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Introduction

Postoperative peritoneal adhesion (PA) is abnormal fibrous connections
formed during healing of visceral or tissue trauma caused by surgery, representing
the most common complication following abdominal or pelvic procedures.®
Statistically, PA incidence reaches approximately 66% with gastrointestinal
surgeries carying the highest risk and colon/rectum being the most risky organs
within the first postoperative year.2® Diverse factors contribute to adhesion
formation, including trauma, infection, ischemia, foreign body reactions, and
peritoneal dissection or suturing-induced tissue ischemia.*S Pathologically, PA
results from dysregulation of the tissue repair process, leading to adverse outcomes
such as chronic abdominal pain, intestinal obstruction and female infertility. Severe
PA cases even require surgical adhesiolysis, which is still related with high
recurrence rates and possible further aggravate peritoneal damage, perhaps creating

a "adhesion-surgery-readhesion" vicious cycle.®’
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Polydopamine-Coated Triamcinolone Acetonide Acetate Nanocrystals: Prevention of
Postoperative Peritoneal Adhesion by Combining Anti-inflammation, Oxidative Stress
Scavenging and Cytokine Adsorption
Yaodong Liu?, Daiheng Ji?, Sixuan Liu®,Xiaoxue Qi?, Chenyi Lin?, Hui Liu®, Yajie Ji®,Yu Liu®*, Weiyue Lu?.
Prevention of postoperative abdominal adhesion (PA) remains inadequately addressed by current clinical practice due to
difficulties in precise regulation of inflammation and elimination of peroxidation products. This study proposed a polydopamine-
coated triamcinolone acetonide acetate nanocrystal (TAA@PDA) to prevent peritoneal adhesions via the collective effects of TAA
and PDA through multiple mechanisms, including anti-inflammatory effect, oxidative stress (ROS/RNS) scavenging, certain
hemostatic ability and adsorption of pro-inflammatory cytokine by numerous amino/phenolic hydroxyl groups. TAA@PDA particles
with a rod-like morphology and an average diameter of approximately 560 nm were successfully prepared via ball milling. TAA@PDA
demonstrated excellent physical stability for up to 30 days, ensuring complete drug release within 7 days without sedimentation or
aggregation. Anti-inflammatory and anti-oxidative capabilities of TAA@PDA were proven by their strong adsorption with pro-
inflammatory cytokines (e.g., IL-6 and TNF-a), low adsorption capacity of anti-inflammatory 1L-10 and ~80% efficiency in
scavenging reactive oxygen/nitrogen species (ROS/RNS). TAA@PDA's adsorption of type I collagen and strong tissue adhesion rate
demonstrated its retention capacity on the abdominal wall or organ surfaces. At the cellular level, TAA@PDA inhibited intracellular
production of ROS, and effectively suppressed secretion of the inflammatory marker nitric oxide (NO). TAA@PDA exhibited certain
hemostatic ability for small wound bleeding in abdominal injury. TAA@PDA significantly inhibited abdominal adhesion formation
in PA model animals with a low incidence of severe adhesion (9.1%) which was only 1/8 that of the commercial anti-PA hyaluronic
acid gel and 1/5 that of uncoated TAA NC, further supported by excellent anti-inflammatory performance and significantly reduced
collagen deposition shown by pathological examination. In conclusion, this TAA@PDA might provide an efficient solution to prevent
postoperative peritoneal adhesion by precise coordination between inflammatory microenvironment regulation and tissue protection.

injury.®1% Both mesothelial cells and resident peritoneal immune cells secrete
inflammatory mediators in response to endogenous or exogenous trauma. Excessive
inflammation recruits massive immune cell infiltration to the injury site, inducing
immunosuppression that accelerates PA progression.* Abdominal surgery further
causes vascular damage and subsequent hypoxemic hypoxia, triggering intracellular
stress responses including hypoxia-inducible factor activation, lactate accumulation,
and overproduction of reactive oxygen/nitrogen species (ROS/RNS).1? Elevated
ROS/RNS coupled with impaired antioxidant defenses activate coagulation
cascades and increase thrombin generation, which disrupts the fibrinolysis
equilibrium and promotes pathological fibrin deposition.'® Critically, ROS
upregulates adhesion-related mediators—including tumor necrosis factor-o. (TNF-
), interleukin-6 (IL-6), transforming growth factor-p1 (TGF-B1), a-smooth muscle
actin (a-SMA), and vascular endothelial growth factor—that exacerbate
inflammation and fibrotic scarring.' Consequently, effective strategies to scavenge
surgical-site ROS and suppress inflammation are essential for improving PA

PA involves complex interactions where hemorrhage, hypoxia, and local

prevention, as confirmed by recent nanoparticle-microgel systems that demonstrate

inflammation are pivotal in driving pathological fibrosis.® As a metabolically active

dual ROS-scavenging and anti-inflammatory efficacy in preclinical models.

organ, the peritoneum activates intricate immune-inflammatory cascades upon

Although minimally invasive surgery is regarded as the optimal strategy, ideal

avoidance of peritoneal injury remains unattainable. Consequently, research on anti-
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application and demonstrate sub-optimal anti-adhesion efficacy, with potential
long-term safety concerns. 1617

Recent years have seen the development of bioactive and effective anti-
adhesion materials. An activated carbon-reinforced superstructured porous hydrogel
(SPVA-AC) was developed, where activated carbon enhances mechanical stability
while scavenging ROS and inflammatory cytokines to remodel the immune
microenvironment.'8 Sun et al. prepared an injectable hydrogel loaded with adipose-
derived mesenchymal stem cell (ADSC)-derived exosomes (Exos). This material
alleviated oxidative stress, regulated inflammatory responses, and promoted
macrophage polarization through exosome-mediated intercellular communication,
thereby preventing adhesion formation.’® Biodegradable ‘Janus' zwitterionic
hydrogel patches also effectively prevented adhesions by achieving strong tissue
adhesion through a unilateral polymer brush layer while retaining antifouling
properties on the opposite side to prevent organ adhesion, thereby promoting tissue
repair.? These advanced materials address the bioinertness issues of traditional
physical barriers through structural modifications or the incorporation of bioactive
components, thereby endowing them with unique properties and demonstrating
promising efficacy. However, their complex structures, potential safety concerns,
and high production costs have limited clinical translation. In contrast, our

developed TAA@PDA features simple structure and convenient administration.

A clinical practice demonstrated that patients receiving intraperitoneal
injection of 200 mg triamcinolone acetonide (TA) in 500 mL dextran had peritoneal
adhesion incidence reduced from 71% to 32% after myomectomy.?* The proposed
mechanism involves significantly upregulating mitochondrial function to prevent
ROS formation, inhibiting TGF-B1 release, and reducing irreversible transformation
of peritoneal fibroblasts to an adhesive phenotype. Triamcinolone acetonide acetate
(TAA), which enhances safety and local efficacy durability through acetyl group
modification of TA, may be more suitable for preventing peritoneal adhesions,
inspiring researchers to conduct more studies to optimize its clinical applicability.?*
2 Triamcinolone acetonide acetate nanocrystals (TAA NC) with a particle size of
approximately 270 nm could be prepared via wet ball milling; however, they are
prone to agglomeration, presenting significant stability issues. Concurrently,
considering the oxidative stress and inflammatory characteristics of peritoneal
adhesions, an appropriate coating material is required to modify these nanocrystals,
aiming to enhance both their stability and their anti-inflammatory and antioxidant

capabilities.

Polydopamine (PDA), a melanin-like biopolymer mimicking mussel adhesion
proteins, achieves nanoparticle surface functionalization via metal chelation,
hydrogen bonding and electrostatic interactions derived from its catechol/primary
amine groups.?+?> PDA also provides antioxidant activity by blocking radical
generation, directly scavenging ROS/RNS (e.g., catalyzing superoxide elimination
and inhibiting fenton reactions via metal chelation) and boosting endogenous
defenses through autophagy/inflammatory pathway regulation.'226:2” Furthermore,
PDA exhibits broad-spectrum adsorption affinity for inflammatory cytokines:
electrostatic/hydrophobic interactions mediated by surface catechol/amino groups
rapidly neutralize >21 inflammatory factors (e.g., >80% reduction in TNF-o/IL-6
within 24 h), providing immediate post-administration inflammation attenuation.?
The bioadhesion with tissue components (like collagen) of PDA may further
prolong localized drug retention, extending anti-inflammatory efficacy.?

Therefore, PDA was used to modify the surface of TAA NC in this research.
Polydopamine-coated triamcinolone acetonide acetate nanocrystal (TAA@PDA)

was supposed to prevent peritoneal adhesions through collectively yielding effects
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by TAA with PDA with multiple mechanisms including emti-ianar\T/1iQwvsltAcm/c gffoeglt‘, r?ef
TAA, ROS/RNS scavenging, certain hemostatic abiility: andl GeSorpiioR Oefo peoe
inflammatory cytokines by numerous amino/phenolic hydroxyl groups of PDA
(Scheme 1). The role of PDA coating was evaluated by comparing TAA@PDA with

uncoated TAA NC both in vivo and in vitro with respect to the above properties.

Prevention of
peritoneal adhesion

Scheme 1. Proposed PA-prevention mechanism of TAA@PDA.
Results and discussion

Characterization and morphology of TAA@PDA
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Fig.1 Physicochemical characterization of TAA@PDA: (A) influence of different feeding ratio
on particle size and encapsulation efficiency; (B) stability (particle size vs. storage time); (C)
TEM images; (D) EDS mapping (blue: Nitrogen, yellow: Fluorine); (E) XRD patterns; (F) zeta
potential; (G) in vitro drug release profiles. (n=3, mean+SD)

Dopamine (DA) polymerization-based coating has emerged as excellent
surface-adhesive materials due to their self-polymerization and interfacial adhesion
capabilities.®*- Here, we employed one-step ball milling method to coat TAA NC
with PDA: bulk TAA and dopamine were co-milled in a pH 8.5 environment,
allowing dopamine to self-polymerize and form a surface coating during milling.

Using the above method, we successfully prepared TAA NC and TAA@PDA
with different feeding ratios (TAA:DA, m/m) of 2:1, 1:1, 1:2, and 1:4 (Fig S1).

For particle size and encapsulation efficiency (Fig.1 A), TAA@PDA exhibited
sizes of 364, 500, 560, and 564 nm and encapsulation efficiencies of 45%, 53%,
70%, and 65% at TAA:DA feeding ratios of 2:1, 1:1, 1:2, and 1:4, respectively, with
both parameters increasing as the ratio decreased from 2:1 to 1:4 and peaking at 1:2
(Fig.1 A&Fig S3). We hypothesize this phenomenon stems from two factors:
optimal ball milling efficiency at the 1:2 ratio, yielding more uniform grinding
despite increased particle size; and surface coating saturation at 1:2, causing the

observed maximum particle size.

For zeta potential (Fig.1 F), the values of TAA NC (-19.55 mV) and
TAA@PDA at feeding ratios of 2:1, 1:1, 1:2, and 1:4 (-25.90, -26.00, -26.75, and -

This journal is © The Royal Society of Chemistry 20xx
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27.25 mV, respectively) indicate that the surface zeta potential of PDA-coated TAA
NC was significantly reduced compared with TAA NC. This change stems from
deprotonation of PDA's phenolic hydroxyl groups (-OH) in solution, forming
negatively charged phenoxide anions (-O°) that boost surface negative charge
density. The change in zeta potential also indirectly confirms the successful coating
of PDA in TAA@PDA.

Notably, under different feeding ratios, PDA coating significantly enhanced
the stability of TAA NC, maintaining dispersion stability for up to 30 days (Fig.1
B). In vitro release studies showed that PDA-coated TAA@PDA ensured complete
drug release, whereas uncoated TAA NC ceased release after reaching 70%
cumulative release (Fig.1 G). As the TAA:DA feeding ratio decreased from 2:1 to
1:4, the drug release only slowed slightly, exerting little impact on the drug release
behavior (Fig S2). This improvement was attributed to the superior stability and
reduced aggregation/precipitation of TAA@PDA compared to uncoated TAA NC.

X-Ray diffraction (XRD) analysis verified that PDA coating did not alter the
crystalline structure of TAA nanocrystal (Fig.1 E). Transmission electron
microscopy (TEM) revealed that TAA@PDA exhibited a rougher surface compared
to uncoated TAA NC (Fig.1 C). The PDA coating of TAA@PDA introduces
nitrogen (N) as a new characteristic element, which together with fluorine (F), the
characteristic element of TAA, enables compositional confirmation. Elemental
analysis showed that TAA NC contains 100% F (pure TAA), while TAA@PDA
contains 73.78% N and 26.22% F confirming the presence of the PDA coating (Fig.1
D). Although EDS (energy dispersive dpectroscopy) mapping exhibits noise (an
expected phenomenon for light elements N/F), the quantitative elemental data

directly verifies the successful PDA coating.

Considering the above physicochemical properties and cell uptake promotion
ability (Fig.6 C) (the TAA:DA ratio of 1:2 resulted in the highest encapsulation
efficiency and strongest cell uptake promotion for TAA@PDA), the 1:2 ratio was
selected for TAA@PDA preparation in subsequent experiments. Unless otherwise
specified, TAA@PDA' hereinafter refers to polydopamine-coated nanocrystals
prepared using a 1:2 TAA:DA feeding ratio.

Inflammatory cytokine adsorption
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Fig.2 Influence of PDA coating (TAA@PDA vs TAA NC) on adsorption of cytokines by pro-
inflammatory cytokine IL-6 (A), TNF-a (B) or anti-inflammatory cytokine 1L-10 (C) shown by
SDS-PAGE and their semi-quantitativeanalysis via grayscale intensity: IL-6 (D, G); TNF-a (E,
H); 1L-10 (F, I) (Note: ratio expressed as mass ratio).

Previous studies have established that PDA can broadly capture excessive
cytokines in inflammatory microenvironments through physical adsorption.?:33
Human neutrophils express TNF-a in response to IL-6 stimulation and TGF-$1 upon

TNF-a stimulation, with TGF-B1* neutrophils triggering the adhesion process.3*

This journal is © The Royal Society of Chemistry 20xx
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Interleukin-10 (IL-10), a key anti-inflammatory cytokine, potentlally |{1lrc11|é)gsn lmg
activation of inflammatory cells such as neutrophils ammmaompﬁagasmaoaessm
release of pro-inflammatory cytokines like TNF-a and IL-6, and thereby blocks the
downstream TGF-B1-mediated fibrotic cascade—exerting a negative regulatory
effect on the previously identified "IL-6—TNF-a—TGF-B1* neutrophils—adhesion

formation" pathway.3>36

Given the critical roles of IL-6, TNF-o, and IL-10 in peritoneal adhesion
formation, we hypothesize that PDA-mediated cytokine adsorption mitigates
adhesion development. SDS-PAGE analysis and a semi-quantitative band gray
value quantification revealed that TAA@PDA, compared to TAA NC, displayed
enhanced adsorption of pro-inflammatory cytokines IL-6 and TNF-a alongside
relatively limited binding to anti-inflammatory cytokine IL-10 (Fig.2). The selective
adsorption may be related to the different structures of inflammatory cytokines, but
the specific mechanism requires further in-depth exploration in future studies.
This selective adsorption profile is particularly advantageous by possible reduction
of pathogenic pro-inflammatory cytokines level and little influence on the beneficial
anti-inflammatory cytokine, thereby interrupting the pro-adhesive inflammatory

cascade triggered by tissue injury.

Interactions with collagen and tissue adhesion capacity
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Fig.3 Influence of PDA coating on the interaction of nanocrystals with collagen (type I): (A,B)
isothermal titration curves; (C) adsorption of collagen by TAA@PDA vs TAA NC at different
drug concentrations (n=3, mean+SD). Statistical significance: *p<0.05, **p<0.01, ***p<0.001.
PDA is renowned for its exceptional tissue adhesion, attributed to its rich
functional groups (quinones, catechols, imines, amines) and w-conjugated structures
that enable robust interfacial bonding.®” Collagen is widely distributed in the parietal
peritoneum and visceral surfaces. Therefore, we evaluated the tissue adhesion
properties of TAA@PDA by investigating its interaction with type I collagen.

Isothermal titration calorimetry (ITC) was used to determine the dissociation
equilibrium constant (Kg), a key parameter quantifying binding affinity.®
TAA@PDA displayed a significantly lower K4 value (1.17x10 mol/L) compared
to TAA NC (6.10x106 mol/L), indicating stronger binding affinity to collagen
(Fig.3 A&B). Equilibrium adsorption experiments using BCA protein quantification
further confirmed that TAA@PDA exhibited significantly stronger collagen
adsorption capacity than TAA NC. Quantitative results showed that the collagen
adsorption amount of TAA@PDA was approximately 4-5 times that of TAA NC
(Fig.3 C), which is fully consistent with the isothermal titration results. Such
collagen affinity might enhance the retention of TAA@PDA at the injury site,
facilitating localized drug delivery and sustained therapeutic effects at the injury site.
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wall adhesion rates at different concentrations; (C) liver adhesion images; (D) liver adhesion
rates at different concentrations (n=3, mean+SD). Statistical significance: *p<0.05, **p<0.01,
***n<0.001.

To visually confirm the tissue adhesion of TAA@PDA, we performed tissue
adhesion experiments using abraded rat abdominal walls and livers (Fig.4). Results
demonstrated that TAA@PDA exhibited stronger adhesion to tissue surfaces
compared to TAA NC. Specifically, TAA@PDA achieved 60%-70% and 50%-60%
adhesion rates on abraded abdominal walls and livers, respectively, significantly
higher than the 20%-30% observed with TAA NC. This effective adhesion promotes
the retention of TAA@PDA at post-surgical wounds, enabling better exertion of its
antioxidant and anti-inflammatory effects to prevent peritoneal adhesion formation.

Extracellular antioxidant capacity
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Fig.5 Influence of PDA coating on antioxidant properties of TAA@PDA: (A) total antioxidant
capacity; (B) superoxide anion scavenging activity; (C) hydroxyl radical scavenging activity; (D)
DPPH scavenging activity. (n=3, mean+SD) Statistical significance: *p<0.05, **p<0.01,
***0<0,001.

Intraoperative procedures such as incision, electrocautery, and ligation
inevitably damage the vascular system, leading to local tissue hypoxia,
accumulation of metabolic byproducts (e.g., lactic acid), and decreased pH.%° These
insults force cells to switch from aerobic to anaerobic metabolism, triggering
oxidative stress pathways that generate excessive ROS. This oxidative burst
upregulates specific inflammatory cytokines—key mediators of the “inflammatory

cascade” that initiates adhesion formation.*® Consequently, efficient radical

4| J. Name., 2012, 00, 1-3

scavenging has emerged as a critical therapeutic target for blocking peritoneal
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scavenging capacity due to their unique catechol moieties.

adhesion pathogenesis.

To evaluate the antioxidant capacity of TAA@PDA, multiple assays were
employed to determine its scavenging efficiency against ROS. ABTS assays
confirmed that TAA@PDA possessed concentration-dependent potent antioxidant
activity (Fig.5 A). Further radical scavenging experiments demonstrated that
TAA@PDA achieved nearly 80% clearance efficiency for hydroxyl radicals,
superoxide anions, and DPPH (Fig.5 B&C&D), making the interruption of
"oxidative stress initiation switch" during early adhesion development possible by

neutralizing excessive radicals.

Cytotoxicity and cell uptake
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Fig.6 Influence of PDA coating on TAA@PDA' cellular response: (A) cytotoxicity (CCK-8); (B)
uptake efficiency of TAA@PDA by RAW 264.7 cells at 2h/4h (drug concentration=50 pg/mL);
(C) comparison of RAW 264.7 cellular uptake of TAA@PDA with different feeding ratios (drug
concentration=50 pg/mL); (D) ROS fluorescent staining (DCFH-DA and drug concentration=50
ng/mL); (E) NO fluorescent staining (DAF-FM DA and drug concentration=50 pg/mL); (F) flow
cytometry ROS positive rate and (G) quantitative analysis (drug concentration=50 pg/mL); (H)
ROS inhibition rate (microplate reader)(drug concentration=50 pg/mL); (1) NO secretion level
(drug concentration=100 pg/mL). (n=3, mean+SD) Statistical significance: *p<0.05, **p<0.01,
***p<0.001.

CCK-8 assays confirmed the negligible cytotoxicity of TAA@PDA (Fig.6 A).
Cell viability and cytotoxicity staining yielded consistent results (Fig S4). At high
TAA concentrations, PDA coating significantly mitigated the potential cytotoxicity
of the drug. This effect may be attributed to the delayed drug release conferred by
the PDA coating and a protective role of PDA toward the cells. The presence of
Tween 80 in TAA NC suspension also exacerbates its cytotoxicity. Overall, PDA
coating could potentially prevent damage to immune cells, thereby enhancing safety.
The concentrations used in subsequent experiments were all below the cytotoxic
concentration of TAA NC, thus essentially ruling out potential interference from
drug-induced cytotoxicity on the experimental results.

This journal is © The Royal Society of Chemistry 20xx
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Cellular uptake results (Fig.6 B&C) demonstrated that PDA coating
significantly promoted cellular uptake, and the cellular uptake efficiency gradually
enhanced as the TAA:DA feeding ratio decreased from 2:1 to 1:4, reaching its peak
at a ratio of 1:2. This might be explained by the chemical structure of PDA rich in
catechol groups (o-dihydroxybenzene) which are capable of interacting with
extracellular matrix proteins (such as collagen and laminin) via covalent bonds or

hydrogen bonds.**
Intracellular antioxidant and anti-inflammatory activities

Intracellular ROS acts as a "double-edged sword". At physiological
concentrations, ROS functions as signaling molecules to regulate immune activation
and inflammatory balance, while excessive ROS accumulation triggers oxidative
stress, leading to biomolecular damage and inflammatory pathway activation that
exacerbate disease progression.®?*® In the pathological process of peritoneal
adhesion, overproduction of ROS disrupts peritoneal integrity through direct
oxidative damage and indirect signal transduction, activates fibrotic pathways, and

exacerbates inflammatory responses, forming a vicious cycle.*

The antioxidant and anti-inflammatory activities of TAA@PDA were
evaluated in an LPS-induced ROS-overproducing RAW 264.7 cells and visualized
using the DCFH-DA fluorescent probe. Confocal microscopy results (Fig.6 D)
showed that the intracellular green fluorescence intensity in the TAA@PDA + LPS
group was significantly lower than that in the LPS-only group, as well as lower than
both the TAA NC + LPS group and PDA + LPS group, indicating effective
intracellular ROS scavenging by TAA@PDA. Further quantitative analysis via flow
cytometry revealed the lowest ROS-positive cell rate in TAA@PDA-treated
samples (Fig.6 F&G), while microplate reader assays confirmed the highest ROS
scavenging rate—approximately equivalent to the sum of effects observed with
TAA NC and PDA alone (Fig.6 H). This confirms the action of the "core-shell”
structure, attributed to the combined effects of the PDA coating's direct free radical
scavenging capacity and the TAA nanocore's anti-inflammatory properties.

ROS and NO serve as critical markers of inflammation and oxidative stress,
with their over-expression levels reflecting cellular damage severity.*> Aberrant
activation of inducible nitric oxide synthase (iNOS) under inflammatory stimulation
represents another critical pathological link. The excessive NO generated by iNOS
catalysis can react with superoxide anions to form highly oxidizing peroxynitrite
(ONOO), triggering nitrosative stress responses that ultimately result in apoptosis,

inflammatory cascade amplification, and DNA damage.*

To verify TAA@PDA's regulatory effect on NO production, experiments
induced high iNOS expression via LPS and employed 4-amino-5-methylamino-
2" 7'-difluorofluorescein diacetate (DAF-FM DA) probe for visualization. Confocal
imaging with DAF-FM-DA staining showed that TAA@PDA significantly
inhibited LPS-induced intracellular NO production (Fig.6 E). NO secretion
quantification assays further verified TAA@PDA's ability to reduce extracellular
NO levels (Fig.6 1). NO is both a typical inflammatory cytokine and a representative
reactive nitrogen species (RNS). The above results demonstrate the potent anti-
inflammatory effect of TAA@PDA, as well as its inhibitory and scavenging

capabilities against RNS production.

Collectively, these findings demonstrate that TAA@PDA achieves dual
regulation of “antioxidant-anti-inflammatory" effects by simultaneously inhibiting
NO secretion and scavenging ROS/RNS, providing experimental evidence for its
potential application in inflammatory disease therapy.

Hemostatic activity assay

This journal is © The Royal Society of Chemistry 20xx
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Fig.7 Characterization of hemostatic efficacy: (A) representative experimental images, (B)
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**p<0.01, ***p<0.001.

As shown in Fig.7, in the mouse tail amputation model, both the TAA@PDA
and PDA groups exhibited the shortest bleeding time and the lowest blood loss
volume, indicating the optimal hemostatic efficacy. In contrast, the TAA NC group
showed almost no hemostatic capability. The hemostatic capability of PDA may be
primarily due to its adhesiveness, which facilitates wound sealing and concurrently
promotes blood cell aggregation to initiate hemostasis.*” In the context of abdominal
adhesion prevention, surgical procedures often involve minor wound bleeding. The
inherent hemostatic ability of PDA can reduce the local deposition of blood-derived

fibrous tissue, thereby lowering the risk of adhesion formation.

In vivo antiadhesive efficacy of TAA@PDA
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Fig.8 Therapeutic efficacy of TAA@PDA in a rat peritoneal adhesion model: (A) adhesion tissue
HE staining; (B) adhesion incidence (n=11); (C) adhesion score (n=11); (D) typical 20x HE-
staining for pathological analysis (orange arrow: connective tissue hyperplasia; blue arrow:
inflammatory cell infiltration; red arrow: neovascularization); (E) pathological score (n=6).
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In this study, a classical intraperitoneal adhesion model was established by
injuring the cecum and peritoneum.*® The treatment group received TAA@PDA
administered via a miniature spray device at the injury site to evaluate its preventive
effects on peritoneal repair and adhesion. The administration device is a disposable
ENT (Ear, Nose, and Throat) sprayer (Fig S5), primarily composed of a connector
(for attaching to the syringe), connecting tube (for fluid delivery), and spray nozzle
(for generating the aerosol). In use, it connects to a syringe containing the
formulation, with spray delivery achieved by generating pressure through pushing
the syringe. Delivery via spray enables uniform distribution of TAA@PDA at tissue

injury sites, ensuring the efficacy of peritoneal adhesion prevention.

One week post-surgery, exploration revealed severe adhesion in both the PBS
(model) group and the commercial hyaluronic acid (HA) group, with firm fibrous
bands forming between the cecum and peritoneum that could not be separated by
gentle traction, indicating progression to permanent adhesions. In contrast, most
animals in the TAA@PDA group exhibited no adhesions, suggesting superior
preventive efficacy (Fig.8 A&Fig S6). Adhesion scoring further confirmed the
optimal performance of TAA@PDA, with an adhesion incidence of only 36.4% and
a low severe adhesion incidence of 9.1% (score > 4), whereas both the TAA NC and
PDA groups showed an adhesion rate of 81.8% and a severe adhesion rate of 45.4%;
both the commercial HA and PBS groups reached 100% adhesion incidence, with
severe adhesion rates of 72.7% and 81.8%, respectively (Fig.8 B&C, Table S1).

Pathological analysis demonstrated that the TAA@PDA group had
significantly reduced inflammatory cell infiltration, granuloma formation, and
fibrosis in cecal tissues by pathological score (Fig.8 D&E, Table S2&S3&S4).
Furthermore, ELISA results demonstrated that TAA@PDA treatment significantly
reduced serum levels of the inflammatory cytokines IL-6 and TNF-o. (Fig S7), which
have been shown to trigger adhesion in peritoneal adhesions by promoting
neutrophil expression of TGF-B1. Immunohistochemical analysis demonstrated that
TAA@PDA significantly reduced the distribution of a-SMA and TGF-B1 at the
cecal injury site, which correlated with its anti-adhesion properties (Fig.9 C-F). This
improvement was associated with TAA's anti-inflammatory action and the PDA
shell's antioxidant properties, which together effectively suppressed oxidative stress
and excessive inflammatory responses during the initial adhesion phase.
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Fig.9 Masson staining and immunohistochemical analysis of each experimental group: (A)
View Article Online

representative masson collagen staining micrographs; (B)peg|lagen yelymiss fiactans 3 (G0
representative a-SMA immunostaining micrographs; (D) semi-quantitative evaluation of a-SMA

expression; (E) representative TGF-B1 immunostaining micrographs; (F) semi-quantitative
evaluation of TGF-Bl expression. (n=10) Statistical significance: *p<0.05, **p<0.01,
***n<0.001.

Macrophages regulate peritoneal repair through the balance of M1/M2
polarization, where M1 macrophages promote inflammation and adhesion
formation, while M2 macrophages inhibit excessive inflammation and promote
orderly repair to reduce the risk of adhesion.*® Immunohistochemical results showed
that both the PDA and TAA@PDA significantly increased the M2/M1 ratio;
however, the M2/ML1 ratio in the HA group was even lower than that in the model
group, suggesting that physical barrier materials may interfere with macrophage
function and exacerbate inflammation (Fig S8). The M2-polarizing effect of
TAA@PDA likely stems from its dual capacity to scavenge ROS and mitigate
inflammation. PDA can scavenge ROS and alleviate oxidative stress, thereby
inhibiting the activation of pro-inflammatory signaling pathways such as NF-«xB,
and fostering an anti-inflammatory microenvironment conducive to M2
polarization.5%5 This ability to promote M2-type macrophage polarization enhances

its anti-inflammatory effects.

Collagen deposition, as a core pathological basis of adhesion, disrupts
peritoneal repair balance, leading to permanent fibrotic scarring. Masson staining
indicated markedly controlled collagen volume fraction and alleviated collagen
deposition in the TAA@PDA group (Fig.9 A&B), corroborating its role in delaying

fibrosis by regulating fibroblast activation and extracellular matrix degradation.

Observations of rats on days 1, 3, 5, and 7 post-administration revealed that
TAA@PDA continuously adhered to and retained at peritoneal and cecal injury sites
throughout the 7-day period (Fig S9). Although the retention amount gradually
decreased over time, a relatively high level was consistently maintained within the
first 3 days. This dynamic change is closely associated with the repair process at the
injury site, physiological flushing within the abdominal cavity, and the inherent
degradation of TAA@PDA. Considering the dynamic nature of postoperative
peritoneal adhesion formation, the first three days are dominated by inflammatory
responses with intensified oxidative stress, during which fibrinogen begins to
deposit and convert into fibrin.13* This period thus represents the "golden time
window" for preventing peritoneal adhesions. The long-term retention property of
TAA@PDA can fully cover this pathological window, thereby exerting a sustained
adhesion-preventing effect.

Histopathological examination revealed no obvious toxic damage in major
organ sections (Fig.10 E), together with body weight time-profiles and complete
blood count result (Fig S10&Fig.10 A-D), confirming good biocompatibility of
TAA@PDA. The hemolysis evaluation results showed that TAA@PDA exhibited
hemolysis rates below 5%, indicating no significant hemolytic activity (Fig S11). In
contrast, the TAA NC groups displayed hemolysis rates exceeding 10% across all
tested concentrations, demonstrating the superior blood safety profile of
TAA@PDA.

This journal is © The Royal Society of Chemistry 20xx

Page 6 of 11


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nr04935k

Open Access Article. Published on 10 April 2026. Downloaded on 4/11/2026 1:54:44 AM.

This articleislicensed under a Creative Commons Attribution-NonCommercia 3.0 Unported Licence.

Pleasedo)\ il e SERMarsins

Journal Name

A B

2

RBC count (10"/1)

C
- -
s g
= =]
E g
H]
s z
g o
= &
E
Heart Liver Spleen Lung Kidney
Normal
HA
TAANC
PDA
TAA@PDA

Fig.10 Biosafety evaluation of TAA@PDA: (A) red blood cells (RBC); (B) white blood cells
(WBC); (C) lymphocytes (LYM); (D) platelets (PLT) in rats after 7-day treatment (n=4,
mean+SD); (E) representative HE-stained sections of major organs (20x magnification).

Materials and methods
Materials

Chemicals and solvents were purchased from Sinopharm Chemical Reagent Co.,
Ltd (Shanghai, China). Triamcinolone acetonide acetate, dopamine hydrochloride,
type | collagen and DPPH were purchased from Meilun Biotechnology (Shanghai,
China). The 1 mm zirconia grinding beads were purchased from Torray Industries
(Tokyo, Japan). Interleukin-6 and interleukin-10 were purchased from Yuli
Biotechnology (Shanghai, China). The BCA protein assay kit, total antioxidant
capacity detection kit (ABTS method), cell counting kit-8 (CCK-8 kit) , cell viability
and cytotoxicity assay kit, DCFH-DA and DAF-FM DA were purchased from
Beyotime Biotechnology (Shanghai, China). The medical hyaluronic acid gel was
obtained from Zhejiang Jingjia Medical Technology Co., Ltd. (Zhejiang, China).
Disposable ENT (Ear, Nose, and Throat) anesthetic sprayer was purchased from
Tuoren Best Medical Device Co., Ltd. (Henan, China).

RAW 264.7 murine macrophage cells were obtained from the Shanghai Cell
Bank of the Chinese Academy of Sciences. The cell line was cultured in Dulbecco's
Modified Eagle Medium (DMEM; Gibco, Thermo Fisher Scientific, Waltham, MA,
USA) supplemented with 10% fetal bovine serum (FBS; Gibco, Thermo Fisher
Scientific), 100 units/mL penicillin, and 100 pg/mL streptomycin. Cultures were
maintained at 37°C in a humidified atmosphere containing 5% carbon dioxide.

Male Sprague-Dawley rats (8 weeks of age, 200-250g) and male ICR mice (7
weeks of age, 20-23g) were procured from the Shanghai Laboratory Animal Center
(Shanghai, China). All animal procedures were performed in accordance with the

This journal is © The Royal Society of Chemistry 20xx
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Regulations on the Administration of Laboratory Animals of the I?/eizgvmy%clﬁee l.élﬂkg
of China and the Guidelines for Care and Use of Lalioratory0Aaimals Rf4utian
University, and were approved by the Animal Ethics Committee of Fudan

University.

Unless otherwise specified, all concentrations of TAA NC or TAA@PDA
mentioned in this article are calculated based on the TAA drug concentration, and
no additional explanations will be provided hereafter.

Preparation and Characterization of TAA@PDA

TAA powder and Tween 80 were added into a ball milling jar at a drug-to-
stabilizer mass ratio of 5:1, followed by milling at 400 rpm for 4 h to obtain TAA
NC. For TAA@PDA preparation, TAA powder and dopamine hydrochloride were
mixed in a ball milling jar at specific feeding ratios (TAA:DA, m/m) and milled
under identical conditions (400 rpm, 4 h). When preparing TAA@PDA with varying
TAA:DA feeding ratios, maintain a constant TAA dosage while gradually
increasing DA input to decrease the TAA:DA ratio from 2:1 to 1:4. To characterize
the PDA coating, TEM imaging was conducted on TAA NC and TAA@PDA, with
concurrent EDS-mapping analysis of fluorine (F, a characteristic element of TAA)
and nitrogen (N, a characteristic element of PDA) distributions. The particle size
and zeta potential of TAA@PDA were measured using a malvern particle size
analyzer. XRD was employed for crystal form analysis of TAA@PDA. The in vitro
release properties of TAA NC and TAA@PDA with different TAA:DA feeding

ratios were determined in 2% Tween 80 solution.
Inflammatory cytokine adsorption by TAA@PDA

To verify the physical adsorption of inflammatory cytokines by PDA for local
inflammation mitigation, TAA@PDA or TAA NC was co-incubated with IL-6,
TNF-q, and IL-10 at various mass ratios at 37°C for 3 h. Nanoparticles were then
removed by centrifugation at 10000 rpm, and the residual protein content in
supernatants was visualized via SDS-PAGE gel electrophoresis followed by
staining to evaluate adsorption capacity. Subsequently, semi-quantitative grayscale
analysis of gel bands was performed using ImageJ software. Relative inflammatory
cytokine content = Ge/Gcx100, where Ge = grayscale value of the experimental
group band (inflammatory cytokine + TAA NC or TAA@PDA), Gc = grayscale
value of the control group band (inflammatory cytokine only).

Interactions with collagen and tissue adhesion capacity

ITC was used to measure the dissociation equilibrium constant (Kd) between
TAA@PDA/TAA NC and collagen. Additionally, TAA NC or TAA@PDA was co-
incubated with type I collagen at 37°C, followed by centrifugation at 20000 rpm for
15 min to remove nanoparticles. The residual protein concentration in supernatants
was quantified using a BCA protein assay kit to calculate the collagen adsorption
capacity of the formulations. Collagen adsorption rate (%) = (Initial collagen

content - Residual collagen content) / Initial collagen content x 100%.

The rat abdominal wall or liver was physically abraded, rinsed with PBS (pH
7.4), and then placed in a culture dish. Then, TAA NC or TAA@PDA was dropped
onto the abraded wound and allowed to stand for 1 min. PBS (37°C) was then added,
and after gently shaking the culture dish, the samples on the organs were imaged,
and the samples detached in PBS were collected. The drug content in these samples
was measured by HPLC to calculate the tissue adhesion rate. Adhesion rate (%) =
(Adsorbed amount / Applied amount) x 100%.

Extracellular antioxidant capacity
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Total antioxidant capacity was measured using an ABTS assay kit, based on
the decolorization of ABTS radical cations (ABTS++). Trolox standard solution was
diluted to 0.15-1.5 mM to generate a standard curve. In a 96-well plate, 200 puL
ABTS working solution was added to each well, followed by 10 uL ultrapure water
(blank), Trolox standards, or TAA@PDA/TAA NC (samples). After 5-min
incubation at room temperature, absorbance at 734 nm was measured. The total
antioxidant capacity was calculated via the standard curve and expressed as Trolox-

Equivalent Antioxidant Capacity (TEAC) in equivalent Trolox concentration.5?

For hydroxyl radical (HO*) scavenging efficiency, a fluorescent probe method
was utilized: Reaction systems containing 0.5 mM terephthalic acid (TA), 10 mM
H20:, and serial concentrations of TAA@PDA or TAA NC were prepared in PBS
(pH 7.4). TA itself is non-fluorescent, but reacts with HO+ to form 2-
hydroxyterephthalic acid, which exhibits characteristic fluorescence (Ex: 320 nm,
Em: 425 nm). After incubation at 37°C for 12 h in the dark, nanoparticles were
removed by centrifugation at 12000 rpm for 5 min. HO+ scavenging efficiency was
indirectly assessed by measuring the fluorescence intensity of supernatants using a
fluorospectrophotometer. Scavenging efficiency (%) = [1 - (Fsampte - Fotank) / (Feontrol-
Forank)] % 100%, where Fsmple = fluorescence intensity of the experimental reaction
system containing TAA@PDA or TAA NC, Feontrot = fluorescence intensity of the
positive control system (HO+ generation without scavengers), Fyank = fluorescence
intensity of the blank system (PBS buffer + TA only, accounting for background

fluorescence without HO« and nanoparticles).

Superoxide anion (O2+") scavenging capacity was evaluated via the nitro blue
tetrazolium (NBT) photoreduction inhibition assay: Systems containing 20 uM
riboflavin, 12.5 mM methionine, 75 uM NBT, and various concentrations of
TAA@PDA or TAA NC were prepared in PBS (pH 7.4). Riboflavin generates Oz*~
upon UV irradiation, which reduces NBT to form blue formazan (characteristic
absorption at 560 nm). After 15 min of UV exposure, absorbance at 560 nm was
measured. Three groups were set: sample group (UV-irradiated with TAA@PDA
or TAA NC), positive control (UV-irradiated), and negative control (non-irradiated
complete system). Inhibition rate was calculated using the formula: Inhibition rate
(%) = [(Ao - An)/(Ap - An)] x 100%, where Ao, As, and A, represent absorbance of
the sample group, negative control, and positive control, respectively.

The DPPH radical scavenging assay was performed as follows: Equal volumes
of 0.2 mM DPPH working solution and serial concentrations of TAA@PDA or TAA
NC were mixed, reacted for 30 min at room temperature in the dark, and absorbance
at 517 nm was measured. DPPH radicals, which exhibit a purple color, undergo
discoloration upon scavenging, resulting in decreased absorbance. DPPH mixed
with 95% ethanol served as the positive control, while TAA@PDA or TAA NC
mixed with 95% ethanol was the negative control. Scavenging rate was calculated
as: Scavenging rate (%) = [1 - (Ai - Aj)/Ac] x 100% where A, Aj, and Ac denote

absorbance of the sample group, negative control, and positive control, respectively.
Cytotoxicity and cell uptake

In the cytotoxicity experiment, RAW 264.7 cells were seeded in 96-well plates
at a density of 5x10° cells/mL with a volume of 100 pL per well. The plates were
pre-incubated at 37°C in a 5% CO: humidified incubator for 12 h to allow complete
cell adherence. After discarding the original medium, fresh medium containing
TAA@PDA or TAA NC at various concentrations was added to each well, followed
by an additional 24-hour incubation. The medium was then aspirated, and cells were
gently washed three times with PBS (pH 7.4). Subsequently, 10 pL of CCK-8
solution was added to each well, and the plates were returned to the incubator for 1-

8 | J. Name., 2012, 00, 1-3

hour incubation. Absorbance at 450 nm was measured using a microplate reader.

View Article Online
Cell viability was calculated using the formula: Cell viahilityq%) 39[(ASNFAB) I LAE
- Ab)] x 100%, where: As = absorbance of experimental wells (with cells, medium,
CCK-8, and TAA@PDA/TAA NC); Ac = absorbance of control wells (with cells,
medium, CCK-8); Ab = absorbance of blank wells (with medium and CCK-8 only).
Meanwhile, cells from each treatment group were stained using a Calcein/PI cell

viability and cytotoxicity assay kit to visually assess cell viability.

In the cell uptake experiment, RAW 264.7 cells were plated in 6-well plates
and cultured at 37°C for 12 h until adherence. After confirming good cell
morphology via microscopy, the original medium was replaced with fresh medium
containing the TAA@PDA or TAA NC (final TAA concentration: 50 pg/mL).
Following incubation at 37°C for 2 or 4 h, the culture medium was aspirated, and 1
mL of cold PBS was added to detach cells via gentle pipetting. Cell suspensions
were counted and then centrifuged at 1000 rpm for 5 min. The cell pellet was
resuspended in 1 mL PBS, and this washing step was repeated three times. Cells
were lysed by probe sonication (90 W, 2 s on/2 s off, 6 cycles), followed by addition
of acetonitrile, vortexing for 1 min, and centrifugation at 8000 rpm for 15 min. The
supernatant was collected for HPLC analysis. Cellular uptake was calculated as:

Cellular uptake (pg/10¢ cells) = Drug content / Cell number.
Intracellular antioxidant and anti-inflammatory activities

RAW 264.7 macrophages were seeded into 24-well plates at a density of 5x10*
cells/well and cultured at 37°C with 5% CO: for 24 h before treatment. The
experiment was divided into 5 groups: control group (basic medium only); LPS
model group (stimulated with 1 pg/mL LPS); LPS+PDA group (1 ng/mL LPS + 25
pg/mL PDA, corresponding to the PDA content contained in TAA@PDA);
LPS+TAA@PDA group (1 pg/mL LPS + 50 ug/mL TAA@PDA); and LPS + TAA
NC group (1 pg/mL LPS + 50 ug/mL TAA NC). All treatments were administered
for 24 h.

After treatment, the supernatant was discarded, and cells were gently washed
3 times with PBS (pH 7.4) to remove residual drugs. Each well was incubated with
500 pL of 10 uM DCFH-DA probe solution (diluted in serum-free medium) at 37°C
for 30 min in the dark. Following incubation, cells were washed 3 times with PBS
to eliminate background fluorescence interference. Fluorescence intensity was
measured using a microplate reader (excitation: 485 nm, emission: 525 nm), and the
proportion of ROS-positive cells was quantified by flow cytometry. Laser confocal
microscopy was used to observe intracellular ROS distribution. The ROS inhibition
rate was calculated using the formula: ROS inhibition rate (%) = (Fips - Fircatment)/(Fips
- Feontrol) * 100%, where Fi,, represents the fluorescence intensity of the LPS model
group, Fueamen: represents the fluorescence intensity of the treatment groups, and

Feontrol represents the fluorescence intensity of the control group.

As for NO production inhibition assay, cell seeding density and grouping were
identical to the ROS detection assay.>® After 24-hour drug treatment, cell culture
supernatants were collected for NO measurement using the total nitric oxide assay
kit. Briefly, 100 pL of supernatant was mixed with equal volumes of Griess Reagent
I and Il, incubated at room temperature for 15 min in the dark, and absorbance was
measured at 540 nm using a microplate reader. NO,~ concentration (representing

NO production) was calculated from a sodium nitrite standard curve.

For visual validation, parallel experiments were performed: after 24-hour
treatment, cells were washed with PBS and incubated with 5 uM DAF-FM-DA
probe solution at 37°C for 20 min in the dark. Following 3 PBS washes, laser

This journal is © The Royal Society of Chemistry 20xx
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confocal microscopy was used to observe fluorescence distribution (excitation: 495

nm, emission: 515 nm).
Hemolytic activity

Fresh whole blood from SD rats was centrifuged at 1500 rpm for 10 min, and
the supernatant was discarded. After washing three times with PBS (pH 7.4), the
pellet was resuspended to prepare a red blood cell (RBC) suspension. The RBC
suspension was mixed with serial concentrations of TAA NC or TAA@PDA
suspensions and incubated at 37°C for 2 h. After incubation, the mixture was
centrifuged at 1500 rpm for 10 min to collect the supernatant, which was further
centrifuged at 10000 rpm for 10 min to remove residual nanoparticles. The
absorbance of the supernatant was measured at 542 nm. PBS served as the negative
control (0% hemolysis) and ultrapure water as the positive control (100%
hemolysis). Hemolysis rate was calculated using the formula: Hemolysis Rate (%)
= [(Asample - Anegative) / (Apositive - Anegative)] % 100% (Asampie: absorbance of sample
group; Anegative: absorbance of PBS control; Apqsitive: absorbance of ultrapure water

control).
Hemostatic activity assay

The hemostatic capacity of TAA@PDA was evaluated by measuring blood
loss and hemostatic time in a mouse tail amputation model. ICR mice were
randomly divided into four groups. After anesthesia, the mouse tail was transected
approximately 1.0 cm from the tip using a surgical scalpel to create a bleeding
wound. Immediately after amputation, TAA NC, TAA@PDA (1 mg/mL) or PDA
suspension (0.5 mg/mL, corresponding to the PDA content contained in
TAA@PDA) was sprayed onto the bleeding site. A pre-weighed filter paper was
placed beneath the tail to absorb the shed blood. Hemostatic time was recorded with
a timer when no bleeding was visually observed. The filter paper containing
absorbed blood was then weighed to calculate the total blood loss. Wounds
receiving PBS (pH 7.4) served as the blank control.

In vivo antiadhesive efficacy of TAA@PDA

SD rats were employed to establish a cecal abrasion model for evaluating the
anti-adhesion efficacy of TAA@PDA in vivo.5* Prior to surgery, the abdominal hair
was shaved, and a 4-5 cm incision was made along the midline. After opening the
abdominal cavity, the cecum was gently exposed and abraded repeatedly with dry
gauze until petechial hemorrhages appeared, creating a wound area of
approximately 3 cm x 2 cm. Simultaneously, a 3 cm x 1.5 cm abdominal wall defect
was created on the lateral abdominal wall using a surgical blade, with abrasion depth

reaching the muscle layer to improve modeling success.

A small spray device was used to uniformly apply the TAA@PDA suspension
to the injured area at a dosage of 0.5 mg/kg. The other experimental groups were
designed as follows: the TAA NC group received the same dosage of TAA NC, the
PDA group received the corresponding concentration of PDA (corresponding to the
PDA content contained in TAA@PDA), the commercial preparation group received
0.6 mL of medical HA gel, the PBS group received an equal volume of PBS (pH
7.4), the normal group underwent sham operation (only laparotomy and closure
without cecal abrasion or abdominal wall defect).

During the 7-day treatment period, partial rats were dissected on days 1, 3, 5,
and 7 respectively, followed by photography to observe the retention of TAA@PDA

at the injury site.

On the 7th day post-surgery, the abdominal cavity was reopened to observe and
score the extent of adhesion between the cecum and the abdominal wall according

This journal is © The Royal Society of Chemistry 20xx
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to a standardized adhesion scoring system. The adhesion incidenc\e/z‘ e(ac/grr&; 0 mzﬁrg(ei
severe adhesion incidence (Score > 3) were calculated> AdHesiohzanrelsred fsehie
samples were collected for histological analysis: HE staining was used to observe
tissue morphology, masson staining was applied to evaluate collagen fiber
deposition, and immunohistochemistry was employed to determine the expression
levels of a-SMA, TGF-B1, CD86 and CD206 at the adhesion sites. For semi-
quantitative analysis of masson staining, the collagen volume fraction (CVF) was
calculated as: CVF (%) = (Collagen-positive Area / Total Tissue Area)x100%. And
for immunohistochemistry of a-SMA and TGF-B1, the Mean Optical Density
(MOD) was used to represent the protein-positive expression level in tissues. MOD
refers to the average optical density value of all positive pixels within a selected
region of interest, calculated by dividing the Integrated Optical Density (I0D) by
the area of the region being measured. In the immunohistochemical detection of
CD206 and CD86, the M2/M1 polarization ratio was calculated using the formula:
M2/M1 ratio = (CD206* cells/mm?) / (CD86* cells/mm?). CD86 and CD206 are
markers for M1 and M2 macrophages, respectively. These analyses were conducted
using the imageJ software.

Statistical analysis

Data were analyzed using GraphPad Prism 10. Results are presented as
meanzstandard deviation (SD). Two-tailed unpaired Student’s t-test was used for
comparisons between two groups, while one-way analysis of variance (ANOVA)
followed by Tukey’s multiple comparisons test was applied for multiple group
comparisons. Statistical significance was set at p < 0.05. *p < 0.05, **p < 0.01, and
**xp < 0,001

Conclusion

In this study, TAA@PDA was successfully prepared by the one-step wet media
milling method to coating PDA on the surface of TAA nanocrystals. It not only
reduced the accumulation of inflammatory cytokines at the injury site but also
effectively alleviated cellular oxidative stress. Its moderate hemostatic capacity and
ability to promote macrophage M2 polarization further enable effective prevention
of peritoneal adhesions. Its capability to inhibit collagen deposition, the
inflammatory state, and thus peritoneal adhesion was proven in animal models of
peritoneal adhesion. These findings shed light on such a novel peritoneal adhesion
prevention strategy by combining beneficial effects of TAA and PDA, and provided
an efficient solution to prevent postoperative peritoneal adhesion for clinical
application. In future studies, we will conduct more in-depth and comprehensive

research on the therapeutic mechanism of TAA@PDA.
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