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ABSTRACT:Hydrogel patches with high toughness, stretch-
ability, and adhesive properties are critical to healthcare
applications including wound dressings and wearable devices.
Gelatin methacryloyl (GelMA) provides a highly biocompatible
and accessible hydrogel platform. However, low tissue adhesion
and poor mechanical properties of cross-linked GelMA patches
(i.e., brittleness and low stretchability) have been major obstacles
to their application for sealing and repair of wounds. Here, we
show that adding dopamine (DA) moieties in larger quantities
than those of conjugated counterparts to the GelMA prepolymer
solution followed by alkaline DA oxidation could result in robust
mechanical and adhesive properties in GelMA-based hydrogels. In
this way, cross-linked patches with� 140% stretchability and
� 19 000 J/m3 toughness, which correspond to� 5.7 and� 3.3× improvement, respectively, compared to that of GelMA controls,
were obtained. The DA oxidization in the prepolymer solution was found to play an important role in activating adhesive properties
of cross-linked GelMA patches (� 4.0 and� 6.9× increase in adhesion force under tensile and shear modes, respectively) due to the
presence of reactive oxidized quinone species. We further conducted a parametric study on the factors such as UV light parameters,
the photoinitiator type (i.e., lithium phenyl-2,4,6-trimethylbenzoylphosphinate, LAP,versus2-hydroxy-4�-(2-hydroxyethoxy)-2-
methylpropiophenone, Irgacure 2959), and alkaline DA oxidation to tune the cross-linking density and thereby hydrogel compliance
for better adhesive properties. The superior adhesion performance of the resulting hydrogel along within vitrocytocompatibility
demonstrated its potential for use in skin-attachable substrates.
KEYWORDS:gelatin methacryloyl, adhesive, stretchable, tough, mussel-inspired, dopamine

Tough hydrogel substrates with adhesive properties have
brought many opportunities to biomedical applications,

including bioadhesive sealants1,2 and skin-attachable wearable
and implantable devices.3,4 The physical properties of the
hydrogels are tunable by manipulating their macromolecular
characteristics and polymer network structures, motivating
research toward the development of hydrogels with high
mechanical and adhesive properties. To establish strong
adhesion, the hydrogel must be mechanically stable and
tough. Toughening hydrogels has been pursued by incorpo-
ration of both covalent and noncovalent interactions to
dissipate the deformation energy and to enable strain
reversibility.5 To toughen hydrogels, depending on how the
sti� ness changes, either mechanical strength or stretchability is
increased to enable greater energy absorption.6 In addition, an
ideal hydrogel patch must comply with the natural
deformations of the tissue with minimal mechanical resistance
to avoid discomfort on dynamic and deformable tissue
surfaces.7Š9 This criterion can be met by the design of elastic
hydrogels with lower elastic moduli. Therefore, sti� hydrogels,

even though tough, may fail to meet the mechanical
requirements for bioadhesives. Hence, to toughen hydrogels,
improvements in hydrogel compliance while ensuring high
stretchability are the key requirements for tissue-attachable
adhesive hydrogels.10

Aside from improvements in cohesive properties of the
hydrogels, several approaches have been demonstrated to
promote adhesion to wet tissue substrates.11 These methods
are primarily based on the covalent and noncovalent bond
formation between the hydrogel and nucleophilic groups
present on the underneath tissue substrate.12,13 In addition to
these methods, compliance of the hydrogel can favor adhesion
by minimizing the mechanical resistance against the intrinsic
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tissue movements. In this regard, the mussel-inspired hydrogels
account for a major class of bioadhesives wherein catechol
groups play the dominant role in establishing adhesion.14

Adhesion is a sophisticated process in mussel bypass threads
where a combination of charged and a certain ratio of
hydrophobic amino acids in mussel adhesive proteins (MAPs)
works toward underwater adhesion.15 Despite signi� cant
research e� orts directed at understanding catechol-driven
adhesion, the mechanism of action in such hydrogels is not
fully understood.16 State-of-the-art mussel-inspired bioadhe-
sives primarily involve chemical grafting of catechol groups
onto di� erent natural and synthetic backbones to introduce
adhesive properties to the polymers.17 However, the reaction
yield and potential grafting sites to conjugate catechol groups
in such approaches are often limited. The activation of the
adhesive function in the mussel-inspired hydrogels di� ers from
polymer backbone to backbone and requires speci� c
processing.18 Although reports have shown overall advanta-
geous physical properties for synthetic hydrogels, natural
counterparts have received particular attention due to their
biosafety and biodegradability.19

Gelatin derivatives, in particular, gelatin methacryloyl
(GelMA) hydrogels, are attractive candidates for biomedical
use due to their outstanding biocompatibility.20 The GelMA
hydrogels, however, are brittle due to their heterogeneous
cross-linking density and extensive entanglements.4 In
addition, the lack of su� cient energy-dissipating noncovalent
intramolecular interactions has limited their stretchability to
� 30%, which is well below the natural deformations of most
soft tissues.21,22 Although in situ cross-linking of GelMA
hydrogel has demonstrated the potential to seal wounds and

injuries e� ectively by the formation of stable adhesion,23,24

cross-linked GelMA hydrogel patches are rather slippery,
hindering their adhesion to wet surfaces. Modi� cation of
gelatin-based macromolecules with catechol groups for higher
adhesion has been previously demonstrated for wound care
applications. For instance, a tissue adhesive was developed for
in situ wound sealing and hemostasis based on dopamine
(DA)-conjugated gelatinvia a dual-cross-linking with (i)
dynamic complex formation by Fe3+ and (ii) covalent cross-
linking by genipin.25 The hydrogels showed a slight improve-
ment in tissue adhesion compared to commercially available
� brin glue. Hemostatic e� ects are improved by conjugation of
catechol groups, as they arecapable of triggering the
coagulation cascade.26,27 Flexible thin GelMA� lms were
grafted with catechol groups and reinforced with polycapro-
lactone (PCL) to support the fabricated structures mechan-
ically.28 The hydrogels were characterized by hemostatic
properties (by addition of Ca2+ ions) and showed promise in
healing acute trauma. However, the simultaneous incorpo-
ration of mechanical toughness, stretchability, and adhesion
properties in GelMA-based hydrogels remains a challenge.

Here, we aim to develop stretchable, tough, and adhesive
photo-cross-linkable GelMA hydrogels by adding DA additives
in larger quantities than those of conjugated examples to the
GelMA precursor solution. Then, the DA-integrated GelMA
(DA@GelMA) prepolymers were oxidized/polymerized to
polydopamine (PDA) in the presence of GelMA (PDA@
GelMA) in an alkaline environment by adding NaOH to
impart adhesive properties to the cross-linked hydrogels. In
addition, we explored the e� ects of processing factors such as
UV light parameters and photoinitiator types (i.e., lithium

Figure 1.Formulation, chemical interactions, and oxidation in dopamine (DA) and polydopamine (PDA)-incorporated gelatin methacryloyl
(GelMA) hydrogels. (a) Synthesis route for the modi� cation of the gelatin with methacryloyl groups. (b) Physical addition of DA to GelMA with
aggregation around the GelMA macromolecules is driven by hydrogen-bonding and� Š� interactions. (c) Vial tilt assay demonstrating the roles of
DA additives on physical gelation of gelatinversusGelMA at room temperature. (d) Alkaline oxidation reaction of DA in the presence of GelMA
macromolecules, leading to DA polymerization or PDA formation.32 The PDA can also be grafted onto the GelMA backbone during oxidation. (e)
Optical image of the PDA@GelMA prepolymer solution after a 1 h incubation at 37°C (material compositions: GelMA: 20 wt %, DA: 2 wt %,
NaOH: 0.2 wt %). (f) Time-dependent UVŠvisible spectra of the hydrogel solutions in the presence of di� erent photoinitiators. (g) Time variation
of absorbance at a wavelength of 420 nm for the prepolymer solutions containing di� erent photoinitiator types. (h) Variation of absorbance with
di� erent amounts of DA molecules at di� erent NaOH levels.
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phenyl-2,4,6-trimethylbenzoylphosphinate, LAP, and 2-hy-
droxy-4�-(2-hydroxyethoxy)-2-methylpropiophenone, Irgacure
2959) on the hydrogel physical properties to facilitate adhesion
process. Finally, we demonstrated the cytocompatibility of the
hydrogels for potential use in biomedical applications.

� RESULTS AND DISCUSSION
E� ect of Dopamine on Physical Gelation of Gelatin

Methacryloyl. Understanding the interactions between DA
molecules and gelatin derivatives can give fundamental clues
for explaining hydrogel behavior at the molecular level. Gelatin
and its derivatives (modi� ed with methacryloyl groups; see
Figure 1a) are known to form physical gels due to the
hydrogen-bond-driven association of single/multistranded
polypeptides at room temperature.29 However, as shown in
Figure 1b,c, we observed that mixing 2 wt % DA molecules
with GelMA prepolymer disrupted physical gelation of GelMA
gelation at room temperature; mixing the same concentration
of DA with gelatin did not a� ect its gelation at room
temperature. To understand this e� ect, we performed
temperature sweep tests and quanti� ed the phase transition
temperature changes of gelatin and GelMA in response to DA

additives (Figure S1a,b). The gelation and dissolution
temperatures (seeFigure S1c,d, respectively) were signi� cantly
decreased with both methacrylation and addition of DA, so
that gelation temperature for GelMA containing 2 wt % DA
was reduced to� 11 °C (compared to� 25 °C for bare
gelatin). We attribute the reduced phase transition temperature
with methacryloylation of gelatin to the consumption of
hydrogen bond donor groups, such as primary amines and
hydroxyls, due to their conversion to hydrophobic meth-
acryloyl groups. Note that DA additives can interact with and
aggregate around GelMA macromoleculesvia hydrogen-
bonding and� Š� interactions, as shown schematically in
Figure 1b. According to the results shown inFigure S1c,d, we
infer that DA can disrupt helix strand formation30 in gelatin
and GelMA. This disruption may be due to DA interactions
with the gelatin backbone, blocking helix-forming hydrogen
bonds (between the carbonyl oxygen of one amino acid and
amide protons of another amino acid).31

Oxidation of Dopamine in the Presence of Gelatin
Methacryloyl. It has been previously shown that oxidation of
DA is accompanied by the generation of free radicals.33 Free
radicals can lead to PDA reaction with the methacryloyl groups

Figure 2.Real-time characterization of photo-cross-linking reaction by the rheological analysis of gelation. (a) Experimental setup for the
rheological tests. (b) Storage (G�) and loss modulus (G� ) as a function of ultraviolet (UV) light irradiation time for the dopamine- (DA) and
polydopamine (PDA)-containing gelatin methacryloyl (GelMA) prepolymers containing (I) 2-hydroxy-4�-(2-hydroxyethoxy)-2-methylpropiophe-
none (Irgacure 2959) and (II) lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) photoinitiators. (c) E� ects of dopamine (DA) and NaOH
concentrations on the gelation time and� nal storage modulus for Irgacure 2959 photoinitiator (0.5 wt %) cross-linked using (I, II) 35 mW/cm2

UV light intensity and (III, IV) using 100 mW/cm2 UV light intensity. (d) E� ect of DA and NaOH concentrations on the gelation time and� nal
storage modulus for LAP (UV light intensity of 35 mW/cm2) for the prepolymers containing (I, II) 0.5 wt % LAP and (III, IV) 0.1 wt % LAP.
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on GelMA (Figure 1d,e). This reaction was con� rmed by the
UVŠvis spectra of the PDA@GelMA solutions after dialysis in
DI water and centrifugation, as shown inFigure S2. The UVŠ
vis spectra of PDA@GelMA were found to be identical to
those prior to the dialysis step (Figure 1f(I)), suggesting
covalent attachment of PDA to GelMA.

We also measured the UVŠvis spectra of the solutions with
and without two di� erent photoinitiators (i.e., Irgacure 2959
and LAP, both at 0.5 wt %) to quantify their e� ects on the
alkaline-triggered oxidation of DA by assessing the color
changes in PDA@GelMA prepolymer solutions. The UVŠvis
spectra of the PDA@GelMA (DA: 2 wt %, NaOH: 0.3 wt %)
were monitored over time, as shown inFigure 1f. The DA-free
GelMA solutions with similar photoinitiator contents were
used as blanks. The absorbance-wavelength spectra were found
to follow the same trends across three di� erent conditions of
no photoinitiator, Irgacure 2959, and LAP. At time zero, a
distinct absorbance peak at 280 nm was attributed to DA in its
reduced form.34 Once NaOH was added, the DA polymer-
ization reaction led to gradual blackening of the solution due to
the alkaline-induced oxidation of DA.35 This process led to the
appearance of a broad shoulder at wavelengths in the range of
300Š600 nm. This result is indicative of a polydisperse
transition of DA to catecholŠquinone oxidative intermediates,
as well as PDA species.36 According to the literature, the peaks
at 280 and 395 nm and the spectra at 300Š475 and 420 nm
correspond to DA, yellow chromophore dopamineo-quinone,
aminochrome, and early stages of PDA formation, respec-
tively.37,38 The gradual shift of the absorbance peak toward
longer wavelengths after 48 h is indicative of the polymer-
ization of the majority of DA molecules. This wavelength shift
to the red occurs due to the oxidative addition of benzene rings
to the larger-molecule PDA moieties, which reduce the band
gap.

The absorbance at 420 nm (representative of PDA
formation)39 was measured over time and is shown inFigure
1g. As can be seen, oxidation of DA proceeded at a slower rate
in the presence of Irgacure 2959 photoinitiator, whereas the
oxidation rate for LAP was similar to the samples with no
photoinitiator. We attribute this result to the antioxidative
e� ects of Irgacure 2959. Note that as opposed to LAP, Irgacure
2959 molecules contain strong electron donor groups, such as
phenolic alkoxy groups, which can act as free-radical
scavengers40 and thereby lead to their antioxidative properties.

We also evaluated the e� ects of DA and NaOH
concentrations on the DA oxidation in the pre-gel solution
by characterizing the UVŠvis absorbance at 420 nm (Figure
1h) after a 1 h incubation at 37°C (in the absence of a
photoinitiator). The addition of NaOH led to the alkaline
oxidation of DA. The addition of DA, however, was associated
with a lower oxidation rate at a constant NaOH concentration.
As the DA form was the hydrochloride (vide infra), we
attribute this result to the HCl component in DA, which made
the pH of the original prepolymer solution more acidic.

Analysis of the Photo-Cross-Linking Reaction.Co-
valent gelation of the hydrogels was explored to elucidate the
roles of DA, DA oxidation in the prepolymer, as well as the
photoinitiator type in the cross-linking process using the setup
shown in Figure 2a. For this purpose, the rheological
characteristics of the prepolymer solution (storage modulus,
G�, and loss modulus,G� ) were monitored in real time in
response to UV irradiation. As shown inFigure 2b, G� rapidly
increased after a period of UV irradiation, overtakingG� at the

gelation point before reaching a plateau.Figure 2c(I,II)
illustrates the results of gelation time andG� after 5 min of
UV irradiation for the prepolymer solutions cured by using 0.5
wt % Irgacure 2959 (at a UV light intensity of 35 mW/cm2).
Dopamine and NaOH concentrations were found to a� ect the
cross-linking reaction kinetics and the� nal rheological
characteristics. Gelation time increased with both DA and
NaOH concentrations. In fact, no gelation was detected during
the course of measurements for the samples containing more
than 2 wt % DA or 0.2 wt % NaOH. The addition of 2 wt %
DA (even under acidic conditions) was associated with
increases in gelation time from� 10 to� 150 s. Commensurate
with the observed changes in gelation time, the� nal storage
modulus decreased with higher concentrations of both DA and
NaOH.

For the group of hydrogels cross-linked using Irgacure 2959,
the e� ect of DA was found to be more signi� cant than that of
NaOH on gelation time and� nal storage modulus. Addition of
NaOH disabled polymerization above a threshold of 0.3 wt %.
We attribute the NaOH e� ect to the quenching of the free-
radical polymerization process by OHŠ ions, according to the
lack of gelation in the samples without DA. For the samples
containing it, DA can act as an initiator with the addition of
NaOH because DA oxidative polymerization is triggered by
alkaline conditions and is accompanied by free-radical
generation.33 This result indicates the possible growth of
PDA at the methacryloyl sites of the GelMA biomacromole-
cules (Figure 1d andFigure S2), hindering photopolymeriza-
tion in the oxidized solutions, as shown inFigure 2c. Note that
PDA polymerization can proceed from di� erent reactive sites
on DA, resulting in polydisperse PDA formation.32 The
decreases in the� nal storage modulus with DA indicate
reduced cross-linking density. This e� ect can arise from
multiple possible cross-link-density-reducing interactions dur-
ing both the initiation and propagation steps. First, DA is
known to be a free-radical scavenger.41 It can, therefore,
quench the generated radicals and lower the cross-linking
density. The free-radical scavenging e� ects of DA are further
intensi� ed by the aggregation of DA around the methacryloyl
groups, as shown inFigure 1b.

We evaluated the rheology of cross-linking at an elevated UV
light intensity (i.e., 100 mW/cm2) for the samples cross-linked
with Irgacure 2959 photoinitiator, as represented inFigure
2c(III,IV). Decreases in gelation time correspond to increases
in the � nal storage modulus, particularly at higher DA
concentrations, as observed for the polymerized samples.
Increases in UV light intensity did not lead to gelation for most
of the samples that did not polymerize (no gelation observed)
at lower UV light intensity (seeFigure 2c(II,IV)). However,
the � nal modulus for the polymerized samples reached the
same order,� 105 Pa, regardless of DA concentration.
Therefore, the e� ects of more intense UV intensity were
most important in increasing the reaction kinetics and
increasing the cross-linking density toward the saturation
limit, which we attribute to the higher levels of stable free
radicals.

Given the failure of Irgacure 2959 in polymerization at
several DA and NaOH compositions, further studies were
conducted on an alternative photoinitiator,i.e., LAP.Figure
2d(I,II) and 2d(III,IV) demonstrates the gelation time and
storage modulus post-cross-linking at 0.5 and 0.1 wt % LAP
photoinitiators, respectively, under a 35 mW/cm2 UV light
intensity. The addition of either DA or NaOH to the hydrogel

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c10048
ACS Appl. Mater. Interfaces2021, 13, 40290Š40301

40293

https://pubs.acs.org/doi/suppl/10.1021/acsami.1c10048/suppl_file/am1c10048_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c10048/suppl_file/am1c10048_si_001.pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c10048?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


prepolymer was associated with increases in gelation time and
decreases in the� nal storage modulus, consistent with the
results for Irgacure 2959. However, the e� ects of DA and
NaOH on the cross-linking reaction were di� erent from that
for Irgacure 2959. While gelation time and storage modulus for
the hydrogels containing Irgacure 2959 photoinitiator were
correlated with the DA concentration, for the case of LAP, the
NaOH content played a key role in determining the cross-
linking kinetics. In addition, gelation was detected for a wider
range of material compositions when LAP was used as a
photoinitiator. For instance, the samples were cross-linked with
LAP even at a maximum DA concentration (4 wt %) and
NaOH concentrations up to 0.2 wt % with gelation times of
� 2 min; however, the hydrogels were not formed under these
conditions when Irgacure 2959 was used. Increasing the
photoinitiator content to the same level as Irgacure 2959 (i.e.,
0.5 wt %) led to gelation and cross-linking for the entire
precursor solutions and reduced the gelation times for all
samples to below 15 s (seeFigure 2d(I,II)). Accordingly, the
� nal storage modulus markedly increased to that for GelMA
with no additives, suggesting the formation of a dense cross-
linked network due to the large numbers of generated free
radicals.

The results of gelation time and modulus at both LAP
concentrations demonstrated that DA concentration had only

a minor impact on the rheological characteristics in the cross-
linking reaction. For the samples with no DA content, reducing
the storage modulus was only evident at a low LAP
concentration (0.1 wt %), consistent with the quenching e� ect
of the OHŠ ions discussed above for the case of Irgacure 2959.
The generated free radicals, however, were large enough at 0.5
wt % LAP to reach the maximum cross-linking density across
all NaOH concentrations. At 0.1 wt % LAP, all samples with
DA showed signi� cant decreases in storage modulus with
NaOH due to the synergistic contribution of quenching OHŠ

ions, as well as blocked methacryloyl groups (due to alkaline-
triggered polymerization of DA before the cross-linking
reaction). The weaker initiation of Irgacure 2959 compared
to that of LAP may also be the result of the radical scavenging
functionality present in Irgacure 2959, discussed above.

Chemical Characterization of Cross-Linking Density.
Nuclear magnetic resonance (1H NMR) analysis was
performed to evaluate the cross-linking density as well as
methacrylation degree of gelatin. The degree of methacrylation
for GelMA was found to be� 55% (Figure S3a). Peaks in the
shaded area re� ect the vinyl CŠH bonds upon methacrylation
of the parent gelatin. Photo-cross-linking of GelMA with
Irgacure 2959 under UV illumination (100 mW/cm2) resulted
in an� 85% cross-linking density. This value reduced to� 55
and � 45% for the DA@GelMA samples (DA: 2 wt %) and

Figure 3.Tensile properties of the hydrogels. (a) Tensile stressŠstrain curves (0.5 wt % photoinitiator at a 100 mW/cm2 UV light intensity was
used for the 2-hydroxy-4�-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959) group and 0.1 wt % photoinitiator at a 35 mW/cm2 UV
light intensity was used for the lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) group). (b) Optical images of (I) dopamine (DA)@
gelatin methacryloyl (GelMA) and (II) polydopamine (PDA)@GelMA under extensive tensile deformations of over� 100% in the hydrogels cross-
linked using a 0.5 wt % Irgacure 2959 photoinitiator. (c) E� ects of the photoinitiator type, DA content, as well as DA oxidation on the tensile
mechanical properties including (I) elastic modulus, (II) stretchability, (III) tensile strength, and (IV) toughness. (d) Molecular-scale mechanisms
toughening the hydrogels due to the synergistic e� ects of reduced/homogeneous cross-linking density as well as noncovalent intramolecular
interactions. (e) StressŠstrain behavior of the DA@GelMA hydrogel under cyclic loading con� rming the hydrogel’s elasticity by showing no
hysteresis and permanent deformation at deformations up to 100%.
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PDA@GelMA samples (DA: 2 wt %, NaOH: 0.2 wt %),
respectively, cross-linked under the same conditions, as seen in
the 1H NMR spectra. This observation is in accord with the
lower storage modulus with the addition of DA (Figure 2c,d)
and consistent with the correlation between the reduced cross-
linking density and the� nal storage modulus. As discussed
above, the reduced cross-linking density was largely due to the
free-radical scavenging of catechol groups that was strength-
ened by the� Š� aromatic interactions between the aromatic
ring and unsaturated acrylate functionalities. The reduced
cross-linking density in PDA@GelMA samples is linked to the
increased probability of� Š� interactions and covalent/
noncovalent blockade of methacryloyl groups by PDA.

Evaluation of the Hydrogel Tensile Properties. The
tensile mechanical properties of the hydrogels were measured
for the compositions and cross-linking parameters that led to

gelation based on the rheological data. Illumination with UV
light with an intensity of 35 mW/cm2 and an irradiation time
of 2.5 min was selected for the LAP cross-linked hydrogels,
whereas, for the samples cross-linked with Irgacure 2959, the
UV light parameters were set to 100 mW/cm2 and 5 min,
respectively. The e� ects of DA content, oxidation of DA (PDA
formation), and photoinitiator type on the mechanical
properties are illustrated inFigure 3. The stressŠstrain
patterns (Figure 3a) were similar to those of typical hydrogels
with linear elastic behavior up to the failure point (the
stretched hydrogels are shown inFigure 3b).

The mechanical properties of the hydrogels including elastic
modulus, stretchability, tensile strength, and toughness are
quanti� ed in Figure 3c(IŠIV), respectively. The elastic
modulus consistently decreased with the addition of DA
(Figure 3c(I)). This reduced sti� ness was more prominent for

Figure 4.Characterization of the hydrogel adhesive properties. (a) Burst pressure setup used to evaluate the adhesion of hydrogels to collagen
sheet substrates for assessing the hydrogel capability forin situcross-linking applications. (b) Results of burst pressure tests performed on the
hydrogels with di� erent photoinitiator types, dopamine (DA), and sodium hydroxide (NaOH) concentrations. (c) Illustration of the (I) cohesive
and (II) adhesive failure mechanisms (scale bar = 3 mm). (d) Demonstration of the combination of adhesion and stretchability in the
polydopamine (PDA)@gelatin methacryloyl (GelMA) hydrogels (dopamine (DA): 2 wt %, NaOH: 0.2 wt %) cross-linked using the 2-hydroxy-4�-
(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959) photoinitiator toward nitrile gloves (scale bar = 3 mm). (e) Schematic representation
of the experimental setup used for evaluating the adhesion under tensile stress. (f) Tensile forceŠdisplacement results for the hydrogels photo-
cross-linked using (I) Irgacure 2959 at H-UV (i.e., 100 mW/cm2 UV light intensity for 5 min), (II) lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP) at L-UV (i.e., 100 mW/cm2 UV light intensity for 5 min), and (III) LAP at H-UV (i.e., 35 mW/cm2 UV
light intensity for 2.5 min). (g) Adhesion strength in the tensile adhesion tests. (h) Experimental setup to study the results of adhesion tests under
shear loads while slipping. (i) Shear forceŠdisplacement data for the hydrogels photo-cross-linked using (I) Irgacure 2959 at H-UV (i.e., 100 mW/
cm2 UV light intensity for 5 min), (II) LAP at L-UV (i.e., 100 mW/cm2 UV light intensity for 5 min), and (III) LAP at L-UV (i.e., 35 mW/cm2 UV
light intensity for 2.5 min). (j) Results of adhesion strength under shear loading mode. (k) Representation of the PDA@GelMA sample cross-
linked with Irgacure 2959 in theex vivowound closure test setup (scale bar = 2 mm) and (l) adhesion of the hydrogel toward the porcine skin
(scale bar = 4 mm). (m) Shear forceversusdisplacement results and (n) adhesion strength data in wound closure test.
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the samples polymerized with Irgacure 2959. Oxidation of DA
in the presence of GelMA (PDA@GelMA samples) also led to
further decreases in elastic moduli for both photoinitiator
types. These observations are consistent with the results of the
storage modulus (Figure 2c,d) and re� ect the lower cross-
linking density observed in the1H NMR results (Figure S3a).
The higher compliance in the DA@GelMA and PDA@GelMA
hydrogels can increase the conformability of the hydrogel on
dynamic and elastic substrates, such as skin tissue, as it
complies better with the deformation of the underlying tissues.

We also observed signi� cant improvement in the hydrogel
stretchability in both the DA@GelMA and the PDA@GelMA
groups, when Irgacure 2959 photoinitiator was used. The
GelMA hydrogel formed at a high concentration (20 wt %) is
brittle where the strain at failure does not typically exceed
� 0.2Š0.3, no matter which photoinitiator was used (Figure
3c(II)). We observed an� 5.7× improvement in the
stretchability of GelMA (� 140%) with the addition of 2 wt
% DA in hydrogels cross-linkedviaIrgacure 2959, whereas the
stretchability varied over the range of 30Š50% in the case of
LAP. Alkaline oxidation of DA was also found to be e� ective in
improving stretchability; however, the maximum stretchability
for the PDA@GelMA group did not exceed those of
nonoxidized DA@GelMA samples. High stretchability
(>140%) and low elastic modulus (� 35 kPa) facilitate
hydrogel compliance with the natural deformations of tissue
substrates (e.g., up to� 50% strain in the skin tissue),22 which
requires lower adhesive resistance at the tissue interface. We
attribute the enhanced stretchability of the hydrogels to the
reduction of the cross-linking density, as well as dynamic
interactions enabled by a large amount of DA acting as
dynamic cross-linking points (see the proposed mechanism
presented inFigure 3d). On the other hand, the low and likely
more homogeneous cross-linking densities in DA@GelMA and
PDA@GelMA composites are attributed to the radical
scavenging DA molecules that consumed the free radicals
generated upon UV irradiation, as well as steric blocking of the
methacryloyl groups by aggregated DA at the methacryloyl
sites, the e� ect of which was seen in rheological analysis of
Figure 2c,d. On this basis, the greater ability of LAP to
generate free radicals under UV illumination underlies the
lower sensitivity of the stretchability to DA concentration for
samples cross-linked by LAP due to the denser cross-linking
state in these hydrogels (despite the presence of DA-enabled
noncovalent interactions). Comparing the LAP- to the Irgacure
2959-cured hydrogels indicates the more prominent contribu-
tion of cross-linking density to the observed improvement in
stretchability. We attribute further enhancement of stretch-
ability with NaOH treatment (for both LAP and Irgacure
2959) to alkaline polymerization of DA around and/or at the
methacryloyl groups of the GelMA macromoleculesvia
strengthening the steric hindrance and reducing the cross-
link density.

Variations in the tensile strength (Figure 3c(III)) were
found to be in accord with the observed elastic moduli, where,
in most cases, the addition of DA or NaOH either reduced the
strength or had minimal impact. Analysis of toughness (a
parameter that involves both stretchability and strength)
shown inFigure 3c(IV) demonstrated that the DA content
has no e� ect on hydrogel toughness for the LAP group,
whereas an average improvement of� 3.3× in toughness was
achieved with the addition of 2 wt % DA to hydrogels cross-
linked by Irgacure 2959 (toughness up to� 19 000 J/m3).

Despite the current trends toward toughening hydrogelsvia
introducing dynamic bonds, the results presented here suggest
that optimizing the initiation step in photopolymerization and
tuning the cross-linking density can be e� ective in achieving
extraordinary mechanical behavior (e.g., stretchability and
toughness) and deserve greater attention.

To demonstrate the strain recoverability and elastic behavior
of the hydrogels, the most stretchable sample,i.e., DA@GelMA
(DA: 2 wt %) with Irgacure 2959, was subjected to cyclic
loading and unloading with increasing deformation amplitude.
The samples were found to recover completely upon unloading
at each loading cycle until the failure point, which indicated the
lack of permanent deformation after the removal of extreme
tensile loads. The stressŠstrain curves did not show any
evidence of signi� cant hysteresis, con� rming full elastic energy
recovery during unloading.

Characterization of Adhesion.A large number of studies
have been directed toward mussel-inspired adhesives serving
catechol groups to establish covalent and noncovalent
adhesion toward di� erent substrate materials. Initially, we
made attempts to explore the potential of the DA-based
GelMA composites as an injectable,in situphoto-cross-linkable
adhesive biomaterial using a standard burst pressure test setup
(Figure 4a). Our results demonstrated that regardless of the
type of photoinitiator, any addition of either DA or NaOH
reduced the burst strength (Figure 4b). This result is attributed
partially to the compromised cohesion of the hydrogels, as
explained in the tensile test results. On the other hand, the
hydrogel composites were poorly cross-linked at the
surrounding interfaces (possibly due to the oxygen inhibition
e� ect in free-radical polymerization), leaving behind a portion
of un-cross-linked prepolymer between the hydrogel and
substrate. This residue was evident when curing the DA@
GelMA in poly(dimethylsiloxane) (PDMS) molds, as some
degree of prepolymer was left in the mold after UV light
irradiation and hydrogel removal (seeFigure S4). As a result,
the failure mechanism in burst pressure tests changed from
cohesive failure (in GelMA) to adhesive failure (in DA@
GelMA or PDA@GelMA samples; seeFigure 4c). This
observation indicates that the composite hydrogels are not
suitable forin situcross-linking as an injectable bioadhesive.
On the contrary, GelMA hydrogels formed stable adhesionin
situ in which no observable un-cross-linked prepolymer was
evident after UV light cross-linking (Figure S4). Besides, for
the GelMA samples, the results represent larger burst strengths
for the samples cross-linked with LAP than those with Irgacure
2959. Note that the adhesion of the photo-cross-linked GelMA
hydrogels (with the strongest adhesion forces) is known to be
driven by covalent coupling reactions (e.g., Michael addition)
between GelMA and the substrate in the presence of free
radicals. Therefore, the larger burst strength for LAP can be
attributed to the stronger free-radical generation ability in LAP
than that of Irgacure 2959.42

At the next stage, we characterized the adhesion for the
already photo-cross-linked hydrogels to evaluate their potential
for applications as tissue-attachable patches. To investigate the
adhesion of the hydrogels, the hydrogels (100 mm2) were
cross-linked separately and then placed between the collagen
sheet substrates within lightly preloaded plates (� 0.02 N). The
adhesion stress was measured while the substrates were axially
displaced away (Figure 4e). The results of adhesion forceŠ
displacement and tensile adhesion strength for GelMA, DA@
GelMA (DA: 2 wt %), and PDA@GelMA (DA: 2 wt %,
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NaOH: 0.2 wt %) samples using di� erent photoinitiators (i.e.,
Irgacure 2959 and LAP) cross-linked at di� erent UV energy
levels for the case of LAP (i.e., L-UV at a 35 mW/cm2 intensity
for 150 s and H-UV at a 100 mW/cm2 intensity for 5 min) are
shown inFigure 4f,g. The adhesion force for all of the samples
was continuously increased with displacement. At this stage,
the interfacial adhesion was dominant enough that imposed
tensile displacement to the hydrogel material until the samples
were fully detached from either collagen sheet substrates
(corresponding to a sharp drop in the load). Despite the
current literature focus on the main hydrogel components and
their resulting interactions to design adhesive hydrogels,43Š45

the results of tensile adhesion strength tests demonstrate the
critical role of processing parameters such as UV light intensity
and the initiation mechanism that typically receive less
attention for adhesive hydrogel development. Even though
these processing parameters had no signi� cant e� ects in the
cases of GelMA and DA@GelMA, they play large roles in the
presence of NaOH (i.e., for the PDA@GelMA hydrogels).
Interestingly, the adhesion force dramatically increased� 4× in
hydrogels with NaOH preoxidized DA (when Irgacure 2959
was used as the photoinitiator) compared to those in GelMA
and DA@GelMA. These results are in contrast to previous
studies, emphasizing that catechol oxidation in mussel-inspired
adhesives should be prevented in order for the catechol groups
to be able to participate in adhesion-driving interactions with
the substrate.16 This hypothesis has come from the fact that
MAPs are known to be produced at acidic pH, before
deposition in nature (to protect catechol groups) so that after
deposition and exposure to mildly alkaline ocean environments
(pH � 8), catechol oxidation can drive mussel adhesion to
substrates. Our experimental observations suggest high
complexity and sensitivity of adhesion in catechol-incorporated
hydrogels to processing parameters that can di� er from
polymer backbone to backbone and/or depend on the other
components present (such as photoinitiators).

The force response of the hydrogels was also studied in
shear mode to evaluate the slipping behavior of hydrogels
placed between oppositely moving collagen sheet layers used
as a biological substrate (Figure 4h). For this purpose,
rectangular hydrogel samples (25 mm× 4 mm) were subjected
to shear loads transferredviathe large facets. The shear forceŠ
displacement results (Figure 4i) followed similar trends as
friction test results where each started with a linear increase in
load (representative of static friction) up to a maximum peak.
Thereafter, the load dropped to a plateau with displacement
corresponding to dynamic friction. The adhesive strength
results in shear mode (Figure 4j) were consistent with the
tensile adhesion test results (Figure 4g). The maximum shear
stress increased� 6.9× for the PDA@GelMA as compared to
that for DA@GelMA or GelMA.Figure 4d illustrates the
stretchability and stickiness of the top candidate,i.e., PDA@
GelMA hydrogels (DA: 2 wt %, NaOH: 0.2 wt %, Irgacure
2959 as photoinitiator, H-UV) toward nitrile gloves. From the
results above, we interpret the improved adhesion as the
reactive quinone intermediates, as well as dynamic interactions
between PDA species within the hydrogel. We attribute the
low adhesion in DA@GelMA samples to the lack of strong
covalent bonds between DA and GelMA because the
attractions between DA and the tissue surface functional
groups do not constrain GelMA molecules to bind to the
substrate surface. In addition, the“just-right” cross-linking
density that enables superior stretchability and elasticity also

synergistically favors adhesion due to the facile conformation
and compliance of the hydrogel on yet dynamic substrates such
as skin tissues. These characteristics make this hydrogel a
promising candidate for skin-attachable substrates for
applications such as wound dressings and stretchable devices
and sensors. Similar trends were observed in theex vivowound
closure test on the pig skin substrates (Figure 4kŠn andVideo
S1).

Note that DA has previously been conjugated to gelatin-
based backbones, but the concentrations of grafted DA to
gelatin have been limited. For instance, previous examples of
catechol-conjugated gelatin have shown equivalent ranges of
� 0.1% dopamine added to the hydrogel system,25,46 whereas,
in the present study, the incorporation of 2% dopamine is
associated with signi� cant improvement in adhesive and
mechanical properties. The remarkable improvement in
mechanical properties (i.e., stretchability, toughness), as well
as adhesion performance, in this work has been enabled by the
incorporation of higher levels of chemically active DA to the
GelMA solution in the proposed one-pot mixing process in the
prepolymer preparation. We further synthesized a dopamine-
conjugated GelMA (GelMA-DA) following a carbodiimide
coupling protocol (1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide (EDC)/N-hydroxysuccinimide (NHS) chemis-
try) reported in the literature47 and cross-linked the hydrogel
via a similar approach as PDA@GelMA samples using an
Irgacure 2959 photoinitiator. We observed that the PDA@
GelMA samples at their optimum processing condition
demonstrated signi� cantly larger stickiness compared to
those of conjugated GelMA samples, according to the tensile
adhesion test results (seeFigure S6).

Biocompatibility of the Adhesive Patches. Thein vitro
biocompatibility of GelMA, DA@GelMA, and PDA@GelMA
samples at the optimized conditions (i.e., DA: 2 wt %, NaOH:
0.2 wt %, Irgacure 2959 as photoinitiator, H-UV) was tested to
evaluate their potential for use in biomedical applications. The
results of� uorescent live/dead images and cell viability are
demonstrated inFigure S6a,b. We attribute the low cell
viability for DA@GelMA to the acidic pH of the hydrogel, as
the GelMA was originally treated with hydrochloric acid (HCl)
to regulate the solution pH to� 5 (to prevent unwanted
oxidation), which is further exacerbated by the HCl content of
the dopamine itself. The cell viability, however, recovered to
the order of GelMA controls in the PDA@GelMA samples,
where added NaOH increased the pH to� 8, which is closer to
physiological conditions. The cell viability for the stretchable
and adhesive hydrogels (PDA@GelMA) was� 90%, and the
metabolic activity was in the range of GelMA, indicating that
the samples supported cellular proliferation (Figure S6c). The
biocompatibility data suggest that the proposed material
formulation can be used in biomedical settings as no signi� cant
toxicity was observed by the DA or NaOH additives.

� CONCLUSIONS
This study reveals the capability of DA additives and their
oxidized species to enhance stretchability, toughness, and
adhesion in GelMA hydrogels. Simply with physical one-pot
mixing, and no need for secondary conjugation reactions, the
incorporation of a larger DA content in GelMA hydrogels
enabled stronger mechanical properties and adhesion in bulk
hydrogels. We demonstrated the critical roles of processing
parameters (such as photoinitiator type as well as UV light
parameters) in activating adhesion and improving stretchability
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and toughness. According to our results, we draw the following
conclusions: the DAŠmethacryloyl interactions introduce
dynamic energy-dissipating components and lead to lower/
more homogeneous cross-linking densities. These changes lead
to signi� cant improvements in stretchability (up to� 5.7×)
and toughness (up to� 3.3×). Those mechanical improve-
ments are achieved only when Irgacure 2959 is used as a
photoinitiator (not LAP). The physical properties in mussel-
inspired hydrogels are not only a function of materials
chemistry but also the processing parameters such as
photoinitiation. UV photo-cross-linking reaction kinetics and
rheological properties of cross-linked hydrogel can be tuned by
DA (for Irgacure 2959) and NaOH (for LAP) concentrations.
The stickiness of GelMA-based patches can be signi� cantly
enhanced (increased adhesion strength up to 4.0× under
tension and� 6.9× under shear loads) when DA is� rst
preoxidized using NaOH in the prepolymer solution before
UV light irradiation (i.e., PDA@GelMA) and when proper
polymerization conditions are implemented.

The improved adhesion is primarily due to the synergistic
contributions of enhanced compliance, stretchability, and
interactions with the reactive quinone species. We� nd that
outstanding adhesive properties are enabled by incorporating
larger amounts of catechol groups than those of conjugated
chemistries (e.g., gelatinŠdopamine); however, the release of
dopamine inhibits its application for internal implantation. We
are continuing research on improving the catechol loading with
coupling chemistries. The abovementioned take-home mes-
sages provide valuable insight into rational processing
procedures to use catechol groups for activating toughness
and adhesion in GelMA-based hydrogels. The adhesion and
stretchability of the hydrogel patches support their applications
as skin-attachable substrates to develop wearable devices, as
well as for wound dressings.

� EXPERIMENTAL METHODS
Materials. Gelatin from porcine skin (type A), methacrylic

anhydride, and dopamine hydrochloride were supplied by Sigma-
Aldrich. Sodium hydroxide (NaOH) pellets and dimethyl sulfoxide
(DMSO) were purchased from Thermo Fisher Scienti� c. Photo-
initiators including 2-hydroxy-4�-(2-hydroxyethoxy)-2-methylpropio-
phenone (Irgacure 2959) and lithium phenyl-2,4,6-trimethylbenzoyl-
phosphinate were provided by Sigma-Aldrich. Dulbecco’s phosphate-
bu� ered saline (DPBS) was supplied by Thermo Fisher Scienti� c.

Hydrogel Preparation Procedure. Gelatin methacryloyl
(GelMA) was synthesized following a previously described protocol.20

In brief, gelatin was dissolved in DPBS at 55°C. After full dissolution,
MA was added dropwise to the gelatin solution (8% v/v) and allowed
the reaction to proceed for 3 h at the same temperature. Then, the
reaction was stopped by adding an equal volume of DPBS to the
reaction solution. The� nal solution was dialyzed against DI water to
remove unreacted species for 7 days followed by lyophilizing. To
prepare the pre-gel mixture,� rst, a stock solution of 40 wt % GelMA
was prepared (� nal concentration of GelMA after mixing other
components was 20 wt %) and the pH was set to� 5. Photoinitiator
(Irgacure 2959 or LAP) solutions were prepared separately at stock
concentrations of 2.5 and 0.5 wt % for the samples with� nal
photoinitiator concentrations of 0.5 and 0.1 wt %. The photoinitiator
solutions were kept at an 80°C oven until fully dissolved. DA stock
solutions at 0, 2, 4, 8, and 16 wt % (corresponding to� nal DA
concentrations of 0, 0.5, 1, 2, and 4 wt %) and NaOH solutions of 0,
2, 4, 6, and 8 wt % (corresponding to the� nal NaOH concentrations
of 0, 0.1, 0.2, 0.3, and 0.4 wt %) were prepared, respectively. The
composites of DA in GelMA in the absence and presence of NaOH
(alkaline-triggered DA polymerization) were labeled as DA@GelMA
and PDA@GelMA, respectively. To reach the desired� nal

concentrations, the GelMA, photoinitiator, DA, and NaOH were
mixed with a volume ratio of 1:0.4:0.5:0.1. The pre-gel mixtures for
the PDA@GelMA samples were kept at 37°C for 1 h before
performing the tests to allow DA oxidation unless otherwise noted.
The hydrogels were UV-cured using an Omnicure System S2000
series at the designated intensities for the prede� ned exposure times.

UVŠVis Characterization. UVŠvis spectra were measured for
characterizing the oxidation of DA in the presence of GelMA
macromolecules using a NanoDrop OneC Microvolume UVŠvis
spectrophotometer (Thermo Scienti� c, model 840-274200). For this
purpose, the pre-gel solutions containing 0 wt % DA were used as
blanks. For each measurement, 2� L of the solution was pipetted onto
the designated measurement surface and relative absorbance was
registered across the UVŠvis wavelengths at di� erent time points up
to 48 h. To evaluate the permanent attachment of PDA to the
GelMA, the PDA@GelMA prepolymer was diluted by 4× in DI water
(to 2 mL � nal volume) and dialyzed in DI water for 2 days using a
12Š14 kDa dialysis membrane to remove free small-molecule
residues. The solution was then centrifuged using a minicentrifuge
for 5 min at 3500 rpm. The supernatant was pipetted for UVŠvis
spectroscopy.

Nuclear Magnetic Resonance Spectroscopy.Nuclear mag-
netic resonance (1H NMR) spectroscopy was used for the chemical
characterization of the biopolymers and cross-linked hydrogels under
di� erent chemical conditions.1H NMR spectra were recorded for all
samples at room temperature on a 400 MHz Bruker AV400
spectrometer. All spectra were corrected with phase and baseline,
and the solvent peak was� xed before quantifying the degree of
methacrylation. To quantify the degree of methacrylation, GelMA was
dissolved in DMSO-d6 at a concentration of 10 mg/mL, and the
degree of substitution was calculated according to previously reported
procedures.48,49 To assess the cross-linking degree of hydrogels,
GelMA, DA@GelMA, and PDA@GelMA samples (GelMA: 20 wt %,
DA: 2 wt %, NaOH: 0.2 wt %) were photo-cross-linked with Irgacure
2959 at 100 mW/cm2. The samples were then immersed in DMSO
for 7 days at 37°C and sonicated to partially dissolve the hydrogels
prior to conducting the1H NMR spectroscopy. The degree of cross-
linking of hybrid hydrogels was calculated by integrating double bond
protons (vinyl) at� = 5.28.

Rheological Characterization.Physical gelation of the pre-gel
solutions at room temperature was assessed by tilting the glass vials in
which they were contained. To monitor the photo-cross-linking
reaction of the prepolymer solutions, oscillatory rheological tests were
performed for real-time characterization of the storage modulus (G�)
and loss modulus (G�). An 8 mm torque measurement system was
used in a modular compact rheometer (MCR 302, Anton Paar) to
implement the tests for which an accessory� xture was fabricated to
hold the UV light source perpendicular to the measuring system axis,
which enabled transverse radiation of UV light during the test. The
rheological tests were conducted on a 100� L pre-gel solution applied
between a 1 mm gap between the measurement system and a� xed
base surface. Oscillatory runs were de� ned as a time sweep with 10%
strain and 1 Hz as test parameters. TheG� and G� measurements
were recorded for 4 min once the UV light irradiation was activated
(after 1 min stabilization period). Gelation time was calculated as the
UV light exposure time at whichG� overtakesG� , and the storage
modulus after 5 min was assigned to the� nal modulus. Temperature
sweep tests were performed at similar strain and frequency values
used for the cross-linking tests. The hydrogel prepolymer solutions
were cycled from 50 to 10°C and heated back to 50°C at a rate of 1
°C/min to quantify their phase transition temperature. Gelation and
dissolution temperatures were de� ned as the crossover ofG� andG�
during the cooling and heating phases.

Mechanical Tensile Tests.The tensile properties of the
hydrogels at di� erent compositions were obtained by stretching the
hydrogels glued to the frame-shaped papers (for facile gripping). To
prepare the tensile test samples, 200� L of the prepolymer solution
was cast in poly(dimethylsiloxane) (PDMS) molds followed by UV
light curing. The cured hydrogels with� nal dimensions of 4 mm×
25 mm were subjected to tensile loads. To do this measurement, an

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c10048
ACS Appl. Mater. Interfaces2021, 13, 40290Š40301

40298

www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c10048?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Instron 5943 universal testing machine equipped with a 100 N load
cell was used. The crosshead displacement rate was de� ned as 4 mm/
min, and the tests continued until the samples fully ruptured. The
forceŠdisplacement data were recorded during the tests from which
the stress (� = F/ A) and strain (� = � / L) curves were generated. The
stretchability and strength were de� ned as strain and stress at the
failure point, respectively. Toughness was calculated by the area under
stressŠstrain curves (U = � � d� ) up to the failure point. To perform
the cyclic tests, a higher loading rate of 40 mm/min was used.

Adhesion Tests. The in vitro adhesion tests were conducted
under di� erent loading scenarios to wet collagen sheets (representa-
tive of skin tissues). Burst pressure tests were conducted. Collagen
sheets already immersed in DI water were dried using Kimwipes and
cut to � 25 mm diameter at the center of which a 3 mm hole was
punctured. The collagen sheets were soaked in DPBS for 1 h. Wet
collagen sheets were obtained by Kimwipe drying to remove the
excess water; then, they were� xed onto the� xture under which there
was an air chamber jointly connected to a pressure sensor and a
syringe pump. The surface of the punctured collagen sheet was� lled
with a 100� L pre-gel solution followed by curing with UV light. The
samples were tightly� xed to the outlet of an air chamber, and then,
the air was pumped to increase the air pressure inside the chambervia
a syringe pump (at 20 mL/min), while the sensor recorded the air
pressure. The adhesion strength was de� ned as the air pressure at the
point where the hydrogel failed, and the air leaked. Tensile adhesion
tests were performed using the Instron 5943 testing device. The
collagen sheets were attached to the surface of the top and bottom
compression test plates. The cross-linked hydrogels (100 mm2 and
1.5 mm thickness) were placed on the bottom plate, and the top plate
was moved down to touch the sample with a slight preload of� 0.02
N. The load and displacement data were recorded, while the top plate
was moved up until the hydrogel was fully detached from either
surface. Tensile adhesion test data were recorded with a 1 mm/min
crosshead displacement rate. The adhesion and slipping behavior of
the hydrogels on collagen sheets were evaluated under shear loading
mode. The tests were performed by placing the cross-linked hydrogels
of 4 mm× 25 mm in between two collagen sheet layers followed by a
tensile displacement moving the sheets away from each other. The
displacement rate was set to 5 mm/min for the shear slip tests.

The ex vivoadhesion test of wound closure was performed on pig
skin tissues provided by the UCLA animal facility. Two skin cuts of
8 mm× 30 mm were placed adjacent to each other (at their 8 mm
faces). Then, the cross-linked hydrogels were placed and gently
pressured on the epidermis layer, bridging the interface between the
two skin tissues. Finally, the tensile displacement was applied axially
to the tissue substrates according to the procedure explained above.
The shear strength was calculated by dividing the maximum force
(� rst observed extremum) by half of the total hydrogel contact surface
area (i.e., 4 mm× 12.5 mm).

In Vitro Biocompatibility Analysis. A two-dimensional (2D)
cell culture process was conducted to evaluate the cytocompatibility
of the hydrogels toward a mouse� broblast cell line (NIH/3T3,
ATCC). The media used for cell culture was Dulbecco’s modi� ed
Eagle’s medium (DMEM) containing 1% penicillinŠstreptomycin
and 10% fetal bovine serum (FBS), and the cell culture was performed
in an incubator (Thermo Fisher Scienti� c) at standard 37°C and 5%
CO2 conditions. To grow the cells, 75 mm2 cell culture� asks were
used, and the media was refreshed every 2 days. The cells were
passaged upon con� uency at� 90%. To evaluate the hydrogel
cytotoxicity, three replicates of the samples (i) GelMA (20 wt %), (ii)
DA@GelMA (GelMA: 20 wt %, DA: 2 wt %), and (iii) PDA@GelMA
(GelMA: 20 wt %, DA: 2 wt %, NaOH: 0.2 wt %) were fabricated
with dimensions 6 mm diameter and 1.5 mm height. The hydrogels
were kept under UV light for 2 h for sterilization and then soaked in
2 ml media in 24-well plates containing 10 000 cells per well, so the
cells were seeded on the top of the hydrogels. Live/dead assays were
performed using viability kits provided by Invitrogen on days 1, 3, and
7 post culture. Brie� y, the staining solution was prepared by adding
20 � L ethidium homodimer-1 and 5� L calcein in 10 mL phosphate-
bu� ered saline (PBS) in which the hydrogels were soaked for 30 min

in an incubator. Then, the samples were imaged using a� uorescent
microscope (Axio Observer 5, Zeiss, Germany) at excitation/emission
wavelengths of� 494/515 nm (green) for calcein and� 528/617 nm
(red) for ethidium homodimer-1, respectively. ImageJ software was
used to analyze the images and to calculate the numbers of live cells.
Cell viabilities were reported as the fraction of live cells (green) to the
sum of live and dead (red) cells. Furthermore, the metabolic activities
of the cells were evaluated on the same days using a 1:9 PrestoBlue
reagent (Invitrogen) solution in PBS. A volume of 500� L PrestoBlue
solution was added to the media containing hydrogels, followed by a
2 h incubation. A plate reader (BioTek Synergy 2) was then used to
measure the� uorescence intensity at excitation and emission
wavelengths of 560 and 590 nm, respectively. The� uorescence
intensity values were normalized with respect to the media with no
cells.
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� NOTE ADDED AFTER ASAP PUBLICATION
In an earlier version of this paper published ASAP on August
19, 2021, the chemical structures of dopamine and polydop-
amine in the Table of Contents and Figure 1 were incorrect.
The chemical structures and their interactions have been
corrected. This correction does not change the discussions or
conclusions, and that authors thank an observant reader for
pointing out the errors. The corrected version was reposted on
September 1, 2021.
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