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ABSTRACT:Hydrogel patches with high toughness, stret¢hbpamine Quinone

abilipy, .and _adhe_sive propest are critical to healthcareNH g -~ Adhesive
applications including wound dressings and wearable devicgs. N &
Gelatin methacryloyl (GelMA) provides a highly biocompatibl 2 O uv
X ; 0
and accessible hydrogel platform. However, low tissue adhes NH N 2
and poor mechanical properties of cross-linked GelMA patches © dn on
(i.e, brittleness and low stretchability) have been major obstacle 3 '
to their application for sealing and repair of wounds. Here, VT&NH . >
show that adding dopamine (DA) moieties in larger quantitie Polydopamine

than those of conjugated counterparts to the GelMA prepolymer ~
solution _followed by aII_<aI|ne DA QX|d_at|on could result in robust .t Methacryloyl
mechanical and adhesive properties in GelMA-based hydrogels. In
this way, cross-linked patches wit¥0% stretchability and

19 000 J/m toughness, which correspond %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 propertie
of cross-linked GelMA patched .0 and 6.% 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 parame
the photoinitiator typei.g, lithium phenyl-2,4,6-trimethylbenzoylphosphinate, ieAf2-hydroxy-4(2-hydroxyethoxy)-2-
methylpropiophenone, Irgacure 2959), and alkaline DA oxidation to tune the cross-linking density and thereby hydrogel complian
for better adhesive properties. The superior adhesion performance of the resulting hydrogehalgracytsbompatibility
demonstrated its potential for use in skin-attachable substrates.

KEYWORDS:gelatin methacryloyl, adhesive, stretchable, tough, mussel-inspired, dopamine

ough hydrogel substrates with adhesive properties hageen though tough, may fail to meet the mechanical

brought many opportunities to biomedical applicationg,equirements for bioadhesives. Hence, to toughen hydrogels,
including bioadhesive sealengd skin-attachable wearable improvements in hydrogel compliance while ensuring high
and implantable devi¢ésThe physical properties of the stretchability are the key requirements for tissue-attachable
hydrogels are tunable by manipulating their macromolecula@hesive hydrogefs.
characteristics and polymer network structures, motivatingAside from improvements in cohesive properties of the
research toward the development of hydrogels with highydrogels, several approaches have been demonstrated to
mechanical and adhesive properties. To establish stropgpmote adhesion to wet tissue substrafsese methods
adhesion, the hydrogel must be mechanically stable aftf primarily based on the covalent and noncovalent bond

tough. Toughening hydrogels has been pursued by incorggfmation between the hydrogel angﬁlgucleophilic groups
ration of both covalent and noncovalent interactions t®resenton the underneath tissue substréte addition to

hese methods, compliance of the hydrogel can favor adhesion

dissipate the deformation energy and to enable straL SN X \ X A
reversibilitﬁ. To toughen hydrogels, depending on how the Yy minimizing the mechanical resistance against the intrinsic

sti ness changes, either mechanical strength or stretchability-ic

increased to enable greater energy absdrptiaddition, an ~ Received: May 30, 2021
ideal hydrogel patch must comply with the naturalccepted: August 2, 2021
deformations of the tissue with minimal mechanical resistan¢gblished: August 19, 2021
to avoid discomfort on dynamic and deformable tissue

surface&® This criterion can be met by the design of elastic

hydrogels with lower elastic moduli. Thereforehyadrogels,
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Figure 1.Formulation, chemical interactions, and oxidation in dopamine (DA) and polydopamine (PDA)-incorporated gelatin methacryloyl
(GelMA) hydrogels. (a) Synthesis route for the roation of the gelatin with methacryloyl groups. (b) Physical addition of DA to GelMA with
aggregation around the GelMA macromolecules is driven by hydrogen-bon8ingtardctions. (c) Vial tilt assay demonstrating the roles of

DA additives on physical gelation of gelatisu§&elMA at room temperature. (d) Alkaline oxidation reaction of DA in the presence of GelMA
macromolecules, leading to DA polymerization or PDA forfdtimPDA can also be grafted onto the GelMA backbone during oxidation. (e)
Optical image of the PDA@GelMA prepolymer solution after a 1 h incubati®@ @naferial compositions: GelMA: 20 wt %, DA: 2 wt %,

NaOH: 0.2 wt %). (f) Time-dependent SNisible spectra of the hydrogel solutions in the presenaerfidphotoinitiators. (g) Time variation

of absorbance at a wavelength of 420 nm for the prepolymer solutions conagmn@labtoinitiator types. (h) Variation of absorbance with

di erent amounts of DA molecules aerint NaOH levels.

tissue movements. In this regard, the mussel-inspired hydrogejaries eectively by the formation of stable adhésidn,
account for a major class of bioadhesives wherein catechaiss-linked GelMA hydrogel patches are rather slippery,
groups play the dominant role in establishing adf&sion.hindering their adhesion to wet surfaces. Ntitn of
Adhesion is a sophisticated process in mussel bypass thregalatin-based macromolecules with catechol groups for higher
where a combination of charged and a certain ratio afdhesion has been previously demonstrated for wound care
hydrophobic amino acids in mussel adhesive proteins (MAPapplications. For instance, a tissue adhesive was developed for
works toward underwater adhefomespite signcant in situwound sealing and hemostasis based on dopamine
research erts directed at understanding catechol-driver(DA)-conjugated gelatinia a dual-cross-linking with (i)
adhesion, the mechanism of action in such hydrogels is raytnamic complex formation by*'Fand (ii) covalent cross-
fully understootf State-of-the-art mussel-inspired bioadhelinking by genipift The hydrogels showed a slight improve-
sives primarily involve chemical grafting of catechol group®ent in tissue adhesion compared to commercially available
onto di erent natural and synthetic backbones to introducebrin glue. Hemostatic ects are improved by conjugation of
adhesive properties to the polyrhekowever, the reaction catechol groups, as they aapable of triggering the
yield and potential grafting sites to conjugate catechol groupsagulation cascadé’ Flexible thin GelMA Ims were
in such approaches are often limited. The activation of thgrafted with catechol groups and reinforced with polycapro-
adhesive function in the mussel-inspired hydrogeis filom lactone (PCL) to support the fabricated structures mechan-
polymer backbone to backbone and requires speciically?> The hydrogels were characterized by hemostatic
processint. Although reports have shown overall advantaproperties (by addition of €dons) and showed promise in
geous physical properties for synthetic hydrogels, natukaaling acute trauma. However, the simultaneous incorpo-
counterparts have received particular attention due to themtion of mechanical toughness, stretchability, and adhesion
biosafety and biodegradabitfity. properties in GelMA-based hydrogels remains a challenge.
Gelatin derivatives, in pauiar, gelatin methacryloyl Here, we aim to develop stretchable, tough, and adhesive
(GelMA) hydrogels, are attractive candidates for biomedicphoto-cross-linkable GelMA hydrogels by adding DA additives
use due to their outstanding biocompatibilifthe GelMA in larger quantities than those of conjugated examples to the
hydrogels, however, are brittle due to their heterogeneo@eIMA precursor solution. Then, the DA-integrated GelMA
cross-linking density andtensive entanglemeftsn (DA@GelMA) prepolymers were oxidized/polymerized to
addition, the lack of sgient energy-dissipating noncovalentpolydopamine (PDA) in the presence of GelMA (PDA@
intramolecular interactions has limited their stretchability t&elMA) in an alkaline environment by adding NaOH to
30%, which is well below the natural deformations of moginpart adhesive properties to the cross-linked hydrogels. In
soft tissues:**> Although in situ cross-linking of GelMA  addition, we explored theeets of processing factors such as
hydrogel has demonstrated the potential to seal wounds ab¥ light parameters and photoinitiator types (ithium
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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)(and loss modulugx() as a function of ultraviolet (UV) light irradiation time for the dopamine- (DA) and
polydopamine (PDA)-containing gelatin methacryloyl (GelMA) prepolymers containing (1) 2-h{2htoygrdxyethoxy)-2-methylpropiophe-

none (Irgacure 2959) and (ll) lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) photoinitiatexgs(cj @opamine (DA) and NaOH
concentrations on the gelation time amal storage modulus for Irgacure 2959 photoinitiator (0.5 wt %) cross-linked using (I, 1) 35 mW/cm

UV light intensity and (Ill, IV) using 100 mW/hV light intensity. (d) Eect of DA and NaOH concentrations on the gelation timenahd

storage modulus for LAP (UV light intensity of 35 m\/&wn the prepolymers containing (1, 1) 0.5 wt % LAP and (lIl, IV) 0.1 wt % LAP.

phenyl-2,4,6-trimethylbenzoylphosphinate, LAP, and 2-hgdditives Figure Sla)b The gelation and dissolution
droxy-4-(2-hydroxyethoxy)-2-methylpropiophenone, Irgacuréeemperatures (s€égure Slc,despectively) were sigrantly
2959) on the hydrogel physical properties to facilitate adhesidecreased with both methacrylation and addition of DA, so
process. Finally, we demonstrated the cytocompatibility of tiieat gelation temperature for GelMA containing 2 wt % DA

hydrogels for potential use in biomedical applications. was reduced to 11 °C (compared to 25 °C for bare
gelatin). We attribute the reduced phase transition temperature
RESULTS AND DISCUSSION with methacryloylation of gelatin to the consumption of
E ect of Dopamine on Physical Gelation of Gelatin ~ hydrogen bond donor groups, such as primary amines and

Methacryloyl. Understanding the interactions between DAhydroxyls, due to their conversion to hydrophobic meth-
molecules and gelatin derivatives can give fundamental cl@€gyloyl groups. Note that DA additives can interact with and
for explaining hydrogel behavior at the molecular level. Gelagdgregate around GelMA macromolecukeshydrogen-
and its derivatives (modid with methacryloyl groups; see bonding and S interactions, as shown schematically in
Figure &) are known to form physical gels due to theFigure b. According to the results showfigure Sic,dve
hydrogen-bond-driven association of single/multistrandei@fer that DA can disrupt helix strand forméatian gelatin
polypeptides at room temperatirelowever, as shown in and GelMA. This disruption may be due to DA interactions
Figure b,c, we observed that mixing 2 wt % DA moleculewith the gelatin backbone, blocking helix-forming hydrogen
with GelMA prepolymer disrupted physical gelation of GelMAonds (between the carbonyl oxygen of one amino acid and
gelation at room temperature; mixing the same concentrati@mide protons of another amino acid).

of DA with gelatin did not act its gelation at room Oxidation of Dopamine in the Presence of Gelatin
temperature. To understand thisea, we performed Methacryloyl. It has been previously shown that oxidation of
temperature sweep tests and quethtthe phase transition DA is accompanied by the generation of free rddiEats
temperature changes of gelatin and GelMA in response to Dadicals can lead to PDA reaction with the methacryloyl groups
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on GelMA Figure d,e). This reaction was comed by the gelation point before reaching a platéagure 2(1,11)
UVSvis spectra of the PDA@GelMA solutions after dialysis iflustrates the results of gelation time @ndfter 5 min of
DI water and centrifugation, as showfidgnre S2The U\5 UV irradiation for the prepolymer solutions cured by using 0.5
vis spectra of PDA@GelMA were found to be identical tevt % Irgacure 2959 (at a UV light intensity of 35 m\@/cm
those prior to the dialysis stepigure (1)), suggesting  Dopamine and NaOH concentrations were foundetd the
covalent attachment of PDA to GelMA. cross-linking reaction kinetics and tmal rheological
We also measured the &5 spectra of the solutions with characteristics. Gelation time increased with both DA and
and without two dierent photoinitiatorsi.€, Irgacure 2959  NaOH concentrations. In fact, no gelation was detected during
and LAP, both at 0.5 wt %) to quantify thegcts on the  the course of measurements for the samples containing more
alkaline-triggered oxidation of DA by assessing the colthran 2 wt % DA or 0.2 wt % NaOH. The addition of 2 wt %
changes in PDA@GelMA prepolymer solutions. TBeit)V DA (even under acidic conditions) was associated with
spectra of the PDA@GelMA (DA: 2 wt %, NaOH: 0.3 wt %)increases in gelation time frof0 to 150 s. Commensurate
were monitored over time, as showridgnre L. The DA-free  with the observed changes in gelation time,ndiestorage
GelMA solutions with similar photoinitiator contents weremodulus decreased with higher concentrations of both DA and
used as blanks. The absorbance-wavelength spectra were fola@H.
to follow the same trends across threereit conditions of For the group of hydrogels cross-linked using Irgacure 2959,
no photoinitiator, Irgacure 2959, and LAP. At time zero, ¢he e ect of DA was found to be more sigant than that of
distinct absorbance peak at 280 nm was attributed to DA in idaOH on gelation time andal storage modulus. Addition of
reduced formi’ Once NaOH was added, the DA polymer- NaOH disabled polymerization above a threshold of 0.3 wt %.
ization reaction led to gradual blackening of the solution due We attribute the NaOH ect to the quenching of the free-
the alkaline-induced oxidation of D&his process led to the  radical polymerization process by’ @is, according to the
appearance of a broad shoulder at wavelengths in the rangéok of gelation in the samples without DA. For the samples
3005600 nm. This result is indicative of a polydisperseontaining it, DA can act as an initiator with the addition of
transition of DA to catecl8zjuinone oxidative intermediates, NaOH because DA oxidative polymerization is triggered by
as well as PDA specieaAccording to the literature, the peaks alkaline conditions and is accompanied by free-radical
at 280 and 395 nm and the spectra af80B and 420 nm  generatioA? This result indicates the possible growth of
correspond to DA, yellow chromophore dopamipgnone, PDA at the methacryloyl sites of the GelMA biomacromole-
aminochrome, and early stages of PDA formation, respexies Figure @ andFigure SR hindering photopolymeriza-
tively>”*® The gradual shift of the absorbance peak towartion in the oxidized solutions, as showfigare 2. Note that
longer wavelengths after 48 h is indicative of the polymePDA polymerization can proceed fronemint reactive sites
ization of the majority of DA molecules. This wavelength shifn DA, resulting in polydisperse PDA formafiofihe
to the red occurs due to the oxidative addition of benzene ringecreases in thenal storage modulus with DA indicate
to the larger-molecule PDA moieties, which reduce the bamdduced cross-linking density. Thigce can arise from
gap. multiple possible cross-link-density-reducing interactions dur-
The absorbance at 420 nm (representative of PDAng both the initiation and propagation steps. First, DA is
formationj® was measured over time and is showigime known to be a free-radical scavehgkr.can, therefore,
1g. As can be seen, oxidation of DA proceeded at a slower rgteench the generated radicals and lower the cross-linking
in the presence of Irgacure 2959 photoinitiator, whereas tlensity. The free-radical scavengiagte of DA are further
oxidation rate for LAP was similar to the samples with nmmtensied by the aggregation of DA around the methacryloyl
photoinitiator. We attribute this result to the antioxidativegroups, as shown kingure b.
e ects of Irgacure 2959. Note that as opposed to LAP, IrgacuréWe evaluated the rheology of cross-linking at an elevated UV
2959 molecules contain strong electron donor groups, suchligét intensity i(e, 100 mW/crf) for the samples cross-linked
phenolic alkoxy groups, which can act as free-radicalth Irgacure 2959 photoinitiator, as representédgime
scavengérsand thereby lead to their antioxidative properties2c(lll,1V). Decreases in gelation time correspond to increases
We also evaluated the eets of DA and NaOH in the nal storage modulus, particularly at higher DA
concentrations on the DA oxidation in the pre-gel solutiomoncentrations, as observed for the polymerized samples.
by characterizing the BVis absorbance at 420 nRig{re Increases in UV light intensity did not lead to gelation for most
1h) after a 1 h incubation at 3T (in the absence of a of the samples that did not polymerize (no gelation observed)
photoinitiator). The addition of NaOH led to the alkaline at lower UV light intensity (s€égure 2(11,1V)). However,
oxidation of DA. The addition of DA, however, was associatéide nal modulus for the polymerized samples reached the
with a lower oxidation rate at a constant NaOH concentratiosame order, 1¢° Pa, regardless of DA concentration.
As the DA form was the hydrochlorided¢ infrp we Therefore, the ects of more intense UV intensity were
attribute this result to the HCl component in DA, which mademost important in increasing the reaction kinetics and
the pH of the original prepolymer solution more acidic. increasing the cross-linking density toward the saturation
Analysis of the Photo-Cross-Linking Reaction.Co- limit, which we attribute to the higher levels of stable free
valent gelation of the hydrogels was explored to elucidate tralicals.
roles of DA, DA oxidation in the prepolymer, as well as the Given the failure of Irgacure 2959 in polymerization at
photoinitiator type in the cross-linking process using the setgeveral DA and NaOH compositions, further studies were
shown inFigure a. For this purpose, the rheological conducted on an alternative photoinitidter, LAP.Figure
characteristics of the prepolymer solution (storage modulug(l,Il) and 2d(ll,1V) demonstrates the gelation time and
G, and loss modulu§ ) were monitored in real time in storage modulus post-cross-linking at 0.5 and 0.1 wt % LAP
response to UV irradiation. As showhigure B, G rapidly photoinitiators, respectively, under a 35 mWidw light
increased after a period of UV irradiation, overi@kiagthe intensity. The addition of either DA or NaOH to the hydrogel
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Figure 3.Tensile properties of the hydrogels. (a) TensileSstesia curves (0.5 wt % photoinitiator at a 100 mivlight intensity was

used for the 2-hydroxy<@-hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959) group and 0.1 wt % photoinitiator at a 38VnW/cm

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 (I1) polydopamine (PDA)@GelMA under extensive tensile deformatioi®0¥oirethe hydrogels cross-

linked using a 0.5 wt % Irgacure 2959 photoinitiator. écx€Eof the photoinitiator type, DA content, as well as DA oxidation on the tensile
mechanical properties including () elastic modulus, (Il) stretchability, (l1l) tensile strength, and (IV) toughness. (d) Moleculanisoae mecha
toughening the hydrogels due to the synergigtitseof reduced/homogeneous cross-linking density as well as noncovalent intramolecular
interactions. (e) Stré&strain behavior of the DA@GelMA hydrogel under cyclic loadimmicgnthe hydrogel elasticity by showing no
hysteresis and permanent deformation at deformations up to 100%.

prepolymer was associated with increases in gelation time anchinor impact on the rheological characteristics in the cross-
decreases in thenal storage modulus, consistent with thelinking reaction. For the samples with no DA content, reducing
results for Irgacure 2959. However, thecte of DA and the storage modulus was only evident at a low LAP
NaOH on the cross-linking reaction wererdnt from that  concentration (0.1 wt %), consistent with the quenchaat) e
for Irgacure 2959. While gelation time and storage modulus fof the OH ions discussed above for the case of Irgacure 2959.
the hydrogels containing Irgacure 2959 photoinitiator wer€he generated free radicals, however, were large enough at 0.5
correlated with the DA concentration, for the case of LAP, thet % LAP to reach the maximum cross-linking density across
NaOH content played a key role in determining the crossall NaOH concentrations. At 0.1 wt % LAP, all samples with
linking kinetics. In addition, gelation was detected for a wid&A showed sigrniant decreases in storage modulus with
range of material compositions when LAP was used asNaOH due to the synergistic contribution of quenching OH
photoinitiator. For instance, the samples were cross-linked witims, as well as blocked methacryloyl groups (due to alkaline-
LAP even at a maximum DA concentration (4 wt %) andriggered polymerization of DA before the cross-linking
NaOH concentrations up to 0.2 wt % with gelation times ofeaction). The weaker initiation of Irgacure 2959 compared

2 min; however, the hydrogels were not formed under these that of LAP may also be the result of the radical scavenging
conditions when Irgacure 2959 was used. Increasing thenctionality present in Irgacure 2959, discussed above.
photoinitiator content to the same level as Irgacure 2959 (  Chemical Characterization of Cross-Linking Density.
0.5 wt %) led to gelation and cross-linking for the entirdNuclear magnetic resonancéd (NMR) analysis was
precursor solutions and reduced the gelation times for gerformed to evaluate the cross-linking density as well as
samples to below 15 s ($eeure d(l,I1)). Accordingly, the  methacrylation degree of gelatin. The degree of methacrylation
nal storage modulus markedly increased to that for GelMiar GelMA was found to bes5% Figure S3aPeaks in the
with no additives, suggesting the formation of a dense croskaded area rect the vinyl SH bonds upon methacrylation
linked network due to the large numbers of generated fred the parent gelatin. Photo-cross-linking of GelMA with
radicals. Irgacure 2959 under UV illumination (100 m\W)jamesulted

The results of gelation time and modulus at both LAHn an 85% cross-linking density. This value reducefisto
concentrations demonstrated that DA concentration had ondnd 45% for the DA@GelMA samples (DA: 2 wt %) and
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Figure 4.Characterization of the hydrogel adhesive properties. (a) Burst pressure setup used to evaluate the adhesion of hydrogels to collag
sheet substrates for assessing the hydrogel capabiligitfioross-linking applications. (b) Results of burst pressure tests performed on the
hydrogels with derent photoinitiator types, dopamine (DA), and sodium hydroxide (NaOH) concentrations. (c) lllustration of the (I) cohesive
and (ll) 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 representatior
of the experimental setup used for evaluating the adhesion under tensile stress. (f) Fafisjillateroent results for the hydrogels photo-
cross-linked using (l) Irgacure 2959 at H-U\, (100 mW/crd UV light intensity for 5 min), (Il) lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP) at L-W¥, (L00 mW/cri UV light intensity for 5 min), and (lll) LAP at H-U¥g, 35 mW/cr 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 und
shear loads while slipping. (i) Shear Satisplacement data for the hydrogels photo-cross-linked using (1) Irgacure 2959i &, HOOV(W/

cn? UV light intensity for 5 min), (1) LAP at L-UV.¢, 100 mW/criiUV light intensity for 5 min), and (1) LAP at L-UMg( 35 mW/cri 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 the vivavound closure test setup (scale bar = 2 mm) and (l) adhesion of the hydrogel toward the porcine skin
(scale bar = 4 mm). (m) Shear foveesusdisplacement results and (n) adhesion strength data in wound closure test.

PDA@GelIMA samples (DA: 2 wt %, NaOH: 0.2 wt %),gelation based on the rheological data. lllumination with UV
respectively, cross-linked under the same conditions, as sedigint with an intensity of 35 mW/érand an irradiation time
the 'H NMR spectra. This observation is in accord with theof 2.5 min was selected for the LAP cross-linked hydrogels,
lower storage modulus with the addition of Bidure 2,d) whereas, for the samples cross-linked with Irgacure 2959, the
and consistent with the correlation between the reduced cro&$v light parameters were set to 100 m\&/and 5 min,
linking density and thenal storage modulus. As discussedrespectively. The &cts of DA content, oxidation of DA (PDA
above, the reduced cross-linking density was largely due to themation), and photoinitiator type on the mechanical
free-radical scavenging of catechol groups that was strengitoperties are illustrated Figure 3 The streSstrain
ened by the S aromatic interactions between the aromaticpatterns Figure &) were similar to those of typical hydrogels
ring and unsaturated acrylate functionalities. The reducedth linear elastic behavior up to the failure point (the
cross-linking density in PDA@GelMA samples is linked to tretretched hydrogels are showRigure B).
increased probability ofS interactions and covalent/ The mechanical properties of the hydrogels including elastic
noncovalent blockade of methacryloyl groups by PDA. modulus, stretchability, tensile strength, and toughness are
Evaluation of the Hydrogel Tensile Properties. The quantied in Figure 8(ISIV), respectively. The elastic
tensile mechanical properties of the hydrogels were measuneadulus consistently decreased with the addition of DA
for the compositions and cross-linking parameters that led (gigure 8(l)). This reduced stness was more prominent for
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the samples polymerized with Irgacure 2959. Oxidation of DBespite the current trends toward toughening hydrogels

in the presence of GelMA (PDA@GelMA samples) also led fatroducing dynamic bonds, the results presented here suggest
further decreases in elastic moduli for both photoinitiatothat optimizing the initiation step in photopolymerization and
types. These observations are consistent with the results of theing the cross-linking density can hextéve in achieving
storage modulus-igure 2,d) and reect the lower cross- extraordinary mechanical behaviexg (stretchability and
linking density observed in tieNMR results Figure S3a toughness) and deserve greater attention.

The higher compliance in the DA@GelMA and PDA@GelMA To demonstrate the strain recoverability and elastic behavior
hydrogels can increase the conformability of the hydrogel afithe hydrogels, the most stretchable sampRA@GelMA
dynamic and elastic substrates, such as skin tissue, a¢DA: 2 wt %) with Irgacure 2959, was subjected to cyclic
complies better with the deformation of the underlying tissud®ading and unloading with increasing deformation amplitude.

We also observed sigrant improvement in the hydrogel The samples were found to recover completely upon unloading
stretchability in both the DA@GelMA and the PDA@GelMAat each loading cycle until the failure point, which indicated the
groups, when Irgacure 2959 photoinitiator was used. THack of permanent deformation after the removal of extreme
GelMA hydrogel formed at a high concentration (20 wt %) isensile loads. The strstain curves did not show any
brittle where the strain at failure does not typically exceeglvidence of sigmiant hysteresis, caming full elastic energy

0.250.3, no matter which photoinitiator was useduge recovery during unloading.

3c(ll)). We observed an 5.7« improvement in the Characterization of Adhesion. A large number of studies
stretchability of GelMA (140%) with the addition of 2 wt have been directed toward mussel-inspired adhesives serving
% DA in hydrogels cross-linkéalrgacure 2959, whereas the catechol groups to establish covalent and noncovalent
stretchability varied over the range 8589 in the case of adhesion toward dirent substrate materials. Initially, we
LAP. Alkaline oxidation of DA was also found todutiee in made attempts to explore the potential of the DA-based
improving stretchability; however, the maximum stretchabilitgelMA composites as an injectablgifuphoto-cross-linkable
for the PDA@GelMA group did not exceed those ofadhesive biomaterial using a standard burst pressure test setup
nonoxidized DA@GelMA samples. High stretchabilityFigure 4). Our results demonstrated that regardless of the
(>140%) and low elastic modulus3% kPa) facilitate type of photoinitiator, any addition of either DA or NaOH
hydrogel compliance with the natural deformations of tissueduced the burst strengkigure #). This result is attributed
substratese(g up to 50% strain in the skin tissé&yhich partially to the compromised cohesion of the hydrogels, as
requires lower adhesive resistance at the tissue interface. &elained in the tensile test results. On the other hand, the
attribute the enhanced stretchability of the hydrogels to thHeydrogel composites were poorly cross-linked at the
reduction of the cross-linking density, as well as dynamsarrounding interfaces (possibly due to the oxygen inhibition
interactions enabled by a large amount of DA acting asect in free-radical polymerization), leaving behind a portion
dynamic cross-linking points (see the proposed mechanissh un-cross-linked prepolymer between the hydrogel and
presented ifrigure d8). On the other hand, the low and likely substrate. This residue was evident when curing the DA@
more homogeneous cross-linking densities in DA@GelMA a@®IMA in poly(dimethylsiloxane) (PDMS) molds, as some
PDA@GelMA composites are attributed to the radicatlegree of prepolymer was left in the mold after UV light
scavenging DA molecules that consumed the free radicatadiation and hydrogel removal (Begire SP As a result,
generated upon UV irradiation, as well as steric blocking of thee failure mechanism in burst pressure tests changed from
methacryloyl groups by aggregated DA at the methacrylm@hesive failure (in GelMA) to adhesive failure (in DA@
sites, the eect of which was seen in rheological analysis déelMA or PDA@GelMA samples; ségure 4). This
Figure 2,d. On this basis, the greater ability of LAP toobservation indicates that the composite hydrogels are not
generate free radicals under UV illumination underlies thmuiitable foin situcross-linking as an injectable bioadhesive.
lower sensitivity of the stretchability to DA concentration foOn the contrary, GelMA hydrogels formed stable adhesion
samples cross-linked by LAP due to the denser cross-linksignin which no observable un-cross-linked prepolymer was
state in these hydrogels (despite the presence of DA-enab&ddent after UV light cross-linkirkgg(uire Sy Besides, for
noncovalent interactions). Comparing the LAP- to the Irgacutbe GelMA samples, the results represent larger burst strengths
2959-cured hydrogels indicates the more prominent contribfer the samples cross-linked with LAP than those with Irgacure
tion of cross-linking density to the observed improvement i2959. Note that the adhesion of the photo-cross-linked GelMA
stretchability. We attribute further enhancement of stretclivydrogels (with the strongest adhesion forces) is known to be
ability with NaOH treatment (for both LAP and Irgacure driven by covalent coupling reactiang (Michael addition)
2959) to alkaline polymerization of DA around and/or at thebetween GelMA and the substrate in the presence of free
methacryloyl groups of the GelMA macromolectdes radicals. Therefore, the larger burst strength for LAP can be
strengthening the steric hindrance and reducing the crosatributed to the stronger free-radical generation ability in LAP
link density. than that of Irgacure 29%59.

Variations in the tensile strengtfig(re 8(lll)) were At the next stage, we characterized the adhesion for the
found to be in accord with the observed elastic moduli, wheralready photo-cross-linked hydrogels to evaluate their potential
in most cases, the addition of DA or NaOH either reduced thior applications as tissue-attachable patches. To investigate the
strength or had minimal impact. Analysis of toughness @dhesion of the hydrogels, the hydrogels (109 wene
parameter that involves both stretchability and strengthgross-linked separately and then placed between the collagen
shown inFigure 8(IV) demonstrated that the DA content sheet substrates within lightly preloaded pla®e32 N). The
has no eect on hydrogel toughness for the LAP group,adhesion stress was measured while the substrates were axially
whereas an average improvemenB8a in toughness was displaced awayigure €). The results of adhesion f&ce
achieved with the addition of 2 wt % DA to hydrogels crosslisplacement and tensile adhesion strength for GelMA, DA@
linked by Irgacure 2959 (toughness up 18 000 J/r). GelMA (DA: 2 wt %), and PDA@GelMA (DA: 2 wt %,
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NaOH: 0.2 wt %) samples usingetient photoinitiatord.€, synergistically favors adhesion due to the facile conformation
Irgacure 2959 and LAP) cross-linked ardnt UV energy  and compliance of the hydrogel on yet dynamic substrates such
levels for the case of LAR(L-UV at a 35 mW/cfintensity as skin tissues. These characteristics make this hydrogel a
for 150 s and H-UV at a 100 mW/Fimtensity for 5 min) are  promising candidate for skittachable substrates for
shown irFigure 4,g. The adhesion force for all of the samplesapplications such as wound dressings and stretchable devices
was continuously increased with displacement. At this staged sensors. Similar trends were observeceix thavound
the interfacial adhesion was dominant enough that imposetbsure test on the pig skin substrategi(e 4Sn andVideo
tensile displacement to the hydrogel material until the samplg9).
were fully detached from either collagen sheet substratedNote that DA has previously been conjugated to gelatin-
(corresponding to a sharp drop in the load). Despite thdased backbones, but the concentrations of grafted DA to
current literature focus on the main hydrogel components amglatin have been limited. For instance, previous examples of
their resulting interactions to design adhesive hydrdgels, catechol-conjugated gelatin have shown equivalent ranges of
the results of tensile adhesion strength tests demonstrate the.1% dopamine added to the hydrogel systémvhereas,
critical role of processing parameters such as UV light intengitythe present study, the incorporation of 2% dopamine is
and the initiation mechanism that typically receive lesgssociated with sigoant improvement in adhesive and
attention for adhesive hydrogel development. Even thoughechanical properties. The remarkable improvement in
these processing parameters had nocsighieects in the ~ mechanical propertiese( stretchability, toughness), as well
cases of GelMA and DA@GelMA, they play large roles in ti@s adhesion performance, in this work has been enabled by the
presence of NaOHi.¢, for the PDA@GelMA hydrogels). incorporation of higher levels of chemically active DA to the
Interestingly, the adhesion force dramatically increbséed GelMA solution in the proposed one-pot mixing process in the
hydrogels with NaOH preoxidized DA (when Irgacure 295@repolymer preparation. We further synthesized a dopamine-
was used as the photoinitiator) compared to those in GelMgonjugated GelMA (GelMA-DA) following a carbodiimide
and DA@GelMA. These results are in contrast to previow®upling protocol (1-ethyl-3-(3-dimethylaminopropyl)-
studies, emphasizing that catechol oxidation in mussel-inspiggdbodiimide (EDCN-hydroxysuccinimide (NHS) chemis-
adhesives should be prevented in order for the catechol grotiy8 reported in the literatureand cross-linked the hydrogel
to be able to participate in adhesion-driving interactions witia a similar approach as PDA@GelMA samples using an
the substrat€. This hypothesis has come from the fact thatlrgacure 2959 photoinitiator. We observed that the PDA@
MAPs are known to be produced at acidic pH, beforé&elMA samples at their optimum processing condition
deposition in nature (to protect catechol groups) so that aftefemonstrated sigeantly larger stickiness compared to
deposition and exposure to mildly alkaline ocean environmeifi®se of conjugated GelMA samples, according to the tensile
(pH  8), catechol oxidation can drive mussel adhesion tadhesion test results ($egure Sp
substrates. Our experin@nbbservations suggest high Biocompatibility of the Adhesive Patches. Thein vitro
complexity and sensitivity of adhesion in catechol-incorporaté@compatibility of GelMA, DA@GeIMA, and PDA@GelMA
hydrogels to processing parameters that cam fiom  samples at the optimized conditiares DA: 2 wt %, NaOH:
polymer backbone to backbone and/or depend on the othdh.2 Wt %, Irgacure 2959 as photoinitiator, H-UV) was tested to
components present (such as photoinitiators). evaluate their potential for use in biomedical applications. The
The force response of the hydrogels was also studied i@sults of uorescent live/dead images and cell viability are
shear mode to evaluate the slipping behavior of hydrogélemonstrated irFigure S6a,bWe attribute the low cell
placed between oppositely moving collagen sheet layers ug@dility for DA@GelMA to the acidic pH of the hydrogel, as
as a biological substratBiglre #). For this purpose, the GelMA was originally treated with hydrochloric acid (HCI)
rectangular hydrogel samples (25xmhmm) were subjected to regulate the solution pH to5 (to prevent unwanted
to shear loads transferwéaithe large facets. The shear force OXidation), which is further exacerbated by the HCI content of
displacement result&igure # followed similar trends as the dopamine itself. The cell viability, however, recovered to
friction test results where each started with a linear increasefi¢ order of GelMA controls in the PDA@GeIMA samples,
load (representative of static friction) up to a maximum peak/here added NaOH increased the pH&pwhich is closer to
Thereafter, the load dropped to a plateau with displacemeﬁhy3|0|09|96| conditions. The cell viability for the stretchable
corresponding to dynamic friction. The adhesive streng@nd adhesive hydrogels (PDA@GelMA) vé@6, and the
results in shear modeigure §) were consistent with the ~metabolic activity was in the range of GelMA, indicating that
tensile adhesion test resulti(re ¢). The maximum shear the samples supported cellular proliferafiguie SGc The
stress increased.% for the PDA@GeIMA as compared to biocompatibility data suggest that the proposed material
that for DA@GeIMA or GelMAcigure 4 illustrates the formulation can be used in biomedical settings as noasigni
stretchability and stickiness of the top candidat®DA@  toxicity was observed by the DA or NaOH additives.
GelMA hydrogels (DA: 2 wt %, NaOH: 0.2 wt %, Irgacure
2959 as photoinitiator, H-UV) toward nitrile gloves. From the CONCLUSIONS
results above, we interpret the improved adhesion as this study reveals the capability of DA additives and their
reactive quinone intermediates, as well as dynamic interaction@ized species to enhance stretchability, toughness, and
between PDA species within the hydrogel. We attribute thedhesion in GelMA hydrogels. Simply with physical one-pot
low adhesion in DA@GelMA samples to the lack of strongiixing, and no need for secondary conjugation reactions, the
covalent bonds between DA and GelMA because thiecorporation of a larger DA content in GelMA hydrogels
attractions between DA and the tissue surface functionahabled stronger mechanical properties and adhesion in bulk
groups do not constrain GelMA molecules to bind to thénydrogels. We demonstrated the critical roles of processing
substrate surface. In addition, thest-right cross-linking  parameters (such as photoinitiator type as well as UV light
density that enables superior stretchability and elasticity alsarameters) in activating adhesion and improving stretchability
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and toughness. According to our results, we draw the followipgncentrations, the GelMA, photoinitiator, DA, and NaOH were
conclusions: the [Bnethacryloyl interactions introduce Mixed with a volume ratio of 1:0.4:0.5:0.1. The pre-gel mixtures for
dynamic energy-dissipating components and lead to lowdhe PDA@GeIMA samples were kept at@7or 1 h before

more homogeneous cross-linking densities. These changes %éf&rmmg the tests to allow DA oxidation unless otherwise noted.
to signicant improvements in stretchability (up @7) e hydrogels were UV-cured using an Omnicure System S2000

d1 h 103.3). Th hanical | series at the designated intensities for the pestlexposure times.
and toughness (up t03.3). Those mechanical improve- ~"\\gvis Characterization. UV3vis spectra were measured for

ments are achieved only when Irgacure 2959 is used ag@racterizing the oxidation of DA in the presence of GelMA
photoinitiator (not LAP). The physical properties in musselmacromolecules using a NanoDrop OneC MicrovolunvisJV
inspired hydrogels are not only a function of materialspectrophotometer (Thermo Sciemtmodel 840-274200). For this
chemistry but also the processing parameters such gpose, the pre-gel solutions containing 0 wt % DA were used as
photoinitiation. UV photo-cross-linking reaction kinetics an#llanks. For each measurement, af the solution was pipetted onto
rheological properties of cross-linked hydrogel can be tunedhg designated measurement surface and relative absorbance was
DA (for Irgacure 2959) and NaOH (for LAP) concentrations.€9istered across the &is wavelengths at erent time points up

P ) L to 48 h. To evaluate the permanent attachment of PDA to the
lr?ﬁaiﬂglgne'ﬁirg; iglMghbas_ed pf‘tChe:[i can )tbe;mm GelMA, the PDA@GelMA prepolymer was diluted lry Bl water
(i S adhesion strength up %0 r (to 2 mL nal volume) and dialyzed in DI water for 2 days using a

tension and 6.9« under shear loads) when DA ist 12514 kDa dialysis membrane to remove free small-molecule
preoxidized using NaOH in the prepolymer solution beforgesidues. The solution was then centrifuged using a minicentrifuge
UV light irradiation i(e, PDA@GelMA) and when proper for 5 min at 3500 rpm. The supernatant was pipetted fvisJ\V
polymerization conditions are implemented. spectroscopy.

The improved adhesion is primarily due to the synergistic Nuclear Magnetic Resonance SpectroscopyNuclear mag-
contributions of enhanced compliance, stretchability, arftgtic resonancéH NMR) spectroscopy was used for the chemical
interactions with the reactive quinone speciesnwehat characterization of the biopolymers and cross-linked hydrogels under

: ; : : i hemical conditiodsl NMR spectra were recorded for all
outstanding adhesive properties are enabled by incorporatfigErent ¢
larger amounts of catechol groups than those of conjugat ples at room temperature on a 400 MHz Bruker AV400

L S A ctrometer. All spectra were corrected with phase and baseline,
chemistriese(g gelatisdopamine); however, the release of ;.4 the solvent peak waeed before quantifying the degree of

dopamine inhibits its application for internal implantation. Wesethacrylation. To quantify the degree of methacrylation, GelMA was
are continuing research on improving the catechol loading wigissolved in DMS@; at a concentration of 10 mg/mL, and the
coupling chemistries. The abovementioned take-home melegree of substitution was calculated according to previously reported
sages provide valuable insigiio rational processing procedure®*® To assess the cross-linking degree of hydrogels,
procedures to use catechol groups for activating toughnésg/MA, DA@GeIMA, and PDA@GeIMA samples (GelMA: 20 wt %,
and adhesion in GelMA-based hydrogels. The adhesion g 2 Wt %, NaOH: 0.2 wt %) were photo-cross-linked with Irgacure
stretchability of the hydrogel patches support their applicatiogg59 at 100 mw/cfn The samples were then immersed in DMSO

- . _Jor 7 days at 37C and sonicated to partially dissolve the hydrogels
as skin-attachable substrates to develop wearable device ’rigrsto conducting théH NMR spectroscopy. The degree of cross-
well as for wound dressings.

linking of hybrid hydrogels was calculated by integrating double bond
protons (vinyl) at = 5.28.
EXPERIMENTAL METHODS Rheological Characterization. Physical gelation of the pre-gel

Materials. Gelatin from porcine skin (type A), methacrylic solutions at room temperature was assessed by tilting the glass vials in
anhydride, and dopamine hydrochloride were supplied by Sigmathich they were contained. To monitor the photo-cross-linking
Aldrich. Sodium hydroxide (NaOH) pellets and dimethyl sulfoxidgeaction of the prepolymer solutions, oscillatory rheological tests were
(DMSO) were purchased from Thermo Fisher Saerf®hoto- performed for real-time characterization of the storage m@iulus (
initiators including 2-hydroxy{2-hydroxyethoxy)-2-methylpropio- and loss modulugs(). An 8 mm torque measurement system was
phenone (Irgacure 2959) and lithium phenyl-2,4,6-trimethylbenzoysed in a modular compact rheometer (MCR 302, Anton Paar) to
phosphinate were provided by Sigma-Aldrich. Dutbpbhosphate-  implement the tests for which an accesstuye was fabricated to
bu ered saline (DPBS) was supplied by Thermo Fisher Scienti  hold the UV light source perpendicular to the measuring system axis,

Hydrogel Preparation Procedure. Gelatin methacryloyl — which enabled transverse radiation of UV light during the test. The
(GelMA) was synthesized following a previously described pfotocolrheological tests were conducted on a lL@®@e-gel solution applied
In brief, gelatin was dissolved in DPBS &L 5After full dissolution, between a 1 mm gap between the measurement systenxedd a
MA was added dropwise to the gelatin solution (8% v/v) and allowebase surface. Oscillatory runs weneedeas a time sweep with 10%
the reaction to proceed for 3 h at the same temperature. Then, tisrain and 1 Hz as test parameters.@hand G measurements
reaction was stopped by adding an equal volume of DPBS to tlere recorded for 4 min once the UV light irradiation was activated
reaction solution. Thenal solution was dialyzed against DI water to (after 1 min stabilization period). Gelation time was calculated as the
remove unreacted species for 7 days followed by lyophilizing. T/ light exposure time at whiGh overtakes$s , and the storage
prepare the pre-gel mixtunest, a stock solution of 40 wt % GelMA modulus after 5 min was assigned tortabmodulus. Temperature
was prepared flal concentration of GelMA after mixing other sweep tests were performed at similar strain and frequency values
components was 20 wt %) and the pH was séi.tBhotoinitiator used for the cross-linking tests. The hydrogel prepolymer solutions
(Irgacure 2959 or LAP) solutions were prepared separately at stoskre cycled from 50 to 10 and heated back to 30 at a rate of 1
concentrations of 2.5 and 0.5 wt % for the samples neth °C/min to quantify their phase transition temperature. Gelation and
photoinitiator concentrations of 0.5 and 0.1 wt %. The photoinitiatodissolution temperatures werengel as the crossover@fandG
solutions were kept at an D oven until fully dissolved. DA stock during the cooling and heating phases.
solutions at 0, 2, 4, 8, and 16 wt % (correspondingaloDA Mechanical Tensile Tests.The tensile properties of the
concentrations of 0, 0.5, 1, 2, and 4 wt %) and NaOH solutions of Bydrogels at derent compositions were obtained by stretching the
2,4, 6, and 8 wt % (corresponding to tred NaOH concentrations  hydrogels glued to the frame-shaped papers (for facile gripping). To
of 0, 0.1, 0.2, 0.3, and 0.4 wt %) were prepared, respectively. Tirepare the tensile test samples, 206f the prepolymer solution
composites of DA in GelMA in the absence and presence of NaOMas cast in poly(dimethylsiloxane) (PDMS) molds followed by UV
(alkaline-triggered DA polymerization) were labeled as DA@GelMight curing. The cured hydrogels witlal dimensions of 4 mm
and PDA@GelMA, respectively. To reach the desirad 25 mm were subjected to tensile loads. To do this measurement, an
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Instron 5943 universal testing machine equipped with a 100 N load an incubator. Then, the samples were imaged usingeacent

cell was used. The crosshead displacement ratenveaisade4 mm/ microscope (Axio Observer 5, Zeiss, Germany) at excitation/emission

min, and the tests continued until the samples fully ruptured. Theavelengths 0f494/515 nm (green) for calcein an28/617 nm

forcéSdisplacement data were recorded during the tests from whighed) for ethidium homodimer-1, respectively. ImageJ software was

the stress (= F/ A) and strain (= /L) curves were generated. The used to analyze the images and to calculate the numbers of live cells.

stretchability and strength werengel as strain and stress at the Cell viabilities were reported as the fraction of live cells (green) to the

failure point, respectively. Toughness was calculated by the area urstken of live and dead (red) cells. Furthermore, the metabolic activities

stresSstrain curves{=  d ) up to the failure point. To perform  of the cells were evaluated on the same days using a 1:9 PrestoBlue

the cyclic tests, a higher loading rate of 40 mm/min was used. reagent (Invitrogen) solution in PBS. A volume of B@0estoBlue
Adhesion Tests. The in vitro adhesion tests were conducted solution was added to the media containing hydrogels, followed by a

under dierent loading scenarios to wet collagen sheets (representah incubation. A plate reader (BioTek Synergy 2) was then used to

tive of skin tissues). Burst pressure tests were conducted. Collagegasure the uorescence intensity at excitation and emission

sheets already immersed in DI water were dried using Kimwipes amedvelengths of 560 and 590 nm, respectively. udrescence

cut to 25 mm diameter at the center of which a 3 mm hole wagntensity values were normalized with respect to the media with no

punctured. The collagen sheets were soaked in DPBS for 1 h. Vetls.

collagen sheets were obtained by Kimwipe drying to remove the

excess water; then, they wemrsd onto thexture under which there ASSOCIATED CONTENT

was an air chamber jointly connected to a pressure sensor ang. a . .

syringe pump. The surface of the punctured collagen shdletdvas Supporting Information _

with a 100 L pre-gel solution followed by curing with UV light. The The Supporting Information is available free of charge at

samples were tightlyed to the outlet of an air chamber, and then, https://pubs.acs.org/doi/10.1021/acsami.1c10048

the air was pumped to increase the air pressure inside the etsamber 1 : :

a syringe pump (at 20 mL/min), while the sensor recorded the air Results of'H NMR meas_u.rem'ents, lllustrations of

pressure. The adhesion strength wamedes the air pressure at the PrePO'ymer reSIdu_eS_r_emalnlng in the molds after cross-

point where the hydrogel failed, and the air leaked. Tensile adhesion  linking, and cell viability resuls(F)

tests were performed using the Instron 5943 testing device. The  Demonstration of PDA@GelMA hydrogel adhesion to

collagen sheets were attached to the surface of the top and bottom g skin (Video S1)MP4)

compression test plates. The cross-linked hydrogels ($Ghdnm

1.5 mm thickness) were placed on the bottom plate, and the top plate

was moved down to touch the sample with a slight preloadaf AUTHOR INFORMATION

N. The load and displacement data were recorded, while the tOp.pl%E%rresponding Authors

was moved up until the hydrogel was fully detached from either ; x . .

surface. Tensile adhesion test data were recorded with a 1 mm/minNaS'rr,l Ann.abS Department of Qhemlcal and Biomolecular

crosshead displacement rate. The adhesion and slipping behavior of ENgineering, University of California, Los Angeles, Los

the hydrogels on collagen sheets were evaluated under shear loadingAngeles, California 90095, United Statesf.org/

mode. The tests were performed by placing the cross-linked hydrogels 0000-0003-1879-12Fmail:nannabi@ucla.edu

of 4 mmx 25 mm in between two collagen sheet layers followed by a Ali Khademhosseid Terasaki Institute for Biomedical

tensile displacement moving the sheets away from each other. The |nnovation, Los Angeles, California 90024, United States;

displacement rate was set to 5 mm/min for the shear slip tests. orcid.org/0000-0002-2692-15F4nail:khademh@
The ex vivadhesion test of wound closure was performed on pig terasaki.org

skin tissues provided by the UCLA animal facility. Two skin cuts of - . : .
8 mmx 30 mm were placed adjacent to each other (at their 8 mm P%l;l(;Sﬁgxqei'stss.ycﬂgogﬁE:&?sst%ftggsgﬁgﬁf E)Eepartment

faces). Then, the cross-linked hydrogels were placed and gently - . ! . .
pressured on the epidermis layer, bridging the interface between the Bioengineering, and Department of Materials Science and
two skin tissues. Finally, the tensile displacement was applied axially Engineering, University of California, Los Angeles, Los

to the tissue substrates according to the procedure explained above. Angeles, California 90095, United Staiesd.org/

The shear strength was calculated by dividing the maximum force 0000-0001-5527-6248Bmail:psw@cnsi.ucla.edu

( rst observed extremum) by half of the total hydrogel contact surface

area iie, 4 mmx 12.5 mm). Authors 3

In Vitro Biocompatibility Analysis. A two-dimensional (2D) Hossein Montazerig® Department of Bioengineering and
cell culture process was conducted to evaluate_the cytocompatibility California NanoSystems Institute, University of California,
of the hydrogels toward a mougeoblast cell line (NIH/3TS3, Los Angeles, Los Angeles, California 90095, United States;

ATCC). The media used for cell culture was Duliseouadi ed
Eagls medium (DMEM) containing 1% peniciitreptomycin
and 10% fetal bovine serum (FBS), and the cell culture was performed

Terasaki Institute for Biomedical Innovation, Los Angeles,
California 90024, United Statzsrcid.org/0000-0001-

in an incubator (Thermo Fisher Sciatat standard 37C and 5% 6_972'2_667V . .

CO, conditions. To grow the cells, 75 fvgall culture asks were Avijit BaidyaS Department of Chemical and Biomolecular
used, and the media was refreshed every 2 days. The cells were Engineering, University of California, Los Angeles, Los
passaged upon corency at 90%. To evaluate the hydrogel Angeles, California 90095, United Staiespl.org/

cytotoxicity, three replicates of the samples (i) GelMA (20 wt %), (ii) 0000-0001-5215-2856

DA@GelMA (GelMA: 20 wt %, DA: 2 wt %), and (i) PDA@GeIMA  Reihaneh Haghni& Terasaki Institute for Biomedical
(GelMA: 20 wt %, DA: 2 wt %, NaOH: 0.2 wt %) were fabricated  |nnovation, Los Angeles, California 90024, United States
with dimensions 6 mm diameter and 1.5 mm height. The hydrogels g|ham Davoods Department of Bioengineering and

were kept under UV light for 2 h for sterilization and then soaked in California NanoSystems Institute, University of California,

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 Los Angeles, Los Angeles, California 90095, United States;

performed using viability kits provided by Invitrogen on days 1, 3, and 1 erasaki Institute for Biomedical Innovation, Los Angeles,
7 post culture. Brig, the staining solution was prepared by adding ~ California 90024, United States; Mechanical and

20 L ethidium homodimer-1 and B calcein in 10 mL phosphate- Mechatronics Engineering Department, University of

bu ered saline (PBS) in which the hydrogels were soaked for 30 min Waterloo, Waterloo, Ontario N2L 3G1, Canada
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