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ABSTRACT: Bioadhesives with immediate wound closure, efficient hemostasis, and antibacterial properties that can well integrate
with tissue are urgently needed in wound management. Natural small biological molecule based bioadhesives hold great promise for
manipulating wound healing by taking advantage of integrated functionalities, synthetic simplification, and accuracy, cost efficiency
and biosafety. Herein, a natural small biological molecule based bioadhesive, composed of natural small biological molecules (a-
lipoic acid and tannic acid) and a small amount of ferric chloride, was prepared via an extremely simple and green route for wound
management. In this system, covalent and noncovalent interactions between each component resulted in the self-healing
supramolecular bioadhesive. It possessed appropriate wet-tissue adhesion, efficient nonpressing hemostasis and free radical
scavenging abilities. More importantly, the interaction between tannic acid and Fe** endowed the bioadhesive with innate and steady
photothermal activity, which showed excellent photothermal bactericidal activity to both E. coli and S. aureus. The bioadhesive
promoted wound healing for linear and circular wounds in vivo, especially for infectious wounds under near-infrared (NIR)
irradiation. This bioadhesive will have promising value as a safe and effective antimicrobial adhesive for infectious wound
management.
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1. INTRODUCTION complicated preparation process, and poor adhesion strength,
Wound management is a fandamental healthcare concern affect their clinical outcomes.” In addition, acute hemorrhage

R . and infectious contaminations after trauma are of concern.
because of numerous traumatic injuries and chronic wounds, o ; - )
. . . 1-3 Once bacterial infection occurs, severe wound inflammation,
especially acute hemorrhage and pathogen infection cases.

Conventional wound closure strategies, including sutures and EZ"I";‘Efg 1}/\7(2[1'1}1111;18 hzzhlell%)’ ?Sd E?oe:d}i:l ezonsiﬁu?;iise driI;Z
staples, have been extensively used to manipulate the wound pper. ) deveoping ves W

. .. . . wound closure, efficient hemostasis, and antibacterial proper-
repair process in clinical care, while these strategies are often

. . ) ties that can well integrate with tissue are urgently needed in
associated with secondary trauma, fluid leakage and poor . .
. . 45 wound management, especially for trauma emergencies.
antibacterial activity.”

Bioadhesives have been developed as alternatives for
promoting the wound healing process, such as fibrin glue Received:  September 26, 2022
and cyanoacrylate.’ They can adhere to tissue surfaces and Accepted: November 3, 2022
integrate with tissue by forming chemical cross-links and
mechanical interlocks for wound closure with less pain and scar
than sutures and staples,7’8 while some disadvantages of
current bioadhesives, such as toxic monomers/initiators,
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Figure 1. Schematic illustration of the preparation process of the LTF supramolecular bioadhesive and its application in wound management. The
LTF supramolecular bioadhesive has good photothermal performance due to the catechol—metal coordination bonds, which endow it with
excellent photothermal antibacterial properties and are beneficial to wound healing.

Tannic acid, a commonly used plant polyphenol with rich
catechol and pyrogallol groups, has good biocompatibility,
strong tissue adhesiveness, inherent hemostatic, antioxidant
and mild antibacterial potentials, as well as particular
photothermal activity when combined with Fe** to kill
bacteria.'>"* Therefore, it has been widely used as an effective
adhesive moiety to prepare mussel-inspired bioadhesives by
combin% with macromolecules or modifying macromole-
cules."*'> However, toxic substances, complex modification/
synthesis, or the uncontrolled molecular structure of polymeric
feedstocks may affect the biocompatibility, composition
accuracy, and stability of these bioadhesives and therefore
hinders them from further clinical application.'® In addition,
due to the mild antibacterial capacity, these mussel-inspired
adhesives commonly required additional antibacterial agents
(e.g., antibiotic and metal nanoparticles) for efficient bacteria
inactivation in bacterial-infectious cases, while the risk of
uncontrolled drug release, potential drug resistance, and side
effect remains a notable problem.'”'® Moreover, the addition
of antibacterial agents is usually harmful to the intrinsic
properties (e.g., adhesiveness) of the bioadhesives.'”

To overcome these problems, natural small biological
molecule based bioadhesives would be a promising solution
by taking advantage of integrated functionalities, synthetic
simplification, structure accuracy, cost efficiency and biosaf-
ety.” Specifically, the development of supramolecular
bioadhesives by self-assembly of natural small biological
molecules with innate nonpharmacological physical antibacte-
rial potential can combine biosafety and highly efficient
bacteria inactivation for infectious wound repair and tissue
regeneration.n’22

a-Lipoic acid, a biocompatible natural small molecule and an
essential coenzyme occurring in aerobic metabolism in vivo,
contains a five-membered ring-containing disulfide bond and a
carboxyl group in its molecular structure.”>** Our previous
study revealed that a-lipoic acid can incorporate tannic acid

and ferric chloride to fabricate a high-performance universal
underwater adhesive.”> More importantly, the interaction
between tannic acid and Fe** within the adhesive is supposed
to endow the bioadhesive with potential photothermal
antibacterial activity, which might be an efficient and cost-
effective nonpharmacological physical therapy strategy for
antibacterial wound management.%’27 However, there was very
little in-depth research to investigate the potential of this
natural small biological molecule based bioadhesive in
promoting wound healing.

Therefore, in this work, we constructed the bioadhesive
(referred to as LTF) based on a-lipoic acid, tannic acid, and
ferric chloride via a facile and green route and applied it to
promote wound closure, especially in bacterial-infectious
wound models (Figure 1). The bioadhesive showed not only
instant and reliable adhesion to various wet tissues but also
efficient hemostasis and free radical scavenging abilities. More
importantly, the bioadhesive possessed innate and steady
photothermal activity. Antibacterial tests in vitro demonstrated
that the bioadhesive could highly efficiently inactivate bacteria
(>99% for both Escherichia coli and Staphylococcus aureus)
under 808 nm NIR irradiation. For differently shaped wounds
(i.e., linear and circular wounds) in vivo, the bioadhesive can be
manipulated to render appropriate adhesion to skin tissue and
promote the wound healing process, especially for infectious
wounds under NIR irradiation. The promoted wound closure
effect of the bioadhesive can be mainly attributed to its
appropriate adhesion strength, efficient hemostasis and free
radical scavenging abilities, as well as synergistic photothermal
and polyphenol antibacterial effects. This work provided a
natural small molecule based bioadhesive with innate photo-
thermal activity for effective wound treatment.

2. EXPERIMENTAL SECTION

2.1. Materials. Lipoic acid (LA) was obtained from Macklin
Biochemical Co., Ltd. (Shanghai, China); tannic acid (TA) and 1,1-
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Figure 2. Adhesion performance. (a) LTF supramolecular bioadhesive can be injected from an 18G needle and can withstand stretching, twisting,
squeezing, and water flushing. (b) Thin PET film with the LTF bioadhesive on its surface can seal the hole in the plastic bottle and completely
prevent water leakage. (c) LTF supramolecular bioadhesive could be injected underwater and bear a weight weighing 500 g (adhesion area: 3 cm in
diameter). (d) LTF supramolecular bioadhesives can join different wet tissue samples. (e) Lap shear strength and (f) bursting pressure of the LTF
supramolecular bioadhesive for wet tissue samples. (g) Scheme of the adhesion force test and the adhesion force of the LTF supramolecular
bioadhesive in different conditions. The values were presented as the mean + SD.

diphenyl-2-picrylhydrazyl (DPPH) were purchased from Aladdin
Biochemical Technology Co., Ltd. (Shanghai, China). Ferric chloride
(FeCl;) was purchased from Adamas-beta Reagent Co. Ltd.
(Shanghai, China).

2.2. Synthesis of the LTF Supramolecular Bioadhesive. As
shown in Figure 1, LA (1.2S g) was heated at 150 °C for S min, and
then TA (0.05 g) and FeCl; (0.02 g) were sequentially added under
the same heating and stirring condition for 15 min. The resulting
viscous mixture was cooled down at room temperature (25 + 1 °C)
to obtain the LTF supramolecular bioadhesive.

2.3. Characterization of the LTF Supramolecular Bioadhe-
sive. 'H nuclear magnetic resonance ("H NMR) spectra and “C
nuclear magnetic resonance (3C NMR) spectra were obtained using
DMSO-d6 as the solvent at room temperature (Bruker Ascend 400
MHz NMR instrument, Germany). X-ray diffraction (XRD, Ultima
IV, Rigaku, Japan) analysis was performed at room temperature with
20 range of 5—80° in steps of 0.02°. Fourier transform infrared (FT-
IR) spectra (Nicolet 6700, Thermo Scientific, USA) were analyzed
with the wavenumber ranging from 500 to 4000 cm™" at a resolution
of 4 cm™!. The thermal behaviors of LA, TA, and LTF were
investigated using differential scanning calorimetry (DSC) (SDT-
Q600, TA Instruments, USA) at a heating temperature ranging from
35 to 900 °C and a heating rate of 10 °C min~' under nitrogen
atmosphere. The surface micromorphology of the LTF sample was
observed using scanning electron microscope (SEM, Apreo S HiVoc,
USA) at an acceleration voltage of 10 kV.

2.4. Adhesion Force Test. The adhesion force in diverse
conditions was measured using a texture analyzer (TA. Xtc-20; Bosin
Tech, Shanghai) at 37 °C (Figure 2g). Specifically, LTF was poured
into a PTFE mold (2.0 mm in thickness and 10 mm in diameter).
Then, the PTFE mold was placed in a tank to provide diverse test
conditions (dry and underwater). In the constant compression mode,
a TA/SS probe with a speed of 1 mm s™' was brought into contact
with the LTF sample from a fixed force (1 N) and then retracted
when the displacement of the plate reached a fixed value (10 mm
away from the sample stage surface). The maximum force applied to
separate the plate from the LTF sample was set as the adhesion force.
Three samples were tested for each condition.

2.5. Rheological Behaviors. The rheological behaviors of LTF
were measured using the rheometer (MCR302, Anton Paar, Austria)
with an 8 mm plate at 37 °C. The time sweep test was conducted
from O to S min at a fixed strain of 1% and frequency of 1 Hz. The
strain sweep test was performed from 0.1 to 1000% strain at a fixed
frequency of 1 Hz. The temperature sweep test was performed from 0
to 45 °C at a fixed frequency of 1 Hz and strain of 1%. The viscosity
test was conducted by increasing the shear rate from 1 to 1000 s™" at a
temperature of 37 °C. The alternate step strain sweep test was
performed by applying a 1% strain and 400% strain at a fixed
frequency of 1 Hz and a temperature of 37 °C.

2.6. Lap Shear Test. According to the modified method ASTM
F2255-05, fresh tissues including the stomach, heart, liver, and
kidney of pigs were selected as the substrates to evaluate the tissue
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adhesion properties of the LTF supramolecular bioadhesive.”**’

Different tissues were cut with dimensions of 3 cm X 1 cm X 2 mm.
The LTF supramolecular bioadhesive was evenly spread between two
pieces of the same substrate, with an overlap area of 1 cm X 1 cm.
Then, finger pressure was applied for approximately 15 s.
Subsequently, the shear strength required to detach the two substrates
was recorded using a universal mechanical testing instrument (HZ-
1004B, China) with a load cell of 200 N and a fixed extension speed
of 100 mm min~'. At least three samples were tested for each
substrate.

2.7. Burst Pressure Test. The fresh tissues including the
stomach, heart, liver, and kidney of pigs were selected as the
substrates to evaluate the water-proof capacities of the LTF
supramolecular bioadhesive.***" Different tissues (® = 26 mm, H =
2 mm) were fixed on a measurement device with water. Then a
circular incision with a diameter of 2 mm was made by a scalpel at the
tissue center. Subsequently, the LTF supramolecular bioadhesive was
directly attached to the incision site. The value of the bursting
pressure was recorded by a digital meter until the pressure began to
decrease. Three samples were tested for each tissue.

2.8. Cytocompatibility and Proliferation In Vitro. L929 cells
were chosen to estimate the cytocompatibility of the LTF supra-
molecular bioadhesive. First, the 1929 cells were cultured in a
complete alpha modified Eagle’s medium (a-MEM) medium (10%
fetal bovine serum and 1% penicillin—streptomycin) for 24 h at 37 °C
with 5% CO,. Different amounts of the LTF supramolecular
bioadhesive were coated on the surface of Ti plates and put into a
24-well plate. Then the L1929 cells were seeded with a density of S X
10* cells per well and incubated at 37 °C with 5% CO, for 24 h.
Subsequently, the cell counting kit-8 (CCK-8) assay kit (Med Chem
Express, USA) was employed to measure cell viability and cell
proliferation after 1, 3, 5, and 7 days, respectively. Briefly, S00 uL of
CCK-8 solution was added to each well and cocultured with 1929
cells at 37 °C for 3 h. Then, the optical density (OD) was measured
by a microplate reader (Spectra Max ABS, USA) at 450 nm. Cell
viability (CV) was calculated according to the following eq 1:

CV(%) = (OD,, — OD,)/(OD. — OD,) X 100% (1)

where OD,, is the OD value of experimental groups, ODy, is the OD
value of background groups (pure LTF bioadhesive with a-MEM
complete medium), OD, is the OD value of the control group (cells
in a-MEM complete medium without LTF bioadhesive), and OD,, is
the OD value of blank group (only @-MEM complete medium).

2.9. Cell Staining In Vitro. Live and dead 1929 cells cocultured
with the LTF supramolecular bioadhesive on first day and seventh day
were stained by the fluorescein diacetate (FDA) and propidium
iodide (PI) to further evaluate the cytocompatibility of the LTF
bioadhesive in vitro.> Briefly, 1929 cells cultured with the LTF
supramolecular bioadhesive after different time points were stained by
FDA (10 ug mL™") and PI (16 ug mL™") for 30 min. Then the cells
were washed with phosphate buffer saline (PBS) and the live/dead
cells were observed by a fluorescence microscope (IX-71, Olympus,
Japan). The nuclei and actin cytoskeletons of the L929 cells
cocultured with the LTF supramolecular bioadhesive after 24 h
were stained by 4,6-diamidino-2-phenylindole (DAPI) and rhod-
amine-labeled phalloidin to investigate the morphology of the 1929
cells. Briefly, the L929 cells were immobilized by 4% paraformalde-
hyde for 20 min and then permeabilized by 0.1% Triton X-100 for S
min. Subsequently, the cells were stained with rhodamine-labeled
phalloidin (1 ug mL™") for 30 min and DAPI (S pg mL™") for 10 min.
Then the cells were washed with PBS and the morphology of the
1929 cells was observed by a fluorescence microscope (IX71,
OLYMPUS, Japan).

2.10. Photothermal Performance. The photothermal perform-
ance of the LTF supramolecular bioadhesive was tested by
continuously irradiating the adhesive samples using an 808 nm NIR
laser (BWT, DS3—51412—0110, Beijing) with different power
densities for S min. The changes in temperature and thermal images
were recorded by a thermal imaging camera (Testo, 885, Germany).

2.11. Photothermal Antibacterial Test In Vitro. The photo-
thermal antibacterial property of the LTF supramolecular bioadhesive
was evaluated by using S. aureus (CMCC 26003) and E. coli (ATCC
25922) in vitro.”” Briefly, 5 mg of the LTF bioadhesive was coated on
each Ti plate and put into a 24-well plate, and 100 uL of bacterial
suspension (107 CFU mL™") of either S. aureus or E. coli was added to
each sample. Then, the 808 nm NIR laser was used to irradiate the
LTF bioadhesive with 1.5 W cm™ power density for 10 min, and 900
uL of nutrient broth (NB) medium was introduced into each well.
The samples were incubated at 37 °C for 24 h. Subsequently, the
bacterial suspension in the 24-well plate was transferred into a 96-well
plate (100 uL per well) to record the optical density (OD) at 600 nm
by means of a microplate reader (Spectra Max ABS, USA). Three
samples were tested for each experimental group. The bactericidal
ratio (BR) was calculated according to the following eq 2:

BR(%) = 100%-(OD,, — OD,)/(OD. — OD,) X 100% (2)

where OD,, is the OD value of the experimental groups, ODj, is the
OD value of the background group (NB medium with LTF
bioadhesive sample), and OD, and OD,, are the OD values of the
control group (only bacterial suspension) and the blank group (only
NB medium), respectively.

After that, 100 uL of bacterial suspensions cocultured with the LTF
supramolecular bioadhesive for 24 h were evenly spread on agar plates
and continued to incubate at 37 °C for 24 h. Finally, colonies of either
S. aureus or E. coli on the agar plates were observed and recorded by a
digital camera.

2.12. Free Radical Scavenging Ability. The DPPH radical
scavenging ability of the LTF supramolecular bioadhesive was
evaluated according to the previously established method.** Briefly,
2 mL of 0.2 mM DPPH/ethanolic solution was incubated with 800
UL of the ethanolic solution with different concentrations of the LTF
supramolecular bioadhesive. Then, the volume of the mixture solution
was fixed at 4 mL and incubated in dark at 37 °C for 30 min.
Subsequently, the absorbance of the mixture solution was tested at
517 nm against a blank solution using vis—UV (TU-1901, China).
Three samples were tested for each experimental group. The DPPH
radical scavenging ratio (%) was calculated using the following eq 3:

DPPH radical scavenging ratio(%) = (1 — A,;7/A17) X 100%
)

where A7 is the absorbance of the mixture solution with different
concentrations of LTF and A, is the absorbance of 0.2 mM DPPH/
ethanolic solution.

2.13. In Vitro Hemostatic Ability Tests. All studies in rats were
approved by the Animal Ethics Committee of Chengdu Dossy
Experimental Animals Co., Ltd., China. Sprague—Dawley (SD) rat
hemorrhaging models of tail, heart, and liver were carried out to
evaluate the hemostatic capacity of the LTF supramolecular
bioadhesive.** For the hemorrhaging tail model, female SD rats
weighing 200—250 g were randomly divided into 3 groups (each
group contained 3 mice) and were anesthetized with 3% pentobarbital
sodium. Then after sterilization with 75% ethanol, the tail was cut off
with a length of 2 cm (recorded as the start time). Immediately, the
bleeding ends of the tail were treated with the LTF supramolecular
bioadhesive and gauze, respectively. The weight of the materials in
each group was weighed in advance. The time when the wound
stopped bleeding was recorded as the hemostasis time. The material
in each group was weighed again to calculate the mass of the blood."®
No treatment was performed in the blank group. Images of the
bleeding site were recorded by a digital camera. For the liver bleeding
model,>* female SD rats weighing 200—250 g were anesthetized with
3% pentobarbital sodium. After that, the abdominal surgery was
performed to expose the heart and the heart was punched with an
18G needle to initiate bleeding. Immediately, the LTF supramolecular
bioadhesive was coated evenly on the bleeding site. Images of the
bleeding site were recorded by a digital camera. For the liver bleeding
model,™ female SD rats weighing 200—250 g were anesthetized as
described above. After that, the abdominal surgery was performed to
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Figure 3. Cytocompatibility. (a) Cytotoxicity and (b) proliferation of the LTF supramolecular bioadhesive for L929 cells. The values are presented
as the mean + SD (c) Representative live/dead images of 1929 cells incubated with the LTF supramolecular bioadhesive for 1 and 7 days,
respectively. Scale bar = 100 y#m. (d) Representative morphology images of L929 cells incubated with the LTF supramolecular bioadhesive for 1

day. Scale bar = 50 ym.

expose the liver, and the liver was also punched with an 18G needle to
initiate bleeding. Immediately, the LTF supramolecular bioadhesive
was coated evenly on the bleeding site. Images of the bleeding site
were recorded by a digital camera. For the intestine leakage model,*®
female SD rats weighing 200—250 g were anesthetized as described
above. After that, the abdominal surgery was performed to expose the
intestine. The intestine was taken out, and a surgical incision was
created with an 18G needle. Brilliant Blue FCF-stained normal saline
was injected into the exposed intestine to obtain an obvious fluid
leakage from the surgical incision. Then the LTF supramolecular
bioadhesive was applied on the incision site. Images of the leakage site
were recorded by a digital camera.

2.14. Wound Closure Study /n Vivo. Female SD rats weighing
200—250 g were randomly divided into 3 groups (each group
contained 9 mice for three time points) including the blank group,
suture group, and LTF group.”’ 3% pentobarbital sodium was
intraperitoneally injected for anesthesia. Then the skin wound model
with a length of 20 mm was established on the back of each rat. The
LTF supramolecular bioadhesive was employed to directly close the
wound. The nonresorbable suture was used to close the wound in the
suture group and no treatment was performed in the blank group. On
the fifth, 10th, and 15th day, wound images were recorded by a digital
camera, and the wound closure area was calculated to evaluate the
wound healing process. In addition, the wound tissues on days S, 10,
and 15 were collected and fixed with 4% paraformaldehyde for H&E
staining.

2.15. Wound Healing Study /n Vivo. Female SD rats weighing
200—250 g were randomly divided into 3 groups (each group
contained 9 mice for three time points) including the control group,
the LTF-treated group without NIR, and the LTF-treated group with
NIR.>® 3% pentobarbital sodium was intraperitoneally injected for
anesthesia. Then the full-thickness skin wound model with a diameter
of 20 mm was established on the back of each rat and treated with 100
UL of S. aureus suspension (10° CFU mL™!). Then the LTF
supramolecular bioadhesive was coated on the wound. In the LTF-
treated group with NIR, the 808 nm laser (1.5 W/cm™) was used to
irradiate the adhesive in situ for 10 min. No treatment was performed
in the blank group. On days S, 10, and 15, wound images were
recorded by a digital camera, and the wound closure area was
calculated to evaluate the wound healing process. In addition, the
wound tissues on days 5, 10, and 15 were collected and fixed with 4%

paraformaldehyde, and then were used for H&E staining and
Masson’s staining.

3. RESULTS AND DISCUSSION

3.1. Preparation and Characterization of the LTF
Supramolecular Bioadhesive. According to our previous
research, the LTF supramolecular bioadhesive was prepared by
coheating LA, TA, and ferric chloride (FeCl;). The weight
ratio of LA to TA was 25:1, and the molar ratio of LA to FeCl,4
was 50:1 as this formulation showed excellent comprehensive
performance, such as good ductility, self-healing property, and
instant and strong adhesion strength, which were desired in
wound healing.”> Details were available in the Experimental
Section. Relevant physicochemical characterizations were
conducted with NMR, FT-IR, XRD, and DSC to obtain
information on the bioadhesive. These results (Figures S1—S5)
demonstrated that LA was mediated by TA and Fe* to realize
the thermally induced ring-opening polymerization.””~*" In
this system, LA underwent the thermal-initiated ring-opening
polymerization and the TA was utilized as a radical scavenger
to suppress the ring-closing reaction of LA initiated by live
terminal diradicals. Meanwhile, Fe** facilitated the dynamic
property by coordinating with phenolic hydroxyl in TA and
carboxyl in LA.>>*73% In addition, as shown in the SEM image
(Figure S6), the bioadhesive exhibited a fine texture.

According to the results of the rheological behavior test, the
LTF supramolecular bioadhesive displayed the shear-thinning,
temperature-sensitive, and self-healing properties (Figures S7
and S$8), which was due to the existence of hydrogen bonds,
dynamic covalent disulfide bonds, and coordination bonds in
the three-dimensional supramolecular networks of the LTF
bioadhesive.”**'~** Compared with preformed bioadhe-
sives,"** the shear-thinning property endowed the LTF
supramolecular adhesive with good injectability for convenient
usage in clinical application, especially for minimally invasive
surgeries."”*” The self-healing property of the bioadhesive
would facilitate repeated wound closure as the closed wound
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Figure 4. Photothermal antibacterial performance. (a) Changes in temperature of the LTF supramolecular bioadhesive under different power
densities of 808 nm NIR irradiation. (b) Thermal images of the LTF supramolecular bioadhesive under 808 nm NIR irradiation (1.5 W cm™).
Scale bar = 2 mm. (c) On/off cycle test of the LTF supramolecular bioadhesive under 808 nm NIR irradiation (1.5 W cm™2). (d) Schematic
diagram of the photothermal antibacterial performance of the LTF supramolecular bioadhesive. (e) Bactericidal ratios against E. coli and S. aureus of
the LTF supramolecular bioadhesive with and without 808 nm NIR irradiation. The values are presented as the mean = SD. (f) Photographs of
agar plates cocultured with S. aureus and E. coli suspensions with and without 808 nm NIR irradiation for 24 h.

may be reopened due to frequent movement during wound
healing.z‘g’49

As shown in Figure 2a and Video SI, the LTF supra-
molecular bioadhesive could be easily injected underwater and
adhere to fresh porcine skin tissue instantly. The porcine skin
with the LTF bioadhesive could also withstand the stretching,
twisting, squeezing, and even flushing by water flow, due to the
covalent bond, hydrogen bond, and 7—x interaction generated
between the LTF bioadhesive and the surface of porcine skin
that achieved the superior adhesion.***" In addition, as
shown in Figure 2b and Video S2, due to the universal
adhesion property of polyphenol, the LTF bioadhesive could
coat on a thin PET film to seal the hole in the plastic bottle
and completely prevent water leakage, indicating that the LTF
bioadhesive could be incorporated with rigid backings to
obtain adhesive tapes for enhanced mechanical strength.
Importantly, it still had an excellent underwater adhesion
even after 24 h (Figure 2c and Video S3), and long-term
adhesion stability was desired in practical applications.
Moreover, LTF supramolecular adhesive also had good
adhesion to other tissues, such as stomach, heart, liver, and
kidney (Figure 2d). The lap shear strength of these tissues was
all beyond 20 kPa, which was about 2-fold stronger than the
gold standard, a commercially available biological fibrin sealant
used in clinical care (Figure 2¢).>7>* Meanwhile, in the
bursting pressure test, LTF supramolecular bioadhesive also
showed good water-proof performance for different tissues
(Figure 2f).”° In addition, as shown in Figure 2g, the adhesion

force of the LTF supramolecular bioadhesive was tested by a
texture analyzer and there was no significant difference in the
adhesion force (around 0.8 N) in both dry and underwater
environments, this might be attributed to the amphiphilicity of
LA and the catechol chemistry of TA in the LTF bioadhesive
system.'®”* The robust and stable adhesion capacity for
various tissue substrates in different environments revealed that
the LTF bioadhesives could potentially be used in a wide range
of biomedical applications.

3.2. Cytocompatibility of the LTF Supramolecular
Bioadhesive In Vitro. The biosafety of bioadhesives is a key
factor when applying them in clinical applications.” 1929 cells
were selected to verify the biosafety of the LTF supramolecular
bioadhesive.”® As shown in Figure 3a, the LTF bioadhesive
showed excellent cytocompatibility after coculturing with £L929
with different concentrations (the cell viability >90%). The
value of OD,5, was gradually increased with the time of
coculture (Figure 3b), indicating the LTF bioadhesive could
promote the proliferation of L929 cells, which was beneficial to
wound healing.57 In addition, the dead/living staining images
of 1929 cells of all experimental groups were similar to that of
the control group on the first day and seventh day, and obvious
cell proliferation was observed on the seventh day (Figure 3c).
Moreover, the morphology of 1929 cells had no significant
difference between all groups on the first day, as the cells
presented a typical spindle state (Figure 3d).”* These results
showed that the LTF supramolecular bioadhesive had good
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cytocompatibility and had great potential to be applied in
biomedical fields.

3.3. Photothermal and Antibacterial Properties of
the LTF Supramolecular Bioadhesive In Vitro. Previous
studies had shown that TA and Fe** could form a complex
exhibiting good photothermal properties by the catechol—
metal coordination bonds, which suggested that the LTF
supramolecular bioadhesive had the potential to be applied for
photothermal antibiosis in biomedicine fields, especially for
infectious wound management.'*>%*’

In order to evaluate the photothermal properties of the LTF
supramolecular bioadhesive, the LTF bioadhesive was
continuously irradiated for 5 min under different power
densities of 808 nm NIR. With increasing the power density,
the temperature of the LTF bioadhesive increased gradually
(Figure 4a). Bacteria could be killed when the temperature was
greater than S50 "C,SS_60 and the temperature of the
bioadhesive rapidly reached over 50 °C in 30 s under NIR
irradiation and then stabilized when the power density was 1.5
W cm ™2 Therefore, the power density was set as 1.5 W cm™
in the following sections as a suitable condition. In addition,
the temperature of the LTF bioadhesive in the thermal images
showed the same tendency (Figure 4b). Importantly, the LTF
bioadhesive was thermally activated repeatedly and steadily
after 5 times on/oft cycle of NIR irradiation as there was no
significant difference in the maximum heating temperature
(Figure 4c).

The photothermal antibacterial properties of the LTF
bioadhesive were assessed by S. aureus and E. coli (Figure
4d). As shown in Figure 4e, there were mild antibacterial

properties of the LTF bioadhesive against E. coli (28.72 +
3.59%) and S. aureus (30.95 + 0.52%) due to the inherent
antibacterial properties of TA.®"%” The antibacterial capacity of
the LTF bioadhesive increased significantly after NIR
irradiation and showed excellent photothermal antibacterial
properties against E. coli (10045 + 1.09%) and S. aureus
(99.02 + 1.07%). In addition, for the group with the LTF
bioadhesive, there was no colony of S. aureus and E. coli
formation on the solid agar plate after NIR irradiation (Figure
4f). These results further confirmed that LTF supramolecular
bioadhesive had excellent photothermal antibacterial proper-
ties.

3.4. Hemostatic and Sealing Properties of the LTF
Supramolecular Bioadhesive In Vivo and In Vitro. The
instant waterproof ability, tissue adhesion performance, and
cytocompatibility of the LTF supramolecular bioadhesive in
vitro all showed its potential in biomedical fields, especially for
hemostasis, sealing, wound closure, and wound healling.15‘35’36
As shown in Figure Sa, in the tail hemostasis experiment of
Sprague—Dawley (SD) rats, compared with the blank group
and the gauze group, the LTF bioadhesive exhibited an
obviously better hemostatic performance (Figure Sb). In
addition, the blood loss of the group treated with the LTF
bioadhesive (202.17 + 15.57 mg) was significantly less than
the blank group and the gauze group (607.60 + 38.85 mg and
389.53 + 36.97 mg, respectively) (Figure Sc). The hemostasis
time of the group treated with the LTF bioadhesive (133 +
6.56 s) was also obviously shorter than the blank group and the
gauze group (36133 + 11.93 s and 256.00 + 624 s,
respectively) (Figure 5d). The excellent hemostasis capacity of
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Figure 7. In vivo full-thickness skin wound healing with the LTF supramolecular bioadhesive. (a) Schematic diagram of the full-thickness skin
wound-healing abilities of the LTF supramolecular bioadhesive. (b) Photographs of the wound healing with different treatments at different
periods. Scale bar = 1 cm. (c) Average ratio of wound closure area on days S, 10, and 15, respectively. The values are presented as the mean + SD.
(d) H&E and (e) Masson staining images of the wound section on days S, 10, and 15, respectively. The wound edges are marked with green
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the LTF bioadhesive was further displayed on the bleeding the bright blue-stained normal saline would no longer leak
sites of the heart and liver of SD rats (Figure Se and Videos S4 from the incision site (Figure Se and Video $6).% This was
and $5).**** Moreover, the leaking incision site of the most likely mainly attributed to the strong interactions
intestine could also be well sealed with the LTF bioadhesive as between the phenolic moiety of TA in the LTF bioadhesive
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and nucleophiles in blood proteins that accelerate platelet
aggregation and activation of clotting factors. In addition, the
LTF bioadhesive with good wettability and adhesion property
in the bleeding site could act as a physical barrier to prevent
blood from leaking out and achieve the nonpressing
hemostatic and sealing performance, which is beneficial to
wound healing.'>**

3.5. Free Radical Scavenging Performance of the LTF
Supramolecular Bioadhesive. In the process of wound
healing, excessive reactive oxygen species (ROS) will be
produced around the wound due to the local bacterial infection
and the local wound microenvironment. The excessive
production of ROS will greatly hinder wound healing.®*%®
Therefore, we assessed the DPPH radical removal performance
of the LTF supramolecular bioadhesive. As shown in Figure
S9, the LTF bioadhesive had a concentration-dependent
DPPH radical removal property, and when the concentration
of the LTF bioadhesive was higher than 0.5 mg mL™’, it
exhibited excellent DPPH radical scavenging performance
(>90%). This may be attributed to the antioxidant property of
TA in the LTF supramolecular bioadhesive.*’

The good biocompatibility and free radical removal property
of the LTF supramolecular bioadhesive would further benefit
its application in wound healing.”> Therefore, two rat wound
models were selected for assessing the practical value of the
LTF bioadhesive.

3.6. Wound Closure Ability of the LTF Supra-
molecular Bioadhesive for the Linear Wound In Vivo.
In the repair experiment of linear skin wounds on the back of
SD rats (Figure 6a), the LTF supramolecular bioadhesive
could close the linear wound efficiently in the early stage of
wound healing. In the later stage (Figure 6b), the bioadhesive
can effectively promote wound healing and induce less scar
than in other groups.”* According to the results of hematoxylin
and eosin (H&E) staining (Figure 6¢), on day 18, it could be
seen that the repair of the tissue and the hair follicles around
the wound after treatment by the LTF bioadhesive was
relatively complete and the distance from the edge of the
wound was obviously shorter than that of other groups, which
further proved that the LTF bioadhesive could promote the
wound healing (Figure 6¢).%°

3.7. Full-Thickness Skin Wound Healing Capacities of
the LTF Supramolecular Bioadhesive In Vivo. A full-
thickness skin defect wound model with S. aureus infection was
established on the back of SD rats to further evaluate the
photothermal antibacterial and wound healing performance of
the LTF supramolecular bioadhesive (Figure 7a).****" As
shown in Figure 7b,c, the wound size gradually decreased with
time for all tested groups. Notably, the wound treated with the
LTF bioadhesive under 0 had the fastest wound healing rate.
Interestingly, the wound treated with the LTF bioadhesive was
better than that of the blank group, which may be explained by
the inherent anti-inflammatory and antibacterial effects of TA
and LA. In addition, the histological analysis in skin tissues
around the wound section using H&E staining and Masson’s
staining was used to further evaluate the healing outcomes. On
day 15 (Figure 7d), the wound treated with the LTF
bioadhesive under NIR irradiation had a better and relatively
complete wound healing than other groups as more new
tissues, more collagen deposition and regenerated hair follicles
were generated around the wound. These results strongly
suggested that the LTF bioadhesive could play a key role in
promoting the healing of infectious wounds.”**

4. CONCLUSIONS

In this work, natural small biological molecules were explored
to fabricate a supramolecular bioadhesive with a combination
of mechanical, biological, and innate synergistic antibacterial
properties, via a green and facile way for wound management.
The self-healing supramolecular bioadhesive with good
injectability, biocompatibility, and free radical scavenging
ability can form stable and robust adhesion to tissues and
perform efficient hemostasis and synergistic photothermal and
polyphenol antibacterial effects to enhance healing. It provides
an easy-to-use alternative nonpharmacological wound manage-
ment strategy, especially for minimally invasive surgeries and
infectious cases. The supramolecular bioadhesive may also be
useful as a drug carrier and a multifunctional component of
soft-robotics-based therapies.
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