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ARTICLE INFO ABSTRACT

Keywords: Peritoneal adhesions (PA) are a common and severe complication after abdominal surgery, impacting millions of
Peritoneal adhesions patients worldwide. The use of anti-adhesion materials as physical barriers is an effective strategy to prevent
Exosomes postoperative adhesions. However, the local inflammatory microenvironment exerts a significant impact on the
Hydrogels ) efficacy of anti-adhesion therapies. In this study, an injectable hydrogel based on oxidized dextran/carbox-
Immunoregulation

ymethyl chitosan (DCC) is designed and prepared. Furthermore, the DCC hydrogel is specifically engineered to
load the adipose mesenchymal stem cells (ADSCs)-derived exosomes (Exos) for the treatment of PA. The prepared
DCC hydrogel can act as the physical barrier via covering the irregular wound surface effectively. Moreover, it
shows controlled degradation property, enabling the regulated release of Exos. The DCC hydrogel loaded Exos
(DCC/Exo0) system has high antioxidant capacity, and can effectively modulate the inflammatory microenvi-
ronments and diminish apoptosis. Notably, it promotes a polarization shift towards the M2-like phenotype in
macrophages. The RNA-seq analysis confirms that the DCC/Exo system exhibits significant anti-inflammatory
properties and promotes a reduction in collagen deposition. Consequently, the DCC/Exo system can inhibit
peritoneal adhesions significantly in a mouse cecum-abdominal wall injury model. These results demonstrate the
DCC/Exo is an ideal material for preventing postoperative adhesions.

1. Introduction

Peritoneal adhesions (PA), a common and severe complication after
abdominal surgery [1], result in the random development of vascular-
ized and innervated fibrous connections involving the intestinal collat-
erals, peritoneum, and abdominal wall. Severe adhesions can cause
abdominal pain, intestinal blockage and female infertility, thereby
significantly impairing the quality of patients’ postoperative lives and
exacerbating psychological and economic burdens [2]. Previous study
suggested that a significant proportion of patients (up to 79 %) who
undergo abdominal or pelvic surgery may develop adhesions to varying
degrees [3]. The formation of abdominal adhesions is influenced by a
complex interplay of pathological factors, including tissue ischemia,
hypoxia, oxidative stress, inflammation and excessive collagen
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deposition. Consequently, PA can significantly affect patient outcomes,
underscoring the prevention of PA is a substantial challenge in clinical
practice.

Improvements in surgical techniques, alongside pharmacological
interventions and the use of physical barriers, constitute the main stra-
tegies for the prevention of postoperative abdominal adhesions [4,5].
Laparoscopy is a minimally invasive surgical technique used in clinical
practice; however, it has been found to be insufficient in preventing PA
[6]. Due to the limitations of drug therapy, such as suboptimal phar-
macokinetics and possible side effects, physical barriers have increas-
ingly become a focal point for preventing PA [7,8]. These Physical
barriers can isolate the injured tissue directly and represent a common
clinical method for postoperative adhesions prevention, including the
use of solutions, films, and hydrogels. Among them, hydrogels are
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promising materials for adhesions prevention, boasting a range of
excellent properties such as superior exceptional biodegradability and
versatile engineering flexibility. Notably, some hydrogels have been
regulatorily approved for the clinical management of PA (e.g., sodium
hyaluronate). However, the design of these materials did not adequately
incorporate the microenvironmental characteristics associated with
adhesion formation. This oversight has resulted in inadequate preven-
tion of inflammation and fibrosis [9]. Therefore, there is an imperative
and urgent need for the development of physical barriers with micro-
environment regulation function to achieve restorative effects.

Recent studies have emphasized the important role of stem cells in
facilitating tissue repair and reducing scar formation. This is attributed
to their capacity to suppress inflammation and prevent the excessive
deposition of collagen [10-14]. Yang et al. found that adipose mesen-
chymal stem cells (ADSCs) promote peritoneal regeneration and facili-
tate tissue repair effectively by modulating macrophage polarization.
This property renders ADSCs a favorable option for wound healing and
tissue regeneration applications [15-18]. However, the stem cell ther-
apy faces several challenges, including the cell viability, potential
immunogenicity, and the risks associated with tumorigenesis [19]. A
previous study revealed that ADSCs mainly exert their effects through
the secretion of exosomes (Exos) [20]. These ADSCs-derived Exos
exhibit similar biological functions with ADSCs but possess the advan-
tages of less immunogenic and more stable. Moreover, Exos have the
capacity to regulate the cellular phenotype, function, and homing
mechanisms through their bioactive substances. They possess the unique
ability to mitigate detrimental immune response, thereby promoting the
survival and regeneration of parenchymal cells [21]. Exos represent a
groundbreaking, cell-free therapeutic approach for PA. However, the
challenge of rapid absorption by surrounding tissues in the dynamic
local microenvironment of PA can undermine their efficacy [9]. To
address this, the use of injectable hydrogels for the precise delivery of
Exos offers an effective solution.

In this study, an injectable hydrogel (DCC) based on oxidized dextran
(ODex) and carboxymethyl chitosan (CMCS) was prepared through a
Schiff base reaction. This prepared injectable DCC hydrogel was utilized
as both a physical barrier and a delivery vehicle for Exos to treat
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postoperative peritoneal adhesions (Scheme 1). It is anticipated that the
DCC/Exo system will not only effectively cover the wound surface but
also serve as a potent preventive measure against adhesions, effectively
reducing apoptosis and inflammatory responses that are secondary to
oxidative stress. We have also formulated a scientific hypothesis to
elucidate the mechanisms behind the DCC/Exo system’s exceptional
anti-adhesion efficacy. 1) the prepared DCC hydrogels have excellent
injectability and gelation properties, allowing complete coverage of the
injured surface; 2) the DCC hydrogels can not only act as carriers for
Exos but also may enhance their retention rate in the abdominal cavity,
thereby optimizing the therapeutic efficacy of the Exos; and 3) the DCC/
Exo system may modulate the microenvironment of damaged tissues by
leveraging the antioxidant and anti-inflammatory properties of Exos,
thereby potentially reducing excessive collagen deposition and pro-
moting tissue repair. Therefore, we systematically investigated the
injectability of DCC hydrogel and the controlled release behavior of
Exos. Furthermore, the DCC/Exo system’s therapeutic capabilities were
thoroughly investigated in mice models in vivo, including its ROS scav-
enging properties, mitigation of oxidative stress-induced damage,
reduction of inflammatory responses, and modulation of macrophage
phenotypes.

2. Materials and methods
2.1. Animals, cell lines, and materials

All experimental animals were procured from the Laboratory Animal
Center at North China University of Science and Technology. They were
housed in a contamination-free environment with sterilized nutrition
and water. All animal experiments were conducted humanely, following
the National Research Council’s Guide for the Care and Use of Labora-
tory Animals. These activities were all under the supervision and
approval of the North China University of Science and Technology, and
all animal experiments complied with the ARRIVE guidelines (Approval
number: Beijing, SCXK 2019-0008). Human peritoneal mesothelial cells
(HPMCs) and RAW264.7 macrophage cells were obtained from the BeNa
Culture Collection. Additionally, medical-grade sodium hyaluronate gel
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(HA) was obtained from Hangzhou Xiehe Medical Supplies. Dextran
with a molecular weight of 2 x 10° Da and carboxymethyl chitosan (a
viscosity of 20 mPa s, a deacetylation degree of 85 %, and a carbox-
ymethyl degree of 80 %) were acquired from Macklin Co. (Shanghai,
China). All the other chemicals used in the experiment were supplied by
Jiangtian Chemical Co. (Tianjin, China).

2.2. Preparation and characterization of DCC hydrogels

According to our previous study [22], aldehyde-modified dextran
was synthesized by an oxidation reaction utilizing sodium periodate.
Briefly, 3.96 g of dextran (0.01 mol) was dissolved in 50 mL of deionized
water. Subsequently, 0.54 g of sodium periodate (0.0025 mol) was
added to the dextran solution and the reaction was carried out in the
dark. After 3 h, 3 mL of glycol was added to the mixed solution to
terminate the reaction. Then, the reacted solution underwent dialysis
against deionized water to obtain the oxidized dextran (ODex). The
injectable oxidized dextran-carboxymethyl chitosan (DCC) hydrogels
were prepared by thoroughly mixing equal proportions of ODex solution
(5 wt%) and CMCS solution (5 wt%) [22].

The rheological behaviors of the DCC hydrogels were analyzed using
a HAAKE MARS rheometer (USA). Dynamic storage modulus (G') and
loss modulus (G") measurements were measured at a frequency of 1 Hz
and a constant strain of 1 %. Furthermore, the hydrogels were subjected
to a step strain sweep at 37 °C and a frequency of 1 Hz with oscillatory
strain amplitudes (y) alternating from 1 % to 500 % and each strain
interval lasting for 100 s. In addition, the injectability of the prepared
hydrogels was evaluated using a conventional electromechanical tester
(Si Pai Inc., China) equipped with a 50 N load cell. The syringe was
securely fixed in a tensile grip, and the plunger was steadily depressed
by an upper compressive plate according to previous report [23]. To
determine the force required for injection, a 1 mL syringe fitted with an
18 G needle was utilized to extrude the hydrogels at a controlled flow

rate of 1 mL min~?.

2.3. Cytotoxicity assay

The cytotoxicity of the prepared DCC hydrogels were evaluated using
HPMCs via the CCK-8 assay (Solarbio, China). Briefly, 1 g of DCC
hydrogel was immersed in 10 mL of complete RPMI-1640 medium and
incubated at 37 °C for 48 h to generate the hydrogel extract. Subse-
quently, the HPMCs were incubated with these extracts for 24 and 48 h,
respectively. The HPMCs were cultured in RPMI-1640 complete medium
as a control. Finally, their cell viability was determined using the CCK-8
assay and calculated according to Equation (1):

Cell viability = a2mwle ~ Aok 100 o ¢8)
control — Ablank

The Agampte and Aconrol are the absorbance values measured from the
hydrogel extract and the control group, respectively. Additionally, Apjank
indicates the absorbance of the CCK-8 solution under cell culture-free
conditions.

In addition, cell morphology was observed by acridine orange/pro-
pidium iodide (AO/PI) staining (Baiolaibo, China). The fluorescent im-
ages were captured with a fluorescence inverted microscope (Nikon,
Japan).

2.4. Subcutaneous implantation test

To track the distribution and persistence of the implanted DCC
hydrogels, the DCC hydrogels were conjugated with Cy5-dextran and
injected subcutaneously in a volume of 100 pL per mouse. Subsequently,
fluorescence images were captured at intervals on days 1, 3, 5, 7, and 9
using an IVIS® Lumina imaging system (PerkinElmer, USA).

To assess the histocompatibility of the DCC hydrogels, six mice
(25-30 g, 6 weeks old) were dorsally injected with 100 pL of DCC
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hydrogels. Tissue samples around the injection sites were collected on
days 5 and 14 post-injection. The presence of neutrophil marker Ly6G
(Cell Signaling Technology, USA) was detected by immunohistochem-
ical staining.

2.5. Preparation and characterization of exosomes

Primary ADSCs were obtained from Sprague-Dawley (SD) rats (male,
aged 3-4 weeks, weighing 80 + 10 g) according to previous methods
[24]. Exos were derived from the supernatants of ADSCs via differential
centrifugation using an ultrahigh-speed centrifuge (Beckman Coulter,
USA). The morphology and structural integrity of the isolated Exos were
observed by transmission electron microscopy (TEM, Hitachi, Japan).
Additionally, the particle size distribution of Exos was measured by
nanoparticle tracking analysis (NTA, Malvern, UK). To further charac-
terize the Exos, Western blot analysis was used to assess the expression
of the key protein markers, including Alix (Wanleibio, China), TSG101
(Wanleibio, China), CD63 (Wanleibio, China) and Calnexin (Wanleibio,
China).

2.6. In vivo tracing of DCC/Exo

Exos were fluorescently labeled in accordance with the manufac-
turer’s protocol. Briefly, a 10 pM Dil solution (Beyotime, China) was
added to PBS containing the Exos and incubated at room temperature for
30 min to facilitate labeling. To remove unbound dye, the labeled Exos
were centrifuged at 100,000 xg for 30 min at 4 °C. The Dil-labeled Exos
were further isolated by ultracentrifugation at 130,000xg for 2 h and
then mixed with the DCC hydrogel to produce DCC/Dil-labeled Exos.
This prepared DCC/Dil-labeled Exos were injected into subcutaneous
tissue of mice. Subsequently, the tissue was subjected to cryogenic
sectioning using a Leica cryostat. The sections were examined by a laser
scanning confocal microscope (Andor Dragonfly, Oxford Instruments,
UK).

2.7. Release kinetics of exosomes from DCC hydrogels

A DCC hydrogel (100 pL) containing 30 pg of Exos was immersed in
200 pL of PBS at 37 °C. At set intervals, 100 pL of the release solution
was removed, and an equal amount of fresh PBS was added. The release
of Exos was determined over 8 days using a BCA protein assay kit
(Solarbio, China).

2.8. Flow cytometry

To induce macrophage polarization in vitro, RAW264.7 cells were
first treated with 20 pg/mL Exos for 1 h, then exposed to lipopolysac-
charides (LPS, Sigma-Aldrich, USA) at a concentration of 1 pg/mL [25].
After a coculture period of 12 h, the RAW264.7 cells were stained with a
Zombie NIR™ Fixable Viability Kit (BioLegend, USA). Before proceeding
with immunostaining, to effectively block Fc receptors, the RAW264.7
cells were preincubated with 1.0 pg of the TruStain FcX™ anti-mouse
CD16/32 antibody (BioLegend, USA) in a 100 pL solution on ice for
5-10 min. RAW264.7 cells were incubated in PBS buffer containing 2 %
FBS at 4 °C for 30 min to stain the cell surface. Subsequently, directly
conjugated antibodies against the following specific murine proteins
were used: FITC-conjugated anti-mouse CD11b (BioLegend, USA),
BV421-conjugated anti-mouse F4/80 (BioLegend, USA), and
AF700-conjugated anti-mouse CD86 (BioLegend, USA). Intracellular
labeling was performed with Fix Buffer (BioLegend, USA) to fix the cells.
Then, the cells were permeabilized using a 10 x concentration of
Intracellular Staining Permeabilization Wash Buffer (BioLegend, USA)
and subsequently stained with APC-conjugated anti-mouse CD206
(BioLegend, USA). Finally, flow cytometric analysis was performed
using a 21-color CytoFLEX (Beckman Coulter, USA) instrument to ac-
quire the data. The data were analyzed by CytoExpert (Beckman
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Coulter, USA) and FlowJo (Tree Star).

2.9. Assessing the anti-adhesion impact of DCC/Exo in vivo

The mouse peritoneal adhesion model was prepared according to our
previous report [4]. Briefly, the KM mice were anesthetized with 2.5 %
Avertin (0.095 mL/10 g) intraperitoneally, and the abdominal skin was
prepared and disinfected. The cecum injury was induced by dry gauze
abrasion until petechial hemorrhage appeared, and a 1 x 1 cm? wound
was made on the abdominal wall with a scalpel. The mice were divided
into 4 groups (n = 5), including the control group, commercial sodium
hyaluronate (HA) hydrogel group, DCC hydrogel group and DCC/Exo
hydrogel group. The injured sites were covered with 100 pL of HA
hydrogel, 100 pL of 2.5 wt% DCC hydrogel [22]. In the DCC/Exo group,
100 pL of DCC hydrogel, encapsulating 30 pg of Exos (30 pg/100 pL) was
injected at the injured site [26]. For the control group, 100 pL of PBS was
used to clean the injured cecum and abdominal wall. The adhesions on
days 7 and 14 after surgery were assessed using a double anonymous
method to score the model animals. The scoring criteria were as follows:
0, no adhesions; 1, one thin adhesion, loose and easily separated; 2, one
or more thin adhesions; 3, relatively tight adhesions; 4, one or more tight
adhesions; and 5, large area of vascularized adhesions.

2.10. RNA sequencing (RNA-seq) and data analysis

To compare the gene expression levels between the DCC hydrogel
and DCC/Exo groups, RNA-seq was performed by Novogene Bioinfor-
matics Technology Corp., Ltd. (Beijing, China). Subsequently, Gene
Ontology (GO) functional enrichment, Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway and Reactome enrichment analysis of
differentially expressed genes (DEGs) were conducted with clusterPro-
filer software.

2.11. Immunohistochemical and immunofluorescence staining

Mice were euthanized at different time points after surgery, followed
by the rapid excision of cecum and abdominal wall tissues. The collected
tissue samples were fixed and embedded in paraffin for further analysis.
Apoptosis at the wound site was detected using the terminal deoxy-
nucleotidyl transferase (TdT)-mediated dUTP-biotin nick end labeling
(TUNEL) staining (Shanghai Life-ILab Biotech Co., Ltd., China) accord-
ing to the manufacturer’s protocol. To evaluate the inflammatory
response, specific antibodies were selected for staining: Anti-Ly6G (Cell
Signaling Technology, USA), anti-CD3 (Abcam, UK), and anti-CD68
(Cell Signaling Technology, USA). Fibrosis was assessed by Masson tri-
chrome (Leagene Biotechnology, China) and Sirius red (Leagene
Biotechnology, China) staining [27]. These stained images were
captured by an optical microscope (Olympus, Japan).

Optimum cutting temperature (OCT) tissue sections at 1 d after
peritoneal injury were used to detect reactive oxygen species (ROS)
levels. The ROS levels were evaluated using dihydroethidium (DHE,
Cayman Chemical, USA). Additionally, MitoTracker Red (Invitrogen,
USA) was used to label mitochondria to observe mitochondrial damage.

Antibodies against iNOS (Santa Cruz Biotechnology, USA) and
CD206 (Cell Signaling Technology, USA) were used as markers to
observe macrophage polarization. For immunofluorescence detection,
the following fluorescent secondary antibodies were used: anti-mouse
AF568 (Thermo Fisher, USA) and anti-rabbit AF488 (Thermo Fisher,
USA). Nuclear staining was performed using 4', 6'-Diamidino-2-phe-
nylindole (DAPI) (Cell Signaling Technology, USA). The high-speed
confocal microscope (Oxford Instruments, UK) was used to capture the
resulting fluorescence images. All the images were quantitatively
analyzed with ImageJ software.
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2.12. Western blot

For total protein extraction, Radio Immuno Precipitation Assay
(RIPA) lysis buffer (Solarbio, China) supplemented with 1 mM phenyl-
methanesulfonyl fluoride (PMSF) was used. Protein concentrations were
quantified using a BCA kit (Solarbio, China). After separation by
SDS-PAGE, proteins were transferred onto PVDF membranes (Millipore,
USA). After 2 h, the membranes were blocked with 5 % skim milk and
then incubated at 4 °C overnight with specific primary antibodies,
including those specific for interleukin-6 (IL-6, Wanleibio, China),
Arginase-1 (Arg-1, Proteintech, USA), and GAPDH (Proteintech, USA).
Afterward, the membranes were incubated for another 2 h with sec-
ondary antibodies at room temperature and were finally visualized with
enhanced chemiluminescence (ECL) solution (Epizyme Biomedical
Technology, China).

2.13. Engyme-linked immunosorbent assay (ELISA)

Following the establishment of PA model and treated by hydrogels
and Exos, serum samples were systematically collected from the mice at
predefined time points: 0, 1, and 5 days. The serum levels of IL-1f, tumor
necrosis factor-a (TNF-a), and IL-10 were measured using ELISA kits
from ABclonal Biotechnology Co., Ltd. (Wuhan, China).

2.14. Statistical analysis

The data are presented as the means + standard errors. One-way
ANOVA was used for group comparisons and the least significant dif-
ference (LSD) test was used for two-way comparisons. Statistical pro-
cessing was carried out with GraphPad Prism 9 and ImageJ, witha P <
0.05 indicating statistical significance.

3. Results
3.1. Formation and characteristics of the DCC hydrogels

Many biodegradable and injectable hydrogels have been engineered
to mitigate postoperative abdominal adhesions [28,29]. In this study, a
biodegradable and injectable DCC hydrogel was prepared via a Schiff
base reaction between the aldehyde group of ODex and the amino group
of CMCS (Fig. 1A). When ODex was mixed with the CMCS solution, it
exhibited a homogeneous sol state with the G’ being lower than the G'.
As the reaction progressed, both G' and G” increased. The intersection of
these moduli indicated the gelation time of the DCC hydrogels. Even-
tually, G surpassed G’, stabilized, and indicated the formation of the
hydrogels (Fig. 1B). The gelation dynamics of DCC hydrogels with
different mass ratios of ODex and CMCS were thoroughly examined.
Fig. 1C & S1 showed that the gelation time decreased from 178 sto 121 s
when the ODex/CMCS mass ratio changed from 1:2 to 1:0.5. Meanwhile,
G gradually increased from 76 Pa to 112 Pa, and this change was
attributed to the increased crosslinking density caused by a higher
concentration of aldehyde groups in the DCC hydrogel (2:1). The DCC
hydrogel exhibited injectability through reversible dynamic chemical
crosslinking via imine bonds. The mixture of the ODex and CMCS so-
lution was injected easily by a syringe, indicating that DCC hydrogels
have favorable injectability (Fig. 1D). The viscosity of DCC hydrogel
decreased significantly when it was extruded through a syringe needle.
Additionally, the force applied when the DCC hydrogel was injected
through an 18 G clinical needle at a flow rate of 1 mL/min was recorded
(Fig. 1E), and the results showed an initial linear and then a plateau
(Fig. S2). Regardless of the ODex/CMCS mass ratio, the injection forces
in all cases were less than 1 N. This measurement represented the force
applied by physicians to initiate and maintain plunger movement.
Overall, this procedure greatly simplifies the difficulty of the operation.
In addition, the prepared DCC hydrogel showed good tissue adhesive
property. As shown in Figs. S3 and S4, the adhesive strength of the DCC
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hydrogel on skin surface was 7.7 kPa. Moreover, the DCC hydrogel can
adhere on various tissue surface without the need for additional surface
treatments, thus simplifying the application process.

To analyze degradability in vivo, DCC hydrogels labeled with Cy5
were implanted subcutaneously. As shown in Fig. 1F, fluorescence im-
aging utilizing the IVIS living imaging system revealed clear signals in
the dorsal area immediately after injection (day 0), indicating rapid
formation of the DCC hydrogels in situ. Over time, the fluorescence
signal remained at the injection site, indicating the robust integrity of
the hydrogel. Additionally, the fluorescence intensity decreased signif-
icantly on day 7, suggesting that the DCC hydrogels degraded gradually
over time in vivo. The appropriate retention time of the DCC hydrogel is
an important factor in preventing adhesion, and its ability to degrade
within a specific time is also beneficial to tissue healing. In contrast, the
commercial HA hydrogels degraded faster than the DCC hydrogels in
vivo, and no fluorescent signal was observed on day 5 after injection
(Fig. S7).
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The prepared DCC hydrogel showed good biocompatibility. As
shown in Fig. S5, the HPMCs survival rates in the DCC group were
comparable to those in the normal group after 24 and 48 h of incubation,
reaching approximately 100 %. In addition, most of the HPMCs fluo-
resced in green, and little dead HPMCs fluoresced in red (Fig. S6),
indicating that DCC hydrogels have no cytotoxic effects.

As shown in Fig. 1G, residual DCC hydrogels were detected in the
subcutaneous tissue on day 5 post-implantation. On day 14, these
hydrogels had completely degraded, which was consistent with the re-
sults from in vivo imaging results. In addition, on day 5, a slight in-
flammatory response was marked by the presence of Ly6G ™ neutrophils.
As the hydrogel degraded, the presence of Ly6G' neutrophils was
minimal on day 14.
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Exos implanted in vivo.
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3.2. Preparation and release of exosomes from DCC hydrogels in vitro
and in vivo

To obtain Exos, a simple and effective method was used to purify
Exos by differential centrifugation (Fig. S8). TEM images revealed that
the Exos had a cup-shaped, double-membrane structure (Fig. 2A) with
an average size of 116 nm (Fig. 2B). Typical proteins including CD63,
Alix, and TSG101 were present at high levels, whereas an endoplasmic
reticulum marker Calnexin was absent (Fig. 2C). Overall, these results
validated the effective preparation of ADSCs-derived Exos.

M1 and M2 macrophage polarization play a vital role in injury
response [30]. To explore the regulatory effects of Exos on macrophages,
LPS-stimulated RAW264.7 cells were treated with Exos to investigate
macrophage regulation (Fig. 2D). The percentage of M1 (CD86") mac-
rophages in the Exos-treated group was significantly lower than that in
the LPS-stimulated group. However, there was a substantially greater
percentage of M2 (CD206™) macrophages, and the difference was sta-
tistically significant (p < 0.01). These results indicated that Exos miti-
gate LPS-induced inflammatory responses and promote macrophage
polarization towards the M2 phenotype.
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To examine Exos release characteristics from DCC hydrogels in vitro,
30 pg of Exos were loaded into 100 pg of DCC hydrogels. As shown in
Fig. 2E, the majority of Exos were sustained within the DCC hydrogel for
up to 8 days, demonstrating a sustained release profile. This gradual
release pattern mitigated the burst release phenomenon typically asso-
ciated with Exos delivery, thereby enhancing their stability and poten-
tially their therapeutic efficacy. During this period, more than 95 % of
the Exos were released. Their combined synergistic effect enhances the
therapeutic efficacy.

To track the binding and persistence of Exos in vivo, subcutaneous
implantation of DCC/Dil-labeled Exos was performed, followed by
fluorescence tracking at different intervals (Fig. 2F). Notably, a lot of
Dil-labeled Exos appeared on day 1 after transplantation. However, the
presence of these Exos decreased significantly on days 3 and 5, and red
fluorescence was barely detectable on day 7. This trend suggested that
the main activity of DCC/Exo occurred in the initial phase of tissue
injury.

cytokine receptor activity ! o
collagen binding{ «
G-protein coupled receptor activity L]
actin binding{ L ]
carbohydrate binding1 L[]
heparin binding{ .
glycosaminoglycan binding1 .
cytokine binding{ .
growth factor binding{ .
integrin binding{ .
side of membrane [ ]
collagen trimer;  ®
rcomere+ . ® 150
contractile fiber part{ ° ® 200
extemal side of plasma membrane [ ]
extracellular matrix component: L[] padj
myofibril{ ° 1.00
contractile fiber{ L] 0.75
proteinaceous extracellular matrix{ [ ]
extracellular matrix{ [ ] 0.80
extracellular structure organization ° 0.25
extracellular matrix organization; L] - 0.00
leukocyte chemotaxis{ °
positive regulation of cell migration;
positive regulation of cell motility:
leukocyte migration{ )
angiogenesis [ ]
cell chemotaxis L[]
chemotaxis °
taxis{ ()

0.02 0.04 0.06
GeneRatio

Count
® 50
® 100

Description

Cell surface interactions at the vascular wall o

ECM proteoglycans
Glycosaminoglycan metabolism: °
Collagen chain trimerization:

Regulation of Insulin-like Growth L]
Neutrophil degranulation:
Elastic fiber formation:

.
°
®
g

Muscle contraction ° @120
Collagen degradation{ e padi
Platelet activation, signaling and aggregation [ ) [ ] 1.00
Assembly of collagen fibrils: . . 0.75
Striated Muscle Contraction{ « 0.50
Response to elevated platelet cytosolic Ca2+ L[] - 2‘22
Integrin cell surface interactions ° :
Platelet degranulation °
Degradation of the extracellular matrix ]
Collagen biosynthesis and modifying enzymes: .
Collagen formation °
Extracellular matrix organization o |
0.025 0.050 0.075 0.100
GeneRatio

Fig. 3. The effects of DCC/Exo on the gene expression level in vivo (n = 3, the DCC vs DCC/Exo groups). (A) Differential gene volcano mapping analysis. (B)
Scatterplot analysis for GO functional enrichment of downregulated differentially expressed genes (DEGs). (C) KEGG pathway enrichment scatterplot analysis of
downregulated DEGs. (D) Reactome enrichment analysis scatterplot of downregulated DEGs.
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3.3. The effects of DCC/Exo on the gene expression level in vivo

To explore the potential mechanism of DCC/Exo on PA repair, the
tissue samples were harvested from mice in the DCC group and the DCC/
Exo group on day 5 post-treatment. RNA-seq was subsequently per-
formed to analyze the differential gene expression profiles and enrich-
ment scenarios between the groups.

As illustrated in the volcano plot, a comprehensive transcriptomic
analysis revealed significant differential gene expression between the
DCC/Exo group and the DCC group. Specifically, 6060 genes exhibited a
statistically significant change in expression levels between the DCC/
Exo and DCC group. Among these, 2543 genes were significantly upre-
gulated (the red dots), and 3517 genes were significantly downregulated
(the green dots) in DCC/Exo group (Fig. 3A). GO analysis indicated that
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the downregulated DEGs are mainly involved in the formation of the
extracellular matrix, proteinaceous extracellular matrix, and contractile
fibers. The molecular functions predominantly included integrin bind-
ing, growth factor binding, and cytokine binding, which are involved in
biological processes of chemotaxis, angiogenesis, and leukocyte migra-
tion (Fig. 3B & S9, p < 0.05). KEGG pathway enrichment analysis
revealed that 20 pathways associated with the downregulated genes,
suggesting that the DCC/Exo exerted a preventative effect on PA
through multiple pathways. Compared with the DCC group, the DCC/
Exo group exhibited significant downregulation of several key pathways
(p < 0.05), including the PI3K-Akt signaling pathway, cytokine-cytokine
receptor interaction, focal adhesion, Rap1 signaling pathway, and ECM-
receptor interaction pathway ((Fig. 3C). These results suggested that the
introduction of Exos may modulate the physiological effects through
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**p < 0.01, ***p < 0.001). (A) DHE buildup (red

fluorescence) in adhesion tissues on day 1 after injury. (B) Representative images of the adhesion of mitochondria (red fluorescence) after peritoneal injury on day 1.
(C) TUNEL staining images revealed the presence of apoptotic cells on day 1. (D-F) Quantitative histograms of DHE, mitochondria and apoptotic cells. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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these pathways.

Analysis utilizing the Reactome database (Fig. 3D) indicated that,
relative to the DCC group, the DCC/Exo group exhibited significant
downregulation of genes related to collagen formation, extracellular
matrix organization, integrin-related pathways and neutrophil degran-
ulation. Taken together, these results confirmed that DCC/Exo can
modulate the immune microenvironment post-adhesion by down-
regulating the expression of inflammation-related genes and pathways,
thereby preventing adhesion.

3.4. The suppressive effects of DCC/Exo on oxidative stress and
mitochondrial damage

Surgical injury can trigger an excessive production of ROS, including
superoxide anions and hydroxyl radicals [31]. The production of these
free radicals is a potential pathogenic factor contributing to the forma-
tion of PA and they can act as a signaling molecule to exacerbate the
inflammatory response and promote the release of proinflammatory
cytokines by immune cells [32-34]. To assess the antioxidant effects of
DCC/Exo hydrogels in vivo, their radical scavenging and anti-apoptosis
properties were investigated. As shown in Fig. 4A, on day 1, a signifi-
cant amount of red DHE fluorescence was observed around the cell
nuclei in the control, HA, and DCC groups. Notably, the strongest red
fluorescence appeared in the control group, particularly in the adhesion
area between the cecum and abdominal wall. As expected, almost no
DHE fluorescence can be observed after treatment by DCC/Exo, and the
average red fluorescence area fraction was reduced by 93.6 % compared
to the DCC group (***p < 0.001). The fluorescence area fraction of the
DCC/Exo was significantly lower than that of the other groups (Fig. 4D).

The DCC/Exo protected mitochondria from damage. As shown in
Fig. 4B, the red fluorescence of MitoTracker mitochondria in the control
group significantly decreased in the adhesion tissues compared to the
healthy tissue (Fig. S10), indicating that the mitochondria are damaged
by oxidative stress. As expected, the MitoTracker fluorescence signifi-
cantly increased in the DCC/Exo group, and its average fluorescence was
approximately 255 % higher than that of the DCC group (***p < 0.001,
Fig. 4E). These results indicated that the DCC/Exo group effectively
suppressed the oxidative stress damage to mitochondria, which is
essential for maintaining cellular homeostasis. In addition, the DCC/Exo
can also suppress the apoptosis in damaged tissue. Many TUNEL-positive
cells were observed in the control group owing to oxidative stress
damage. The HA and DCC groups showed a slight decrease in apoptosis.
However, the numbers of apoptotic cells in the DCC/Exo group were
significantly lower compared with the control group (***p < 0.001).
This reduction was quantified by a decrease in the green fluorescence
area fraction from 1.81 + 0.07 % to 0.23 £+ 0.06 %, indicating the
effectiveness of synergistic treatment with Exos (Fig. 4C and F).

3.5. The effects of DCC/Exo on inflammatory microenvironment of
peritoneal adhesions

Irritation and damage to the peritoneum (Fig. S11) lead to increased
capillary permeability, followed by leakage of inflammatory cells and
fibrin from the bloodstream into the peritoneal cavity. This process
triggers inflammation and further results in adhesion. Minimizing in-
flammatory reactions and the accumulation of collagen fibers can pre-
vent adhesion development. In this study, the inflammatory response
and the incidence of early adhesions were assessed on day 5 after sur-
gery. Notably, PA were distinctly apparent in the control group, whereas
no adhesions were observed in the DCC/Exo group (Fig. 5A). In addi-
tion, Ly6G, CD3 and CD68 were selected as markers for inflammatory
cells. The control group exhibited marked infiltration of Ly6G™ cells (a
neutrophils marker), CD3" cells (a T lymphocytes marker), and CD68™"
cells (a macrophages marker). The adhesive tissue in both the HA and
DCC hydrogel groups was less dense than those in the control group.
Additionally, the level of inflammation in the injured areas showed a
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slight decrease in the two hydrogel groups. As expected, the infiltration
of neutrophils, T lymphocytes, and macrophages in the DCC/Exo group
was significantly lower than those in the control (***p < 0.001) and DCC
groups (*p < 0.05 or **p < 0.01, Fig. 5B-D). Similarly, when compared
with the control group, there was a significant reduction in the levels of
the proinflammatory cytokines IL-1f and TNF-a in the DCC/Exo group
(***p < 0.001). Conversely, the level of IL-10 (an anti-inflammatory
cytokine) was increased by DCC/Exo treatment (***p < 0.001). This
increase was pronounced on day 1 and was sustained through day 5, the
levels of IL-10 remained elevated in the DCC/Exo group compared to the
control group.

These findings indicated that DCC/Exo diminishes the recruitment of
inflammatory cells and the release of inflammatory mediators, inhibit-
ing the activation of the inflammatory microenvironment and thereby
preventing the formation of adhesions. Furthermore, regulation of the
inflammatory microenvironment promoted the regulation of immune
cells and enhance the activity of cellular repair, thereby facilitating
tissue repair, these results are consistent with the previous report [35].

3.6. The effects of DCC/Exo on the macrophage polarization in vivo

Given the encouraging results of reduced local inflammatory cell
infiltration and increased serum levels of anti-inflammatory cytokines
after DCC/Exo treatment, the underlying mechanisms were
investigated.

Macrophage polarization is recognized as a pivotal factor in modu-
lating inflammatory response and tissue healing [36]. Many studies have
shown that Exos can promote macrophage polarization, leading to
elevated levels of anti-inflammatory cytokines and chemokines. This
promotion is instrumental in reducing inflammation and aids tissue
healing [37]. As shown in Fig. 6A and B, the quantity of iNOS-labeled
M1 macrophages was significantly higher in the control group
compared to the DCC/Exo group (***p < 0.001) on day 5. In contrast,
the prevalence of M2 macrophages labeled with CD206 sequentially
increased in the HA, DCC, and DCC/Exo groups (***p < 0.001) (Fig. 6A
and C), and many M2 macrophages appeared in both the cecal and
abdominal regions in the DCC/Exo group. Based on the average area
fraction of M1 and M2 markers in each group, M2 macrophages in the
DCC/Exo group accounted for the largest proportion of macrophages
(Fig. 6D). In comparison, the number of proinflammatory M1 macro-
phages was notably decreased. The results suggest that DCC/Exo can
inhibit the polarization of macrophages towards the proinflammatory
M1 phenotype and instead promote their polarization towards the
anti-inflammatory M2 phenotype.

To further investigate this effect, we conducted a detailed investi-
gation of the secretion profiles of proinflammatory factors by M1 mac-
rophages, including IL-1p, IL-6, and TNF-a, as well as the anti-
inflammatory agents produced by M2 macrophages, which include
Arg-1 and IL-10 via Western blotting [38]. As shown in Fig. 6E-G,
compared to the control group, the M1-associated proteins IL-1p and
IL-6 were downregulated in the DCC/Exo group. Conversely, a notable
upregulation of the M2-specific protein Arg-1 was observed in the
DCC/Exo group, with expression levels significantly higher than those in
both the control and the DCC hydrogel groups (*p < 0.05) (Fig. 6E and
H).

3.7. Anti-adhesion effects of the DCC/Exo

A prolonged inflammatory response can significantly interfere with
the fibrinolytic system and the remodeling of the extracellular matrix at
the site of injury. This fibrotic process is key to the pathology of PA [39,
40]. The formation of fibers and collagen is a way of repairing perito-
neum after injury and occurs in the final stages of postoperative PA
development [2]. To assess the anti-adhesion effect of the DCC/Exo
system, injured tissues were collected on days 7 and 14 after surgery.
The collected samples were examined for the presence of adhesions and
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legend, the reader is referred to the Web version of this article.)

subsequently quantified using a standardized scoring system of adhe-
sions. As shown in Fig. 7A and B, on day 7 post-surgery, distinct adhe-
sions had formed between the abdominal wall epithelium and the cecum
injury surface in the control group, and the adhesions became tighter
and denser as the disease progressed on day 14. Correspondingly, the
adhesion score in the control group increased from 3.6 points on day 7 to
4.6 points on day 14. More optimistically, the application of HA and DCC
hydrogels led to a slight decrease in adhesion compared to the control
group. Specifically, the adhesion scores for the HA group were 3.2 points
on day 7 and 3.8 points on day 14, while the DCC group exhibited even

lower scores of 2.4 points on day 7 and 3.2 points on day 14. These
scores were significantly lower than those of the control group (**p <
0.05). In contrast, no adhesions were observed in the DCC/Exo group on
days 7 and 14 after surgery. The cecum surface and the abdominal wall
healed smoothly in the DCC/Exo group, with adhesion scores of 0 on day
7 and 0.2 on day 14, which was significantly lower than those in the
control group (***p < 0.001). H&E staining images showed similar re-
sults. As shown in Fig. 7C, the adhesions area and thickness of the
control group gradually increased with the progression of the disease.
The adhesions involved the entire intestinal wall with dense connective
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tissue, and many leukocytes were observed. Moderate adhesions were
observed in both the HA and DCC hydrogels, with connections formed
between the cecum and the adjacent abdominal wall. Furthermore,
although Exos injection alone showed some beneficial effects in pre-
venting adhesions, the thin adhesion can be observed (Fig. S12). This
may be due to the anatomical characteristics of the peritoneum, where
the injected Exos tend to flow away from the injured site, thus reducing
their local retention and efficacy. In contrast, the DCC/Exo group
resulted in the absence of adhesions due to the physical barrier function
of DCC and the microenvironment modulate function of Exos. Further-
more, the presence of the DCC carrier significantly enhances the reten-
tion of Exos at the wound site, thereby creating favorable conditions for
their therapeutic function. A renewed mesothelium layer was observed
on the injured surfaces of both the cecum and the abdominal wall.

Masson’s trichrome and Sirius red staining were used to assess the
effects of DCC/Exo on fibrosis levels. As shown in Fig. 7D, on day 7 after
surgery, the control group exhibited a significant amount of collagen.
Although the commercial HA and DCC hydrogels had some protective
effects, there was still noticeable collagen deposition. Consistent with
the results of H&E staining, the DCC/Exo group lacked fibrous connec-
tive tissue. On day 14 after surgery, the denser fibrous connective tissue
in the area connecting the cecum and the abdominal wall in the control
group than that on day 7, possibly due to fibrosis caused by continued
inflammation. Compared with the HA hydrogel group, the DCC hydrogel
had a stronger anti-adhesion ability, but the hydrogels did not play a
therapeutic or healing role. Surprisingly, there was almost no collagen
deposition in the DCC/Exo group.

Epithelial-mesenchymal transition (EMT) is an essential process in
tissue fibrosis [41]. As shown in Fig. S13, a pronounced EMT phenom-
enon accompanied by the most severe degree of fibrosis was observed in
the control group following peritoneal injury. In contrast, both the DCC
hydrogel group and the Exo group were able to inhibit the occurrence of
EMT. Notably, the DCC/Exo group exhibited significant positive
expression of E-cadherin and only a limited positive expression of
Vimentin, indicating the efficacy of the combined treatment strategy. In
summary, the DCC/Exo has satisfactory anti-adhesion effects in vivo, and
can reduce collagen deposition and promote tissue healing.

4. Discussion

The development of PA involves a series of interconnected events
and biological mechanisms, including initial tissue injury, wound heal-
ing, fibrinolysis, and fibrosis. Oxidative stress and inflammation are
pivotal factors that exert a profound influence on the evolution of PA,
driving the complex interplay of cellular and molecular processes that
culminate in the formation of adhesions [1]. In this study, the DCC
hydrogels were prepared as a physical barrier for the prevention of PA.
The preparation of the DCC hydrogel was straightforward, avoiding the
use of harmful chemicals and complex reactions, thereby enhancing its
potential for clinical use. First, the injection time can be modulated by
adjusting the crosslinked degree; the more aldehyde groups present, the
shorter gelatin time, which is expected to be a suitable injectable ma-
terial for clinical use [22]. Second, these hydrogels can be injected
quickly via a syringe and cover irregular wounds effectively, further
enhancing their effectiveness as a physical barrier against adhesions.
Third, the DCC hydrogels demonstrated cytocompatibility and histo-
compatibility due to the nature of polysaccharide network structure and
the green preparation process. Fourth, the appropriate retention time is
a key factor for an effective anti-adhesive material. Commercial
anti-adhesion hydrogels could reduce adhesions to some extent, but
degraded rapidly and had no immunomodulation function. Overall, the
prepared DCC hydrogels possess potential advantages in terms of
biocompatibility, biodegradability, mechanical properties, and drug
delivery. However, they still need to overcome challenges related to
stability and clinical acceptability.

The DCC hydrogels served as both a delivery vehicle to enhance Exos
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retention at designated sites and as a barrier against injury, effectively
preventing adhesions. We found that the anti-adhesion effect of the DCC
hydrogels was superior to the commercial HA hydrogels, but the DCC
hydrogels lacked immunoregulatory properties. Exos play a pivotal role
in tissue repair and regeneration owing to their inherent antioxidant and
anti-inflammatory properties [42,43]. When the Exos were injected into
the peritoneal cavity, they exhibited a tendency to leak, resulting in
reduced retention of these Exos in the targeted area. We engineered DCC
hydrogel carriers to enhance the localized action of Exos at the injury
site, thereby maximizing their therapeutic efficacy. The release kinetics
demonstrated that approximately 90 % of Exos gradually released from
the DCC hydrogel over a period of 8 days. Furthermore, we injected
DCC/Dil-labeled Exos into the subcutis of mice and the results showed
that Exos can be taken up by cells, consistent with reports that Exos can
be easily perfused into tissues [44-46]. Over time, the red fluorescence
in subcutaneous tissue decreased significantly, suggesting that Exos
were removed from host cells in vivo [37]. Therefore, the DCC hydrogels
exhibited effective Exos release during the initial phase of tissue injury.

This study aimed to elucidate the underlying mechanisms of the
DCC/Exo system’s immunomodulatory effects, offering insights into its
potential applications in therapeutic interventions. We identified path-
ways associated with the downregulated genes through a comparative
analysis of the RNA-seq data obtained from both the DCC and DCC/Exo
groups with publicly accessible gene expression databases. The related
pathways were associated with inflammatory mechanisms, including
the PI3K-Akt signaling pathway, cytokine-cytokine receptor in-
teractions, and integrin signaling. It has been reported that activation of
the PI3K-Akt pathway leads to a decrease in inflammatory responses
[47,48]. The significant reduction in cytokine receptor interactions
suggested that the DCC/Exo may regulate the immune microenviron-
ment, potentially prevent the development of adhesions. Furthermore,
proper modulation of integrin function is essential in the management of
inflammatory responses [49,50]. Consequently, the significant down-
regulation of DEGs detected by RNA-seq confirmed that DCC/Exo could
modulate the immune microenvironment.

Adhesion formation involves multiple pathological processes.
Initially, there is a significant damage to mesothelial cells, leading to the
accumulation of ROS and subsequently prompting the migration and
infiltration of inflammatory cells to the affected area [51]. Then, the
process of fibrosis unfolds, involving fibrin deposition and fibroblast
proliferation [52]. Oxidative stress generates excess ROS, which are
extremely destructive to cells and toxic to mesothelial cells, as well as
inducing apoptosis [1,2]. DCC/Exo demonstrated a significant capacity
to scavenge excess ROS and protect mitochondria from damage in a
mouse model of PA. Furthermore, the introduction of DCC/Exo led to a
reduction in apoptosis in the cecum and abdominal wall. In addition,
DCC/Exo effectively reduced the levels of proinflammatory cytokines
(IL-1p and TNF-a) and diminished the presence of inflammatory cells
marked by Ly-6G, CD3, and CD68 in the injured area.

The mouse cecum-abdominal wall adhesion model was used to assess
the efficacy of DCC/Exo in prevention of postoperative adhesions in vivo.
As expected, no adhesions were observed in the DCC/Exo group on days
7 and 14. Furthermore, the dotted hemorrhage in the cecum had
resolved and the abdominal wall was almost completely repaired. The
adhesion scores (0 on day 7 and 0.2 on day 14) in the DCC/Exo group
were the lowest among all experimental groups, indicating the superior
efficacy of the DCC/Exo treatment in inhibiting adhesion formation.
H&E and Masson’s trichrome staining showed a dense accumulation of
collagen fibers in the control group, indicating persistent adhesive band
formation. Conversely, the abdominal wall and cecum region were
completely separated in the DCC/Exo group, with only a limited in-
flammatory response. Notably, mesothelial cell layer structures were
detected in the cecum and peritoneum, indicating a gradual recovery in
the injured regions of both the cecum and abdominal wall.

Given the positive results of DCC/Exo treatment, the underlying
mechanisms were further investigated. Typically, the immune response
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to tissue damage is self-limited, subsiding within a timeframe 1-2 weeks
[53]. Immune cell involvement and the duration of immune response
significantly influence healing outcomes, impacting both fibrosis and
tissue regeneration. Various studies have consistently indicated that the
ADSCs-derived Exos play a beneficial role through immunomodulation
[54,55]. Early in vitro studies have shown that these ADSCs-derived Exos
robustly modulate macrophage activity, attenuate inflammatory re-
sponses and facilitate the polarization of macrophage towards the
anti-inflammatory M2 phenotype. Our animal experiments indicated
that the DCC hydrogels provided a beneficial effect in the prevention of
PA compared to the control group. However, a higher proportion of M1
macrophages was observed in the cecum and abdominal wall areas.
Conversely, DCC/Exo not only considerably promoted tissue healing but
also effectively decreased the number of M1 macrophages while
increased the number of M2 macrophages. In general, both in vitro and in
vivo studies indicated that DCC/Exo can exert immunomodulatory
functions and manage the M1/M2 macrophage phenotype, thereby
promoting peritoneal repair effectively.

Although the combined strategy of DCC/Exo has been demonstrated
to prevent the formation of PA in mice, this study is still in the basic
research stage, and its molecular mechanisms of preventing adhesions
and promoting peritoneal regeneration are unclear, making challenges
for its application in clinical trials. Furthermore, identifying the specific
components of Exos that have anti-adhesion properties will aid in
developing targeted therapeutic strategies. Therefore, future research
should focus on optimizing hydrogel properties and Exos modification.
Developing large-scale production methods for hydrogels and Exos to
meet clinical demands is also a key issue that needs to be addressed
before clinical translation can be achieved.

5. Conclusion

In conclusion, this study highlighted an innovative therapeutic
strategy based on the DCC/Exo system for the prevention of peritoneal
adhesions. The DCC hydrogels with injectable, biodegradable and
nontoxic properties can be used as safe and effective physical barriers
against adhesion formation. Moreover, it can modulate the release be-
haviors of Exos and augment their retention rate in injured areas. Local
delivery of the DCC/Exo in vivo reduced oxidative stress and ameliorated
inflammation by modulating the relevant immune microenvironment,
promoting peritoneal tissue repair and regeneration. Furthermore, the
introduction of Exos inhibited the polarization of macrophages toward
the M1 phenotype and promoted polarization toward the M2 phenotype.
Therefore, the constructed DCC/Exo system prevents the formation of
postoperative adhesions effectively. This proposed strategy may also
serve as a template for the design of combined therapeutic modality for
human diseases.
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