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With the discovery of the pivotal role of macrophages in tissue regeneration through shaping the tissue immune
microenvironment, various immunomodulatory strategies have been proposed to modify traditional bio-
materials. Decellularized extracellular matrix (AECM) has been extensively used in the clinical treatment of tissue
injury due to its favorable biocompatibility and similarity to the native tissue environment. However, most re-
ported decellularization protocols may cause damage to the native structure of dECM, which undermines its
inherent advantages and potential clinical applications. Here, we introduce a mechanically tunable dECM pre-
pared by optimizing the freeze-thaw cycles. We demonstrated that the alteration in micromechanical properties
of dECM resulting from the cyclic freeze-thaw process contributes to distinct macrophage-mediated host immune
responses to the materials, which are recently recognized to play a pivotal role in determining the outcome of
tissue regeneration. Our sequencing data further revealed that the immunomodulatory effect of dECM was
induced via the mechnotrasduction pathways in macrophages. Next, we tested the dECM in a rat skin injury
model and found an enhanced micromechanical property of dECM achieved with three freeze-thaw cycles
significantly promoted the M2 polarization of macrophages, leading to superior wound healing. These findings
suggest that the immunomodulatory property of dECM can be efficiently manipulated by tailoring its inherent
micromechanical properties during the decellularization process. Therefore, our mechanics-immunomodulation-
based strategy provides new insights into the development of advanced biomaterials for wound healing.

1. Introduction

Wound healing is a complex process mediated by cellular and mo-
lecular interactions. Impaired wound healing may lead to functional
disorders and aesthetic complications, reducing the patients’ quality of
life and increasing the global disease burden [1]. The decellularized
extracellular matrix (dECM) has a wide range of biogenic sources,
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favorable biocompatibility, and biodegradability. It preserves the native
3D biological structure of the tissue environment, making it a main-
stream clinical tool in multiple tissue regeneration (Fig. S1, Supporting
Information) [2-5]. Despite its widespread applications, studies have
indicated that the wound healing, re-epithelialization, and appendix
regeneration efficacy of dECM remains unsatisfactory, especially in
diabetes mellitus patients [6,7]. Moreover, with increasing demand for
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functional tissue regeneration, the aims of dECM research have evolved
from achieving complete decellularization to maintaining superior
bioactivity through the preservation of its inherent physicochemical
cues and biological signals.

The immune microenvironment influences numerous physiological
processes involved in wound healing, such as angiogenesis, re-
epithelialization, and tissue remodeling. Macrophages, as the key reg-
ulators of the immune microenvironment, are extensively involved in
wound healing, and play a pivotal role in phenotypic and functional
changes [8,9]. M1-like macrophages exert pro-inflammatory functions
by releasing pro-inflammatory cytokines to fight infection and clear
dying neutrophils; however, prolonged inflammation could delay the
healing process. Meanwhile, M2-like macrophages promote tissue
regeneration by resolving inflammation, secreting growth factors, and
recruiting epithelial cells, fibroblasts, and endotheliocytes to accelerate
wound healing [10,11]. Active tuning of the polarization of macro-
phages holds great promise for promoting soft tissue regeneration [12,
13].

Given the critical role of macrophage in determining the clinical
outcome of implantable biomaterials, immunomodulatory biomaterials
designed to regulate the polarization of macrophages have attracted
great attention in the field of tissue engineering. Several strategies have
been proposed to endow conventional dECM with the capacity to
regulate macrophage phenotypes. For example, the incorporation of
stimulating factors is one of the research hotspots. However, it has
several limitations, including the complex preparation process, high
costs, short duration of action, and potential clinical safety risks [14,15].
Composite materials offer another alternative, but they are usually
associated with reduced biocompatibility and disruption of the native
structure [6,16]. It remains difficult to endow dECM with good immu-
nomodulatory while preserving its native structure.

Macrophages can sense multiple microenvironmental signals, like
mechanical cues that can modulate macrophage polarization [17]. In
brief, low elastic modulus (11 kPa and 88 kPa) induces macrophage
polarization toward the M1 phenotype, while medium elastic modulus
(0.3 MPa) promotes M2 phenotype [18]. Atcha et al. found that mac-
rophages cultured on stiffer (20 and 280 kPa) polyacrylamide gels
secreted more inflammatory cytokines and formed more multinucleated
giant cells than cells cultured on soft (1 kPa) polyacrylamide gels [19].
These findings suggest that the modulation of macrophage can be ach-
ieved through tailoring the inherent mechanical properties of bio-
materials. Nevertheless, our understanding of mechanoimmunology is
still in its infancy [20]. For example, the in vivo study concerning the
mechanotransduction of macrophages in response to implantable bio-
materials remain scarce [19,21].

Cyclic freeze-thawing marks one of the earliest physical attempts to
achieve the decellularization of ECM [22]. It is now still widely used as a
cost-effective way to prepare dECM for biomedical applications [23,24].
However, recent studies reported that extensive cyclic freeze-thawing
processes can lead to more severe immune responses and impair the
biological performance of dECM [25]. This is controversial to traditional
views suggesting the immune response caused by dECM can be allevi-
ated through thoroughly decellularization with more cycles of
freeze-thaw treatment [26]. Indeed, the microstructure of collagen at
molecular and fibril-levels can be gradually modified by ice formation
and interstitial fluid transport in the process of freeze-thaw treatment,
leading to altered elastic modulus of the scaffolds [6,27-30]. However,
the influence of these structural and mechanical changes on host tissue
responses, as well as the underlying mechanisms, remain unclear.
Therefore, it is essential to further explore the crosstalk between host
immune system and mechanical cues at the molecular level (nano-
mechanical properties), cellular level (micromechanical properties), and
organ level (macromechanical properties) [31].

Herein, we introduce a mechanically tunable dECM and a potent
mechanics-immunomodulation-based strategy capable of accelerating
wound healing. First, the mechanical properties of the dECM across
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multiple length scales were systemically investigated using a combina-
tion of multiple characterization methods. Moreover, the biocompati-
bility, biodegradation, and immunomodulatory properties of the novel
dECM were investigated in vitro and in vivo. Importantly, we revealed the
central role of mechanotransduction in the regulation of macrophage
polarization and demonstrated the efficacy of the mechanically tunable
dECM in promoting full-thickness wound healing in a rat model.
Therefore, the finding of our study offers an efficient and effective
approach for the development of biomaterials for wound healing.

2. Results and discussion
2.1. Preparation and characterization of the freeze-thaw treated dECM

The main difficulty in fabricating dECM with outstanding biological
function is designing a powerful and efficient decellularization protocol
[23]. In this study, we prepared dECM with repeated freeze-thaw circles
(n = 0, 3, 7 named Control, F/T 3, and F/T 7, respectively) by using
various decellularization methods. The dECM scaffolds obtained from
porcine peritoneum underwent decellularization procedures, including
treatment with repeated freeze-thaw cycles, alkalies and acids, organic
solvents, and hypotonic and hypertonic solutions and
post-decellularization procedures like lyophilization and sterilization
(Fig. 1A and B). Although —20 °C and —80 °C were commonly used
temperature for freeze-thaw treatment, they require much more time to
thoroughly remove the cellular composition [32]. In this study, the
porcine peritoneum was frozen in liquid nitrogen for 5 min and thawed
at room temperature for a freeze-thaw cycle.

The goal of decellularization is to efficiently remove cells while
maximally retaining ECM proteins and the native matrix structure.
Histological staining dECM (Control, F/T 3, and F/T 7) confirmed
effective decellularization with no visible nuclei (Fig. 1C). The quanti-
fication result of DNA content in all three groups (Control, F/T 3, and F/
T 7) revealed no significant differences, and the DNA content of dECM in
all three groups met the suggested criterion of below 50 ng/mg dry
weight, as specified in the literature (Fig. 1G). The remaining porous
structure can facilitate cell penetration, migration, nutrient transport,
and removal of metabolites [33]. Considering that exposure of the sec-
ondary conformation of collagen fibrils causes severe adverse immune
responses, differential scanning calorimetry (DSC), attenuated total
reflectance Fourier transformed infrared (ATR-FTIR), energy dispersive
spectroscopy (EDS) and X-ray diffraction (XRD) were used to further
confirm the structural integrity of collagen [34]. The endothermic peaks
are associated with the transformation of collagen from a triple helical to
a random coil structure, with the peak value assigned to the denatur-
ation temperature (Td) [35]. The typical range of Td for collagen’s
stable triple helical structure, formed by the peptide (Pro-Hyp-Gly)io
and facilitated by interchain hydrogen bonds, ranges from 60 °C to 90 °C
[35,36]. In our study, we observed a higher endothermic peak of 80.3 °C
in F/T 3 group compared with 77.7 °C in the control group (Fig. 1D).
This suggests the presence of more hydrogen bonds responsible for the
stabilization of the triple helix of collagen. Therefore, the shift of
endothermic peak in DCS test is generally accepted as an indicator for
the integrity of original triple helical structure [37,38]. The broad band
around 3500 cm ™! (amide A) associated with NH; bonding, the peak at
1647 cm™ ! (amide I) associated with the stretching vibrations of the
carbonyl groups, the peak at 1550 cm~! (amide II) associated with the
vibrational source of both NH deformation and CN stretching and peak
at 1241 cm™! (amide III) associated with CN stretching and NH bending
vibrations in FTIR spectra were the most significant characteristics of the
collagen triplex helix structure [30]. As a sensitive marker of the peptide
conformation, these characteristics peaks were observed in the spectra
of all three groups (Fig. 1E), suggesting the decellularization methods
did not damage the secondary structure of native collagen [39]. Further,
the EDS maps confirmed the existence and homogeneous distribution of
C, N, O, Na, Mg, Al, P and S elements, and the EDS spectra showed
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Fig. 1. Preparation and characterization of freeze-thaw treated dECM. (A) The schematic diagram showing the workflow for the fabrication of freeze-thaw (F/T)
treated dECM. Freeze-thaw treated dECM was fabricated from porcine peritoneum with decellularization procedure and post-decellularization procedure, followed
by the verification of dECM structure stability. (B) Representative photographs for dECM without F/T (control), F/T 3, and F/T 7 were shown. (C) H&E staining
(C1-C4) and Masson’s trichrome staining (C5-C8) of native tissue and dECM membrane to determine the efficiency of decellularization. (D-F) DSC curves (D), FTIR
spectra (E), and XRD patterns (F) of control, F/T 3, and F/T 7 dECM, demonstrating the retention of characteristic structure in collagen. (G) Quantification of DNA
content after decellularization. (H) Cell viability of macrophages cultured within the dECM for 1 and 3 days evaluated using CCK-8 assay. (I) Enzymatic degradation

of dECM measured in vitro.

Statistical analysis was performed using ANOVA and multiple comparisons post-hoc tests (Tukey HSD). *p < 0.05, **p < 0.01.

similar content of elements in three groups (Fig. S4, Supporting Infor-
mation). As shown in Fig. 1F, dECM from all three groups showed a
peak at 7°-8° corresponding to the triple helix of collagen and a broad
peak around 20° related to the diffuse reflection caused by the fibril
network [40,41]. In addition, all groups exhibited a high water ab-
sorption capacity and neutral pH (Fig. S5A, B, Supporting Information).
Notably, SDS—PAGE analysis indicated that the components of dECM
remained essentially unchanged throughout the freeze-thaw treatments
(Fig. S5C, Supporting Information).

Good biocompatibility is a prerequisite for tissue-engineering bio-
materials. In this study, RAW 264.7 macrophages and fibroblasts were
respectively seeded on the dECM, and a CCK-8 assay was performed to
evaluate cell proliferation. Compared to the control, the cell vitality of
F/T 3 and F/T 7 significantly increased on day 3 (Fig. 1H). Freeze-thaw
treatment can efficiently remove the cellular composition and reduce
the foreign body reaction by forming intracellular ice crystals and
causing cell lysis, but overuse of freeze-thaw treatments may lead to the
structural impairment and exposure of the secondary conformation of
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collagen fibrils causes severe adverse immune responses [34]. Three
freeze-thaw cycles might be adequate to remove the cells while maxi-
mally preserving the ECM proteins and native matrix structure in our
decellularization protocol. Furthermore, the rat subcutaneous model
was used to evaluate the system toxicity of dECM. Four 10 mm x 10 mm
square pieces of dECM from the same group were implanted, and all rats
remained healthy. No complications, such as infection, wound dehis-
cence or delayed wound healing was observed throughout the study.
Considering that dECM completely degraded in a month, the health state
of important organs was examined on day 28. No lesions were observed
in the major organs in any of the three groups (Fig. S6, Supporting In-
formation). The dECM-derived biomaterials exhibited good biocom-
patibility due to the preserved native 3D biological structure and
bioactive composition of the dECM [6].

The degradability of dECM was investigated in vitro using matrix
metalloproteinase-1 (MMP-1), the predominant collagenase that cleaves
collagen type I and III [42]. Over 90% of the dECM in the control had
already been degraded, while 20% of dECM in F/T 3 remained undis-
solved in 48 h (Fig. 1I). This demonstrated that the extracellular
biodegradation behavior of dECM could be prolonged by freeze-thaw
treatment.

These results indicated that the dECM in all three groups was cell-
free and maintained the conformation and structure of collagen, and
showed good biocompatibility and biodegradability. Consistent with
previous studies, ECM ultrastructure was relatively well preserved
during freeze-thaw treatments [32,43]. This may create an optimized
cellular microenvironment conducive to the growth of 3D structured
tissue, further contributing to better biocompatibility [44].

2.2. Freeze-thaw treatment imparts tunability to multiscale mechanical
properties of dECM

The mechanical properties of the dECM across multiple length scales
are critical to its clinical performance as the mechanical cues shape our
tissue responses to the biomaterials [31]. The macroscale mechanical
properties of biomaterials determine their operating characteristics and
interaction with organs or tissues, while microscale ones direct cellular
responses, and nanoscale mechanical properties influence in situ mo-
lecular interactions [45].

2.2.1. The structure of dECM

To investigate the impacts of freeze-thaw treatment on the structure
of dECM, we characterized its surface morphology and pore size distri-
bution. The dECM membrane contained a compact layer and rough layer
(Fig. 2A and Fig. S7, Supporting Information). Quantification analysis of
scanning electron microscopy (SEM) images indicated that the average
pore size of dECM decreased significantly from 10 mm to 5 mm after
undergoing 7 freeze-thaw cycles. Moreover, the collagen diameter of
dECM in the F/T 7 group was found to be only half of that in the Con
group. The pore size of the network and the diameter of collagen bundles
decreased with an increase in the number of freeze-thaw cycles, which
was further confirmed by mercury intrusion porosimetry (MIP) in a dry
state and atomic force microscopy (AFM) under physiological conditions
(Fig. 2A-E). Similar structural alterations resulting from the exfoliation
of collagen fibrils associated with water-ice phase change during freeze-
thaw treatment have been reported in previous studies [30,46].

2.2.2. The macro-mechanical properties of dECM

The uniaxial tensile test is commonly used to study the mechanical
properties at the macroscale of the collagen membrane, assessing the
operational performance of the dECM [47-49]. The dECM exhibited
nonlinear elasticity with an approximately exponential relationship
between stress and strain (Fig. 2H). The macroscopic stiffness and ulti-
mate tensile strength were significantly enhanced, while the strain was
reduced after three freeze-thaw cycles (Fig. 2I, J and K). The deforma-
tion process of dECM in tensile tests involves four regions: the toe
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region, heel region, elastic region, and failure [50,51]. All three groups
performed similarly in the toe region, implying that the stress used to
remove the macroscopic crimps was the same. Kink strengthening
occurred earlier in the dECM of F/T 3, accounting for a lower failure
strain in the F/T 3 group. Furthermore, more energy was needed to
stretch the kinks and unlock the triple helix structure in the elastic re-
gion in the F/T 3 group (Fig. 2F). We speculated that freeze-thaw
treatment altered the elastic modulus of dECM by affecting dECM at
the collagen fiber level at the microscopic scale.

2.2.3. The nano- and micro-mechanical properties of dECM

AFM is a powerful technique that provides both structural and me-
chanical information with high precision under physiological conditions
ranging from kPa to GPa. The nanomechanical properties were evalu-
ated via AFM using pyramidal tips to provide both structural and me-
chanical information under physiological conditions (Fig. 3A). The
elastic modulus of collagen fiber networks of dECM in the control, F/T 3,
and F/T 7 were 0.56, 0.76, and 0.95 MPa, respectively, showing an
improvement with an increasing number of freeze-thaw cycles (Fig. 3B
and C). To focus on the individual collagen fibrils instead of the whole
membrane, we performed AFM measurements in a finer range and found
that the elastic modulus of collagen fibrils increased with an increasing
number of freeze-thaw cycles (Fig. 3D and E). Although seven freeze-
thaw cycles yield a higher nanoelastic modulus of individual collagen
fiber (reflected by AFM nanoindentation using pyramidal tips) than that
achieved by three freeze-thaw cycles, the macro- and micro-elastic
modulus of dECM were intriguingly decreased with more freeze-thaw
cycles involved. It is worth noting that the overall mechanical prop-
erty of the dECM is determined not only by the elastic modulus of in-
dividual collagen fibrils but also the structure of the collagen network,
which is also influenced by the freeze-thaw cycles. We showed seven
cycles of freeze-thaw treatment led to a significant reduction in the pore
size of dECM, suggesting the formation of a more densified collagen
network. This is responsible for the decrease in the overall elastic
modulus in this group. Therefore, the optimal cycles of freeze-thaw
treatment need to be explored to achieve ideal elastic modulus of indi-
vidual collagen fibril without compromising the overall structure of the
collagen network.

Further, we performed finite element analysis (FEA) to simulate the
interplay between the collagen network and the pyramidal tips. As
shown in Fig. 3F stress and deformation were concentrated on individual
collagen fibers during detection by the pyramidal tips without disturb-
ing the structure of collagen network. Although pyramidal tips allow
higher spatial resolution detection, the microenvironment detected by
spherical tips might be more similar to the stiffness sensed by the cells
[52,53]. So, we used a spherical tip to measure the microelastic modulus
of dECM (Fig. 4A, B, C). However, it was difficult to obtain a large
amount of valid data, as the samples were not sufficiently flat and stably
fixed to allow AFM measurements [54]. Cryosection is an ideal aid to
overcome this obstacle, as it has little influence on the elastic modulus of
the dECM [55]. Therefore, we exploited cryosection to obtain an accu-
rate and efficient measurement of the micromechanical properties. The
elastic modulus of the dECM slices in F/T 3 probed with spherical tips
was higher than that of the other two groups (Fig. 4D and E). Notably,
the results for pyramidal tips differed from those for spherical tips. In
contrast, the contact area between the spherical tip and collagen
network was much larger, suggesting that the measurement disturbed
the collagen network structure, and deformation and stress changed in a
larger region (Fig. 4F). These results verified that spherical tips could
provide information on microscale stiffness and structure, indicating
that spherical tips could better reflect what cell “feels” [52].

The hydration level shows a distinct effect on mechanical property of
collagen based materials such as dECM [56]. The elastic modulus of
dECM is at MPa-scale in the dry state, while in the wet state it can in-
crease to GPa-scale [57]. This is explained by the fact that the collagen
molecules in the dehydrated microfibril are initially mostly straightened
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Fig. 2. The structure and macromechanical property of freeze-thaw treated dECM. (A and B) SEM (A) and AFM (B) images showing smooth surface mor-
phologies of dECM in control, F/T 3, and F/T 7. (C and D) Quantification of pore size (C) and diameter of dECM (D) according to SEM (n = 3). (E) Differential pore
volume distribution of control, F/T 3 and F/T 7 measured using mercury intrusion porosimetry. (F and G) Representative photographs (F) showed five distinct
regions of dECM deformation during mechanical testing, with schematic illustrations depicting the collagen stretching process (G). (H) Representative stress-strain
curves of control, F/T 3, and F/T 7. The tensile mechanical properties of dECM measured using a universal testing machine under physiological conditions. The
deformation process of dECM in the tensile test involves four regions: toe region, a heel region, elastic region, and failure. (I - K) The tensile modulus (I), failure strain
(J), and ultimate tensile strength (K) were measured.

Statistical analysis was performed using ANOVA and multiple comparisons post-hoc tests (Tukey HSD). *p < 0.05, **p < 0.01, ***p < 0.001.
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The cross sections of dECM were prepared by cryosection. The histogram of the elastic modulus for each force map is shown below. Gauss distribution fits (rep-
resented by black solid curves) were conducted to evaluate the elastic modulus. The abscissa of the peaks represents the elastic modulus of the area. (C and E)
Young’s modulus of smooth surface (C) and cross sections (E) of dECM was detected using spherical tips, indicating three freeze-thaw cycles contribute to the highest
elastic modulus at microscale. (F) 3D Finite element simulation of a spherical tip indenting the collagen fiber network, indicating that spherical tips could better

reflect mechanosensation of cells.

Statistical analysis was performed using ANOVA and multiple comparisons post-hoc tests (Tukey HSD). *p < 0.05.
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during the deformation process rather than stretched [58]. Therefore, it
is critical to evaluate the mechanical property of collagen based mate-
rials under fully hydrated conditions to ensure physiologically relevant
results [59].

The effect of freeze-thaw treatment on collagen-based materials is
associated with the coldest setpoint temperature, cooling rate, freezing
hold time, thawing media, and number of cycles [46,60,61]. In our
study, we found that freeze-thaw treatment decreased the diameter and
enhanced the stiffness of collagen fibers, and the stiffness increased with
the increase in the number of free-thaw cycles. This indicates that a
certain number of freeze-thaw cycles could enhance the mechanical
properties of dECM, above which they may lead to structural impair-
ment and mechanical property regression. Collectively, freeze-thaw
treatment could be an effective approach for fabricating mechanically
tunable dECM.

2.3. Freeze-thaw treated dECM modulates macrophage polarization in
vitro

Given the significant role of mechanical properties in determining
macrophage responses, RNA sequencing (RNA-seq) was used to analyze
the changes in macrophage gene expression activated by freeze-thaw-
treated dECM [62-64]. The specimen showed good stability according
to the correlation analysis (RZ > 0.95) (Fig. S9A, Supporting Informa-
tion). The heatmap, Venn diagram, and volcano plots show a wide range
of gene expression differences among the three groups (Fig. 5A, and
Figs. S9B, C, D, E, Supporting Information). Principal component
analysis revealed that the F/T 3 group was significantly different from
the control and F/T 7 groups, which might result from the distinguished
micromechanical properties of the F/T 3 group compared with the
control and F/T 7 groups, indicating that spherical tips could better
reflect what cell “feels” than pyramidal tips (Fig. 5B) [53].

Subsequently, to explore the differences in macrophage response, we
performed Gene Ontology (GO) enrichment analysis and Kyoto Ency-
clopedia of Genes and Genomes (KEGG) functional pathway analysis
using Gene Set Enrichment Analysis (GSEA). The top 16 down-GO terms
showed that the immune response was the major downregulated event
compared with the control (Fig. 5C). Compared with the control,
cytokine-cytokine receptor interaction and NF-kB signaling pathway
were downregulated in F/T 3 and F/T 7, demonstrated to be associated
with M1-like polarization (Fig. 5D, and Fig. S10A, Supporting Infor-
mation) [65,66]. These data agree with previously reported studies in
which the NF-xB signaling pathway, enhanced by Piezo type mecha-
nosensitive ion channel component 1 (Piezol) activity, mediated
stiffness-dependent macrophage inflammatory activation [19]. How-
ever, it was interesting to note that the cell adhesion behavior-related
terms, such as regulation of actin cytoskeleton, adherens and tight
junctions and focal adhesion were upregulated in F/T 3, while cell
adhesion molecules (CAMs) were downregulated in F/T 7 (Figs. S10B, C,
D, E, Supporting Information). These findings implied that the dECM in
F/T 3 and F/T 7 played opposite roles in cell adhesion. Furthermore, we
analyzed the differentially expressed genes in F/T 3 group, finding that
the response to stress related genes directly affect the immune response
(Fig. 5E). Then, we focused on the differences in mechanotransduction
and macrophage polarization related gene expression (Fig. 5F). The
resulting heatmaps showed that dECM in F/T 3 significantly promoted
cell adhesion and polarized macrophages toward an anti-inflammatory
phenotype over a pro-inflammatory one. Additionally, accumulating
evidence has verified that integrin and cadherin adhesion complexes
perform important functions in sensing mechanical cues across multiple
scales and transducing them into biological signals to mediate multiple
cellular behaviors. Adhesion complexes (such as integrin and cadherin)
and ion channels (including TRPV4 and PIEZO family) serve as
mechanosensors that transmit mechanical forces inside the cell, trans-
forming them into biochemical signals that regulate intracellular pro-
cesses [64,67-69]. Based on the above analysis, we speculated that the
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NF-kB signaling pathway involved in macrophage mechanosensing in
this study and freeze-thaw treatment modified macrophage polarization
by promoting cell adhesion.

2.4. Freeze-thaw treated dECM exhibited good biocompatibility,
controllable biodegradation, and ability to regulate macrophage
polarization

To further investigate biocompatibility, biodegradation rate, and
immune regulatory effects in vivo, a mechanically tunable dECM was
implanted into a rat subcutaneous model [62,70].

2.4.1. The local biocompatibility, biodegradation, and integration
capability of freeze-thaw treated dECM

Foreign body reaction (FBR)—the formation of foreign body giant
cells (FBGCs) and fibrosis—can limit implant function and even lead to
its ultimate failure [71-73]. The materials were implanted subcutane-
ously in rats and histologically analyzed 7, 14, and 28 days
post-implantation to assess the foreign body reaction (Fig. 6A). Histo-
logical staining showed an inflammatory response band around the
dECM, indicating a slight FBR to the biomaterials (Fig. 6B and Fig. S12,
Supporting Information). On day 7, a few FBGCs were observed at the
interface between the dECM and the periphery (Fig. 6D). No significant
differences were observed in the integration rate among the three groups
(Fig. 6E). On day 14, fewer FBGCs were observed, and the capsule
thickness of F/T 3 was the thinnest, implying a minor FBR in the local
tissue (Fig. 6C, G). The inflammation reaction scores implied that these
dECM exhibited better biocompatibility than the controls (Fig. 6F,
Table S1, Supporting Information).

The degradation rate of F/T 3 was the slowest, which may be partly
responsible for the prolonged degradation time, according to the current
knowledge that FBGCs could degrade collagen-based biomaterials by
phagocytosis (Fig. 6B) [74]. Non-cross-linked dECM generally starts to
disintegrate on day 14 and is almost completely degraded within a
month, which is in line with previous results [74,75]. The main disad-
vantages of collagen-based biomaterials are poor mechanical properties
and rapid biodegradation [76]. Freeze-thaw treatment ameliorated the
degradation of dECM while improving its mechanical properties.

2.4.2. The ability of freeze-thaw treated dECM to regulate macrophage
polarization

As previously mentioned, macrophage polarization can be modu-
lated by manipulating the mechanical properties of dECM [62]. To
verify the effect of macrophages on dECM, immunohistochemical
staining was performed on the dorsal skin of rats implanted with control,
F/T 3,and F/T 7 on days 7 and 14. Fig. 7A and B showed that infiltration
of CD68' macrophages was observed in all three groups, and the major
CD68" macrophages were distributed at the junction of the dECM and
soft tissue (Fig. S14, Supporting Information). Quantitative analysis of
immunohistochemical staining showed that there were fewer M1 mac-
rophages (iNOS™") on the smooth surface of the F/T 3 group on day 7 and
more M2 macrophages (CD163" and/or CD206™) on days 7 and 14
(Fig. 7B, D) compared with the control group [8].

The ability of dECM to induce macrophage polarization in vitro was
verified using reverse transcription-quantitative polymerase chain re-
action (RT-qPCR) (Fig. 7E). After dECM were co-cultured with macro-
phages for 24 h, the expression of M1-like macrophage marker genes,
including CD86, CD11c, and TNFa was significantly reduced by dECM
from F/T 7, in contrast to the control, while the expression of M2
macrophage marker genes including CD163, CD206, and ARG was
significantly elevated by dECM from F/T 3 compared with the control
and F/T 7 groups. These findings verified the in vivo observations that F/
T 3 could induce an anti-inflammatory macrophage phenotype. There-
fore, we can infer that freeze-thaw treatment might impart dECM with
the ability to induce M2-like macrophage polarization.
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Fig. 5. Freeze-thaw treated dECM elicit mechanotransduction to polarize macrophages. (A and B) Venn diagram (A) and principal component analysis (B) of
macrophage response to dECM treated with different number of freeze-thaw cycles, indicating a larger difference between the F/T 3 group and the other two groups.
(C) The top eight down-GO terms in biological process, four in cellular component and four in molecular functions, demonstrating the immune response is the major
downregulated event in F/T 3 group. (D) Top five up- and down-KEGG terms in cellular processes and environmental information processing in F/T 3 (d1) and F/T 7
(d2). Immune response and mechanotransduction related events are highlighted by increasing font size and underlining. (E) The functional enrichment analysis of F/
T 3 vs Control (el) and F/T 3 vs F/T 7 (e2), showing the direct interaction of immune response and mechanotransduction. (F) Heatmap analysis of expressed genes in

mechanotransduction (f1) and macrophage polarization (f2).
Statistical analysis was performed using ANOVA and multiple comparisons post-hoc tests (Tukey HSD). *p < 0.05, **p < 0.01, and ***p < 0.001.
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Fig. 6. Biocompatibility and biodegradability of freeze-thaw treated dECM in vivo. (A) Workflow for evaluating the biocompatibility and biodegradability of
dECM in a rat subcutaneous model. (B) H&E staining sections of subcutaneously implanted samples in control, F/T 3, and F/T 7 groups at days 7, 14, and 28. Black
dashed lines, the margin of dECM; T, the tissue region; D, the degrading materials; black arrows, FBGCs. (C) Representative histological images of subcutaneous
injury using Masson’s Trichrome staining. The yellow dashed lines mark the margin of fibrous capsule. (D) The number of FBGCs per slice indicating the severity of
FBR. (E) Semiquantitative analysis of average integration rate of smooth surfaces. (F) Score of inflammatory reaction of dECM according to ISO 10993-6:2016. (G)

Characterization of the thickness of the fibrous capsule using image analysis.

Statistical analysis was performed using ANOVA and multiple comparisons post-hoc tests (Tukey HSD). *p < 0.05, **p < 0.01, ***p < 0.001, and ***p < 0.0001.

2.5. Freeze-thaw treated dECM accelerates wound healing in rats

To evaluate the progression of wound healing, dECM scaffolds of
control, F/T 3, and F/T 7 were implanted in the Sprague Dawley (SD) rat
wound healing model (Fig. 8A). The speed of wound healing was eval-
uated based on macroscopic wound closure (Fig. 8B and C). Quantifi-
cation of relative wound area showed that freeze-thaw treated dECM
was significantly more effective than the control in full-thickness skin
regeneration, and the F/T 3 group showed the highest wound closure
rate (Fig. 8D).

On day 5, the boundary between the dECM and native tissue was
obvious, with the epithelial tongue attached to the dECM (Fig. 8F). On
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day 10, wounds were fully re-epithelialized in the F/T 3 and F/T 7
groups, and the dECM was integrated with the native tissue. On day 15,
the wounds in F/T 3 were almost healed, and the dermis layer was re-
generated with neogenic hair follicles developed in the skin. In contrast,
fewer neogenic hair follicles and glands were observed in the control
and F/T 7 groups. The gap width of the F/T 3 group was significantly
shorter than that of the other two groups, probably due to the anti-
inflammatory microenvironment (Fig. 8E) [77-79]. In particular, the
inherent wound contraction in rat skin could only promote the closure of
the epidermis but did not favor the maturation of the dermis, indicating
that these neogenic tissues profited from freeze-thaw treated dECM
[77]. To further distinguish dECM from regenerated tissue, Masson’s
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Fig. 7. The effect of freeze-thaw treatment on macrophage polarization. (A and C) Immunohistochemistry analysis showing the presence of CD68", iNOS™,
CD163" or CD206" macrophages at day 7 (A) and 14 (C). (B and D) Quantification for the expression of iNOS, CD163, and CD206 on day 7 (B) and day 14 (D). (E)
The relative mRNA level of CD86, CD11c, TNF, CD163, CD206, and ARG of macrophages in the tested groups.

Statistical analysis was performed using ANOVA and multiple comparisons post-hoc tests (Tukey HSD). *p < 0.05, **p < 0.01, and ***p

trichrome staining was performed on day 15 (Fig. 8G). Notably, the
dECM was not fully degraded and was located below the regenerated
tissue, demonstrating that dECM treated with three freeze-thaw cycles
could promote soft tissue regeneration instead of just working as a
wounding dressing. Further, the wound healing rate with or without
dECM in F/T 3 group were evaluated in 20 mm wound model in SD rats,
and dECM did promote wound closure at the early stage (Fig. S15,
Supporting Information). Regrettably, the silicone rings were broken in
three days and wound without dECM showed evident contraction,
which lead to a faster closure rate.

Compared with the dECM in other groups, the one produced with
three freeze-thaw cycles possess a higher tensile modulus to around 6
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< 0.001.

MPa at macroscale. Meanwhile, its tensile modulus in microscale re-
mains the highest among the three tested group, falling to a level of
around 0.4 MPa. Additionally, the nanomechanical properties of F/T 3 is
around 1 MPa, at a comparable level relative to F/T 7. In recent years,
more and more evidence has suggested that it would be beneficial to
tailor the mechanical property of the biomaterials to that of the target
tissue [80,81]. Considering the tensile modulus of dorsal skin of rat to be
around 1-10 MPa [82,83], it is not surprising that F/T 3 dECM bearing
the most similar tensile modulus was found to contribute to the best
biological outcome.

In addition, we performed immunofluorescence staining to investi-
gate the role of macrophage polarization status induced by freeze-thaw
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Fig. 8. The efficacy of freeze-thaw treated dECM in wound healing. (A) Workflow for evaluating the performance of dECM in a rat wound healing model (n = 6).
(B) Representative images showing the wound closure at days 3 , 5, 10, and 15 (n = 6). (C) The schematic diagram of the dynamic wound healing process with a time
range of 15 days (n = 6). (D) Quantitative data of relative wound area at days 3 , 5, 10, and 15 compared to that on day O in the three groups. n = 6 for each group.
(E) Wound width quantification on day 15 (n = 5). (F) Representative H&E staining images at days 3 , 5, 10, and 15. Black dashed lines, wound edges; black triangle,
granulation tissue; black lines, wound width; yellow dashed lines, the margin of epithelium; black arrows, hair follicle; white arrows, sebaceous gland; asterisks,
residual dECM membrane (n = 5). (G) Representative images of Masson’s trichrome staining at day 15. All graphs show mean + standard deviation (n = 3).
Etatistical tools used: one-way ANOVA and multiple comparisons post-hoc tests (Tukey HSD). n = 6 for d, e, f. *p < 0.05, **p < 0.01, and ***p < 0.001.

treated dECM in wound healing (Fig. 9A). On day 5, the number of
CD68"iNOS" cells was significantly lower in groups F/T 3 and F/T 7
compared with the control group, whereas the number of
CD68"CD206™ cells was higher in group F/T 3, indicating that dECM in
group F/T 3 promoted M2 rather than M1 polarization (Fig. 9B). These
results aligned well with prior study on macrophage polarization in the
rat subcutaneous model, suggesting that freeze-thaw treated dECM had
a marked immunomodulatory effect on macrophage polarization in the
process of wound healing.

In summary, a mechanically tunable dECM that preserved the native
3D biological structure was successfully fabricated using freeze-thaw
treatment. The structure and mechanical properties of freeze-thaw
treated dECM were modified across multiple length scales, imparting
it good biocompatibility, biodegradation, and the ability to regulate
macrophage polarization. In particular, the adhesion behavior of
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macrophages on the dECM may be a key event that modulates macro-
phage polarization. Finally, manipulation of the elastic modulus of the
dECM by freeze-thaw treatment enhanced wound healing in vivo
(Scheme 1).

Understanding the mechanical properties of dECM from the molec-
ular (nano- and micro-mechanical properties) to the organ level (mac-
romechanical properties) is essential for designing the mechanics of
biomaterials. It should be noted that although the tensile modulus was
used to represent the macroscopic mechanical properties of dECM in this
study, the tensile test is inaccessible to completely mimic the clinical
usage of dECM. The characterization of the micromechanical properties
of dECM deserves further consideration. Additionally, the immuno-
modulatory mechanisms of mechanical cues have not been well
explained. A thorough in-depth understanding of mechanotransduction
requires further experimental validation, such as the effects of
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Fig. 9. The effect of freeze-thaw treatment on macrophage polarization in wound healing on day 5. (A) Representative images of CD68"iNOS* (M1-like) and
CD687CD206" (M2-like) immunostaining (n = 5). (B) Quantitative data of CD68TiNOS™ (M1-like) and CD68TCD206" (M2-like) cells per field (n = 6).
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scheme 1. Schematic diagram. The dECM scaffolds designed and fabricated using a mechanics-immunomodulation-based strategy accelerate wound healing
process. In brief, freeze-thaw treatment endows dECM with improved micromechanical property, which signals the M2 polarization of macrophage through

mechanotransduction, leading to superior wound healing.

mechanical cues on cell adhesion behavior.
3. Conclusion

In this study, we report a potent mechanics-immunomodulation-
based strategy for dECM development, which differs from traditional
methods that rely on the addition of extrinsic chemicals or biological
agents. We characterized the ultrastructure and elastic modulus of
dECM from the molecular level to the length scale at which cell “feels”
their environment. We show that the immunomodulatory property of
dECM can be efficiently manipulated by tailoring its inherent micro-
mechanical properties, leading to superior regenerative performance.
We believe this mechanics-immune modulatory strategy may inspire the
development of novel biomaterials for soft tissue regeneration.

4. Experimental section
4.1. Sample preparation

The porcine peritoneum was harvested from freshly slaughtered
adult pigs and stored at —20 °C until use. The collected samples were
dissected from the adjacent preperitoneal fat, subsequently cut into
small pieces, and immersed in distilled water overnight at 4 °C. Then
these pieces were frozen in liquid nitrogen for 5 min and thawed in
distilled water at room temperature for 20 min, as a freeze-thaw cycle.
The processed tissues were subjected to 0, 3 and 7 cycles (named Con-
trol, F/T 3 and F/T 7, respectively). After complete freeze-thaw treat-
ment, the obtained samples were incubated 2 g/L sodium hydroxide
solution at 4 °C for 12 h and transferred into 50%, 70%, 75%, 80%, 95%,
100% gradient ethanol, acetone and tert-butanol in order for dehydra-
tion. The processed product was degreased with N-hexane for 20 h, then
acidified with 0.5% HCI for 5 h. After 20 g/L NaCl solution for hyper-
tonic treatment at 4 °C for 5 h, the dECM membranes were treated with
10 g/L NaHCOg solution to adjust the pH to neutral. Between each step,
the dECM membranes were thoroughly rinsed with distilled water.
Finally, the dECM membranes were lyophilized and sterilized with 25
kGy of y-irradiation. The macroscopic images of dECM were recorded by
camera (Canon, Japan).
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4.2. General characterization

The attenuated total reflectance Fourier transform infrared spec-
troscopy (FTIR), differential scanning calorimetry (DSC), X-ray diffrac-
tion (XRD), mercury intrusion porosimetry (MIP), scanning electron
microscope (SEM), and energy dispersive spectroscopy (EDS) were used
to investigate the physical and chemical characterization of dECM.
These processes are described in detail in the Supporting Information.

4.3. Determination of multiscale mechanical properties

Tensile test was used to study the mechanical properties at the
macroscale of dECM, while AFM was used to evaluate the nano-to-
micro- mechanical property of dECM. The details are available in the
Supporting Information.

4.4. In vitro cytocompatibility assay

The cytocompatibility of dECM was tested by cell counting kit-8
assay kit. The details are available in the Supporting Information.

4.5. In vitro biodegradation assay

The specimens (n = 3) were weighed, incubated in 2 ml of collage-
nase I (125 U/mg, Sigma, USA) solution (5 U/ml in phosphate-buffered
saline (PBS)) at 37 °C, pH 7.4. After incubated for 12, 24, or 48 h, the
samples were removed from incubation, washed with distilled water,
and dried at 60 °C oven before weighing. The membrane degradations
were represented as percentage the dry weight with respect to the initial
dry weight.

Retention mass =M, / My x 100%

where My is the original weight on day 0 and M; is the weight at time
point t.

4.6. RNA-seq and bioinformatic analysis

The detailed processes are described in the Supporting Information.
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4.7. Surgical procedure

Subcutaneous model: All procedures were approved by the Institu-
tional Animal Care and Use Committee of Sun Yat-Sen University (SYSU-
IACUC-2021-000491). We purchased 200-300 g male SD rats from the
Experimental Animal Center of Sun Yat-sen University and maintained
them under pathogen-free conditions. A subcutaneous model was pre-
pared as previously described [16]. Briefly, all rats underwent general
anesthesia during the surgical procedure. The back of rats was shaved
and disinfected with ethyl alcohol (75%). Lateral incisions were made
on the back of the rats and dECM was implanted in each subcutaneous
pocket. To evaluate the systemic toxicity of dECM, nine rats were
randomly assigned to three groups, with each rat having four pieces of
dECM (10 mm x 10 mm). After four weeks, the animals were sacrificed,
and the heart, lung, liver, kidney, thymus, and brain tissues were ob-
tained and fixed in 4% paraformaldehyde. A local biocompatibility test
was performed according to ISO 10993-6:2016. These animals were
euthanized 7, 14, and 28 days post-implantation for histological
analysis.

Rat wound healing model: Eighteen male SD rats (4-8 weeks old,
250-400 g) were anesthetized, shaved, and disinfected, as described
above. Full-thickness skin defects (6 mm x 6 mm) were generated on the
backs of the rats. The dECM (10 mm x 10 mm) was then engrafted under
the defect with the rough layer facing towards the tissue and secured to
the surrounding tissue with 5-0 nonabsorbable surgical sutures. Wounds
were recorded on days 0, 5, 10, and 15. The wound healing rate (WHR)
was calculated as follows:

WHR = (S, —S,) /So x 100%

where Sy is the wound area on day 0 and S; is the wound area at time
point t [84].

Histological and immunobhistological assessment: Hematoxylin & Eosin
(H&E) staining and Masson’s trichrome staining were performed as
described in dECM staining. IHC staining were performed for rabbit anti-
CD68 (abcam, UK), rabbit anti-iNOS (abcam, UK), rabbit anti-CD163
(abcam, UK) and rabbit-anti CD206 (abcam, UK). The dewaxed slices
were treated with heat-induced antigen retrieval and incubated in 3%
H505 for 15 min. After blocked for 1 h with bovine serum albumin, the
slices were incubated with CD68, iNOS, CD163 and CD206 antibodies(1
: 100, 1 : 100, 1 : 1000, 1 : 5000, respectively) overnight at 4 °C,
incubated with a goat anti-rabbit IgG secondary antibody (Gene Tech,
China) and counterstained with hematoxylin for 1 min. Immunofluo-
rescence staining were performed for mouse anti-CD68 (abcam, UK),
rabbit anti-iNOS (abcam, UK), rabbit anti-CD206 (abcam, UK). In brief,
the slides were dewaxed and washed with TBS for 5 min. After immersed
in 3% H20; for 10 min and digested with protease for 20 min, the slices
were blocked overnight. Following incubated with CD68, iNOS, and
CD206 antibodies (1: 100, 1: 100, 1: 1000, respectively), the slides were
washed in Tris-buffered saline with (TBST)-Tween 20 (TBST). The sec-
ondary antibodies were prepared with DAPI at 1:500,000 dilution. After
incubation with prepared secondary antibody overnight, the slides were
washed with Tris-buffered saline (TBS), mounted and stored at 4 °C
before imaing.

4.8. Statistical analysis

Gauss distributions were fitted using Origin 2021b for AFM mea-
surements. Immunofluorescence and wound area were quantified using
Image-Pro Plus (v6.0.0.260, USA). The wound shape was recorded and
stacked by Adobe Photoshop CC at different timepoint. Unpaired two-
tailed Student’s t-test was used to compare the means of two indepen-
dent groups. Multiple comparisons post-hoc tests (one-way ANOVA for
one independent variable or two-way ANOVA for two independent
variables, Tukey HSD) were conducted using GraphPad Prism (version
6.01, CA), and p < 0.05 was considered statistically significant (*p <
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0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).
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