Downloaded viaNANJNG MEDICAL UNIV on June 28, 2023 at 10:56:33 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to |egitimately share published articles.

E]]] MATERIALS

pubs.acs.org/cm

Orchestrating Asymmetric Surface Functionalities on Hydrogel
Stamps where Adhesion Meets Lubrication

Mingfei Pan, Tao Shui, Zigian Zhao, Mei Li, Hongbing Fan, Jianping Wu, and Hongbo Zeng*

I: I Read Online

Article Recommendations |

Cite This: https://doi.org/10.1021/acs.chemmater.3c00347

ACCESS | [l Metrics & More | @ Supporting Information

Ciliated columnar epithelium

ABSTRACT: Bioadhesives applied on human organs are " bt e
promising soft implants for interventional diagnostics and / function eus
therapeutics. However, the conventional bioadhesive interfaces ‘\\m o
on organs typically lack apical—basal polarity to resemble the ) ]

surface functions of original organ epithelia. To overcome the
bioadhesive-induced dysfunction on treated organs, we have
developed an innovative strategy via engineering asymmetric
surface functionalities on a tough yet biodegradable polysacchar-
ide-peptide-derived hydrogel platform, mimicking the functions of
a ciliated columnar epithelium enabled by its adhesive basal surface
and defensive apical ciliated surface. The resulting hydrogel
bioadhesive serves as a “stamp” with a polyacrylic acid-function-
alized adhesive side, facilitating instant and robust adhesion on wet tissues within 1 min via body liquid-removing mechanisms and
Ca’"-assisted complexation. The back side is functionalized with hyaluronic acid, demonstrating an outstanding biolubrication
performance (coefficient of friction of ~0.038 in the synovial fluid). The hydrogel stamp can also be integrated with biosensing and
drug encapsulation/release functions for diagnostics and therapeutics. Our strategy devises a new path to simultaneously enable
reliable wet tissue adhesion and reproduce the characteristics of original tissues, with useful insights into designing bioactive
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interfaces for broad biomedical applications.

B INTRODUCTION

The innovation of medical techniques for diagnosis and
treatment has posed a considerable challenge: developing
advanced biomaterials to enable stable fixation and high-eflicient
interfacing with soft tissues. Traditional fixation methods in
physiological environments using sutures and staples entail
experienced surgical operations and are time-consuming.' >
Meanwhile, these metal-based materials are mechanically
mismatched with soft tissues and inevitably bring damage and
discomfort to patients.*"” In light of these drawbacks, hydrogel-
based bioadhesives have been introduced and explored for
decades attributed to their unique features of minimal invasion
and simplified surgical procedures. Previous research has
focused on the design of interfacial interactions between
hydrogel adhesives and target substrates via two major
mechanisms, specifically modulating marine mussel-derived
catechol chemistry'”~"> and engineering topological connec-
tions'®'” at contact interfaces. These hydrogels are mainly
double-side adhesives with symmetric surface functions and are
designed for applications such as substitutions of connective
tissues. However, in practical scenarios, single-side adhesion is
more desirable on the epithelium of organs with the basal side
binding to the target tissue area and the apical side to reproduce
the surface characteristics of original tissues such as lubrication
function that can reduce potential tissue damage caused by
postoperative adhesion and wears.'®™*' Integrating functional
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layers on the bioadhesives is one of the existing methods to
generate single-side adhesives, but their application is still
limited by the complicated assembling process of the sandwich-
type structure and the insufficient stability among layers. Thus,
although great improvement has been achieved in the area of
hydrogel-based wet tissue adhesion, developing a highly efficient
bioadhesive with asymmetric surface functionalities is of critical
significance yet challenging.

Herein, we have developed a new series of tough and
bioresorbable hydrogels prepared by crosslinking gelatin and
polysaccharides (i.e., carboxymethyl cellulose and chitosan) that
can be used as dressing materials. Inspired by the distinct
functions of defensive cilia and the adhesive base membrane at
opposite sides of the ciliated columnar epithelium (CCE), the
hydrogel is then functionalized with asymmetric surface
functionalities on its opposite sides and serves as a stamp-like
single-side adhesive (Figure 1A). The adhesive side of the
hydrogel is coated with a thin layer of polyacrylic acid (PAA) to
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Figure 1. Design of asymmetric surface functionalities on a hydrogel platform. (A) Schematic illustration of the crosslinking strategy for the formation
of a tough hydrogel platform and its optical images. (B) Demonstration of the hydrogel stamp with instant and robust adhesion capability on a wet liver
surface. (C) Isothermal titration calorimetry characterization of reactions between carboxyl cellulose and sodium borate for boric ester bond-derived

hydrogel crosslinking.

facilitate the instant and robust binding with wet substrates
(Figure 1B). The adhesion of the hydrogels is ascribed to the
synergy of hydrogen bonding and metal complexation adopted
from the adhesion chemistry of marine organisms (e.g., Mytilus
edulis and barnacle).>”'° The protective side of the hydrogel is
coated by a thin layer of hyaluronic acid (one of the key
components for wear reduction in a joint system) to enhance the
hydration capability for lubrication. The polymer network of the
hydrogel is constructed after a 2-step crosslinking strategy with
amide and borate ester crosslinking for mechanical reinforce-
ment, which helps resist the high stress from tissue move-
ment.”*>* The mechanical performance of the developed
hydrogels was characterized by tensile and rheology tests,
exhibiting a high elastic modulus and toughness up to 0.8 MPa
and 40 MJ/m?, respectively, close to the mechanical property of
load-bearing tissues (e.g., tendons). Meanwhile, the hydrogel-
based drug release capability for treatment and intelligent
sensing functions for diagnosis were also demonstrated, further

broadening its biomedical applications. The cytotoxicity and cell
affinity of the developed hydrogels were characterized and
confirmed by 2D cell culture experiments with the mouse
osteoblast MC3T3-E1. Owing to the precise design of surface
functionalities on hydrogels, it was hypothesized that the as-
prepared hydrogel stamp well meets the previously overlooked
requirements of dressing materials for biological tissues, which
holds great promise to be further engineered and utilized in
clinical procedures.

B RESULTS AND DISCUSSION

Although hydrogels are a common type of soft matter in nature,
most of synthetic hydrogels are intrinsically weak in mechanical
strength. Developing tough hydrogel materials as the bioactive
framework is significant and desirable for a wide range of
biomedical applications. In this work, a two-step crosslinking
strategy was employed in a polysaccharide-peptide-based
network to fabricate the tough hydrogels. The original
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Figure 2. Mechanical properties of the hydrogels. Typical stress—strain curves of (A) CsG and (B) CtG hydrogels; (C) toughness and (D) elastic
modulus calculated from the corresponding tensile tests (+ standard deviation, SD, for n = 3 replicates per condition, ***P < 0.001); (E) modulus
range of typical soft tissues in the human body and the developed hydrogels in this work; (F) frequency-dependent rheological measurements (storage
modulus G’ and loss modulus G”) of CsG and CtG hydrogels with (G) tan ® (G"/G’).

carboxymethyl cellulose-gelatin (CsG) and chitosan-gelatin
(CtG) hydrogels were first crosslinked in the solution of 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride/
N-hydroxysulfosuccinimide (EDC-NHS) via the formation of
amide bonds between carboxyl and amine groups of
carboxymethyl cellulose (Cs), chitosan (Ct), and gelatin
(G).*»* The obtained CsG-E and CtG-E hydrogels were
further treated by sodium borate to form boric ester bonds with
polyhydroxy moieties of the hydrogels.”>*® The optical images
of the hydrogels after two-step crosslinking (denoted as CsG-E/
B and CtG-E/B) are shown in Figure S1A. Both the CsG-E/B
and CtG-E/B are transparent with the transmittance of ~80—
90% and 50—75% within the range of visible light (Figure S1B)
characterized by the UV—vis spectrum, which enables the
transmission of optical signals within the hydrogels. The
morphology of the obtained hydrogels was then characterized
by field-emission scanning electron microscopy (FE-SEM)
(Figures S2 and S3). Both the CsG-E/B and CtG-E/B hydrogels
exhibit a highly porous honeycomb-like structure, suggesting the
uniform crosslinking of the hydrogels. The chemical function-
ality of the developed hydrogels was then characterized using the
Fourier-transform infrared (FTIR) spectroscopy, as shown in
Figures S3 and S4. To gain insight into the molecular basis of
affinity for borate with polysaccharides, isothermal titration
calorimetry (ITC) characterization was conducted. As illus-
trated in Figure 1C, the raw output of an ITC experiment of the
heat exchange rate per injection (sodium borate to Cs solution)
was calculated to obtain the heat of injection as a function of the
molar ratio. The red line shows the fitted results to a binding
algorithm from which the enthalpy (AH) and entropy (AS) of
the interaction are determined. For comparison, the titration of
sodium borate to gelatin was also conducted (Figure S6). The
AH of borate/Cs and borate/Gl was measured to be —90.7 and

—40.2 kJ-mol ™!, respectively. The AS of borate/Cs and borate/
Gl was measured to be —199 and —28.8 J-K ':mol”},
respectively. The higher AH of borate/Cs suggests their strong
interactions compared to that of borate/Gl, which could be
attributed to the dense hydroxyl groups of the natural
polysaccharides forming boric ester bonds with borates.
Meanwhile, the greatly negative AS of borate/Cs indicates the
significant decrease of system randomness compared to that of
borate/Gl, implying the crosslinking of Cs in the presence of
borates.

The mechanical properties of the obtained hydrogels were
then investigated by both the tensile tests and rheological
measurement. As shown in Figure 2A, from the tensile stress—
strain curves, the fracture strength and strain of the original CsG
hydrogel were 0.70 MPa and 670%, while those of the CsG-E
hydrogel after EDC/NHS treatment were increased to 1.7 MPa
and 990%, demonstrating an effective mechanical enhancement
to the original CsG hydrogel. A similar trend was also observed
in the tensile stress—strain curves (Figure 2B) of the CtG-E
hydrogel with a 140% increase in fracture strength and a 22%
increase in fracture strain compared to the original CtG
hydrogel. Compared to the original CsG and CtG hydrogels
that are physically assembled by hydrogen bonding and
electrostatic interactions, the CsG-E and CtG-E hydrogels are
chemically crosslinked by forming amide bonds between the
carboxyl and amine groups of CS, CT, and GL. After that,
sodium borate solution was used to treat the CsG-E and CtG-E
hydrogels. As shown in Figure 2A, introducing 5 mM sodium
borate resulted in a 200% increment in tensile strength of the
obtained CsG-E/5B hydrogel, reaching 5.1 MPa and 1500% for
fracture strength and strain, respectively. Further increasing the
concentration of sodium borate to 20 mM, the fracture strength
of CsG-E/20B raised slightly to 7.5 MPa, while its stretchability
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Figure 3. Adhesion and lubrication properties of the hydrogels. (A) Optical images showing the adhesion performance of a partially PAA-coated
hydrogel stamp on bovine blood-enriched tissue surfaces with stability tests (+ SD for n = 4 replicates per condition, ***P < 0.001). (B) Instant
adhesion property of the CsG hydrogel stamp on different wet tissues. (C) Adhesion strength of CsG and CtG hydrogels on different wet substrates (+
SD for n = 3 replicates per condition); (D) effect of attaching time to the adhesion property of the hydrogels (+ SD for n = 3 replicates per condition).
(E) Experimental setup of the NTR? nanotribometer for conducting reciprocating ball-on-disk friction tests; (F) COF versus time curves measured on
CsG hydrogels in PBS buffer and synovial fluids; (G) COF variation at the sliding stage within 20 tests; (H) COF of conventional synthetic polymers

and the human joint.

was restricted with a fracture strain of 1250%. A similar effect of
tensile strength enhancement with sodium borate was also
observed in CtG hydrogels (Figure 2B). Sodium borate is a
natural buffer solution, and even a very low concentration of 100
UM could result in an apparent solution alkalinity (pH > 9). The
CsG-E/20B and CtG-E/20B hydrogels were washed 3 times
after the treatment, and pH values of the washing solutions were
monitored. After the first washing step that removed the freely
adsorbed borate ions, the pH of second and third washing

solution decreased to around 7.2 for both the CsG-E/20B and
CtG-E/20B hydrogels (Figure S7), indicating the stability of
boric ester bonds after their reaction that cannot be released in

an aqueous environment.

The toughness and elastic modulus of the CsG and CtG
hydrogels were then calculated accordingly and are illustrated in
Figure 2C,D. After the two-step crosslinking, the toughness of
original CsG and CtG hydrogels increased significantly (from
0.205 to 41.3 MJ/m™ for carboxymethyl cellulose-based ones
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and 0.212 to 26.5 MJ/m™ for chitosan-based ones), which
surpass most of the natural biopolymer-based hydrogels”’ ™’
and ensure their durability as the hydrogel platform for the
postmodification and potential applications. Meanwhile, the
effect of amide and boric ester crosslinking could also be
observed from the variation of the elastic modulus for both CsG
(from 123 to 815 kPa) and CtG (from 112 to 648 kPa)
hydrogels, enabling a mechanical match with the human tissues
(e.g., skin, muscle, and organs) (Figure 2E). To further
investigate the network structure of the developed hydrogels,
rheological measurement was applied to characterize their
viscoelastic behaviors. Figure 2F shows the storage modulus G’
and loss modulus G” of CsG-E/20B and CtG-E/20B hydrogels
at angular frequencies ranging from 1 to 100 rad/s. Both
hydrogels exhibited a solid-like behavior (G’ > G”) across the
frequency range. Additionally, the storage and loss moduli
greatly increased after the two-step crosslinking process.
Meanwhile, CsG-E/20B and CtG-E/20B possessed lower tan
O values (G”/G') at low to high frequencies (1—100 rad/s)
compared to original CsG and CtG (Figure 2G), respectively.
This result suggests the successful formation of a more elastic
carboxymethyl cellulose/chitosan-gelatin network after cross-
linking. The results from the rheological measurement also
provide an insightful explanation of the tensile test results that
the covalent bond formed between the polymer network altered
the viscoelastic behaviors of the hydrogel and induced a
significant enhancement in the elasticity, resulting in the
effective mechanical reinforcement of the hydrogel.

At the side facing the target substrates, the CsG-E/20B and
CtG-E/20B hydrogels were surface functionalized by a layer of
PAA coating (denoted as CsG-PAA and CsG-PAA) to enable
the adhesion property. The chemical functionality and wetting
property on the surface of the hydrogel were characterized by
FTIR spectroscopy (Figures S4 and SS) and water contact angle
(WCA) measurement in air (Figure S9), respectively.
Introducing PAA on the hydrogel surface resulted in an
increased hydrophilicity (WCA from ~20° for the uncoated
ones to ~2° for the coated ones), which enhanced the hydration
capability of the hydrogels for the body fluid-removing functions
during the wet adhesion process.30 As shown in Figure 3A, the
CsG-E/20B hydrogel was partially coated with PAA (also dyed
by Basic Blue) and attached to the porcine muscle surfaces that
were prewetted in bovine blood. A drop of CaCl, solution (20
mM) was also spread on the target area. After 10 min of gentle
pressing, only the coated region established a stable connection
with the substrate to lift the attached porcine muscle. The stable
adhesion could be sustained in a wet environment (citrated
bovine blood) for 12 h with a 38% reduction in adhesion
strength. Despite this reduction, the adhesion strength remains
significantly higher than that of existing surgical bioglue (as
shown in Figure 3A).>" In practical scenarios, the adhesion
formation of hydrogels on wet substrates is typically time-
consuming due to the appearance of surface hydration.
However, in this work, the PAA-coated hydrogel stamp at its
dry state could rapidly adsorb the surface fluids to enable an
intimate contact with the substrates to promote the formation of
an intimate interfacial adhesion.”' ~** This design addresses the
long-standing challenge faced by hydrogel-based adhesives,
which typically exhibit reduced performance on wet biological
tissues. The developed hydrogel stamps were then applied on
different wet substrates, as illustrated in Figure 3B and Videos
S1—S3. After a gentle press, the hydrogel stamp could instantly
attach to the substrates (i.e., the skin, muscle, and liver) and

form a stable connection within 1 min. The hydrogel stamps
could resist water blasting, which demonstrated the great
stability of their adhesion with substrates. The adhesion strength
of the hydrogel stamp was characterized by lap-shear tests on
diverse substrates including plastic, wood, porcine skin, and
bovine muscle (force—distance curves in Figure S10). As shown
in Figure 3C, the adhesion strength of PAA-coated CsG-E/20B
and CtG-E/20B hydrogels is significantly increased compared to
uncoated ones. For instance, after a 20 min contact, the adhesion
strengths of bare CsG-E/20B and CtG-E/20B hydrogels on
porcine skin are 14.1 and 14.8 kPa, respectively, while those of
CsG-PAA and CtG-PAA hydrogels are 50.6 and 55.2 kPa,
respectively. The enhanced adhesion strength is mainly due to
the PAA coating on the hydrogel surface and Ca* in the solution
generating interfacial bonding (hydrogen bonding and Ca®*
complexation) to strengthen the connection between the
hydrogel surfaces and target substrates.”"*> Meanwhile, the
performance of the hydrogel stamp also depends on the contact
time. Single-side adhesion tests were conducted to simulate the
use of the hydrogel stamp with varied contact time. As shown in
Figure 3D, a rapid increase of the adhesion strength for CsG-
PAA and CtG-PAA hydrogels was observed at the first 10 min of
the contact time. Further increasing the contact time did not
greatly intensify the performance of the developed stamps. To
summarize, the obtained hydrogel stamps demonstrate an
instant and stable adhesion performance, which is superior to
most of the commercial bioglues such as fibrin-glue TISSEEL
and collagen-based sealants with the adhesion strength typically
below 20 kPa.*

The lubrication side of CsG-E/20B and CtG-E/20B hydro-
gels is surface-functionalized with HA coating (denoted as CsG-
HA and CtG-HA) to generate a slippery surface for wear
reduction. The wetting property on the lubrication side of the
hydrogel was characterized by WCA measurement in air (Figure
S9). Compared to the bare CsG-E/20B and CtG-E/20B
hydrogels with the WCA of ~20°, the WCA on CsG-HA and
CtG-HA was close to 0° with a rapid spreading process of less
than 1 s, which could be explained by the hydration capability of
HA molecules on hydrogel surfaces. The frictional property of
the CsG-HA hydrogel was then evaluated by conducting the
reciprocating ball-on-disk friction test using an NTR® nano-
tribometer (Figure 3E). In a typical friction test cycle, the
stiction stage followed by dynamic sliding stage could be
observed (Figure S11). The coefficient of friction (COF) was
calculated from the shear forces at the sliding stage and normal
loading. Figure 3F,G shows the COF of CsG-HA measured in
different fluids (i.e., the PBS solution and synovial fluid). The
COF of the CsG-HA hydrogel in PBS bufter was ~0.085, which
was only half of that with the bare CsG-E/20B hydrogel,
demonstrating the lubrication effect of HA coating on the
hydrogel surface. Meanwhile, the COF of the CsG-HA hydrogel
was further decreased in the synovial fluid, reaching ~0.038.
This could be attributed to the function of the synovial fluid
containing hyaluronan and lubricin to protect the hydrogel
substrate. The results from the friction tests demonstrate the
superior lubrication performance of the CsG-HA hydrogel in the
simulated biological environment, approaching the performance
in the human joint (Figure 3H).”

The biocompatibility of the developed hydrogels was
investigated by 2D culture of mouse osteoblast MC3T3-E1l
cells. Cells cultured without hydrogels were set as a control.
Evaluated by the MTT assay, CsG-E/20B and CtG-E/20B
hydrogels exhibited no obvious cell toxicity, and >95% viability
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Figure 4. Biocompatibility and biodegradability of the hydrogels. (A) Viability of MC3T3-E1 cells after 12, 24, and 48 h of incubation with CsG-E/20B
and CtG-E/20B hydrogels (+ SD for n = 3 replicates per condition, p > 0.05); (B) fluorescence microscopy images showing cell proliferation on
hydrogels surfaces after 14 days (scale bar, S00 ym). (C) Degradation tests of CsG-E/20B and CtG-E/20B hydrogels in PBS buffer containing 1 mg/

mL collagenase and lysosomes (+ SD for n = 3 replicates per condition).

was maintained within 48 h of incubation (Figure 4A). To
further investigate the interaction of the developed hydrogels
with MC3T3-E1 cells, fluorescence microscopy was employed
to visualize the proliferation of MC3T3-E1 cells grown inside
the hydrogel via dyeing the nuclei with 4’,6-diamidino-2-
phenylindol (DAPI). As shown in Figure 4B, cells were
proliferated rapidly and significantly on both the CsG-E/20B
and CtG-E/20B hydrogels from day 1 to 14. As a comparison,
fluorescence microscopy was also applied to the classic PVA
hydrogel used as implantable materials from the previous
research. No cell attachment and proliferation were observed on
PVA hydrogels (Figure S12). This is due to the gelatin moieties
in the hydrogels that contain the arginine—glycine—aspartic acid
(RGD) sequence, which is essential for cell adhesion through
interactions with integrin. 3839 Meanwhile, the developed
hydrogels in this work were all made from natural gelatin and
polysaccharides that could be degraded by the biological system
with the appearance of enzymes.’"**™* The biodegradability
test of the hydrogels was conducted in the PBS solution with
lysosomes and collagenase A at 37 °C. The residual weight of
CsG-E/20B and CtG-E/20B hydrogels was below 10% after 14
days of incubation, which promotes their long-term biosafety as
guest materials in biological systems. The fouling of microbes on
the soft implants could trigger the undesirable immune
response. The antibiofouling performance was evaluated by
the bacteria adhesion assay by usingEscherichia coli (E. coli) as
the model foulants. As shown in Figure S12, the introduction of
HA coating on the CsG hydrogel reduces theE. colicoverage
from 1.7 to 0.1% after 4 h of incubation. The bacteriostatic
activity of the HA coating is ascribed to its antiadhesive property
since HA contains no bactericidal effects.*’ Interestingly, theE.
colicoverage on both CtG-E/20B and CtG-E/20B-HA is very
low (below 0.1%), which is mainly due to the inhibition effect of
chitosan carrying a positive charge interacting with the
negatively charged bacterial membrane.** These results
indicated the excellent biocompatibility, cell affinity, and
antimicrobial property of the developed CsG-E/20B and CtG-
E/20B hydrogels, which hold great promise being used as the
bioactive scaffold materials.

In addition to the adhesion and lubrication properties, we also
investigated the capability of the as-prepared hydrogel stamp for
drug encapsulation/delivery, hydration retention, and sensing
functions. We first tested the drug release property of this

hydrogel in response to different biological environments. As
shown in Figure SA, using Congo red (CR) as a model drug, the
CR-loaded CsG-E/20B hydrogel exhibited a distinct release
process in pure and lysosome-containing PBS solution. It could
also be observed from the cumulative release curve of CR
measured by the UV—vis spectrum, reaching ~20 and 60%
release of CR in pure and lysosome-containing PBS solutions
after 72 h, respectively. In biological fluids, the existence of
different enzymes could induce the degradation of gelatin and
polysaccharide moieties in the hydrogel, resulting in a higher
amount of drug release.” *© We further investigated the release
property of the CsG-E/20B hydrogel loaded with an antioxidant
drug (curcumin) and an anti-inflammatory drug (diclofenac).
The calculated kinetic constants are summarized in Figure 5C.
These three drugs all exhibited a higher release rate in the
lysosome-containing environment with the kinetic constants
one magnitude higher than that of in pure PBS solution. The
interfacial release process was characterlzed and visualized using
a mIRage OPT-IR microscope.’” Figure SD,E shows the IR
images of the substrates before and after contact with the drug-
loaded hydrogels. The images were scanned at the characteristic
peaks of the corresponding drugs (1600 cm™" for CR and 1399
cm™ for diclofenac). An obvious drug release from the hydrogel
and accumulation on the target substrate were detected for CR
and diclofenac with the contact boundary shown in Figure S13.
As the matrices for drug delivery, an effective release property
could be observed from the developed hydrogel stamp, while its
release process could also be promoted in practical body fluids
with enzymes. Meanwhile, hydrogels made with natural
biomacromolecules are promising candidates as a dressing
material for on skin therapy. As shown in Figure SF, the skin
hydration was greatly improved after treatment with CsG-E/
20B and CsG-HA hydrogels for 20 min (original skin hydration
of 21.4 + 1.4%), measured with a skin moisture analyzer
(BGJOY, USA). However, the skin area treated by CsG-HA
exhibited a long-term hydration retention effect after 60 min
with the hydration content 10% higher than those of the bare
CsG-E/20B-treated ones, which can be designed for healthcare
and cosmetic applications. In addition, hydrogels could serve as
a soft platform for developing bioelectronics. In this work, the
hydrogel was integrated with copper wires for motion sensing
functions using a 4-channel recording system. As shown in
Figure SG, motions that occurred at different regions of the
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Figure S. Drug release, skin hydration, and motion sensing functions of the hydrogels. (A) Photographs showing the release of the CR in different
buffer solutions; (B) cumulative release of CR from CsG-E/20B hydrogels in PBS solution with the effect of lysosomes at 37 °C (+ SD for n =3
replicates per condition); (C) kinetic constants of 3 model drugs (i.e., CR, curcumin, and diclofenac) from CsG-E/20B hydrogels in different buffer
solutions (+ SD for n = 3 replicates per condition); O-PTIR mappings of target substrates before and after attachment with (D) CR-loaded and (E)
diclofenac-loaded CsG-E/20B hydrogels. (F) Skin hydration after CsG-E/20B and CsG-HA hydrogel treatment (+ SD for n = 3 replicates per
condition). (G) Current—time curves showing the motion sensing function of the copper wire-integrated CsG-E/20B hydrogel.

hydrogels ([1,3], [2,3], [1,4], and [2,4]) could be clearly
distinguished from current variation at different channels. This
copper wire-embedded hydrogel demonstrated its adequate
sensitivity for advanced motion sensing, and this design strategy
(position tracking functions) could also be applied to other
bioelectronics.***” Summarized from the above results, the
hydrogels developed in this work hold great potential as a soft

platform coupling with multiple desirable functions to meet the
terminal requirements in a wide range of healthcare applications.

B CONCLUSIONS

In conclusion, we have demonstrated an innovative strategy of
engineering asymmetric surface functionalities on a hydrogel
stamp, of which the adhesive side faces the target substrates (e.g.,
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tissues) and the lubrication side faces the biofluids for clinical
tissue adhesion. The hydrogel stamp is prepared based on a
covalently crosslinked Cs/Ct-gelatin network with a toughness
of up to 40 MJ/m® and an elastic modulus of up to 0.8 MPa,
providing sufficient mechanical strength surpassing most load-
bearing tissues such as the skin and muscle. The adhesive side of
the hydrogel is capable of forming instant bonding (within 1
min) on the wet tissue epithelium, achieving robust adhesion
strength (up to 60 kPa) through the PAA coating layer,
facilitated by the surface hydration removal mechanism. On the
other hand, the lubrication side, with the HA coating layer,
exhibits an ultralow coefficient of friction (COF) of approx-
imately 0.038 in biofluids. This coating layer helps reproduce the
lubrication function of the original epithelium, thereby reducing
the potential for wear-induced damage. By modifying both sides
of the hydrogels, the surface characteristics are significantly
altered, allowing the adhesives to meet the requirements of
various biomedical scenarios. The hydrogel stamp also
demonstrates good biocompatibility and cell affinity with
MC3T3-E1 cells. Furthermore, the developed hydrogels can
serve as a soft platform for enzyme-responsive drug delivery, skin
hydration retention, and biosensing functions, which further
broadens their applications in the field of regenerative medicine
and bioelectronics. This work not only solves the long-lasting
challenge of artificial epithelium-substitution materials, simulta-
neously supporting reliable wet tissue adhesion and reproducing
surface characteristics of original tissues, but also provides a new
path for converting accessible biomacromolecules to mechan-
ically robust bioactive scaffolds that are useful in a range of
biomedical applications.

B METHODS

Chemicals and Materials. Carboxymethyl cellulose (Cs), chitosan
(Ct, degree of deacetylation: 90%), gelatin type A, N-(3-dimethylami-
nopropyl)-N’-ethylcarbodiimide hydrochloride (EDC), N-hydroxy-
succinimide (NHS), polyacrylic acid (PAA, M,, of 100,000), hyaluronic
acid (HA), phosphate-buffered saline (pH 7.4), calcium chloride, and
sodium tetraborate decahydrate were purchased from Sigma-Aldrich
(Canada). The bovine muscle, porcine skin, and liver were obtained
from the local grocery store. Deionized (DI) water was used in all the
experiments in this work as the solution generated by a Barnstead
Smart2Pure pro water purification system (Thermo Scientific).

Synthesis of CsG and CtG Hydrogels. To prepare the CsG
hydrogel, 1.5 g of Cs was first dissolved in 50 mL of water (pH = 8)
under stirring at 40 °C. Then, S g of gelatin (G) was added to the
solution until a clear solution was obtained. Similarly, for the
preparation of the CtG hydrogel, 1.5 g of Ct was first dissolved in 50
mL of water (pH = 4) under stirring at 40 °C followed by the addition of
S g of G until a clear solution was obtained. Once the CsG and CtG
mixture solution was prepared, it was transferred into a rectangular
mold and placed in the refrigerator at 2 °C for 30 min to allow for
gelation. The molded CsG and CtG hydrogels were then immersed in
an EDC/NHS solution for 2 h and washed with deionized (DI) water
twice for each sample. In the next step, the CsG and CtG samples were
immersed in an 800 mM ammonium sulfate saline solution containing
different concentrations of sodium borate, which were subsequently
washed with DI water three times for each sample. The adhesion side of
the hydrogel was prepared by spreading a layer of 5% PAA solution on
the hydrogel followed by 30 min of air blowing to remove the surface
hydration. The lubrication side of the hydrogel was prepared by
spreading several drops of 10 mM CaCl, and 20 mM HA solution
followed by 30 min of air blowing to remove the surface hydration. The
final product after PAA and HA coating is referred as the hydrogel
stamp in this work.

Characterization of the Hydrogels. Hydrogel samples for SEM/
FTIR analysis were first quenched in liquid nitrogen and freeze-dried at

—55 °C. The freeze-dried samples were then cut carefully to obtain a
smooth section for further characterization. The chemical composition
of the as-prepared hydrogel was analyzed by a Fourier-transform
infrared (FTIR) spectrometer (Thermo Scientific Nicolet, iS50 FT-
IR). Before SEM/EDS characterization, a thin layer of gold (~14 nm)
was sputtered on the hydrogel samples. The internal morphologies of
the hydrogels were investigated using a field-emission scanning electron
microscope (FE-SEM) (Zeiss Sigma 300 VP-FESEM, Germany)
operated at a 10 keV acceleration voltage. The transmittance of the
hydrogel samples was characterized by UV—vis spectroscopy at the
wavelength range of 400 to 800 nm.

The viscoelastic property of the hydrogels was characterized by an
AR-G2 stress-controlled rheometer (TA Instruments) using a 20 mm
parallel plate configuration and a 600 um gap. Oscillatory frequency
sweep tests were performed at the range of 0.1 to 100 rad/s for both CS-
GL and CT-GL hydrogels with a fixed strain of 10%. The tensile tests
were conducted using an AGS-X universal tensile testing machine
(Shimadzu, Japan). For the tensile tests, the rectangular hydrogel
specimens were prepared with the dimension of S mm (length) X 2.5
mm (width) X 0.3 mm (thickness) and stretched at a constant rate of 5
mm,/min.

Adhesion Tests for the Hydrogel. The lap-shear test was used to
evaluate the adhesion strength of the developed CS-GL and CT-GL
hydrogels. The same tensile test machine (AGS-X universal tensile
tester, Shimadzu, Japan) was applied for the measurement. The
substrates used in this work included plastic, wood, porcine skin, and
bovine muscle. One side of the porcine skin and bovine muscle was
mounted on the wood plate using the superglue (Gorilla Glue, Ohio,
United States). The size of the hydrogel samples was kept at 10 mm
(length) X 3 mm (width) X 0.3 mm (thickness). Meanwhile, the single-
side adhesion tests were conducted by mounting the substrate and
hydrogel separately to the wood plate for the measurement. Before each
test, the substrates were prewetted by PBS buffer and 10 mM CaCl,
solution. After attaching to the target substrates, a preload of ~50 kPa
(weights on the contact interface of the hydrogel with substrates) was
applied for a specific contact time followed by lap-shear tests. For
adhesion in bovine blood, citrated bovine blood (citrate anticoagulant
to blood, 1:9 volume ratio, Nanjing Yasong Biotech Co.) was used to
eliminate the influence of blood coagulation to the adhesion. A stability
test was conducted by covering the adhesive-attached substrate with
blood-soaked medical gauze.

Biocompatibility Test. The cytotoxicity of the hydrogels against
the mouse preosteoblast MC3T3-E1 cell line (subclone 4, ATCC CRL-
2593) was measured with the AlamarBlue cell viability assay.*>*" Cells
were first cultured in minimum essential medium alpha (MEM-a)
media containing 10% fetal bovine serum (FBS) and 1% penicillin—
streptomycin and incubated under 37 °C with 5% CO, and 100%
humidity. Hydrogels were sterilized by UV irradiation for 30 min. Cells
were then seeded on a 96-well plate at the density of 5 X 10* cells/cm?
(200 uL each well). After cells reached 80% confluence, the sterile
hydrogels (2 mm X 2 mm) were added to the wells to incubate with the
cells for 48 h; meanwhile, cells without any treatment (media only)
were set as the control. After the hydrogels were removed from the
wells, the media were replaced with 200 4L of 10% AlamarBlue solution
(dissolved in MEM-a media, v/v) for 4 h at 37 °C (avoiding direct
light). Subsequently, 150 uL of the resultant solution was transferred to
an opaque 96-well plate for the detection of fluorescence signals using a
Spectramax plate reader (Molecular Devices, San Jose, CA, USA);
emission and excitation wavelengths were at 590 and 560 nm,
respectively. Cell viability was determined by normalizing the
fluorescence signal of the treatment group to the control group.

The sterile hydrogels prepared in the cytotoxicity test were also used
for the biocompatibility test. Sterile hydrogels (8 mm X 8 mm) were
first placed in wells on the 24-well plate followed by seeding 1 mL of
medium (containing 5 X 10* cells/cm? in density). The incubation
lasted for 14 days with the media refreshed every 2 days. To stain cells,
cells were first washed with PBS buffer 3 times followed by adding 4%
formalin solution (Sigma) for fixation purposes. After 10 min of
fixation, cells were washed again with PBS (3 times) and then
permeabilized with 0.1% Triton-X-100 (dissolved in PBS buffer) for
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another 10 min. Subsequently, cells were washed with PBS buffer (3
times) for a third time followed by the addition of 4’,6-diamidino-2-
phenylindole (DAPI, 10 uM dissolved in PBS) for 10 min for staining of
cell nuclei. After removing the residual DAPI in the wells, cells were
washed again using PBS (3 times). Cells were then immersed in PBS
and imaged using an EVOS fluorescence imaging system (Thermo
Fisher Scientific, Ottawa, Canada).

Drug Delivery Performance Test. In the in vitro drug release
experiments, Congo red and curcumin and diclofenac were used as the
model drugs. These drugs were added into the precursor solution of the
hydrogels at the concentration of 0.2 mg/mL for Congo red, 0.05 mg/
mL for curcumin, and 0.1 mg/mL for diclofenac. The drug-loaded
hydrogels were incubated in PBS buffers at 37 °C. At the predetermined
time points, 20 uL of the aqueous supernatant solutions was taken out
and diluted to 100 times for ultraviolet—visible (UV—vis) analyses on a
Thermo Evolution 300 UV—vis spectrometer. The absorbances at 510,
430, and 280 nm were recorded for Congo red, curcumin, and
diclofenac samples, respectively.

The release data were fitted using the Korsmeyer—Peppas
equation:52

where M'/M® is the cumulative release fraction, k is a constant
incorporating characteristics of the delivery system and the drug, and n
indicates the transport mechanism.

Skin Hydration and Conductivity Test. Skin hydration was
measured with a skin moisture analyzer (BGJOY, USA). The skin area
was first dressed by the hydrogels for 20 min and then taken for
measurement after certain exposure times (0,10, 20, 30, and 60 min) in
air. The response of the copper wire-incorporated CS-GL-E/20B
hydrogel to the press motion was monitored by the real-time current—
time (I—t) curves with 4 channels using an electrochemical workstation
(CHI920, CH Instruments, USA) with a constant voltage of 1.5 V.

Statistical Analysis. Averaged values and standard deviation (SD)
were calculated from at least 3 different measurements for each entry.
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