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Adhesive-caused injury is a great threat for infants

with premature skin or diabetic patients with fragile skin because « < loebagss = =

extra-strong adhesion might incur pain, inflammation, and E— z

exacerbate trauma upon removal. Herein, we present a skin-friendly m

adhesive hydrogel patch based on protein—polyphenol complex- k) tender skin

ation strategy, which leads to a thermoresponsive network sensitive Iee-induced painless detachment \

to body temperature. The adhesion of the hydrogel is smartly ’ K hydrogel

activated after contacting with warm skin, whereas the painless wn

detachment is easily realized by placing an ice bag on the surface of
the hydrogel. The hydrogel exhibits an immunomodulatory

Body temperature-triggered adhesion 1
\ | |

performance that prevents irritation and allergic reactions during 3 . didbatic wiiind ok ‘ /'\
long-period contact with the skin. Thus, the hydrogel patch works skin e,

as a conformable and nonirritating interface to guarantee non-
destructively securing bioelectronics on infant skin for healthcare. Furthermore, the hydrogel patch provides gentle adhesion
to wounded skin and provides a favorable environment to speed up the healing process for managing diabetic wounds.

diabetic wound, adhesive hydrogel, detachable hydrogel, polyphenol chemistry, wound dressing

kin adhesives are designed to offer intimate body contact heating'* to cleave noncovalent or covalent adhesion bonds.

applications, such as wound care, scar management, However, these methods are harsh and not applicable for those

bioelectronics fixation, and transdermal patches for health sensitive, fragile, vulnerable, wounded, or ulcerated skins. Thus,
monitoring or disease therapy.'~* However, most existing skin it is important to design an ideal skin adhesive that exhibits
adhesives with strong adhesiveness are deemed aggressive and adequate adhesion to remain intact for a desired duration time
not suitable for application on fragile and sensitive skin, such as and offers painless detachment to avoid pain and trauma of the
the skin of infants and diabetic patients.” Aggressive adhesive skin.
materials generally exacerbate pain and cause trauma during Contact-related skin irritation and allergies are other
removal,’ therefore delaying wound healing process, especially considerations related toﬁag}igsive material contacting the skin
in the cases where daily reapplication is needed. For instance, for a prolonged period.” ™™ Synthetic polymeric adhesives

showed enough biocompatibility;'” however, they pose the risk
of leaching out residue onto the skin and causing irritation
during long-term usage, which may render skin tissue prone to

patients with chronic wounds often suffer from painful wound
dressing changes, and infants with delicate skin encounter
frequent changes of caring patches or securing bioelectronics
device. An alternative is to engineer skin adhesives with mild

adhesiveness and trigger-detachable characteristics. Hydrogels January 20, 2022
with high water content and structural similarity to those of May 9, 2022
native skin tissue emerged as good candidates for fabricating May 13, 2022

soothing and gentle skin adhesives.” Triggerable detachment of

the adhesive hydrogels can be achieved by applying chemical
8—10 1. : e 11,12 : . :

agents, light irradiation, "~ electrical stimulus,”” or
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Figure 1. Design and characterization of a skin-friendly bioadhesive hydrogel providing nontraumatic adhesion and detachment. (A) Schematic
diagram of the formation process of PGA-GelMA hydrogel. (i) Oxidative polymerization of GA to form PGA, (ii) PGA-complexed with GelMA
chains, and (iii) hydrogel formation by GeIMA chain polymerization. (B) Electrospray ionization/mass spectrometry (ESI/MS) analysis of
PGA. (C) High resolution C 1s XPS spectra of PGA. (D) Density functional theory calculations demonstrating the interactions between PGA
and glycine from GelMA chains. The color bar indicated the type and strength of the interactions. Blue meant notable adsorption and red meant
notable repulsion, and green indicated the existence of van der Waals (VDW) interactions. (E) Temperature sweep showed storage modulus
(G") andloss modulus (G”) of 1.3 wt % PGA-GelMA hydrogel between 25 and 50 °C under a constant strain amplitude of 1% and frequency of 1
Hz. (F) Schematic illustrations of the body temperature-triggered gentle adhesion and ice-cooling-induced painless detachment of the PGA-
GelMA hydrogel.
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Figure 2. Body temperature-triggered adhesion and ice-cooling-induced detachment of the PGA-GelMA hydrogel. (A) Photographs of
adhering and triggerable removal of the PGA-GelMA hydrogel on an infant rat skin surface. (B) A commercial medical tape caused pulling and
severe damage on the skin during peeling. (C) Measured peeling forces for PGA-GelMA hydrogel and medical tape from infant rat skin. (D)
H&E staining images of underlying skin tissues following removal of the PGA-GelMA hydrogel with the aid of ice cooling and the aggressive
medical tape. Application of the conductive PGA-GelMA hydrogel as skin-friendly adhesive interfaces to mount various bioelectronics on the
skin to detect biosignals, including (E) a wireless thermometer was amounted, inset showing the temperature tracking profile, (F) three
bioelectrodes were fixed to record electromyographic (EMG) signal, (G) a wireless electrocardiogram (ECG) recorder was mounted for real-
time heart signal detection during cardiopulmonary resuscitation (CPR) of a rat. (H) The hydrogel was adhered on a scarred skin for

8664 https://doi.org/10.1021/acsnano.2c00662
ACS Nano 2022, 16, 8662—-8676


https://pubs.acs.org/doi/10.1021/acsnano.2c00662?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c00662?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c00662?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c00662?fig=fig2&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.2c00662?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acsnano.org

Figure 2. continued

protection, which did not destroy scar during peeling (blue arrow). The hydrogel used in (F, G) contained 0.1 wt % PEDOT nanoparticles for
improving conductivity. (I) The PGA-GelMA hydrogel tightly adhered to the surrounding tissue of full-thickness wound (diameter: 10 mm) to
withstand stretching of the nearby skin, whereas the GeIMA hydrogel without adhesiveness easily slip out. (J) Adhesive strengths of the PGA-
GelMA hydrogel upon heating the hydrogel to 37 °C or cooling to 10 °C. (K) Comparison of adhesive strengths between PGA-GelMA and pure
GelMA hydrogels. (L) Interfacial toughness of PGA-GelMA hydrogel to diverse substrates. (M) Long-term stable adhesiveness of the PGA-
GelMA to diverse substrates. The GA content of PGA-GelMA hydrogels was 1.3 wt %.

trauma. Approaches such as encapsulation of antiallergic or anti-
inflammatory drugs have been applied to address these
concerns; however, they are often limited by complicated
fabrication processes, high cost, drug side effects, and
uncontrolled loading and release of the bioactive agents.
Furthermore, drug-encapsulated adhesives are not suitable for
babies, young children, and patients with chronic diseases who
are very sensitive to medicine. Natural phenolic and polyphenol
compounds (e.g, gallic acid, caffeic acid, tannic acid, and
catechin) extracted from plants possess multiple biological
functions, such as antioxidative, anti-inflammatory, and
antiallergy activities,"®™*' and recent studies have shown that
phenolic compounds can be used to construct strong adhesive
materials through the coupling of quinone-nucleophile groups at
the interface of the adhesive and various substrates.”

Herein, we reported a skin-friendly bioadhesive hydrogel
patch that provided nonirritating adhesion and nontraumatic
detachment, which was suitable for caring infants and patients
who are very sensitive to medicine (Figure 1). The hydrogel was
formed by a polyphenol—protein complexation strategy, and
therefore the painless adhesion and detachment of the hydrogel
could be simply triggered by body temperature and ice cooling,
respectively. Meanwhile, the hydrogel exhibited excellent
antioxidative and anti-inflammatory ability, which could
intrinsically prevent skin irritation and allergic reactions. The
hydrogel established a soft yet nonallergic interface with skin,
which allowed nondestructive detachment and reattachment of
epidermal bioelectronics on infant skin for reliable and long-
term health caring. Furthermore, the hydrogel acted as an
immunomodulatory wound dressing to accelerate diabetic
wound healing in a nonpharmacological manner.

RESULTS AND DISCUSSION

Design Strategy. The skin-friendly adhesive hydrogel was
prepared by complexation of polymerized gallic acid (PGA)
with gelatin methacryloyl (GelMA), as shown in Figure 1A.
First, gallic acids (GA) were oxidatively polymerized into PGA
by atmospheric oxygen in the alkaline condition (Figure 1A-i).
The phenolic groups on GA molecules were highly sensitive to
oxidation and formed reactive pyrogallol-quinone groups, which
further reacted with other GA molecules and polymerized into
PGA oligomers. Second, PGA dissociated GelMA chains and
complexed with the GelMA chains (Figure 1A-ii). Finally, the
PGA-GelMA hydrogel was formed via free-radical polymer-
ization of the GelMA chains (Figure 1A-iii) that were cross-
linked by covalent and noncovalent interactions. The oxidative
polymerization step to form PGA was critical for the formation
of the hydrogel, because the large PGA molecule can interact
with GelMA chains, whereas GA monomers retarded free-
radical polymerization of GelMA chains to form a solid gel
(Figure S1). PGA enriched with a large amount of phenolic and
quinone groups, which synergistically enhanced the adhesion
and cohesion of the GelMA network, endowing the hydrogel
with adequate tissue adhesiveness. The electrospray ionization/
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mass spectrometry (ESI/MS) analysis showed strong signals at
m/z 254.8 and 420.8, indicating the dimeric and trimeric
structures in the polymerized GA, respectively (Figure 1B and
Figure S2). The UV—vis spectra presented new broad
absorption bands (260—290 and 335—370 nm) for PGA
compared with those for GA (Figure S3b,c), also indicatin,
the polymerization of GA to PGA under alkaline condition.”*”
From the C 1s XPS spectra, the PGA obtained after 20 min of
oxidization had a balanced number of phenolic and quinone
groups (Figure 1C, Figure S3d—f, and Table S4), and this PGA
was used to prepare the PGA-GelMA hydrogels.

The PGA-GelMA complexation tuned the cross-linking of
GelMA network by introducing a high density of noncovalent
bonds (Figure 1A-iii) and enabled the GelMA network response
to thermal stimuli, resulting in temperature-triggered adhesion
and detachment of the hydrogel. The interactions between PGA
and GelMA chains was demonstrated by density functional
calculations (Figure 1D, Figure S4, and Table S5), which
identified that the interactions mainly occurred between the
carbonyl/hydroxyl groups on GelMA chains and the polyphenol
groups of PGA.” The complexation of PGA with GelMA chain
entanglements prevented the renaturation of triple helical
structure, and stabilized the gelatin chains in the randomly
coiled state,”*” which could response to temperature changes.
Dynamic temperature sweep measurements showed that both
the storage (G') and loss (G”) moduli of the PGA-GelMA
hydrogel decreased when the hydrogel temperature was raised
above 30 °C (Figure 1E), confirming the thermal responsiveness
of the PGA-GelMA hydrogel. Note that the change in storage
modulus of the PGA-GelMA hydrogel was 72.6%, much higher
than that of GelMA hydrogel (21.5%) (Figure SS). This result
supported that the PGA complexion tuned the cross-linking of
GelMA network and increased the degree of freedom for the
gelatin chains to form the PGA-GelMA hydrogel with
coordinated physical and chemical cross-linking, which was
different from the case for the pure GelMA hydrogel that was
chemically cross-linked by irreversible bonds.”” In addition, the
storage modulus of the PGA-GelMA hydrogel was higher than
loss modulus during the temperature sweep, indicating the solid-
like elasticity of the hydrogel, which could remain in the solid
state instead of a viscous liquid at 35 °C (Figure S6). Once the
PGA-GelMA hydrogel was in contact with warm skin surfaces,
the body temperature triggered the decomplexation of GelMA
chains, and the mobility of the GelMA chains in the hydrogel
was promoted to make a soft hydrogel, which could readily
conform to the target tissue surface. Then the freely movable
GelMA in the hydrogel chains would expose abundant reactive
motifs, such as amino groups and carboxyl groups, which
synergistically worked with phenolic groups to form multiple
interfacial bonding on the skin surface, resulting in strong
adhesion (Figure 1F-i). Upon cooling by an ice bag, the GelMA
chains re-entangled because of the formation of intermolecular
hydrogen bonds, and therefore the freedom of movement of the
gelatin chains was drastically reduced, which cleaved the
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adhesion bonding at the molecular level. Meanwhile, the
intermolecular hydrogen bonds between re-entangled GelMA
chains increased the cross-linking density in the PGA-GelMA
network, leading to a rigid hydrogel, which was difficult to
conformably contact the tissue surface to form interfacial
interactions at the interface. Thus, the hydrogel was non-
destructively detached from the skin surface without leaving any
residue upon cooling (Figure 1F-ii). Thus, the PGA-GelMA
hydrogel offers an extra-gentle, less-painful, and nonallergic way
to mount bioelectronics on the infant skin for contacting
healthcare, as well as an adhesive patch to promote diabetic
wound management (Figure 1F-iii).

Temperature-Triggered Painless Adhesion and De-
tachment. To evaluate the temperature-responsive adhesion of
the hydrogel to the skin tissue, the PGA-GelMA hydrogel was
applied on the dorsal skin of a naked infant rat, followed by ice-
cooling-triggered detachment of the hydrogel (Figure 2A). The
hydrogel adhered to the warm skin of the rat after being pressed
for 10 s, forming a conformable and seamless contact with the
corrugated skin surface. The adhesion was strong enough to
accommodate skin deformation during rat movements (Figure
2A-1,2). To detach the hydrogel from the skin, an ice bag was
applied to cool the hydrogel for 10 s, and then the hydrogel was
self-detached without hurting the skin and leaving residues
(Figure 2A-3,4). For comparison, a commercial medical
adhesive tape was used, which showed strong binding to the
skin, and its detachment required a large peeling force that made
the skin red and swollen (Figure 2B,C). After the removal of the
tape, the underlying skin tissue was further analyzed by
hematoxylin and eosin (H&E) staining, and the results showed
heavy subcutaneous hemorrhage and delamination in the
dermis. In contrast, the skin tissue under the PGA-GelMA
hydrogel remained intact, similar to the sham skin region
(Figure 2D). In addition, the hydrogel was nonallergenic and
nonirritating to the infant skin even after long-term (12 h)
adhesion, as demonstrated by gross observation (Figure S7A).
Histological analysis further revealed that no lesions, such as
erythema, infiltration, and immune response, occurred in the
stratum corneum, epidermis, and dermis (Figure S7B). These
results confirmed that the hydrogel was skin-friendly and
achieved nonallergenic adhesion and nondestructive detach-
ment.

Because of its temperature-triggered adhesion and detach-
ment, the PGA-GelMA hydrogel can be conveniently applied as
a biointerfacing material to enable seamless mounting of
epidermal bioelectronics on delicate skin surfaces. To
demonstrate this point, an adhesive and conductive hydrogel
was fabricated by incorporation of PEDOT NPs into the PGA-
GelMA hydrogel (Figure S8), which exhibited a high
conductivity of 15.4 S/m and an adhesive strength of 8.5 kPa.
The adhesive and conductive hydrogel enabled gentle and
conformal attachment of a wireless thermometer and bioelectr-
odes on the dorsal skin of an infant rat for remote and long-term
tracking of its body temperature and electromyographic (EMG)
signal (Figure 2E,F). The bioelectrodes were firmly fixed on the
skin of the rat when the rat was climbing. In another example, a
commercial electrocardiogram (ECG) recorder was fixed on the
chest skin of a rat by using a thin hydrogel as an adhesive layer to
record ECG signals during cardiopulmonary resuscitation
(CPR) of the rat (Figure 2G and Movie S1). In both cases,
the sensors remained stable on the skin to remotely record
signals over a long period of time without lesions and were easily
removed from the skin after ice cooling without causing
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irritation. These results demonstrated that the PGA-GelMA
hydrogel was a biocompatible and antiallergenic skin adhesive
for integration with epidermal bioelectronics. Application of the
PGA-GelMA hydrogel could potentially overcome the short-
comings of conventional aggressive adhesives used, which
caused pulling and stretching of the hair and skin during removal
(Figure S9). Such PGA-GelMA hydrogel integrated bioelec-
tronics are especially suitable for babies, children, and elderly
people whose skin is very vulnerable and sensitive to adhesive
materjals. The PGA-GelMA hydrogel with nondestructive
adhesion also showed advantages for wound care. As shown in
Figure 2H and Movie S2, the hydrogel stuck on the fragile
scarred skin and was easily removed without pulling the skin and
traumatizing the wound bed after ice-cooling for 10 s.
Furthermore, the PGA-GelMA hydrogel adhered to the fresh
wound to seal the wound site on the dorsum of rats (Figure 21
and Movie S3). Prior to implanting the hydrogel into the wound
sites, the excessive biofluid around the injured wound was gently
removed by a dry gauze. After the hydrogel was applied at the
wound sites, the hydrogel could directly contact with the tissue
surfaces and immediately form multiple interfacial bonds
between abundant reactive motifs on the hydrogel (such as
phenolic groups, quinone groups, amino groups, or carboxyl
groups) and amine or thiol groups on the warm tissue surfaces.
Thus, the PGA-GelMA hydrogel showed strong adhesion to the
surrounding tissue of the wound site even after extensive
distortion (stretching or twisting) of the adjacent skin, which
was superior to the nonadhesive GelMA hydrogel that was easily
split from the wound site upon small skin deformation.

The PGA-GelMA hydrogel displayed stable cyclic temper-
ature-triggered adhesion and detachment, which satisfied the
need for repeated application in daily life. As demonstrated by
five cycles of repeated adhesion tests on the porcine skin under
temperature variation, the hydrogel maintained a high average
adhesive strength (10 kPa) at 37 °C, whereas it completely lost
its adhesion at 10 °C (Figure 2J). The adhesive property of the
PGA-GelMA hydrogel was also determined by the content and
the oxidation time of PGA, and the adhesive strength of PGA-
GelMA hydrogel significantly increased from 2.0 + 1.6 to 10.8 +
8.5 kPa as the PGA content was increased from 0 to 2 wt %
(Figure S10a). The adhesive strength of PGA-GelMA hydrogel
dramatically decreased to 1.16 + 0.65 kPa when the oxidation
time of PGA was increased 12 h (Figure S10b), which was
because long-term oxidation caused the overconsuming of
phenolic moieties.”” The PGA-GelMA hydrogel also showed
universal adhesion to a wide variety of substrates, including
hydrophilic glass slides, hydrophobic PTFE, and metal (Ti)
substrates (Figure 2K). The versatile adhesion behavior of the
PGA-GelMA hydrogel was ascribed to the abundant phenolic
groups in the hydrogel, which had high reactivity to interact with
different types of substrates via hydrogen bonding, hydrophobic
interactions, 7—7 interactions, or metal coordination.’’™** The
adhesion energy of the PGA-GelMA hydrogel to porcine skin,
glass, Ti, and PTFE substrates was found to be 8.1, 6.8, 4.8, and
2.6 J/m? respectively (Figure 2L and Figure S11), which
showed a trend similar to that of the adhesive strength. The
adhesion energy of the PGA-GelMA hydrogel to tissues was at
the same level as that of previously reported nanoparticle-based
adhesive,” mussel-inspired adhesive,”® and commercial adhe-
sives (fibrin glue’” or PEG-based adhesives’®). It should be
noted that the hydrogel exhibited higher adhesion to skin tissue
than to other substrates, because the good adhesiveness of the
hydrogel was attributed to both the abundant phenolic groups
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Figure 3. Physical properties of the PGA-GelMA hydrogel. (A) Photos showing the flexibility of hydrogel to bear bending, twisting, and
compression. Scale bar: 1 cm. (B) Typical tensile stress—strain curves, (C) extension ratio, (D) tensile strength, and (E) fracture energy of PGA-
GelMA hydrogels with various GA contents. (F) Successive loading—unloading tensile tests of the 1.3 wt % PGA-GelMA hydrogel for 10 cycles
at a strain of 70%. (G) Dynamic storage modulus (G”) of PGA-GelMA hydrogels as a function of frequency measured at a fixed strain of 1%
(within the linear range). (H) Degradation behavior of the hydrogels (GelMA and 1.3 wt % PGA-GelMA) in the presence of 2 pg/mL
collagenase. (I) Swelling ratio of the hydrogels in phosphate buffered solution (PBS, pH = 7.4). (J) UV—vis transmittance and (K) absorption
spectra of PGA-GelMA hydrogels with various GA contents. (L) Photos of the 1.3 wt % PGA-GelMA hydrogel covering on the back skin of an
infant rat for UV-shielding (top) and the skin after UV irradiation (bottom). White arrows show that the naked skin was dried and wrinkled.
Scale bar: 1 cm. (M) H&E staining images of naked skin and the skin protected by the PGA-GelMA hydrogel.

and RGD motif in the hydrogel (Figure 1F), and RGD preferred storage in a sealed container (Figure 2M). The adhesion

to form multiple specific noncovalent interactions with tissue durability of the PGA-GelMA hydrogel was further investigated
surfaces.””*’ In addition, the hydrogel exhibited long-term by 10 cycles of adhesion-tensile tests. The results showed no loss
stable adhesiveness to various substrates, even after 20 days of in adhesive strength was observed during all 10 cyclic tests

8667 https://doi.org/10.1021/acsnano.2c00662

ACS Nano 2022, 16, 8662—-8676


https://pubs.acs.org/doi/10.1021/acsnano.2c00662?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c00662?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c00662?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c00662?fig=fig3&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.2c00662?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano WWWw.acsnano.org

>
w

GelMA hydrogel 0.6 wt.% PGA-GelMA 1.3 wt.% PGA-GelMA 2.0 wt.% PGA-GelMA
oB - o FRNETTn " S 0.847 7 GelvA —t—
c ¢ 0.6 wt.%PGA-GelMA—*—2
= B £ 1.3 WL%PGA-GelMA ____ I
=1 E 0.6 720 M %HPGA-GeIMA
L S I
7] 5 o=
ko 0.4
g S &b
o O 0.2
Z
-1 B 0.0

3 5
Culture time (day)

C

GelVMA hydrogel 0.6 wt.% PGA-GelMA 1.3 wt.% PGA-GelMA 2.0 wt.% PGA-GelMA D

E *
<L
[m]
1
g _
=
3] I
% i
(18
GelMA PGA-GelMA

0.6 wt% 1.3 wt% 2.0 wt.%

GelMA —t
PGA-GelMA I

]I

48 72
Culture time (h)

]

48 h
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(Figure S12), implying the excellent adhesion durability of the detach ability, which could provide a solution for fragile skin

hydrogel for long-term and repeatable applications. Compar- wound caring and be suitable for wearable monitoring and
isons between the PGA-GelMA hydrogel and commercial medical device attachments.
adhesives in terms of the adhesive strength, on demand Mechanical Flexibility and Recoverability. The PGA-
detachment, temperature-responsibility, and mechanical per- GelMA hydrogel exhibited excellent flexibility and mechanical
formances are provided in Table S6. The above findings softness, which ensured its conformal contact on curved body
validated that the PGA-GelMA hydrogel could be used as a surfaces and adaption to the dynamic movement of the skin to
gentle wound-care dressing with high adhesiveness and easy-to- achieve seamless adhesion. As shown in Figure 3A, the PGA-
8668 https://doi.org/10.1021/acsnano.2c00662
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GelMA hydrogel was flexible and could be twisted and
compressed, which was different from the case for the fragile
pure GelMA hydrogels. Tensile tests indicated that the PGA-
GelMA hydrogel had good stretchability (~160%) (Figure 3B),
which was higher than that of human skin (60%—75%).***
Complexation of PGA enhanced the elongation ratio of the
hydrogels (Figure 3C) but decreased the tensile and
compressive strengths (Figure 3D and Figure S13a). The
fracture toughness of the PGA-GelMA hydrogel was evaluated
using a single-edge notched test, and the results showed that the
PGA-GelMA hydrogel displayed a fracture energy of 43 ] m™?,
which was higher than that of the GelMA hydrogel (30 ] m™2)
(Figure 3E). To further evaluate the recoverability and
robustness of the hydrogels, 10 cycles of tensile loading—
unloading tests with 10 s pausing between each cycle were
carried out by applying a constant strain of 70%. A similar
hysteresis curve was observed for all cycles (Figure 3F),
demonstrating that the hydrogel had good fatigue resistance
and constant energy dissipation during cyclic deformation. The
cyclic compressive tests showed similar patterns (Figure S13b).
Dynamic frequency measurements under the sweeping mode
demonstrated that the storage modulus (G’) of the hydrogels
decreased following the addition of PGA (Figure 3G), indicating
that the softness of the PGA-GelMA hydrogel increased with the
increase of the PGA content. The prominent flexibility, softness,
recoverability, and fatigue resistance of the PGA-GelMA
hydrogel was ascribed to the multiple molecular interactions
between PGA and GelMA chains (Figure 1A). The reactive
polyphenol moieties on the PGA destroyed part of the
intramolecular bonds between the GeIMA chains and generated
more intermolecular cross-links within the GelMA network,
playing a tanning effect on the GelMA chains.”>***" The
excellent mechanical performances of PGA-GelMA hydrogel
cannot be achieved by existing commercial products (Table S6),
such as the fibrin-based Tissel exhibiting relatively low
mechanical strength®™ and the PEG-based COSEAL adhesive
being mechanically brittle.* Consequently, the PGA-GelMA
hydrogel displayed superior mechanical properties, which made
it mechanically compatible for use as bioadhesive patch on soft
human skin.

Biodegradability and Swelling Behavior. The PGA-
GelMA hydrogel was biodegradable, showing great competitive-
ness for commercial synthetic polymer-based skin adhesive
products. The in vitro degradation of the PGA-GelMA and
GelMA hydrogels was investigated by incubating them in
collagenase type Il solution (2 pg/mL) for up to 30 days (Figure
3H). The PGA-GelMA hydrogel showed a higher degradation
rate than the GelMA hydrogel, which was because PGA
complexation lowered the cross-linking density between the
GelMA network and allowed larger swelling of the hydrogel and
faster diffusion of collagenase to break the GelMA chains. As
shown in Figure 3I and Figure S13c, the PGA-GelMA hydrogel
had a swelling ratio slightly higher than that of the pure GelMA
hydrogel, indicating the water absorption capacity of the PGA-
GelMA hydrogel, whereas the small swelling ratio (<2) of the
PGA-GelMA hydrogel (1.3 wt % PGA) could prevent the
detachment of hydrogel from wet wound tissues during in vivo
implantation.”® The PGA-GelMA hydrogel lost 50% of the
weight after 15 days of incubation and 100% of the weight after
30 days, demonstrating that the PGA-GelMA hydrogel could be
completely degraded under physiological conditions. In short,
the PGA-GelMA hydrogel with low swelling ratio and suitable
biodegradation rate is advantageous for the implementation as
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an adhesive patch, which provides tissue integration at the initial
stage and allows new tissue regeneration at a later stage.

Transparency and UV Shielding. Transparency is an
important requirement for a skin adhesive patch to enable visual
examination and allow patients under self- or home-care to easily
check the underlying skin status.*”** The PGA-GelMA hydrogel
displayed high transparency, as the UV—vis transmittance
spectra exhibited an increasing trend in the wavelength range
400—800 nm (Figure 3]). In addition, the transmittance of the
PGA-GelMA hydrogels declined sharply in the UV region below
400 nm (Figure 3K), and therefore the PGA-GelMA hydrogel
had the ability to shield the UV light because of the UV
absorption ability of polyphenolic motifs in the hydrogel."” The
UV-shielding performance of the PGA-GelMA hydrogel was
further demonstrated by attaching the hydrogel on the back skin
of an infant rat for 2 min of UV irradiation. After UV irradiation,
the skin covered by the PGA-GelMA hydrogel remained intact,
whereas the skin directly exposed to UV light was heavily injured
with dried and wrinkled surfaces (Figure 3L), and ruptured
collagen fibers in the dermis (Figure 3M). In short, the PGA-
GelMA hydrogel with high transparency and UV shielding
ability can act as a skin adhesive to facilitate daily wound care
and protect the skin from solar irradiation and photoaging.

Cell Adhesion on PGA-GelMA Hydrogel. The adhesive
PGA-GelMA hydrogel was cytocompatibility and cell-affinitive
and therefore can be used as a bioactive dressing to facilitate cell
attachment and migration at injured sites. L929 fibroblasts were
seeded on PGA-GelMA hydrogels and their viability and
proliferation were evaluated using live/dead analysis and MTT
assays. The fluorescent images revealed that the cells on all
hydrogels exhibited high viability after 3 days of culture (Figure
4A), indicating good biocompatibility of the PGA-GelMA
hydrogels. In addition, the number of live cells was higher on the
PGA-GelMA hydrogels than those on the pure GelMA
hydrogels. The MTT assay confirmed that the proliferation
rate of cells on PGA-GelMA hydrogels was higher than that of
GelMA hydrogel after S days of culture (Figure 4B). The good
cytocompatibility of the hydrogel was attributed to phenolic
group-mediated cell—matrix interaction.’””"

The cell actin cytoskeleton was further examined to
characterize cell-matrix interactions by double staining cells
with TRITC-phalloidin against F-actin and antibodies against
vinculin after 3 days of culture. As shown in Figure 4C, L929
fibroblasts on GelMA hydrogels exhibited a round morphology
and had relatively few vinculin-positive focal adhesions that only
presented surrounding nuclei, suggesting minimal interactions
with the GelMA matrix. In contrast, the cells on the PGA-
GelMA hydrogels exhibited a spread morphology. The cells on
the PGA-GelMA hydrogels with high GA contents (1.3 and 2 wt
%) were noted, as they were fully elongated with many bright
vinculin-positive focal adhesions at the outer edge of the actin
structure. Merged images illustrated the colocalization of F-actin
with focal adhesion proteins near the cell surface, suggesting that
the cells could perceive and interact with the PGA-GelMA
hydrogels. The quantified cell area confirmed that the PGA-
GelMA hydrogel was able to increase cell adhesion (Figure 4D).
Cell attachment to the hydrogels was further observed by a
scanning electron microscope (SEM). SEM images showed that
the cells on GelMA hydrogels displayed an aggregated
morphology with a round shape, indicating that the cells
minimized their contact with the hydrogel (Figure S14a,b). In
contrast, the cells on PGA-GelMA hydrogels exhibited a
flattened and spindle-like healthy morphology with extended
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Figure 5. In vitro evaluation of antioxidative, anti-inflammatory, and antiallergic ability of PGA-GelMA hydrogel. (A) Representative ROS
staining (green fluorescence) images of RAW264.7 macrophages under different treatment conditions. (B) Flow cytometry analysis of ROS
levels in untreated and PGA-GelMA hydrogels-treated RAW264.7 macrophages incubated with 50 M H,0,. Quantification of pro-
inflammatory cytokines (C) IL-6 and (D) TNF-a of macrophages after treatment with PGA-GelMA hydrogels with various GA contents. The
relative mRNA levels of (E) pro-inflammatory cytokines (iNOS, IL-6, TNF-«) and (F) anti-inflammatory markers (IL-10, Argl, CD206) in
macrophages treated with GeIMA and 1.3 wt % PGA-GelMA hydrogels in the presence of lipopolysaccharide. (G) Macrophage polarization
induced by a 1.3 wt % PGA-GelMA hydrogel analyzed by immunofluorescence staining of iNOS (green, M1 macrophages marker) and CD206
(red, M2 macrophages marker) in macrophages. Cell nuclei were stained with DAPI (blue). (H) Mean fluorescence intensity of iNOS and
CD206 from the immunofluorescence images in (G). (I) F-actin staining of RBL-2H3 cells on different samples with or without IgE-antigen
complex stimulation. Arrows indicate the irregular cell morphology because of disassembly of the F-actin cytoskeleton. (J) Quantification of cell
area of RBL-2H3 cells on various samples (blank, GeMA and 1.3 wt % PGA-GelMA) under different conditions. The effects of the hydrogels on
the mRNA relative expression levels of (K) IL-4 and (L) LTC, in RBL-2H3 cells by complex stimulated with or without IgE-antigen. *p < 0.05.
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lamellipodia and filopodia (Figure S14c,d), confirming that the
PGA-GelMA hydrogels favored cell adhesion and spreading.

The PGA-GelMA hydrogels also supported the migration of
fibroblasts to the scratched area, as demonstrated by an in vitro
scratch assay (Figure 4E). Quantitative analysis revealed that the
migration of fibroblasts on the PGA-GelMA hydrogel was faster
than that of the cells on the GelMA hydrogel. After 72 h of
culturing, the cell-covered area of the PGA-GelMA hydrogel was
significantly higher than that of the GelMA hydrogel (Figure
4F), suggesting that the PGA-GelMA hydrogel promoted the
migration process of L929 fibroblasts and induced fast closure of
the cell-free gap. The in vitro cell culture results revealed that the
complexation of PGA with Ge]MA enhanced the cell affinity of
the hydrogel, facilitating the extension of cell protrusions, such
as lamellipodia and filopodia, and in turn promoted cell
spreading, proliferation, and migration, which was beneficial
for the wound healing process.

Antioxidative and Anti-inflammatory Ability. The
PGA-GelMA hydrogel exhibited antioxidative properties to
scavenge reactive oxygen species (ROS) and therefore protect
cells from ROS-mediated oxidative damage. To confirm the
antioxidative property of the PGA-GelMA hydrogel, a free
radical scavenging experiment was performed using the classic 1-
diphenyl-2-picrylhydrazyl (DPPH) radical assay. From the UV—
vis spectra, it was observed that the absorbance at 517 nm
decreased with the increase of PGA content in the hydrogels
(Figure S15a). After 90 min of incubation, more than 60% of the
free radicals were eliminated by the PGA-GelMA hydrogel (2.0
wt % GA), which was much higher than that of the GelMA
hydrogels (Figure S15b). Raw 264.7 cells were further cultured
to examine the intracellular ROS scavenging ability of the PGA-
GelMA hydrogel. As shown in Figure SA, the intracellular ROS
level (green fluorescent signal) of cells cultured in the GelMA
hydrogel groups increased dramatically after treatment with 50
#M H,0,. In contrast, the intracellular ROS level significantly
decreased when the cells were cultured with the PGA-GelMA
hydrogel, and less fluorescence was observed on the PGA-
GelMA hydrogel with 2.0 wt % GA, indicating the dose-
dependent intracellular ROS scavenging activities. Quantitative
analysis of intracellular ROS levels by flow cytometry further
confirmed this observation (Figure SB). The above results
demonstrated that adequate contents of PGA in the hydrogel
were essential for relieving the oxidative stress of the cells, which
was attributed to the presence of the reductive phenolic groups
on PGA that acted as electron donors and interacted with
radicals.”**?

Furthermore, the PGA-GelMA hydrogel possessed anti-
inflammatory and immunomodulatory properties. To demon-
strate this point, the effect of PGA-GelMA hydrogels on RAW
264.7 macrophages was investigated in the presence of
lipopolysaccharide (LPS). ELISA results indicated that the
PGA-GelMA hydrogel significantly reduced the release of
inflammatory cytokines (IL-6 and TNF-a) of macrophages
(Figure SC,D). Immunofluorescent staining was used to identify
M1 and M2 macrophages after 48 h of culture on different
hydrogels. Inducible nitric oxide synthase (iNOS) and CD206
(a mannose receptor) were stained to indicate M1 and M2
macrophage phenotypes, respectively (Figure SG). The number
of iNOS-labeled M1 macrophages was lower, and that of
CD206-labeled M2 macrophages was higher on the PGA-
GelMA hydrogel than on the GeIMA hydrogel (Figure SH). The
phenotype of macrophages on the hydrogels was further
evaluated by measuring the expression levels of pro-inflamma-
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tory (iNOS, IL-6, and TNF-a) and anti-inflammatory markers
(IL-10, Argl, and CD206). As shown in Figure SE, the
expression levels of iNOS, IL-6, and TNF-a were significantly
decreased in macrophages treated with the PGA-GelMA
hydrogel, in contrast to the GelMA hydrogel. Meanwhile, the
expression levels of IL-10, Argl, and CD206 were elevated in
macrophages treated with the PGA-GelMA hydrogels (Figure
SF). These findings confirmed that the PGA-GelMA hydrogels
alleviated the inflammatory response and effectively drove
macrophage polarization to an anti-inflammatory phenotype,
which were essential features to avoid irritative and allergic
reactions after adhering on skin.

Antiallergic Ability. The PGA-GelMA hydrogels also
exhibited antiallergic ability that could prevent ovalbumin-
induced allergic reaction. To investigate the antiallergic effect of
the hydrogel, the in vitro cellular model of IgE-mediated mast
cell degranulation was used, and the RBL-2H3 cell line was
chosen for the model. After being seeded on the hydrogels, the
RBL-2H3 cells were sensitized by antidinitrophenyl IgE (DNP-
IgE) for 24 h and then challenged with DNP-conjugated bovine
serum albumin (DNP-BSA) for 1 h to induce degranulation.
Since the membrane ruffling of stimulated mast cells is an early
event that occurs after antigen challenged,”* the morphological
changes of the cells before and after IgE-BSA complex
stimulation was visualized by staining the F-actin cytoskeleton
with Rhodamine-labeled phalloidin. The cells cultured on the
coverslip and the GelMA hydrogel were also tested for
comparison. As shown in Figure SI, normal RBL-2H3 cells
cultured on the coverslip exhibited the typical spindle shape with
uniform distribution of F-actin.”> However, after being
challenged by DNP-BSA, most cells on the coverslip became
larger and irregular. Especially, the cells on the Ge]MA hydrogel
exhibited spread out morphology (Figure SJ), which was
because the DNP-BSA challenging induced the disassembly of
the F-actin cytoskeleton. In sharp contrast, fewer RBL-2H3 cells
with membrane ruffles were observed on the PGA-GelMA
hydrogels, and the cells remained in a spindle shape with a
closely packed F-actin cytoskeleton even after a 1 h challenge of
DNP-BSA. In addition, the exposure of RBL-2H3 cells to
antigens will lead to overproduction of pro-inflammatory
cytokines and lipid mediators at the late phase of allergic
reaction.”> ® Thus, the mRNA levels of interleukin-4 (IL-4) and
leukotrienes C, (LTC,) in RBL-2H3 cells cultured on hydrogels
were further assessed by quantitative RT-PCR after the cells
were challenged with DNP-BSA for 6 h (Figure SK,L). Before
DNP-BSA challenging, the mRNA levels of both IL-4 and LTC,
in RBL-2H3 cells was almost the same in all groups, which
implied that the coculturing with the PGA-GelMA hydrogel did
not stimulate the allergic reactions of the RBL-2H3 cells. After
the DNP-BSA challenge, the mRNA levels of IL-4 and LTC, in
IgE-BSA complex-stimulated cells were greatly increased.
Nevertheless, the PGA-GelMA hydrogel treatment significantly
reduced the mRNA levels of IL-4 and LTC, in the RBL-2H3
cells, compared to results with the GelMA hydrogel-treated
group and blank groups. These results indicated the potent
antiallergic activity of PGA-GelMA hydrogels was achieved by
preventing the disassembly of actin cytoskeleton and inhibiting
the expression of allergy-related genes to attenuate the of IgE-
mediated mast cell degranulation.

PGA-GelMA Hydrogel for Diabetic Wound Healing.
The PGA-GelMA hydrogel was further applied as a therapeutic
patch for wound management in a full-thickness skin defect of a
type II diabetic rat model (Figure 6A). Five days after
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Figure 6. PGA-GelMA hydrogel accelerating wound healing and regeneration in a diabetic rat. (A) Workflow for evaluating diabetic skin wound
healing, and schematic diagram of the hydrogel implanting in the wound defects. (B) Antioxidative ability of PGA-GelMA hydrogel
demonstrated by immunofluorescence staining of 4-HNE (lipid peroxidation marker) and 8-OHdG (DNA damage marker) in wound samples
on Day 5. (C) Quantitative analysis of the relative fluorescent intensity of 4-HNE and 8-OHdG in different groups. Data are shown as mean =+
SD. (D) Anti-inflammatory and immunomodulating ability of PGA-GelMA hydrogel demonstrated by immunofluorescence staining of CD68
(green) and CD206 (red) in wound samples on Day 5. (E) Quantitative analysis of the relative fluorescent intensity of CD68 and CD206 in
different groups. Data are shown as mean + SD. (F) Digital images of the wound healing process in all groups. (G) Quantification of the wound
closure area at different time intervals. (H) Representative H&E staining images of wound samples in different groups on Day 25. (I)
Quantification of the length of granulation tissue. *p < 0.05. Inmunofluorescence staining images of (J) @-smooth muscle actin (aSMA), (K)
CD31, (L) collagen type I (ColI), and (M) cytokeratin 14 (CK14)-positive cells in wounds treated with different groups on Day 25. Cell nuclei
were stained with DAPI (blue). White arrows in (M) showed hair follicles. (N) Schematic illustration of the PGA-GelMA hydrogel’s functions
during the diabetic wound healing process, including (1) promoting cell adhesion, (2) ROS scavenging, (3) anti-inflammation and
immunomodulating, and facilitating (4) angiogenesis, (5) collagen deposition, and (6) re-epithelialization.
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implantation, the hydrogel-treated wound tissues were retrieved
for immunofluorescence staining using 8-hydroxydeoxyguano-
sine (8-OHdG) and 4-hydroxy-2-nonenal (4-HNE) to inves-
tigate the protective effect of the hydrogel on cellular
components such as lipids and DNA against oxidative stress
damage.””*® Dramatically lower 8-OHdG and 4-HNE levels
were observed in the PGA-GelMA hydrogel-treated wounds
than those in the blank and GelMA-treated groups (Figure
6B,C), indicating that the PGA-GelMA hydrogel could relieve
oxidative stress at the initial stage of the diabetic wound healing
process. Furthermore, the anti-inflammatory ability of the
hydrogel was investigated by examining the infiltration and
polarization of macrophages in the subcutaneous layer of the
wound sites. As shown in Figure 6D, immunofluorescent
staining of the CD68 marker showed a large number of
macrophages (green fluorescence) in the blank group,
suggesting an inflammatory status. Immunofluorescent staining
also indicated that the PGA-GelMA hydrogel-treated group
showed a higher expression level of CD206-positive M2
macrophages (red fluorescence), in contrast to the blank and
GelMA hydrogel-treated groups (Figure 6D). Quantitative data
showed that the percentage of CD206-positive M2 macrophages
in wounds treated with the PGA-GelMA hydrogel was higher
than that in the blank and GelMA hydrogel-treated groups
(Figure 6E), confirming that the PGA-GelMA hydrogel not only
suppressed the inflammation state of the wounds but also
activated the macrophage polarization, therefore stimulating the
wound environment in a more advanced stage of the healing
process.

After a 25-day healing period, the rats were euthanized to
harvest the repaired skin histological examination and
immunofluorescence analysis. Digital photographs showed
that the blank diabetic wounds without any treatment were
difficult to fully heal even after 25 days (Figure 6F). In contrast,
wounds treated with the PGA-GelMA hydrogel almost healed.
The wound closure at each point was quantified, which showed
that the PGA-GeIMA hydrogel-treated groups exhibited the
fastest wound closure rate among all the groups (Figure 6G).
The healed wounds were further assessed via histological
analysis of the granulation tissue gap (Figure 6H). The H&E
staining indicated that the length of granulation tissue gap in the
PGA-GelMA hydrogel-treated wounds was 1999 + 164 um,
which was much smaller than that in untreated wounds (2814 +
23S ym) and the GelMA hydrogel-treated wounds (2712 + 408
um) (Figure 6I).

Further immunofluorescence staining was conducted to
investigate the quality and maturation of regenerated skin
induced by the PGA-GelMA hydrogel. Angiogenesis was
evaluated by the evident vascular endothelial-specific markers
(CD31 and a-SMA) (Figure 6],K). The results showed that the
PGA-GelMA hydrogel enhanced the regeneration of new blood
vessels in the wounded area, which could transport nutrition to
the wound sites, being essential for wound repair. Collagen
deposition in the newly regenerated skin tissue was charac-
terized by Collagen I staining (Figure 6L). More well-organized
collagen fibers were observed in the PGA-GelMA hydrogel-
treated groups, which indicated that the hydrogel enhanced the
secretion of type I collagen to reconstruct the structure and
function of injured skin. The re-epithelialization of the
regenerated skin tissue was confirmed by immunofluorescence
staining of cytokeratin 14 (CK14), a type I keratin, which was
mainly presented in the basal keratinocytes of the epidermis, the
stratified epithelia, and the external root sheath of the hair
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follicles.*”%” CK14 staining showed that the hydrogel promoted

keratinized layer formation with the presence of hair follicles in
the PGA-GelMA hydrogel-treated group (Figure 6M). indicat-
ing that the hydrogel had a positive effect on generating skin
appendages in the healed skin tissue.

Diabetic wounds take longer to heal and increase the risk of
complications because of excessive oxidative stress, prolonged
inflammation response, and a dysfunctional immune sys-
tem.®' "> The PGA-GelMA hydrogel exhibited high efficiency
in diabetic wound healing, which was attributed to the
synergistic effect of PGA and GelMA inside the hydrogel
group (Figure 6N). First, the hydrogel tightly adhered to the
skin and sealed the wound, which served as an affinitive bed that
recruited cells from host tissues to the injured sites. Second, the
abundant polyphenol groups in the hydrogel effectively relieved
the oxidative stress and reduced unresolved inflammation
response, therefore reshaping the highly oxidative and
inflammatory wound microenvironment.®” Third, the hydrogel
effectively modulated the polarization of macrophages to pro-
healing phenotype, which further secreted growth factors and
contributed to angiogenesis, colla§en deposition, ECM
remodeling, and re—epithelialization.6 Moreover, GelMA in
the hydrogel comprised RGD peptide sequences that are
recognized by intracellular integrin receptors, which were
essential for cell proliferation and crucial for skin regener-
ation.’®” With all the biofunctionalities, the hydrogel created
an adhesive and favorable wound healing microenvironment,
resulting in faster and better repair in diabetic wounds.

CONCLUSION
This study proposed a PGA-GelMA hydrogel as a skin-friendly

bioadhesive patch that was antiallergenic and anti-inflammatory,
with tunable mechanical and biodegradable properties, which
was superior to conventional adhesive materials that caused
damage and pain because of their aggressive adhesiveness. The
hydrogel showed a balance between nondestructive adhesion
and painless detachment from the skin by responding to
temperature change, which was achieved via a polyphenol-
GelMA complexation strategy that strengthened the thermo-
reversibility of the GelMA hydrogel. In addition, the hydrogel
showed antioxidative and anti-inflammatory properties to
prevent adhesion-caused irritation on the skin, therefore
enabling nondestructive mounting and detachment of epidermal
bioelectronics on infant skin for nonallergic health care.
Furthermore, the hydrogel could conformally adhere to the
wound sites and modulated the immune microenvironment to
accelerate diabetic wound healing without encapsulation of
additional drugs. In summary, this bioadhesive hydrogel with
painless detachment and multiple biofunctions can potentially
address the limitation of existing skin adhesives with aggressive
adhesion or skin allergy symptoms, which may broaden the
applications of skin adhesives to meet the increasing demands of
specific end-users, such as infants, the elderly, and diabetic
patients with sensitive, fragile, or vulnerable even wounded
skins.

METHODS

The PGA-GelMA hydrogel was prepared via the following steps.
Typically, GA (0.1 g) was first dissolved in deionized water (10 mL) to
form the GA aqueous solution at 35 °C. Then NaOH (0.5 g/mL) was
added to adjust the pH value of the GA solution, which allowed the
oxidative polymerization of GA into PGA after 20 min of reaction.
Second, GelMA (1.5 g) was dissolved in deionized DI water (8 mL) at
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60 °C. Third, PGA solution (2 mL), PEGDA (100 uL), APS (0.2 g),
and TMEDA (20 uL) were added into the GelMA solution to form the
hydrogel precursor solution. After stirring for 5 min, the hydrogel
precursor solution was transferred into a mold and finally polymerized
to form the PGA-GelMA hydrogel. For comparison, hydrogels with
different GA contents were also prepared. The specific components of
the hydrogels are shown in Table S1. The detail characterizations of the
PGA-GelMA hydrogels were provided in the Supporting Information.
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