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Abstract

Tissue engineering is a method of growing importance regarding clinical application

in the genitourinary region. One of the key factors in successfully development of an

artificially tissue engineered mucosa equivalent (TEOM) is the optimal choice of the

scaffold. Collagen scaffolds are regarded as gold standard in dermal tissue recon-

struction. Four distinct collagen scaffolds were evaluated for the ability to support

the development of an organotypical tissue architecture. TEOMs were established by

seeding cocultures of primary oral epithelial cells and fibroblasts on four distinct col-

lagen membranes. Cell viability was assessed by MTT-assay. The 3D architecture and

functionality of the tissue engineered oral mucosa equivalents were evaluated by

confocal laser-scanning microscopy and immunostaining. Cell viability was reduced

on the TissuFoil E® membrane. A multi-stratified epithelial layer was established on

all four materials, however the TEOMs on the Bio-Gide® scaffold showed the best

fibroblast differentiation, secretion of tenascin and fibroblast migration into the

membrane. The TEOMs generated on Bio-Gide® scaffold exhibited the optimal cellu-

lar organization into a cellular 3D network. Thus, the Bio-Gide® scaffold is a suitable

matrix for engineering of mucosa substitutes in vitro.
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1 | INTRODUCTION

Tissue engineering is a relatively new emerging technology in the field

of regenerative medicine. It developed because of the growing needs of

plastic and reconstructive surgery to restore form and function in a sub-

set of patients with tissue damage due to preexisting or neoplastic dis-

ease, trauma or congenital anomalies on one hand, and from the need

to improve aesthetic appearance after surgeries on the other.1 Thus, it

is not surprising that skin was one of the first engineered tissues to be

used in the clinical setting.1 Humby first described the successful use of

buccal mucosa for reconstruction surgery in males with hypospadias in
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1941.2 In the following decades, several other targets of reconstructive

surgery in the maxillofacial region were described, for example, in cor-

recting defects in the conjunctiva, larynx, and trachea.3,4

Skin and mucosal defects involving the genitourinary region arise

from acquired or innate conditions. Congenital malformations such as

cloacal malformation and vaginal aplasia in females or hypospadias in

males, as well as acquired disorders such as cancer or trauma often

lead to extended damage and loss of skin tissue located in the genito-

urinary area.5-9 For these purposes, reconstructive surgery evolves to

a challenging procedure because of lack of available and appropriate

tissue.5-9 Recently, tissue engineered mucosa equivalents with autolo-

gous cells for reconstruction of genitourinary structures have been

reported and were used in a number of different applications.7,8,10-12

The main goal of both tissue engineering and reconstructive surgery

is to restore form and function in combination with minimal morbid-

ity.12,13 One crucial benefit of tissue engineering compared to

established reconstructive surgery procedures, such as skin grafts or

(myo-)cutaneous flaps, is minimizing the degree of surgical intervention.

The best results for obtaining optimal aesthetic and functional character-

istics were described after repairing the defects using a similar tissue.14

Buccal grafts have been successfully used for urethral12,15 and vagi-

nal reconstruction with autologous tissue,14 since both anatomical

regions are covered by a nonkeratinized epithelium of endoderm ori-

gin.16 Short-term and long-term donor site morbidity following large

buccal biopsies, such as oral pain and numbness, as well as possible

reduced mouth opening and altered salivation, restricted the amount of

harvested tissue12,17,18 and encouraged the concept of tissue

engineered products with in vitro expanded autologous cells derived

from small buccal biopsies.12,19 Considering the small amount of buccal

mucosa tissue needed to extract primary epithelial cells and fibroblasts,

and due to the possibility of growing and expanding these cells in vitro

to obtain an adequate number of cells for covering the required area of

a wound, tissue engineered buccal mucosa proved as a valuable con-

struct for reconstruction purposes in the genitourinary area.

Skin or mucosal generation using tissue-engineering methods

resembles skin regeneration during wound healing. In both cases, the

availability of vital and appropriate cell types, their potential to prolifer-

ate, migrate and to generate an adequate extracellular matrix in a highly

complex and orchestrated manner, as well as the need of an optimal

microenvironment, is crucial for the development of a 3D network of

cells reassembling the desired tissue.13,20 During natural wound healing,

a fibrin clot is initially formed and acts as a matrix directing the cellular

proliferation, migration, and reorganization of the tissue. In tissue engi-

neering, the choice of the scaffold is crucial for the success of the for-

mation of the desired 3D tissue construct.13,20 Optimal scaffolds

support cell adherence, proliferation, differentiation and migration, all-

owing the development of a 3D engineered tissue. Scaffolds are nor-

mally used in vitro as substitutes for the extracellular matrix molecules

required during the physiological wound healing process, helping to

form the structure of the engineered tissue. The scaffold must meet

certain prerequisites prior to clinical implementation, such as membrane

stability and maintenance of the optimal environment for tissue regen-

eration.13,21 Collagen-based biomaterials, such as Bio-Gide® (BG), Bio-

Gide-Pro® (BGP), TissueFoil E® (TF), or Surgisis® ES (SIS) are the gold

standard for wound healing purposes. They are biodegradable and bio-

compatible and, due to the highly conserved interspecies collagen struc-

ture, no immunological rejection is expected.13,21,22

The aim of the study was to determine the appropriate collagen

scaffold in terms of in vitro cellular growth, migration, differentiation,

and formation of a full-thickness tissue engineered oral mucosa equiv-

alent for reconstruction purposes in the genitourinary region.

2 | MATERIALS AND METHODS

2.1 | Cell isolation and culture of primary cells in
mono-layers

Samples of normal human oral mucosa were obtained from superflu-

ous buccal tissue, and were used to isolate primary epithelial cells and

fibroblasts. The Ethics Committee of Landesärztekammer Rheinland-

Pfalz (No. 837.439.05 (5097)) approved the study regarding tissue

engineered oral mucosa with autologous cells. This study included

only clinically healthy donors undergoing dental procedures after

informed consent.

For cultivation of primary epithelial cells, the mucosal biopsy was

incubated briefly in 70% ethanol for surface disinfection and then rinsed

with phosphate buffered saline. The epithelium was mechanically sepa-

rated from the lamina propria and digested with dispase II (240 U/100 ml;

Roche, Mannheim, Germany) for 30 min at 37�C. Afterward, the tissue

was cut into pieces of approx. 4 mm2 and placed into a T-25 flask

(Greiner, Frickenhausen, Germany). Primary epithelial cells grew out from

the adherent tissue pieces after being cultured in FAD-complete-medium:

DMEM (Sigma-Aldrich, Steinheim, Germany) supplemented with 30%

DMEM/Ham's-F12 (BiochromAG, Berlin, Germany), 10% fetal calf serum

(FCS) (PAA, Pasching, Austria), 90 U/ml penicillin G sodium, 90 U/ml

streptomycin sulfate, 0.225 μg/ml amphotericine B (Gibco, Life Technolo-

gies GmbH, Eggenstein, Germany), 22 μg/ml adenine, 7.4 ng/ml

choleratoxine, 9 ng/ml EGF, 36 ng/ml hydrocortisone, and 4.6 μg/ml

insuline (Sigma-Aldrich, Steinheim, Germany). Cells were incubated at

37�C with 5% CO2 and medium was changed every 2–3 days.

To cultivate primary oral fibroblasts, mucosal connective tissue was

cut into 1 mm2 cubes. The pieces were placed into T-75 flasks and cul-

tured with DMEM supplemented with 10% FCS, 90 U/ml penicillin G

sodium, 90 U/ml streptomycin sulfate, and 0.225 μg/ml amphotericin B

until cells grew out of the pieces. The subconfluent cells were detached

with 0.25% trypsin/0.02% EDTA-solution (Sigma-Aldrich, Steinheim,

Germany) and passaged. The primary epithelial cells and fibroblasts were

expanded for a minimum of 10 days before splitting and used approxi-

mately 20 days after isolation in the third or fourth passage.

2.2 | Membranes examined

Three commercially available (Bio-Gide®, TissuFoil E®, Surgisis® ES)

and one non-commercially available (Bio-Gide-Pro®) biodegradable
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membranes were tested for generation of a 3-dimensional mucosa tis-

sue (Table 1):

1. Bio-Gide® (Geistlich Biomaterials, Wolhusen, Switzerland): porcine

skin-derived bi-layered membrane of non-cross-linked types I and

III collagen.23

2. Bio-Gide-Pro® (Geistlich Biomaterials, Wolhusen, Switzerland):

porcine skin-derived bi-layered membrane of 1-ethyl-3-(3-

dimethylaminopropyl)-carbodiimide (EDC)/N-hydroxysuccinimide

(NHS)-cross-linked porcine types I and III collagen.23

3. TissuFoil E® (Baxter Immuno Inc., Heidelberg, Germany): non-

cross-linked equine type I collagen with a density of 4 mg

collagen/cm2, thickness 1 mm.24

4. Surgisis® ES (Cook Biotech Inc., West Lafayette, IN): porcine-

derived collagen-based small intestinal submucosa (non-cross-

linked collagen I, III, V) with extracellular matrix components

(glycosaminoglycans, proteoglycans, growth factors).25-27

2.3 | Seeding of fibroblasts on the membranes

The membranes were stamped with punches to obtain circular discs

measuring 6 mm in diameter. Before seeding, membranes were

rehydrated in sterile phosphate buffered saline, according to the man-

ufacturers' instructions (SIS and BGP overnight, BG and TF: 10 min at

20�C). Fibroblasts were trypsinized using 0.25% trypsin/0.02% EDTA,

and 2 × 105 cells/cm2 were seeded in a 24-well plate onto the mono-

layer matrices TF and SIS and on the cell-non-occlusive side of the bi-

layered membranes BG and BGP. The membranes with cells were

incubated for 4 hr at 37�C to allow for the attachment of the cells to

the respective membranes. Afterward, the membranes were trans-

ferred to a culture dish, and the seeded fibroblasts were cultivated in

DMEM supplemented with 10% FCS, 90 U/ml penicillin G sodium,

90 U/ml streptomycin sulfate and 0.225 μg/ml amphotericine B. The

medium in the dishes was replaced every 48 hr.

2.4 | Cell viability

The viability of the cells seeded on cell culture plastic as control group

was compared to cells seeded on the distinct membranes, and was

examined in 48-well plates using the MTT 3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyltetrazolium bromide) assay (Sigma-Aldrich Chemie

GmbH, Taufkirchen, Germany) after 3, 5, 14 days of cell culture.

Unseeded bio-membranes punches were used as negative controls.

After 3, 5, or 14 days, supernatant from each well was replaced with

an equal volume of MTT solution accordingly to the manufacturer's

instructions. After incubation for 2 hr at 37�C, the supernatant was

removed and discarded and the blue formazan reaction product

remaining in the wells was dissolved by adding equal volume of solu-

bilization solution. After 3 hr on a platform shaker at 500 rpm, 100 μl

supernatant was transferred to a 96-well plate, and the absorbance

was measured at 570 nm using an Anthos 2010 spectrophotometric

microplate reader (Anthos Labtec Instruments, Cambridge, GB). Cell

vitality was measured as extinction in an MTT assay and showed as

percentage of equal amount of cells growing on cell culture plastic as

control. The assays were performed in triplicate for each time point

and for each membrane.

2.5 | Measurement of diameter changes of the
various bio-membrane punches

To determine the influence of cells on the structures of the various

materials, fibroblasts were inoculated onto the membrane punches as

described above. On day 7, cocultures with primary human oral epi-

thelial cells (2 × 105 cells/cm2) were established in culture wells of

15 mm in diameter. During the cultivation period (days 0, 3, 7, 10, 14),

the diameters of the bio-membrane punches of the various mem-

branes were measured twice for each sample at an orthogonal angle

using a caliper gauge. The changes of the diameters were indicated as

percentage of the original diameter and calculated as the average of

three independent experiments.

TABLE 1 Characteristics of the collagen scaffolds used in this study23-27

Scaffold Bio-Gide® Bio-Gide-Pro® TissuFoil E® Surgisis® ES

Corporation Geistlich Biomaterials,

Wolhusen, Switzerland

Geistlich Biomaterials, Wolhusen,

Switzerland

Baxter Immuno Inc.,

Heidelberg, Germany

Cook Biotech Inc., West

Lafayette, IN

Origine Xenogenic (porcine skin) Xenogenic (porcine skin) Xenogenic (equine) Xenogenic (porcine small

intestinal mucosa)

Collagen

type

Non-cross-linked types I

and III collagen

1-Ethyl-3-(3-dimethylaminopropyl)-

carbodiimide (EDC)/N-

hydroxysuccinimide (NHS)-cross-
linked porcine types I and III

collagen

Highly purified non-cross-

linked type I collagen

Non-cross-linked collagen

I, III, V

Layering Bi-layered Bi-layered Mono-layered Mono-layered

Thicknessa 0.5 mm 0.5 mm 1 mm 0.05–0.22

Resorbability Yes Yes Yes Yes

aOwn measurements.
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2.6 | Culture of tissue engineered organotypic oral
mucosa

To generate tissue engineered oral mucosa equivalents (TEOMs),

fibroblasts were first inoculated onto membrane punches of the

distinct materials as described above. After 4 days of culture, pri-

mary oral epithelial cells were seeded at the same concentration

of cells onto the opposite side of the matrices in a volume of 1 ml

of FAD-complete medium. The cocultures of epithelial cells and

fibroblasts on the various membranes were cultured organo-

typically at the air-medium interface in a transwell system

(Netwell, Corning Inc., Schiphol-Rijk, Netherlands) in combination

with a deepwell plate (BD Falcon, Franklin Lakes, NJ). One millili-

ter of FAD-complete culture medium was placed under the

transwell insert and changed twice a week for a total cultivation

period of 20 days. Under liquid/air cultivation conditions the epi-

thelial cells differentiated, and nutrients were delivered by diffu-

sion from below.28

2.7 | Vital microscopy

After 20 days of coculture cultivation, the various membranes were

removed from the growing medium, washed with sterile PBS and

stained with 1 mg/ml calcein AM (Invitrogen, Eugene, OR) in PBS at

37�C at 5% CO2. After 10 min, free calcein AM was removed by

washing several times with PBS. Stained samples were assessed

with a confocal laser-scanning microscope (Leica-TC SP2, Zeiss,

Jena, Germany) at an excitation wavelength of 494 nm and an emis-

sion of 540 nm (green). The images were evaluated with the Leica

Confocal analyzing system, which enabled an overlapping view of

50 different images, correspondent to 160 μm membrane

thickness.

2.8 | Preparation and staining of histological
specimen

Tissue-engineered oral mucosa-punches were fixed in 4% phosphate-

buffered formaldehyde-solution for at least 1 day and embedded in

paraffin. For subsequent investigations, pretreatment of

deparaffinized and rehydrated 4 μm sections was performed in a

steamer for at least 1 hr.

Membranes with cells were histochemically analyzed by Masson

Goldner trichrome staining. This staining combines the precise

staining of hematoxylin and eosin stain with a reliable cytoplasmatic

staining and at the same time it provides a very selective stain for the

connective tissue.29 Nuclei were labeled subsequently with an iron

hematoxylin stain for histological examination. With this method, col-

lagen was stained green, cell nuclei were stained dark brown to black

and cytoplasm was stained red.

Immunohistochemical analyses of cytokeratin 13, tenascin, and

collagen IV were performed for visualization of the epithelial cells, the

fibroblasts (indirect evidence) and the basement membrane. Mem-

branes with cells were incubated with mouse-anti-human cytokeratin

13 antibody (1:100), mouse-anti-human tenascin antibody (1:2000),

and mouse-anti-human collagen IV antibody (1:250) (all Sigma-Aldrich,

Taufkirchen, Germany) at room temperature for 1 hr. The detection of

the primary antibodies was carried out using the LSAB+ System-HRP

Rabbit/Mouse/Goat (DAB+)-kit (Dako, Carpinteria, CA) following the

manufacturer's instructions. Mayer's hematoxylin solution was used

as a counterstain in immunohistochemical analysis.

2.9 | Scanning electron microscopy (SEM)

Samples for SEM were prepared using standard procedures. Mem-

branes were fixed using 2% glutaraldehyde and 2.5% paraformalde-

hyde in 0.1 M cacodylate buffer (EMD Biosciences) for 1 hr at room

temperature. Afterward, they were rinsed in cacodylate buffer and

dehydrated in an ethanol gradient. Further, samples were dehydrated

in hexamethyldisilazane for 10 min and dried overnight, then sputter

coated with gold and analyzed using a Tescan-Vega microscope with

an accelerating voltage of 30 kV.

2.10 | Statistical analysis

Data are presented as mean value ± SD. Comparison between groups

were conducted using 2-sided Student's t-test. The level of statistical

significance was set at p < .05.

3 | RESULTS

3.1 | Evaluation of the various scaffolds

3.1.1 | Structure of the distinct membranes

The macroarchitecture of the different scaffolds was observed using

SEM. Both sides of the native membranes were examined by SEM,

revealing morphological differences between the membranes and

between the respective upper and lower side of the membranes

(Figure 1). The TF membrane showed a smooth and compact upper

and lower side with no pores visible (Figure 1). The structure of the

other membranes exhibited a more heterogeneous texture regarding

the arrangement of the collagen fibers, as well as a higher porosity

(Figure 1).

3.1.2 | Shrinkage of bio-membranes during
cocultivation of primary human oral fibroblasts and
epithelial cells

During cocultivation of primary epithelial cells and fibroblasts on the

various membranes, the BG membrane showed a significant tendency
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toward an alteration in shape and shrinkage in the area containing

cells (Figure 2). This effect was time-dependent and was visible begin-

ning on day 3 after seeding the primary oral fibroblasts. The shrink-

ages was more attenuated during the coculture with primary oral

human epithelial cells, resulting in an almost 40% surface loss on day

14 (Figure 2). In contrast, the other three membranes (BGP, TF, SIS)

retained their shape and their surface area during cell culture

(Figure 2).

3.2 | Biocompatibility of the various matrices
in vitro

3.2.1 | Effect of the various scaffolds on cellular
metabolic activity

Cell viability, proliferation, and cytotoxicity are indicative of the cellu-

lar compatibility and appropriateness of the scaffolds used during the

F IGURE 1 Scanning electron
microscopy (SEM) photo of both sides
of the various biodegradable
membranes Bio-Gide® (BG); Bio-
Gide-Pro® (BGP); TissuFoil E® (TF);
and Surgisis® ES (SIS). On the left,
SEM photo showed the occlusive,
upper side of each of the four
membranes. On the right, SEM photo

showed the porous, lower side of
each of the four membranes,
respectively. Scale bars
represent 50 μm
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tissue engineering process. In order to evaluate the cell vitality and

proliferation, as well as for assessment of the cytocompatibility of the

scaffolds, we performed an MTT assay after seeding equal amounts of

primary fibroblasts on the various membranes. Compared to the con-

trol group (cells seeded on cell culture plastic), cells seeded on BG

showed a total vitality of 120% (Figure 3). At this density, the total

vitality of cells on BGP was 152% on day 3 after seeding. The cells

seeded on TF and SIS reached a vitality of 93% and respective 163%

on day 3 (Figure 3).

3.2.2 | Morphological characterization of the
cellular layers of TEOMs engineered on the various
membranes

The morphology of TEOMs was evaluated by vital staining of the cells

with calcein AM and recorded in a confocal laser-scanning microscope

(Figure 4). The epithelial cell layers on BG, BGP, and SIS showed a typ-

ical morphology, whereas the epithelial cell layer on TF showed a

non-homogeneous arrangement of cells building both clusters and

naked membrane areas, and the cells did not exhibit a typical mor-

phology (Figure 4).

Fibroblasts seeded on BG showed a typical morphology and

three-dimensional growth, whereas the cells seeded on BGP displayed

an elongated cell morphology. Fibroblasts seeded on TF and SIS did

not exhibit typical fibroblast morphology. Fibroblasts exhibited flat cell

shapes on the TF membrane and did not form a dense cellular

network, resulting in areas where the naked membrane was visible

(Figure 4).

3.2.3 | Histology of TEOMs

Cross sections of the TEOMs were stained by Masson-Goldner for

histological analysis. Each single TEOM displayed multi-layered epi-

thelial cells on the upper side of the respective membrane, detectable

by multi-layered dark-brown to black stained cellular nuclei (white

arrow). On the upper side of the membranes, the cells were arranged

in three to six layers (white arrow). On the lower side of the mem-

branes, mono-layered fibroblast cells were detected in each TEOM

(black arrow) (Figure 5a). Since the main component of the mem-

branes was collagen, all four biodegradable scaffolds were stained

green using the Masson-Goldner staining method. The staining of TF

demonstrated the compact structure of this membrane (Figure 5a),

whereas the Masson-Goldner staining of BG, BGP, and SIS revealed a

more porous structure (Figure 5a). The fibroblasts were able to pene-

trate the porous BG membrane, but did not penetrate the BGP, TF, or

SIS membranes (Figure 5a).

3.2.4 | Characterization of epithelial cells and
fibroblasts in TEOMs

The distribution of epithelial cells and fibroblasts, as well as the

organotypical structure of the distinct matrices, were assessed by

immunhistological stainings (Figure 5b–c).

F IGURE 2 Shrinkage of bilaterally seeded bio-membranes Bio-
Gide® (BG), Bio-Gide-Pro® (BGP), TissuFoil E® (TF), and Surgisis® ES
(SIS). Primary human fibroblasts were seeded with a concentration of
4.15 × 104 cells/cm2 on the distinct membranes (diameter 8 mm) and
cultivated in culture wells (diameter 15.7 mm). On day 7, cocultures
with primary human oral epithelial cells (concentration of
2 × 105 cells/cm2) were established in culture wells of 15 mm in
diameter. Shrinkage of the surface of the distinct membranes during
the coculture period was assessed on day 3, 7, 10, and 14. Data are
shown as diameter in percent of day 0 original size. Experiments were
conducted in triplicate. Shown are mean values and standard
deviation. *Indicates p < .05 (Student's t-test)

F IGURE 3 Metabolic activity of primary oral fibroblasts on
various bio-membranes: Bio-Gide® (BG), Bio-Gide-Pro® (BGP),
TissuFoil E® (TF), and Surgisis® ES (SIS). MTT assay was performed on
day 3 after seeding 2 × 105 fibroblasts/cm2 on each of the four
membranes and on polystyrene surface as control group. Cell vitality
was measured as extinction in an MTT assay and shown as
percentage of equal amount of cells growing on cell culture plastic as
control. Experiments were conducted in triplicate. Shown are mean
values and standard deviation. *Indicates p < .05 (Student's t-test)
referred to all other membranes
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Epithelial cells were visualized by immunohistochemical staining

of cytokeratin 13 and fibroblasts by staining of tenascin, an extracellu-

lar matrix glycoprotein secreted by fibroblasts. In all TEOMs, the cells

on the upper side of the coculture expressed cytokeratin 13 as marker

for epithelial cells (white arrow) (Figure 5b). No cytokeratin 13 expres-

sion was observed within the fibroblast cell layer on the lower side of

the various membranes (black arrow) (Figure 5b).

A strong tenascin expression was identified within the fibroblast

cell layer on the lower side of the membranes, but no tenascin was

expressed within the epithelial cell layer growing on the upper side

(Figure 5d). Except for the epithelial cell layer, the BG membrane was

strongly stained reddish-brown for tenascin. This finding showed the

growth of fibroblasts into and within the BG membrane, resulting in

the formation of a three-dimensional tissue-like structure (Figure 5d).

BGP showed a similar but attenuated effect (Figure 5d), whereas SIS

showed a weak staining and TF showed no tenascin staining

(Figure 5d).

3.2.5 | Collagen IV formation in TEOMs

In order to assess the organotypical development, cross sections of all

TEOMs were immunohistochemical stained for collagen type IV, a

basement membrane component. In all four types of cocultures, colla-

gen IV was detectable basal to the epithelial cell layer, all along the

interface between the epithelium and the various membranes

(Figure 5c). The basement membrane formed a very thin area between

the epithelial cell layer and the SIS membrane, but was thicker

between the epithelial layer and the BG and the BGP membranes and

strongly pronounced between the epithelial cell layer and the TF

membrane. Collagen was expressed within the fibroblast cell layers of

all membranes.

4 | DISCUSSION

The aim of this study was to determine the most suitable collagen

membrane in terms of structural stability and biocompatibility for the

development of an organotypic tissue engineered oral mucosa equiva-

lent. With respect to the known influence of 3D architecture of the

scaffolds on the development of engineered tissue, we selected a

range of collagen membranes with different collagen types and differ-

ent alignment of the collagen fibers. Biocompatibility is defined as the

ability to support cellular growth, differentiation, and secretion of

extracellular matrix molecules, both in vitro and in vivo.30 In this

study, the various scaffolds were evaluated for their biocompatibility

during in vitro conditions. Previous studies have shown that different

collagen membranes could influence cellular proliferation in a specific

way.31,32 Cells seeded on non-cross-linked collagen type I and III

membranes showed increased cellular proliferation, compared to pro-

liferation on other membranes.31,32 We observed no significant differ-

ence between buccal fibroblasts proliferation on the porous side of

the BG membrane, compared to fibroblasts grown on cell culture plas-

tic surfaces after 72 hr of culture. However, the source of primary

fibroblast may impact the growth pattern on the porous side of the

BG membrane, as human gingival fibroblasts showed a diminished

growth pattern in other studies.31,32 To our knowledge, this is the first

study to evaluate the growth pattern of fibroblasts on the BGP

F IGURE 4 Morphology of primary human oral fibroblasts and epithelial cells in tissue engineered oral mucosa equivalents (TEOMs) using four
biodegradable membranes: Bio-Gide® (BG), Bio-Gide-Pro® (BGP), TissuFoil E® (TF), and Surgisis® ES (SIS). Primary human oral fibroblasts were
added to the materials at a seeding density of 2 × 105 cells/cm2 and cultured for 4 days. Afterward, primary human oral epithelial cells (seeding
density 2 × 105 cells/cm2) were seeded on the materials as described in Materials and Methods. On day 20, vital staining with calcein AM was
carried out and membranes were examined using a confocal laserscanning microscope. Representative images of primary human oral epithelial
cells on the upper side and primary human oral fibroblasts on the lower side of all four membranes are shown. The upper line represented the
upper view and the bottom line the lower view of the seeded membranes. Shown are representative images. Scale bars represent 300 μm
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F IGURE 5 Characterization of
tissue engineered oral mucosa
equivalents (TEOMs).
Representative cross sections of
TEOMs after 20 days of culture on
the four various membranes: Bio-
Gide® (BG), BioGide-Pro® (BGP),
TissuFoil E® (TF), and Surgisis® ES
(SIS). Primary human oral

fibroblasts were inoculated with a
seeding density of
2 × 105 cells/cm2 for 4 days.
Afterward, a coculture with
primary human oral epithelial cells
(seeding density 2 × 105 cells/cm2)
was established on each of the
distinct membranes. On day
20, immunohistochemical analyses
were performed. Shown are
representative images. Scale bars
represent 50 μm. (a) Masson-
Goldner stained cross sections of
TEOMs. Collagen is stained green,
cell nuclei are stained dark brown
to black and cytoplasm is stained
red. White arrows: multi-layered
epithelial cells; black arrows:
mono-layered fibroblasts.
(b) Cytokeratin 13 expression as a
marker for stratified epithelium in
TEOMs. Cytokeratin 13 is stained
reddish-brown, nuclei are stained
blue. White arrows: cytokeratin
expression within multi-layered
epithelial cells; black arrows: no
cytokeratin staining within the
fibroblast cell layer. (c) Collagen IV
staining as marker for basal
membrane formation in TEOMs.
Collagen IV is stained reddish
brown. White arrows: collagen IV
connecting the multi-layered
epithelial cells and the distinct

membranes; black arrows: collagen
IV connecting the fibroblasts with
the distinctive membranes.
(d) Tenascin expression in TEOMs.
Tensacin is stained reddish brown.
White arrows: lack of tenascin
staining within the multi-layered
epithelial cells; black arrows:
intensive staining within the
fibroblast layer

SCHWAB ET AL. 579



membrane. The BGP scaffold, a bi-layered crosslinked porcine type I

and III collagen membrane, enhanced proliferation of buccal fibro-

blasts, but without statistical significance compared to the BG mem-

brane. In contrast, the non-cross-linked equine matrix TF exhibited a

significant reduction in proliferation, compared to the porcine-derived

collagen membranes BG, BGP, and SIS. Nevertheless, all four mem-

branes showed an adequate biocompatibility, since fibroblasts grew

an all four scaffolds.

One of the main problems of tissue engineering is finding an opti-

mal scaffolding material.13 Ideally, the selected membranes should

remain stable in form during the in vitro culture period and degener-

ate with time after implantation, but without inducing foreign body

reactions.13 In the present study, three membranes retained their orig-

inal surface structure during a culture period of 14 days, whereas the

BG membrane exhibited significant shrinkage within 3 days after

adding cells, and finally lost 40% of its original diameter by day 14.

The shrinkage effect should be considered during the in vitro genera-

tion of suitable TEOMs on the BG membrane. For clinical applications,

the shrinkage could be compensated by choosing a larger BG mem-

brane than the expected area at the transplantation site.

The membranes used in this study are of xenogeneic origin. Nev-

ertheless, they are suitable for application in humans, since collagen is

highly conserved across different species and, therefore, rejection is

not expected.22 Additionally, collagens are the most abundant pro-

teins in the human body and the dominant structural component of

connective tissue.21 Therefore, collagen membranes are regarded as

the gold standard for applications in wound healing despite the avail-

ability of alternative scaffolds such as acellular matrices or synthetic

biodegradable polymers.21 Hence, membranes composed of collagen I

and/or III could be an ideal scaffold for the generation of TEOMs,

since the cells seeded on the respective membranes are exposed to

components of the extracellular matrix similar to those in wounds.

These are essential requirements to encourage cell growth and migra-

tion.33 However, an optimal coverage of the membrane and an opti-

mal cellular architecture was only observed in TEOMs generated on

the BG membrane, but not in TEOMs generated on BGP, TF, or SIS,

although all membranes examined in this study were composed of

collagen I and III, with the exception of TF, which contained only colla-

gen I. In addition, the cellular network formed on the TF membrane, a

collagen I-based scaffold, was sparse in both epithelial cell and fibro-

blast growth. Apparently, the interaction of cells with the various

native scaffolds can influence cellular behavior and organization in

terms of cell–cell interaction, and lead to different patterns of cellular

growth. Furthermore, the epithelial cells seeded on the TF membrane

showed an atypical morphology, whereas epithelial cells seeded on

BG, BGP, and SIS uniformly covered the respective membranes and

displayed typical morphology. This may be linked to the constituents

of the respective membranes, as the TF membrane consists only of

collagen type I, which is a collagen type expressed in the mature

wound, whereas collagen type III, a component of the BG, BGP, and

SIS membranes, is expressed predominantly during the granulation

phase of the immature wound.34 Collagen III is known for mediating

differentiation of cells in wound healing.34 Thus, membranes

containing collagen type III might have a favorable effect on TEOMs

formation, as shown in this study.

In natural wound healing, as in the innate process of skin and

mucosal recovery and reconstruction, the wound clot containing colla-

gen and fibronectin acts as a matrix, which allows epithelial and fibro-

blast cells to migrate and close the wounds.20 In tissue engineering,

there is a need to replace the wound clot by another matrix or mem-

brane for enabling targeted and orchestrated cellular growth and

migration, which mimics the natural process of epithelial and mucosal

regeneration, as the successful development of an artificially gener-

ated tissue is highly dependent on the scaffold material.35 This was

the decisive criterion for the selection of collagen membranes for this

study. In the four unique membranes investigated in this study, the

tissue engineered mucosa was composed of several layers of epithelial

cells and fibroblasts. In addition, a matrix of structural proteins con-

taining collagen and tenascin were formed in all TEOMs. The epithelial

cells were able to spread, organize, and form a multi-stratified epithe-

lial layer on the upper side of the various membranes, as shown by

cytokeratin 13 immunostaining. This can only be achieved by seeding

primary epithelial cells, since polarization is usually not achieved by

using epithelial cell lines.36 Collagen IV, a component of the lamina

densa of basement membrane,7 was detected on the interface

between the multi-layered epithelial tissue on all various membranes.

Since only mature epithelia synthesize a basement membrane,36 it

appears that the epithelial layer of all TEOMs in the experimental

models presented here formed a mature tissue-like construct. The for-

mation of a functioning basement membrane is vital for the epithelial

layer and for the functionality of the engineered mucosal substitutes,

since the basement membrane acts as an anchor for the epithelial

layer to the extracellular matrix.7,36 Thus, the basement membrane

formation in the TEOMs is a sign of a stable epithelial coverage of the

distinct scaffolds, an important characteristic with respect to further

clinical applications.

For tissue engineering purposes, higher porosity is a prerequisite

in the tissue-engineered matrices as it fundamentally influences cellu-

lar activity, for example cell proliferation and migration, as well as

nutrient and oxygen transport.33,37,38 To assess the ability of mem-

branes to support TEOM formation with respect to their 3D architec-

ture, we selected scaffolds with different collagen types, with or

without collagen cross-linkage, with different alignment of the colla-

gen fibers, as well as with different membrane density. In this study,

no fibroblast migration into the TF membrane was observed after

20 days of fibroblast culture and 16 days of epithelial cell co-culture.

This may be due to the low amount of porosity of the TF membrane,

as the membrane is compact, displaying a parallel array of the collagen

fibers without spaces, making it difficult for the fibroblasts to migrate

into the scaffold, as scaffold architecture is well known to direct cell

behavior and fate.33 The architecture of the BG, BGP, and SIS mem-

branes, on the other hand, resembled a meshwork of interwoven col-

lagen proteins, as shown in SEM analyses. This microarchitecture

mimics the skin tissue architecture with its meshwork of interwoven

proteins resulting in typical mechanical properties, such as elasticity

and flexibility.33The open porous structure of BG, BGP, and SIS was
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expected to facilitate the cellular ingrowth and vascularization after

implantation. This effect might be more enhanced in membranes of

middle density such as the BG and the BGP membrane, where cord-

like structures were clearly visible in SEM analyses, however, less

were observed in the SIS membrane. Additionally, the higher level of

cross-linking of the BGP membrane might negatively impact the

migration of cells,39 as observed in this study. This is in line to other

findings, which outlined that the topographic pattern onto which cells

were seeded in vitro had an impact on cell behavior and

differentiation.33

Fibroblasts play a key role in dermal homeostasis and regenera-

tion of dermal tissue by providing a suitable support framework for

neo-angiogenesis and by facilitating epithelialization.21,40 Additionally,

fibroblasts are responsible for the generation and secretion of extra-

cellular matrix proteins, such as tenascin. Tenascin, a glycoprotein, is

an important regulatory factor in wound healing, and is involved in

distinct regulatory functions than typical extracellular matrix pro-

teins.41 Tenascin, which is secreted by specialized contractile wound

fibroblasts was detected in the granulation tissue immediately under-

lying recently migrated epidermis in wounds.41 In the present study,

tenascin was only detected within the scaffolds BG, BGP, and SIS

after 20 days of culture and the BG membrane displayed the most

abundant tenascin staining. We detected no staining for tenascin in

the TF scaffold, since fibroblasts did not migrate into this membrane.

However, in contrast to our findings, others have described fibroblast

migration into the TF membrane as soon as day 14 of fibroblast cul-

ture and day 7 of keratinocytes culture.42 Tenascin, a major compo-

nent of the granulation tissue, has been proposed to play a major role

in epidermal wound healing, providing an optimal substrate for the

movement of cells across the granulation tissue by coating the colla-

gen fibers, and by promoting the interaction of migrating cells or other

extracellular matrix components with collagen.41 These findings are in

line with our results, showing the maximal migration of fibroblasts

inside the BG membrane, the membrane exhibiting the largest amount

of tenascin formation. Invasion of fibroblasts from the surrounding tis-

sue into a wound requires an activation of the fibroblasts as a result

of changes in the extracellular matrix.43 Additionally, delayed migra-

tion velocity of fibroblasts might contribute to impaired wound

healing.21 In our experimental setting, it appears that optimal fibro-

blast migration and tenascin expression might influence each other

during TEOMs formation, a process similar to natural wound healing.

In addition, it appears that the unique structure of the BG membrane,

derived from non-cross-linked types I and III collagen, may boost the

expression and secretion of tenascin by fibroblasts. Additionally, ten-

ascin promote the migration of epithelial cells and thus efficient epi-

thelialization in adult wounds.44 The high expression of tenascin

formed by the TEOMs on the BG membrane might best mimic the

early stages of the physiological wound healing process and might

subsequently enhance the cellular migration after implantation in both

epithelial cells and fibroblasts. Moreover, the shrinkage of the BG

membrane, the scaffold which facilitated the most intense fibroblast

invasion, might be a result of fibroblast contraction.21,45 This effect

may lead to a more rapid wound closure and success of the implant

compared to TEOMs on membranes with lower or no fibroblast

migration and respectively, tenascin formation. In this context, the

expression of tenascin is an important indicator of appropriate fibro-

blast function and differentiation in the respective TEOMs.

Thus, we conclude that the BG membrane provided the best

microenvironment for cellular growth and development, resulting in

the formation of a multi-layered epithelial stratum. In addition, the BG

membrane facilitated the attachment, proliferation and migration into

the membrane and a cellular organization mimicking in vivo tissue.

The TEOMs engineered on the BGP and the SIS membranes displayed

suboptimal tissue-like structures. Although the BG and BGP mem-

branes contain the same collagen types, the cross-linkage of the colla-

gen in the BGP membrane may increase the matrix rigidity and may

impede optimal migration of the fibroblasts into the membrane. Since

the culture conditions were identical, we concluded that the BG scaf-

fold architecture, morphology and the ability to retain growth factors

and matrix proteins were both crucial and optimal for the develop-

ment of the 3D cellular network.

All four tested membranes retained a structural stability until for-

mation of TEOMs. No biodegradation was observed up to day 20, or

until full formation of the TEOMs in vitro. in vivo animal studies with

rats showed similar effects, since the BG membrane showed only a

60% loss in the amount of collagen at 4 weeks after implantation,46

while the SIS membrane was completely resorbed 12 weeks post

implantation.47 This is important with respect to further clinical appli-

cations, as the scaffolds help to maintain the integrity of tissue archi-

tecture during wound healing.33 In contrast, biodegradation was

observed after 21 days of cell culture with the TF scaffold.42 In addi-

tion, the TF membrane was described as very smooth and flexible,

with deformations of the surface in places with the greatest cell

growth.42 In our study, the scaffolds remained stable during the entire

in vitro culture time of 20 days. Thus, all four scaffolds assessed in this

study would meet the criteria for an optimal 3D membrane in a clinical

setting, as they would preserve the architecture of the tissue during

the regeneration process.33 In this study, cell viability as well as scaf-

fold structural stability were observed only during in vitro cultivation.

Further studies are needed for the assessment of the artificial graft

regarding in vivo biocompatibility and biodegradability, in vivo immu-

nogenicity and in vivo hemocompatibility, for example by implanting

the various tissue engineered grafts subcutaneously in animal models

prior to their clinical examination in humans.

Since the genitourinary area undergoes mechanical stress during

activities of daily living, ideally, a membrane suitable for engineering

TEOMs for tissue replacement in this area should maintain shape and

size and should be able to endure mechanical stress during the pro-

cess of tissue recovery at the implantation site. Additionally, using

biodegradable membranes for tissue engineering might facilitate fur-

ther clinical applications, as the membranes might help to anchor the

engineered tissue in the area of interest, for example by direct

stitching with the adjacent structures. After implanting engineered tis-

sues into wounds, these engineered grafts could act as the starting

point for new tissue regeneration by distributing cells into the

wound.33 Thus, the malleable handling of the BG membrane offer
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additional benefits in tissue engineering in areas with physical pres-

sure.31 Further, the BG membrane is commercially available and suit-

able for mass production and thus eligible to provide a point-of-care

product for all patients in need.

5 | CONCLUSION

Although the BG membrane showed some physical instability in terms

of shrinking during long-term cell culture, it exhibited the best results

with respect to TEOMs formation, as it displayed an optimal matrix

for cellular growth, proliferation, and stratification. Moreover, secre-

tion of essential extracellular matrix proteins by both epithelial and

fibroblast cells was shown. In addition, through its unique porous

structure of non-cross-linked types I and III collagen, the BG scaffold

provided the optimal mechanical and molecular signaling, promoted

fibroblast migration into the membrane and the formation of a

3-dimensional tissue engineered oral mucosal equivalent. Therefore,

the TEOMs cultured on the collagen-based BG membrane using the

in vitro cell culture system described showed the best potential for

further clinical interventions. Nevertheless, further studies are needed

to compare the BG membrane and other scaffolds, like acellular der-

mal matrices (ADM), hydrogels, or combinations.

6 | FUTURE PERSPECTIVES

Developing reproducible and cost-effective 3D engineered mucosa

tissues can provide long-term benefits in patients with tissue

defects in various body areas like the genitourinary region or the

oral and maxillofacial area. Subsequently, this method could act as a

precursor technique for the development of tissue engineered skin.

This new clinical technology may facilitate treatment in patients

with challenging conditions, such as chronic wounds resulting from

peripheral vascular disease or diabetes. In addition, tissue

engineered skin or mucosa equivalents could be used in patients

with wound-healing problems such as preexisting skin conditions

arising from irradiated skin, in patients with lichen sclerosus or with

recurrent surgeries.

Further studies are needed to promote the development of

engineered tissue with autologous cells as well as the establish-

ment of culture conditions following all safety requirements prior

to clinical applications. Although tissue engineering is a time con-

suming and costly process, it may be appropriate for a selected col-

lective of patients. To date, it is technically difficult to engineer

custom size-fitting products for larger wounds or areas, but even

small surface areas of engineered tissue could lead to an acceler-

ated replenishment of lost tissue, resulting in improved and faster

tissue regeneration after the initial injury and leading to a signifi-

cant improvement in patient care and well-being. Thus, tissue engi-

neering, as an approach for personalized medicine, may increase

patient satisfaction, quality of life, and decrease the need for cor-

rective surgery.
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