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ABSTRACT

Herein, we report the synthesis of a biomimic hydrogel adhesive that addresses the poor healing of surgical
anastomosis. Dopamine-conjugated xanthan gum (Da-g-Xan) is fabricated using deep insights into the molecular
similarity between mussels' adhesive and dopamine as well as the structural similarity between barnacle cement
proteins and xanthan gum. The hydrogel mimics marine animals’ adherence to wet tissue surfaces. Upon ap-
plying this adhesive to colonic anastomosis in a rat model, protective effects were shown by significantly im-
proving the bursting pressure. Mechanistically, the architecture of Da-g-Xan hydrogel is maintained by dynamic
intermolecular hydrogen bonds that allow the quick release of Da-g-Xan. The free Da-g-Xan can regulate the
inflammatory status and induce type 2 macrophage polarization (M2) by specifically interacting with mannose
receptors (CD206) revealed by RNA-sequencing and molecular binding assays. Consequently, an appropriate
microenvironment for tissue healing is created by the secretion of chemokines and growth factors from M2
macrophages, strengthening the fibroblast migration and proliferation, collagen synthesis and epithelial vas-
cularization. Overall, this study demonstrates an unprecedented strategy for generating an adhesive by sy-
nergistic mimicry inspired by two marine animals, and the results show that the Da-g-Xan adhesive augments
native tissue regenerative responses, thus enabling enhanced recovery following surgical anastomosis.

1. Introduction

antibiotics, but studies have shown that more than half of patients do
not benefit from these interventions [5,6]. Until now, the poor healing

Postoperative anastomotic leakage (PAL) is a “nightmare scenario”
for patients and surgeons after gastrointestinal surgery. The incidence
of PAL is reported to be 7%-12% for gastroesophageal surgery and
3%-19% for colorectal surgery [1,2]. It is estimated that every year at
least 1.3 million patients worldwide will experience complications in-
volving with PAL after surgical procedures [3]. Symptomatic PAL is a
severe clinical syndrome featuring loss of digestive fluids, malnutrition,
local and systemic infections, and even death. Existing management
strategies for PAL include drainage, antibiotics, and re-laparotomy with
their attendant costs and morbidity [4]. For prevention of PAL, sur-
geons have employed a series of approaches including improved sur-
gical technology, preoperative mechanical bowel preparation and oral
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of surgical anastomosis has posed an intractable problem to clinical
practice.

Hydrogels remain the most popular scaffolds in the repair of injured
digestive tracts because they mimic three-dimensional networks of ex-
tracellular matrix and support cell infiltration and tissue regeneration
[7,8]. Two main strategies of hydrogel application are promising:
acellular scaffolds and cell-laden scaffolds. Translational attempts of
cell-laden scaffolds are being hampered because of (i) inconvenience of
the preparation process, (ii) diversity of cell types, (iii) alteration of cell
phenotypes, and (iv) difficulties of in vivo cell tracing [9-11]. Acellular
scaffolds are easily fabricated and user-friendly, which enables them to
have a rapid clinical translation. However, they also have several
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specific drawbacks. First, hydrogels can potentially detach from the in
vivo targeted sites with wet tissue surfaces [12]. Second, covalently-
crosslinked hydrogels are slowly degraded and are prone to foreign
body responses, leading to fibrosis and encapsulation [13]. Third, in-
organic polymers used in hydrogel synthesis lack definite bioactivities,
and have to experience complicated modifications of active molecules
for tissue engineering [14,15]. Therefore, research priority should be
given to developing tissue-attachable, degradable, and bioactive hy-
drogel adhesives.

Marine animals have inspired researchers to invent adhesives based
on various mechanisms. For example, mussels can attach to wet sur-
faces using the byssal threads and terminal pads where mussel foot
proteins (mfps) are widely distributed. The mfps contain up to 27 mol%
of L-3,4-dihydroxyphenylalanine (DOPA), and the specific catechol
groups in DOPA serve as the functional components that mediate un-
derwater adhesion [16]. Another relevant marine animal is the bar-
nacle. Its strong underwater adhesion is attributed to secreted cement
proteins with specific amyloid nanostructures [17]. Such structures are
characterized by interlaced fibers for increase of contact area [18]. By
using microbial genetic engineering, several studies have designed a
new generation of marine-inspired adhesives that combine two or more
independent natural adhesion systems, but their methods of synthesis
are complex, low-yield and prone to microbial exposure [19,20]. As an
alternative and flexible approach, molecular mimicry can be utilized to
engineer molecules that share structural and functional similarities to
the originals, and this has been applied in fields ranging from chemical
synthesis [21] to autoimmune activation [22]. However, the rational
design of adhesives based on molecular mimicry remains challenging
and has not been fully demonstrated, in part due to limited under-
standing of similarities between existing polymers and marine-derived
molecules.

Xanthan gum is a natural exo-polysaccharide produced by the mi-
croorganism Xanthomonas campestris. This polysaccharide has two types
of secondary structures (ordered helix structure and disordered coil
structure) depending on pH, ionic strength, and temperature. The or-
dered conformation of xanthan gum been identified as interlaced mo-
lecular chains connected by dense hydrogen-bonding networks in
which each single chain is formed with an intrinsic double-stranded
helix [23,24]. This mimics the amyloid nanostructures of barnacle ce-
ment proteins and enlarges the contact area of xanthan gum chains to
substrates. Apart from structure mimicry, molecular formula mimicry is
more direct and feasible. Dopamine is an analogue of DOPA. The ca-
techol groups in dopamine can act as functional groups that execute
mussel-inspired underwater adhesion [25,26]. Given the two different
marine animal-inspired adhesion mechanisms, an alliance of xanthan
gum and dopamine could in theory be used to develop stronger un-
derwater adhesives.

In addition, advantageous tissue adhesives should have specific
bioactivities in the improvement of tissue healing. To our knowledge,
postoperative tissue repair is accompanied by and also partially regu-
lated by inflammatory responses from various leukocyte lineages [27].
Among such cells, macrophages play a crucial role since they can reg-
ulate inflammation by alteration of cellular polarization. Type 1 mac-
rophage polarization (M1) is effective at killing microbes and producing
inflammatory cytokines, but also has the potential to cause toxicity and
collateral tissue damage. In contrast, type 2 macrophage polarization
(M2) preserves tissue function under physiological conditions, resolves
inflammation after injury, and promotes repair during wound healing
[28]. Studies have revealed that xanthan gum composite materials play
an important role in tissue engineering, but the underlying mechanisms
are poorly understood [29]. An up-to-date work by Liu et al. [30] in-
dicates that xanthan gum can reduce the inflammation of macrophages
upon lipopolysaccharide stimulation, which inspires us to investigate
the functions of xanthan gum and its derivatives on the regulation of
macrophage polarization and the potential molecular basis.

To satisfy the critical requirements for wet tissue attachability and
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surgical anastomosis healing, we herein developed a novel marine-in-
spired hydrogel adhesive based on dopamine-conjugated xanthan gum
(Da-g-Xan). Da-g-Xan exhibited enhanced dynamic intermolecular hy-
drogen-bonding interactions that not only maintained the three-di-
mensional network of the hydrogel, but also imbued it with degrad-
ability, self-healing, injectability, and strong adhesive strength.
Notably, we found that released Da-g-Xan from degradation bound to
mannose receptors (CD206) and mediated M2 macrophage polarization
through increasing the phosphorylation of extracellular regulated pro-
tein kinase (ERK) signaling. In this way, this hydrogel promoted the
paracrine action of macrophages by raising the secretion of growth
factors and chemokines, consequently promoting the proliferation,
migration, and collagen synthesis of fibroblasts as well as epithelial
vascularization to repair gastrointestinal injury.

2. Materials and methods
2.1. Sources of materials, cell lines and animals

Xanthan gum (viscosity of 1%wt aqueous solution at 20 °C: 1450-
2000 mPa s) was purchased from TCI Development Co., Ltd, Japan.
Dopamine hydrochloride was purchased from Sigma-Aldrich, USA. 1-
Ethyl-3-(3-dimethylaminopropyl)- carbodiimide (EDC), N-hydro-
xysuccinimide (NHS), and 5-Isothiocyanato fluorescein (5-FITC) were
purchased from Aladdin Co., Ltd, China. 1,8-Diazabicyclo[5.4.0]undec-
7-ene (DBU) was purchased from Sinopharm Chemical Reagent Co.,
Ltd, China. All other reagents were of analytical reagent grade.

Raw264.7 cell line and L929 cell line were purchased from KeyGEN
BioTech Co., Ltd in China, and cultured in DMEM containing 10% FBS
and 1% penicillin/streptomycin at 37 °C in a moist atmosphere (5%
CO2, 95% air). Bone marrow-derived macrophages (BMDMs) were
isolated from C57BL/6 mice and differentiated according to the pre-
vious protocol [31].

Eight-week-old male C57BL/6 mice and seven-week-old male
Sprague Dawley rats were provided by Jinling Hospital and were raised
at 25 °C under natural light-dark cycles with free access to food and
water. Chloral hydrate was used to carry out anesthesia through in-
traperitoneal injection at the dose of 40 mg/100g of body weight. Rats
were fasting from 12 h before surgery to 24 h after surgery. All the
animal care and experimental protocols were performed in strict ac-
cordance with the chinese guideline for the care and use of laboratory
animals (Ministry of Science and Technology [2006] file no. 398) and
approved by Animal Investigation Ethics Committee of Jinling Hospital.

2.2. Synthesis of Da-g-Xan conjugate

One hundred and 20 mL of 0.6%wt xanthan gum aqueous solution
were prepared by dissolving xanthan gum powders in deionized water,
followed by stirring overnight in a round-bottom flask. Then, carboxyl
groups of xanthan gum were activated by adding 0.272g EDC and
0.166g NHS in which the molar ratio of carboxyl groups in xanthan
gum, EDC and NHS was 1:1:1. After stirring for 1 h, dopamine hydro-
chloride with varying molar ratios to carboxyl groups in xanthan gum
at 0.5:1, 1:1, 3:1, or 6:1 was added in the amounts of 0.068 g, 0.136 g,
0.410 g, or 0.820 g, respectively. The flask was then immediately va-
cuumized and refilled with nitrogen. The entire solution was stirred for
24 h under nitrogen and then dialyzed for 3 d using dialysis membranes
(molecular weight cut-off: 12-14 kDa) to remove unreacted residues.
Finally, the solution was lyophilized in a freeze dryer (Xiongdi
Instrument Co., Ltd, China) and stored in a sealed bag at 4 °C.

2.3. Characterization of Da-g-Xan conjugate and Da-g-Xan hydrogel
adhesive

i) Selection of a highly-viscous biopolymer. Viscosity comparison of
2%wt biopolymer aqueous solution (e.g., alginate, carboxymethyl
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chitosan, gelatin, carboxymethyl cellulose, konjac glucamannan, and
xanthan gum) was carried out by using a rheometer (Anton Paar Co.,
Ltd, Austria) at the shear rate of 0.1 s~ . ii) Confirmation of Da-to-Xan
conjugation. The FTIR spectra of xanthan gum, dopamine and Da-g-Xan
were recorded using a Nicolet-6700 spectrometer (Thermo, USA). The
NMR spectra of xanthan gum, dopamine, and Da-g-Xan dissolved in
deuterated solvents were characterized by H NMR (Bruker, Germany).
The conjugation efficiency of the Da-to-Xan side chain was determined
using an UV-vis spectrophotometer (PerkinElmer, USA) by measuring
the absorbance at 280 nm of Da-g-Xan solution with known con-
centrations and then calculated from a calibration curve of dopamine:
y = 2630x+0.0069 (r* = 0.999). iii) Morphology. Porosity of 10%wt
Xan gum and 10 wt% Da-g-Xan was observed using a scanning electron
microscope (SEM, Hitachi, Japan). Conformation of Da-g-Xan was il-
lustrated by circular dichroism (CD) spectra of 10 mg/mL of xanthan
gum solution, 0.15 mg/mL dopamine solution and 10 mg/mL of Da-g-
Xan solution using a CD spectrometer (Jasco Co., Ltd, Japan).
Moreover, atomic force microscopy (AFM, Bruker, Germany) was used
to visualize the molecular morphology of 10 pL of 1 pug/mL xanthan
gum or Da-g-Xan aqueous solution treated with air drying overnight on
mica plates. iv) Adhesive force test. The adhesive strength of Da-g-Xan
hydrogels for fresh porcine skin was investigated by the lap-shear
strength test with a universal testing machine (MTS CMT2103, USA) as
described previously [32]. v) Self-healing property. This characteristic
was demonstrated by the rapid healing of hydrogels after cutting and
was confirmed by a recovery test using a rheometer in which the al-
ternate step strain switched from a small strain (1%) to a large strain
(300%) in continuous step strain measurements at a fixed angular fre-
quency (10 rad/s). vi) Injectability. An extrusion-based 3D printer
(Baoyan Co., Ltd, China) was used to show the injectability of Da-g-Xan
using blue chromogenic agents. Moreover, the shear-thinning property
of 10%wt xanthan gum or Da-g-Xan aqueous solution was investigated
using a rheometer at shear rates from 0.1 to 500 s™'. vii) Storage
modulus (G’) and loss modulus (G”). These two parameters of 10%wt
xanthan gum and 10%wt Da-g-Xan were measured with a rheometer in
the dynamic oscillatory mode with the constant strain at 1% and fre-
quency at 10 Hz viii) Degradation. The degradation of 10%wt xanthan
gum or 10%wt Da-g-Xan hydrogel was determined by a soaking method
using PBS at 37 °C and was calculated from the ratio of remaining mass
to original mass.

2.4. RNA-seq

Raw264.7 macrophages (1 x 10° cells/mL) were treated with Da-g-
Xan at 20 pg/mL for 24 h before the total mRNA samples were extracted
by Trizol (Sigma-Aldrich, USA), and raw264.7 macrophages without
any treatment were used as a control. Each intervention was in tripli-
cate. The libraries were constructed by using an NEBNext Ultra RNA
Library Prep Kit (CapitalBio Technology, Beijing, China) and were se-
quenced on a HiSeq XTen system (Illumina, San Diego, USA). The reads
were mapped to the reference using Hisat, and differential expression
analysis was performed using the R package DESeq2 in which genes
with log,(fold change) > 1 were regarded as statistically significantly
different. Moreover, enrichment analysis was conducted for all genes in
the GO database, the KEGG database and the Reactome database. Raw
data files and processed data files of all RNA-seq analysis have been
deposited in the SRA database (accession PRINA625852).

2.5. Flow cytometry

Raw264.7 macrophages and BMDMs (1 X 10° cells/mL) were
treated with interferon-y (IFN-y) at 20 ng/mL for 2 h. Da-g-Xan at 1, 5,
or 20 pg/mL was added, and cells without Da-g-Xan were considered as
controls. Twenty-four hours later, cells were collected and incubated
with CD11b (0.25 ug/test, Invitrogen, 56-0112-82), CD86 (0.125 pg/
test, Invitrogen, 12-0862-82) and CD206 (1 pg/mL, abcam, ab195191).
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Then, cells were measured using a BD FACSCalibur CellSorting System
(BD Bioscience, USA) and analyzed with FlowJo software (Tree Star Inc,
USA). This experiment was performed in triplicate. Dissected tissues
from rat colonic anastomosis were washed with Hanks Balanced Salt
Solution (HBSS) for three times and minced into 1-2 mm pieces. The
tissue pieces were digested with 2 mL GEXSCOPETM Tissue
Dissociation Solution (Singleron, China), and the red blood cells were
removed with 2 mL GEXSCOPETM red blood cell lysis buffer
(Singleron, China). The resulting cells were stained with CD 206 (1 ug/
mL, abcam, ab125028) with secondary donkey anti-rabbit antibodies
(1 pg/mL, abcam, ab150075), CD11b (2 pg/mL, BD Biosciences, cat.
554862), CD86 (2.5 ug/mL, BD Biosciences, cat. 561961) and then
measured using the CellSorting System.

2.6. ELISA

TNF-a, IL-1f, IL-10, IL-4, G-CSF and TGF-31 levels in culture su-
pernatants were measured using a Mouse TNF-a ELISA Kit (MULTI
SCIENCES, China), Mouse IL-13 ELISA Kit (MULTI SCIENCES, China),
Mouse IL-10 ELISA Kit (Angle Gene, China), Mouse IL-4 ELISA Kit
(Angle Gene, China), Mouse G-CSF/CSF3 ELISA Kit (Sigma-Aldrich,
USA), and mouse TGF-31 ELISA kit (KeyGEN BioTech Co., Ltd, China).
Moreover, IFN-y levels in intestinal tissues were measured using a rat
IFN-y ELISA kit (MULTI SCIENCES, China).

2.7. ¢-PCR

Raw264.7 macrophages and BMDMs were resuspended in Trizol to
extract RNA. Then, mRNA was quantified by qPCR using the primers
listed in Table S1. The mRNA expressions were normalized to GAPDH.

2.8. Computer simulation of binding affinity

Three types of monomers of Da-g-Xan were drawn in ChemDraw
Professional 16.0 and saved as SMILES. The files were converted into
PDB form using a free website: https://www.mn-am.com/online_
demos/corina_demo. The PDB file of CD206 was downloaded from
the following website: https://www.uniprot.org/uniprot/P22897.
Autodock Vina was used to simulate binding sites between the mono-
mers of Da-g-Xan and the single lectin-responsive site of CD206 and
calculate the corresponding binding energy.

2.9. Immune dot-blots

To synthesize 5-FITC-conjugated Da-g-Xan (Da-g-Xan-FITC), 1 ug/
mL of Da-g-Xan carbonate buffer solution was reacted with 5-FITC,
shielded from light, and stirred for 12 h, in which the mass ratio of Da-
g-Xan to FITC was 1:10. DBU was added as a catalyst. After the reaction,
the whole solution was dialyzed and lyophilized. One microliter of
1 pg/uL CD206 recombinant proteins (R&D systems, Q2HZ94) was
spotted on pre-equilibrated polyvinylidene fluoride (PVDF) mem-
branes, and PBS without CD206 was used as a control. The membranes
were dried, blocked with BSA (5% in PBS) for 1 h and rinsed with PBS
three times, followed by incubation with Da-g-Xan-FITC at different
concentrations of 1, 5, 20 and 100 pg/mL for 4 h at 37 °C. Then, the
blots were washed three times, dried and scanned using a Bio-Spectrum
Imaging System (BD Biosciences, USA).

2.10. Immunofluorescence

To observe the cell morphology, raw264.7 macrophages were cul-
tured with 20 pg/mL Da-g-Xan for 4 h and then washed with PBS three
times. Then, cells were fixed with 4% (w/v) paraformaldehyde for
30 min at room temperature, followed by 0.05% (w/v) Triton X-100 for
permeabilization. Cytoplasm was stained with [-actin (abcam,
ab115777) followed by donkey anti-rabbit antibodies (abcam,
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Fig. 1. Design, synthesis, characterization, and molecular basis of the Da-g-Xan hydrogel adhesive. (A) Generation of Da-g-Xan through conjugating dopamine (Da) to
xanthan gum (Xan) via the activation of carboxyl groups by EDC/NHS catalysts. (B) Da-g-Xan simultaneously mimics the mfps of mussels and the amyloid-like
structure of barnacle cement proteins to work as an adhesive. (C) The CD spectrum reveals that Da-g-Xan has a highly ordered and homogeneous conformation that is
superior to xanthan gum. (D) The AFM image directly demonstrates that the Da-g-Xan chains are interlaced, and arranged like the amyloid nanostructure of barnacle
cement proteins to increase the contact surface. White arrow: double-stranded helices of Da-g-Xan. (E) The adhesive strength of Da-g-Xan can be regulated by
substitution degree of dopamine and the concentration of Da-g-Xan. The numbers below the blue columns represent molar ratios of dopamine hydrochloride to the
carboxyl groups in xanthan gum; and the numbers below the red columns represent different concentrations of the Da-g-Xan 1.0 conjugates in the hydrogel adhesives.
The Da-g-Xan 1.0 conjugates were produced from the 1:1 M ratio of dopamine hydrochloride to the carboxyl groups in xanthan gum. (F) Multiple interfacial linkages
between the Da-g-Xan adhesive and tissue surface synergistically mediate the strong tissue adhesion. (G) As a summary, the enhanced intermolecular hydrogen bonds
endow the Da-g-Xan hydrogel with a remodeled microstructure and desirable properties such as self-healing, injectability, and degradability.

ab150075), and nuclei were stained with DAPI (abcam, ab104139). To
co-localize CD206 with Da-g-Xan, raw264.7 macrophages were cul-
tured with 20 pg/mL of Da-g-Xan-FITC for 4 h followed by staining with
CD206 (abcam, ab195192). The nuclei were also stained with DAPI
(abcam, ab104139). A confocal scanning microscope (FV1000,
Olympus, Japan) was used for image analysis. The colonic anastomosis
samples were fixed with 4% (w/v) paraformaldehyde, embedded in
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Paraffin, and then mounted on slides. The slides were treated with CD
31 (Servicebio, GB13063) and a-SMA (Servicebio, GB13044) followed
by staining with donkey anti-goat antibodies (abcam, ab150135) and
goat anti-mouse antibodies (Servicebio, GB22301). The images were
recorded by an inverted fluorescence microscope (AXIO, ZEISS,
Germany).
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2.11. Electroporation and shRNA interference

CD206 shRNA and negative control shRNA were designed by using
GenePharma Designer 3.0 software; the targeting sequences are listed
in Table S2. One milliliter of 2 x 10° cells/mL raw264.7 macrophages
was blended with 1 pg shRNA and then electroporated using a Micro-
Pulser electroporator (Bio-Rad, USA) in cuvettes.

2.12. Western blotting

Proteins from the lysed cells were separated by SDS-PAGE and
transferred to PVDF membranes. The membranes were then incubated
overnight at 4 °C with antibodies against CD206 (abcam, ab64693), p-
ERK (abcam, ab201015), ERK (abcam, ab184699), collagen 1 (abcam,
ab6308), collagen 3 (abcam, ab7778) and GAPDH (abcam, ab8245).
Positive signals were scanned using the G:BOX chemiXR5 gel imaging
system (New England BioGroup, USA). Protein bands were quantified in
optical density units using the Gel-Pro32 software (Media Cybernetics,
USA) and were normalized to the corresponding GAPDH bands.

2.13. Cell proliferation and migration assay

Proliferation rates of cells were determined using a cell counting kit
(CCK-8, KeyGEN BioTech Co., Ltd, China). Cell migration was detected
using a transwell chamber (Corning, USA) in which cells moving to the
lower surface of the filter were stained by 0.1%wt cystal violet.

2.14. Colonic anastomotic model

The abdomens of rats were disinfected with iodophor three times
while the rats were anesthetized, and incisions were made in the middle
abdomen. The arch of mesenteric vessels along the specific transparent
region and 1-2 cm distal to the ileocecal junction was dissected and
ligatured. This step was important for reducing bleeding and for im-
proving survival rates. Afterwards, colectomy and anastomosis were
carried out by using 6-0 Nylon sutures (Suzhou Medical Co., Ltd,
China). Rats in different groups were further treated with the com-
mercial fibrin gel (Hangzhou Puji CO. LTD, China), the 10%wt Da-g-
Xan hydrogel adhesive or with nothing as a control. The whole-animal
procedures were performed by two senior surgeons and their assistants.
At postoperative day (POD) 1, the anastomotic tissues of three rats in
the control group along with their normal colonic tissues without any
surgical procedures were harvested for detection of IFN-y levels. At
POD 7, rats in the three groups with 10 animals in each group were
used to observe histological morphology, analyze macrophage polar-
ization proportions and measure anastomotic bursting pressure using
an electrocardio monitoring instrument (Instrumentarium Co., Ltd,
Finland). X-ray imaging (Aolong Co., Ltd, China) was performed on rats
treated with the Da-g-Xan hydrogel adhesive after transanal injection of
10 mL barium sulfate solution.

2.15. Statistical analysis

Data are shown as means *+ SEM. Data were analyzed using
GraphPad Prism 5 software by Student's t-test (unpaired and two-tai-
ledd) or one-way ANOVA (analysis of variance), followed by Dunnett's
or Bonferroni's post hoc test if needed. The values were considered
significantly different when p < 0.05.

3. Results

3.1. Inspired by mussels and barnacles, Da-g-Xan hydrogel adhesive is
synthesized and shows multiple application advantages

By comparison, we found that the viscosity of xanthan gum was the
highest among the common biopolymers; the value reached
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3 x 10* mPa s when the concentration of xanthan gum was 2%wt, and
the external shear rate was 0.1 s~ ' (Fig. S1). This step demonstrated
that xanthan gum is an appropriate polymer for generation of ad-
hesives. To realize the hybrid of two adhesion mechanisms, dopamine
was conjugated to the carboxyl groups of xanthan gum's branched
chains with a molar ratio of 1:1 to produce the Da-g-Xan conjugate
(Fig. 1A), in which xanthan gum acted as a “structure-based adhesion
component” of barnacles and dopamine was for a “molecule-based
adhesion component” of mussels (Fig. 1B). EDC and NHS were used as
catalysts to activate the carboxyl groups in xanthan gum. Owing to the
presence of two carboxyl groups in each branch chain, the final reacted
monomers had three forms (Fig. S2A). To confirm the conjugate, FTIR,
H NMR, and UV-vis were used to characterize the chemical structure.
Fig. S2B shows the absorption peak at 1515 cm ~ ! in Da-g-Xan spectrum
from the C=C in-plane vibration of a benzene ring. Fig. S2C indicates
the absorption peak at 6.62-6.91 ppm referring to catechol groups of
dopamine in the conjugate. UV-vis detected the catechol groups by the
presence of the absorption peak at 280 nm (Fig. S2D). These results
suggested that dopamine had been successfully conjugated to xanthan
gum as desired.

However, it was uncertain whether any conformational alterations
had occurred when the xanthan gum was conjugated by dopamine. To
our knowledge, the CD spectrum of xanthan gum was reported to have
a trough at around 220 nm and a peak at around 205 nm. Their am-
plitude and location reflected the order-disorder conformational tran-
sition [33]. As shown in Fig. 1C, the trough of Da-g-Xan was weaker and
shifted to larger wavelengths compared with xanthan gum, indicating
that Da-g-Xan had a more ordered structure. Consistently, the micro-
structure observed using AFM in Fig. 1D shows that Da-g-Xan chains
were interlaced and that each single chain was in double-stranded helix
form (white arrow), while Fig. S2E shows that parts of xanthan gum
chains were in disordered coils rather than in ordered helices. These
results implied that Da-g-Xan performed better than simple xanthan
gum regarding the structural mimicry of barnacle cement proteins.

More interestingly, because of abundant intermolecular hydrogen-
bond interactions, Da-g-Xan chains were crosslinked for gelation
without extra crosslinkers. As shown in a tilting experiment (Fig. S3A),
5%wt Da-g-Xan solution was fixed on the bottom of an upside-down
vial, and the shape was maintained unchanged after shaking by hand
and subsequent more forceful centrifugation, while the shape of 5%wt
xanthan gum was destroyed by the same treatment. However, when
raising the concentration of Da-g-Xan and xanthan gum to 10%wt, both
tolerated the shaking and centrifugation. These phenomena were in
accordance with the rheological results that the storage moduli (G’)
were increased by the conjugation of dopamine and the increase of
polymer density (Fig. S3B), because the two factors were able to en-
hance the intermolecular forces. The former was possibly due to the
catechol groups that generated additional hydrogen bonds [25], leading
to the smaller pores and denser porosity observed by SEM (Fig. S3C),
and the latter was due to the reduction of molecular spacing that fa-
cilitated the formation of hydrogen bonds.

The above results confirmed that Da-g-Xan combines two adhesive
mechanisms from mussels and barnacles, and that it undergoes sol-gel
conversion via increasing hydrogen-bond forces. Next, we investigated
the adhesive strength of the Da-g-Xan hydrogel. Given the importance
of dopamine for the adhesion system, we altered the degree of sub-
stitution (DS) ranging from 4% to 16% through changing the molar
ratios of dopamine to carboxyl groups in xanthan gum (Fig. S3D). Then,
Da-g-Xan hydrogel adhesives were prepared by using the conjugates
with different DS values or in different concentrations. As demonstrated
by lap-shear strength tests (Fig. 1E), with the increase of DS and con-
centrations, the adhesive force of Da-g-Xan hydrogels was increased
from 10 to 27 kPa, surpassing the adhesive force of commercial fibrin
gels. In practice, visceral organs (e.g., liver, heart, kidney, spleen, lung
and intestine) could be bonded by using the 10%wt Da-g-Xan hydrogel
adhesive (Fig. S3E) due to the synergistic binding affinities of dopamine
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and xanthan gum to the nucleophiles (e.g., amide, thiol and amine) of
biological molecules on wet tissue surfaces. This consequently leads to
the formation of multiple interfacial linkages, including hydrogen
bonds, carbon-sulfur bonds, Michael addition, amide bonds, and imine
bonds (Fig. 1F), which constructed the molecular basis of tissue adhe-
sion for the Da-g-Xan hydrogel adhesive.

Moreover, the 10%wt Da-g-Xan hydrogel adhesive was injectable
when applied in an extrusion-based 3D printer (Video S1) because of its
shear-thinning property (Fig. S4A). After injection, this hydrogel ad-
hesive was likely to adapt to irregular shapes of tissues in vivo due to the
rapid self-healing performance. As depicted in Fig. S4B, two pieces of
hydrogels were split and then integrated into new ones within 100 s.
Rheological recovery test further demonstrated that G’ of the 10%wt
Da-g-Xan hydrogel adhesive could rebound rapidly to the original level
once the 1% strain was resumed from 300% strain (Fig. S4C). This was
possible because the hydrogen-bond interactions that maintained the
architecture of the hydrogel were dynamic, unstable and reversible.
This explanation also applied to our discovery that the erosion of Da-g-
Xan was almost finished within 96 h in vitro (Fig. S4D), which was much
shorter than the majority of covalently-crosslinked hydrogels. Collec-
tively, the Da-g-Xan hydrogel adhesive is characterized by a highly-
ordered amyloid-like structure, and the internal hydrogen bonds make
it injectable, self-healing and degradable (Fig. 1G).

3.2. Released Da-g-Xan regulates the inflammatory status of macrophages
and reverses cell phenotypes from M1 to M2 in vitro

As the non-covalent Da-g-Xan hydrogel adhesive was dissolved ea-
sily, the released conjugates might have more immediate biological
effects on macrophages (Fig. S4E). To investigate it, RNA-seq was used
to describe the transcriptome atlas of raw264.7 macrophages treated
with 20 pg/mL Da-g-Xan for 24 h. As shown in Fig. S5A, clustering
analysis of the RNA-seq data revealed that the samples showed a con-
sistent hierarchical clustering for the biological replicates and an evi-
dent separation by Da-g-Xan treatment based on gene expression.
Through the Panther enrichment analysis (Fig. 2A), we identified dif-
ferentially expressed genes enriched in the immunoregulatory path-
ways (i-iv). Among these genes, anti-inflammatory genes were upre-
gulated, but the pro-inflammatory genes did not have a consistent trend
(Fig. 2B). This was possibly because part of the pro-inflammatory sig-
naling was compensatorily activated in response to the anti-in-
flammatory signaling for maintenance of cell homeostasis. To examine
this hypothesis, the changes in anti-inflammatory cytokines (e.g., IL-4,
IL-10) were compared with the changes in pro-inflammatory cytokines
(e.g., IL-1p, TNF-a) when macrophages were cultured with Da-g-Xan.
As shown in Fig. S5B, secretion of IL-4 and IL-10 from macrophages
treated with Da-g-Xan was around four times those not treated with Da-
g-Xan, while there were mild increases in IL-1 and TNF-a in the
treatment with Da-g-Xan. Hence, it was suggested that Da-g-Xan had
immunoregulatory effects on macrophages, especially the inhibition of
inflammation.

Moreover, it was observed through fluorescence microscopy that the
shapes of raw264.7 macrophages became asymmetric by the stimula-
tion with Da-g-Xan (Fig. S5C), implying that Da-g-Xan could induce the
polarization of macrophages. To investigate which type of cell polar-
ization occurred (M1 or M2), we established IFN-y pretreated macro-
phage models, because in surgical anastomosis, IFN-y is naturally se-
creted in large quantities (Fig. 2C and Fig. S5D), and is a strong
stimulant for M1 polarization [34]. When these raw264.7 macrophages
were further treated with Da-g-Xan, M1 polarization was strikingly
reversed into M2 polarization as CD206 expression was increased and
CD86 expression was reduced as indicated by flow cytometry (Fig. 2D
and E). It was further confirmed by qPCR analysis that the mRNA levels
of M1 biomarkers (e.g., iNOS, IL-18, IL-6, and TNF-a) were significantly
decreased and the mRNA levels of M2 biomarkers (e.g., IL-10, CCL22,
TGF-f and PDGF) were significantly increased because of the Da-g-Xan
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treatment (Fig. 2F). Apart from the tumor-derived cell line (raw264.7),
Da-g-Xan exhibited similar competence on primary macrophages
(BMDM) in triggering M2 polarization from M1 polarization (Fig. S6).
Therefore, the results strongly suggest that Da-g-Xan regulated the in-
flammatory status of macrophages and induced M2 polarization in the
presence of injury-associated IFN-y.

3.3. CD206 is the specific binding receptor of Da-g-Xan and mediates M2
macrophage polarization through ERK signaling

Little was known regarding the molecular basis of the biological
effects of Da-g-Xan on macrophages. To explore it, we screened the
carbohydrate binding molecules in the GO analysis, because Da-g-Xan
essentially belongs to carbohydrate derivatives, and those were in the
top 30 significantly different molecule functions when macrophages
were treated with Da-g-Xan (Fig. S7). It was found that clec4n (dectin-
2), mrcl (CD206), and clec2d were the top three significantly up-
regulated genes in carbohydrate binding molecule enrichment
(Fig. 3A), and they could encode c-type lectin receptors for recognition
of specific carbohydrate components. In detail, dectin-2 was the
binding receptor of a-mannans [35], CD206 recognized N-acetyl ga-
lactosamine and mannose of glycoproteins [36], and clec2d bound
sulfated glycosaminoglycans [37], indicating that CD 206 was likely to
bind Da-g-Xan because it has two non-adjacent mannoses in each
branched chain. To confirm this, Autodock Vina was used for simula-
tion of interactions between three types of Da-g-Xan monomers (Fig.
S2A) and CD206. The results indicated moderate affinity between the
two, with the binding energy of 7.2-7.4 kcal/mol (Fig. 3B). Moreover,
CD206 expression of macrophages was significantly elevated by in-
creasing Da-g-Xan concentrations and prolonging the culture time
(Fig. 3C and Fig. S8A). Interestingly, this phenomenon was not due to
xanthan gum alone, but rather to the synergism of xanthan gum and
dopamine. To trace Da-g-Xan during cell culture, FITC was linked by
the reaction shown in Fig. S8B. The emerging peak at 492 nm in the
UV-vis spectrum suggested the success of FITC conjugation (Fig. S8C).
Immunofluorescent staining revealed the co-localization of CD206 and
Da-g-Xan in the cell membrane and cytoplasm of raw264.7 macro-
phages (Fig. 3D), implying that as an endocytic receptor with high
performance in antigen presentation, CD206 could transport Da-g-Xan
from the extracellular to the intracellular space. This process was rea-
lized by directly binding Da-g-Xan to CD206, as the immune dot-blot
assay showed that CD206 could capture Da-g-Xan in vitro (Fig. 3E).

To illustrate the biological functions of CD206, this receptor was
knocked down by electroporation-assisted shRNA interference.
Through quantification of CD206 mRNA, it was found that shRNA 1 had
the highest inhibiting efficiency (Fig. S8D). The macrophages with
CD206 knocked down by shRNA 1 were then cultured with IFN-y for
2 h, followed by treatment with Da-g-Xan for 24 h. Interestingly, the
mRNA levels of M1 biomarkers (e.g., iNOS, IL-1f, IL-6, and TNF-a)
were significantly elevated and the mRNA levels of M2 biomarkers
(e.g., IL-10, CCL22, TGF-f, and PDGF) were significantly reduced for
CD206 knockdown macrophages in comparison to normal macrophages
(Fig. 3F). This result demonstrated the decisive role of CD206 in Da-g-
Xan-induced M2 polarization of macrophages. Moreover, several stu-
dies have reported that extracellular regulated protein kinase (ERK)
signaling was the downstream pathway regulated by CD 206 to induce
M2 polarization [38,39]; therefore we verified whether this signaling
was responsible for the biological behavior of Da-g-Xan. As shown in
Fig. 3G and Fig. S8E, with the increase of Da-g-Xan, the phosphoryla-
tion of ERK (p-ERK) was increased. However, once the CD206 receptor
was inhibited, the amount of p-ERK was decreased, indicating that Da-
g-Xan could lead to p-ERK mediated by CD206. Collectively, the above
results confirmed that CD206 was an important receptor for recognition
and signal transduction of Da-g-Xan in M2 polarization.
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Fig. 2. Immunoregulation of released Da-g-Xan. (A) The significantly altered pathways in Panther enrichment reveal that Da-g-Xan can regulate the inflammatory
responses of macrophages (left: i-iv), and the changes in gene expression of the corresponding pathways are shown on the right. (B) The alteration of typical
inflammation-associated biomarkers in the heat map demonstrates the potential immunoregulatory effect of Da-g-Xan towards inflammatory suppression. (C) The
schematic diagram indicates the large amount of IFN-y inevitably secreted from the colonic anastomosis. (D) The flow cytometry results show the induction of M2
polarization of IFN-y pretreated raw264.7 macrophages by Da-g-Xan. (E) The proportion of macrophage polarization from the flow cytometry, %; n = 3 for each
replicate, **p < 0.01, ***p < 0.001. (F) The alteration of representative markers further confirms that Da-g-Xan can induce M2 polarization of IFN-y pretreated
raw264.7 macrophages; n = 3 for each replicate, *p < 0.05, **p < 0.01, ***p < 0.001.

3.4. M2 polarization triggered by Da-g-Xan improves the paracrine action of the activation of ERK signaling by Da-g-Xan to promote cell migration

macrophages, leading to intensifying diverse functions of fibroblasts and proliferation [40]. To test this hypothesis, the transwell assay and
CCK-8 assay were carried out. The results indicated that with increasing

As shown in Fig. 4A, genes were differentially expressed in the Da-g-Xan concentration and culture time, the number of macrophages
enrichment of the cell cycle and chemokines. This was possibly due to penetrating the membrane was increased (Fig.4B and Fig. S9A), and the
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Fig. 3. CD206 mediates the recognition of Da-g-Xan and M2 macrophage polarization. (A) The fifteen most significantly changed genes of carbohydrate binding
molecules in the GO analysis. (B) The computer simulation by Autodock Vina reveals the moderate affinity between different Da-g-Xan monomers and CD206. (C)
The western blotting assay suggests that Da-g-Xan and its reactants, regardless of dopamine and xanthan gum, can improve the protein expression of CD206. (D) The
immunofluorescent staining shows the co-localization of Da-g-Xan and CD206 in the cell membrane and cytoplasm of raw264.7 macrophages. (E) The immune dot-
blotting assay suggests the specific binding of Da-g-Xan by CD 206. (F) Knockdown of CD206 by shRNA hinders the M2 macrophage polarization induced by Da-g-
Xan; n = 3 for each replicate, ***p < 0.001. (G) Activation of ERK signaling is related to the M2 macrophage polarization induced by Da-g-Xan. Knockdown of
CD206 slightly reduces the activation of ERK signaling and affects the macrophage polarization.

proliferative ability of macrophages was enhanced (Fig. 4C). Moreover, macrophages was enhanced by Da-g-Xan.
the chemokine G-CSF and the growth factor TGF-B were secreted in Fibroblasts are the cells directly responsible tissue healing via their
higher quantities (Fig. 4D and E), implying that the paracrine action of migration, proliferation and collagen synthesis [41]. Although it was
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demonstrated for Da-g-Xan in the remodeling of macrophages, how this
process influenced biological functions of fibroblasts was unknown. By
using the Da-g-Xan-stimulated macrophage supernatant to culture fi-
broblasts, the paracrine functions of macrophages on fibroblasts could

Bioactive Materials 6 (2021) 770-782

be explored. As shown in Fig. 4F and Fig. S9B, the Da-g-Xan-stimulated
macrophage supernatant could maximize the migration performance of
fibroblasts, although Da-g-Xan alone could also produce the effect.
Likewise, the proliferative behavior of fibroblasts was strengthened by
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Fig. 4. Da-g-Xan creates an appropriate microenvironment for tissue repair. (A) The cell cycle pathway and chemokine signaling pathway are significantly changed
by the treatment with Da-g-Xan (upper: i and ii), and the alterations in gene expression of the corresponding pathways are shown at the bottom. (B) The transwell
assay reveals that the migration ability of raw264.7 macrophages is improved with increasing Da-g-Xan concentration and culture time extension. (C) The CCK-8
assay shows that the proliferative ability of raw264.7 macrophages is also improved with increasing Da-g-Xan concentration and culture time extension; n = 3 for
each replicate, *p < 0.05, ***p < 0.001. (D, E) The cytokines measured by ELISA indicate that the secretion of G-CSF and TGF-f from raw264.7 macrophages is
increased by increasing Da-g-Xan concentration and culture time extension; n = 3 for each replicate, *p < 0.05, **p < 0.01, ***p < 0.001. (F) The transwell
assay demonstrates the paracrine action of macrophages treated with Da-g-Xan can further promote the migration of L929 fibroblasts, although Da-g-Xan alone can
also induce the migration. (G) The CCK-8 assay indicates paracrine action of macrophages treated by Da-g-Xan can further improve the proliferation of L.929
fibroblasts, although Da-g-Xan alone can also trigger the cell proliferation; n = 3 for each replicate, **p < 0.01, ***p < 0.001. (H) The western blotting assay
suggests that paracrine action of macrophages treated with Da-g-Xan can further improve the collagen synthesis of L929 fibroblasts, although Da-g-Xan alone can also
achieve collagen synthesis. (I) As a summary, Da-g-Xan has a cascade of amplification effects for fibroblasts on tissue repair mediated by the paracrine action of
macrophages.

the Da-g-Xan-stimulated macrophage supernatant at 72 h (Fig. 4G). 4. Discussion

Moreover, as the core process for tissue healing, type 1 and type 3

collagen fibers were produced from fibroblasts when treated with Da-g- In this study, we developed a Da-g-Xan hydrogel adhesive based on
Xan-stimulated macrophage supernatant compared with Da-g-Xan the functional connections of dopamine and xanthan gum using adhe-
alone (Fig. 4H and Fig. S9C). These experiments demonstrated that the sion components from two marine animals. Owing to the resulting sy-
paracrine action of macrophages induced by Da-g-Xan comprehensively nergistic effects, the contact surface between the adhesive and tissues
amplified the functions of fibroblasts, including migration, proliferation was enlarged and contained multiple interactions, consequently leading
and collagen synthesis (Fig. 4I). to improvement in the adhesive strength. The unique feature of the

adhesive is the dynamic and reversible hydrogen bonds that not only
confer diverse advantages such as injectability and self-healing but also

3.5. Da-g-Xan hydrogel adhesive induces M2 macrophages in vivo and allow for a relatively fast erosion rate. The released Da-g-Xan behaves
protects surgical anastomosis through improving vascularization and as “a drug” to create a suitable microenvironment for healing of sur-
collagen deposition gical anastomosis by induction of M2 polarization of macrophages
through their CD206 surface receptors. Because of this, the fibroblasts
The colonic anastomotic model was developed in rats to test the and vascular epithelia more actively participated in the colonic ana-
therapeutic effects of the Da-g-Xan hydrogel adhesive (Fig. 5A). Careful stomosis repair.
surgical procedures were required to ensure the postoperative survival Inspiration from natural products has generated artificial products
of the rats, particularly performing the intestinal resection at the as- that can be adjusted and enhanced by chemical modification [43]. For
cending colon surrounding the transparent region because this location example, a simple and feasible conjugation reaction catalyzed by EDC/
facilitated to separate blood vessels and reduce bleeding (Fig. S10A). NHS was used in this study to achieve the conjugate Da-g-Xan. Through
Rats in different groups were left untreated as controls or were treated increasing the amount of dopamine, the DS was gradually improved
with by 0.1 mL fibrin gel, or 0.1 mL Da-g-Xan hydrogel adhesive. None and the adhesive strength was correspondingly increased. Moreover,
of the rats died within 7 d after surgery, and there were no pathological the concentration of Da-g-Xan can also be used to regulate the adhesive
damages to important visceral organs caused by the Da-g-Xan hydrogel strength. These results illustrate the tunable properties of artificial
adhesive (Fig. S10B). materials. However, chemical modifications add uncertainties to
The measurement of body weight change after surgery presented bioinsipred materials in regard to keeping the functional and structural
4% growth on average in the Da-g-Xan adhesive group, which was more characteristics of the natural products. The synthesis process of Da-g-
than that in other groups (Fig. S10C), indicating the beneficial role of Xan strictly relies on an anaerobic environment filled with nitrogen;
Da-g-Xan adhesive on the restoration of intestinal food intake without otherwise the dopamine will be deteriorated by oxidation [44]. In ad-
causing intestinal obstruction (Fig. 5B). At POD 7, the abdominal ad- dition, the conjugation of dopamine may affect the molecular polarity
hesion was evaluated using a site-specific scoring table (Table S3) [42], and intermolecular forces of xanthan gum, thus leading to unexpected
revealing that the Da-g-Xan hydrogel adhesive was able to reduce the polymer self-assembly out of the amyloid structure [45]. By careful
adhesion between anastomosed colon and abdominal wall (Fig. S10D). verification using CD and AFM, we found that the microstructure of Da-
Moreover, by slow and continuous perfusion of water into colon, the g-Xan is more ordered and is analogous to that of the barnacle cement
bursting pressure was recorded by using a pressure sensor (Fig. 5C). The proteins. Therefore, it is important to confirm the functional and
results demonstrated that the Da-g-Xan adhesive could strengthen the structural alterations of polymers whenever there are chemical mod-
healing of anastomosed colon, as the rats in this group had the highest ifications for the generation of bioinspired materials.
bursting pressure (Fig. 5D). To endow hydrogels with bioactivities, specific drugs are usually
We then wish to know whether the in vitro cellular mechanisms encapsulated and sustainably released during in vivo application. As for
proposed in Fig. 41 accounted for the in vivo treatment effects. To ex- xanthan gum-based hydrogels, previous studies reported the effects of
plore this, we examined the histological changes of anastomotic sites. several drugs used to enhance the treatment, including VEGF [46],
As shown in Fig. 5E and F, the thickness of regenerated intestinal acyclovir [47], chlorhexidine [48], ibuprofen [49], and omega-3 PUFA
granulation tissues was higher and the collagen fiber deposition was [50] for angiogenesis therapy, antiviral therapy, antibacterial therapy,
more obvious in the Da-g-Xan adhesive group than those in other immunoregulatory therapy, and anticancer therapy, respectively.
groups. The neovessels were also formed in higher quantities in the Da- However, it is difficult to synchronize the drug release with hydrogel
g-Xan adhesive group (Fig. 5G). This result implied that the cell func- carrier degradation. Once the degradation is expedited, the bursting
tions of fibroblasts and vascular endothelia were enhanced by the Da-g- drug release will inevitably occur, while if the drug release is too rapid,
Xan hydrogel adhesive. Moreover, compared with other groups, the this increases the risk of hydrogels becoming foreign bodies. Moreover,
macrophages in the Da-g-Xan adhesive group tended to express more exogenous growth factor therapies like VEGF, FGF, and TGF-} are not
CD206 markers and conduct M2 polarization (Fig. 5SH and 1), thus re- regulated by endogenous negative feedback mechanisms. Therefore,
inforcing their paracrine action. Collectively, the above results suggest such approaches sometimes lead to tissue hyperplasia and carcinogenic
that Da-g-Xan could induce M2 polarization in vivo and create an ap- risk [51]. Our study solves these concerns by developing drug-free non-
propriate microenvironment for tissue repair. covalent hydrogel therapeutics through direct biorecognition of
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Fig. 5. Da-g-Xan improves the colonic anastomosis healing in a rat model. (A) The specific surgical procedures employed to construct the colonic anastomosis models
in rats with different interventions, including simple suture, suture with the fibrin gel protection and suture with the 10%wt Da-g-Xan hydrogel protection. (B) The x-
ray imaging indicates that additional treatment by the Da-g-Xan hydrogel adhesive does not cause intestinal obstruction at POD 7. (C) The method used to detect the
bursting pressure, which is the highest pressure recorded by a pressure transducer during the continuous infusion of water into the sealed colon. (D) The comparison
of bursting pressure by different interventions; n = 5 for each replicate, *p < 0.05. (E) The histological analysis by HE and Masson staining reveals that the healing
of colonic anastomosis relies on the regenerated granulation tissues for all interventions, in which the granulation tissues are the thickest with most of the collagen
fiber deposition for the Da-g-Xan hydrogel treatment. (F) Quantitative analysis of the granulation tissues and collagen fiber deposition for the different interventions;
n = 5 for each replicate, *p < 0.05, **p < 0.01, ***p < 0.001. (G) Quantitative analysis of neovessel formation in regenerated granulation tissues by staining the
vascular biomarkers (CD31, a-SMA) for the different interventions; n = 5 for each replicate, ***p < 0.001. (H) The flow cytometry results show that treatment with
Da-g-Xan achieves the highest proportion of M2 macrophage polarization in the regenerated granulation tissues among all of the interventions. (I) Quantitative
analysis of macrophage polarization proportions for the different interventions, %; n = 5 for each replicate, *p < 0.05, **p < 0.01.

dissolved polysaccharide-derivatives, which highlights the importance Xan and induce M2 polarization of macrophages. Mannose at the side
of polysaccharides’ immunogenicity on designing drug-free hydrogels. chain of Da-g-Xan may provide the structural basis for recognition by
The mannose receptor CD206 has been domenstrated to bind Da-g- CD206. It was revealed by previous studies that this receptor could
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produce anti-inflammatory cytokines either by blocking TLR-4 sig-
naling or by activation using monoclonal antibodies [52,53]. Similarly
to the latter approach, our study indicates that Da-g-Xan activates
CD206 expression in macrophages and suppresses inflammation, con-
sequently promoting M2 polarization. Moreover, CD206 is an endocytic
receptor that mediates the internalization of polysaccharides from the
excellulalr space into the endosomal system for hydrolysis of materials
[52]. Consistently, part of Da-g-Xan was found to be intracellularly co-
localized with CD206 under the confocal microscope; therefore, it will
reduce the risk of foreign body reaction. We believe that CD206 can be
a new potential target for the design of mannose-containing bioma-
terials to accelerate tissue healing.

Beyond the data presented here on the unique material design,
physical properties and biological functions of the Da-g-Xan hydrogel
adhesive, the bio-safety of xanthan gum authenticated by the U.S. Food
and Drug Administration argues favorably for the future clinical
translation of this adhesive as a class Il medical device. In this way, the
product should help patients recover from surgical anastomosis better
and faster than before, so that the surgical risks and hospitalization
costs will be reduced.

5. Conclusion

Inspired by two marine animals, we developed a Da-g-Xan hydrogel
adhesive that simultaneously simulated the mfps and the amyloid-like
structure of barnacle cement proteins. This adhesive showed excellent
performance in adhering to visceral organ surfaces. The non-covalent
interactions with the adhesive enabled rapid erosion and release of Da-
g-Xan. This polysaccharide derivative was able to induce M2 polariza-
tion of macrophages, creating an appropriate microenvironment for
angiogenesis and fibroblast infiltration, thus building the foundation for
damage repair of surgical anastomosis. Our current goal is to translate
this approach into an injectable and minimally invasive solution for
saving numerous patients from suffering the effects of PAL.
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