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Mucus supports human health by hydrating, lubricating, and preventing infection of
wet epithelial surfaces. The beneficial material properties and bioactivity of mucus stem
from glycoproteins called mucins, motivating the development of mucin-derived hydro-
gels for wound dressings and antifouling coatings. However, these applications require
robust gelation and adhesion to a wide range of substrates. Inspired by the chemical
cross-linking and water-tolerant adhesion of marine mussel adhesive structures, we
use catechol-thiol bonding to drive gelation of native mucin proteins and synthetic
mucin-inspired polymers, forming soft, adhesive hydrogels that can be coated onto
diverse surfaces. The gelation dynamics and adhesive properties can be systematically
tuned by varying the hydrogel composition, polymer architecture, and thiol availability,
with gelation timescales adjustable from seconds to hours, and values of elastic modulus,
failure stress, and debonding work spanning orders of magnitude. We demonstrate the
functionality of these gels in two applications: as tissue adhesives, using porcine skin as
a proxy for human skin, and as bioactive surface coatings to prevent bacterial coloni-
zation. The results highlight the potential of catechol-thiol cross-linking as a versatile
platform for engineering multifunctional glycoprotein hydrogels with applications in
wound repair and antimicrobial surface engineering.

biomaterials | mucus | catechol-thiol bond | tissue adhesive | antifouling

Wet epithelial surfaces are coated in layers of mucus that hydrate, lubricate, and present
a physicochemical barrier protecting the underlying tissue (1). Many of these critical
biological functions are attributed to a family of glycosylated proteins called mucins, which
assemble into viscoelastic, disulfide-linked networks (2) with bioactive properties (3, 4).
The possibility of leveraging the mechanical and biochemical properties of mucins has
motivated research on mucin-based biomedical materials (5-7). However, applications
such as wound dressings (8), antifouling and lubricious hydrogel coatings (9), and repair
of depleted native mucus layers (10) require robust gelation and adhesion to tissue and
implant materials in physiological environments, beyond the transient cross-linking (11)
and adsorption (12) of native mucins. Enhanced cross-linking of mucin proteins has
previously been achieved using disulfide bonding (13) or covalent modification (14, 15),
and adhesion of mucin monolayers has been achieved by multistep covalent attachment
to surfaces (16, 17), but there remains a need for strategies to simultaneously cross-link
and adhere mucin-based hydrogels while preserving mucin bioactivity.

Adhesion in physiological environments, where water undermines adhesive interactions,
is a longstanding technological challenge (18). To overcome this challenge, we pursued a
biologically inspired strategy for cross-linking and adhesion. Marine mussels adhere to wet
surfaces by fabricating a structure called a byssus, a collection of adhesive plaques and
energy-dissipating threads composed of proteins rich in 3,4-dihydroxyphenylalanine (Dopa)
(19). Dopa and related catechol analogs can participate in a diverse range of intermolecular
interactions (20, 21) that contribute to cross-linking and adhesion of the byssus (22, 23),
inspiring the design of catechol-based materials including self-healing gels (24), biocom-
patible coatings (25), and biomedical adhesives (26). Of the interactions formed by catech-
ols, Michael addition of thiols to oxidized catechols occurs rapidly in physiological
environments (27) and has previously been shown to enable formation of gels (28-32) and
adhesives (33-36). Because cysteine residues account for approximately 5% of the mucin
primary structure (37), we hypothesized that catecholic polymers could cross-link mucin
proteins by catechol—thiol bonding, while also enabling adhesion to medically relevant
surfaces. To test this hypothesis, we investigated a range of thiol-functionalized polymers
including 4-arm PEG-thiol (PEG-4SH), a synthetic mucin-inspired polymer (MIP), as
well as native mucin proteins (MUC2 and MUC5AC) (Fig. 14), combined with two

PNAS 2025 Vol.122 No.8 2415927122

Significance

The layers of mucus coating
vulnerable surfaces in the body
are composed of lubricious,
bioactive proteins called mucins
that critically support human
health. Many of the beneficial
properties of mucins exceed the
capabilities of synthetic materials
and would be desirable for
biomedical applications;
however, there remains a need
for methods to fabricate mucin-
based materials. Here, we
present a biologically inspired
strategy for achieving adhesive
hydrogels from native mucin
proteins and synthetic mucin-
inspired polymers. By identifying
the molecular mechanisms that
tune gelation and adhesion, and
demonstrating proofs-of-concept
for key applications, we provide a
general blueprint for engineering
soft, multifunctional adhesives
for use in the human body.

Author contributions: G.D.D., CAS., G.C.-O. KR, and
G.H.M. designed research; G.D.D. and G.C.-O. performed
research; J.S., R.B.,, and P.T. contributed new reagents;
G.D.D. and G.C-O. analyzed data; and G.D.D., CAS.,
G.C-0.,).S., RB. P.T, KR, RH., and G.H.M. wrote the paper.

Competing interest statement: G.D.D., CA.S. KR.,
and G.H.M. are inventors on a provisional US patent
application (63/639,581) covering a portion of this work.

This article is a PNAS Direct Submission.

Copyright © 2025 the Author(s). Published by PNAS.
This article is distributed under Creative Commons
Attribution-NonCommercial-NoDerivatives License 4.0
(CC BY-NC-ND).

"To whom correspondence may be addressed. Email:
gdegen@mit.edu.

Present Address: Area de Biomedicina, Facultad de
Ciencias Biologicas, Departamento de Enfermedades
Infecciosas del Adulto, Facultad de Medicina, Pontificia
Universidad Catoélica de Chile, Santiago 8320000, Chile.

This article contains supporting information online at
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2415927122/-/DCSupplemental.

Published February 19, 2025.

https://doi.org/10.1073/pnas.2415927122 1 of 7


mailto:
https://orcid.org/0000-0002-7386-506X
https://orcid.org/0000-0003-1254-6206
https://orcid.org/0000-0002-8453-6966
https://orcid.org/0000-0001-8323-2779
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:gdegen@mit.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2415927122/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2415927122/-/DCSupplemental
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2415927122&domain=pdf&date_stamp=2025-2-13

Downloaded from https://www.pnas.org by 76.103.72.65 on October 19, 2026 from |P address 76.103.72.65.

20f7

A PEG-4SH
10 kDa, 3.7 thiols

Mucin-Inspired Polymer (MIP)
g 390 kDa, 54 thiols
o o Ph

Yo oM o
b Ww oo "
dJ‘OXO Lb Q m
WA N

Na0sS0 8Osy %aosso
= )
>

Nao3soj; ojﬁ NaOssog g\ososNa
a

Mucin Protein >7 MDa, >200 thiols

%WW%%%%%

N Protein
Backbone
D|su|f|de ﬂ?; O-glycan
Bonding

PEG-8C o
20 kDa, 5.8 catechols <)~

Wb\j "
VI‘O/\/O%KBO\/\OKT\/

O(\&Ofooj LOO’\,O %J\/\A
oo Y
LY
HO@J \\QOH

HO OH

oy T

Hyperbranched

O
Polyglycerol-Catechol (hPG-C) N)V\@OH
oHH OH

10 kDa, 8.5 catechols

Fig. 1. Schematic overview of the polymers investigated in this work. (4) Thiol-functionalized polymers and (B) catechol-functionalized cross-linkers. The structures
shown are ideal; the average functionalization of thiol or catechol groups per molecule is stated in the image labels.

catechol-functionalized cross-linkers: 8-arm PEG-catechol (PEG-
8C) and hyperbranched polyglycerol-catechol (hPG-C) (Fig. 1B).
We demonstrate that catechol-thiol bonding drives the formation
of adhesive hydrogels, with gelation dynamics and adhesive prop-
erties tuned by the hydrogel composition, polymer architecture,
and availability of thiol functionalities for cross-linking. We further
show that our hydrogels adhere to tissue surfaces and discourage
bacterial biofilm formation, highlighting the promise of catechol-
thiol cross-linking for the design of biomedical materials with appli-
cations in wound repair and antimicrobial surface engineering.

Results and Discussion

To investigate the cross-linking of thiolated polymers by catechol—-
thiol bonding, we first identified reaction conditions enabling gela-
tion of a model thiolated polymer, 4-arm polyethylene glycol-thiol
(PEG-4SH), cross-linked by 8-arm PEG-catechol (PEG-8C); see
Fig. 1. Catechol-thiol bonding occurs by oxidation of a catechol
group to a quinone, followed by Michael addition of a thiol group
to the quinone (27). We evaluated three methods of catechol oxida-
tion: enzymatic oxidation by tyrosinase (38), chemical oxidation by
periodate (39), and auto-oxidation at pH 9 (28). For each oxidation
method, we combined solutions of PEG-4SH and PEG-8C across
a range of polymer concentrations and identified the resulting cross-
links by gelation experiments, spectroscopy, and mass spectrometry
as described in ST Appendix, section S6, Table S1, and Figs. S7-S10.
We found that specific oxidation of catechols by tyrosinase promoted
intermolecular catechol-thiol cross-linking and rapid gelation at low
polymer concentrations, whereas nonspecific oxidation by periodate
or alkalinity allowed the formation of intramolecular disulfide and
dicatechol bonds that slowed or prevented gelation, described in
SI Appendix, section S7. To demonstrate the generality of our find-
ings, we investigated gelation of a different catechol-functionalized
polymer, hPG-C, finding qualitatively similar gelation behavior to
PEG-8C upon addition of PEG-4SH (81 Appendix, Table S1). Based
on these initial results, we selected tyrosinase as the method of cat-
echol oxidation for further gelation studies, using concentrations of
PEG-8C (1%) and hPG-C (4%) that were sufficiently dilute to
avoid gelation in the absence of PEG-4SH.

To quantitively evaluate gelation by catechol-thiol cross-linking,
we combined solutions of PEG-4SH, either PEG-8C or hPG-C,
and tyrosinase, and tracked the temporal evolution of the linear
viscoelastic storage modulus G'(w, #) and loss modulus G" (@, 7)
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by small amplitude oscillatory shear rheometry at a fixed frequency
o =5 rad/s. Fig. 2 A and B shows the evolution of G" as a function
of time # for different concentrations of PEG-4SH cross-linked by
(A) PEG-8C and (B) hPG-C. The plots show that G increases
with time as gelation occurs and that the polymer composition
influences the gelation rate and stiffness of the resulting gels. The
loss modulus G” remained near the sensitivity limit of the 8 mm
diameter rheometer fixture throughout the gelation process (G” <
1 Pa, see SI Appendix, Fig. S11) and is omitted for clarity. To char-
acterize the dynamics of the gelation process, we define a charac-
teristic timescale %, as the time at which G’ first exceeds 1 Pa,
noting that weak gels may not surpass this threshold and that the
low values of G” preclude the use of other quantitative criteria for
identifying gelation (SI Appendix, Fig. S11, caption). Following
Mours and Winter (40), we quantify the rate of gelation by a
mutation timescale A(z) = (L G >_1 = <M >_1 the inverse
G dr dt ’
of the relative rate of growth of the elastic modulus. The smallest
value of mutation timescale, denoted 1*, therefore identifies the
largest relative growth rate of G'. The stiffness of the gels was
characterized by the storage modulus G,_;, measured when the
rate of gelation had slowed sufficiently for the mutation timescale
to exceed 3 h. We report G,_s, rather than the final measured
storage modulus G; to facilitate comparison between experiments
in which G’ did not reach a final asymptotic value. Fig. 2C shows
the average values of 7, 4%, and G,_s, as functions of the molar
ratio of thiols to catechols. The plots are shifted laterally relative
to one another due to the higher catechol concentration in 4%
hPG-C (34 mM) than in 1% PEG-8C (3 mM), resulting in a
lower thiol:catechol ratio for hPG-C at a given concentration of
PEG-4SH. For each catecholic cross-linker, the gelation dynamics
depended systematically on the composition of the hydrogels.
Intermediate thiol:catechol ratios resulted in rapid gelation and
minimum values of ,, and 4*. ngher thiol:catechol ratios slowed
gelation, with 7, and 2* increasing as the thiol:catechol ratio
approached 1:1, but ultimately resulted in stiffer gels, with G,_s,
increasing by up to four orders of magnitude (0.1 Pa to 1 kPa).
Here, the catecholic polymers are sufficiently dilute that no gelation
occurs without PEG-4SH. Addition of PEG-4SH at a low thiol:-
catechol ratio results in the rapid formation of a sparsely cross-linked
polymer network with a short gelation timescale and low modulus.
Increasing the concentration of PEG-4SH increases the gelation
timescale, likely due to reversible inhibition of the tyrosinase
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Fig. 2. Gelation dynamics of catechol- and thiol-functionalized polymers. Evolution of the storage modulus G’ vs time t at frequency o = 5 rad/s for (A) 1%
PEG-8C, 0 to 1% PEG-4SH, 0.16 mg/mL tyrosinase and (B) 4% hPG-C, 0 to 2% PEG-4SH, 0.64 mg/mL tyrosinase. The dashed lines show the minimum measurable
moduli for different parallel plate test fixtures (diameter d = 8 or 25 mm). The gelation timescale ¢, fastest mutation timescale 4*, storage modulus G,_3,, and
final storage modulus G are indicated. (C) Average values of t, 4*, and G,.3, as a function of the thiol:catechol ratio (N > 3); error bars show the SD.

enzyme by PEG-4SH (41), but ultimately leads to gels with a larger
final modulus as the catechols oxidize and cross-link with thiols.
With a mechanistic understanding of gelation in hand, we next
investigated the adhesive properties of the hydrogels.

Adhesion of hydrogels to surfaces is important for biomedical
applications such as surgical adhesives (42) and coatings for cath-
eters and stents (16). The stainless-steel test fixtures of the rheom-
eter possess a metal oxide passivating layer similar to implant
materials, making them useful model surfaces for adhesion studies.
To quantitatively assess the adhesive properties of the hydrogels,
we measured the normal force /(#) and the separation distance
h(t) between the rheometer plates while separating the plates at a
constant velocity (dh/dt = 100 um/[s). Fig. 3 A and B shows
the tensile engineering stress ¢ = 4F /wd? as a function of the
engineering strain € = (b — 4;) /by, measured immediately after
gelation. We characterize the stress—strain curves by the failure
stress oy, equal to the largest tensile engineering stress measured
during separation, and the debonding work W/, calculated as the
integrated area under the stress—strain curve, with dimensions of
energy per volume. Like the gelation dynamics, the adhesive prop-
erties of the hydrogels depended systematically on the gel com-
position. As shown in Fig. 3C, the average values of failure stress
and debonding work were positively correlated with the thiol:cat-
echol ratio, as well as with the final modulus G; of the gels
(SI Appendix, Fig. S12). We note that the failure stress greatly
exceeded G; due to the highly confined geometry, characterized
by the ratio of the rheometer plate diameter to the initial hydrogel
thickness (d/5, = 40), discussed in SI Appendix, section S8.

To interpret the relationships between hydrogel composition,
modulus, and adhesion, we considered possible failure modes of
the hydrogels during separation of the surfaces. Failure can occur
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within the bulk of the gel (cohesive failure) or at the gel-substrate
interface (adhesive failure) (43). As discussed in SI Appendix, sec-
tion S8 and Figs. S12 and S13, catechol-thiol bonds strengthen
cohesion by increasing the gel modulus. Moreover, we find that
catechols enhance the hydrogel failure stress by up to 50% relative
to control gels of the same modulus, suggesting that catechols also
strengthen the adhesive interface. Catechols may form bidentate
hydrogen bonds or coordination bonds (21) at the gel-steel inter-
face, noting that hydrogen bonding and metal coordination can
delay the catechol oxidation (44, 45) that reduces interfacial adhe-
sion (46). Catechol—thiol adducts may also contribute to adhesion,
although the molecular mechanisms of adduct surface binding have
not been explored. Regardless of the specific mechanism, our results
demonstrate that catechols enhance adhesive performance by con-
tributing to both adhesion and cohesion of the hydrogels.
Having demonstrated catechol-based cross-linking and adhe-
sion of model thiolated polymers, we tested our cross-linking
approach using polymers of molecular weight and thiol content
more similar to native mucin proteins. We synthesized a mucin-
inspired polymer (MIP) of high molecular weight (390 kDa),
functionalized with thiol groups and dendronized, sulfated pol-
yglycerol. Fig. 4 A and B shows that combining the MIP with
1% PEG-8C and tyrosinase (MID, blue) resulted in rapid gelation
(ty < 1 min) and substantial adhesion. Unlike the hydrogels
composed of PEG-4SH, the storage modulus of the MIP-based
gels reached a plateau during our experiments; we therefore
report the average values of the final modulus G, as well as the
failure stress o; and debonding work W, in Fig. 4C. Doubling
the concentration of MIP (2x MIP, dark blue), corresponding
to an increase in thiol:catechol ratio from 0.7:1 to 1.4:1, doubled
the value of Gy and increased o; by 50%, without measurably
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Fig. 3. Adhesion of hydrogels composed of catechol- and thiol-functionalized polymers measured after the gelation shown in Fig. 2. (A) Evolution of the tensile
engineering stress ¢ vs engineering strain e for hydrogels composed of PEG-4SH cross-linked by (A) PEG-8C and (B) hPG-C, where negative stresses correspond
to tension. The largest tensile engineering stress is denoted the failure stress o;, and the integrated area under the stress-strain curve gives the debonding work
Wg. (C) Average values of o; and W, as a function of the catechol:thiol ratio (N = 3); error bars show the SD.

affecting the gelation timescale. Compared with the hours-long
gelation timescale of PEG-4SH hydrogels at thiol:catechol ratios
approaching 1:1, the gelation of MIP in seconds indicates that
the larger molecular weight and greater thiol functionalization
of the MIP relative to PEG-4SH promotes the formation of a
sample-spanning network, thereby demonstrating that the gela-
tion dynamics of catechol-thiol hydrogels can be tuned from
seconds to hours by the molecular architecture of the constituent
polymers.

Based on the similar molecular weight and thiol content of
mucin proteins to the MIDP we anticipated that catecholic
cross-linkers could drive mucin gelation and adhesion. However,
because native mucins polymerize by disulfide bonding (2), we

hypothesized that reduction of mucin disulfide bonds would be
necessary to enable catechol—thiol cross-linking. To test this hypoth-
esis, we purified mucins from porcine intestines (mainly MUC2)
and chemically reduced the disulfide bonds for comparison with
as-purified mucin. Fig. 4 A-C shows that combining as-purified or
reduced mucin with 1% PEG-8C and tyrosinase resulted in the
formation of hydrogels with different properties. Relative to gels
composed of as-purified mucin (MUC2, light orange), gels com-
posed of reduced mucin (MUC2,, orange) formed more quickly
(ten-fold lower values of tgel) and showed five-fold increases in final
modulus and failure stress, as well as a slightly higher value of
debonding work. The modulus and adhesive properties were further
increased by doubling the concentration of reduced mucin (2x

A T T T B r T T T C 104
2x MIP MUC2, 5 108 -
10°¢ T g7 N
& % D’éf S & 102 e
— N = 59
& . © 270 m
= . 2 = el 1
G} 3] s
- 102k 2x MUC2, | & -30t 1 9
g 10 ,/’“:’.—T‘.‘ & MUC2, g 100 i,
3 i 2 58 +
g | 3 g5 %
= /mrc‘;‘““ 2 s g m
R £
S10°F 4 i 2 .60} J ol
o & w <
o a S 15
@ 2 2E 1 H 1
=S
RUTCIRE I 52 t
P10 ] A — e ] = 2x MIP o 5 5
B el
s o, -90} 18 H
Lo L L L L L [=] 0 cosey
QY A e
0 . 1 2 0.0 . . 0.4 . 0.6 @\So&o&o +§
Time, ¢ [h] Engineering Strain, ¢ aF v

D Mucin + PEG-8C

Reduced Mucin + PEG-8C

Alkylated Mucin + PEG-8C

Disulfides
X

T

Catechol-Thiol

T
R= j’
‘/R amine [ > Alkylated E/\s/\[]/NHZ
! imidazole %\ & Thiol X il
Catechol-R == catechol /&i =
HO  OH HO  OH
Catechol-R

Fig. 4. Gelation and adhesion of 1.4% or 2.8% (2x) MIP or mucin protein (MUC2) cross-linked by 1% PEG-8C and 0.16 mg/mL tyrosinase. Subscripts indicate
reduction “r" or alkylation “a” of mucin. (4) Evolution of the storage modulus G’ vs time t at frequency o = 5 rad/s. Dashed line shows the minimum measurable
modulus for the parallel plate test fixture (d = 8 mm). (B) Evolution of the tensile engineering stress o vs engineering strain e measured after gelation. (C) Average
values of the final modulus Gy, failure stress o, and debonding work Wy (N = 2); error bars show the SD for N > 3. (D) Sketches of the proposed cross-linking of
different preparations of mucin proteins by PEG-8C in the presence of tyrosinase. 8-spoked asterisks represent PEG-8C. Yellow triangles represent thiol groups,
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amine, imidazole, or other catechol groups is proposed to contribute to gelation regardless of mucin preparation, whereas catechol-thiol cross-linking requires
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MUC2,, dark orange). To confirm the involvement of thiols in
cross-linking, we showed that alkylation of mucin thiols weakened
gelation (MUC2,, purple triangles), presumably by preventing cat-
echol—thiol bonding. Finally, control measurements of as-purified
or reduced mucin with tyrosinase but without PEG-8C showed
only weak gelation and adhesion (87 Appendix, Fig. S14), consistent
with the role of catechols in cross-linking.

Although the gelation results indicate that reduced mucin pro-
teins can be cross-linked by catechol—thiol bonds, the gelation of
as-purified and alkylated mucin suggests that PEG-8C can form
additional cross-links with mucin. Catechol-amine, catechol-imi-
dazole, or dicatechol cross-links likely contribute to gelation, given
that lysine, histidine, and tyrosine each constitute ~2% of the
mucin primary structure (37) and that tyrosine can be oxidized
to Dopa by tyrosinase (20). Based on the hydrogel moduli shown
in SI Appendix, Table S2, and the proportionality between mod-
ulus and cross-linking density predicted by the affine network
model of polymer gelation (47), we estimate that catechol-thiol
bonds account for approximately 80% of the cross-links in gels
composed of 1.4% reduced MUC2 and 1% PEG-8C, with other
types of bonds accounting for the remainder of the cross-links.
Sketches of the proposed cross-linking mechanisms for different
preparations of mucin are shown in Fig. 4D, emphasizing the
dependence of gelation on the availability of mucin thiols for
cross-linking.

We next tested the generality of our cross-linking approach
using mucin purified from porcine stomachs (mainly MUC5AC,
also a major component of pulmonary mucus), noting that mucins
from different biological niches can exhibit different physical and
biochemical properties (1). Combining reduced MUC5AC with
PEG-8C and tyrosinase resulted in gelation in minutes, albeit to
a lower final modulus than the values measured for MUC2
(SI Appendix, Fig. S14). By contrast, commercial bovine submax-
illary mucin (BSM) was not observed to form gels under the same
cross-linking conditions (S7 Appendix, Fig. S14), highlighting the
importance of in-lab mucin purification to avoid the harsh pro-
cessing conditions that degrade commercial mucin (48). To fur-
ther demonstrate generality, we showed that hyperbranched
polyglycerol-catechol (hPG-C) cross-linked and adhered MIPs
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and native mucin proteins (S Appendix, Fig. S15), finding slower
gelation timescales than the same polymers cross-linked by
PEG-8C, but similar values of storage modulus and adhesive
properties.

A key advantage of our materials design strategy is the potential
to develop multifunctional hydrogels that combine the adhesive
properties of catechols (26) with the tunable properties of MIPs
(49) or the bioactivity of mucins (3, 4) for applications such as
surgical adhesives and antifouling coatings. To assess the capacity
of our materials to bind to tissue, we deposited hydrogel precursor
solutions composed of MIP, PEG-8C, and tyrosinase between
moistened pigskin disks glued to the plates of the rheometer test
fixture. To partially mitigate variations in thickness across the gel,
a gap of ;= 1 mm between the skin surfaces was used, larger than
the gap used for the smooth machined steel surfaces. After curing
the gels for 1 h (Fig. 54, Upper Inset), the surfaces were separated
axially to measure the adhesion. Fig. 54 shows the tensile engi-
neering stress ¢ vs engineering strain € for the MIP-based hydro-
gels (blue). The adhesion measurements show an average failure
stress of o= 10 + 4 kPa (V= 3), with a positive correlation between
the final modulus and the failure stress of each replicate (Fig. 54,
Lower Inset). The average failure stress is within the range of values
reported for other catechol-functionalized tissue adhesives (1 to
200 kPa) (50) and commercial tissue adhesives (10 to 40 kPa)
(51), while somewhat less than state-of-the-art biomedical adhe-
sives (20 to 120 kPa) (51), although we note that the reported
values of the failure stress depend on the specific method of adhe-
sion testing (e.g., lap shear, tensile testing) (52). Control meas-
urements of PEG-4SH gels of a similar modulus to the MIP-based
gels, but cross-linked by disulfide bonding, showed a lower average
failure stress ofo: 3 + 1 kPa (V= 3) (Fig. 54, gray/black) and a
different apparent failure mode. The MIP-based gels failed cohe-
sively in the bulk of the gel, whereas the PEG-4SH gels failed
adhesively at the gel-tissue interface (SI Appendix, Fig. S16), indi-
cating that the catechol groups in the MIP-based gels bind to the
skin surface and discourage adhesive failure. Nevertheless, the
MIP-based gels showed weaker adhesion to pigskin than to steel
(Fig. 4), likely due to the larger initial gap between the tissue
surfaces and lower degree of confinement (4/4, = 8); the influence
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Fig. 5. Applications of mucin-inspired and mucin-derived hydrogels as tissue adhesives and antifouling coatings. (A) Adhesion measurements of hydrogels
composed of MIP, PEG-8C, and tyrosinase (blue) after gelation between moistened pigskin surfaces. Control measurements of PEG-4SH gels (gray/black) cross-
linked by disulfide bonds are shown for comparison. Three replicates for each gel are shown, indicated by different shadings. The Upper Inset shows the evolution
of the storage modulus G’ vs time t at frequency » = 5 rad/s during gelation of each replicate; the lower inset shows the correlation between the failure stress o;
and the final storage modulus G; of the replicates. (B) Box plot representation of biofilm volume on bare or coated glass surfaces after incubation in Pseudomonas
aeruginosa, for coatings composed of in-lab purified mucin (MUC2, MUC5AC), commercial BSM, and MIP, each cross-linked by PEG-8C and tyrosinase. Open
squares show the mean of each dataset. Representative fluorescence images are shown on Right. (Scale bars, 50 pm.)
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of confinement on adhesion is discussed in S/ Appendix, sec-
tion S8. We also tested the tissue adhesion of mucin-based hydro-
gels cross-linked by PEG-8C (87 Appendix, Fig. S17), finding
lower values of failure stress than the MIP-based or PEG-4SH
gels, likely because the lower modulus of the mucin-based gels
enables cohesive failure. Collectively, our results indicate that the
adhesive performance of both the MIP- and mucin-based gels
could be improved by toughening the gels, for example, by incor-
porating energy dissipating cross-links or hierarchical structures
(53), as has been achieved for other protein-based hydrogels (54).

In addition to tissue adhesion, our materials design strategy
offers the possibility of reproducing the bioactive properties of
mucus such as the ability to discourage biofouling by altering
microbial gene expression to prevent attachment to surfaces and
disperse existing biofilms (3, 4). To evaluate the antifouling prop-
erties of our materials, we coated glass surfaces with mucin-based
hydrogels composed of either MUC2 or MUC5AC, each
cross-linked by PEG-8C and tyrosinase. We also tested coatings
composed of commercial BSM and MIP under the same
cross-linking conditions, noting that BSM was not observed to
form gels under these conditions (S Appendix, Fig. S14). We
incubated the coated surfaces overnight in P aeruginosa, a
biofilm-forming pathogen associated with medical device infec-
tions (55), and then measured the volume of biofilm on the sur-
faces by confocal microscopy. Fig. 5B shows that the gel coatings
composed of native MUC2 and MUCS5AC reduced the median
biofilm volume by 97 and 98%, respectively, relative to the biofilm
volume measured on bare glass. Lesser reductions in biofilm vol-
ume were observed for coatings composed of BSM (88%) and
MIP (36%). The decreases in biofilm volume cannot be attributed
to coating toxicity because the coatings do not alter P aeruginosa
viability relative to medium alone (S Appendix, Fig. S18A). No
reduction in biofilm volume was observed after incubating the
surfaces in solutions of native mucin without PEG-8C
(SI Appendix, Fig. S18B), indicating that the PEG-8C enables
retention of the mucin on the glass surface. Moreover, the results
for BSM indicate that PEG-8C can retain mucin on glass even in
the absence of gelation. Nevertheless, the gel coatings composed
of native MUC2 and MUC5AC showed superior antifouling per-
formance to the coatings composed of commercial BSM or syn-
thetic MIP, consistent with the ability of mucins to downregulate
genes associated with biofilm formation in 2 aeruginosa (3). The
results are particularly promising, given that previous mucin-based
coatings that repel other bacteria have failed to reduce biofilm
formation of P aeruginosa (17, 56). Moreover, existing methods
for depositing mucin-based coatings involve multiple steps (16)
or are limited to hydrophobic substrates (5), whereas our gel coat-
ings can be applied in a single step, and are expected to be com-
patible with both hydrophobic and hydrophilic substrates based
on the broad adhesive properties of catechols (21).

Conclusions

We have demonstrated that catechol-functionalized cross-linkers
enable gelation and adhesion of thiolated polymers including
multiarm PEG-thiol, a synthetic MIP, and purified mucin pro-
teins, with gelation driven by covalent catechol-thiol cross-linking.
The hydrogel composition, polymer architecture, and thiol avail-
ability were shown to systematically tune the gelation dynamics
and adhesive properties, including gelation and mutation times-
cales, elastic modulus, and failure stress and debonding work. The
hydrogels adhere to tissue surfaces and discourage bacterial biofilm
formation, raising the possibility of developing biocompatible
surgical adhesives and antifouling gel coatings. Future work will

https://doi.org/10.1073/pnas.2415927122

seek to leverage additional physico-chemical properties of mucin
proteins including lubricity and immune modulation (5). We will
also target other thiol-rich biopolymers such as keratin and pursue
strategies for targeted underwater adhesive deposition such as
coacervation of the adhesive polymers (57), with a goal of devel-
oping a family of sustainable, biologically derived, multifunctional
materials.

Materials and Methods

Synthesis of 4-arm PEG-thiol (PEG-4SH, 10 kDa, 3.7 thiols/molecule), mucin-
inspired polymer (MIP, 390 kDa, 54 thiols/molecule), 8-arm PEG-catechol
(PEG-8C, 20 kDa, 5.8 catechols/molecule), and hyperbranched polyglycerol-
catechol (hPG-C, 10 kDa, 8.5 catechols/molecule)is described in S/ Appendix, sec-
tions S1-S4 and Figs. S1-S6. Mucin proteins were purified from porcine intestines
and stomachs (largely MUC2 and MUC5AC, respectively) following established
protocols (58), lyophilized, and stored at —20 °C before use. Lyophilized mucin
was solubilized in ultrapure water, shaking at 4 °C overnight. Commercial bovine
submaxillary mucin (BSM, Sigma-Aldrich) was solubilized and used without fur-
ther purification. Mucins and MIPs were reduced or alkylated, flash-frozen, and
stored at —80 °Cas described in S/ Appendix, section S5.Tyrosinase (6,540 units/
mg, Sigma Aldrich) was prepared at 1.6 mg/mLin 40 mM phosphate buffer, pH7,
20% glycerol, and stored in flash-frozen aliquots at =80 °C. Hydrogel precursor
solutions were prepared from stock solutions of polymers (final concentrations
reported as % w/v) and buffer (final buffer conditions 50 mM phosphate, pH
7). Catechols were oxidized by tyrosinase (0.16 to 0.64 mg/mL), periodate (1:1
catechol: periodate), or auto-oxidation (pH 9, 50 mM carbonate buffer). For enzy-
matic oxidation or auto-oxidation, the polymer solution was briefly bubbled with
oxygen gas produced by catalase-induced decomposition of hydrogen peroxide.
For control measurements of PEG-4SH gels, thiols were oxidized to disulfide
bonds by hydrogen peroxide (0.4—4:1 H,0,:thiol).

Gelation was measured with a strain-controlled rheometer (ARES-G2, TA
Instruments, New Castle, DE) using parallel plate test fixtures (diameter d = 8
mm, separation distance hy = 200 pm, ord = 25 mm, hy = 250 um). Gel precur-
sor solution was injected between the plates, excess solution was trimmed, and
mineral oil was placed around the outer rim of the plates to prevent evaporation
of the sample. The storage and loss moduli G’ (w, t) and G” (w, t) were measured
as functions of time t by small-amplitude oscillatory shear at a fixed frequency (@
= 5rad/s)and strain amplitude (y, = 0.1), with minimum measurable moduli of
1Pa(d=8mm)and0.03 Pa(d = 25 mm).To measure adhesion of the gels to tis-
sue, circular sections of pig skin (8 mm diameter) were attached to the rheometer
plates with cyanoacrylate glue (Krazy Glue). Skin surfaces were soaked in water
for at least 5 min and then blotted with a paper towel, at which point hydrogel
precursor solution (1.4% MIP, 1% PEG-8C, 0.16 mg/mLtyrosinase) was injected
into the gap between the pigskin surfaces (hy = 1 mm). 5 min after injection, the
sample area was flooded with water. Hydrogels were cured between the surfaces
for 1 h before measuring adhesion. Control gels (4% PEG-4SH, 4:1 H,0,:thiol)
were cured for at least 5 min before measuring adhesion.

To assess antibiofouling properties of the hydrogels, an overnight culture of
P aeruginosa WT strain PAO1, carrying pBBR1(MCS5)-pLac-GFP for constitutive
green fluorescent protein (GFP) expression (59), was prepared in Luria Broth (LB,
Difco) supplemented with 30 pg/mL gentamicin to maintain the plasmid, with
shaking at 37 °C. Wells of a glass-bottom 96-well plate (Celvis) were coated with
20 pLof 1% PEG-8C, 0.16 mg/mLtyrosinase, and a reduced polymer, either MUC2
(0.7%) or MUC5AC, BSM, or MIP (each at 1.4%). Plates were centrifuged at 100x g
for 5 min immediately after the addition of the hydrogel precursor solution to
obtain a uniform coating. The plate was soaked in water for 20 min, followed
by removal of the water and sterilization by ultraviolet light radiation for 1 h.
Overnight cultures were diluted in fresh LB medium to an initial 0D600 of 0.01,
added to the plate, and incubated for 24 h at 37 °C. Viable dispersed cells were
quantified via counts of the colony-forming units on LB agar plates. The superna-
tant containing nonadherent cells was removed from the plate, and the biofilm
remaining in each well was washed at least three times with fresh LB. Adhered
cells were imaged by confocal microscopy. Image acquisition was performed using
a confocal laser scanning microscope (LSM 800; Zeiss) equipped with a 20x/0.5
NA dry objective with 2x digital zoom at an excitation wavelength of 488 nm.
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Images were analyzed with the Zeiss ZEN 2.1 imaging software (Thornwoods, NY).
Biofilm quantification was performed using BiofilmQ (60).

Data, Materials, and Software Availability. All study data are included in the
article and/or S/ Appendix.
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