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Poly-Catecholic Functionalization of Biomolecules for Rapid
Gelation, Robust Injectable Bioadhesion, and Near-Infrared
Responsiveness

Hossein Montazerian, Alireza Hassani Najafabadi, Elham Davoodi,
Rasoul Seyedmahmoud, Reihaneh Haghniaz, Avijit Baidya, Wei Gao, Nasim Annabi,
Ali Khademhosseini, and Paul S. Weiss*

Mussel-inspired catechol-functionalization of degradable natural biomaterials
has garnered significant interest as an approach to achieve bioadhesion for
sutureless wound closure. However, conjugation capacity in standard
coupling reactions, such as carbodiimide chemistry, is limited by low yield and
lack of abundant conjugation sites. Here, a simple oxidative polymerization
step before conjugation of catechol-carrying molecules (i.e.,
3,4-dihydroxy-l-phenylalanine, l-DOPA) as a potential approach to amplify
catechol function in bioadhesion of natural gelatin biomaterials is proposed.
Solutions of gelatin modified with poly(l-DOPA) moieties (GelDOPA) are
characterized by faster physical gelation and increased viscosity, providing
better wound control on double-curved tissue surfaces compared to those of
l-DOPA-conjugated gelatin. Physical hydrogels treated topically with low
concentrations of NaIO4 solutions are crosslinked on-demand via
through-thickness diffusion. Poly(l-DOPA) conjugates enhance crosslinking
density compared to l-DOPA conjugated gelatin, resulting in lower swelling
and enhanced cohesion in physiological conditions. Together with cohesion,
more robust bioadhesion at body temperature is achieved by poly(l-DOPA)
conjugates, exceeding those of commercial sealants. Further, poly(l-DOPA)
motifs introduced photothermal responsiveness via near-infrared (NIR)
irradiation for controlled drug release and potential applications in
photothermal therapy. The above functionalities, along with antibacterial
activity, render the proposed approach an effective biomaterial design strategy
for wound closure applications.
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1. Introduction

Bioadhesive hydrogels in various forms of
patches[1] and injectables[2] have leveraged
sutureless wound closure and have served
as wound dressings as well as smart bioelec-
tronic interfaces.[3] Among these bioadhe-
sives, injectable tissue sealants are proven
effective alternatives or adjuncts to tradi-
tional wound closure techniques such as
suturing and stapling in a wide range
of surgical procedures.[4] Clinical studies
have associated injectable sealants with
lower serum accumulation following breast
mastectomy,[5] faster hemostasis in vascular
replacement surgery,[6,7] shorter operation
times in peripheral nerve reconstruction,[8]

and lower risk of alveolar air leak follow-
ing pulmonary resection surgery.[9] Fibrin-
based sealants are among the most com-
mon commercial wound-sealing products
because of their hemostatic properties.[10]

However, human-derived fibrin glues suffer
from the risk of viral transmission and high
cost.[11] Further, failure of fibrin sealants,
for example, in the prevention of postoper-
ative cerebrospinal fluid leakage, has been
reported due to the insufficient tissue ad-
hesion strength of fibrin (i.e., ≈12 mmHg
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whereas the intraspinal pressure can reach up to ≈45 mmHg).[12]

Hence, a safe, economical, and robust bioadhesive material is in
high demand for wound closure in surgical settings.[13,14]

Gelatin is a low-cost, accessible extracellular matrix-
mimicking backbone, which offers superior biocompatibility
and biodegradability.[13,15] Multiple commercial wound care
products are composed of gelatin components in whole (such as
Gelfoam sponge patches) or in part (such as injectable Floseal
sealants).[4c] These products generally lack bioadhesive func-
tionality and lose their cohesion at elevated temperatures of
physiological conditions.[16] Furthermore, injectable solutions
of gelatin are characterized by low viscosity, rendering them
difficult to control on double-curved tissue surfaces.[17] Hence,
the rheological characteristics of gelatin-based bioadhesives
require tuning for facile clinical use. Many attempts have been
made to introduce adhesion to gelatin.[18] For instance, gelatin
methacryloyl (GelMA)-based bioadhesives can be photopoly-
merized in situ to seal wounds through the bioadhesion driven
by Michael addition reaction with nucleophilic groups on the
tissue surface.[19] Adhesive failure in GelMA hydrogels, however,
stems from the lack of hydrogel compliance with deformations
of soft tissue substrates (especially when applied to dynamic
tissues such as the lungs and the heart).[18b] Inspired by sea
mussels, catechol-functionalization of biomolecules has been
extensively explored as another potential approach to introduce
wet adhesion to biocompatible materials.[7,20] Integration of
free catechol-capped molecules within pre-crosslinked GelMA
hydrogels has resulted in high stretchability and bioadhesion
to bioadhesive patches.[18b,20c] However, this approach had a
detrimental impact on adhesion strength when bioadhesive
crosslinked in situ as an injectable sealant.[20c] Additionally,
the burst release of catecholic moieties due to insufficient
interactions with the hydrogel polymer chains led to increased
risks of cytotoxicity.[20c] Hence, catechol modification of nat-
ural biomolecules has been pursued as a potential means
to endow adhesion to injectable biomaterials for surgical
sealants[21] capable of integration with minimally invasive
surgeries.[2]

Conjugation of catechol hydroxyphenols is mostly
performed via carbodiimide coupling (1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide, EDC/N-
hydroxysuccinimide, NHS) amidation reactions.[22,23] One
trivial drawback associated with this approach is the low conju-
gation efficacy,[24] which is exacerbated by the limited availability
of conjugation sites on natural biomolecules such as gelatin.[25]

For instance, the maximum degree of substitution for a gelatin-
dopamine bioadhesive was < ≈10%.[25] This poor conjugation
capacity hinders the effective function of catechol motifs.[26] In
terms of bioadhesion, gelatin-dopamine conjugates (crosslinked
through metal coordination) have comparable adhesion strength
to that of unmodified gelatin.[16] In another example, GelMA-
dopamine patches showed burst pressure values below that of
arterial blood pressure.[18a] Low amounts of catechol conjugates
can also lead to weak oxidative crosslinking,[24] which results
in poor cohesion and undesirably high swelling ratios (e.g.,
on the order of 100×).[25] Therefore, alternative strategies for
the efficient incorporation of catechol groups are in demand to
enable mussel-inspired gelatin-based bioadhesives for clinical
applications.

Here, we propose oxidative polymerization of catecholic small
molecules prior to chemical coupling reactions to augment the
loading capacity of catechol motifs on the natural biomacro-
molecules, thereby strengthening their effects for more robust
bioadhesion. To test this hypothesis, a catechol carrying amino
acid (i.e., 3,4-dihydroxy-l-phenylalanine, l-DOPA, a drug ap-
proved by The U.S. Food and Drug Administration to treat
Parkinson’s disease)[27] is first oxidatively polymerized to poly(l-
DOPA) prior to EDC/NHS coupling with gelatin (as an attractive
candidate for sealing internal wounds), enabling an array of cat-
echol groups to be grafted per carbodiimide reaction (Figure 1a).
Injectable solutions of gelatin modified with l-DOPA derivatives
(GelDOPA) are then tuned in terms of their thermosensitive rhe-
ological properties by means of l-DOPA polymerization before
conjugation to i) facilitate pre-gel control when applied onto the
double-curved tissue surfaces, and ii) to enable their fast ther-
mal gelation upon contact with the tissues (Figure 1b). Physical
gels are oxidatively crosslinked in situ on demand to provide wet
stability in physiological conditions. Here, the roles of larger cat-
echol contents in enhancing cohesion and minimizing hydrogel
swelling are studied. Subsequently, the bioadhesion capacity of
GelDOPA hydrogels is examined through in vitro and ex vivo
studies. Further, antimicrobial properties and thermal respon-
siveness of GelDOPA hydrogels to near-infrared light are demon-
strated for potential drug delivery and photothermal therapy ap-
plications. Finally, the biocompatibility of GelDOPA bioadhesives
is tested in vivo and in vitro to assess their suitability for suture-
less wound closure in surgical settings.

2. Results and Discussion

2.1. Synthesis of Bioadhesives

As shown in Figure 1a, l-DOPA was first oxidized by NaIO4 oxi-
dizers to form poly(l-DOPA) moieties. As opposed to dopamine,
where conjugation sites (i.e., primary amine groups) are con-
sumed (to secondary amine groups) in their oxidatively polymer-
ized polydopamine products,[28,29] carboxyl conjugation sites of l-
DOPA are preserved in each repeating unit of poly(l-DOPA). The
abundant carboxyl groups present in poly(l-DOPA) moieties en-
able carbodiimide coupling reactions. Polymerization kinetics of
l-DOPA was studied based on variations of UV–vis spectra in re-
sponse to oxidation with NaIO4 (Figure S1a,b, Supporting Infor-
mation and Figure 1c). Pristine l-DOPA exhibited two character-
istic peaks at ≈250 and 290 nm, which we attribute to 𝜋–𝜋* and
La–Lb transitions in phenolic catecholamines, respectively.[30,31]

Upon addition of NaIO4, the peak at 290 nm immediately in-
tensified and red-shifted to ≈300 nm while a broad shoulder
in the visible region (≈400 nm) appeared with the formation
of dopachrome intermediates (possibly due to n–𝜋* transitions
in the carbonyl groups of ortho-quinones).[30,32] This broad peak
then decayed rapidly, while the absorbance gradually increased
in the 300–350 nm range, suggesting further transformation of
dopachromes to indole derivatives (𝜆max = 324 nm).[30,32] The
gradual increase in absorbance at 324 nm reached a plateau after
≈2 h, based on which we determined the polymerization reaction
time of l-DOPA (Figure 1d). This plateau was found to be higher
at larger concentrations of NaIO4, which we attribute to the for-
mation of larger molecular weight poly(l-DOPA) products. This
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Figure 1. Design and characterization of injectable bioadhesives based on gelatin modified with 3,4-dihydroxy-l-phenylalanine (l-DOPA) derivatives
(GelDOPA). a) Synthesis route of GelDOPAx bioadhesives, where x represents the concentration of polymerizing NaIO4 agent in mg per 10 ml. Oxidation
of l-DOPA prior to carbodiimide coupling (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide, EDC/N-hydroxysuccinimide, NHS), results in poly(l-DOPA)
conjugates, which can reinforce catechol effects compared to unmodified l-DOPA conjugates when grafted to gelatin. b) Application of GelDOPA
hydrogels for surgical wound closure involves rapid thermal gelation enabled by poly(l-DOPA) conjugates, followed by topical treatment with crosslinking
solutions such as NaIO4 for diffusive crosslinking and thereby aqueous stability. c) Solutions of l-DOPA polymerized with different amounts of NaIO4
for 2 h. Visible phase separation occurred at NaIO4 concentrations above 75 mg per 10 ml highlighted in red. d) Oxidative polymerization kinetics
of l-DOPA in terms of absorbance at 324 nm measured by UV–vis spectroscopy. Data are shown as mean ± SD (n = 3). e) Results of dynamic light
scattering (DLS) for poly(l-DOPA) nanoparticle size distribution of l-DOPA samples polymerized at 15 mg per 10 ml NaIO4. Inset shows transmission
electron microscopy (TEM) images of poly(l-DOPA) nanoparticle aggregates (scale bar = 10 nm). f) Proton nuclear magnetic resonance (1H-NMR)
results, show that a higher degree of amine conversion (DoC) is associated with GelDOPA products synthesized via more strongly oxidized l-DOPA.
g) Vial tilt assay for 20 %w/v solutions of GelDOPA bioadhesives dissolved at 80 °C. Lack of injectability was observed for GelDOPA solutions with
poly(l-DOPA) conjugates produced at NaIO4 concentrations of larger than 15 mg per 10 ml. h) Effect of pre-conjugation oxidation of l-DOPA on the
amount of grafted catechol to gelatin for injectable GelDOPA bioadhesives. Data are shown as mean ± SD (n = 3).

result is in agreement with size-exclusion chromatography (SEC)
tests where the samples polymerized at higher NaIO4 concentra-
tions peak-shifted to higher retention times, suggesting poly(l-
DOPA) with larger molecular weights (Figure S1c). Excessive
NaIO4 content (> 75 mg per 10 ml), however, led to notable phase
separation (Figure 1c), based on which we limited the maximum
NaIO4 concentration in subsequent experiments to prevent in-
solubility in bioadhesives. Following oxidative polymerization in
1 M HCl, poly(l-DOPA) nanoparticles of ≈8 nm average size were
formed, for example, at 15 mg per 10 ml NaIO4 concentration ac-

cording to the results of Figure 1e. These particles could grow up
to ≈200 nm by the end of the coupling reaction conducted in pH
≈6–7.

Covalent binding of l-DOPA derivatives to gelatin (labeled as
GelDOPAx, where x represents the concentration of NaIO4 used
to polymerize l-DOPA in mg per 10 ml) was studied by proton
nuclear magnetic resonance (1H-NMR), as shown in Figure 1f.
It was found that more amine groups were consumed when
l-DOPA was polymerized with higher concentrations of NaIO4.
The enhanced degree of amine conversion (DoC) is assigned to
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the synergistic contributions of i) carbodiimide coupling reac-
tions facilitated by the presence of multiple carboxyl conjuga-
tion sites in polymers of l-DOPA, ii) Schiff base formation of
oxidized quinone species in poly(l-DOPA) with gelatin, and iii)
homocoupling of gelatin. Note that GelDOPA samples wherein
l-DOPA polymerized at NaIO4 concentrations of > 15 mg per
10 ml (i.e., GelDOPA30 and GelDOPA75) did not dissolve in wa-
ter (Figure 1g) and therefore, they were not studied further due
to lack of injectability. Conjugation of l-DOPA derivatives was
examined through UV–vis spectra of GelDOPA solutions (Fig-
ure S2a, Supporting Information). The increase in absorbance of
GelDOPA samples was in accord with their corresponding conju-
gated l-DOPA derivatives. The significantly higher absorbance of
GelDOPA synthesized at higher NaIO4 concentrations signifies
larger molecular weight poly(l-DOPA) contents conjugated to the
gelatin backbone. Correspondingly, catechol content more than
doubled in GelDOPA15 compared to GelDOPA0 samples accord-
ing to the results of Arnow assays (Figure 1h). This improvement
was even more prominent compared to gelatin-dopamine conju-
gates reported in the literature (i.e., > 4×),[21] possibly because, as
opposed to l-DOPA, dopamine is not able to homocouple during
EDC/NHS activation, which would otherwise reduce its conjuga-
tion efficacy.

According to SEC test results, the molecular weight of gelatin
increased with the conjugation of l-DOPA-based components
(Figure S1c, Supporting Information) partly due to grafted
masses of l-DOPA derivatives. This increase was most signifi-
cant for GelDOPA15, supporting the idea that Schiff base reac-
tions through the conjugated quinones crosslink gelatin chains
to some extent. The larger molecular weight of GelDOPA0 com-
pared to gelatin also indicates the homocoupling of gelatin in
the presence of EDC/NHS reagents. Positive charges can play
synergistic roles with catechol groups in the bioadhesion of
mussel foot proteins.[33,34] We note here that the number of
primary amine groups in GelDOPA15 was found to be ≈25%
larger than under other conditions (see Figure S2b, Support-
ing Information), which thereby enhances bioadhesion of Gel-
DOPA15 via electrostatic interactions with negatively charged
protein residues on tissue surfaces. The hydrodynamic size of
GelDOPA15 was characterized via dynamic light scattering (DLS)
in water solution, as shown in Figure S2c, Supporting Infoma-
tion. The results suggest an average size of 124 nm, which is 15
times larger than the average size of poly(l-DOPA) measured in
Figure 1c. We attribute a slight peak around 20 nm to the free
poly(l-DOPA) present in the solution.

2.2. Rheological Analyses of Pre-Gel Solutions

The rheological properties of gelatin-based bioadhesive solutions
were optimized for facile injectability and applicability on wound
surfaces. To this end, dynamic interactions introduced by l-
DOPA-based motifs (shown in Figure 2a) enabled the tuning of
gelatin’s viscosity and intrinsic thermosensitivity. Aqueous so-
lutions of gelatin at 20%w/v concentration in the sol state (at
37 °C) are low-viscous liquids (Figure 2b); they are thereby diffi-
cult to control on double-curved and complex-shaped tissue sur-
faces (due to dripping under gravity). Likewise, GelDOPA0 and
GelDOPA5 showed similar orders of viscosity to gelatin. Further

polymerization of l-DOPA in GelDOPA15, however, led to a sig-
nificant rise in viscosity, which is desired for a more controllable
flow of the pre-gel solution. Moreover, the decreasing trend of
viscosity with the shear rate in GelDOPA15 demonstrates shear-
thinning behavior, rendering its pre-gel solutions injectable.

Thermosensitive physical gelation of gelatin was tuned by
polymerization of l-DOPA prior to conjugation, to enable fast
thermal gelation in situ after application on tissue. As shown
in Figure 2c, phase transition temperatures during cooling and
heating increased with the polymerization of l-DOPA conju-
gates. This effect is primarily attributed to i) the higher density
of junction zones due to hydrogen bonds introduced via catechol
compounds and ii) the increased molecular weight of the gelatin
backbone (Figure S2d, Supporting Information). The stronger in-
terchain associations via higher molecular weight poly(l-DOPA)
conjugates are further supported by the higher modulus of Gel-
DOPA15 compared to gelatin solution at 37 °C (see Figure S3a,
Supporting Information). We studied the time it takes to form
a physical hydrogel in response to a sharp temperature change
from 50 °C to room temperature, that is, 25 °C. According to the
results shown in Figure S3b,c, Supporting Information and Fig-
ure 2d, the physical gelation time of ≈100 s for gelatin was re-
duced to ≈10 s for GelDOPA15. The accelerated physical gelation
along with the enhanced viscosity of GelDOPA15 facilitated its
application on non-flat tissue surfaces, as demonstrated in Fig-
ure 2e. While GelDOPA5 dripped under gravity, GelDOPA15 so-
lution formed a physical gel rapidly after exposure to room tem-
perature; hence, the pre-gel solution could be manually patterned
on the inferior wall of porcine myocardial tissue in a control-
lable manner. Rapid gelation of bioadhesives is also critical when
it comes to bleeding wounds;[7] however, a sufficient period is
nonetheless required before polymer solidification to allow their
injection into tissue. In this case, the ≈10 s gelation time provided
by GelDOPA15 is sufficient to enable bioadhesive applications in
surgical settings.

We monitored the rheological evolution of bioadhesive solu-
tions over a longer period, 12 h, at 37 °C under dry conditions
(Figure 2f). As opposed to gelatin and GelDOPA0, which re-
mained in the sol state, GelDOPA5 approached a gelation point at
the end of the test period. Stronger self-association was observed
in GelDOPA15 samples according to the continuous increases
in storage modulus. We attribute the spontaneous crosslinking
of GelDOPA to the Schiff base and Michael addition reactions
via quinone moieties in oxidatively polymerized l-DOPA conju-
gates. Self-gelation of hydrogels enhances their cohesion under
physiological conditions on relevant time scales after surgical
implantation. However, we note that self-gelation was only seen
in concentrated hydrogels (tested under dry conditions). Thermal
hydrogels of GelDOPA could still dissociate when maintained
in wet media at 37 °C overnight. Hence, a crosslinking step was
necessary to prevent hydrogels from dilution and for wet stability
in vivo.

2.3. Crosslinking of Bioadhesives

As highlighted above, covalent crosslinking was required follow-
ing in situ thermal gelation to provide wet stability and reten-
tion after surgical implantation. For this purpose, we performed
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Figure 2. Rheological properties of 20%w/v solutions of gelatin modified with 3,4-dihydroxy-l-phenylalanine (l-DOPA) derivatives (GelDOPA). a)
Schematic of increase in intermolecular interactions with pre-conjugation oxidative polymerization of l-DOPA in GelDOPAx samples where x is the
concentration of NaIO4 agent in mg per 10 ml used to polymerize l-DOPA. b) Viscosity-shear rate characteristics of GelDOPA bioadhesives. The greater
extent of l-DOPA polymerization was associated with more viscous bioadhesive solutions. Data are shown as mean ± SD (n = 3). c) Reversible thermal
sol-gel transition of GelDOPA bioadhesives studied from 10 °C to 50 °C. The inset shows the measured gelation temperature of GelDOPA solutions
during cooling. d) Gelation time of GelDOPA solutions in response to the temperature step from 50 °C to 25 °C. Rapid physical gelation was obtained
for GelDOPA15 upon exposure to room temperature. e) Demonstration of better pre-gel controllability and patternability of GelDOPA15 solutions on
porcine heart tissues (synthesized at high l-DOPA oxidation) compared to GelDOPA5 (synthesized at low l-DOPA oxidation). Scale bar = 1 cm. f) Self-
gelation of GelDOPA solutions at 37 °C in post-operation timescales due to the covalent interactions triggered by oxidized catecholic moieties through
mechanisms shown in the inset.

diffusive crosslinking by treating physical hydrogels with
crosslinking solutions (i.e., Fe3

+, BO4
−, IO4

−) for 5 min.
Crosslinked hydrogels are labeled as GelDOPAx–y, where y de-
notes the concentration of the crosslinking solution in mM. Dif-
fusive crosslinking enabled on-demand covalent bonding of a
topical layer on hydrogel surfaces, preventing their dissociation
in aqueous media. This method is preferred over direct mixing
because i) uniform mixture is a challenge in viscous solutions
of GelDOPA and requires pre-gel dilution, ii) catechol groups at
the tissue interface are non-selectively consumed for crosslink-
ing, limiting their tissue adhesion capacity, and iii) crosslinking
is time sensitive, leading to injectability issues such as clogging.
Crosslinking of GelDOPA hydrogels was assessed in terms of hy-
drogel stability in wet conditions and release at 37 °C for differ-
ent crosslinking solutions of IO4

−, BO4
−, and Fe3+ at concen-

trations between 2 and 100 mM (Figure 3a,b). All GelDOPA0
hydrogels dissociated in aqueous media, whereas gelatin-poly(l-
DOPA) conjugates (treated with NaIO4 solutions at concentra-
tions > 10 mM) remained integral. We attribute this difference
to the larger amounts of catechol groups in GelDOPA15 and Gel-
DOPA5 compared to GelDOPA0, which is consistent with the re-
sults of the Arnow assay (Figure 1h). The data also demonstrated
the strongest crosslinking provided by IO4

−, compared to BO4
−

and Fe3+, according to the low release (higher stability) in hydro-
gels crosslinked with IO4

−.
The crosslinking kinetics of wet-stable hydrogels (i.e., Gel-

DOPA5 and GelDOPA15 crosslinked using NaIO4 solutions at
concentrations > 10 mM) were further studied via rheological re-
sponses of pre-gel solutions to peripheral diffusion of crosslink-
ing solutions at 37 °C (Figure 3c,d). We attribute initial in-
creases in storage modulus upon the addition of NaIO4 to ther-
mal gelatin (cooling because of contact with crosslinking solu-
tions) and oxidative crosslinking of GelDOPA hydrogels. The in-
creasing trend of storage modulus was reversed for GelDOPA5
samples by increasing the temperature back to 37 °C, whereas
GelDOPA15 either reached a plateau (25 and 10 mM NaIO4) or
increasingly grew (100 mM NaIO4), suggesting stronger cova-
lent crosslinking in GelDOPA15 samples. Accordingly, greater
values of storage modulus were attained with further polymeriza-
tion of l-DOPA conjugates and higher concentrations of NaIO4
(Figure 3e). Rapid crosslinking of samples with highly oxidized
l-DOPA conjugates was shown in Figure 3f and Movie S2, Sup-
porting Information via injection in NaIO4 crosslinking solu-
tions. As opposed to GelDOPA5, which precipitated after injec-
tion, rapid crosslinking occurred when GelDOPA15 was injected
in a 25 mM NaIO4 solution.
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Figure 3. Crosslinking, physical and mechanical properties of gelatin modified with 3,4-dihydroxy-l-phenylalanine (l-DOPA) derivatives (GelDOPA).
a) Crosslinking assessment of different crosslinking agents and concentrations in terms of aqueous stability in GelDOPAx hydrogels (x indicates the
concentration of NaIO4 used to polymerize l-DOPA in mg per 10 ml) after 24 h incubation at 37 °C. b) Release of GelDOPA components from their
crosslinked hydrogels. Data are shown as mean± SD (n= 3). c) Rheological experimental setup used for evaluation of crosslinking kinetics in GelDOPAx–
y samples (y indicates the mM concentration of NaIO4 solution used to crosslink GelDOPAx). d) Crosslinking profiles of GelDOPA hydrogels upon
exposure to 25 mM NaIO4 crosslinking solution. e) Storage modulus of GelDOPA hydrogels after 5 min peripheral diffusive crosslinking using different
concentrations of NaIO4. Data are shown as mean ± SD (n = 3). f) Demonstration of rapid covalent crosslinking of GelDOPA15 solution when injection
in 25 mM NaIO4 solution compared to its GelDOPA5 counterpart with less-oxidized l-DOPA conjugates (scale bar = 2 mm). g) Swelling ratio of
GelDOPA hydrogels crosslinked at different concentrations of NaIO4 solution after 8 days incubation in human blood serum at 37 °C. Data are shown
as mean ± SD (n = 3). h) Failure mechanism and crack propagation in tensile tests for GelDOPA15-25 samples (scale bar = 3 mm). i) Tensile mechanical
properties of GelDOPA hydrogels involving I) elastic modulus, II) strength, III) stretchability, and IV) toughness, in comparison with gelatin methacryloyl
(GelMA) controls. Data are shown as mean ± SD (n = 3). j) Maximum shear strength of GelDOPA hydrogels at 37 °C measured via rheological strain
sweep tests. Data are shown as mean ± SD (n = 3).

Post-implantation swelling of hydrogels is a challenge associ-
ated with injectable bioadhesives, which can degrade mechani-
cal strength and adhesion, and cause pressure on surrounding
tissues. Swelling is also another measure of crosslinking den-
sity in hydrogels and is characterized for GelDOPA in Figure S4,
Supporting Information. Here, GelDOPA15 reached a steady
swelling level after ≈16 h, whereas no plateau was seen for Gel-
DOPA5 after 4 days. The samples crosslinked using NaIO4 solu-
tion lower than 25 mM never reached a plateau, as well. As shown
in Figure 3g, swelling of GelDOPA15 hydrogels crosslinked at,
for example, 25 mM NaIO4 was approximately half that of Gel-
DOPA5 after 8 days due to stronger intermolecular associations.

2.4. Mechanical Properties of Crosslinked Bioadhesives

Tensile properties of catechol-modified gelatin (GelDOPA hydro-
gels) are compared to methacryloyl-modified gelatin (GelMA hy-
drogels) in Movie S3, Supporting Information and Figure 3h,i.
The lower elastic modulus of GelDOPA hydrogels relative to
GelMA suggests enhanced compliance (Figure 3i-I). Softer bioad-
hesives can deform more easily and their deformation can ab-
sorb more mechanical energy from dynamic tissue substrates,
such as lungs. Hence, less energy is left to be dissipated by inter-
facial forces. Further, tensile strength and stretchability of Gel-
DOPA hydrogels (e.g., GelDOPA15 crosslinked at 25 mM NaIO4

Adv. Healthcare Mater. 2023, 2203404 © 2023 Wiley-VCH GmbH2203404 (6 of 14)
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Figure 4. Bioadhesive properties of gelatin modified with 3,4-dihydroxy-l-phenylalanine (l-DOPA) derivatives (GelDOPA). a) Adhesion of GelDOPAx
(x shows mg per 10 ml concentration of NaIO4 used to polymerize l-DOPA during synthesis of GelDOPA) in axial mode (Fa) measured via tack test
(scale bar = 2 mm). Data are shown as mean ± SD (n = 3). b) In vitro burst pressure test showing adhesion strength to collagen sheet substrates. Data
are shown as mean ± SD (n = 3). c) Wound closure tests were performed on porcine lung tissue substrates (scale bar = 5 mm). Data are shown as
mean ± SD (n = 4). Ex vivo burst pressure tests were performed on d) porcine lung (scale bar = 5 cm) and e) bladder tissues (scale bar = 2 cm) by
injection of oxygen gas and liquid dye, respectively. Here, y in GelDOPAx–y is the mM concentration of NaIO4 solution used to crosslink GelDOPAx. The
optimized condition of GelDOPA15-25 showed significantly improved bioadhesion performance in vitro and ex vivo compared to commercial sealants.
Data are shown as mean ± SD (n = 3). f) Demonstration of GelDOPA15 tackiness to gloves and the metal surface of spatula (scale bar = 5 mm). g-I)
The GelDOPA bioadhesives did not detach when rubbed by a razor blade (scale bar = 2 cm). g-II) Resistance of GelDOPA15-25 hydrogels crosslinked
on porcine heart tissue in situ to harsh tap water pressure (≈37 °C) without failure for more than 1 min. h) In vivo mouse liver bleeding model showing
the capacity of GelDOPA bioadhesives to minimize bleeding due to the rapid thermal gelation upon cooling at the application conditions and strong
adhesion to tissue substrates (scale bar = 3 mm). Data are shown as mean ± SD (n = 3).

concentration), were improved by ≈2× and ≈5× compared to
GelMA, respectively, as shown in Figure 3i-II,III. These improve-
ments led to significant increases in their toughness (Figure 3i-
IV) compared to GelMA, due to the synergistic contributions of
intermolecular dynamic interactions (i.e., hydrogen bonding and
hydrophobic interactions) and covalent bonding in GelDOPA hy-
drogels. We did not find any significant differences between the
tensile properties of GelDOPA5 versus GelDOPA15, as well as
between different NaIO4 concentrations, presumably due to the
physical gelation of hydrogels under our testing conditions at
room temperature. Thus, oscillatory strain sweep tests were per-
formed on crosslinked hydrogels at the controlled temperature
of 37 °C to understand the effects of modification with l-DOPA-
based moieties on mechanical properties in physiological condi-

tions (Figure S5, Supporting Information). As seen in Figure 3j,
the maximum shear strength where a network rupture occurs
is significantly larger for GelDOPA15 (≈2×) compared to Gel-
DOPA5. In both groups, increasing NaIO4 crosslinking from 25
to 100 mM had a negligible impact on shear responses; however,
a significant drop in shear stress was observed for 10 mM NaIO4.

2.5. Bioadhesion Performance

Different adhesion tests were conducted underwater to evaluate
the bioadhesion of GelDOPA hydrogels. A tack test at the con-
trolled temperature of 37°C demonstrated ≈3× larger adhesion
strength in GelDOPA15 compared to GelDOPA5 (see Figure 4a

Adv. Healthcare Mater. 2023, 2203404 © 2023 Wiley-VCH GmbH2203404 (7 of 14)

 21922659, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adhm

.202203404 by U
niversity of C

alifornia - L
os A

nge, W
iley O

nline L
ibrary on [25/05/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.advhealthmat.de

and Movie S4, Supporting Information) due to the lack of suf-
ficient cohesion, as shown in strain sweep test results of Fig-
ure 3j. As shown in Figure 4b, the results of in vitro burst pres-
sure tests (Movie S5, Supporting Information) suggested consid-
erably larger (≈3–5×) adhesion strength in GelDOPA hydrogels
compared to commercial bioadhesives. We attribute the drops in
burst pressure for the group of hydrogels crosslinked at 10 mM
(compared to 25 and 100 mM) to their poor cohesion, as dis-
cussed in Figure S5, Supporting Information. In addition, a cyclic
tack test on the physical hydrogels at 37 °C (representative of the
hydrogel state at the interface with tissue) suggested little ad-
hesion for all samples, because of their complete phase transi-
tion to the sol state, whereas GelDOPA15 showed durable adhe-
sion forces across 50 cycles (Figure S6, Supporting Information).
Hence, we infer that the enhanced adhesion of GelDOPA15 is
primarily due to better cohesion at 37 °C via strengthened inter-
nal association, and because of the large amounts of adhesive cat-
echol groups in GelDOPA15. Note that the burst pressure of sam-
ples crosslinked with 100 mM NaIO4 solution shown in Figure 4b
did not show any significant improvement relative to 25 mM
NaIO4 in both burst pressure and tack tests. We conclude that
GelDOPA15 represents the most favorable condition due to its
robust bioadhesion (Figure 4b) and mechanical properties (Fig-
ure 3j), minimal swelling (Figure 3g), fast thermal gelation (Fig-
ure 2d), and the minimized concentration of NaIO4 solution that
enables its wet-stability in vivo, that is, 25 mM (Figure 3b). Hence,
subsequent characterization focused on this condition for further
assessment of hydrogel functionality.

The bioadhesion of GelDOPA hydrogels was evaluated on
different porcine tissues. A wound closure test performed on
porcine lung tissues (Figure 4c and Movie S6, Supporting Infor-
mation) suggested enhanced interfacial toughness of GelDOPA
hydrogels compared to commercial counterparts. Likewise, ex
vivo burst pressure tests on porcine lung (Movie S7, Support-
ing Information) demonstrated ≈2–4× improvements relative to
commercial bioadhesives (Figure 4d). Burst pressures of Gel-
DOPA hydrogels exceeded those of GelMA samples, as GelMA
failed to accommodate the underlying tissue expansion; whereas
GelDOPA hydrogels stretch more easily, and thereby conformed
better to expanding tissues (as discussed above for the results of
elastic modulus presented in Figure 3i-I). In addition to this ef-
fect, the high content of catechol groups promoted adhesion fur-
ther in GelDOPA hydrogels. The same explanation is responsible
for the higher burst pressure of GelDOPA compared to GelMA
in the porcine bladder (Movie S8, Supporting Information), as
shown in Figure 4e.

We demonstrated the tackiness of pre-gel GelDOPA15 solu-
tions in Figure 4f and Movie S9, Supporting Information, with
stickiness to the gloves as well as to a spatula. The GelDOPA
bioadhesives crosslinked on porcine heart tissue exhibited
resistance against scratching using blades (see Figure 4g-I
and Movie S10, Supporting Information). Furthermore, the
durability of hydrogels under harsh tap water pressure at 37 °C
was demonstrated in Figure 4g-II and Movie S11, Supporting
Information, where no detachment was observed under water
flow for more than 1 min. Finally, we assessed the ability of
hydrogels to seal bleeding wounds physically in a mouse liver
bleeding model (Figure 4h). As compared to blank controls, the
amount of bleeding was reduced by up to ≈75% due to rapid

gelation of GelDOPA15 solutions upon application to the tissue
surface.

Bioadhesion of GelDOPA hydrogels is primarily due to the in-
teractions between polycatecholic moieties, that is, poly(l-DOPA)
with tissue substrates. These interactions include non-covalent
bonds such as hydrogen bonding and 𝜋–𝜋 interactions.[20a]

Stronger covalent interactions between oxidized quinone species
on the grafted poly(l-DOPA) chains and nucleophilic groups
on tissue surfaces, including Michael addition and Schiff
base formation, are another contributing factor to improved
adhesion.[20a,c]

2.6. Antibacterial Activity

Antibacterial properties in bioadhesives are essential for the treat-
ment of bacterial wounds and to prevent surgical site infection.
The antibacterial activity of GelDOPA hydrogels was examined
in vitro towards Escherichia coli and Staphylococcus aureus bacte-
rial strains (Figure 5a,b). As shown in Figure 5b, a bacteriosta-
sis ring appeared around the NaIO4-crosslinked hydrogels (i.e.,
GelDOPA15-25) against both bacterial strains whereas no anti-
septic effect was seen in all other non-crosslinked pre-gel solu-
tions (i.e., gelatin, GelDOPA5, and GelDOPA15). These results
suggest that the release of the infused NaIO4 and its crosslinking
reaction byproducts (i.e., iodate ions) back to the media can lead
to bacterial cell disruption likely due to the oxidation of amino
acid and nucleic acids on bacterial cell membranes.[35] In addi-
tion, as shown in Figure 5c, a stronger antibacterial effect was
obtained towards S. aureus compared to E. coli.

2.7. Photothermal Responsiveness to Near-Infrared Light

Photothermally responsive hydrogels can leverage on-demand
functions for applications in antibiotic drug delivery and can-
cer thermo-chemotherapy (Figure 5a).[36] Here, we evaluated the
photothermal response of GelDOPA hydrogels in terms of tem-
perature changes under near-infrared (NIR) light irradiation. As
shown in Figure 5d, the temperature of GelDOPA15-25 samples
in wet conditions rose rapidly to ≈65 °C (after NIR irradiation
for ≈60–90 s), exceeding the temperatures required for cancer
cell death, that is, ≈50 °C,[36b,c,37] without damaging the healthy
tissues.[38] The final temperatures of hydrogels were tunable by
NIR light intensity, as shown in Figure S7a, Supporting Infor-
mation. Moreover, higher temperatures were reached when the
hydrogels were irradiated with NIR in dry conditions (see Fig-
ure S7b, Supporting Information), suggesting applicability for
topical use. Note that we did not find any differences between
the photothermal activities of crosslinked GelDOPA15 and Gel-
DOPA5 hydrogels. Although, significantly lower steady temper-
atures were measured for GelDOPA0 and gelatin/GelMA sam-
ples, indicating the role of pre-conjugation polymerization of l-
DOPA in the photothermal activity of hydrogels. With the aid of
this effect, the drug release capacity of the hydrogels could be con-
trolled in an on-demand “off-on” manner, as demonstrated in Fig-
ure 5e. Here, using a drug model, (i.e., rhodamine B) drug release
from GelDOPA15-25 hydrogels accelerated in time increments
with NIR irradiation, whereas slower kinetics corresponded to

Adv. Healthcare Mater. 2023, 2203404 © 2023 Wiley-VCH GmbH2203404 (8 of 14)
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Figure 5. Antibacterial and near-infrared (NIR) responsiveness of gelatin-based bioadhesives modified with 3,4-dihydroxy-l-phenylalanine (l-DOPA)
derivatives (GelDOPA). a) Mechanism of antibacterial and NIR-responsiveness. The release of IO4

− ions diffused when crosslinking the hydrogels
provides antibacterial functionality. Furthermore, the photothermal activity of poly(l-DOPA) moieties enables NIR-responsive temperature and thereby
drug release control in GelDOPA hydrogels. b) Antibacterial zone of inhibition for uncrosslinked (GelDOPAx, where x shows mg per 10 ml concentration
of NaIO4 used to polymerize l-DOPA during synthesis of GelDOPA) and crosslinked (GelDOPAx–y, where y is the mM concentration of NaIO4 solution
used to crosslink GelDOPAx) samples. c) Relative zone of inhibition in GelDOPA15-25 compared to positive control against E. coli and S. aureus strains.
Data are shown as mean ± SD (n = 3). d) Temperature response of GelDOPA hydrogels in wet media to NIR irradiation. Insets show thermal camera
photos taken from GelDOPA15-25 under NIR light. Data are shown as mean ± SD (n = 3). e) On-off drug release profile of GelDOPA15-25 under
increments of NIR irradiation (rhodamine B was used as a drug model). GelMA, gelatin methacryloyl. Data are shown as mean ± SD (n = 3).

drug release in the absence of NIR light. The NIR-triggered heat-
ing also enabled self-healing properties due to the thermosensi-
tivity of GelDOPA hydrogels. As seen in Figure S7c,d, Supporting
Information, the crosslinked hydrogels cut in the middle were
merged after NIR irradiation for ≈30 s and recovered their ten-
sile mechanical properties.

Note that photothermal hydrogels have also been shown to
be effective in wound-healing applications.[39] Local heating of
wound beds can accelerate blood flow and thereby stimulate fi-
broblast proliferation and inhibit inflammation.[40] Antibacterial
effects due to local heating have also been reported, which can
have synergistic effects for enhancing wound healing.[41,42]

2.8. Biocompatibility

In vitro biocompatibility studies were performed to evaluate the
cytotoxicity of the crosslinked hydrogels. According to the results
of live/dead assays (Figure 6a,b), the viability of C2C12 cells co-
cultured with the crosslinked GelDOPA15-25 hydrogels did not
result in significant changes compared to the blank and GelMA
(compared here because it is a widely used biomaterial in tissue
engineering applications due to its superior biocompatibility)[43]

during the 5-day culture period. Cell viability remained above

≈85% for all tested samples. In addition, according to the re-
sults of the PrestoBlue assay (Figure 6c), cell proliferation in-
creased over 5 days of culture, where no significant differences
in metabolic activity were observed between the groups of Gel-
DOPA and GelMA hydrogels. The biocompatibility of GelDOPA
hydrogels was studied subcutaneously in vivo, as shown in Fig-
ure 6d. The staining images suggest no obvious systemic cyto-
toxicity to the organs of the mice implanted with crosslinked
GelDOPA hydrogels. The hydrogels were harvested after 1 week
of implantation as shown in Figure S8, Supporting Informa-
tion. Accumulation of cells around and their infiltration within
the degraded structure of hydrogels were dominant with no ob-
servable capsule formation. Both crosslinked (GelDOPA15-25)
and non-crosslinked (GelDOPA15) samples were degraded, with
the degradation being faster and greater for the non-crosslinked
hydrogels. The observed residues of GelDOPA15 hydrogels are
likely due to the self-gelation of the GelDOPA pre-gel solutions
without NaIO4 oxidative crosslinking, as discussed in Figure 2f.
This result indicates that for applications where faster degrada-
tion rates are required, GelDOPA bioadhesives can be applied
without the need for NaIO4 treatment. Elimination of NaIO4
crosslinking in these cases can further reduce the inflammatory
response, as per the lower accumulation of cells in GelDOPA15
compared to GelDOPA15-25.

Adv. Healthcare Mater. 2023, 2203404 © 2023 Wiley-VCH GmbH2203404 (9 of 14)
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Figure 6. Biocompatibility analysis of gelatin-based bioadhesives modified with 3,4-dihydroxy-l-phenylalanine (l-DOPA) derivatives (GelDOPA). (a)
Live/dead images of C2C12 mouse myoblasts cultured in presence of crosslinked GelDOPA hydrogels (GelDOPAx–y, where x and y are the concentration
of NaIO4 used for polymerization of l-DOPA during synthesis in mg per 10 ml and for crosslinking of GelDOPA in mM, respectively) compared to gelatin
methacryloyl (GelMA) hydrogels (scale bar = 100 μm). b) Cell viability of cells calculated from live/dead assays. Data are shown as mean ± SD (n = 3).
c) Metabolic activity of cells in exposure to GelDOPA samples measured via Prestoblue assay. Data are shown as mean ± SD (n = 3). d) Hematoxylin
and eosin (H&E) staining of organs extracted from mice subcutaneously implanted with GelDOPA hydrogels to evaluate biocompatibility in vivo.

The above data suggest that GelDOPA bioadhesives are bio-
compatible candidates to seal open wounds in surgical settings.
The biocompatibility of GelDOPA hydrogels was favored by the
minimal concentration of NaIO4 agents required for crosslinking
due to the amplified catechol content. The accelerated crosslink-
ing kinetics enabled diffusive treatment with NaIO4 to provide
adequate wet stability without the need for physical mixing. Such
a mechanism will provide the flexibility for washing the residue
crosslinking solution post-crosslinking while the diffused peri-
odate ions that drove the di-catechol coupling reactions decom-
pose into less harmful[44] iodate ions[45] within the hydrogel ma-
trix.

3. Conclusion and Prospects

Biodegradable and injectable mussel-inspired bioadhesives are
leveraged by catechol modification of naturally derived biomacro-

molecules, such as gelatin proteins. One popular approach for
the catechol-functionalization of gelatin is carbodiimide cou-
pling with catechol-carrying small molecules. However, this ap-
proach is limited by low conjugation efficacy, leading to weak cat-
echol function. Here, we showed that oxidative polymerization
of catechol-carrying molecules (i.e., l-DOPA) prior to conjuga-
tion reaction is an effective solution to boost catechol content
in gelatin-based bioadhesives. By means of strong intermolecu-
lar associations due to the augmented content of catecholic moi-
eties, pre-gel solutions of injectable bioadhesives were strength-
ened for better control, patternability, and applicability on curved
tissue surfaces. In addition, the spontaneous thermal gelation
of gelatin is accelerated to enable rapid sealing of wounds (gela-
tion within ≈10 s) upon exposure of the pre-gel to tissue surface
temperature. The proposed process favors oxidative crosslink-
ing kinetics, leading to higher crosslinking densities using lower
concentrations of NaIO4 solution. As a result, better cohesion

Adv. Healthcare Mater. 2023, 2203404 © 2023 Wiley-VCH GmbH2203404 (10 of 14)
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with minimized swelling in wet conditions is possible in hy-
drogels crosslinked only with on-demand topical treatment with
NaIO4 (diffusive crosslinking), eliminating the need for complete
mixing with NaIO4. Treatment with NaIO4 also drives antibac-
terial properties via the release of crosslinking reaction byprod-
ucts. By virtue of enhanced cohesion, stronger adhesion is at-
tained when catecholic moieties are polymerized prior to the cou-
pling reaction, exceeding those of commercially available bioad-
hesives. In addition to favorable bioadhesion, polymerized l-
DOPA components endow gelatin backbones with photothermal
NIR-responsiveness for applications in controlled drug release
and photothermal cancer therapy. Future studies on implement-
ing the presented approach on other natural biomacromolecules,
their tissue regenerative capacity, more in-depth pathological
analysis, and long-term stability in various storage conditions will
explore the potential of pre-conjugation polymerization of cate-
cholic moieties in bioadhesive materials design.

4. Experimental Section
Materials: Gelatin from porcine skin type A, 3,4-dihydroxy-l-

phenylalanine (l-DOPA), sodium periodate (NaIO4), sodium nitrite
(NaNO2), sodium molybdate (Na2MoO4), sodium dodecyl sulfate
(SDS), 2,4,6-trinitrobenzene sulfonic acid (TNBSA) solution 5 w/v%
in deionized (DI) water, hydrochloric acid (HCl) solution 1 M, and
methacrylic anhydride (MA) were supplied by Sigma Aldrich, USA.
1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC) and
N-hydroxysuccinimide (NHS) were purchased from TCI Chemicals, USA.
Porcine bladder and lung tissues were provided by Sierra for Medical
Science, USA. Sodium bicarbonate (NaHCO3) was supplied by Fisher
Scientific, USA. Human blood-derived plasma was purchased from
Innovative Research, USA.

Syntheses: Gelatin was modified with polymerized l-DOPA to obtain
l-DOPA-modified gelatin (GelDOPA) bioadhesives. First, 340 mg l-DOPA
was dissolved in 10 ml 1 M HCl solution in DI water. Different batches
of poly(l-DOPA) were synthesized by adding various amounts of NaIO4
(i.e., 0, 5, 15, 30, and 75 mg) to the l-DOPA solution, and the reaction
proceeded for 2 h under vigorous shaking. Then, the pH was increased to
≈6 by adding NaOH. In each batch, a 15 ml solution containing 160 mg
EDC and 100 mg NHS was added to initiate the activation of l-DOPA. After
2 h stirring, a solution of 1 g gelatin dissolved in 75 ml was added to each
group and the coupling reaction proceeded for 24 h at room temperature.
Subsequently, the reaction solutions were dialyzed against DI water for 3
days and the water was swapped three times a day. Final products were
freeze-dried for 4 days to obtain dry GelDOPA. Samples were labeled as
GelDOPAx where x indicates the mg NaIO4 used for polymerizing l-DOPA.

Modification of gelatin with methacryloyl groups was performed as fol-
lows: 1 g gelatin was dissolved in 100 ml phosphate-buffered saline (PBS)
solution (pH ∼ 7.4), followed by dropwise addition of 8 ml MA. The reac-
tion was maintained at 60 °C for 3 h, and the reaction solution was trans-
ferred to dialysis membranes. The dialysis and freeze-drying processes
were performed as described for the synthesis of GelDOPA.

Hydrogel Preparation: Pre-gel solutions of GelDOPA bioadhesives
were prepared by dissolving dry GelDOPA in DI water at 20 w/v%. For
dissolution, GelDOPA was gradually added to the pre-heated DI water
stepwise in an Eppendorf tube involving cycles of vortex followed by mini-
centrifugation and heating in an 80 °C oven to remove bubbles until com-
plete dissolution. The GelDOPA solutions were pipetted using a 100 μm
positive-displacement pipette (Pos-D, USA) and left at room temperature
for 45–60 s for thermal gelation. To form a topical covalent crosslink layer,
the physical gels were treated with a crosslinking solution of 25 mM NaIO4
for 5 min, unless otherwise noted, followed by washing with DI water.

UV–vis absorption spectroscopy: UV—vis absorption spectroscopy was
performed using a NanoDrop OneC Microvolume spectrophotometer

(2 μl solution) to study the polymerization of l-DOPA, and its conjugation
to gelatin. For the former, different solutions of NaIO4 (i.e., 0, 2.5, 7.5, 15,
25, 37.5, 50, 75, and 100 mg ml−1) in 1 M HCl were prepared. Then, 103 μl
of the NaIO4 solution was mixed with 397 μl of 42.8 mg ml−1 l-DOPA so-
lution in 1 M HCl to start the l-DOPA polymerization reaction at similar
final concentrations as those of synthesis concentrations. The absorbance
at 324 nm was measured relative to 1 M HCl solution. For the latter, the
absorbance spectra of GelDOPA solutions in DI water were measured at
2 w/v%.

Nuclear Magnetic Resonance: To study the consumption of amine
groups as a result of conjugation reaction, proton nuclear magnetic res-
onance (1H NMR) spectroscopy was performed using a 400 MHz Bruker
AV400 spectrometer. The synthesized GelDOPA was dissolved in dimethyl
sulfoxide (DMSO)-d6 at 10 mg ml−1 concentration for 1H NMR experi-
ments, and the degree of amine consumption was calculated based on
the procedures reported elsewhere.[46]

Size-Exclusion Chromatography: Measurements of molecular weight
were conducted via size-exclusion chromatography (SEC). Briefly, the sam-
ples were diluted to 0.5 mg ml−1 in DI water and filtered using a filter paper
with ≈200 nm pore size. The standard samples with molecular weights
1000 to 600 kDa were purchased from GE Healthcare (NY, USA), diluted
10×, and run-on SEC. For poly(l-DOPA) samples, the polymerized solu-
tions (prepared following the procedure explained for synthesis) were di-
luted 100× before the SEC run. Samples were inserted into an Agilent 1200
high-performance liquid chromatography (HPLC) equipped with a UV de-
tector at 270 nm. The mobile phase was PBS (pH ≈7.4) with a flow rate of
0.8 ml min−1. A Yarra 3 μm SEC-3000 (Phenomenex, Torrance, CA, USA)
column was used at a running time of 30 min.

Dynamic Light Scattering: Dynamic light scattering (DLS) tests were
carried out using a Malvern Panalytical Zetasizer Nano ZS to character-
ize the size distributions of the poly(l-DOPA) nanoparticles. The poly(l-
DOPA) solutions were prepared through the same process as described
for their synthesis, followed by 10× dilution before loading into DTS1070
disposable folded capillary cuvettes. Refractive indices for dispersant and
poly(l-DOPA) were defined as 1.33 and 1.59, respectively.

Arnow Catechol Content Assay: To measure conjugated catechol con-
tent, the Arnow assay was carried out according to the following proce-
dure, reported elsewhere.[21] Briefly, the Arnow reagent was prepared by
dissolving 10 w/v% sodium molybdate and 10 w/v% sodium nitrite in
0.5 M HCl. Equal volumes of a 1.5 mg ml−1 GelDOPA solution already
dissolved in 0.5 M HCl were mixed with the Arnow reagent, and the final
solutions were shaken for 5 min. Subsequently, the solutions were diluted
2.5× and transferred to a 96-well plate (volumes of 200 μl). The absorbance
at 520 nm was registered using a plate reader (BioTek Synergy 2, USA)
and the catechol content was based on the standard curves obtained from
dopamine solutions at different concentrations.

Primary Amine Content Assay: To quantify the concentrations of the
primary amine groups, GelDOPA was dissolved at 0.4 mg ml−1 in 0.1 M
sodium bicarbonate. The GelDOPA solutions were diluted to concentra-
tions of 200–20 μg/ml in a 96-well plate with a final volume of 100 μl
per well. Then, 50 μl of 500× diluted TNBSA solution was added to each
well, followed by incubation at 37 °C for 2 h. To stop the reaction, 50 μl
10 w/v% SDS and 25 μl 1 M HCl solution were added to the wells, and
the absorbance at 335 nm was measured by a plate reader (BioTek Syn-
ergy 2, USA). Primary amine contents were calculated based on calibration
curves obtained from glycine controls tested at concentrations between
20–2 μg ml−1.

Transmission Electron Microscopy: Nanoscale structural features of
poly(l-DOPA) components were characterized using transmission elec-
tron microscopy (TEM). As synthesized poly(l-DOPA) dispersions were
diluted 10× and a volume of 2.5 μl was pipetted on a membrane-supported
copper mesh grid. Then, TEM imaging was performed using an FEI Tecnai
T12 TEM microscope at 200 kV acceleration voltage.

Rheological Tests: The rheological experiments were carried out by
an MCR 302, Anton Paar rheometer using an 8 mm parallel-plate torque
measuring system. For each experiment, 80 μL of samples were tested
at 1 mm gap size, 10% strain, and 1 Hz frequency, unless otherwise
noted.
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For thermosensitivity tests, GelDOPA pre-gels were maintained for
5 min at 50 °C for thermal equilibrium. Then, a linear thermal cycle of
cooling-heating was applied between 10 °C to 50 °C at a rate of 1 °C min−1

with a 3 min isothermal period defined before the onset of heating. To mea-
sure time to thermal gelation, a temperature step was defined from 50 °C
to 25 °C at the maximum rate of cooling (20 °C min−1). Viscosity-shear
rate characteristics were evaluated at 37 °C across shear rates from 1 to
100 s−1 with a 0.75 mm gap size. Time sweep tests were performed at a
constant temperature of 37 °C over 12 h to study the self-gelation of pre-gel
solutions.

To study the diffusive crosslinking of GelDOPA hydrogels, pre-gel so-
lutions were maintained at 37 °C for 5 min to reach thermal stabilization.
Then, they were exposed to different crosslinking solutions so that the
pre-gels were fully submerged for peripheral diffusion while recording vari-
ations of modulus in time sweep tests. Strain sweep tests were performed
on hydrogels crosslinked ex situ in 8 mm diameter circular polydimethyl-
siloxane (PDMS) molds filled with 80 μl pre-gel solution. These tests were
started following thermal stabilization at 37 °C for 5 min at a 1.2 mm gap
size.

Mechanical Tensile Tests: To evaluate tensile mechanical properties,
200 μl GelDOPA solutions were pipetted in rectangular PDMS molds of
25 × 4 mm. The samples were crosslinked by soaking them in crosslinking
solutions for 5 min and then glued to plain paper using Krazy glue (OH,
USA) for better gripping. The samples were loaded onto an Instron 5943
(MA, USA) universal testing equipment. Tensile tests were performed at a
cross-head displacement rate of 8 mm min−1, and the force-displacement
data were recorded using a 100 N load cell.

Swelling Tests: The fluid absorption capacity of the hydrogels was eval-
uated in GelDOPA hydrogels fabricated by molding 100 μl GelDOPA so-
lution in an 8 mm circular PDMS mold. After crosslinking, the hydrogels
were incubated at 37 °C in 12 well plates containing 2 ml human blood-
derived plasma per well. The weight of hydrogels was registered at different
time points, and the swelling ratio was calculated based on Equation (1):

swelling ratio =
ws − w0

w0
(1)

where w0 is weight at t = 0, and ws represents the weight of swollen hy-
drogel at different time points.

Axial Adhesion Tests: The adhesion performance of hydrogels along
the axial direction was measured using a rheometer (MCR 302, Anton
Paar). Pre-gel solutions were crosslinked in situ by peripheral diffusion of
crosslinking solutions on a 37 °C substrate. Then, axial adhesion force was
measured at a vertical displacement rate of 0.5 mm s−1. All measurements
were performed using an 8 mm parallel-plate torque measuring system at
a gap size of 1 mm.

Cyclic tack tests were also performed to assess the durability of interfa-
cial adhesion with substrates at body temperature. Hence, physical hydro-
gels of GelDOPA (prepared to be 8 mm in diameter and 1 mm in height)
were tested. The hydrogels were initially cooled to 10 °C, and a pre-load of
2 N was applied to the hydrogel surface. Then, cyclic adhesion tests were
started after 10 min of thermal stabilization at 37 °C.

In Vitro Burst Pressure Tests: The adhesion strength of hydrogels was
assessed under air pressure using a burst pressure setup. For this pur-
pose, 25 mm wet collagen sheets were punctured using a 3 mm puncher.
Collagen sheets were fixed onto an air chamber connected to a digital pres-
sure sensor and a 60 ml syringe. The volumes of 80 μl GelDOPA solutions
were applied to seal the punctured collagen sheets, followed by a crosslink-
ing process. Then, the crosslinked hydrogels were soaked in 37 °C water
before the air was injected at a rate of 20 ml min−1 while the chamber
pressure was recorded in real time. The maximum recorded pressure was
reported as burst pressure.

Wound Closure Tests: The capacity of hydrogels to prevent wound
edges from opening transversally was evaluated. Two pieces of 10× 20 mm
tissues extracted from the porcine lung surface were placed head-to-head,
and the interfacial edge was covered by GelDOPA pre-gel solution over a 10
mm × 10 mm area. The GelDOPA solutions underwent thermal gelation
followed by oxidative crosslinking through the topical surface. The sam-

ples were incubated at 37 °C for 15 min. Then, an axial tensile displace-
ment was applied to the two ends of tissue strips at a rate of 25 mm min−1,
while the force-displacement data was recorded. Adhesion toughness was
calculated as the area under the force-displacement curve normalized to
the total surface area under the pre-gel solution.

Ex Vivo Burst Pressure Tests: Burst pressure tests on porcine tissues
(i.e., lung and bladder) were performed to assess the sealing capability of
bioadhesives. For experiments on lungs, an oxygen tank was connected to
a pressure sensor and a porcine lung through a T-joint. A 3 mm diameter
puncture was sealed by GelDOPA bioadhesives and the entire tissue was
submerged in 37 °C water. Pressure variations were monitored while oxy-
gen gas was injected into the lungs until adhesion failure was observed.
For burst tests on the bladder, food dye diluted in water was injected into
bladder tissue with a 3 mm puncture sealed with GelDOPA similar to lung
tests. The tests were performed underwater at 37 °C, and pressure was
recorded at the point where leaking was seen.

Near-Infrared Responsiveness Tests: Thermal responses of GelDOPA
hydrogels to exposure to NIR irradiation (808 nm) were evaluated by
real-time monitoring of hydrogel temperature via a thermocouple-assisted
(type-K) thermal camera (Teledyne FLIR TG267). Irradiation of NIR was
performed using a light source (Pilot therapeutic diode laser system, CAO
Group Inc., UT, USA) at different power levels (between 1 and 9 W, which
was shined over an area of ≈2 cm diameter). For this purpose, crosslinked
hydrogel disks of 8 mm diameter and 2 mm height were placed at 25 mm
from the light guide tip. To test hydrogels in wet conditions, the samples
were placed in 12-well plates containing 1 ml DI Water.

Drug release studies were performed for crosslinked GelDOPA samples
containing 2 mg ml−1 rhodamine B. The hydrogels were immersed in 1 ml
PBS and the hydrogel absorbance at 556 nm was measured at different
time intervals with and without NIR irradiation. For NIR irradiation, each
10 min NIR irradiation (6 W) was followed by an “off” interval for 20 min.
The amount of rhodamine B released from the hydrogels was calculated
based on calibration curves obtained from rhodamine B solutions.

Antibacterial Test: The antimicrobial activity of GelDOPA hydrogels
was assessed via agar well diffusion. The microbial strains (i.e., E. coli and
S. aureus) were incubated in the nutrient broth where optical density (OD)
at 600 nm for E. coli and S. aureus were measured at 1.24 and 0.48, respec-
tively using a UV–vis spectrometer. The prepared inoculum was spread
over the agar plates punched with 8 mm biopsy punches. The pre-gel so-
lutions were pipetted (100 μl) in the punctured wells while the crosslinked
hydrogels were placed on the agar surface. The plates were incubated at
37 °C for 24 h to evaluate the zone of inhibition. For positive control, filter
paper disks of 8 mm were infiltrated with silver sulfadiazine (at 15 μg per
disk) and placed on the plates.

In Vitro Biocompatibility Tests: The biocompatibility of GelDOPA
bioadhesives was studied via 2D cell culture using C2C12 murine my-
oblasts cell lines (ATCC). The cells were incubated at 37 °C and 5% CO2
in an incubator and seeded at the density of 104 cells per well in a 6-well
plate for 1 d using 2 ml Dulbecco’s modified Eagle’s medium (DMEM)
media supplemented with 10 w/v% fetal bovine serum (FBS) and 1 w/v%
penicillin-streptomycin. The GelDOPA hydrogels (molded to 8 mm diam-
eter disks with 1.5 mm height) were crosslinked by soaking in NaIO4 so-
lutions for 5 min. The crosslinked hydrogel disks were sterilized under UV
light for 1 h (each side) in PBS and transferred to the cell culture plates.
Live/dead assay (Invitrogen, USA) at different time points was performed
by adding 8 μL calcein and 12 μL ethidium homodimer-1 to each well, fol-
lowed by incubation at 37 °C for 15 min. The cells were washed a few times
before treatment with the live/dead solution. To image the cells, fluores-
cence imaging was carried out using an Axio Observer 5, Zeiss fluores-
cence microscope at the excitation/emission wavelengths of 494/515 nm
for calcein (green) and 528/617 nm for ethidium homodimer-1 (red). Live
and dead cells were counted using ImageJ software, based on which cell
viability was calculated as the ratio of live cells to the total number of
cells. The metabolic activities of cells were quantified via PrestoBlue assays
(Thermo Fisher Scientific, USA). Cells were washed with PBS and treated
with the PrestoBlue reagent diluted 10× in DMEM media for 2 h. The fluo-
rescence intensity of the media was measured at the excitation/emission
wavelengths of 560/590 nm using a plate reader (BioTek Synergy 2, USA).
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In Vivo Biocompatibility: Hydrogel biocompatibility was evaluated in
vivo by subcutaneous implantation of crosslinked GelDOPA hydrogels in
mice under an approved protocol at The Lindquist Institute (#22747-01).
Black C57B6 mice (purchased from The Jackson Laboratory, USA) were
maintained under standard laboratory conditions (i.e., fed by laboratory
pellets and purified water and kept at 25 °C in pathogen-free facilities).
The samples of ¼ circular disks with 8 mm diameter and 2 mm height
were prepared as described above. The samples were implanted subcuta-
neously using ≈15 mm incisions. All surgeries were used under anesthe-
sia using 1.5%v/v isoflurane in oxygen gas adjuvant to carprofen injection.
Then, at different time points (weeks 1 and 4) the tissues from the mice
were collected after they were euthanized (by carbon dioxide inhalation).
Subsequently, the samples were fixed by soaking in a 10%v/v formalin so-
lution. Cell morphology was evaluated by hematoxylin and eosin (H&E)
staining. To this end, the fixed organs and tissues were embedded in paraf-
fin and sliced into 5 μm layers.

Statistical Analyses: The experiments were performed in at least tripli-
cate. The reported quantities represent means ± SD. Statistical analyses
were conducted using GraphPad Prism 8 software via one-way analysis of
variance (ANOVA) where p < 0.05 was considered statistically significant.
Experimental measurements were performed in triplicate (n = 3) unless
noted otherwise.
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