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1. Introduction

The oral cavity is covered by a mucous membrane, termed oral mucosa, which acts as 

a barrier to prevent underlying tissues against thermal injuries, mechanical damage, and 

exposure to toxic substances and pathogens 1–4. An understanding of the native oral mucosa 

structure and function, its healing process, and protocols to repair oral injuries is essential to 

better comprehend the challenges involved with developing oral mucosa equivalents (OMEs) 

with potential to enhance tissue repair.

Several OMEs models have been developed over the years aiming, for instance, at reducing 

the need for autologous mucosa or skin grafts, as well as complications associated with 

these procedures. However, there is still a need for further improvements to make them 

more similar to the native oral mucosa, increase their potential use as in vitro models, and 

eventually translate their applications to clinical reconstruction of oral soft and hard tissues 
5–7.

Another important characteristic to consider during the development and application of 

OMEs, is vascularization, especially when the constructs are intended to repair large-sized 

oral defects 5, 8. The implantation of large tissue constructs at an ischemic injury requires 

fast vascularization to promote healing and prevent graft failure. Thus, approaches to 

develop prevascularized OMEs are on the rise. By prevascularizing the equivalents, their 

integration with the host tissue and faster repair will be more likely to occur. However, the 

attainment of effective vascularized equivalents is still a challenge.

This review starts with a brief introduction of the oral mucosa general structure, followed 

by an overview of healing and the reconstruction of defects in the oral cavity. Next, 

different oral mucosa equivalents as well as biological and tissue engineering considerations 

during their development and optimization are highlighted, followed by the vascularization 

relevance and strategies to prevascularize OMEs. Lastly, in vitro and clinical applications of 

oral mucosa equivalents are discussed.
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2. Oral mucosa structure

Human normal oral mucosa, more than any other mucosal tissue in the body, is very 

similar to the skin in its architecture and function. Both tissues are composed of a stratified 

epithelium attached to an underlying dense connective tissue by the basement membrane 
2, 3, 9–11. However, some physiological features are distinctive in the oral mucosa, such as its 

pink color due to the extensive blood supply, its moist surface, high permeability, and lack of 

appendages such as hair follicles, sebaceous, and sweat glands 1, 2.

The main cells in the epithelium are keratinocytes attached to each other by desmosomes, 

and arranged in distinct layers 3. The connective tissue, i.e., lamina propria, supports and 

nourishes the epithelium, connects it to the underlying structures, and is composed mainly 

of fibroblasts, along with capillaries, inflammatory cells, an extracellular matrix (ECM), 

and a network of type I and III collagen and elastin fibers 2, 3. The keratinization pattern 

differs between the skin and oral mucosa. The oral mucosa epithelium may be keratinized 

(masticatory mucosa), nonkeratinized (lining mucosa), or both (specialized mucosa on the 

dorsum of the tongue), depending on the region of the oral cavity and its function 1, 2, 12. 

The skin epithelium is keratinized regardless of its location in the body 1, 2.

The hard palate and gingiva, where more strength is required, are covered by a keratinized 

squamous epithelium. In the soft palate, internal surface of the lips, ventral surface of 

the tongue, cheeks, and the floor of the mouth, where more elasticity is required, a 

nonkeratinized stratified squamous epithelium is present and characterized by the absence 

of a horny layer 1, 9, 10, 12. Oral mucosa equivalents have been developed that mimic 

nonkeratinized or keratinized patterns depending on the region of the oral cavity where the 

cells are isolated from 13.

When the oral mucosa is injured, a break in the barrier function causes tissue fluid loss, 

increases the risk of infection, and may result in oral functional limitations. Thus, its 

reconstruction is required to reestablish the anatomical and physiological properties, and 

prevent further complications 14.

3. Wound healing and reconstruction of defects in the oral cavity

Oral injuries can be induced by a variety of conditions such as trauma, recurrent wounds, 

inflammation, irradiation treatment, and reconstructive surgery of congenital or pathological 

lesions. If the wounds are not adequately treated, they can impact the overall wellbeing of 

the patient due to pain and possible impairment of oral functions such as swallowing and 

speech 15.

The repair process in the oral cavity is still poorly understood, and the vast majority of 

available information on soft tissue healing comes from studies on cutaneous wound healing 
16. It is assumed that the wound healing and cellular processes during oral soft tissue 

repair resemble, at least in part, cutaneous healing consisting of overlapping phases of 

hemostasis, inflammation, proliferation, and remodeling 17, 18. Repair of the hard palate, 

dental implant interfaces, periodontal, dental, and dental pulp healing also follow a similar 
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process, however, each of these conditions have specific healing patterns that are beyond the 

scope of this paper.

Oral wounds usually heal faster than cutaneous wounds, and with minimal scar formation. 

These aspects of oral wound healing have been attributed to the presence of excellent 

blood supply, differential inflammatory response, the distinct modulation of stem cells, and 

the antibacterial and pro-healing properties of saliva 16, 18–21. Besides providing the oral 

cavity with moisture, saliva is loaded with proteins that promote cell division, enhance cell 

migration, and provide antimicrobial activity to support a healthy oral microflora 19. More 

efficient epithelial remodeling and pro-inflammatory responses by oral keratinocytes also 

contribute to a faster healing process in the oral cavity, which usually only takes a few days 

for minor traumatic lesions 10, 16, 19.

Oral wound healing usually occurs with minimal scarring, however, complex hard and soft 

tissue defects (e.g. surgery of congenital defects or trauma, tumor excision, reconstructive 

preprosthetic surgery) present major challenges 21, 22. Large open wounds, often seen 

in cleft palate repair and after ablative tumor surgery, heal by secondary intention with 

granulation tissue development followed by wound contraction and scar formation. Mucosal 

tissue is often required to cover and promote healing of these types of wounds. 14, 23. 

The outcomes of a successful reconstructive procedure will depend on the appropriate 

reconstruction protocol, defect size, as well as on the quality of soft tissue present in 

the defect 24. Major progress has been made in hard tissue engineering, where growth 

factors, scaffolds, and cells have been clinically used for small and large craniofacial 

defects. However, soft tissue engineering research and clinical applications still need further 

investigation 22.

Procedures to promote healing and reconstruct large-sized oral defects, and generate soft 

tissue around teeth and dental implants, vary from autogenous/autologous grafts to three-

dimensional (3D) constructs, for example, consisting of cells incorporated in biodegradable 

scaffolds 22. The approaches to reconstruct oral cavity defects can be broadly grouped as: 

oral mucosal grafts and tissue-engineered oral mucosa equivalents (Figure 1).

Grafts to reconstruct soft tissue defects can be obtained from oral mucosa or cutaneous 

tissue 25. Oral mucosa is an excellent intraoral graft material, but the quantity of tissue 

required for grafting can be insufficient, especially when treating large defects 2, 14, 23, 26–29. 

As an alternative, skin grafts, available in higher amounts, have been used to cover 

and repair extensive soft tissue defects 2, 14, 15, 23. However, skin grafts present several 

disadvantages when used as a mucosal replacement. These include hair growth, expression 

of a different keratinization pattern and potential for infection due to the wet oral 

environment 2, 23, 25, 28.

Oral mucosa and skin grafts require two surgical procedures: one to harvest the tissue, 

and another to perform the transplant, which can result in increased donor site morbidity 
2, 5, 14, 23, 25, 26. Postoperative pain, paresthesia, risk of infection, scar formation, 

and surgical complications are usually associated with autologous tissue grafting 27, 29. 

Altogether, these disadvantages limit their use 15, and create the need for different 
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approaches during the reconstruction and surgical care of oral mucosa defects 2, 14, 23. 

One promising alternative to replace autologous grafts and potentially shorten the time 

of surgical procedures and patient recovery is the use of oral mucosa equivalents, i.e., in 
vitro-engineered regenerative substitutes 2, 5, 14, 15, 22, 30.

4. Oral mucosa equivalents

The main purpose of engineering oral mucosa equivalents is to obtain models that will 

replicate the histological architecture and function of the native tissue for in vitro and in vivo 
applications 6, 14, 31.

The tissue repair process in the oral cavity and other tissues is regulated by different 

cell types, signaling mechanisms, cell-cell, and cell-matrix interactions. Thus, during the 

development of OMEs, cells, scaffolds, and signaling approaches to create functional oral 

tissues are needed 32.

The reconstructed oral mucosa models can be classified into two main categories: one 

consisting of only differentiated oral epithelium (epithelial substitutes), and the other 

consisting of epithelium and lamina propria 6, 33. The models containing only epithelium 

are named partial, or split-thickness, oral mucosa models, while the ones with two tissue 

layers are named full-thickness oral mucosa models (Figure 1). The full-thickness models 

can be further categorized depending on the type of scaffold used, for instance: dermal 

substitutes (acellular or fibroblast-populated matrices) or biomaterials-based (e.g. collagen, 

gelatin, fibrin) 14, 33.

Epidermal cell sheets have been used to treat severe cutaneous defects such as burns and 

wounds, and based on this principle, small oral biopsies were used to develop autologous 

oral epithelial cell sheets 2, 13. These partial-thickness OMEs, can be used for oral cavity 

reconstruction and for extra-oral applications (e.g. ocular surface reconstruction and to 

treat esophageal ulcerations) 13, 34. They can be produced by seeding cells on temperature-

responsive culture dishes, from where cells can be harvested without the need for enzymes. 

By adjusting the temperature, cells will attach and proliferate at 37°C and can be detached 

from the culture dish when the temperature decreases to 32°C 35, 36.

Oral mucosal epithelial sheets use one cell type that can be cultured in mono or multilayers, 

with the latter being more similar to the native oral mucosa. Keratinocytes cultured on 

permeable cell culture membranes at the air/liquid interface form multilayer epithelial sheets 

and show signs of differentiation. Monolayer oral mucosal epithelial sheets usually provide 

reliable data for studies such as the responses of oral mucosa to mechanical stress, addition 

of growth factors, and radiation damage 11.

Oral mucosal epithelial cell sheets are attained quicker in culture than skin epithelial sheets. 

It has been reported that epithelial sheets from small oral epithelial segments were obtained 

in 12 days, while it took 14 days to obtain skin epithelial sheets 2, 13. However, oral 

epithelial cell sheets present some drawbacks: they are very fragile, difficult to handle, 

and are prone to contract 2, 3, 6, 13, 33, 37. An alternative to overcome these issues is the 
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development of a more complex in vitro 3D full-thickness OME containing epithelium and 

underlying lamina propria.

Full-thickness oral mucosal equivalents are designed to mimic the native human oral mucosa 

structure by an association of cells (e.g. keratinocytes, fibroblasts) and scaffolds, making 

them more experimentally and clinically relevant than monolayer cell culture systems 
31, 38. Ideally, these equivalents should have a stratified squamous epithelium, a continuous 

basement membrane, and lamina propria, and the production involves the fabrication of 

extracellular matrix substrates (usually with fibroblasts) with oral keratinocytes seeded on 

top 5, 14, 33. By incorporating different cell types in these equivalents, a high degree of cell 

differentiation is achieved 2, 13. These models are easier to handle, can be processed, for 

example, for histological and molecular analyses, and would be clinically more beneficial to 

repair deep oral defects 2, 13, 14.

Optimal OMEs should be biodegradable, non-toxic, have low immunogenicity, appropriate 

mechanical strength, and similar density to the human oral mucosa. These equivalents 

should also promote cell attachment, be a suitable substrate for ECM formation, support 

neovascularization, and be suturable 14. When designed to be used as in vitro models, 

OMEs should be reproducible, while a strong construct with good handling properties and 

optimized biodegradability is needed for in vivo and clinical applications 31.

Oral tissue repair relies on bringing the appropriate cells to the wound site to secrete 

or stimulate the release of growth factors, enhance cellular migration, proliferation, and 

finally close the defect 22. During the production of full-thickness OMEs, various scaffold 

materials, cell types and culture conditions have been used 31, 38.

The common cell types used to develop OMEs are primary human oral keratinocytes and 

fibroblasts, immortalized human keratinocytes, and immortalized mice (3T3) and human 

fibroblasts 7, 12, 38, 39. Primary oral fibroblasts and keratinocytes can be isolated from 

different areas of the oral cavity (e.g. hard palate, gingiva) and from skin (fibroblasts), and 

early culture passages should be used to avoid a decrease in ECM production 33, 40.

Due to the difficulties of culturing primary cells for an extended period of time, along 

with the possibility of variable results due to the cells being obtained from different 

donors, some in vitro studies use immortalized cell lines such as keratinocytes (e.g. HaCaT, 

TR146, OKF6/TERT-2, OKG4/bmi1/TERT, KC-HPV) 7, 12, 33, 39, 40 and fibroblasts (TERT) 
39. TERT-immortalized human gingival keratinocytes and fibroblasts have been shown to 

produce a gingiva equivalent similar to the native healthy gingiva, or an oral mucosa 

tumor model (oral squamous cell carcinoma) when the equivalents were developed with 

HPV-immortalized keratinocytes. These equivalents could be valuable as alternatives to 

animal models, for example for studies involving drug targeting, biofilms, and investigation 

of new treatments 39.

The choice of a scaffold material is another important step in developing 3D-OMEs. It 

should be biocompatible, biostable, and have adequate porosity to allow for cell infiltration, 

proliferation, vascularization and cell-cell communication and medium perfusion. Scaffolds 

should be slowly biodegradable, promote tissue repair, and have mechanical and physical 
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properties that resemble the normal human oral mucosa. The scaffold material should not 

stimulate an immune response, generate a toxic reaction, or cause a severe or prolonged 

inflammation after implantation in vivo 2, 5, 32, 42, 43.

Materials used as scaffolds in oral mucosa reconstruction can be categorized in different 

groups, such as: 1. Naturally derived (e.g. acellular dermis and amniotic membrane); 2. 

Fibroblast-populated skin substitutes; 3. Collagen-based; 4. Gelatin-based; 5. Fibrin-based; 

6. Synthetic (e.g. polymers); and 7. Hybrid scaffolds, i.e., a combination of natural and 

synthetic matrices 5, 14, 23, 28, 33, 39, 44–48. Many tissue-engineered oral mucosa studies report 

the use of collagen- or fibrin-based and acellular dermal matrices as scaffold biomaterials.

The native oral mucosa lamina propria is mainly composed of collagen type I along 

with type III in the deeper layers, which makes collagen an excellent scaffold material 

for OMEs. Collagen also present low antigenicity, low inflammatory response, inherent 

biocompatibility, and biodegradable properties. Moreover, collagen fibers are highly tunable 

and can easily be shaped into hydrogels or porous scaffolds, providing support for cell 

proliferation 2, 49, 50. Fibrin-based matrices also support cell adhesion, proliferation and 

secretion of new ECM similarly to physiological fibrin during wound healing process, 

where it serves as a provisional scaffold after an injury. The fibrin-based matrices are 

produced by a combination of fibrinogen and thrombin, and can be tunable by varying their 

concentration 2. Collagen and fibrin-based matrices present many advantages and have been 

extensively used to fabricate OMEs and other tissue-engineered equivalents. However, their 

mechanical strength and biodegradability are usually limitations that require optimization 

(e.g., formulation, addition of cross-linkers, polymers) to enhance their stability, maintain 

tissue integrity and reproducibility.

Acellular dermal matrices, also often used to fabricate OMEs, are produced through a 

multistep process where epidermis and dermal cellular components are removed, but the 

basement membrane and ECM components are maintained. Their structural and biochemical 

properties are preserved and most importantly, they are rich in collagen and elastin fibers, 

which provides an architectural framework to support cell attachment, migration and 

proliferation in vitro, e.g. during fabrication of OMEs, and for clinical applications in tissue 

repair 51, 52. However, their cost could be a limitation.

Along with the development of OMEs in academic research labs, there are some equivalents 

commercially available to be used for example as in vitro models to test oral products 

as an alternative to animal models 38. MatTek’s EpiOral and EpiGingival tissues consist 

of normal, human-derived oral epithelial cells cultured to form multilayered models of 

the human buccal (EpiOral) and gingival (EpiGingival) phenotypes, nonkeratinized and 

keratinized, respectively 1, 38, 53. Episkin also has two tissue-engineered oral mucosa 

models: oral epithelium (SkinEthic™ HOE/Human Oral Epithelium, composed of TR146 

cells derived from a squamous cell carcinoma of the buccal mucosa cultivated on an 

inert polycarbonate filter) and gingival epithelium (SkinEthic™ HGE/ Human Gingival 

Epithelium, composed of normal human gingival cells cultivated on an inert polycarbonate 

filter) 1, 38, 54, 55. However, these commercial models do not have a fibroblast/collagen 

matrix component, which is essential in the human oral mucosa 38. To overcome this 
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limitation, Organogenesis has developed GINTUIT®, which is composed of allogeneic 

cultured keratinocytes and fibroblasts in bovine collagen). This is the first marketed product 

for oral mucosa soft tissue repair, especially for periodontal therapy to regenerate keratinized 

gingiva 14, 56.

Despite the advances in the production of full-thickness OMEs over the traditional epithelial 

cell sheets, there is still a need to improve these models for clinical use and as alternatives 

to animal testing, for example, by introducing cells of the immune and vascular systems 

into the submucosal compartment 5–8. A lack of vascularization in OMEs intended to repair 

large-sized oral defects is a significant limitation and still a challenge in the field, mainly 

because there are no standard protocols available 6.

5. Prevascularization of oral mucosa equivalents

Tissue-engineered oral mucosa equivalents are a promising approach to reconstruct defects 

in the oral cavity, however, their implantation, especially for large-sized constructs, has 

shown a relatively poor long-term viability, resulting in graft failure, mainly attributed to a 

lack of vascularization 1, 28.

The diffusion limit of oxygen and nutrients (100–200 μm, depending on the tissue) must 

be considered in any experimental or therapeutic approach to repair tissues of substantial 

size and prevent ischemia 57. Insufficient vascularization of large equivalents will lead 

to compromised cell viability and survival, and impaired regenerative capability 58. In in 
vitro models, nutrient supply and oxygen diffusion can be achieved by artificial perfusion. 

However, in vivo, the diffusion of oxygen and nutrients from the tissues that surround the 

implantation site is limited, and the ingrowth of blood vessels from the patient to vascularize 

the construct is slow, possibly leading to a necrotic state in the center of the construct 59, 60. 

Therefore, methods to prevascularize large equivalents and assure their survival in vivo are 

greatly needed 58, 59.

5.1. Strategies to promote vascularization of oral mucosa equivalents

The strategies to promote vascularization in OMEs would fall into similar approaches 

used to vascularize other tissues, such as: angiogenic factor-based or growth factor 

delivery, scaffold-based, scaffold-free/cell sheet, in vivo prevascularization, and cell-based 

prevascularization (in vitro prevascularization) 57, 61–63. According to the literature, the 

inclusion of endothelial cells (ECs) into scaffold materials (i.e., in vitro prevascularization), 

is the main strategy. The pre-formation of capillary-like structures into equivalents will 

potentially reduce the time required to anastomose with host vasculature and achieve tissue 

perfusion 57.

ECs are important in the blood vessel formation, the blood coagulation cascade, early 

inflammatory response after implantation, and during the wound healing phases that follow 

implantation 58. These cells also participate in the platelet-blood vessel interaction and 

release several growth factors that regulate their migration, proliferation, and vascular 

growth such as platelet-derived growth factor (PDGF), endothelin-1 (ET-1), thrombin, basic 

fibroblast growth factor (bFGF or FGF-2), and interleukin-1 (IL-1) 64.
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In vitro prevascularization is based on the capability of ECs co-cultured with supporting 

cells to form vascular networks 8. Cells that secrete angiogenic factors, or that induce 

other cells to do so, have been used to promote angiogenesis within scaffolds 65. ECM 

components and growth factors produced by the supporting cells also contribute to neovessel 

stabilization and maturation 62. Intercellular communications and interactions among cells, 

growth factors, and ECM components associated with angiogenesis are essential for blood 

vessel formation during tissue repair 64.

Angiogenesis also relies on the activation and migration of fibroblasts, one the most 

common cell type co-cultured with ECs, shown to improve the formation and/or stability 

of capillary-like structures in vitro64, 66. Fibroblasts contribute to angiogenesis by depositing 

a collagen-rich ECM that enhances tubulogenesis, releasing growth factors [e.g., vascular 

endothelial growth factor (VEGF), transforming growth factor beta (TGF-β), and FGF-2] 
61, 67. The cell-cell interactions (fibroblasts and ECs) in a suitable scaffold, and fibroblasts 

pro-angiogenic growth factors release could improve angiogenesis in the constructs without 

the need for exogenous biochemical stimuli 68.

Stem cells from difference sources (e.g., bone marrow, adipose tissue, induced pluripotent, 

embryonic, dental pulp, dental apical papilla) have also been co-cultured with ECs due to 

their ability to differentiate into pericytes, and hence, improve in vitro capillary formation 
69–71. During blood vessel formation, ECs lining the interior of the vessels are supported 

by pericytes covering the exterior of the vascular tube, which provide vessel stabilization, 

barrier function, regulation of angiogenesis and immunological response, contributing to 

the repair process 70, 72. Thus, the presence of host pericytes or stem cell-derived pericytes 

co-cultured with ECs will likely increase the long-term patency and stability of capillaries, 

and the success of prevascularized constructs implantation.

The development of full-thickness prevascularized OMEs consists of preparing an 

underlying lamina propria layer comprised of fibroblasts and ECs embedded in a scaffold 

material (or not), and then culturing an epithelial layer by seeding keratinocytes on top 

(Figure 2). Noteworthy, the cell types and source, biomaterials and techniques to generate 

prevascularized OMEs will vary depending on the study.

Studies during 2010–2020 have reported vascularization of full-thickness oral mucosa 

equivalents 1, 6, 15, 73, 74, and others have reported vascularized oral mucosa lamina propria 
29, 59. A summary of these studies is presented in Table 1.

Heller et al. 73, generated a pre-vascularized buccal mucosa equivalent by co-culturing 

human gingival epithelial cells and fibroblasts, and human dermal microvascular endothelial 

cells isolated from human juvenile foreskin, on a collagen matrix (Bio-Gide®). Capillary-

like structures were obtained inside the equivalent after 3 weeks of culture, and became 

functional blood vessels after implantation and anastomosis with the host vasculature 

(equivalents were subcutaneously implanted in the neck of mice) (Figure 3). The capillary-

like structures were not homogenously dispersed throughout the collagen matrix, but rather 

superficially. The authors hypothesized that the EC infiltration was insufficient probably 

due to a lack of angiogenic factors signaling and/or the matrix structure, and suggested that 

Masson-Meyers et al. Page 8

Connect Tissue Res. Author manuscript; available in PMC 2023 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



additional optimization was required to achieve a deeper infiltration of ECs. The authors 

used a commercial collagen matrix with porosity ranging from 5 μm to 300 nm (rough to 

occlusive sides). The ECs were seeded on the rough side and the decrease in pore size could 

have prevented cell infiltration. If the authors had designed their own collagen membrane, 

they could have modified its structure/porosity to achieve a deeper EC infiltration and 

enhance capillary formation.

Handral 1 produced OMEs using human embryonic stem cells (hESCs)-derived progenies 

(hESC-oral keratinocytes [Kcs], hESCs-fibroblasts [Fibs], hESC-endothelial cells [ECs], 

hESC-vascular smooth muscle cells [vSMCs]) cultured on a fibrin-based dermal matrix. 

The tissue equivalents were prepared in two stages: 1) Fabrication of vascularized dermal 

tissue equivalents using a tri-culture of hESC-ECs, hESC-vSMCs, and hESCs-Fibs within 

a fibrin-based matrix and 2) Seeding of hESC-oral Kcs on top of the prevascularized 

dermal equivalents cultured at the air-liquid interface. Nonkeratinized oral mucosal tissue 

equivalents with a network of microvasculature in the connective tissue compartment were 

obtained. To increase mechanical strength and decrease scaffolds contraction, fibrin was 

conjugated with polyethylene glycol (PEG). A protein inhibitor, Aprotinin, was also added 

in the scaffolds to decrease biodegradability and increase longevity, making them stable for 

8 weeks (4 weeks of culture period and up to 4 weeks after the tissue formation).

Cell sheet technology is another approach to obtain prevascularized OMEs and has not 

been extensively tested in oral wound healing. Lee et al. 15, investigated the potential 

of autologous prevascularized mucosal cell sheets comprised of oral mucosal fibroblasts, 

blood-derived endothelial progenitor cells (EPCs), and keratinocytes to treat deep buccal 

wounds in rats compared with non-vascularized cell sheets. For the prevascularized cell 

sheets, mucosal keratinocytes and a mixture of plasma fibrin, mucosal fibroblasts, and EPCs 

(isolated from peripheral blood of Sprague-Dawley rats) were used. The oral mucosal cell 

sheets were histologically similar to the native oral mucosa, and in the prevascularized 

sheets, capillary-like structures were confirmed by positive staining for CD31 (Figure 4a–c). 

The re-epithelialization and wound closure were faster in the cell sheet groups than in 

the control (silastic sheets), with positive wound healing effects more apparent in the rats 

treated with prevascularized cell sheets than in rats treated with non-prevascularized cell 

sheets (Figure 4d–g). The oral wounds treated with the prevascularized cell sheets did not 

present scarring or fibrosis, showing a significant similarity to the normal oral mucosa. The 

prevascularized oral mucosa cell sheets developed in this study showed the potential to 

restore the oral mucosa in vivo by enhancing oral wound healing. A skin graft or cell sheets 

with other cell types as controls to compare with the mucosal cell sheet were not included, 

which could be a possible limitation of the study.

In another study, Lee et al. 74, assessed the prevascularized mucosal cell sheets developed 

in their previous study 15 to treat third-degree cutaneous burn wounds on the back of rats, 

compared with skin grafts, or silastic sheets as controls. Microvessels in the fibrin-matrix 

layer of the oral mucosa cell sheets was observed by Hematoxylin and Eosin (H&E) staining 

and confirmed by the CD31-positive staining (Figure 5a–c). Prevascularization of oral 

mucosal cell sheets enhanced their survival after transplantation and showed tissue plasticity 

by enhancing healing with limited scar tissue formation (Figure 5d–o).

Masson-Meyers et al. Page 9

Connect Tissue Res. Author manuscript; available in PMC 2023 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Nishiyama et al. 6, developed OMEs consisting of lamina propria, keratinized or 

nonkeratinized epithelium, and blood capillaries, using a layer-by-layer (LbL) cell coating 

technology. With this technique, nanofilms consisting of ECM proteins, such as fibronectin 

and gelatin, are formed on the cell surfaces and function as a molecular glue to promote cell-

cell binding. Human oral mucosal fibroblasts were coated with ECM nanofilms to produce 

the lamina propria layer and human oral keratinocytes, isolated from gingiva or oral mucosa, 

representing either a keratinized or nonkeratinized epithelium respectively, were seeded on 

top. To prevascularize the OMEs, human umbilical vein endothelial cells (HUVECs) were 

mixed with fibronectin-gelatin coated mucosal fibroblasts. The OMEs were histologically 

similar to the human oral mucosa and blood capillaries were incorporated into the lamina 

propria, demonstrated by positive CD31 immunostaining. However, further studies should 

investigate structural and functional properties of constructed blood capillaries in the OMEs.

Cheung et al. 59, assessed a co-culture of HUVECs and human gingival fibroblasts 

(HGFs) seeded in perfused polyurethane hydrogels (degradable/polar/hydrophobic/ionic 

polyurethane [D-PHI]). The authors investigated how culture conditions such as perfusion, 

cell seeding density and ratio, and culture medium would affect in vitro blood vessel 

formation. Culturing HUVECs and HGFs under perfusion at a ratio of 1:2, respectively, 

using a mixture of 50% of each cell line culture medium, and having at least 80,000 cells 

per scaffold improved the angiogenic potential of HGFs in the scaffolds. These culture 

conditions also increased cell growth with the expression of TGF-β1 and FGF-2, and 

formation of HUVEC clusters. The culture conditions tested in the study can be relevant for 

optimization during the development of highly vascularized constructs intended to repair the 

gingival lamina propria and potentially other soft tissues.

In a previous study from Heller et al. 73, full-thickness prevascularized buccal mucosa 

equivalents on collagen membranes were developed, but microcapillaries formation was 

limited to the membranes surface. It is still not clear how angiogenic factors are involved 

during in vitro prevascularization. To better understand their role within the equivalents, the 

same group performed a follow-up study to investigate the impact of different concentrations 

of VEGF, interleukin-8 (IL-8) and bFGF in the equivalents with regards to cell viability, 

proliferation, migration, and tubulogenesis 29. The oral mucosa equivalents used in this 

study only comprised of lamina propria (primary fibroblasts isolated from human gingiva 

and endothelial cells, isolated from human juvenile foreskin, seeded on a collagen 

membrane). Angiogenic factor levels were relevant in the microcapillaries formation and 

more dependent on VEGF and IL-8 levels than bFGF, suggesting that their addition to the 

co-cultures will likely increase capillary formation throughout the equivalents.

In summary, these studies have shown the feasibility of generating prevascularized 

OMEs with relevant data regarding culture conditions, scaffold fabrication and in vivo 
tissue integration and wound healing. Conditions that promote cell proliferation, pro-

angiogenic factors expression, and capillary formation differed among the studies. Each 

study used different biomaterials (collagen, fibrin-PEG, polyurethane hydrogels), cell 

culture conditions, and fabrication techniques. Thus, a standardization of prevascularization 

methods could not be gleaned from these studies. However, some optimization parameters 

could be learned from these studies. For example, Heller et al. 73, tested different cell 
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densities seeded in the rough or occlusive side of cross-linked or native collagen membranes 

and found that 4 × 104 fibroblasts or HUVECs per scaffold seeded on the rough side of 

native collagen provided the best results in capillary-like structures formation. In a follow-up 

study 29, the group found that the sequential seeding of fibroblasts followed by HUVECs 

after 24 hours, and addition of VEGF and IL-8 improved their results. However, in the latter, 

they changed the cell density from 4 to 2 × 105 fibroblasts per scaffold.

Lee et al.15, 74 showed that a completely autologous prevascularized OMEs was obtained 

using a density of 5 × 105 cells per scaffold (fibroblasts and ECs, at a 1:1 ratio) by cell 

sheet technology and the equivalents enhanced wound healing in two different conditions: 

deep buccal wounds and cutaneous burn wounds. Nishiyama et al.6 obtained prevascularized 

OMEs using a layer-by-layer technology, and showed that an increase in HUVECs density 

(0.5, 1 or 2 × 105 cells/scaffold) increased tubular structure covered area, total tube length 

and branching points of blood capillaries. Lastly, after testing different culture conditions 

during the development of prevascularized OMEs with polyurethane hydrogels, Cheung et 

al. 59 showed that seeding more fibroblasts then HUVECs (2:1 ratio) increased HUVECs 

percentage survival, promoted HUVECs clustering and upregulated angiogenic factors, at a 

lower cell number (8×104 cells/scaffold) than other studies discussed in this review.

6. Potential applications

The main goal in regenerative medicine is the eventual tissue equivalent translation to 

clinical implantation, as an alternative to autologous grafts, to repair damaged tissues/organs 
1. However, efforts to develop, optimize, and use OMEs as in vitro models are also important 
14.

OMEs mimic the three-dimensional human in vivo tissue architecture and are valuable 

models to study the cellular mechanisms in healthy or pathological conditions in a regulated 

environment, usually at a low cost and high reproducibility 1, 2. OMEs can be suitable 

experimental models to assess interactions among cells, ECM, biomolecules, scaffolds, and 

environmental factors 25. In addition, in vitro constructs provide an alternative platform to 

minimize the need for in vivo animal studies 2, 6, 14, 25.

Tissue-engineered OMEs can be fast and reproducible systems to study the dynamics of 

oral wound healing and fibrosis, biocompatibility of dental materials and in toxicological 

and pharmacological investigations of new oral care products (e.g., antiseptic mouthwashes, 

tooth whitening agents, anesthetic pastes) for potential irritation, inflammation, or tissue 

damage 1, 2, 6, 7, 14, 31, 41, 75. OMEs can be valuable as in vitro oral disease modeling of oral 

dysplasia, early invasive oral squamous cell carcinoma, oral mucositis, oral infection models 

(host-pathogen interactions and efficacy of topically applied antimicrobials - antimicrobial 

assays) 2, 7, 31, 41, and also for the development of drug delivery systems 6, 31 (Figure 6).

Rodrigues Neves et al. 76 used an OME as a wound healing model to investigate the 

potential of human saliva to promote healing. They used two models to represent either 

an open wound or a blister. The first model consisted of 2D skin and gingiva cultures 

to evaluate the migration and proliferation of fibroblasts and keratinocytes. The second 
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model consisted of a reconstructed human gingiva or skin (oral or skin fibroblasts mixed 

in a collagen solution, with keratinocytes seeded on top), with full-thickness freeze blister 

wounds induced on their surface. Saliva induced secretion of inflammatory cytokines in 

blister-wounded models and improved both oral and cutaneous wound closure.

Klausner et al. 78, developed partial and full-thickness oral tissue models to test the toxicity 

and irritation potential of oral care products. Buccal or gingival fibroblasts and keratinocytes 

were obtained from normal human oral tissues from patients or cadavers and used to prepare 

partial or full-thickness constructs. In the partial-thickness model, keratinocytes were seeded 

onto a collagen-coated microporous membrane, while in the full-thickness model, buccal 

or gingival fibroblasts were cultured in a collagen solution to generate the lamina propria, 

followed by seeding of keratinocytes on top. The oral tissue constructs were reproducible 

models suitable for the initial toxicological evaluation of oral care products and could be 

beneficial during studies of oral pathologies and biology of the oral mucosa as well.

Acute effects of ionizing radiation during oral cancer treatment that can lead to severe 

ulceration of the oral mucosa can be studied using OMEs. Tra et al. 37, investigated the 

suitability of a tissue-engineered mucosa comprised of human buccal mucosa fibroblasts and 

keratinocytes seeded on de-epidermized dermis to evaluate DNA damage of the constructs 

and normal oral mucosa (biopsies) after exposure to irradiation. The authors assessed 

components of the epithelial layer, basement membrane, connective tissue, and expression of 

cytokines. The responses to irradiation were similar in the OMEs and normal oral mucosa, 

indicating that the model was appropriate to quantify the biological effects radiotherapy.

OMEs are not only important as in vitro models, but also clinically relevant to repair large 

defects in the oral cavity when autologous grafts would not be feasible. Potential clinical 

applications of these equivalents include intra-oral (e.g., cleft palate repair, periodontal 

surgery associated with insufficient attached gingival tissue, tissue loss caused by facial 

trauma and tumor excision), and extra-oral (e.g., prevention of post-endoscopic submucosal 

dissection esophageal stenosis, corneal epithelium restoration, and urethral reconstructions) 
31, 34, 38, 41, 59, 75, 79.

Fernández-Valadés-Gámez et al. 80, reported the use of a full-thickness autologous oral 

mucosa equivalent (oral fibroblasts and epithelial cells seeded on an acellular fibrin–agarose 

scaffold) implanted in a cleft palate rabbit model. Six months after implantation, animals 

were euthanized, and the palatal mucosa and bone were processed for morphometric and 

histological analyses. The oral mucosa substitutes improved palate growth and maturation, 

supporting their potential clinical use to treat patients with cleft palate or other clinical cases 

of loss or removal of palatal tissue where grafts would be required.

Dobrowolski et al. 79, investigated an extra-oral application of oral mucosa epithelial 

sheets (epithelial cells isolated from buccal mucosa were cultured on a denuded amniotic 

membrane and placed over a fibroblast monolayer) during corneal epithelium repair in 

patients with aniridia. After seven days of culture, the epithelium was transplanted to the 

corneal surface. The oral mucosa epithelial sheets had a positive effect on restoring regular 

epithelial tissue on the corneal surface with a slight amelioration in visual acuity.
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Applications of OMEs have increased over the years, however, clinical use of equivalents 

designed to reconstruct critical-sized defects is still limited mainly due to a possible lack of 

tissue integration and inadequate vascularization. Prevascularized full-thickness OMEs will 

closely resemble the native, highly vascularized normal oral mucosa, being a valuable in 
vitro model for the forementioned applications, along with studies focusing on angiogenesis, 

wound healing, potential treatments of oral mucosa defects, and will certainly be more 

clinically relevant. A properly prevascularized full-thickness OME will potentially regulate 

angiogenesis in vivo, accelerate tissue repair, and decrease the chance of implant failure by 

providing a pre-formed capillary network, that once integrated with the patient vasculature, 

will supply oxygen and nutrients to the tissue.

7. Conclusion

The aim of this review was to present an overview of human oral mucosa structure, 

function and reconstruction, development of oral mucosa equivalents, approaches for their 

vascularization and potential in vitro and clinical applications.

Many advances have been made to construct oral mucosa equivalents, however, there is still 

a need to make these equivalents more physiologically and structurally similar to the native 

human oral mucosa. For instance, the incorporation of ECs in the submucosal compartment 

and biomaterials optimization to enhance cell proliferation and promote capillary formation, 

will make the equivalents more clinically relevant in oral mucosa repair, particularly to treat 

large-sized oral defects, and more effective as in vitro models.

In vitro OMEs prevascularization is still challenging, yet a feasible approach, and have 

shown promising results with enhanced scaffold integration and healing in animal models, 

however, different techniques, biomaterials and culture conditions have been reported for 

their fabrication. The studies reviewed in this article reported that prevascularized OMEs 

were generated on different scaffolds (e.g. collagen membranes, fibrin-based matrices, 

polyurethane hydrogels) with several sources of endothelial cells (e.g. HUVECs, dermal 

microvascular endothelial cells, human embryonic stem cells derived-endothelial cells, 

endothelial progenitor cells), cultured at different densities. While reasonable that different 

approaches have been investigated, it is likely that a combination of multiple methodologies 

will be required for the complex process of blood vessel formation. Once in vitro 
prevascularization is achieved, it is critical that the microvascular networks be highly 

organized, stable in vitro and remain functional after implantation, which are among the 

greatest challenges still to be overcome.

Different approaches from scaffold modifications to cell culture conditions to obtain a more 

conducive environment for capillary formation are needed. Among promising techniques to 

optimize vascular network formation and distribution, are spatially controlled micropatterns 

using bioprinting and templating techniques to form flow channels for endothelialization. 

These techniques can provide more controlled distribution of ECs in the scaffolds than 

incorporating them within hydrogels or seeding them on the scaffolds’ surface, which can 

potentially lead to a randomly distributed blood vessel formation. Other modifications in 

the biomaterials to make them a better platform for EC’s migration and self-assembly into 
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capillary-like structures include fabrication of composite scaffolds (e.g. collagen-hyaluronic 

acid, collagen-glycosaminoglycans-chitosan) and changes in structural properties (e.g. 

creation of interconnected pores by freeze-drying). Another approach that is promising to 

optimize capillary formation and stabilization is the use of co-cultures of ECs not only with 

often used fibroblasts, but with pericytes and vascular smooth muscle cells.

An optimal protocol to fabricate OMEs that closely resemble the native oral mucosa and 

the attainment of a well-organized and stable vascular network in these equivalents will 

likely combine different strategies. The knowledge gained from research in optimizing 

these equivalents in the past few years, although broad, can certainly provide a valuable 

foundation for future studies.
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Figure 1. 
Overview of common approaches for the reconstruction of oral cavity defects. Histological 

image was extracted from Lee et al., 2017 15, which is under the terms of the Creative 

Commons CC BY license.
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Figure 2. 
Summarized representation of an experimental protocol to generate prevascularized oral 

mucosa equivalents. Adapted and rearranged from 74, which is under the terms of the 

Creative Commons Attribution (CC BY-NC 4.0). ECs: endothelial cells; Fbs: fibroblasts; 

Kcs: keratinocytes.
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Figure 3. 
(a) Immunohistological images of the collagen membrane stained with the endothelial 

marker CD31 showing lumen of capillary-like structures, stained in brown, in the superficial 

layers of the seeded membrane. (b) Confocal laser scanning microscopy images of CD31 

green stained capillary structures. (c, d) Representative images showing the integration of 

the prevascularized mucosa equivalent removed from mice 10 days after transplantation: (c) 

CD31-stained blood vessels inside the mucosa equivalent at superficial areas of the collagen 

membrane (dashed line), (d) connection of blood vessels to the vessel system of the mouse 

by H&E staining of erythrocytes inside the blood vessels. Adapted from Heller et al., 2016 
73 with permission from Elsevier.
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Figure 4. 
H&E staining of non-vascularized (a) and prevascularized (b) cell sheets showing their 

morphology. (c) Immunofluorescence staining showing capillary structures stained in green 

by CD31. (d-g) Masson’s trichrome staining showing the effect of the cell sheets in wound 

healing 28 days after implantation in rats, representing: (d) wound control, (e) wound treated 

with non-vascularized sheets, (f) wound treated with prevascularized sheets, and (g) normal 

unwounded buccal mucosa. Bars indicate 50 μm. Adapted from Lee et al., 2017 15, which is 

under the terms of the Creative Commons CC BY license.

Masson-Meyers et al. Page 22

Connect Tissue Res. Author manuscript; available in PMC 2023 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Representative images of prevascularized cell sheets stained with H&E (a) showing cell 

sheet morphology, and immunostaining of microvessels in green by CD31 (b, c), with 

nuclei counter-stained with DAPI (blue). Bars indicate 100 μm. Healing progress of the burn 

wounds treated with control sheets (d-g), prevascularized cell sheets (h-k), and skin grafts 

(l-o), on days 0, 7, 21 and 28, respectively. Adapted from Lee et al., 2018 74, which is under 

the terms of the Creative Commons Attribution (CC BY-NC).
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Figure 6. 
Overview of potential applications of full-thickness oral mucosa equivalents
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