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A B S T R A C T   

The distinctive three-dimensional architecture, biological functionality, minimal immunogenicity, and inherent 
biodegradability of small intestinal submucosa extracellular matrix materials have attracted considerable interest 
and found wide-ranging applications in the domain of tissue regeneration engineering. This article presents a 
comprehensive examination of the structure and role of small intestinal submucosa, delving into diverse prep-
aration techniques and classifications. Additionally, it proposes approaches for evaluating and modifying SIS 
scaffolds. Moreover, the advancements of SIS in the regeneration of skin, bone, heart valves, blood vessels, 
bladder, uterus, and urethra are thoroughly explored, accompanied by their respective future prospects. 
Consequently, this review enhances our understanding of the applications of SIS in tissue and organ repair and 
keeps researchers up-to-date with the latest research advancements in this area.   

1. Introduction 

Most conventional methods for tissue regeneration depend on tissue 
transplantation; however, autologous and allogeneic transplantation 
have their limitations [1]. Autologous transplantation can result in 
complications such as discomfort, infection, and formation of scars, 
whereas allogeneic transplantation is linked to an increased likelihood 
of immune rejection and transmission of disease [2,3]. These circum-
stances further highlight the need for biological alternatives, which are 
already being developed in the fields of medical regeneration and tissue 
engineering [4]. 

Tissue engineering is an interdisciplinary field that integrates con-
cepts from both engineering and life sciences to develop biomaterials 
that can serve as biological substitutes for damaged or lost tissues, with 
the aim of enhancing, preserving, or repairing their function [5]. The 
tissue engineering triad consists of cells, scaffolds, and growth factors 
[6]. These three elements interact to renew, regenerate, and replace 
parts or whole tissue structures. The interface between cells and scaffold 
materials comprises a complex and dynamic microenvironment. Cells 

impact their surroundings via cytokine secretion, while the intrinsic 
properties of the scaffold material can alter cell fate [7]. Additionally, 
scaffold materials can also release degradation by-products, which are 
capable of influencing the shape and traction of cells by providing new 
signals [7–9]. Therefore, the pursuit of an optimal biomaterial scaffold is 
a crucial part of tissue regeneration. 

Typically, tissue engineering scaffolds are commonly fabricated 
using three biomaterials: ceramics, synthetic polymers, and natural 
polymers [6]. Ceramic scaffolds, such as hydroxyapatite, find extensive 
application in bone tissue regeneration because of their exceptional 
mechanical strength and structural resemblance to natural minerals. 
However, their clinical applications in tissue engineering are restricted 
due to their brittle nature and difficulty in implantation [10]. Synthetic 
polymers include polylactide (PLA), polylactic-glycolic acid (PLGA), 
polycaprolactone (PCL), polysebacate glycerides, and polyurethane 
(PU) with controlled porosity and size that can be manufactured with 
custom structures [11]. However, they are susceptible to fibrotic, in-
fectious, and inflammatory reactions in the surrounding population 
[12]. Natural polymers, such as gelatin, chitosan, collagen, and 
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hyaluronic acid, have gained increasing attention in various fields due to 
their biocompatibility, degradability, and non-toxicity [13]. Neverthe-
less, the rapid degradation of these materials and the limited availability 
of bioactive factors are major challenges. 

Given the specific merits and drawbacks associated with the afore-
mentioned biomaterials, it is noteworthy that acellular tissue-derived 
extracellular matrix (ECM) bioscaffolds possess significant potential in 
fostering beneficial and practical tissue remodeling in diverse clinical 
contexts [14]. In addition to good biocompatibility and low immuno-
genicity, ECM also has a biomimetic three-dimensional network envi-
ronment [15]. This network forms a microenvironment for cells, which 
aids in homeostasis, tissue formation, and repair [16]. Small intestinal 
submucosa (SIS) is a naturally occurring ECM that possesses a bio-
mimetic three-dimensional microenvironment suitable for cellular 
growth as well as the capacity for continuous and dynamic tissue repair 
[17]. As a result, SIS has garnered substantial attention in the field of 
tissue regeneration. 

SIS was first used more than 50 years ago when it was used as an 
autologous alternative to the superior and inferior vena cava in dogs 
[18]. This paved the way for using SIS as a biological scaffold to 
regenerate tissue. In 1992 an experiment was carried out by G. E. 
Sandusky, in which a vascular graft of small diameter, derived from the 
porcine small intestine submucosa, was implanted in the carotid artery 
of a canine. The implantation has been compared to an autologous 
saphenous graft, which is implanted into the opposite carotid artery 
[19]. The study found no statistically significant difference. Since then, 
SIS grafts have been intensively studied in skin, abdominal wall, bladder 
and tendon areas [20–24]. In addition, SIS has been approved by the U. 
S. Food and Drug Administration and is being used in clinical settings to 
repair various forms of tissue damage. Today, the applications of SIS in 
tissue engineering have been further extended to include bone regen-
eration, reproductive system, valve replacement, tympanic membrane 
repair, meniscus, vocal cords, trachea, etc [25–31]. 

In recent years, numerous studies have emerged on the application of 
SIS, including optimizing decellularization protocols, finding better 
cross-linking materials, and using functionalized SIS for tissue and organ 
repair. This literature review covers the previous five years of SIS 
research. Topics discussed included the composition, characteristics, 
preparation, classification, and advanced techniques of SIS, as well as 
examples of its applications in various tissues and organs. We conclude 
with a summary of outstanding issues in the field of SIS and potential 
future applications in tissue engineering. The application and 

composition of functional decellularized SIS to tissue regeneration is 
schematically illustrated in Fig. 1. 

2. Overview of SIS 

2.1. SIS description and fabrication 

SIS is a biomaterial derived from the intestines of animals (most 
commonly pigs, cattle, sheep) and has been used in a variety of medical 
applications. It is a thin, translucent graft (0.1 mm wall thickness) ob-
tained by mechanical removal of the mucosa, serous membrane, and 
muscle membrane of the small intestine by physical methods [32]. The 
SIS exhibits a pale white and translucent appearance with a thickness 
measuring approximately 80–100 μm. The mucosal layer is smooth in 
texture, whereas the muscular layer presents a rough texture [33]. 
Scanning electron microscopy revealed that the SIS has a complex 
porous microstructure, with bundles of collagen fibers forming both 
mucous and muscular layers. The mucous side appears denser and 
smoother than the serous side. 

The preparation of decellularized SIS involves multiple steps, such as 
mechanical dissociation, degreasing, enzymatic digestion, detergent 
treatment, freeze-drying, and irradiation sterilization [34]. The purpose 
of immersing the physically treated SIS in a series of chemical solutions 
is to remove the cells. Decellularization is critical in preventing adverse 
inflammatory reactions and immune rejection after implantation. Over 
the last two decades, researchers have developed numerous techniques 
to obtain a decellularized ECM while preserving its mechanical integ-
rity, biological activity, biochemical composition, and 
three-dimensional structure, as well as reducing immunogenicity [35]. 
Common methods of decellularization include physical methods (tem-
perature, pressure), chemical methods (acid-base, hyper-hypotonic, 
detergents), and biological methods (enzymes) [36]. Meanwhile, the 
efficiency criteria for decellularization comprise three main aspects: (1) 
the dry weight of double-stranded DNA per milligram of ECM must not 
exceed 50 ng, (2) the length of the DNA fragments should be below 200 
base pairs, and (3) there should be no detectable nuclear material in 
tissue sections stained with DAPI or H&E [36]. 

Yanhui Ji assessed three distinct SIS decellularization methods: 
Abraham’s methods, Luo’s methods, and Badylak’s methods [37]. The 
brief procedures are shown in Table 1. The SIS produced using three 
distinct techniques exhibited excellent biocompatibility and a successful 
decellularization process. However, regardless of the decellularization 

Fig. 1. Schematic illustration of a functional decellularized SIS for tissue regeneration.  
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method employed, the microstructural integrity and bioactive constit-
uents of the prepared SIS are degraded to varying extents. In recent 
years, researchers have developed a new decellularization process for 
SIS. This method utilizes the mild detergent Tergitol as a replacement for 
the toxic Triton X-100. Quantification based on quantum bit fluores-
cence revealed that the concentration of decellularised SIS DNA was 
12.28 ± 3.94 ng DNA/mg dry tissue, which is lower than the 50 ng/mg 
dry tissue threshold set by Crapo et al. [36]. Moreover, a two-photon 
analysis conducted during histological examination verified the pres-
ence of collagen fibers in decellularized SIS. The conservation of ECM 
was verified by overlapping decellularized SIS and natural SIS spectra, 
identifying shared peaks related to collagen type I, type IV, and type V 
[38]. The optimized protocol effectively removes cells and DNA from SIS 
while preserving the extracellular matrix. In addition, Tiziana Palmosi’s 
utilization of Tergitol 15 S 9 as a substitute for Triton X-100 has 
demonstrated superior efficacy in decellularization [39]. The study finds 
equivalent decellularisation efficacy and retention of extracellular ma-
trix between Tergitol 15 S 9 and Triton X-100. However, it is worth 
noting the disorganized and disrupted collagen fibers observed with 
Triton X-100, while the fibers appeared to be slightly thinner with Triton 
X-100 in the SEM, without collapsing the ECM. Furthermore, the tissue 
treated with Triton X-100 demonstrated a significant increase in resis-
tance and stiffness values compared to the use of Tergitol 15 S 9, which 
did not affect tissue mechanics and maintained comparable values for 
the same parameters as natural tissue [39]. Still, there is potential for 
further development in the creation of a new, gentle decellularization 
technique. 

2.2. SIS superiority and limitations 

First, decellularized SIS biomaterials have excellent biocompati-
bility. The main constituents of SIS include collagen, elastin, pro-
teoglycans, glycosaminoglycans (GAGs), and adhesion molecules [40]. 
The predominant collagen types found in SIS are type I and type III [41], 
with the collagen component accounting for approximately 90% of its 
dry weight [42]. Collagen plays an important role in facilitating 
epithelialization by promoting keratinocyte migration and containing 
von Willebrand factor binding domains that help regulate bone 
morphogenetic proteins and promote vascular development [43,44]. SIS 
also contains several GAGs, including heparin, hyaluronan, chondroitin 
sulfate A, and keratan sulfate, as well as adhesion molecules such as 
fibronectin and laminin [45]. In addition to these components, SIS also 
contains important growth factors (GFs) such as vascular endothelial 
growth factor (VEGF), fibroblast growth factor (FGF-2), and trans-
forming growth factor β (TGF-β) [46]. These GFs remain biologically 
active even after acetic acid/ethanol sterilization and long-term storage 
at 4 ◦C [47]. They bind to proteins and are gradually released as the SIS 

degrades, stimulating and regulating proliferation and differentiation 
involved in cell migration, tissue regeneration, remodeling, and angio-
genesis [48]. Several types of stem cells, including mesenchymal stem 
cells such as umbilical cord (UC-MSCs), human bone marrow-derived 
(hBMMSCs), urine-derived (USCs), tendon-derived (TDSCs), 
adipose-derived (ADSCs), and genital mesenchymal (GMSCs) stem cells 
were cultured on SIS without additional compounds or substrates. All 
cells exhibited robust growth and proliferation, indicating that SIS is a 
viable substrate for stem cell culture. 

Second, Stephen F. Badylak has explored the immunogenicity of SIS 
[49]. Oligosaccharide-Gal (Gal1,3-Gal 1–4GlcNAc-R) is a cell surface 
molecule present in most species that can cause immune rejection after 
organ xenotransplantation. However, humans typically do not express 
Gal epitopes and produce large amounts of anti-Gal antibodies [50]. T B 
McPherson has found the presence of Gal epitopes in SIS [51]. To study 
in detail the potential role of Gal epitopes in SIS immune recognition, 
Roberta H Raeder and colleagues implanted SIS into mice (Gal − /−
mice) with a knockout of the 1,3-galactosyltransferase gene [52]. The 
results showed that although SIS remodeling and inflammation were 
prolonged in the α gal(− /− ) mouse group compared to the α gal (+/+) 
mouse group, they disappeared by day 35. It was concluded that anti--
α-gal antibodies do not affect the ability of xenoextracellular matrices to 
serve as biological scaffolds for tissue remodeling. In another study, 
xenogeneic tissue, homologous tissue, or SIS was implanted under the 
skin of mice, and histological analysis of the transplant site was per-
formed to confirm the rejection of SIS [53]. Xenografts exhibit a strong 
inflammatory response on day 1 of implantation, consisting mainly of 
polymorphonuclear leukocytes (PMNs). Day 10 showed a chronic in-
flammatory response, mainly neutrophils and T cells. By day 28, the 
inflammatory process within the implant and at the surrounding inter-
face between the implant and the host tissue worsened dramatically. 
However, the homograft and SIS showed consistent responses. Day 1 
showed an acute inflammatory response, and day 10 showed a minimal 
inflammatory response, consisting mainly of monocytes. By day 28, the 
remodeling response was almost complete. SIS did not produce acquired 
adverse immune responses in mice. 

Lastly, the resorbability of SIS is important for repairing damaged or 
missing tissues. Thomas W. Gilbert et al. used isotope 14C to label SIS 
and explore the degradation process of SIS by collecting metabolic or-
gans, blood, urine, and feces [54]. The study found that SIS degraded 
rapidly after implantation, with 40–60% degradation within 4 weeks. 
The degraded SIS scaffold is involved in the tissue remodeling process 
and is replaced by new ECMs deposited by cells. 14C was undetectable at 
60 days for the Achilles tendon and 90 days for the bladder [55,56]. 

Although SIS holds promising potential, the reagents and decellula-
rization methods used in its preparation can disrupt the natural tissue 
structure, leading to reduced mechanical performance [57]. In their 
study, Cadena et al. investigated the tensile mechanical properties of SIS 
scaffolds and found that the 4-layer scaffold exhibited significantly 
higher maximum load compared to the single-layer and double-layer 
scaffolds. Additionally, the longitudinal load capacity along the intes-
tinal axis was higher than the transverse load capacity [58]. Moreover, 
SIS itself does not possess strong antibacterial properties, which is a key 
factor in delayed wound healing caused by bacterial infection [59]. To 
address this, Zelong Song et al. developed a novel wound dressing 
(SIS/ZIF) by combining a zinc zeolite imidazole ester scaffold with SIS 
membrane. The SIS/ZIF dressing demonstrated sustained release of Zn2, 
which activated the hypoxia-inducible factor α (HIF-α) pathway and 
enhanced tissue regeneration, as proven through in vitro experiments 
and in vivo infectious wound models [60]. Limited anticoagulant ac-
tivity is another drawback of SIS [61,62]. Therefore, further research is 
needed to modify this ECM material and expand its application areas. 

ECM derived from humans and animals is widely used in tissue 
regeneration engineering. Among the representative biomaterials, 
acellular dermal matrix (ADM), acellular amniotic membrane (AAM), 
and SIS are commonly used [57]. To examine their differences in 

Table 1  

Preparation 
method 

Physical methods Chemical methods 

Native SIS 
material 

Remove the mucous 
membrane, the entire muscular 
layer of the adventitia, and the 
serous membrane in layers by 
mechanical layering and wash 
with water 

No other chemicals. 

Badylak’s 
method 

Same as native SIS material 0.1% peracetic acid (PAA) ， 
phosphate-buffered saline 
(PBS)，deionized water. 

Abraham’s 
method 

Same as native SIS material EDTA and NaOH solution, HCl 
and NaCl solution, NaCl and 
PBS, sterile water. 

Luo’s method Same as native SIS material methanol and chloroform, 
EDTA, sodium dodecyl sulfate 
(SDS), peracetic acid and 20% 
ethanol.  
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material properties including physical properties, biodegradability, and 
immune response performance, we will embark on further exploration. 
ADM, derived from human or animal skin, is primarily used for treating 
skin wounds [63]. AAM, which lacks epithelial cells, consists mainly of 
collagen, elastin, laminin, and fibronectin. It provides a conducive 
environment for cell proliferation and differentiation [64]. In compar-
ison to ADM, SIS exhibits lower strength and toughness, indicating 
inferior physical properties [65]. However, SIS has higher water vapor 
transmission rate and superior water absorption performance than ADM 
[65,66]. All three materials, ADM, AAM, and SIS, display degradation 
properties [67]. Nonetheless, ADM degrades at a slower rate than SIS, 
and some studies suggest that it is not degraded but rather assimilated by 
patient cells and growth factors, thereby facilitating angiogenesis and 
dermal regeneration [68–70]. Additionally, both AAM and SIS generate 
antimicrobial substances during the degradation process, which con-
tributes to their antibacterial capability [71,72]. Regarding immuno-
genicity, although the precise mechanism by which ADM mitigates 
chronic fibrosis is not yet fully understood, animal studies have shown 
its biomimetic properties in reducing periprosthetic inflammation and 
enhancing host cell integration [73]. Furthermore, research has indi-
cated that AAM not only minimizes immune rejection of implanted 
membranes compared to intact amniotic membrane but also enhances 
cell attachment and differentiation through the retained collagen [74]. 

2.3. Sterilization and preservation 

Efficient sterilization is a crucial preliminary step in tissue engi-
neering to remove any existing genetic material, along with residual 
bacterial and viral components, thus minimizing the risks of immune 
responses [75]. Furthermore, implementing appropriate preservation 
techniques is vital in maintaining the three-dimensional structure and 
bioactive elements of the ECM [76]. Currently, common sterilization 
and preservation methods for decellularized SIS scaffolds include per-
acetic acid (PAA) disinfection, lyophilization, and ethylene oxide (EO) 
sterilization. Research has indicated that FGF-2 and TGFβ1 bioactivity 
remains intact in SIS post PAA disinfection and EO sterilization, likely 
due to their strong bindings with structural proteins and proteoglycans 
[77]. Moreover, PAA treatment does not diminish the quantity of 
fibronectin and HA, while lyophilized storage does not impact the ma-
trix structure of SIS. In vitro studies have demonstrated that PAA 
disinfection, lyophilization, and ethylene oxide sterilization promote 
fibroblast adhesion, induce PC12 cell differentiation, and enhance VEGF 
secretion in fibroblasts on treated SIS scaffolds [78]. 

2.4. SIS scaffold 

We can obtain initial SIS membranes with the previous preparation 
methods and utilize a variety of methods to produce other SIS scaffolds 
(e.g., SIS hydrogels, SIS sponges, SIS tubes, and SIS complexes). This not 
only enhances the material variety of SIS but also generates novel con-
cepts for applying SIS across diverse tissues and organs. SIS membranes 
is the most basic form, and it has always been a research hotspot in the 
repair of skin tissue defects. In recent years, SIS membranes have been 
increasingly used for bladder reconstruction, uterine repair, and vaginal 
repair. Furthermore, the frozen dry SIS is crushed using a cryogenic 
crusher and sieved through a 200-mesh screen to obtain SIS powder 
[79]. SIS powder is added to polymethyl methacrylate (PMMA) to create 
partially degradable bone cement. Compared with the PMMA sample, 
the elastic modulus of SIS-PMMA bone cement is closer to the range of 
human cancellous bone (50–800 MPa) (Fig. 3C). SIS hydrogels are 
considered promising candidates for tissue repair due to their ability to 
provide a moist environment during the healing process, good perme-
ability, and absorption [80]. Additionally, SIS hydrogels possess drug 
loading and sustained drug release capabilities [81]. SIS tubular scaf-
folds offer potential benefits in tissue engineering for the creation of 
biologically active small blood vessels [82]. Applications of SIS in the 

fabrication of various biocomposites have also been extensively 
explored. 

With the development of electrospinning scaffold fabrication tech-
niques, advanced SIS scaffolds with improved properties have emerged 
in tissue regeneration. In recent years, the combination of SIS and PLGA 
has been used in the repair of bones, tendons, and esophagus using 
electrospinning technology [83–85]. In addition, Min Ju Kim et al. 
prepared a bilayer SIS/PCLA scaffold (inner SIS/PCLA tablet and outer 
PCLA tablet) containing 11 amino acid long neuropeptide substance P 
(SP) as a cell-free scaffold to stimulate wound healing by mobilizing 
human mesenchymal stem cells [86]. The contact angles of PCLA and 
SIS/PCLA sheets are about 97◦ and 51◦, respectively, so the SIS/PCLA 
sheet as the inner layer is more hydrophilic, and the PCLA sheet as the 
outer layer is more hydrophobic. In vitro experiments showed that 42% 
of SP was released after 12 h, 51% after 24 h, and about 99% after 21 
days. SIS/PCLA and SP-loaded SIS/PCLA sheet were implanted on the 
left and right sides of nude mice, respectively, and ICG-labeled hMSCs 
were injected into the tail vein to study their in vivo recruitment ca-
pacity. A pronounced pink color is observed in the wound after 1 h on 
the side of the SP-loaded SIS/PCLA sheet, which increases over 1 day 
and then gradually decreases, in 2 days in the wound itself and 4–10 
days in the peri-wound area. The results of the studies showed the ability 
of SP-loaded SIS/PCLA sheet to recruit cells and promote wound heal-
ing. Furthermore, coaxial electrospinning technology was also used to 
create a bionic periosteum consisting of a shell made of SIS and a nucleus 
made of PCL [87]. The fibers of the biomimetic periosteum are arranged 
in parallel and have a distinct core-shell structure. Biomimetic perios-
teum was co-cultured with HUVECs, Schwann cells, and BMSCs, and 
compared with the PCL group, the PCL-SIS group significantly promoted 
cell proliferation and migration. The results of in vivo experiments 
showed that the collagen in the PCL-SIS group was significantly larger 
than that in the PCL group. 

3D bioprinting is widely used due to its unprecedented efficiency in 
mimicking 3D microarchitectures. Liang Yang and his colleagues uti-
lized extrusion low-temperature 3D printing to construct a new bio-
mimetic scaffold composed of SIS-ECM and Sr2/Fe3 co-substituted 
hydroxyapatite (SrFeHA) [88]. The results showed that the mechanical 
strength (Young’s modulus) of the composite scaffold is significantly 
higher than that of pure SIS due to the increase of HA particles. In the dry 
or wet state (immersed in media) composite scaffolds still retain their 3D 
porous structure, and their average pore size (313.3–379.2 μm) and 
porosity (74.8–81.4%) allow new blood vessels/bones to grow inward. 
In contrast to the linear accelerated degradation of pure SIS scaffolds, 
composite scaffolds exhibit a relatively delayed degradation rate due to 
the formation of mineralized apatite crystals. Soaking it in neutral PBS 
(PH 7.4) for 20 days degraded by about 17.6%. In vitro experiments 
showed that the scaffold had a strong support effect on the proliferation 
and functional development of HUVECs and MC3T3 osteoblasts without 
cytotoxicity, confirming the excellent biological activity and biocom-
patibility of cryogenic printing scaffolds. The results of RNA sequencing 
showed that the Amot gene was significantly up-regulated and the 
YAP/TAZ gene was down-regulated in SIS/SrFeHA compared with SIS, 
so the main mechanism of angiogenesis induced by SIS/SrFeHA was 
considered to be the Amot+/YAP− /Hippo signaling pathway [88]. 
Additionally, Yiqiang Hu and colleagues have developed a 
low-temperature 3D printing technology that combines SIS, mesoporous 
bioactive glass (MBG), and exosomes to create 3D stent dressings 
(SIS/MBG@Exos) [89]. The hydrogel scaffold SIS/MBG@Exos not only 
continuously releases bioactive exosomes derived from BMSCs, but also 
promotes the proliferation, migration, and vascularization potential of 
HUVECs. The results of animal experiments showed that the SIS/MB-
G@Exos hydrogel scaffold increased blood perfusion in wounds, short-
ened wound length, and promoted collagen deposition. 
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3. SIS modification 

3.1. Physical methods 

A common approach to enhance the mechanical properties of SIS 
membranes is to increase the number of layers of the SIS membrane. In a 
study of SIS membranes as guide bone regeneration (GBR) membranes 
for peri-implant dehiscence defects in beagle dogs, the 8-layer cell-free 
SIS membrane not only had superior mechanical properties over 
collagen membranes when wet, but also exhibited collagen membrane- 
like ways to enhance bone regeneration of peri-implant defects [90]. In 
another study, 2- and 4-layer SIS membranes were used as 
tissue-engineered heart valves for valve replacement in juvenile 
non-human primates. To simulate pediatric mitral valve function at 6 
weeks, the SIS membrane is subjected to a fatigue test. The results 
showed that the %RF of the 4-layer and 2-layer mitral valves was 
significantly higher compared to the bioprosthetic valves (p < 0.05), 
which can be attributed to the unique strain hardening phenomenon 
that occurred on the 2-layer PSIS material under cyclic fatigue loading 
conditions, resulting in leaf hardening. Compared to the non-fatigued 
2-layer, 4-layer, and fatigued 4-layer specimens, the fatigued 2-layer 
PSIS exhibited a significantly higher yield stress (p < 0.05) and a 
slightly more significant yield strain (p = 0.06) [91]. Bowen Li and 
colleagues prepared asymmetric SIS membranes by cryo-cross-linking. 
The decellularized SIS is first ground to a powder by a cryo-grinder, 
lyophilized using a cryo-dryer to form a SIS sponge, and then bonded 
to a dense SIS membrane to create an asymmetric membrane. Asym-
metric SIS membranes have higher porosity, significantly reduced con-
tact angle, and higher wetting tensile strength compared to conventional 
SIS dense films, possibly due to cross-linking or bonding of the interface 
with highly concentrated SIS solutions. However, asymmetric SIS 
membranes degrade slightly faster than dense SIS membranes, likely due 
to their better wettability and higher specific surface area [92]. 
Layer-by-layer (LbL) assembly and coating of SIS membranes with bio-
materials is also a physical method for modifying SIS membranes. Bi 
et al. modified the SIS membrane by layer-by-layer assembly of silk 
fibroin (SF). Compared with the SIS group, SF-functionalized SIS 
membranes have higher mechanical properties and lower degradation 
rates. There are two reasons for this, one is the high mechanical strength 
of the SF itself, and the other is the β-fold structure formed by the SF on 
the surface. The β lamellar structure of SF makes the SIS surface more 
hydrophobic and has a protective effect on degradation, and this SF 
protein with a β-fold structure fills the SIS network and easily interacts 
with SIS proteins such as hydrogen bonds, thereby enhancing the 
physical cross-linking of SIS [93]. Lu Wang and his colleagues have 
designed o-nitrobenzene-modified gelatin coated with acellular sub-
mucosal (GelNB@SIS) composite hydrogels for the repair of skin lesions. 
Under ultraviolet irradiation, the GelNB@SIS benzyl alcohol structure is 
converted into a benzaldehyde structure, which interacts with the amino 
group of the tissue and improves its adhesion strength [94]. 

3.2. Chemical methods 

Polyphenols, found in many plants and marine organisms, are a class 
of compounds consisting of two or more phenolic building blocks [95]. It 
is very convenient to control the physicochemical and biological prop-
erties of biomaterials because the distinct chemical structure of poly-
phenol materials (catechols, resorcinols, hydroglucinols, and 
hydroxyquinoline groups) can react with different molecules through 
covalent and non-covalent interactions [96]. The phenolic hydroxyl 
group of the polyphenol material can form hydrophobic bonds and 
hydrogen bonds with the proteins of the SIS scaffold, thereby improving 
the mechanical properties of the scaffold [97]. In recent years, poly-
phenolic compounds such as proanthocyanidins, quercetin, and geni-
pine have been widely explored for SIS scaffold modification [98–100]. 
In one study, tannic acid (TA) was added to SIS hydrogels to prepare a 

novel composite hydrogel [80]. There was no significant difference in 
porosity and pore size compared to the original SIS hydrogel. However, 
due to the abundant hydrogen bonds of TA, a three-dimensional 
cross-linking network can be formed inside the hydrogel, thereby 
enhancing the stability of the scaffold. In addition, the swelling rate of 
TA-SIS hydrogels has increased due to TA-induced cross-linking between 
water molecules and the SIS hydrogel matrix, which favors the ab-
sorption of tissue exudate and maintains a moist healing environment. 
NIH-3T3 cells seeded onto hydrogels exhibit a regular spherical 
morphology, with little observable cell debris. In another study, the 
curcumin-SIS hydrogel showed sufficient interconnected porous struc-
ture, with porosity (87–94%) and pore size (50–357 μm) meeting the 
criteria for suitability for tissue regeneration scaffolds [81]. Due to the 
hydrophobicity of curcumin, the water-holding capacity of curcumin 
incorporated into SIS hydrogels is gradually reduced compared to pure 
SIS hydrogels, but in general, the fabricated scaffolds are hydrophilic in 
nature. In addition, due to the high degradation of curcumin and the 
effect of curcumin particle dispersion, the degradation rate of 
curcumin-SIS hydrogel increased with the increase of curcumin content. 

3.3. Biological methods 

Recellularized scaffolds are structures that receive implanted stem 
cells, chondrocytes, and epithelial cells to provide both form and func-
tion [101]. Successful treatment of full-thickness skin defects in small 
animal models using bone marrow mesenchymal stem cells and acellular 
bovine SIS [102]. Mesenchymal stem cells can differentiate into a range 
of cell types and exhibit exceptional efficacy in tissue engineering ap-
plications, including endometriosis, hemimembrane disease, regenera-
tion of taste buds, regeneration of the bladder, regeneration of the 
Achilles tendon, and healing of skin wounds [103–106]. Due to its 
biological and physical properties, SIS is deemed a desirable biological 
scaffold for applying MSCs in tissue repair. In recent years, considerable 
research has been conducted on the use of cell-free strategies for 
repairing damaged tissue. These strategies involve inducing cell acti-
vation and accumulation at the site of damage by utilizing appropriate 
stimulation and recruitment factors, as well as recruiting endogenous 
stem cells to the site of the damage [107]. 

In addition to seeding cells on SIS scaffolds, seeding growth factors 
on SIS scaffolds is also an excellent modification method. Heparin and 
VEGF modified SIS small vessel grafts have been successfully manufac-
tured and implanted into the arterial system of newborn lambs. After 6 
months of implantation, the implant site matches the growth of the 
contralateral autologous carotid artery and matures into the native ar-
tery [82]. Secretory Klotho (SKL) and heparin were cross-linked with SIS 
to prepare tissue-engineered bioactive small vessels and functionalized 
SIS small vessels promoted the adhesion and proliferation of endothelial 
cells by up-regulating the expression of RhoA and Rac1 in endothelial 
cells. Shows an increase in patency rate, endothelialization, and smooth 
muscle regeneration in a rabbit carotid model [108]. 

4. Tissue repair using functional SIS 

4.1. Skin repair 

The skin, comprising the epidermis, dermis, and subcutaneous tissue, 
is the largest organ system in the human body. It encompasses various 
structures, including sweat glands, sebaceous glands, hair, blood vessels, 
lymphatic vessels, and muscle fibers [109]. It performs a variety of roles, 
including sensing, metabolism, immunological response, temperature 
regulation, and other functions to maintain homeostasis and physio-
logical processes [110]. It also serves as a tangible hindrance to external 
intrusions in its surroundings. 

Burns and other common skin injuries, as well as chronic and acute 
wounds, substantially decrease mobility and quality of life [111]. Even 
though research on biological scaffold materials has been active, 
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inadequate vascularization is one of the major obstacles to effective skin 
restoration [112]. A recently discovered promising technique for skin 
regeneration is the production of biologically decellularized SIS. For 
example, a team of researchers discovered that the SIS membrane 
modified with proangiogenic oligopeptide (QSHGPS) can encourage 
angiogenesis and repair of critical-sized full-thickness wounds on the 
skin [113]. As collagen is the primary component of the SIS membrane, 
scientists construct chimeric peptides utilizing the collagen-binding 
peptide sequence TKTLRT and the pro-angiogenic oligopeptide 
sequence QSHGPS. This process achieves SIS membranes loaded with 
specific oligopeptides. In umbilical vein endothelial cells, the chimeric 
peptide-modified SIS membrane (SIS-L-CP) significantly promotes the 
expression of angiogenesis-related factors. Similarly, small extracellular 
vesicles (sEVs) bind to porcine intestinal submucosa-derived hydrogel 
materials (SC-ps-sEVs) via peptides that have a strong ability to promote 
angiogenesis and effectively heal full-thickness dermal wounds in dia-
betic rat models (Fig. 2A) [114]. 

In addition, an important reason for the persistence of chronic 
wounds is the persistent inflammatory response. The mineral bitumen 
(MP) is loaded in the acellular ovine small intestine submucosa (AOSIS) 
and endowed with anti-inflammatory functions [119]. The IL-10 serum 
level was elevated and the TNF-a level was decreased in the treated 
groups compared to the control groups. Moreover, open wounds are 
vulnerable to bacterial infections when exposed to the environment. To 
address this issue, a recent study developed a novel approach that 
combines photothermal (PTT)/chemodynamic therapy (CDT). This 
method involves the simultaneous assembly of black phosphorus 
nanoparticles (BPNs), polydopamine (PDA), and silver nanoparticles 
(Ag NPs) to construct the BPNs-PDA@Ag nanosystem (Fig. 2B) [115]. 
The nanosystem is integrated into porous dSIS-ECM, resulting in the 
creation of a three-dimensional bioactive composite scaffold known as 
dSIS-BPNs-PDA@Ag. The scaffold shows a broad-spectrum bactericidal 
effect (more than 99.6%) against both E. coli and Staphylococcus aureus. 
In another study, Yi Wang and colleagues utilized 2-methacryloylox-
yethyl phosphorylcholine (MPC) to chemically modify the SIS, which 
is rich in vascularized bioactive factors, to confer its antifouling ability 
for the treatment of SD diabetic rat skin defect models (Fig. 2C) [116]. 
Immunohistochemical staining revealed that the SIS-MPC biopsy 
demonstrated superior bacterial anti-adhesion properties (100 times 
more resistant to staining than commercial patches), while also pro-
moting fibroblast growth and collagen formation. This was attributed to 
accelerated vascularization and inflammatory regulation mediated by 
the TGF-β and MAPK pathways. Furthermore, XiaoYa Chen Liang Yang 
et al. reports on a new mechanically active hydrogel dressing (SIS-P-
NIPAm hydrogel). This dressing is based on SIS and the heat-responsive 
polymer PNIPAm [120]. Adding a coupling agent enables effective 
adhesion of the SIS-PNIPAm hydrogel to the skin and its spontaneous 
contraction at body temperature is conducive to wound healing. Such 
SIS-PNIPAm hydrogels have excellent biocompatibility, and they 
enhance vascularization and modulate macrophage polarization for 
promoting wound healing. 

4.2. Bone regeneration 

Bone is a vascularized tissue that can undergo remodeling and re-
covery following minor injuries. Nevertheless, the potential for 
reshaping bone defects arising from severe trauma, tumors, and osteo-
arthritis is restricted [121]. In recent decades, researchers have devel-
oped bone graft materials utilizing both synthetic and natural 
alternatives to address the limited availability of autografts and allo-
grafts [122]. Although grafted stents have yielded favorable outcomes to 
some degree, they fail to address key impediments in bone tissue 
restoration, including low bone induction rates, inadequate bone con-
ductivity, and necrotic bone caused by insufficient vascularization 
[123]. SIS, which exhibits outstanding osteogenic and angiogenic ac-
tivity, has significant potential to repair large bone defects. 

Previous studies have shown that SIS membranes are beneficial in 
GBR therapy for new bone formation and maturation. Zihao Liu et al. 
assessed the GBR potential of SIS membrane. It has been found that SIS 
membranes not only have asymmetric structure and strong biocompat-
ibility, but also promote the formation of calcium nodules and the 
expression of alkaline phosphatase (ALP), bone morphogenetic protein 2 
(BMP-2), osteopontin (OPN) and runt-related transcription factor 2 
(Runx2). After six weeks of implantation in a rat model with a skull 
defect, the SIS membrane group showed a significant increase in bone 
growth [124]. Moreover, An asymmetric SIS membrane was developed 
using liquid nitrogen quench and binding to the BMSC exosome through 
recombinantly engineered peptides (Fig. 3A). Additionally, mechanistic 
studies show that the PI3K/Akt signaling pathway plays a crucial role in 
exosome-induced osteogenic differentiation in BMSCs [117]. In addi-
tion, Jie Tan’s report indicated that SIS hydrogels can induce macro-
phage polarization towards a combination of both M1 and M2 
phenotypes, which can be augmented in vitro through the facilitation of 
angiogenesis-related cell migration and tube formation [118]. Addi-
tionally, there is a minor influence on angiogenesis and osteogenesis. 
Critically-sized bone defect regeneration experiments using rat models 
further demonstrate that the composite BMP-2@SIS hydrogels can 
activate M1 and M2 macrophages in sequence and establish early 
angiogenesis, leading to the accelerated regeneration of the final bone 
defect (Fig. 3B). 

Various biocomposites prepared by SIS have been extensively 
explored for bone repair applications. William L. Chung et al. implanted 
the SIS stent in a model of the canine temporomandibular joint for 
medical removal and implantation. After 21 days, the histological tissue 
surrounding the device and draining lymph nodes displayed no adverse 
effects on the stent [125]. The SIS-derived ECM scaffold was utilized as a 
regenerative template for the TMJ disc in a pig model. Longitudinal MRI 
analysis revealed that the scaffold facilitated the development of new 
tissue in the joint space during the entire study period. After one month 
of implantation, the scaffold rapidly fills with host-derived cells and is 
reshaped by the formation of new, dense, neatly arranged fibrocartilage 
[126]. In another study, the decellularized extracellular matrix (ECM) of 
the submucosa from the small intestine of pigs is coated onto the surface 
of bioceramics (TBC) [127]. This is followed by mineralization modifi-
cation (mSIS/TBC), after which an aspartate-modified bone morphoge-
netic protein 2 (BMP-2) peptide (P28) is immobilized to the scaffold 
without the use of crosslinkers. Results indicate that the P28/mSIS/TBC 
scaffold demonstrated significantly more osteogenic activity than both 
the TBC and mSIS/TBC groups based on alkaline phosphatase activity 
and other markers of osteogenic differentiation. Additionally, new bone 
areas and new blood vessel densities were evaluated in rat skull bone 
defect models with promising outcomes. Historical observations suggest 
that the P28/mSIS/TBC scaffold has a strong potential for bone 
regeneration. 

4.3. Circulatory system 

Cardiovascular disease remains a major global health challenge. The 
use of valves, meshes, and catheters is the basis for surgery to recon-
struct the congenital heart, and synthetic grafts to replace damaged, 
occluded, and ruptured blood vessels have also been developed [128]. 
The optimal bioscaffold must fulfill crucial prerequisites: (i)biocom-
patibility, (ii)resilience to tissue calcification, thickening, and retrac-
tion, and (iii)limited ability to induce severe inflammation, fibrosis, or 
infection susceptibility [128,129]. Because the arrangement of collagen 
fibers in SIS membranes can provide significant strength and stiffness, 
and can meet the mechanical requirements of cardiovascular tissue 
engineering, it is often used for tissue repair of the cardiovascular system 
[130]. In addition, CorMatrix® has obtained licenses from both the U. S. 
Food and Drug Administration and the European CE mark among 
commercially available SIS-ECM products. It received approval for use 
in pericardial mesh repair and reconstruction, cardiac tissue repair, 
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Fig. 2. Functional small intestinal submucosa in skin repair. (A) These findings demonstrate the ability of SC-Ps-sEVs hydrogel dressings to promote diabetic wound 
healing. Adapted reprinted with permission from Ref. [114] Based on CC BY License. (B) Application of dSIS-BPNs-PDA@Ag composite stents in infected wounds. 
Adapted reprinted with permission from Ref. [115] (License number:5,633,450,889,819). (C) SIS-MPC biopatches’ function in the management of chronic wounds. 
Adapted reprinted with permission from Ref. [116] (License number:5,633,461,266,358). 
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Fig. 3. Functional small intestinal submucosa in bone regeneration. (A) These findings demonstrate the ability of asymmetric SIS scaffolds to promote osteogenesis in 
vivo. Adapted reprinted with permission from Ref. [117](License number:5,633,471,337,898). (B) Application of composite BMP-2@SIS hydrogel in bone recon-
struction. Adapted reprinted with permission from Ref. [118](License number:5,634,110,894,862). (C) Histological analysis of bone growth and regeneration of 
SIS-PMMA bone cement in a rabbit model of osteoporosis. Adapted reprinted with permission from Ref. [79] Based on CC BY License. 
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carotid artery repair, and encapsulated implantable electronics [131]. 
Research has demonstrated that injectable decellularized matrix 

hydrogel (pDSIS-gel) injected into the submucosa of the small intestine 
is effective for repairing myocardial injuries. pDSIS-gel aids in the 
growth, adhesion, spreading, and maintenance of normal pulsation of 
neonatal rat cardiomyocytes (NRCMs) (Fig. 4B) [132]. Brittany A. 
Gonzalez et al. assessed the immediate function and potential for so-
matic growth of the 2-layer PSIS mitral valve structure that was 
implanted in juvenile baboons (n = 3). The valve exhibited robust 
functionality in all animals. Subsequent experiments demonstrated the 
capability of the PSIS mitral valve to regenerate ECM components such 
as proteoglycans, elastin, and collagen in the primary valve tissue [91]. 
Additionally, PSIS mitral valves demonstrated cellular regularization of 
valve phenotype, marked by smooth muscle cell (α-SMA) and endothe-
lial cell (CD31) positivity. CD31-positive staining gradually transitioned 
to the surface of PSIS valves over longer implantation periods, and 
20-month-old PSIS valve grafts had comparable CD31-positive staining 
surface distribution to native baboon mitral valve leaflets (Fig. 4A) 
[133]. Su-Ya Wang’s study sheds light on the mechanism behind SIS 
gel’s effectiveness in treating myocardial infarction. The gel secures 
cardiomyocytes from apoptosis by inhibiting pro-inflammatory cytokine 
expression (TNF-α, CCL2, and IL-6) and preventing downregulation of 

the JNK-MAPK/NF-ΚB pathway. Additionally, the gel significantly 
upregulates the expression of anti-apoptotic Bcl-2 while inhibiting the 
expression of pro-apoptotic Bax and c-caspase 3. Additionally, 
small-diameter vascular grafts that are cell-free, based on functionaliz-
ing small intestinal submucosa with heparin and VEGF, were success-
fully manufactured and implanted into the arterial system of neonatal 
lambs [82]. These grafts remained patent and grew in size with the host 
to a similar extent and rate as native arteries. Qin Fang reported a hybrid 
artificial vascular graft with a small diameter which is based on bilayer 
SIS. The graft uses a gel polysaccharide and dipyridamole mixture 
membrane as a sandwich filler. Results demonstrate that during carotid 
artery bypass implantation in rabbits, the graft remained fully open after 
2 months, improving the patency of the implantation in the new 
small-bore artificial vascular graft [134]. To showcase the crucial role of 
SIS in developing coronary artery bypass graft substitutes, Pan Zhao 
et al. discussed building tissue-engineered biologically active small 
blood vessels. The process involved using secretory Klotho (SKL) and 
heparin crosslinked with SIS, with SKL enhancing endothelial cell 
growth and adhesion. This led to better platelet adhesion and hence 
improved small vessel permeability. After three months of being 
implanted in a rabbit carotid bypass model, the SKL-modified vascular 
grafts retained patency, decreased thrombosis formation, and facilitated 

Fig. 4. Functional small intestinal submucosa in cardiac repair. (A)Application of SIS biological scaffolds in juvenile non-human primate models for mitral valve 
replacement. Adapted reprinted with permission from Ref. [133] Based on CC BY License. (B)Effect of decellularized matrix hydrogels on acute myocardial infarction 
in rats. Adapted reprinted with permission from Ref. [132] Based on CC BY License. 
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epithelialization [108]. 

4.4. Urinary system 

Dysfunction of the urinary system or complex injury to the urinary 
tract necessitates surgical reconstruction to decrease incontinence, 
maintain bladder storage function, and lessen the risk of kidney damage 
[135]. Biomaterial scaffolds have emerged in tissue engineering as a 
biomimetic alternative for reconstructing the complex structure and 
function of natural urinary systems. Several acellular matrices and 
natural and synthetic polymer scaffolds have been developed. SIS has 
seen gradual utilization in urinary tract reconstruction over recent years. 

Biomaterials and scaffolds ought to possess structures that have 
suitable mechanical properties, withstand physiological contraction and 
expansion pressures, and facilitate cell migration [136]. In one study, 
the natural bio-crosslinking agent proanthocyanidin (PC) and SIS were 
cross-linked by hydrogen bonding to improve the mechanical properties 

and stability of SIS. The PC-SIS patch yielded better bladder function 
than the SIS patch alone in a rabbit model of full-thickness bladder 
defect by promoting smooth muscle regeneration, improving bladder 
compliance, and avoiding progressive kidney disease (Fig. 5A) [98]. In 
another one, Yu-Ting Song has developed an efficient and specific stem 
cell trapping scaffold. The results of in vivo experiments indicate that 
AC-SIS, which are SIS scaffolds conjugated with anti-CD29 antibodies, 
promote rapid healing of endothelial tissue and regeneration of smooth 
muscle (Fig. 5B) [137]. Additionally, bone-marrow (BM) mesenchymal 
stem cells (MSCs) were co-seeded with CD34+ hematopoietic stem/-
progenitor cells (HSPCs) in SIS scaffolds to investigate their contribution 
to bladder tissue regeneration, and the results showed that increasing 
cell seeding density had the potential to enhance bladder tissue regen-
eration in the model [106]. Liao Peng and colleagues developed a 
cellular remodeling analysis and discovered vital cell subsets and genes 
that prompt bladder remodeling. The remodeled analysis contains 
thirteen cell types, with fibroblasts, smooth muscle cells, endothelial 

Fig. 5. Functional small intestinal submucosa in urinary system repair. (A) Application of proanthocyanidin crosslinking the submucosa of the small intestine in 
bladder repair. Adapted reprinted with permission from Ref. [98]. (B) Macroscopic observation and histological examination of the regenerated bladder. Adapted 
reprinted with permission from Ref. [137]. 
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cells, and macrophages communicating most frequently with other cells. 
Of these cells, Saa3 fibroblasts may play a role in mediating tissue 
remodeling [138]. Furthermore, Shivang Sharma et al. achieved suc-
cessful bladder regeneration utilizing SIS which had been modified by 
long aliphatic chains (C9, C14, and C18). This modification increased 
the SIS’s resistance to enzymes and subsequently reduced the incidence 
of stone formation by 50% in a rat bladder enlargement model [139]. 
Li-Ping Huang et al. described the production of multifunctional patches 
composed of PCA/SIS for mending urinary tract defects. The method 
involved blending protocatechinaldehyde (PCA) with the SIS of the 
small intestine in alkaline conditions to allow for cross-linking and to 
confer antioxidant and anti-inflammatory properties to SIS [97]. In vitro 
studies demonstrate that the patch greatly enhances adhesion, orienta-
tional extension, and proliferation of R-EMC and R-SMCs. Additionally, 
it upregulates the expression of keratin and SMC contractile proteins in 
EMC. This evidence supports the efficacy of the patch in promoting 
cellular growth and protein expression. More importantly, in vivo 
studies have demonstrated that PCA/SIS patches can markedly enhance 
scar-free healing of urethral defects in rabbits by stimulating regenera-
tion of smooth muscle, reducing excessive collagen deposition, and 
accelerating reepithelialization and neovascularization. 

4.5. Reproductive system 

Severe uterine injury resulting from curettage, infection, miscar-
riage, or damage to the basal, epithelial, and vascular layers of the 
endometrium has limited natural reparative capacity [140]. With the 
advancements in tissue engineering, it is now feasible to repair uterine 
damage. SIS presents novel prospects for endometrial repair due to its 
capacity to remodel the normal tissue structure and function by 
epithelialization and vascularization. 

For example, Mingyue Qu et al. reported on the effects of the com-
bination of SIS tissue engineering materials with umbilical cord 
mesenchymal stem cells (UC-MSCs) on uterine injury in female rats after 
holography [103]. The results indicated that granulation tissue and in-
flammatory cell infiltration were visible in all groups 1–2 weeks 
post-surgery, and fibroblasts secreted collagen fibers. By the fourth 
week, the uterine cavity at the resection site was fully covered with 
epithelium, inflammatory cell infiltration was normal, and collagen fi-
bers were abundant. Glands, stromal cells, and smooth muscle cells had 
also been repaired. Smooth muscle in the SIS group was higher than in 
the control group. The transverse medial muscles of the group treated 
with UC-MSCs-SIS remain intact and exhibit greater continuity 
compared to the other two groups. At the eight-week marker 

post-surgery, the UC-MSCs-SIS group revealed a profusion of surface 
capillaries, whereas both the SIS and control groups displayed paler 
surface colors indicative of inadequate blood supply. After eight weeks 
of natural healing, the proportion of the uterus in the repair zone that 
supported the growth of live embryos, the pregnancy rate, the number of 
viable embryos, and their proportion, were significantly lower than in 
the UC-MSCs-SIS group. Additionally, YuTing Song et al. utilized SIS 
cross-linking with genipin (GP-SIS) to reload urine-derived stem cells 
(USC) for the regeneration of the endometrium (Fig. 6A) [100]. GP-SIS 
stents have excellent biocompatibility and good mechanical properties. 
In vitro, they facilitate the migration of epithelial cells and promote 
angiogenesis. When transplanted into rats with IUA attributed to 
endometriosis, GP-SIS/USCs transplantation was found to preserve 
normal luminal structure, stimulate regeneration of the endometrium 
and glands, impede the formation of fibrous tissue, induce vasculariza-
tion, and enhance endometrial receptivity Furthermore, SIS has been 
utilized for vaginal reconstruction. Full-thickness defects were created 
in the vaginal walls of ten mini-pig donors. Four centimeters of the 
vaginal walls were removed and replaced with SIS scaffolds of the same 
size. After four weeks, reorganization occurred in the extracellular ma-
trix and the vaginal epithelium started covering the lumen stromal 
surface, along with the formation of microvascular networks and the 
regeneration of smooth muscle. After 12 weeks, improvements were 
observed in the formation of multilayer squamous epithelium, angio-
genesis, and the formation of large muscle bundles in the vagina. These 
findings suggest the involvement of the Hippo signaling pathway in the 
angiogenesis of the new vagina [141]. 

4.6. Functional SIS in other systems 

4.6.1. Muscular system 
Injuries to muscles and tendons, including ligaments, are common. 

One significant impediment to repairing muscle and tendon injuries is 
the development of restrictive adhesions. SIS has demonstrated poten-
tial benefits by enhancing the histological appearance and promoting 
better tissue and cross-sectional growth of tendons, thereby facilitating 
the guidance of muscle and tendon formation. For instance, Xing Guo 
conducted research on the application of SIS in mending ruptured 
Achilles tendons, indicating the potential benefits of SIS in tendon en-
gineering [142]. In the rat Achilles tendon defect model, SIS scaffolds 
seeded with adipose-derived mesenchymal stem cells (ADSCs) showed 
increased expression of tendon-related genes with hypoxic pre-
conditioning. Additionally, after transplantation of Achilles tendon de-
fects, there was an increase in fracture load. Additionally, the 

Fig. 6. Functional small intestinal submucosa in reproductive system repair. (A) In vivo study of the endometrial regeneration by the GP-SIS/USCs in the rat model 
for IUA. Adapted reprinted with permission from Ref. [100] (License number:5,633,540,098,063). 
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incorporation of tendon-derived stem cells (TDSCs) onto SIS scaffolds to 
create TDSC-SIS scaffolds facilitates the regeneration of the Achilles 
tendon and prevents adhesions through M2 polarization of macro-
phages. SIS scaffolds fostered cell attachment and tendon specialization 
of TDSCs, and the expression of TGF-β and ARG-1 in the TDSCs-SIS 
scaffold group on days 3 and 7 surpassed that of the TDSCs group 
[143]. In vivo, the implanted TDSCs-SIS scaffold significantly improved 
tendon regeneration and decreased adhesion. The TDSCs-SIS stent group 
showed significantly higher expression of CD163 and significantly lower 
expression of CD68 compared to the other two groups. Additionally, 
Xuancheng Zhang developed a novel, enhanced, low-immunogenic 
submucosal (SIS) mesh of the small intestine to repair supraspinatus 
tendon defects in rabbit models [144]. A model of supraspinatus tendon 
deficiencies was generated in thirty-six rabbits (seventy-two shoulders). 
Both shoulders were picked at random for mending via SIS mesh (SIS 
group) or autologous fascia lata (FL group). The use of an improved, 
hypo-immunosuppressive SIS mesh for restoring large supraspinatus 
tendon deficiencies has displayed comparable outcomes to autologous 
FL in rabbit models. This innovative mesh might prove valuable as a 
structural tissue substitute in medical procedures. 

4.6.2. Respiratory system 
Several studies have evaluated SIS as a potential treatment for tra-

chea repair. It is worth noting, however, that further research is needed 
to fully explore the benefits and limitations of SIS for trachea repair. 
Cinthia Galvez Alegria researched the use of SIS versus acellular bilayer 
silk fibroin (BLSF) grafts for repairing full-thickness tracheal defects in a 
durable rat model. The BLSF and SIS scaffolds helped with initial defect 
consolidation, with survival rates of 94% and 100%, respectively, three 
months after tracheal integration. Animals that received BLSF or SIS 
biomaterials did not display any respiratory distress symptoms and were 
able to maintain a patent and unobstructed endotracheal tube, accord-
ing to a necropsy assessment. SIS grafts encouraged the regeneration of 
airway mucosa at the implant site, and the majority of SIS implants 
degraded within a month of surgery [145]. A recent survey reported that 
SIS mesh treated with a vacuum system exhibited superior cell attach-
ment and viability compared to the control group [146]. Moreover, the 
in vivo findings indicated that the repair of tracheal defects using 
degassed SIS mesh demonstrated improved healing, fibrosis, and 
luminal stenosis in contrast to the control group employing ungassed 
SIS. Furthermore, the degassed SIS mesh group revealed a notable 
reduction in graft thickness compared to the control group. The 
degassing of SIS mesh effectively mitigates luminal fibrosis and stenosis, 
and simultaneously, significantly promotes cellular patch adhesion and 
wound healing. Additionally, a study revealed that the transplantation 
of the submucosal extracellular matrix (SIS-ECM) derived from the small 
intestine with gingival mesenchymal stem cells (GMSC) or their exo-
somes considerably augmented papilla reactivation and taste bud repair 
[105]. This was corroborated by increased expression of CK14, CK8, and 
type I, II, and III taste bud cell markers (NTPdase 2, PLC-β2, and AADC, 
correspondingly). The animals treated with GMSC/SIS-ECM or 
exosomes/SIS-ECM displayed elevated levels of Sonic Hedgehog (Shh) 
expression in the injured area of the tongue. Shh plays a crucial role in 
the development, homeostasis, and retention of taste bud organs. 
Moreover, GMSC or its exosomes reinforce the regenerative innervation 
of taste buds, as demonstrated by the augmented nerve filaments and 
P2X3 expression in the damaged region. 

4.6.3. Abdomen 
Abnormalities in the abdominal wall present a significant challenge 

in the field of regenerative medicine. Throughout the years, a variety of 
natural and man-made mesh materials have been developed to address 
these defects. However, these materials have their limitations. They are 
unable to degrade naturally and are not capable of promoting tissue 
regeneration. Consequently, these shortcomings can lead to the devel-
opment of severe abdominal adhesions and chronic discomfort in 

patients. To overcome these limitations, researchers have turned to the 
extracellular matrix (ECM) as a potential solution. One particular 
example of ECM is small intestine submucosa (SIS). This material not 
only possesses degradable properties but also exhibits the capacity to 
regenerate tissues. The ECM contains a complex architecture designed 
by nature, along with various growth factors that facilitate the 
constructive remodeling and functional restoration of tissues. In one 
study conducted by Guangxiu Cao, fluorescent dye Cy5.5 NHS ester in 
the near-infrared (NIR) range was used to label ECM-based composites 
composed of SIS and chitosan/elastin electrospun nanofibers. These 
composites were then monitored in real-time and noninvasively. This 
approach allowed for the accurate determination of the biodistribution 
and clearance of the degraded product until complete degradation was 
achieved [147]. In a model involving full-thickness abdominal defects, 
the composite showed no signs of over-inflated or fibrotic capsules, 
which could potentially positively affect the polarization of M2-like 
macrophages. Furthermore, the fusion peptide, composed of a 
collagen-binding peptide and CP05, modified the SIS membrane through 
the infusion of extracellular vesicles derived from mesenchymal stem 
cells. In vitro studies demonstrated that modified SIS membranes 
enhanced cell migration and proliferation, likely due to the activation of 
TEADs, which regulate cell behavior. The modified SIS exhibited 
improved biocompatibility, a reduction in inflammatory cells, earlier 
cardiovascular formation, and an increase in collagen deposition in a rat 
model with abdominal wall defects [148]. 

4.6.4. Nervous system 
The nervous system encompasses two distinct components, namely 

the peripheral nervous system and the central nervous system. The latter 
is composed of the spinal cord and brain. These work in tandem to 
produce and transmit signals. These components work together to create 
and transmit signals. Autologous nerve transplantation is associated 
with a limited supply of nerves from donors, the need for additional 
surgical sites, the possibility of complications at the surgical sites, and 
the potential for size differences. Rasa Zhukauskas et al. conducted a 
study on the host’s subchronic response to implants using the Axoguard 
neural connector, made from SIS, and the NeuraGen neural catheter, 
made from cross-linked bovine type I collagen (Col), in a rat model of 
sciatic nerve defect. The results of the study showed that the SIS group 
exhibited a predominance of macrophage type 2 (M2) response, whereas 
the Col group showed a predominance of macrophage type 1 (M1) 
response [149]. The SIS group also had higher levels of implant vascu-
larization and fibroblast growth compared to the Col group. Moreover, 
collagen deposition in lumens was greater in the Col group than in the 
SIS group. 

5. Clinical applications of SIS 

As highlighted earlier, the effective employment of SIS biological 
scaffolds across multiple research domains has laid the groundwork for 
its application in clinical therapies. To date, SIS has achieved consid-
erable progress in treating conditions such as abdominal hernias, full- 
thickness skin defects, bladder and vaginal defects, and eardrum re-
pairs [150–154]. These clinical applications have yielded impressive 
results. For instance, a systematic review and meta-analysis examining 
different biomeshes in ventral hernia repair found no significant dif-
ferences in recurrence rates and surgical site infections at a 1-year 
follow-up among porcine small intestinal submucosal grafts, 
non-cross-linked human acellular dermal matrix (NCHADM), 
non-cross-linked porcine ADM (NCPADM), non-cross-linked bovine 
ADM (NCBADM), and cross-linked porcine ADM (CPADM) [155]. In 
abdominal hernia repair surgeries, SIS has proven to provide durable 
support and strength, effectively repairing and reinforcing the area 
within the hernia sac. Additionally, a retrospective study on vagi-
noplasty found no significant discrepancies in the Female Sexual Func-
tion Index (FSFI) total scores or male partner satisfaction between 
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groups using SIS grafts and those undergoing Sheares vaginoplasty or 
laparoscopic surgery [156]. SIS offers enduring structural support and 
vertical tension, successfully addressing vaginal defects in patients. 
Furthermore, a study by Florence Cour et al. on the use of small intes-
tinal submucosal xenografts for treating lower urinary tract prosthesis 
perforation reported the safety and efficiency of absorbable SIS grafts in 
addressing urethral tape and mesh perforations within the lower urinary 
tract [157]. 

The primary commercially available SIS grafts include CuffPatch™, 
Oasis wound matrix, Surgisis™, CorMatrix™, and Biodesign™ 
[158–163]. CuffPatch™, comprising 97% collagen and 2% elastin, is 8 
layers thick and measures 6.5 × 9 cm [164]. Although often used as a 
tendon substitute graft, in vitro experiments indicated CuffPatch™ lacks 
the necessary tensile strength [165]，and clinical trials for tendon 
repair utilizing CuffPatch™ are currently unavailable. The Oasis wound 
matrix, renowned for its unique biological properties since 1989, has 
been extensively used in wound healing [166]. A 2005 randomized 
controlled trial for diabetic foot ulcers over 12 weeks showed that Oasis 
wound matrix treatment was as effective as Regranex gel in healing 
full-thickness diabetic foot ulcers within the timeframe [167]. Addi-
tionally, Oasis wound matrix has been used as an adjunct therapy, 
significantly enhancing the healing of chronic leg ulcers [168]. Recently, 
a study by Marie Brown-Etris et al. assessed the Oasis wound matrix in 
treating full-thickness pressure ulcers, finding that its use resulted in a 
90% reduction in wound size compared to standard care alone [169]. 
Surgisis™ is another SIS biological matrix available commercially. In a 
clinical trial with 123 patients experiencing capsular defects after partial 
nephrectomy, only 4 reported urinary leakage, supporting the use of 
Surgisis™ in preventing complications like postoperative bleeding and 
urinary fistula in nephron-sparing surgeries [170]. Vasileios Alexan-
dridis et al.’s review on Surgisis™ effectiveness in pelvic organ prolapse 
repair revealed that 56% of women encountered complications, mainly 
urinary retention (19%) and pain (12%), within three months 
post-surgery [171]. CorMatrix™, a prevalent SIS-ECM stent in the car-
diovascular field, has been suggested by a systematic review to possess 
many "ideal" scaffold characteristics. The available clinical data, though 
not exhaustive, indicate minimal excessive calcification, thickening, or 
retraction, showcasing its successful use in pediatric populations [128]. 
Biodesign™, another acellular intestinal submucosal matrix option, has 
demonstrated safety and effectiveness as a mesh for hernia repair in a 
multicenter, double-blind randomized controlled trial, with no patients 
experiencing hernia relapse at a six-month follow-up [172]. 

Despite the extensive application of SIS in clinical trials, several 
limitations persist. Firstly, current studies are predominantly retro-
spective and lack the rigorous sample size necessary for conclusive 
randomized controlled studies. Thus, future studies should be meticu-
lously designed, with proper sample sizes calculated and the conduct of 
multicenter studies strengthened. Secondly, while the benefits of SIS 
have been substantiated by clinical data, attention must be given to its 
potential infectious and inflammatory responses as a xenograft. Addi-
tionally, standardizing the commercial processes and reducing produc-
tion costs of SIS are crucial to enhancing its economic and social value. 
Finally, the exact mechanisms through which SIS promotes wound 
healing remain unclear, warranting further comprehensive research and 
exploration. 

6. Conclusion and perspectives 

SIS has garnered significant interest in the tissue repair domain 
attributed to its remarkable biocompatibility and biological activity, 
efficient absorption, weak immunogenicity, and potent aptitude to fos-
ter natural tissue growth. During production, SIS can undergo surface 
modification in numerous ways to fine-tune its mechanical and biolog-
ical characteristics. Numerous studies indicate that SIS is a highly ver-
satile tissue biomaterial that holds great potential in overcoming the 
challenges of repairing both soft and hard tissue. SIS has been applied 

successfully in tissue engineering for various organs, including the 
myocardium, bladder, skin, cartilage, and others. Hence, SIS represents 
a promising avenue for tissue regeneration. 

Despite the significant progress made by SIS in tissue engineering, 
ongoing challenges persist in meeting the demanding clinical applica-
tions of the future. 

First, there is a need for standardized decellularization protocols and 
characterization methods, in addition to standardized manufacturing 
processes and functional quality control of products, to more effectively 
preserve the biological and mechanical properties of SIS, while also 
conducting more sensitive testing of residual cellular components and 
toxic products. In addition, it is worth noting that SIS comprises diverse 
bioactive molecules whose involvement in tissue regeneration has yet to 
be extensively researched. The intrinsic mechanisms of bioactive mol-
ecules, signaling pathways specifically, remain to be fully elucidated. 
The intrinsic mechanisms of bioactive molecules, signaling pathways 
specifically, remain to be fully elucidated. Further research is necessary 
to shed more light on these topics. 

Secondly, it is imperative to further enhance the SIS functionaliza-
tion method by incorporating cross-links of loading factors, biologically 
active molecules, and/or scaffolds to facilitate tissue repair and regen-
eration. The regularization process should thoroughly consider clini-
cally relevant renewable cell sources and inoculation methods. While 
using SISECM and stem cells together as a tissue graft has demonstrated 
enhanced regenerative outcomes for various tissue defects, the mecha-
nisms behind the interaction between the stem cell-SISECM scaffold are 
still unknown. Further research to clarify the biological functions and 
capabilities of SIS-ECM in facilitating efficient stem cell delivery may 
lead to new potential applications for tissue repair. Additionally, it is 
necessary to investigate the role of macrophages in stem cell tissue 
regeneration/SIS-ECM and to give further attention to the crosstalk 
between macrophages and stem cells for studying the foreign body 
response. Exciting possibilities exist in developing new strategies to 
specifically regulate macrophages and stem cells in SIS-based materials 
for tissue regeneration. 

Finally, concerns exist that the immune properties may be reduced 
due to the complete decellularization of SIS. Patients treated with het-
erologous SIS often experience psychological rejection and anxiety 
regarding the potential harms of SIS. Additionally, using animal-derived 
sources in humans poses a risk that may negatively impact tissue repair 
and require additional attention. Immunogenicity and biocompatibility 
evaluations are crucial for obtaining final authorization from health 
agencies, securing commercial feasibility, and facilitating clinical 
implementation. 
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