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Abstract: Due to lower trauma and higher resection rate, endoscopic submucosal dissection
(ESD) has become the preferred therapy for early esophageal cancer. Esophageal stenosis is a
common complication after ESD. A variety of methods are currently used to prevent and treat
this complication, including oral administration or local injection of steroid hormones, balloon
dilation, and stent implantation, but none are satisfactory when lesions exceed 3/4 of the
esophageal circumference. With the development of tissue engineering and regenerative
medicine, various biomaterials, including synthetic materials and natural materials, have been
widely used and applied in wound healing and tissue regeneration. This review summarizes
advancements in tissue engineering and regenerative medicine in wound repair, and focuses on
the contribution of biomaterials in the prevention and treatment of esophageal stenosis after
ESD to provide reference for exploring better strategies in clinical practice.
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1. Introduction

Esophageal cancer is a malignant tumor of the digestive tract that poses a serious
threat to the life and health of Chinese residents. The five-year survival rate of patients
with early esophageal cancer is much higher than that of patients with advanced
esophageal cancer (95% vs. 30%) [1]. Because of the high overall resection rate [2],
high radical resection rate [3], low recurrence rate, [4] and other advantages,
endoscopic submucosal dissection (ESD) has become the preferred treatment for early
esophageal cancer [5]. Scar contracture commonly forms on and around the wound
after ESD, resulting in esophageal stenosis, which is also the most common adverse
event after endoscopic treatment of early esophageal cancer. Esophageal stenosis is
generally defined as the inability of a standard endoscope (9.8 mm in diameter) to pass
through the narrow part of the esophageal segment [6]. Previous studies have found
that resection circumferential diameter is an independent risk factor for post-ESD
esophageal stenosis [7,8]. The overall incidence of stenosis after ESD for esophageal
squamous cell carcinoma is 11.6% [9], while in patients with lesions exceeding 3/4 of
the esophageal circumference, it can reach more than 70% [10]. Esophageal stenosis
can lead to dysphagia, regurgitation, coughing, and aspiration pneumonia, which
seriously affects the life quality of patients and is even life-threatening. Therefore,
active prevention is essential for patients whose lesions exceed 3/4 of the esophageal
circumference following ESD [1]. At present, various methods, including oral
administration or local injection of corticosteroid, balloon dilation, and stent
placement [11], are used to prevent and treat the post-ESD esophageal stenosis and
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help reduce the degree of stricture. However, their overall efficiency remains
unsatisfactory, and these approaches also have risks such as bleeding, infection, and
perforation, which increase the economic and psychological burden of patients. With
the development of tissue engineering and regenerative medicine, various
biomaterials, including synthetic materials and natural materials, have been widely
used in wound repair and tissue regeneration. This review summarizes the
advancements in tissue engineering and regenerative medicine for wound repair and
focuses on the contribution of biomaterials in the prevention and treatment of
esophageal stenosis after ESD to provide reference for exploring better clinical
strategies.

2. Pathogenesis of esophageal stenosis after ESD

2.1. Anatomy and constitution of the esophagus

The esophagus is a muscular tube that extends from the pharynx to the stomach,
transporting food and water from the mouth to the stomach. It has an average diameter
of 2 cm and a total length of approximately 25 cm [12,13]. Histologically, the
esophagus can be divided cross-sectionally into four structural layers, namely the
mucosa, submucosa, muscularis propria, and adventitia. The mucosa consists of the
epithelium, lamina propria, and muscularis mucosa. The epithelium consists of non-
keratinized stratified squamous epithelial cells, with cells on the surface continuously
shedding and replenished through cell proliferation in the basal lamina. The lamina
propria is composed of connective tissue, forming papillae that protrude into the
epithelium. A small number of mucous glands exist in the lamina propria at both the
upper and lower ends of the esophagus. The muscularis mucosa is made up of bundles
of longitudinal smooth muscle. The esophageal muscle comprises an inner circular
and outer longitudinal layer, with the upper third composed of skeletal muscle cells,
the lower third containing smooth muscle cells, and the middle third having a mix of
skeletal and smooth muscle. Stability of the intraesophageal environment is critical to
the normality of the esophagus [14,15].

2.2. Onset and development of esophageal stenosis

Current studies generally agree that the development of esophageal stenosis
consists of three stages: structural damage to the esophageal epithelial barrier, chronic
inflammation, and severe fibrosis [16]. A study investigating the healing process of
mucosal defects in the esophagus after EMR reported that ulcer formation and
inflammatory cell invasion, subsequently followed by angiogenesis and collagen fiber
hyperplasia, could be observed until complete epithelialization of the ulcer had
occurred [17].

Cells synthesize cornified envelope proteins to form an intact esophageal
epithelial barrier (EBB) structure. The EBB structure can effectively block the attack
of foreign antigens, allergens, and H+ ions, thereby protecting the inner tissues [18—
20]. Keratin 14 and filaggrin are key proteins for the formation of the cornified
envelope in the esophageal epithelial cells of the EEB structure. Epithelial cadherin
and zonula occludens serve as important proteins for esophageal epithelial cell-cell
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junctions in the EEB structure, working together to maintain normal functions of the
EEB [21-26]. Certain wound protection materials, such as poly(glycolic acid) sheets
[27], inhibit the over-differentiation of acute-phase fibroblasts and promote uniform
wound healing. This suggests that the repair of the EEB and promotion of wound re-
epithelialization are essential for the treatment and prevention of esophageal stenosis
after ESD.

The inflammatory response is the body’s typical defense against external stimuli
such as bacteria, viruses, or other antigens. It requires a high degree of cooperation
among all systems of the body, with the immune system playing a dominant role.
Activation of the immune system usually begins with phagocytosis by macrophages
[28]. Local stimulation or invasion by harmful antigens causes macrophages to
migrate, phagocytose pathogens, and secrete cytokines that act on fibroblasts, thereby
promoting inflammation healing and wound repair. When inflammation fails to heal
in a timely manner, pro-inflammatory factors will cause the over-differentiation of
fibroblasts into myofibroblasts. This leads to the accumulation of the extracellular
matrix (ECM), which contributes to tissue fibrosis and ultimately results in esophageal
stenosis [16]. The clinical application of steroids before and after ESD to prevent
esophageal stenosis provides supportive evidence for this inflammatory mechanism.

Fibroblasts are present in most tissues and exhibits a characteristic spindle shape.
They serve a crucial role in ECM secretion and granulation tissue formation. Upon the
occurrence of tissue injury, fibroblasts contribute to wound healing by secreting ECM,
which provides good “soil” for the body and creates new connective tissue through the
deposition of fibers, elastin, and laminin. When the homeostatic environment is
disrupted or the organism is under stress, fibroblasts will differentiate into
myofibroblasts to promote organismal repair [29-31]. Although myofibroblasts are
particularly important in physiological repair, they play different roles during different
phases of physiological healing. In chronic wounds or chronic inflammation, the
fibroblast-to-myofibroblast transition (FMT) can passively lead to ECM over-
deposition and haphazard accumulation of cells. This ultimately causes fibrotic over-
healing, which is manifested as esophageal stenosis [32—35]. Zhang et al. [36] found
that local intramuscular injection of mitomycin C decreased the frequency of
endoscopic dilations in patients with esophageal stenosis after ESD. This
demonstrated that the hyperfibrotic mechanism resulted in esophageal stenosis.

Fibroblasts begin to proliferate 3—7 days after wound formation [37]. After one
week, the inflammatory response of the wound disappears, fibrous tissue proliferation
becomes evident, and epithelial cells start to proliferate and migrate from the wound
margin [17]. Therefore, early post-ESD intervention to enhance mucosal repair while
slowing down the fibrotic is a key strategy for preventing esophageal stenosis. The
application of synthetic polymeric materials (e.g., biodegradable materials such as
polyglycolic acid (PGA) and poly(lactic-co-glycolic acid) (PLGA), as well as cell
sheets and ECM scaffolds constructed by tissue engineering and regenerative
medicine) to postoperative esophageal stenosis after ESD reduces adverse reactions
such as infection and perforation, lowers the number of subsequent balloon dilations,
and avoids the pain and suffering caused to patients by repeated surgery, thereby
achieving encouraging therapeutic effects.
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3. Biomaterials promote wound healing and tissue repair

Biomaterials for wound healing and tissue regeneration should possess three
essential characteristics, namely biocompatibility, bioactivity, and biodegradability
[38].

3.1. Biocompatibility

Biocompatibility refers to the ability of a material to support cell adhesion,
proliferation, and migration to its surface and subsequent passage of cells through the
bulk of the material [39]. High biocompatibility ensures that contact between the
implanted material and biological tissues and fluids does not impact cell function and
tissues or inflammation, carcinogenesis, and cause tissue rejection [39,40]. The
biocompatibility of a material can be investigated by various tests. In particular,
subcutaneous implantation is a widely accepted in vivo method for evaluating the
immunogenicity and tissue integration of novel biomaterials [41]. The United States
Food and Drug Administration (FDA) has approved several natural and synthetic
biomaterials, such as collagen [42], silk fibroin [43], Pluronic F127 [44], and poly-¢-
caprolactone (PCL) [45] for use in biocompatible scaffolds either individually or in
combination. Commercially available skin products include Hyalomatrix KC, EpiDex,
Biobrane, Integra, polyglycolic acid/polylactic acid (PGA/PLA) (e.g., Dermagraft),
poly(ethylene oxide)/poly(butylene terephthalate) (PEO/PBT) (e.g., PolyActive), and
collagen (e.g., Apligraf, StrataGraft, PermaDerm, Biobrane, and Pelnac).

3.2. Bioactivity

Bioactivity refers to the ability of a biomaterial to interact with its biological
environment [46]. When implanted, bioactive materials stimulate cell migration,
proliferation and differentiation, and blood vessel formation, thereby influencing the
rate of healing [47—49]. Under most circumstances, biomaterials that closely mimic
host tissue exhibit greater bioactivity, improved cell recognition, and enhanced tissue
regeneration. Therefore, many studies have reported surface modifications of
biomaterials by the addition of ECM components (e.g., collagen, fibronectin, laminin,
and elastin) to enhance their bioactivity. It should be noted that although the basic
structure of natural ECM is composed of the same biomolecules, the proportions of
the molecules differ across different tissue types or under different pathological
conditions. Recent studies focus on developing biomimetic environments similar to
natural tissues to modulate cellular behavior and based on specific conditions [38].

3.3. Biodegradability

Biodegradability is an important feature of biomaterials, eliminating the need for
a second surgery for removal after implantation. The by-products of the degradation
process must be non-toxic, easily excreted from the body, and non-interfering with
other tissues [50]. It should be noted that the in vivo degradation kinetics of scaffolds
must be regulated to avoid prevent premature loss of support or excessive persistence,
which could induce necrosis or inflammation [51]. For instance, the weak mechanical
strength of non-crosslinked collagen scaffolds limits their use in clinical applications.
To address this issue, attempts to crosslink collagen scaffolds can be made to achieve
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an optimum balance between mechanical properties and degradation rate %,

Biodegradable scaffolds/substrates also possess an excellent potential for the
provision of biological response modifiers (e.g., growth factors). Such biomaterials
not only serve as a scaffold for tissue attachment to support the wound healing process,
but can also act as a biofeedback-controlled drug delivery system to enhance the
regenerative process [38].

4. Application of biomaterials in the prevention and treatment of
esophageal stenosis after ESD

Bioactive materials can influence the wound microenvironment and promote
wound healing at the molecular level by relying on their chemical, physical, and
biological properties, or by acting as carriers of bioactive substances. To fulfill the
three basic characteristics of biomaterials, material design can be performed in
accordance with their bioactive components. Researchers have attempted to apply
various biomaterials currently used for skin repair to the prevention and treatment of
esophageal stenosis after ESD, thus providing a novel modality for clinical treatment.

4.1. Cell-mediated modifications

Cells are a key component of tissue-engineered wound grafts and can be obtained
from autologous, allogeneic, or xenogeneic sources. Prominent advantages of
autologous cells include the lack of immune rejection and a low level of tumorigenicity
due to limited epigenetic manipulation [38]. Common cell sources include autologous
keratinocytes [53], autologous adipose-derived stromal cells [54], mesenchymal stem
cells [55], and esophageal epithelial cells [56]. Keratinocytes have an unlimited
proliferative capacity and do not undergo senescence [57]. Some researchers have
evaluated the transplantation of single-cell suspensions of cultured keratinocytes into
natural fibrin sealant matrices. In acute burn wounds and chronic wounds, human
autologous keratinocytes in the fibrin sealant matrix can effectively adhere to and
spread over the wound, resulting in its re-epithelialization. Encouraging results and
complete dermal-epidermal reconstitution have been achieved in full-thickness burns
[58]. Fibroblasts are the primary cellular component of the dermis. They serve a key
role in the wound healing process by secreting proteins, cytokines, and growth factors
that support ECM formation and keratinocyte functions [59,60]. Adipocytes, which
participate in the regeneration of skin and skin appendages during wound healing, have
received increasing attention in recent years. Previous research has shown that the
conversion of myofibroblasts to adipocytes has a positive effect on scarless wound
healing, which is characterized by reduced wound contraction and decreased hair
follicle formation [61]. Mesenchymal stem cells are characterized by their certain
degree of plasticity in the mesenchymal lineage. They promote tissue regeneration
through the production of growth factors (GFs), cytokines and chemokines [62].
Endoscopic injection of cell suspensions into the superficial layers of the wound is a
commonly used therapeutic strategy, with the use of the aforementioned types of cells
reported in the literature. However, this cell therapy method is still in the animal
experimentation stage and has not yet progressed to clinical applications in humans.
The long in vitro culture period also limits its application in the prevention of
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esophageal stenosis.

4.2. Cell barrier construction

Cell-based therapy relies on the retention and survival of transplanted cells at the
wound site. However, direct injection of cell suspensions has certain drawbacks, such
as low cell viability and rapid diffusion. This has led to the extensive exploration of
autologous cell sheets. The retention of cell membrane proteins and ECM in cell sheets
allows for stable adhesion to mucosal defects. Takagi et al. [63] first proposed the use
of oral mucosal epithelial cell sheets, and the researchers subsequently advanced their
research to the clinical trial stage [64]. Small pieces of mucosal tissue were collected
from the oral cavity of patients and incubated in vitro for 16 days. The resultant
epithelial cell sheets were endoscopically implanted into mucosal defects. Endoscopic
examinations performed once weekly after the surgery revealed that complete re-
epithelialization of the trauma occurred at a median time of 3.5 weeks, with none of
the nine patients developing symptoms of esophageal stenosis. Jonas et al. [65] also
investigated the safety and efficacy of oral mucosal epithelial cell sheets in humans.
Five patients underwent extensive ESD that entailed >75% of the circumference, and
the results demonstrated that autologous cell sheet transplantation is safe and feasible
in a Western population, exerting a protective effect on post-ESD wounds and
reducing the risk and extent of stricture formation. Kanai et al. [66] performed an
animal experiment on the efficacy of autologous epidermal cell sheets, in which eight
pigs underwent circumferential ESD. The degrees of stenosis of the experimental and
control groups at 2 weeks postoperatively were 56% and 88%, respectively (P <0.01),
indicating that the autologous epidermal cell sheets provided certain preventive effects
against esophageal stenosis after ESD. Kobayashi et al. [67] conducted a proof-of-
concept study in which six pigs were divided into three groups for intervention at 2
weeks after ESD. The two pigs of the transplantation group underwent six epidermal
cell sheet transplants, with five of the six transplants being successful. Results showed
that the stricture rates of these pigs (55% and 60%) were lower than those of the control
(92.2% and 87.7%) and EBD (71.7% and 78.2%) groups. This demonstrated that
epithelial cell transplantation alleviated re-strictures after ESD with good safety and
stability.

4.3. Tissue engineering carriers

The rapid development of tissue engineering in recent years has brought
biodegradable hydrogel materials with controllable physicochemical properties and
biocompatibility [68] into focus. These materials can function independently as a
barrier or serve as tissue engineering carriers for tissue transplantation. Hydrogels can
adapt to wound areas of any shape and size, undergo rapid gelation, produce a
relatively uniform distribution of graft cells, and maintain a high water content close
to that of natural tissue [69,70]. However, an inherent limitation of hydrogel networks
is their small pore size, which only allows diffusion of the culture medium,
metabolites, and nutrients while hindering the migration of transplanted cells outside
the scaffold. This suggests that hydrogels may be better suited as a barrier than as a
carrier. Therefore, hydrogels may possibly serve as ideal carrier systems in skin wound
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healing where direct cell-cell communication between grafted and host cells is not
intended and grafted cells mainly exert their functional role through paracrine
signaling [71].

lizuka et al. [72] and Sakaguchi et al. [73] evaluated the application of PGA
sheets with fibrin glue in the prevention of esophageal stenosis after ESD. The two
studies respectively included patients with mucosal defects of more than half and
three-quarters of the esophageal circumference, and the ultimate incidence rates of
esophageal stenosis were 7.7% and 37.5%, respectively. These results demonstrated
the safety and effectiveness of this method. On this basis, other researchers have
explored combination therapies using PGA sheets with scaffolds, steroids, and other
medications. Chai et al. [74] performed PGA sheet-coated stent placement in 34
patients with mucosal defects exceeding 75% of the esophageal circumference. The
final incidence rate of esophageal stenosis was 20.5% (7/34), which was lower than
that of patients who underwent stent placement alone (46.9%, 15/32, P = 0.024).
Sakaguchi et al. [75] analyzed the efficacy of PGA shielding in combination with
steroid injection and found that compared with PGA shielding alone or steroid
injection alone, the combination therapy was the only significantly effective method
in the prevention of stenosis (P = 0.012). Nishimura et al. [27] investigated the
application of basic fibroblast growth factor-soaked PGA sheets to the wound bed
followed by fibrin glue spraying for fixation. Results indicated that suppressing
myofibroblast activation during the acute phase effectively prevented esophageal
constriction in pigs. From the studies described above, it is evident that PGA sheets
are not merely capable of acting as a protective barrier but also as a drug carrier to
prevent esophageal stenosis after ESD. In addition, PGA sheets are highly
advantageous in terms of safety, with no adverse events reported thus far. Tang et al.
[76] conducted an animal experiment in which carboxymethyl cellulose (CMC) sheets
were applied in a porcine model of esophageal stenosis. Results showed that the
experimental group (# = 7) had a significantly lower rate of esophageal mucosal
stenosis, less fibrosis in the submucosal layer, milder damage to the muscularis
propria, and a higher degree of re-epithelialization. Therefore, the use of CMC sheets
on mucosal defects is a promising method for the prevention of esophageal stenosis
after ESD surgery. After modification by tissue engineering, CMC sheets may also
serve as drug delivery systems [77] that can achieve more desirable prevention and
treatment effects when used in combination with other drugs that effectively improve
esophageal stenosis, such as steroids and botulinum toxin type A.

Zhang et al. [78] carried out a prospective study in which 15 patients with
extensive superficial esophageal lesions were consecutively treated with ESD and
esophageal mucosal autografting. During follow-up, it was found that seven patients
(46.7%) developed esophageal stenosis, with the strictures of all patients successfully
attenuated after endoscopic balloon dilation (EBD) or endoscopic radial incision.
Building on previous findings, Liu et al. [79] constructed autologous esophageal
mucosal patches on PGA felt, which was subsequently structured onto a metal mesh
stent. Temporary implantations of the stents were performed in 25 patients, and the
stents were removed 6—8 weeks postoperatively. Within an average follow-up period
of 10.2 months, 14 patients (56%) did not develop stenosis, and no complications
occurred except for stent migration in two patients. These results indicated that the
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proposed method is a safe and effective approach. Apart from autologous esophageal
mucosal transplantation, the transplantation of other tissues has been less studied. At
present, autologous gastric mucosal transplantation, autologous buccal mucosal
transplantation, and autologous dermo-epidermal transplantation have been reported.
Hochberger et al. [80] first attempted to cover mucosal defects after ESD using
autologous gastric mucosa, which was collected through the anterior wall of the gastric
antrum and fixed with clips and an uncovered mesh stent. Results revealed stenosis-
free healing of the operated esophageal segment and the non-occurrence of clinical
complications during 32 months of follow-up. Liu et al. [81] reported a case of
successful prevention of post-ESD esophageal stenosis by using autologous buccal
mucosa with PGA and a self-help inflatable balloon. During the surgery, autologous
buccal mucosal tissue cut into small pieces was fixed on a PGA felt that was sutured
to the surface of a self-help inflatable balloon. The balloon was subsequently attached
to the ESD wound surface. After the surgery, the balloon was inflated six to eight times
a day until removal at 8 weeks postoperatively. Within a follow-up period of 9 months,
there were no occurrences of postoperative esophageal stenosis or adverse events such
as perforation, bleeding, or wound infection. Zou et al. developed autologous skin
grafts and conducted a case-matched controlled study [82]. Results showed that
patients who underwent stent placement combined with autologous skin grafting had
a lower incidence rate of postoperative stenosis than the stent-only group (36.8% vs.
78.9%, P = 0.020). This validated the efficacy of autologous skin grafts in preventing
esophageal stenosis after circumferential ESD and provided a feasible solution for the
implantation of similar materials.

Despite the promising results described above, the degradation time of currently
available biodegradable materials is still considerably shorter than the healing time of
esophageal wounds. Therefore, such materials are incapable of serving a role
throughout the entire process of esophageal healing, and their protective effects
towards wounds remain limited. This is a challenge that needs to be addressed, and
the construction of more stable structures is necessary to strike a balance between
mechanical strength and degradation rate.

4.4. Extracellular matrix (ECM)

On the basis of preserving cytokines that play a role in wound healing and
removing potential immunogenic substances from cells, the decellularization method
can be adopted to retain the ECM for the preparation of scaffolds or ECM patches.
Nieponice et al. [83] first explored the efficacy of ECM for the prevention of
esophageal stenosis after ESD. ECM scaffolds were prepared by decellularization of
porcine bladders, implanted in five dogs of the experimental group by balloon
positioning during the postoperative period, and fixed with biodegradable adhesive.
Dogs of the control group did not receive any intervention. Results indicated that the
incidence rates of esophageal stenosis in the experimental and control groups after 2
months were 0% (0/5) and 60% (3/5), respectively. Schomisch et al. [84] compared
the effects of self-expanding silicone stents that were respectively covered with ECM
from three tissue sources (bladder, dermis, and small intestine submucosa) with stents
without ECM coverage in the prevention of esophageal stenosis after EMR. A
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different conclusion was obtained, with results indicating that the ECM-covered stents
did not alter remodeling sufficiently to prevent esophageal stenosis formation after
EMR, when compared with the control group. Recently, Zhou et al. [85] conducted a
single-center prospective clinical study in which seven patients at high risk for
developing esophageal stenosis underwent transplantation using porcine-derived
decellularized dermal matrix patches fixed with metal stents. Results showed that the
incidence of postoperative stenosis was 42.9% (3/7), with the median number of
postoperative endoscopic balloon dilatations (EBDs) being 2. Notably, all patients
who underwent circumferential ESD developed stenosis during the follow-up period,
whereas only one of the five patients with non-circumferential ESD developed
esophageal stenosis. This suggests that ECM materials may be effective in preventing
esophageal stenosis after ESD, but have limited effects on esophageal stenosis caused
by large mucosal defects.

5. Summary and future prospects

In conclusion, many studies have investigated the prevention of esophageal
stenosis after ESD, but most of them remain at the stage of animal experimentation
and lack clinical trial data for validation. Evidence suggests research seem to suggest
that combination therapy is more effective than monotherapy. In patients undergoing
extensive ESD for lesions affecting more than 3/4 of the esophageal circumference,
combination therapy may still offer some preventive effects. This also indicates that
treatment strategies for the prevention of typical esophageal stenosis cannot be directly
applied to refractory esophageal stenosis. Novel preventive methods based on tissue
engineering and regenerative medicine are highly promising, but their technical
difficulties and high cost remain challenges that need to be addressed before they can
be applied in clinical practice.

Conflict of interest: The authors declare no conflict of interest.

Abbreviations

CMC Carboxymethyl cellulose

EBD Endoscopic balloon dilatation
ESD Endoscopic submucosal dissection
EBB Esophageal epithelial barrier
ECM Extracellular matrix

EMR Endoscopic mucosal resection
PGA Polyglycolic acid
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