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B I O M AT E R I A L S

Sprayable extracellular matrix hydrogel reduces 
postoperative adhesion formation and protects healing 
tissues in preclinical models
Lucía Pascual-Antón1†, Pilar Sandoval1†*, Henar Tomero-Sanz1, Michela Terri2,3,4,  
Raffaele Strippoli2,3,4, Íñigo García-Sanz5, Cristina Marín-Campos5, Miguel Ángel del Pozo2, 
Maryam Obaid6, Valentina Garcia6, Peter Alex Smith6, Timothy J. Keane6,7,  
Molly M. Stevens7,8*, Manuel López-Cabrera1*

Tissue trauma initiates inflammation that can lead to fibrotic complications such as postoperative peritoneal adhe-
sions, which contribute to chronic pain, infertility, and bowel obstruction. Despite their prevalence and impact, 
effective interventions to prevent adhesion formation remain limited. In this study, we evaluated a sprayable 
extracellular matrix (ECM) hydrogel as a barrier to protect healing tissues and reduce adhesion formation after ab-
dominal surgery. In both mouse and rabbit models of colorectal and gynecologic procedures, ECM hydrogel ap-
plication resulted in a substantial reduction in adhesion severity. Mechanistic studies demonstrated that the 
hydrogel promotes preservation or restoration of the mesothelial lining while modulating early local inflammation. 
Treated tissues exhibited reduced expression of inflammatory cytokines, including IL-1β, and maintained an intact 
mesothelial surface with fewer activated myofibroblasts compared with synthetic hydrogel and controls. Immuno-
histochemical analysis, transcriptomic profiling of mesothelial cells, and in vitro mechanical stretch experiments 
revealed that the ECM hydrogel mitigates mesothelial-to-mesenchymal transition. These findings suggest that the 
hydrogel not only provides a physical barrier but also serves as a biological modulator, shielding tissue from me-
chanical and inflammatory cues that drive adhesion formation. Overall, this study identifies a dual-function, bio-
logically active ECM hydrogel capable of protecting healing tissues and reducing adhesion development in 
preclinical surgical models. These results support the potential of ECM hydrogel as a clinically translatable, biocom-
patible strategy for improving postsurgical healing outcomes and reducing adhesion-related complications.

INTRODUCTION
Postsurgical peritoneal adhesions (PAs) are fibrous connective tis-
sue bands that commonly form in response to trauma or surgical 
procedures that involve the peritoneal cavity (1). PAs inappropri-
ately attach abdominal organs to the parietal peritoneal surface or to 
another organ (2,  3). Although good surgical technique can limit 
excessive peritoneal damage, more than 93% of patients undergoing 
laparotomy will experience complications associated with PAs (4). 
PAs can also lead to deleterious outcomes in patients months or 
years after surgery, posing a lasting burden on the health care sys-
tem. Patients with PAs may face infertility (5), chronic abdominal 
pain, intestinal obstruction, and even death. In the case of second-
ary surgeries, PAs can prolong surgical duration, extend time under 
anesthesia, and increase health costs (6, 7).

The formation of adhesions after abdominal surgery has been 
described as a sequential process that begins with uncontrolled re-
cruitment of a resident population of macrophages from the perito-
neal cavity to the site of damage (8). These macrophages shift the 
balance between coagulation and fibrinolysis toward the coagula-
tion system, which leads to deposition of a fibrin scaffold and 
subsequent ingrowth of fibrotic tissue (9). Last, PAs can become 
sensitive to pain after possible ingrowth of blood vessels and nerves 
(6, 10).

A monolayer of mesothelial cells (MCs) lines most of the organs 
housed in the peritoneal cavity and the entire cavity wall. These 
MCs have antiadhesive properties, which act as the first barrier pro-
tecting most intra-abdominal organs against microorganisms and 
invading tumor cells (11–13). We previously demonstrated that 
MCs play a key role in PA development, through their conversion 
into myofibroblasts by a mesothelial-to-mesenchymal transition 
(MMT) process (14). During MMT, MCs acquire migratory and in-
vasive capacities, increase extracellular matrix (ECM) production, 
and transdifferentiate into active myofibroblasts (14–18). In healthy 
peritoneum, podoplanin (PDPN) expression is restricted to MCs 
and lymphatic endothelium (19). In damaged peritoneum, PDPN is 
expressed in myofibroblasts derived from MCs (20), thus providing 
a lineage handle that we exploit throughout this study. Recent stud-
ies suggest that MMT induced by acute peritoneal damage, such as 
that occurring during surgery-related trauma, is a determinant trig-
gering factor in the pathogenesis of PAs. Specifically, exposure of 
the peritoneum to surgery-related mechanical forces induces a ro-
bust MMT response, which involves cooperation between biome-
chanical pathways and biochemical signaling mediators such as 
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transforming growth factor–β1 (TGF-β1). The proportional contri-
bution of the mechanical forces and biochemical factors, respective-
ly, to MMT depends on the extent of peritoneal injury involved and 
whether the injury is acute or chronic (21, 22).

The past 20 years have seen development and testing of multiple 
strategies to protect against PAs, including pharmacological agents 
and physical barriers such as gels or films, but all have limited clin-
ical efficacy (6, 23–26). Pharmaceutical agents lack longevity at the 
surgically injured site (6,  24,  27), and physical barriers, such as 
films or sheets, are difficult to handle and apply (23, 28–31). The 
requirements of an ideal tissue protector material include (i) being 
injectable or easily applied by surgeons without the need for sutures 
or staples, (ii) being biocompatible. and (iii) remaining in place 
during the critical initial phase of tissue healing and regeneration 
until remesothelization occurs (6,  23). Hydrogels are a promising 
therapeutic strategy capable of meeting these requirements. Com-
pared with alternative barrier materials, hydrogels offer increased 
retention time and better coverage of the injured tissue (32,  33). 
Moreover, ECM-based hydrogels have been safely and effectively 
used in numerous preclinical and clinical applications for tissue re-
pair (34–36).

We developed an ECM hydrogel obtained through decellulariza-
tion of porcine bone tissue. This ECM hydrogel is thermosensitive 
and exhibits intermediate solid-liquid properties. Below 22°C, it is a 
liquid with low viscosity, allowing it to be easily applied as a spray. 
When it is heated to 30° to 37°C, it quickly forms a gel, allowing 
gelation at the site of application. Because of this viscoelastic behav-
ior, the ECM hydrogel maintains the separation of tissues while en-
abling the intraperitoneal mobility of the visceral organs.

In this study, we evaluated the effect of our ECM hydrogel bar-
rier on the formation of postoperative PAs. MCs treated with the 
ECM hydrogel showed a modulated MMT-associated response to 
mechanical stretch in vitro, and tissues preserved mesothelial integri-
ty in vivo. Compared with controls, hydrogel-treated tissues exhibited 
reduced local production of proinflammatory cytokines, maintenance 
of an intact mesothelial lining, and decreased chronic inflammatory 
responses. Applying the ECM hydrogel to surgically injured perito-
neal tissues thereby led to a reduction in the incidence and severity 
of adhesions in murine and rabbit models of colorectal and gyneco-
logical surgery, respectively.

RESULTS
RNA sequencing analyses of MCs derived from PAs reveal a 
mechanically induced MMT signature
To compare the gene expression profile of control MCs compared 
with PA-associated cells, we first isolated and characterized perito-
neal cells sorted for PDPN+/CD45− from human clinical samples 
obtained from omentum and postsurgical PAs (Fig. 1, A to D) or 
mouse samples obtained from the peritoneal cavity and PAs induced 
after 5 days in mice undergoing an ischemic button (IB)–based sur-
gery model (Fig. 1, E to H). PDPN, which is highly expressed on 
MCs, was used to identify MCs and MC-derived cells (20). CD45 
was used to exclude any cells of hematopoietic origin such as mac-
rophages that may respond to the peritoneal injury (31). PDPN is 
expressed in MCs and lymphatic endothelium (19) and has also 
been described in MMT-related peritoneal diseases, such as fibrosis 
associated with peritoneal dialysis (37), encapsulating perito-
neal sclerosis (38, 39), peritoneal metastasis (40), or PAs (20, 31). 

Morphologically, cells isolated from PAs in both human (HPAMCs) 
and mouse (MPAMCs) showed an elongated shape characteristic 
of fibroblasts, in contrast with the cobbled morphology of control 
human (HPMCs) and mouse (MPMCs) peritoneal MCs (Fig. 1, A 
and E). Flow cytometry analysis of PDPN+ control HPMCs was 
largely negative for fibroblast activation protein (FAP) expression 
(fig. S1A), indicating the absence of activated resident fibroblasts in 
the control MCs. In the PDPN+ cells from human PAs, more than 
98% of the culture coexpressed PDPN and FAP (fig. S1B), which in-
dicates a transition to a more activated fibroblastic phenotype in 
PA-derived cells. To further validate the identity of the PDPN+/
CD45− cells, we evaluated the expression of several mesothelial 
and mesenchymal immunohistochemical markers in human control 
peritoneal tissue. The control mesothelial monolayer was positive for 
PDPN and cytokeratin (CK) but did not express α–smooth muscle 
actin (α-SMA) (fig. S2A). In healthy control tissue, α-SMA was lim-
ited to a few capillaries in the submesothelial zone, where there 
are not FAP+ cells, indicative of activated fibroblasts. Immunohisto-
chemistry of PA biopsies from patients undergoing laparotomy re-
vealed large areas of staining for MC markers (PDPN and CK) within 
the adhesion tissue. In serial sections, the tissue stained with MC mark-
ers also expressed mesenchymal markers (α-SMA and FAP) (fig. S2B). 
Consistent with prior literature (14, 20, 21), these findings support a 
conversion of MCs into activated myofibroblasts within adhesion tis-
sue, although other minority populations of fibroblasts could also con-
tribute to adhesion fibrosis.

Using these PDPN+/CD45− cells isolated from human clinical 
samples or mouse peritoneal samples, we performed two indepen-
dent RNA sequencing (RNA-seq) studies. Bulk RNA-seq of human 
PDPN+/CD45− cultures yielded a distinct separation between PA-
isolated MCs and control MCs in a clustered heatmap (Fig. 1B) and 
by principal components analysis (fig. S3A). In HPAMCs, there were 
a total of 2869 differentially expressed genes (DEGs) (P < 0.05) (1572 
up-regulated and 1297 repressed) as compared with HPMCs (fig. S3B). 
Parallel evaluation of mouse MCs showed a similar transcriptomic 
separation in MPAMCs, with 3506 DEGs (P < 0.05) (1476 up-
regulated and 2030 repressed) as compared with MPMCs (Fig. 1F and 
fig. S4, A and B). Pathway analysis indicated enrichment of several 
canonical signaling pathways associated with adhesion formation 
mechanisms, such as epithelial-to-mesenchymal transition (EMT), 
hypoxia, wound healing, vascularization, and coagulation in HPAMCs 
(Fig. 1C and data file S1). Many adhesion-related pathways were also 
enriched in MPAMCs (Fig. 1G and data file S1). In both human and 
mouse PA–associated PDPN+ cells, we also identified an enrichment 
in mechanical MMT-related signaling pathways, including Hippo 
signaling and caveolar-mediated signaling (Fig. 1, C and G).

Detailed analyses of DEGs in both human and murine cells 
revealed a significant (P < 0.05) repression of typical mesothelial 
markers in PDPN+/CD45− cells from PA tissues, including Wilms’ 
tumor gene 1 (WT1), CKs (KRTs), and claudins, as well as up-regulation 
of mesenchymal markers such as collagens, fibronectin 1 (FN1), 
matrix metalloproteinases (MMPs), and fibroblast markers [FAP, 
fibroblast-specific protein-1 (FSP-1/S100A4) and actin α2, smooth 
muscle (ACTA2/α-SMA)]. The PDPN+/CD45− cells from healthy 
tissue were consistent with mesothelium, whereas the PDPN+/CD45− 
cells isolated from PA tissues adopted a more fibroblastic gene ex-
pression profile, consistent with the process of MMT. We also found 
up-regulation of genes closely related to MMT biochemical signal-
ing in the PA-associated cells, which were mainly related to TGF-β 
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Fig. 1. RNA-seq analyses of human and 
mouse PA–isolated MCs. (A) Represen-
tative images of control HPMCs (top left) 
and fibroblast-like cells isolated from a 
patient with a PA (top right). Scale bars, 
100 μm. Flow scatterplots of FACS-isolated 
CD45−/PDPN+ cells (bottom) for RNA-seq 
analysis. (B) Heatmap representing DEGs 
in HPAMCs of patients with PA (n = 3) as 
compared with control HPMCs (n = 4). 
(C) Bubble chart showing differentially 
regulated canonical pathways in HPAMCs 
analyzed with Ingenuity Pathway Analysis 
(IPA) software. Mechanical canonical path-
ways are presented in blue. (D) Heatmap 
representing significant differentially ex-
pressed MMT-related genes separated into 
biochemical, mechanical, and shared path-
ways. (E) Representative images of con-
trol MPMCs (top left) and fibroblast-like 
MPAMCs isolated from the IB mouse model 
(top right). Scale bars, 100 μm. Scatterplot 
of CD45−/PDPN+ cells isolated by FACS 
(bottom). (F) Heatmap representing DEGs 
in MPAMCs (n = 4) as compared with con-
trol MPMCs (n = 4). (G) Significant differ-
entially regulated canonical pathways in 
MPAMCs analyzed with IPA software. Me-
chanical signaling pathways are high-
lighted in green. (H) Heatmap representing 
significant DEGs associated with MMT and 
separated in biochemical, mechanical, 
and shared pathways. Heatmaps in (B) and 
(F) were generated using hierarchical clus-
tering based on Euclidean distances be-
tween samples, with the complete linkage 
method (default in the R function hclust). 
In (C) and (G), the x axis indicates statistical 
significance [−log (P value) > 1.3], calculated 
using the Benjamini-Hochberg correction. 
Color intensity of bubbles represents –log 
(P value). Size of bubbles represents the 
ratio of overlapping genes to total genes in 
the pathway. The complete analysis with IPA 
software of differentially regulated canoni-
cal pathways in HPAMCs and MPAMCs 
is shown in data file S1. In (D) and (H), 
up-regulated, green; down-regulated, red; 
units, log2 fold change. Analysis by DESeq2 
(https://bioconductor.org/packages/
release/bioc/html/DESeq2.html), a R soft-
ware package that calculates differential gene expression on the basis of the negative binomial distribution. P < 0.05 was considered statistically significant. HMBG1, 
high mobility group box 1; BMP, bone morphogenetic protein; ILK, integrin-linked kinase.
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signaling, including gremlin 1 (GREM1), TGF-β1 (TGFB1), snail family 
transcriptional repressor 1 (SNAI1), and MMP2. In addition, DEGs 
closely related to mechanotransduction pathways were detected, 
including ankyrin repeat domain 1 (ANKDR1), CD44, and caveolin 
1 (CAV1). Our results also showed significant (P < 0.05) DEGs, such 
as plasminogen activator inhibitor 1 (PAI-1/SERPINE1) and integ-
rins, which are shared by both biochemical and mechanical signal-
ing pathways (Fig. 1, D and H). These results support cooperation 
between biochemical and biomechanical signals contributing to an 
MMT process in PDPN+ cells in PAs. Moreover, the postsurgical PA 
mouse model reliably replicates most of the PA development pro-
cess observed in patients.

Viscoelastic, tissue adherence, and proteomic properties of 
the ECM hydrogel
We next evaluated the flow properties of the ECM hydrogel material 
from decellularized porcine bone by steady-shear and step-shear 
rheology measurements, which are relevant to flow-based applica-
tion processes such as spraying, spreading, or injection. The ECM 
hydrogel exhibited complete gelation within 2 min after neutraliza-
tion and warming to physiological conditions (Fig. 2A). Gelation 
occurred through the assembly of collagen fibrils and physical en-
tanglement, resulting in solidlike behavior (storage modulus greater 
than loss modulus) and largely linear viscoelastic responses up to 
strains of 100% in oscillatory rheological measurements (Fig. 2B). 
These results indicate that the ECM hydrogel preserves solidlike 
properties over an extremely broad range of strains. For reference, 
the highest strains experienced by tissues in the body are typically 
about 10% (41, 42), which suggests that the ECM hydrogel material 
properties are likely to be maintained in the dynamic environment 
in the body.

The adherence of ECM hydrogel to model tissue was character-
ized using yield stress measurements. The yield behavior of the 
ECM hydrogel was equivalent for on-tissue and gel-only conditions 
(Fig. 2, C and D), indicative of a cohesive yielding behavior (failure 
of the gel itself) and not adhesive failure between the tissue and gel. 
Frequency-dependent rheological characterization and tissue ad-
herence data for Pluronic F-127, a commercial thermoreversible 
synthetic hydrogel that has been clinically applied for PAs (24, 43), 
and ECM hydrogel show that Pluronic F-127 is stiffer when com-
pared with ECM hydrogel on the basis of peak storage modulus (G′ 
9159 ± 970 Pa versus 391 ± 120 Pa; P < 0.0001) but has yield behav-
ior similar to that of ECM hydrogel (157 Pa) (fig. S5). Proteomic 
analysis of the ECM hydrogel showed that among the proteins detect-
ed, collagen 1 (represented by COL1A1 and COL1A2) has a relative 
abundance multiple orders of magnitude higher than other proteins, 
indicating a collagen-enriched ECM hydrogel sample (Fig. 2E).

ECM hydrogel attenuates MMT caused by exposure to cyclic 
mechanical stretch
To explore the potential role of the ECM hydrogel to interfere with 
MMT induced by mechanical stimuli, we used an in vitro experi-
mental model where HPMCs were exposed to cyclic stretching con-
ditions and then expression patterns of recognized MMT-related 
markers were analyzed. HPMCs were plated on uncoated or ECM 
hydrogel–coated plates (Fig. 3A). HPMCs on control substrates and 
subjected to mechanical stretch acquired an elongated morphology 
and a down-regulation in the expression of the tight junction pro-
tein ZO-1 as compared with HPMCs under static conditions. In 

contrast, HPMCs exposed to mechanical stretch on ECM hydrogel–
coated plates retained a morphology similar to that of the static controls 
and maintained ZO-1 expression. The mesenchymal conversion of 
HPMCs induced by mechanical stretch was further supported by a 
significant down-regulation of E-cadherin (CDH1) (P < 0.001) and 
up-regulation of SNAI1 (P < 0.001), matrix components such as 
COL1A2 (P < 0.05) and FN1 (P < 0.001), MMP2 (P < 0.05), TGFB1 
(P  <  0.01), and vascular endothelial growth factor A (VEGFA) 
(P < 0.001) as compared with gene expression under static condi-
tions (Fig. 3B). The ECM hydrogel coating prevented the mechan-
ical induction of MMT-related genes in HPMCs exposed to stretch. 
Moreover, no significant changes (P > 0.05) in gene expression 
were observed in HPMCs adhered to the ECM hydrogel coating in 
the absence of mechanical stimulus (static conditions) as com-
pared to cells cultured on an uncoated surface under static condi-
tions (Fig. 3B). The variability observed between replicates in the 
reverse transcription–quantitative polymerase chain reaction (RT-
qPCR) studies could be a consequence of interindividual differ-
ences between HPMC donors (n = 3).

To rule out any specific effect of applying the ECM hydrogel to 
the basal side of the cells, ECM was applied as a hydrogel onto the 
apical side of a mesothelial monolayer of human MeT5A cells. ECM 
hydrogel overlay also suppressed MMT caused by mechanical stretch 
in a concentration-dependent manner (fig.  S6). Taking together 
these results suggests that the ECM hydrogel can interface with cells 
through both the basal and apical sides of MCs to protect them from 
the MMT conversion induced upon exposure to mechanical stretch.

ECM hydrogel retention at the site of application and 
tissue adherence
The retention time for ECM hydrogel on peritoneal tissue was tracked 
with a fluorescent label. In a first study, mice were treated postop-
eratively with maleimide 680–labeled ECM hydrogel and imaged on 
days 1, 2, 3, 4, and 6 by in vivo imaging system (IVIS). After applica-
tion, ECM hydrogel displayed intense fluorescent signal in the perito-
neum. The signal was constant over the course of the study, suggesting 
that the ECM hydrogel was not absorbed and persisted in the local 
peritoneal area through the duration of the study (Fig. 4A). Further, 
on day 6, the ECM hydrogel coverage remained localized to the site 
of injury as evidenced by fluorescent imaging and histology of pari-
etal peritoneal excised tissues (Fig. 4, B and C). Histological evalua-
tion of the parietal peritoneal tissue 15 days after surgery showed 
that the ECM hydrogel is retained at the site of application and re-
mains adhered to the parietal peritoneal tissue for long time frames 
(fig.  S7). Because the reported pathophysiology for PA formation 
occurs within 5 to 10 days after surgery (acute stimulus) (44), the 
ECM hydrogel retention time frame is compatible for coverage and 
adhesion prevention in the peritoneal cavity.

ECM hydrogel reduces PAs and interferes with MMT in a 
preclinical mouse model
We examined whether application of the ECM hydrogel to perito-
neal ligations could interfere with the development of PAs in an IB-
based mouse model (14) compared with Pluronic F-127 hydrogel. 
Both hydrogels were easily sprayed onto the IBs, enabling uniform 
coverage of the tissue, and hydrogel application was completed in 
less than 30 s. After 5 days, the attachment of adhesions to the IBs 
was scored. There were severe adhesions in the untreated control 
group, demonstrating the ability of the IB model to generate robust 
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Fig. 2. ECM hydrogel demonstrates rapid gelation, mechanical stability under strain, tissue adhesion, and preservation of matrix proteins. (A) Gelation kinetics 
of ECM hydrogel storage modulus (G′) at 37°C showed complete gelation within 2 min (n = 5). Data are presented as mean line and independent samples as dots. (B) Strain-
dependent (ω = 10 rad/s, 37°C) shear rheology of ECM hydrogel (n = 5). Data are presented as mean lines of storage modulus (G′) and loss modulus (G″). Dots repre-
sent replicates. (C) Representative yield stress behavior of ECM hydrogel was measured in a standard parallel-plate geometry and on tissue (pig intestine) in a stress-ramp 
experiment performed at a rate of ~1.5 Pa/s to determine adhesion of ECM hydrogel to tissue. Data shown are from a single representative tissue sample. (D) Yield stress 
average values of ECM hydrogel formulations obtained from the peak viscosity observed in the stress ramp. Data are presented as mean ± SEM, n = 10 per condition. 
(E) Graphical representation of the mean protein concentrations for the top 10 proteins, ranked by their mean intensity values. Each data point represents one protein, 
with the plotted value corresponding to the mean intensity measured across four independent batches. The intensity values are used as a proxy for protein concentra-
tions. Data are presented as mean ± SD.
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Fig. 3. ECM hydrogel coating reduces mechanical stretching–induced MMT in vitro. HPMCs were cultivated on uncoated (ctr) or ECM hydrogel-coated (+ hydrogel) 
flexible plates and exposed to static or stretch conditions for 48 hours posttreatment to induce MMT. (A) Representative immunofluorescence images of phalloidin (red) 
and ZO-1 (green) in cells plated on flexible plates (50 and 150 μg/ml). Scale bars, 50 μm. (B) RT-qPCR analyses of CDH1, SNAI1, COL1A2, FN, MMP2, TGFB1, and VEGFA show 
that the ECM hydrogel blocks the MMT induced by mechanical stretch stimulus in a concentration-dependent manner (50 and 150 μg/ml). Bars represent the mean ± SEM 
of duplicate determinations in three independent experiments and three different HPMC donors. Analysis by Kruskal-Wallis test with post hoc Mann-Whitney rank-sum 
U test. *P < 0.05, **P < 0.01, and ***P < 0.001.
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Fig. 4. ECM hydrogel retention at the site of application. (A) Representative images show fluorescence signal in ventral (left) and lateral peritoneal areas (right) of a 
mouse inoculated with the ECM hydrogel alone or with ECM hydrogel labeled with fluorescent dye Maleimide 680. Summary of radiant efficiency of the labeled ECM 
hydrogel in ventral and lateral view over the time (expressed as photons per second per square centimeter per steradian). Error bars represent the SEM of two mice in the 
“+ dye” group, n = 1, control. (B) Imaging of ex vivo parietal peritoneal tissues after euthanasia shows fluorescent signal covering the IB (left). Bar graph represents the 
average radiant efficiency detected (right). Ctr: control mouse inoculated with ECM hydrogel alone; + dye: mice inoculated with ECM hydrogel labeled with fluorescent 
dye. Error bars represent the SEM of two mice in the “+ dye” group, n = 1, control. (C) Hematoxylin and eosin staining shows that the ECM hydrogel (outlined area) adhered 
to the surface of the peritoneum. Bottom: Fluorescence image shows that the ECM hydrogel labeled with Maleimide 680 dye (red) adhered to the parietal peritoneal 
surface. Nuclei are marked with 4′,6-diamidino-2-phenylindole (DAPI; blue). Scale bars, 100 μm. ECM-H, ECM hydrogel; PP, parietal peritoneum.
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adhesions. The grade, tenacity, and overall score of the IB adhesions 
(table  S1) (14) were significantly (P  <  0.01) diminished in both 
hydrogel-treated groups as compared with the control group (Fig. 5, 
A and B). In histological sections of the IB zones after 5 days, the 
ECM hydrogel was found to cover the IB in all samples. ECM hy-
drogel thickness in histological sections had an average value of 
461.2 μm ± 41.8 (mean ± SEM). The Pluronic F-127 hydrogel was not 
detected in histological sections, likely because of degradation during 
tissue sample processing, given that it is a synthetic hydrogel (Fig. 5C). 
Adhesions assessed 15 days after surgery were more mature than at 
the 5-day time point; however, the ECM hydrogel maintained signifi-
cant protection for grade (P < 0.001) and overall score (P < 0.01) of 
PAs (table S1) (14) compared with the control group (fig. S8).

To verify whether ECM hydrogel treatment interferes with MMT 
and preserves peritoneal membrane structure, we analyzed meso-
thelial (CK) and myofibroblast (α-SMA) markers by immunohisto-
chemistry 5 days after surgery. Our findings revealed that the 
mesothelial monolayer (CK+) was mainly preserved in mice receiv-
ing ECM hydrogel as compared with control or Pluronic F-127 
groups. In all peritoneal samples from mice treated with ECM hy-
drogel, we observed a mesothelization on the ECM hydrogel cover-
ing the IB zones (Fig. 6A). With the ECM hydrogel, we observed 
that CK+ cells restricted to an organized mesothelial layer, whereas 
in the Pluronic F-127 hydrogel group, the CK+ cells appeared at the 
mesothelial border and in the submesothelial space and were more 
disordered than the ECM hydrogel. PA tissues from control mice 
showed a significant increase in positive submesothelial areas for 
CK (P < 0.05) and α-SMA (P < 0.01) as compared with tissues from 
mice receiving ECM hydrogel treatment (Fig. 6A and fig. S7). Al-
though the Pluronic F-127 group showed significant staining for CK 
(P < 0.01) in the submesothelial zones as compared with the ECM 
hydrogel group, the coexpression of α-SMA in those same areas was 
lower than in control mice (Fig. 6A).

These results were supported by dual-immunofluorescence anal-
ysis of peritoneal tissues, with CK and fibroblast marker fibroblast–
specific protein-1 (FSP-1, also called S100A4). CK staining was 
confined to a mainly preserved MC monolayer in mice treated with 
ECM hydrogel, whereas an increased submesothelial costaining 
of CK and FSP-1 was observed in control and Pluronic F-127 mice 
(Fig. 6B). These data support a protective role for the ECM hydrogel 
in preventing loss of the MC layer and reducing the accumulation of 
submesothelial CK+/FSP-1+ cells.

ECM hydrogel coating alters local tissue inflammatory 
response in the PA mouse model
Formation of a proregenerative immune microenvironment sup-
ports the development of proper replacement tissue; however, un-
balanced activation of the immune response can produce fibrosis or 
damaging inflammation, which may cause excessive tissue tethering 
(45). To evaluate the inflammatory response to the ECM hydrogel, a 
panel of inflammation-related genes in IB tissue samples was evalu-
ated (fig. S9). We found a significant (P < 0.001) decrease in the ex-
pression of the proinflammatory cytokine Il1b in ECM hydrogel 
treated 5 days after surgery in mice as compared with the control 
group (Fig. 7A). Similarly, we found a significant enrichment in sev-
eral inflammation-associated canonical signaling pathways in both 
HPAMCs and MPAMCs in our RNA-seq datasets (P < 0.05) (Fig. 7B). 
IL1B up-regulation was present in these inflammation-associated 
pathways, highlighting its important role in MMT and PA formation 

(data file S1). The expression of other important mediators of the 
inflammatory response, including Tgfb1, Tnf, Mcp1, Il17a, Il33, 
Nfkb1, and Il6, was also evaluated (fig. S9); however, no differences 
were detected in the ECM hydrogel group as compared to control 
mice. The sutures used to form IBs could mask, at least in part, the 
anti-inflammatory effect of the ECM hydrogel. A significant up-
regulation of Tgfb1, Mcp1, and Il33 inflammatory-related genes was 
observed in mice receiving Pluronic F-127 as compared with the 
control and ECM hydrogel groups. This effect could be attributed to 
the synthetic nature of Pluronic F-127.

Peritoneal tissues were also evaluated for CD45+ cells (a pan–
immune cell marker) by immunohistochemical staining. The recruit-
ment of CD45+ cells into the damaged tissue was significantly lower 
in the ECM hydrogel experimental group than in control (P < 0.001) 
and Pluronic F-127 mice (P < 0.05) (Fig. 7C), demonstrating a re-
duced overall inflammatory response. In summary, these data sup-
port the hypothesis that application of the ECM hydrogel aids in 
creating a balanced healing microenvironment through the media-
tion of inflammatory and immune responses.

ECM hydrogel supports a reduction in PAs and MMT in a 
uterine horn abrasion rabbit model
The capacity of ECM hydrogel to support a reduction in adhesion 
formation was also evaluated in a uterine horn abrasion rabbit mod-
el. This experimental model is frequently referenced in the literature 
as an appropriate choice for evaluating materials for prevention of 
postsurgical adhesions after abdominal surgery (46). Our results 
showed that the application of ECM hydrogel leads to a reduction in 
PAs in terms of area and strength as compared with the control 
group (Fig. 8, A and B). Moreover, signs of MMT, including subme-
sothelial costaining of CK and α-SMA, were more frequently observed 
in the control group as compared with the ECM hydrogel–treated 
animals (Fig. 8C). The lack of ECM hydrogel material in histological 
samples could be attributed to the removal of at least part of the se-
rosa layer during the abrasion of the uterine horns. On the basis of 
the study performed in mice, we evaluated CD45 in transverse sec-
tions of rabbit uterus. Our results show a significant (P < 0.05) 
inflammation-associated staining in the control group as com-
pared with animals receiving the ECM hydrogel (fig. S10). These 
results corroborate the findings described above in an alternative 
in vivo model of PA formation and further support that the ECM 
hydrogel reduces inflammatory and fibroblastic features of injured 
peritoneal tissues.

DISCUSSION
Although some of the molecular processes involved in PA develop-
ment are still unknown, recent investigations have shown that adhe-
sions can originate from MCs through a MMT process (14, 20). 
Here, we analyzed the myofibroblastic conversion of MCs in patient-
derived postsurgical adhesions and that induced in a standardized 
PA mouse model. Specifically, our study revealed the acquisition of 
an elongated fibroblast-like phenotype in HPAMCs and MPAMCs. 
Pattern analysis of the whole transcriptome in HPAMCs revealed 
enrichment in several canonical signaling pathways related to post-
surgical PA formation, including the regulation of the MMT path-
way. An enrichment of specific EMT/MMT canonical pathways, 
including gap junction signaling and epithelial adherens junction 
signaling, supports the myofibroblast conversion of MCs. These 
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Fig. 5. ECM hydrogel treatment ameliorates PA formation in mice. (A) Representative pictures of PAs 5 days after injury. In the control group, black arrows show three 
PAs formed between parietal and visceral serosa layers. Left arrow, PA to peritoneal fat (grade, 4; tenacity, 4; score, 8); middle and right arrows, PAs to colon (grade, 4; tenac-
ity, 5; score, 9). In the Pluronic F-127 group, arrow shows one PA to the peritoneal fat (grade, 3; tenacity, 4; score, 7). In the ECM hydrogel group, arrow shows one thin adhe-
sion to the peritoneal fat (grade, 1; tenacity, 2; score, 3). Arrows point to the zone of adhesion of visceral tissues to IBs. (B) Quantification of adhesions by grade, tenacity, and 
overall score following a point scale (table S1) (14). Graph shows individual values for each IB (three IBs per mouse and eight mice per group). Bars represent the mean ± SEM. 
Analysis by Kruskal-Wallis test with post hoc Mann-Whitney rank-sum U test. **P < 0.01, ***P < 0.001, and ****P < 0.0001. (C) Histological analysis of mouse peritoneal 
samples. Hematoxylin and eosin staining shows a PA zone to the pancreatic tissue in a control mouse (left). A submesothelial fibrotic zone adjacent to an IB can be observed 
in a mouse receiving Pluronic F-127 (middle). An ECM-based scaffold is completely covering the IB in a mouse receiving ECM hydrogel (right). PBS, phosphate-buffered sa-
line; P, pancreas. Scale bar, 250 μm. Bottom row of images represents higher magnification (scale bar, 100 μm) of the corresponding delimited areas in the top row.
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Fig. 6. ECM hydrogel interferes with MMT and preserves peritoneal membrane structure in mice. (A) Immunohistochemical analysis of mouse parietal peritoneal 
tissues adjacent to IB areas in each group. Staining of serial sections was performed for CK and α-SMA. Left column: Arrows point to a PA area with strong expression of CK 
and α-SMA in serial sections of a control mouse. VP, visceral peritoneum. Scale bars, 100 μm. The peritoneal surface is completely covered by the adhesion (fig. S7). Middle 
column: Arrows point to MCs expressing CK in the submesothelial zone of a mouse treated with Pluronic F-127 (top). Arrows point to few areas of submesothelial α-SMA 
staining overlapping with CK+ zones (bottom). Capillaries of a highly vascularized submesothelial zone are stained for α-SMA. Scale bars, 100 μm. Right two columns: 
Pictures show a peritoneal sample from a mouse treated with the ECM hydrogel, where a CK+ mesothelium is preserved. The ECM hydrogel was mainly mesothelialized 
by cells, which are CK+ (arrows). The curved arrow indicates the direction of mesothelialization of the ECM hydrogel from the peritoneal mesothelial monolayer. The stain-
ing for α-SMA was restricted to a few submesothelial resident myofibroblasts, small capillaries, or deep muscle bundles. Scale bars, 100 μm (left) and 50 μm (right). Bottom: 
Submesothelial CK and α-SMA staining quantification. Bars represent the mean ± SEM. Analysis by Kruskal-Wallis test with post hoc Mann-Whitney rank-sum U test. 
*P < 0.05, **P < 0.01, and ****P < 0.0001; n = 2 IBs per mouse; n = 8 mice per group. (B) Representative double-immunofluorescence images of parietal peritoneal tissues 
adjacent to IB areas for each mouse group. Immunostaining was performed for CK (green) and FSP-1 (red), and nuclei are marked with DAPI (blue). Yellow arrows, double 
CK+/FSP-1+ cells. White broken lines delimit the adhesion area (Adh). Asterisk shows autofluorescent erythrocytes accumulated in the ECM-hydrogel compartment. Light 
blue arrows, MC monolayer (CK+/FSP-1–) lining the ECM hydrogel. White arrows, MC monolayer (CK+/FSP-1−) lining the parietal peritoneum. The corresponding 
Maleimide-680 overlay is shown in Fig. 4C to confirm spatial coincidence.
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MMT-related signaling pathways were comparable to those observed 
in MPAMCs. Our results demonstrate a repression of typical meso-
thelial genes and up-regulation of fibroblast-associated genes in 
cells isolated from both human and mouse fibrotic adhesions. Both 
RNA-seq studies revealed a robust TGF-β1 signaling activation, with 
induction of its effectors GREM1, TGFB1, TGFBR1, SNAI1, and 
MMP2. Chronic peritoneal diseases, such as fibrosis associated with 

peritoneal dialysis or peritoneal metastasis, have been traditionally 
linked to induction by biochemical pathways, mainly TGF-β1 (47, 48). 
Meanwhile, mechanical forces have been recognized as important 
drivers of the MMT process in acute peritoneal injuries caused during 
abdominal surgery procedures (21). Specifically, we recently reported 
that CAV1 and yes-associated protein (YAP) drive mechanically in-
duced MMT-associated peritoneal fibrosis (21). Here, mechanically 

Fig. 7. Anti-inflammatory properties of 
the ECM hydrogel. (A) RT-qPCR analysis of 
Il1b in mouse IB tissue samples. Data are 
presented as mean  ±  SEM; control, n  =  8; 
Pluronic F-127, n = 7; ECM hydrogel, n = 8; 
analysis by Kruskal-Wallis test with post hoc 
Mann-Whitney rank-sum U test. ***P < 0.001; 
A.U., arbitrary units; IL-1β, interleukin-1β. 
(B) RNA-seq bubble charts showing sig-
nificantly differentially regulated canonical 
pathways associated with inflammation and 
analyzed with IPA software in HPAMCs (top) 
and MPAMCs (bottom) as compared with 
HPMCs and MPMCs, respectively. Shared ca-
nonical pathways for patients and mice are 
presented in blue. The x axis indicates the 
statistical significance, calculated using the 
Benjamini-Hochberg correction. Color inten-
sity of bubbles represents –log (P value). Size 
of bubbles represents the ratio of overlap-
ping genes to total genes in the pathway. 
TH1, T helper cell 1. TH2, T helper cell 2. (C) Rep-
resentative images of CD45 staining in 
mouse parietal peritoneal zones adjacent 
to IBs from the control, Pluronic F-127, and 
ECM hydrogel groups. Scale bar, 100 μm. 
The insets represent a higher magnifica-
tion of the corresponding delimited area 
(bottom). Scale bar, 50 μm. Few CD45+ 
inflammatory cells were found in the ECM 
hydrogel group. They were mainly retained 
in the ECM hydrogel compartment. Bottom: 
Graphic showing CD45 staining quantifica-
tion. Bar shows mean  ±  SEM; n  =  8 per 
group; analysis by Kruskal-Wallis test with 
post hoc Mann-Whitney rank-sum U test. 
*P < 0.05 and ***P < 0.001.

D
ow

nloaded from
 https://w

w
w

.science.org at C
entro N

acional de Investigaciones C
ardiovasculares on D

ecem
ber 15, 2025



Pascual-Antón et al., Sci. Transl. Med. 17, eadn3179 (2025)     8 October 2025

S c i e n c e  T r a n s l at i o n a l  M e d i c i n e  |  R e s e a r c h  A r t i c l e

12 of 17

induced MMT overlapped with YAP/TAZ target gene subset (Hippo 
signaling pathway). In addition, exposure of CAV1-deficient MCs to 
cyclic stretch leads to a robust up-regulation of MMT-related gene 
programs, which is blunted upon TGF-β1 inhibition (21, 22). In ac-
cordance with these data, we found dysregulations in both caveolar 
and Hippo signaling pathway–associated mechanical gene subsets. 
YAP/TAZ can cooperate with TGF-β1 to promote expression of genes 

involved in MMT induction such as SERPINE1 (also known as PAI-
1), ankyrin repeat domain 1 (ANKRD1), SNAI1, MMP2, CD44, FAT 
atypical cadherin 4 (FAT4), and WW domain containing transcription 
regulator 1 (WWTR1). In addition, YAP/TAZ can induce the expres-
sion of CAV1, which limits excessive MMT; and prolonged exposure 
to TGF-β1 can down-regulate CAV1. In this regard, our RNA-seq 
studies also show relevant dysregulations in target genes shared by the 

Fig. 8. ECM hydrogel ameliorates MMT 
and adhesions in a uterine horn abrasion 
rabbit model. (A) A representative picture 
from the control group (top) shows multiple 
adhesions binding the serous layer of the 
uterine horn zone at different points (ar-
rows). No relevant adhesions were observed 
in the ECM hydrogel experimental group 
(bottom). (B) Score of adhesions in terms of 
area and strength. Left and right uterine 
horns were evaluated for each animal (con-
trol group: five animals; ECM hydrogel group: 
four animals). Analysis by Mann-Whitney rank- 
sum U test. ****P < 0.0001. (C) Representa-
tive images of transversal uterine serial sec-
tions from the control group: Masson’s tri‑ 
chrome (left), CK (middle), and α-SMA (right). 
Scale bar, 100 μm. Deep endometrium epi-
thelium was stained for CK and myometrium 
was stained for α-SMA. The insets (bottom) 
represent a higher magnification of the cor-
responding delimited areas. Scale bar, 50 μm. 
Arrows point to MMT submesothelial areas 
as revealed by the overlap in staining for CK 
and α-SMA. Representative images of trans-
versal uterine serial sections from the ECM 
hydrogel group: Masson’s trichrome (left), CK 
(middle), and α-SMA (right). Scale bar, 100 μm. 
The insets (bottom) represent a higher 
magnification of the corresponding delimit-
ed areas. Scale bar, 50 μm. Arrows point to a 
CK+/α-SMA− MC zone in monolayer position.
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caveolar and TGF-β1 pathways, such as ACTA2, CAV1, and integrin-
encoding genes. These results suggest that the conversion of MCs to 
myofibroblasts, which takes place during the formation of PAs, is the 
result of cooperation between biochemical and biomechanical sig-
nals as a consequence of the mechanically induced injury during 
intra-abdominal surgeries.

Moreover, the IB-based mouse model has been previously referenced 
as a hypoxia standard (20, 49). Here, we noted up-regulation of HIF1A 
(hypoxia-inducible factor-1α) in HPAMCs and MPAMCs. Presum-
ably, up-regulation of the proangiogenic factor VEGFA could trig-
ger a hypoxia-associated vascularization response as observed in 
patients (14). Together, these data suggest that the IB-based mouse 
model for the generation of PAs is a faithful reflection of the MMT-
related changes that occur in patients with PAs, despite the different 
profiles in terms of gene expression, adhesion, migration, and inva-
sion that might exist between the visceral and parietal MCs in phys-
iological conditions (50, 51).

The lack of studies comparing the gene expression profiles of MMT-
derived fibroblasts and non–MMT-derived fibroblasts limits in part the 
precise knowledge of the contribution of the MMT process to the for-
mation of PAs. In this regard, genetic lineage tracing of WT1-expressing 
MCs after surgical injury in mice confirmed that MCs adopt a mesen-
chymal phenotype and migrate into the subserosa (52). Alternative lin-
eage tracing approaches and intravital imaging show that the PDPN+ 
mesothelium contributes to and is incorporated into PAs (20, 31). In 
addition, immunohistochemical studies of clinical PA biopsies can give 
us a rough idea of the contribution of MMT-derived fibroblasts to PAs. 
Our findings support that the conversion of PDPN+ MCs into PDPN+ 
myofibroblasts is a relevant event, despite the fact that other minor-
ity populations—including endothelial-to-mesenchymal transition–
derived fibroblasts, fibrocytes recruited from the bone marrow, or 
resident fibroblasts—could also contribute to PAs (48).

The PA mouse strategy evaluated here represents an adequate 
model not only to delve into the molecular and pathological mecha-
nisms that govern postsurgical adhesions but also to develop pre-
clinical studies of possible therapeutic strategies. Currently, no 
treatments have been proven to prevent or reduce the formation of 
postsurgical PAs. Although a variety of materials, such as Seprafilm 
(sodium hyaluronate/carboxymethylcellulose sheet) or Interceed 
(oxidized regenerated cellulose), have demonstrated limited success 
for preventing the severity of adhesions (53), a new generation of 
hydrogel barriers with proven tissue adherence and antiadhesion ef-
ficacy is emerging (33). We developed a new ECM hydrogel with 
liquid gel barrier characteristics. In general terms, other tissue pro-
tector materials lack longevity at the surgically injured site, and 
physical barriers, such as films or sheets, are difficult to handle and 
apply. Here, we first evaluated the effect of ECM hydrogel on the 
MMT process induced by mechanical stretch stimuli in vitro (21). 
HPMC culture plates coated with ECM hydrogel were able to sub-
stantially block the transition to a fibroblast-associated phenotype, 
as well as the induction of classical mesenchymal genes, suggesting 
that total or partial blockade of MMT induced by mechanical dam-
age could be a new therapeutic option to effectively prevent postsur-
gical PA formation (14, 54). Furthermore, the ECM hydrogel did not 
change basal MMT-related gene expression under static conditions, 
which means that it is harmless to cells under physiological condi-
tions. This observation could be due to the fact that the ECM hydrogel 
was obtained from solubilization of ECM from bone tissues. This 
natural origin of materials could present advantages compared with 

alternative synthetic adhesion barriers, which can interfere with adhe-
sion formation but have also been shown to increase the risk of in-
fection (55). In addition, the ECM hydrogel was applied onto the 
monolayer of MCs in mechanical stretching experiments in vitro at 
concentrations similar to those used in  vivo. Our findings suggest 
that the ECM hydrogel can modulate MMT-related signaling path-
ways in a similar manner whether it is present on the apical or basal 
side of MCs.

The main drawback of physical barriers is that they frequently 
move from the administration site (55). Our study showed that after 
application of the ECM hydrogel in the postsurgical PA mouse model, 
a film covering the IB ligation zone remains for at least 15 days. These 
data suggest that the ECM hydrogel could enable successful meso-
thelial wound healing, because this process is estimated to be resolved 
within ~5 to 10 days after peritoneal injury (6, 55).

The administration of the ECM hydrogel on peritoneal induced 
lesions in mice supported more than 75% reduction in the severity 
of PAs compared to the untreated group. This prophylactic action is 
due at least in part to a barrier effect that avoids direct contact be-
tween parietal and visceral peritoneal tissues. However, histological 
studies revealed the cellular impact of the ECM hydrogel microen-
vironment, which was characterized by an intact mesothelial mono-
layer with the low presence of MC-derived myofibroblasts in the 
submesothelial layer as compared to the control group. These find-
ings were also favorably compared to mice receiving Pluronic F-127, 
a synthetic and thermoreversible hydrogel that has been previously 
shown to ameliorate PAs by acting as a tissue barrier (24, 43). The 
presence of submesothelial CK+ cells costained with FSP-1 suggests 
that, although Pluronic F-127 reduced PA formation, it did not mod-
ulate the MMT process. FSP-1 has been reported to be mainly con-
fined to transitioning fibroblasts, whereas α-SMA predominates in, 
but is not limited to, morphologically and functionally mature myo-
fibroblasts, which could explain why submesothelial CK+ fibroblasts 
expressing α-SMA were less abundant than FSP-1+ cells in the Plu-
ronic F-127 group (17, 56–58). Our results suggest that both hydro-
gels (ECM hydrogel and Pluronic F-127) show an adhesion barrier 
effect, whereas only ECM hydrogel creates a microenvironment that 
alters MMT-related processes and that both the barrier and the 
MMT-modulating functions may be relevant for the prophylactic 
effect of the ECM hydrogel. These findings are reinforced by a deple-
tion study targeting MCs, performed in a similar IB-based mouse 
model, where PA development was reduced (20). Taking these data 
together suggests that the MMT of peritoneal MCs constitutes an 
important mechanism during the development of PAs.

The ECM is a complex acellular environment present in all tissues 
and is crucial for their repair; it acts as a support that favors wound 
healing and regeneration and provides a space for cell signaling (59). 
Exposure of an ECM fragment (laminin β1-chain) to the mesothelium 
abrogated the release of active MMP2 and rescued peritoneal mem-
brane integrity in peritoneal fibrosis (60). Here, we found that the ECM 
hydrogel constitutes a natural scaffold that permits mesothelization as 
demonstrated by the formation of a mesothelial monolayer (CK+/α-
SMA−/FSP-1−). The properties of this de novo mesothelium could pre-
vent, at least in part, adhesions between damaged peritoneal tissues.

We also investigated the ECM hydrogel scaffold immune mi-
croenvironment (61). Our data indicate that the application of 
ECM hydrogel results in decreased expression of Il1b in the in-
jured peritoneal tissue compared with controls. In particular, we 
found that inflammation was notably less in tissues coated with ECM 
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hydrogel, as was the expression of Il1b when compared with synthetic 
hydrogel material Pluronic F-127. Interleukin-1β has been described 
as an inducer of the MMT process that acts by reinforcing TGF-β1 
signaling (16, 17, 57, 62). These data are aligned with immunohisto-
chemical analysis of peritoneal tissues for CD45, a pan–immune 
cell marker, 5 days postoperation, which revealed fewer CD45+ 
cells in the ECM hydrogel group compared with both control 
and Pluronic F-127–treated mice, suggesting effective healing with 
ECM hydrogel and inflammation with synthetic hydrogel. In addi-
tion, our data revealed that Pluronic F-127 has a markedly in-
creased expression of Tgfb1, Mcp1, and Il33 inflammatory and 
fibrosis-related genes, whereas ECM hydrogel does not, affirming 
its biocompatibility. Such a reduced inflammatory response from 
ECM hydrogel minimizes fibrotic complications, highlighting, in 
agreement with previous studies (63–65), divergent immune micro-
environments induced by synthetic and biologic materials. De-
spite the fact that the ECM hydrogel is porcine bone derived, it 
does not induce an immune rejection response but acts as an anti-
inflammatory substrate for several reasons, primarily related to its 
immunogenicity. The ECM hydrogel is created through a decellular-
ization process that removes cellular components, which are typically 
responsible for eliciting an antigenic immune response (66). This 
process leaves behind the ECM, which mainly consists of structural 
proteins such as collagens that are highly conserved across species. 
Second, it is well established that ECM-based hydrogels can create a 
proregenerative environment. Studies have shown that ECM materials 
can promote a shift from a proinflammatory (M1) macrophage 
phenotype to an anti-inflammatory (M2) phenotype. This shift is cru-
cial for tissue repair and regeneration given that M2 macrophages se-
crete anti-inflammatory cytokines and growth factors that facilitate 
healing (35, 63).

Last, the ECM hydrogel was assayed in an alternative preclini-
cal model of development of adhesions, uterine horn abrasion in 
rabbits (67–69). ECM hydrogel application was found to diminish 
adhesions that connect uterine serosal surfaces. In addition, the 
lack of evidence of MMT (submesothelial areas double-positive 
for CK and α-SMA), as well as the lack of inflammation-associated 
staining (CD45) in the perimetrium zone of uterine horns treated 
with the ECM hydrogel, as compared with untreated rabbits, re-
inforces the biological and anti-inflammatory effect observed in 
mice. The rabbit uterine horn abrasion model recapitulates the for-
mation of PAs that interconnect visceral serosa layers, whereas 
the IB-based mouse model reproduces PAs that bind the parietal 
peritoneum to viscera. Therefore, we demonstrate that the ECM 
hydrogel can interfere with PAs in both visceral and parietal in-
jured serosal layers and in both colorectal and gynecological 
laparotomy applications.

In general, other tissue protector materials lack longevity at the 
surgically injured site, and physical barriers, such as films or sheets, 
are difficult to handle and apply. Our ECM hydrogel obtained 
through decellularization of bone tissue is thermosensitive and ex-
hibits intermediate solid-liquid properties. Below 22°C, it is a liquid 
with low viscosity, allowing it to be easily applied as a spray. When it 
is heated to 30° to 37°C, it quickly forms a gel, allowing it to remain 
in the administration zone. Because of this viscoelastic behavior, the 
ECM hydrogel maintains the separation of tissues while enabling 
the intraperitoneal mobility of the visceral organs. Moreover, the 
thermogelling is not reversible for the ECM hydrogel, but it is for 
Pluronic F-127. In contrast with other synthetic materials, the ECM 

hydrogel does not induce a pronounced foreign body response but 
acts as a healing substrate. In addition, although Pluronic F-127 acts 
as a physical barrier, ECM hydrogel mitigated PA formation by act-
ing as a physical barrier with a scaffold immune microenvironment 
with anti-MMT and immune-modulatory properties. Moreover, pig 
bone, as a widely available by-product of the meat industry, serves as 
a cost-effective and accessible raw material for large-scale production. 
In this regard, established supply chains for medical-grade animal 
tissues enhance feasibility by enabling reliable procurement. Although 
the raw material itself is inexpensive, downstream processing, par-
ticularly enzymatic digestion, sterilization, and good manufacturing 
practices (GMP) quality controls, introduces most of the produc-
tion cost. Ensuring batch-to-batch consistency and regulatory-grade 
safety adds further expense. Even so, the overall workflow benefits 
from economies of scale: Unit operations are easily expanded, no 
recombinant proteins or cell culture is required, and capital equip-
ment is standard to bioprocessing facilities.

This study had limitations that warrant mention. First, the RNA-
seq studies were performed after culturing the primary cells on 
plastic plates, under homogeneous conditions. Although we have 
previously demonstrated that the phenotype and gene expression 
of MCs cultured ex vivo are maintained, at least during two or three 
passages, and are representative of the in vivo situations, more ro-
bust upfront assessments of adhesion-derived cells from mouse and 
human tissues are required. Second, RNA-seq pointed to altered 
Hippo and caveolar signaling, but we did not measure downstream 
protein readouts in vivo; ongoing studies will test whether hydrogel 
treatment restores CAV1 expression and YAP nuclear localization 
in vitro and in vivo. Third, the data suggested that the conversion 
of MCs into myofibroblasts is the central event in PA formation, 
despite other minority populations of fibroblasts that could also 
contribute to this pathology. Direct lineage tracing experiments 
would further confirm that the PDPN+ myofibroblasts in PAs 
share a common origin from MCs. Fourth, the ECM hydrogel 
was assayed in two preclinical models of PA development that only 
partially mimic the clinical situation. Future studies should evalu-
ate the effect of the ECM hydrogel in more clinically relevant mod-
els, with widespread adhesions in the peritoneal cavity, to determine 
its feasibility in clinical settings. Fifth, although the dominant benefit 
of the ECM hydrogel appears to come from the physical barrier, we 
cannot exclude additional contributions from cytokine sorption or 
integrin-mediated signaling by the ECM scaffold, which will require 
focused mechanistic work.

In summary, the prophylactic effect of the ECM hydrogel, to-
gether with its biocompatibility, makes it an ideal biomaterial 
for further study in clinical trials. This therapeutic strategy could 
minimize the risk of PA formation after abdominal surgery and 
may also be useful in other interventions that can yield fibrogen-
esis at intraperitoneal localized sites or other predictable sites, such 
as in surgeries for the insertion of peritoneal dialysis catheters. 
Therefore, our ECM hydrogel could find wide utility for surgical 
procedures where the use of current physical barriers is contrain-
dicated, such as those that involve resection of part of the intes-
tine and subsequent intestinal reconnection (anastomosis), which 
are mainly related to colorectal cancer, intestinal obstruction, or 
inflammatory bowel diseases (70–76). Previous preclinical and 
clinical studies have shown that ECM components can reduce 
morbidity by promoting intestinal healing in cases of anastomosis 
(77–80).
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MATERIALS AND METHODS
Study design
The objective of this study was to investigate whether an ECM hy-
drogel has a protective role in the formation of postsurgical PAs. A 
further objective assessed by RNA-seq is whether a PA mouse model 
reflects the MMT-related changes that are observed in patients. 
In vitro experiments assessed the effect of ECM hydrogel on the 
MMT process induced by mechanical stretch stimuli. In the human 
RNA-seq study, four HPMC samples and three HPAMCs were used. 
In the mouse RNA-seq study, four samples were used per group. 
Primary MC cultures were expanded before use to obtain sufficient 
material for RNA-seq studies and further in vitro experiments. 
In vitro experiments were repeated at least three times per duplicate 
to ensure statistical power. In mouse treatment studies, each experi-
ment used eight mice per group. In a rabbit uterine horn abrasion 
model, four animals received treatment, and five were left untreated. 
There were no dropouts due to morbidity, animals were randomly 
grouped, and blinding was performed.

Patient biopsies
This study complies with the Declaration of Helsinki and was ap-
proved by the Research Ethics Committee of Hospital Universitario 
La Princesa (Madrid, Spain; ethics approval number: CEIm 21/22). 
Informed written consent to use biological samples was obtained 
from patients. A total of three PA biopsies were obtained from pa-
tients undergoing abdominal surgery (one each from one patient). 
Tissue samples were fixed with neutral buffered formalin for 24 hours 
and processed routinely for immunohistochemical analysis.

Primary patient cells
Primary HPMCs were obtained from omentum samples taken from 
patients undergoing unrelated abdominal surgery, as previously de-
scribed (16). For isolation of HPMCs, omentum tissue samples (n = 4) 
were digested with a 0.125% trypsin solution containing 0.01% EDTA 
for 10 min with occasional agitation at 37°C. Cells were cultured in 
Earle’s M199 medium (Biological Industries) supplemented with 20% 
fetal bovine serum (FBS; Thermo Fisher Scientific) and 2% Biogro-2 
(Biological Industries), at 37°C and 5% CO2. HPMCs were grown to 
confluence and remained stable for at least two passages before use.

Primary HPAMCs were obtained from ex vivo culture of postsurgi-
cal PA samples. For isolation of HPAMCs, postsurgical PA tissue sam-
ples (n = 3) were cut into small pieces of ~2 to 3 mm3. Explants were 
cultured in high cell bind culture plates (25-cm2 flask; Corning) in 
Earle’s M199 medium (Biological Industries) supplemented with 20% 
FBS (Thermo Fisher Scientific) and 2% Biogro-2 (Biological Industries) 
at 37°C and 5% CO2 to 75% confluency. The remaining tissue pieces 
were removed, and attached cells were grown to confluence. According 
to previous studies (16, 39, 46, 55, 79), both morphology and gene ex-
pression of MCs remained stable for at least two passages before use.

Primary mouse cells
Primary MPMCs were obtained from the peritoneal cavities of four 
C57BL/6J mice (Charles River Laboratories). Primary MPAMCs 
were isolated from ex vivo culture of small pieces of tissue obtained 
from PAs formed in a total of four mice undergoing an IB-based 
surgery model. The experimental protocol followed the National In-
stitutes of Health Guide for Care and Use of Laboratory Animals 
and was approved by the Community of Madrid (Spain; PROEX num-
ber 273/19). See Supplementary Materials and Methods for details.

Procedures for cell sorting [fluorescence-activated cell sorting 
(FACS), RNA-seq, ECM hydrogel preparation, tissue adherence of 
ECM hydrogel and Pluronic F-127, ECM hydrogel proteomic, mechan-
ical cyclic stretching, RT-qPCR, mouse PA model, in  vivo retention 
study, rabbit uterine horn abrasion model, immunohistochemistry, and 
dual-immunofluorescence staining] are described in Supplementary 
Materials and Methods. PAs in mice were quantified following 
table S1. Specific human and mouse primers used for RT-qPCR stud-
ies are listed in tables S2 and S3, respectively. Preoperative and post-
operative medications provided to rabbits undergoing surgery are 
described in tables  S4 and S5, respectively. PAs in rabbits were 
scored for area and strength as described in tables S6 and S7, respec-
tively. ECM hydrogel proteomic raw data are available in data file S2.

Statistical analysis
All statistical analyses were carried out with GraphPad Prism V.8.0.1 
(GraphPad Software). The data were compared with two-tailed t test 
(only two groups compared) for  Fig.  2D. Statistical significance 
was determined using Kruskal-Wallis test with post hoc non-
parametric (Shapiro-Wilks test) Mann-Whitney rank-sum U test 
in Figs. 3, 5, 6, and 7. The data were compared with nonparametric 
(Shapiro-Wilks test) Mann-Whitney rank-sum U test in Fig. 8. Sam-
ple sizes are noted in the figure legends. P < 0.05 was considered sta-
tistically significant in all cases. All individual-level tabular data are 
available in data file S3.

Supplementary Materials
The PDF file includes:
Materials and Methods
Figs. S1 to S10
Tables S1 to S7

Other Supplementary Material for this manuscript includes the following:
Data files S1 to S3
MDAR Reproducibility Checklist
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