBAA-1 as the covalent
crosslinker.
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The promising properties of these hydrogels are accompa-
nied by limitations inherent to chemically degradable systems.
Chemical reagent-responsive materials require an exogenous
stimulus, and the difficulties in achieving precise spatial con-
trol of the exogenous stimulus makes certain applications un-
feasible. For example, the need for a chemical stimulus makes
the degradation of hydrogels implanted in poorly accessible loca-
tions challenging. Moreover, the lack of precision in spatial con-
trol over the site of degradation is inevitable for small molecule-
responsive materials where the reagent can diffuse away from
the site of application. However, certain applications can ben-
efit from the lack of spatial constraint, especially in scenar-
ios where materials have large dimensions, are amorphous, or
have irregular geometries. The ability of the chemical stimu-
lus to spread out and cover a larger area can be beneficial and
is a unique feature of our method, which is difficult to repli-
cate using other types of stimuli. Chemically degradable hydro-
gels thus offer compensatory benefits that could offset these
limitations.

Despite these limitations, the inducibly degradable hydrogels
described in this study provide a novel alternative to existing
degradable materials. This degradable system exhibits rapid
degradation kinetics, excellent biocompatibility, minimal inva-
siveness, and greater accessibility, broadening the potential use
of degradable materials in biomedical applications. Importantly,
bioorthogonally degradable materials function in an orthogonal
space compared to biodegradable materials and existing in-
ducibly degradable systems such as photodegradable materials.
Looking ahead, enamine N-oxide-based hydrogels have potential
applications that extend beyond the demonstrations described
in this study, offering potential use in areas such as thermal sta-
bilization of biologics!®! and as drug-loaded, tissue-protective,
and degradable hydrogels in tissue ablation therapies.®¢] In
addition, we expect that incorporation of the enamine N-oxide
motif into polymers by means other than as the crosslink-
ing agent will provide alternative and powerful ways to place
the functional properties of a material under small molecule
control.

5. Experimental Section

Synthesis of Bis-Boc-Bromoenamine N-Oxide (9):  2,2,2-Trifluoroethanol
(TFE) in chloroform (20% v/v, 20 mL) was added to a 25 mL round bot-
tom flask charged with hydroxylamine 1 (3.47 g, 18.2 mmol, 2.00 equiv)
and bromoalkyne 8 (2.94 g, 9.14 mmol, 1 equiv). The vial was flushed with
nitrogen, sealed with a septum cap and Parafilm, then heated to 50 °C
in an oil bath. After 3 h, the reaction was cooled to room temperature
and concentrated under reduced pressure. The crude oil was purified by
flash column chromatography on silica gel (eluent: 10—-40% CMA in chlo-
roform) to provide bis-Boc-bromoenamine N-oxide 9 (4.30 g, 92%) as a
white foam.

TH NMR (500 MHz, CD;0D) & 7.48 (t, ] = 5.6 Hz, 1H), 4.72 (qd,
14.5, 5.7 Hz, 2H), 4.07-3.90 (m, TH), 3.52-3.35 (m, 6H), 3.17 (d, | =
Hz, 2H), 3.14 (d, | = 4.8 Hz, 2H), 1.43 (s, 9H), 1.43 (s, 9H).

13C NMR (126 MHz, CD;0D) § 158.7, 158.5, 158.3, 131.5, 128.7, 80.5,
80.3, 69.0, 63.9, 60.9, 42.1, 41.3, 36.2, 28.9, 28.9.

FTIR (thin film) cm™1: 3332 (br), 2984 (w), 1692 (s), 1524 (m), 1454
(w), 1252 (m), 1170 (s), 1030 (w).

HRMS (ESI) (m/z): calc'd for CigH35BrN,O; [M+H]*: 511.1762,
found: 511.1786.

TLC (30% CMA in chloroform), Rf: 0.14 (KMnQOy,).

)=
4.9
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Synthesis of Bis-Boc-Enamine N-Oxide (3): A round bottom flask was
charged with bis-Boc-bromoenamine N-oxide 9 (3.27 g, 6.36 mmol,
1 equiv) and purged with nitrogen. Tetrahydrofuran (200 mL) was then
added via syringe, the reaction mixture was cooled to- 78 °C using an
acetone-dry ice bath, and n-butyllithium (1.9 m in hexanes, 3.68 mL, 7.00
mmol, 1.10 equiv) was added dropwise via syringe. After 20 min, the re-
action was quenched with deionized water (1 mL) and warmed to room
temperature by removing the acetone-dry ice bath. The resulting crude
mixture was concentrated under reduced pressure and purified by flash
column chromatography on silica gel (eluent: 30-60% CMA in chloro-
form) to provide bis-Boc-enamine N-oxide 3 (2.09 g, 76%) as a white
foam.

TH NMR (500 MHz, CD;0D) & 6.56 (dt, | = 13.3, 5.0 Hz, TH), 6.49
(d, ] = 13.4 Hz, TH), 4.68 (d, | = 4.9 Hz, 2H), 3.61-3.38 (m, 4H), 3.25 (s,
3H), 3.22-2.97 (m, 4H), 1.43 (s, 9H), 1.43 (s, 9H).

13C NMR (126 MHz, CD;0D) 6 157.2, 156.9, 156.7, 140.7, 123.0, 79.1,
78.7, 68.9, 60.6, 58.1, 40.5, 39.8, 34.9, 27.4, 27.3.

FTIR (thin film) cm™1: 3343 (br), 2974 (w), 1700 (s), 1524 (m), 1415
(m), 1364 (m), 1252 (m), 1167 (s), 1039 (w), 779 (w)

HRMS (ESI) (m/z): calc'd for Ci9H3gN4O5 [M+H]*: 433.2657, found:
433.2655.

TLC (60% CMA in chloroform), Rf: 0.29 (KMnO,).

Synthesis of Enamine N-Oxide Bisacrylamide (ENBAA-1): Trifluo-
roacetic acid in dichloromethane (20% v/v, 3 mL) was added to a round
bottom flask charged with bis-Boc-enamine N-oxide 3 (521 mg, 1.21
mmol, 1 equiv) at room temperature. After 3 h, the reaction mixture was
concentrated under reduced pressure. To the crude oil was added deion-
ized water (8 mL) followed by sodium bicarbonate (709 mg, 8.44 mmol,
7.00 equiv) portion-wise at room temperature. The flask was covered in
foil, and N-acryloxysuccinimide (428 mg, 2.53 mmol, 2.10 equiv) was
added to the solution. After 1 h, the reaction mixture was purified by au-
tomated Cyg reverse phase column chromatography (30 g Cy; silica gel,
25 pm spherical particles, eluent: H,O + 0.2% Et;N (2 CV), gradient
0—100% MeCN/H,0 + 0.2% Et;N (10 CV) to provide enamine N-oxide
bisacrylamide ENBAA-1 (329 mg, 80%, 2 steps) as a white solid.

TH NMR (500 MHz, CD;0D) & 6.60 (dt, | = 13.0, 5.0 Hz, TH),
6.56-6.51 (m, TH), 6.29-6.17 (m, 4H), 5.76-5.63 (m, 2H), 4.70 (dd, | =
5.1, 1.6 Hz, 2H), 3.76-3.57 (m, 3H), 3.57-3.49 (m, 1H), 3.38 (td, ) = 6.1,
3.6 Hz, 2H), 3.30-3.24 (m, 5H).

13CNMR (126 MHz, CD;0D) 6 167.0, 166.8, 157.0, 140.6, 130.7, 130.4,
125.7, 125.4, 123.3, 68.6, 60.7, 58.4, 40.1, 38.9, 33.9.

FTIR (thin film) cm=1: 3340 (br), 2974 (w) 1696 (s), 1528 (m), 1453
(m), 1364 (m), 1252 (m), 1170 (m), 998 (w), 779 ().

HRMS (ESI) (m/z): calc'd for Ci5H,4N4Os [M+H]*: 341.1819, found:
341.1823.

Preparation of PAAm/Alg Hydrogels: 2.2% Sodium alginate solu-
tion was prepared by dissolving high-molecular-weight sodium alginate
(110 mg, MVG, NovaMatrix) and low-molecular-weight sodium alginate
(110 mg, VLVG, NovaMatrix) in Hank’s Balanced Salt Solution (HBSS, 10
mL, pH 7.4). Acrylamide (1.35 g), N,N,N”,N"-tetramethylethylenediamine
(TEMED, 8 uL), and methylene bisacrylamide (MBAA, 123 mM in water,
36 pL) or enamine N-oxide bisacrylamide (ENBAA-1, 156 mM in water,
36 pL) covalent crosslinker was added to the fully dissolved sodium al-
ginate solution and drawn into a syringe. A second syringe containing
ammonium persulfate (APS, 226 pL of 6.6% w/v in water) and calcium
sulfate dihydrate (CaSO4-2H,0, 0.75 M in water, 191 pL) was connected
to the syringe containing the alginates, acrylamide, TEMED, and covalent
crosslinker with a female-female luer connector and syringe mixed. For
ENBAA-2 and ENBAA-3, refer to Table S1 (Supporting Information). The
gel was cast into glass molds (75 mm x 80 mm x 1.5 mm, w x | X d),
placed in a sealed plastic bag away from light, and left to crosslink for
24 h. After 24 h, the gel was removed from the mold, placed in a sealed
plastic bag, and stored at 4 °C.

Hydrogel Mechanical Properties: Tensile tests were performed in ten-
sion (Instron 3400-SCT, 100 N load cell) and stress-strain curves were ob-
tained to evaluate the maximum stretch, stress, and the initial slopes of
the stress—strain curves of the hydrogels. The hydrogel was glued between
two glass plates at each end, resulting in rectangular specimens measur-
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ing 70 mm X 5 mm X 1.5 mm (wxIxd). All tensile tests were performed
in air at room temperature using a tensile testing machine with a 100 N
load cell. The rate of tension was fixed at 50 mm min~' and the hydro-
gel was pulled until rupture. From the stress-strain curve, the maximum
stretch, maximum strain, and the initial slopes of the stress-strain curves
were calculated. The initial slopes of the stress-strain curves were ob-
tained by linear fitting. For PAAm/Alg hydrogels, the strain range was set to
0—1mm mm~2, For PNiPAAm/Alg hydrogels, the strain range was set to
0-0.5 mm mm~2. The fracture energy of a gel was assessed following the
method outlined by Rivlin and Thomas.[%¢] Two samples of identical gel,
one unnotched and one notched, were evaluated. Rectangular hydrogel
specimens with dimensions: width (w) = 70 mm, thickness (t) = 1.5 mm,
and length () = 5 mm underwent the tensile testing protocol outlined
above. The unnotched gel was placed under tension until rupture, and
the resultant force-length curve was analyzed to determine the work done
(U(L)). For the notched sample, a 40 mm-long notch was created using a
razor blade, and the critical clamp distance (L.) at which the notch tran-
sitions into a running crack was measured. The fracture energy was then
calculated using Equation 1

Fractureenergy (kj/m?) = U (L) / (W) () )

Viscoelastic Responses of PAAm /Alg Hydrogels determined by DMA:  The
viscoelastic responses of PAAm/Alg hydrogels were determined using a
Mettler Toledo DMA 1 instrument. Compression frequency sweep tests
at 0.1% strain were carried out over the frequency range of 0.1-30 Hz.
PAAmM/Alg gels were cast following the general procedure. Hydrogels were
punched into disks (8.0 mm diameter, 1.5 mm thickness) for each mea-
surement. The storage modulus E’ and loss modulus E” were recorded.

Degradation of PAAm/Alg Hydrogels with aq. B,(OH),:  PAAm/Alg hy-
drogels were cast following the general procedures. Tensile tests were
performed following the general procedures to determine the maximum
stress and the initial slopes of the stress-strain curves. Fracture energy was
determined following the general procedures. Prior to tensile test, only the
sample region undergoing stress was submerged in aq. [B, (OH),] for the
specified time.

Discrete Viscoelastic Responses of PAAm/Alg Hydrogels Exposed to agq.
B,(OH),: PAAm/Alg hydrogels were cast following the general proce-
dures. Rheology tests were performed on TA Instruments Discovery HR 2
to evaluate the trends of hydrogels exposed to aqueous [B, (OH)4] ranging
from 10 mm to 100 uM. A rubber spacer (5 mm diameter, 5 mm thick) was
attached to the bottom plate. A 150Cw sandpaper was fixed on the bottom
plate and 800Cw sandpaper was fixed to the top spindle to provide suf-
ficient grip on the samples during measurement. Viscoelastic responses
of nondegradable and degradable hydrogels aqueous B, (OH), were mea-
sured, and the shear moduli were recorded. Hydrogels disks (1.0 mm or
1.5 mm thick, 5 mm diameter) were prepared for evaluation. Six [B, (OH) 4]
were chosen: 10 mm, 3 mm, 1 mm, 500 pum, 100 pum, and O pm. Initial os-
cillation tests were performed to obtain initial storage and loss moduli.
The top spindle was raised to 5 mm height, and aqueous B, (OH), (5 mL)
solution was added to the bottom plate. Subsequently, when the spindle
reached the geometry gap, the gel's moduli were recorded. The geometry
gap was set at 800 pm for the 1.0 mm thick samples and 1200 um for the
1.5 mm thick samples. After each measurement, the top spindle was suf-
ficiently raised to increase the contact surface area of aqueous B, (OH),
to the gel disks. It was essential to allow the diboron solution to diffuse
into the gel from the bottom and the side surface of the hydrogel disk. This
procedure was repeated for 36 cycles. The holding time was 10 s for the
first 6 cycles and 1 minute for the remaining. For each cycle, the oscilla-
tion test was performed at 20 °C with 1 Hz frequency and 5% shear strain
amplitude.

Cell Viability Assay:  For cell culture, L929 fibroblasts were cultured in
modified MEM 1x with |-glutamine containing 10% horse serum (Fisher),
100 units mL~" penicillin and 0.1 mg mL™" streptomycin (Sigma) in a hu-
midified chamber at 37 °C under an ambient atmosphere with 5% CO,
unless otherwise stated. All cell lines were acquired from ATCC. Cells
were passaged and dissociated with 0.25% trypsin, 0.1% EDTA in HBSS
(Corning). All cells tested negative for mycobacteria with the MycoAlert
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PLUS Mycoplasma Detection Kit (Lonza) following manufacturer’s pro-
tocol. To prepare 96-well plate, an aqueous solution of human fibronectin
(10 ug mL~", 100 uL, Corning) was added to each well. The plate was gently
shaken to distribute the solution evenly, incubated at room temperature
for 0.5 h, washed using autoclaved deionized water (100 L) then auto-
claved PBS, pH 7.4 (100 pL), and air-dried for 0.5 h at room temperature.

L929 fibroblasts were seeded in an opaque 96-well plate at a density of
10000 cells per well in media (100 uL, MEM containing 10% horse serum,
100 units mL~" penicillin, 0.1 mg mL~" streptomycin). PBS (pH 7.4,
100 pL) was added to the edge wells. The cells were incubated in a hu-
midified chamber at 37 °C with 5% CO,. After 24 h, the media was as-
pirated and replaced with media (100 pL, MEM supplemented with 10%
FBS, 100 units mL™" penicillin, 0.1 mg mL~" streptomycin) containing
tetrahydroxydiboron. Treatment concentrations started at 50 mm and was
serially diluted 2.5-fold across nine wells. Vehicle controls corresponding
to the treatment consisted of complete growth media (100 uL). The treated
plates were incubated at 37 °C with 5% CO, for 0.5 or 3 h after which the
media was removed, the cells were washed twice with PBS pH 7.4, and
the solution was replaced with complete growth media (100 uL). After in-
cubating at 37 °C with 5% CO, for 24 h, the plates were removed from
the incubator and allowed to equilibrate at room temperature for 10 min.
CellTiter-Glo 2.0 reagent (50 uL, Promega) was added directly to each well
and mixed gently. The plates were incubated at room temperature for 10
min to stabilize the luminescence signal and then analyzed by a microplate
reader (Clariostar Plus, BMG Labtech).

LIVE/DEAD Cell Viability Assay:  For the preparation of a 24-well plate,
an aqueous solution of human fibronectin (10 pg mL~", 500 uL, Corn-
ing) was added to each well. The plate was gently shaken to distribute
the solution evenly, incubated at room temperature for 0.5 h, washed us-
ing autoclaved deionized water (500 uL) then autoclaved PBS, pH 7.4
(500 pL), and air-dried for 0.5 h at room temperature. L929 fibroblasts
were seeded in a 24-well plate at a density of 5000 cells per well in media
(500 uL, MEM containing 10% horse serum, 100 units mL™! penicillin, 0.1
mg mL™" streptomycin). The cells were incubated in a humidified cham-
ber at 37 °Cwith 5% CO,. After 24 h, the media was aspirated and replaced
with media (100 pL, MEM supplemented with 10% FBS, 100 units mL™!
penicillin, 0.1 mg mL~" streptomycin) and hydrogel disks were introduced
to each well. Vehicle controls corresponding to the treatment consisted
of complete growth media (500 pL). The treated plates were incubated
at 37 °C with 5% CO,. After 72 h, the media was aspirated and replaced
with media (1 mL, MEM supplemented with 10% FBS, 100 units mL™"
penicillin, 0.1 mg mL~" streptomycin, 500 um tetrahydroxydiboron), and
incubated at 37 °C with 5% CO, After 0.5 h, the plates were removed
from the incubator and allowed to equilibrate at room temperature for
10 min. The media was aspirated and replaced with an aqueous solution
of Calcein AM and ethidium homodimer-1 (EthD-1) (500 pL, 2 um Calcein
AM, 4 um EthD-1, Invitrogen) then mixed gently. The plates were incu-
bated at room temperature for 20 min and then imaged by fluorescence
microscopy.

Fluorescence Microscopy and Cell Counting: Wells were imaged at the
Confocal and Light Microscopy Core at Dana-Farber Cancer Institute using
a Zeiss 980 confocal microscope. Images were acquired with a 10X objec-
tive at 0.16 micron pixel™" using a Hamamatsu camera. Cells stained with
Calcein AM were imaged with a 482/35 filter (excitation) and a 536/75 fil-
ter (emission) and false-colored green and cells stained with Ethd-1 were
imaged with a 560/40 filter (excitation) and a 630/75 filter (emission) and
false-colored red. Five images per well, (n = 3) were analyzed using Cell-
Profiler software with a custom pipeline. Cells stained with Calcein AM,
C4 and cells stained with Ethd-1, Cp, were counted. Cell viability was cal-
culated from Equation 2:

Cell viability (%) = Ca/ (Ca + Cp) X 100 @)

Adhesive Application and Adhesion Energy Measurement:  Loctite (4541,
Henkel, gel-type cyanoacrylate), Periacryl (high viscosity cyanoacry-
late), and chitosan (2% w/v in 0.5 m MES buffer, pH 4.5) with 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC, 12 mg mL~") and
N-hydroxysulfosuccinimide sodium salt (sulfo-NHS, 12 mg mL™") were
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used as adhesives. For Loctite and Periacryl, 21 mg cm~! was applied to

the surface of the tissue, and PAAm/Alg hydrogel was applied and com-
pressed for 20 min. For chitosan with EDC and sulfo-NHS, 25 uL cm~2 was
applied to the surface of the tissue, and PAAm/Alg hydrogel was applied
and compressed for 20 min.

Adhesion energy was measured by T-peel test using an Instron 3400
tensile testing instrument with a 100 N load cell under a uniaxial tension
with a rate of 50 mm min~! in air at room temperature. A strip of hydrogel
(70 x 15 x 1.5 mm3) was adhered to pork skin with one end open, form-
ing a bilayer with an edge crack. The back of the hydrogel was glued to a
rigid polyethylene terephthalate film (3m) with Krazy Glue to ensure that
all work done by the machine would be equal to the energy dissipated at
the crack tip. The free ends were attached in between two glass plates to
which the machine grips were attached. Force-displacement curves were
obtained, and adhesion energy was calculated using Equation 3:

Adhesion energy (J m’z) = 2 X (plateau value of F) /width (3)

Ex Vivo Evaluation of Application and Removal of PAAm/Alg Hydrogel:
Ex vivo application and removal of PAAm/Alg hydrogels were evaluated
on the skin of euthanized mice. Nude mice were donated by Dana-Farber
Cancer Institute, Animal Resources Facility. Mice were euthanized with
CO, followed by cervical dislocation. Mice were skinned and the skin
was used without any further treatment. Loctite (4541, Henkel, gel-type
cyanoacrylate-based adhesive), Periacryl (high viscosity cyanoacrylate-
based adhesive) and chitosan (2% w/v in 0.5 m MES pH 4.5) with
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC, 12 mg mL~") and
N-hydroxysulfosuccinimide sodium salt (sulfo-NHS, 12 mg mL™") were
used as adhesives. A strip of hydrogel (40 X 10 x 1.5 mm3) was adhered
to the surface of mice skin. For Loctite and Periacryl, 21 mg cm™! was ap-
plied to the surface of the tissue. Then PAAm/Alg hydrogel was applied
and compressed for 20 min. For chitosan with EDC and sulfo-NHS, 25 pL
cm~2 was applied to the surface of the tissue. Then PAAm/Alg hydrogel
was applied and compressed for 20 min.

Hydrogels were either removed with or without degradation. For re-
moval of hydrogels without degradation, the back of the hydrogel was
glued to a rigid polyethylene terephthalate film (3m) with KrazyGlue to en-
sure that all work done when removing the hydrogel would be equal to the
energy dissipated at the crack tip. For removal of hydrogels after degra-
dation, the tissue with adhered hydrogel was submerged in an aqueous
solution of B, (OH), (500 um in H,O, 20 mL) for 30 min in air at room
temperature. The tissue was then removed from the B, (OH), solution,
and the degraded hydrogel was wiped away with a tissue (KimTech). The
tissues were collected and submerged in 10% formalin in PBS, pH 7.4
(5 mL) at 4 °C for 24 h. Tissues were then washed with PBS, pH 7.4
(2 X 10 mL), then stored in 70% ethanol (5 mL) at 4 °C for hematoxylin
and eosin (H&E) staining.

Tissue samples were embedded in paraffin, sectioned, mounted, and
stained with hematoxylin and eosin (H&E) by the Rodent Histopathology
Core at Harvard Medical School. H&E slides were imaged at the Confo-
cal and Light Microscopy Core at Dana-Farber Cancer Institute using a
Nikon Ti Eclipse. Images were acquired with a 10x objective at 5.68 mi-
cron pixel™" using a DMC6200 camera from Leica.

Preparation of PNiPAAm/Alg Hydrogels: 2.2% Sodium alginate so-
lution was prepared by dissolving high-molecular-weight sodium algi-
nate (110 mg, MVG, NovaMatrix) and low-molecular-weight sodium al-
ginate (110 mg, VLVG, NovaMatrix) in HBSS (10 mL, pH 7.4). To a fully
dissolved sodium alginate solution was added N-isopropyl acrylamide
(1.35 g), N,N,N’,N “-tetramethylethylenediamine (TEMED, 8 uL) and
methylene bisacrylamide (MBAA, 123 mm in water, 36 ulL) or enam-
ine N-oxide bisacrylamide (ENBAA-1, 156 mm in water, 36 pL) covalent
crosslinker and drawn into a syringe. A second syringe containing am-
monium persulfate (APS, 226 uL of 6.6% w/v in water) and calcium sul-
fate dihydrate (CaSO,4-2H,0, 0.75 M in water, 191 pL) was connected to
the syringe containing the alginates, acrylamide, TEMED and covalent
crosslinker with a female-female luer connector and syringe mixed. The
gel was cast into glass molds (75 x 1.5 x 80 mm3), placed in a sealed
plastic bag away from light, and left to crosslink for 24 h. After 24 h, the
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gel was removed from the mold and placed in a container filled with PBS
pH 7.4. The gel was stored in PBS, pH 7.4 at 37 °C for 72 h prior to use.
Swelling Ratios of Degradable Hydrogels: The swelling ratios of the
degradable tough hydrogels were evaluated. Cylindrical specimens (8 mm
diameter, 1.5 mm height) were immersed in PBS pH 7.4 (10 mL) and in-
cubated at 23 or 37 °C. The mass of swollen hydrogels was weighed over
the course of 72 h. The swelling ratio was calculated using Equation 4:

Q (%) = (wy —wy) /wy X 100 *)

where Q (%) is swelling ratio, w, is the weight of the hydrogel after
swelling, and w, is the weight of the hydrogel before swelling.

Single Lap Shear Stress Measurement: Lap shear tests were conducted
to evaluate the adhesion strength between the hydrogels and experi-
mental biological surfaces. The lap shear stresses examine the resis-
tance of hydrogels to shear forces when adhered to biological tissues.
Loctite (4541, Henkel, gel-type cyanoacrylate), Periacryl (high viscosity
cyanoacrylate), and chitosan (2% w/v in 0.5 m MES buffer, pH 4.5) with
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC, 12 mg mL™") and
N-hydroxysulfosuccinimide sodium salt (sulfo-NHS, 12 mg mL™") were
used as adhesives. For Loctite and Periacryl, 20 mg cm~2 was applied to
the surface of either swollen PAAm/Alg or PNiPAAm/Alg hydrogels in PBS,
pH 7.4 at 37 °C over 3 d and was applied to the porcine skin and com-
pressed for 20 min. For chitosan with EDC and sulfo-NHS, 25 uL cm™2
was applied to the surface of either swollen PAAm/Alg hydrogel or PNi-
PAAm/Alg hydrogels in PBS pH 7.4 at 37 °C over 3 d and was applied to
the porcine skin and compressed for 20 min. Prior to hydrogel application,
the tissues were treated with pooled human saliva (200 uL). For Ora-Aid,
no adhesives were applied.

Lap shear tests were conducted with an Instron 3400 tensile testing in-
strument with a 100 N load cell under a uniaxial tension with a rate of
50 mm min~! in air at room temperature. A strip of hydrogel (70 mm x
15 mm x 1.5 mm, | X w x h) was adhered to porcine skin, creating an
overlap between the hydrogel and the tissue with an area of 50 mm x 1.5
mm. The back of the hydrogel was glued to a rigid polyethylene terephtha-
late film (3m) with Krazy Glue to ensure that all work done by the machine
would be equal to the energy dissipated at the crack tip. The free ends were
attached in between two glass plates to which the machine grips were at-
tached. Force-displacement curves were obtained, and lap shear stresses
were calculated using Equation 5:

Lap shear stress (kPa) = maximum force/bond area (5)

Ex Vivo Evaluation of Adhesion and Removal of PNiPAAm /Alg Hydrogel:
To evaluate the degradable and removable PNiPAAm/Alg hydrogels in an
ex vivo context, PNiPAAm/Alg hydrogels were adhered to pork tongue and
an aqueous solution of B,(OH), was applied. PNiPAAm/Alg were cast
following the general procedures for hydrogel preparation and swollen in
PBS pH 7.4 at 37 °C for 3 d. Blue food coloring was added during hy-
drogel preparation for visualization. Hydrogels were punched into disks
(10 mm diameter, 1.0 mm thickness). Three adhesives were employed:
1) Loctite, 2) Periacryl and 3) chitosan + EDC and sulfo-NHS. For Loc-
tite and Periacryl, 20 mg cm™2 was applied to the surface of the hydrogel.
For chitosan with EDC and sulfo-NHS, 25 uL cm™! was applied to the
surface of the hydrogels. Pooled human saliva (70 uL) was applied to the
pork tongue followed by the hydrogel. The hydrogel was compressed for
20 min. Hydrogel-tissue adducts were then treated at 23 °C with a 500
um solution of B, (OH), in water in three different ways for 5 or 10 min:
1) submerging the hydrogel/tissue in a solution of B,(OH)4 to mimic
swishing, 2) spraying B, (OH), solution using a spray bottle, or 3) apply-
ing a gauze saturated with B, (OH), solution. For experiments performed
at 37 °C, both the tissue-hydrogel adduct and aqueous solution of diboron
were pre-warmed to and maintained at 37 °C in an incubator before and
during application.

In Vivo Maximum Tolerable Dose (MTD) Study of B,(OH),: All ani-
mal experiments were performed according to procedures and protocols
approved by the Dana-Farber Cancer Institute Institutional Animal Care
and Use Committee (Protocol #20-019). 8-week old, female, homozygous
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NU/J mice (Jackson Laboratory, IMSR_JAX:0 02019) were dosed with aque-
ous solution of B, (OH), via oral gavage using a reusable stainless feeding
needle, 20G-1.5" curved. All B, (OH), solutions were prepared with auto-
claved deionized water and were syringe filtered (UltraCruz, PVDF 0.22
um, 13 mm diameter) before oral gavage. Four groups were dosed with
different B, (OH), concentrations: 1) vehicle (0 mgs kg™', 0 mm), 2) low
(25 mgs kg™, 34.3 mm), 3) medium (75 mgs kg™', 96.2 mm), and 4) high
(150 mgs kg™, 205.8 mwm). The highest dosage is nearing the solubility
limit of B, (OH), in water. B, (OH), was dosed via oral gavage every 24 h
for 5 consecutive days. Mice survival, body weight, and food intake were
recorded every day for the first 5 d, then every 2—3 d for 9 d. Mice were
euthanized at day 14 with CO, followed by cervical dislocation.

Statistical Analysis: Graphs were generated using GraphPad Prism,
and all data were presented as a mean with error bars representing stan-
dard deviations. An unpaired t-test was used to analyze differences be-
tween two groups with Welch’s post-hoc analysis. A one-way analysis of
variance (ANOVA) with post hoc t-tests with Bonferroni correction was
performed to assess differences between more than two groups. Data were
deemed significant if p <0.05.
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