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Background and Objective: Recently, porcine acellular dermal matrix (PADM) has

been proposed as a possible alternative to autogenous grafts in periodontal plastic

surgery. The aim of the present study was to investigate the in vitro responses of four

different oral cell lines cultured on a novel PADM. Furthermore, tissue reaction to

PADMwas evaluated histologically after subcutaneous implantation in mice.

Material and Methods: Human gingival fibroblasts (HGF), human osteoblast-like

cells, human umbilical vein endothelial cells and human oral keratinocytes (HOK)

were cultured and transferred on to the PADM. A tissue culture polystyrene sur-

face served as the control. The viability of all tested cell lines on PADM was mea-

sured by using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide

colorimetric assay and PrestoBlue� reagent. The ToxiLight� assay was performed

to analyze the effect of PADM on adenylate kinase release. PADM was implanted

into nude mice subcutaneously and subjected to histological analysis after 21 d.

Results: Using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide color-

imetric assays, all tested cell lines cultured on PADM demonstrated a significant

increase of viability compared to the control group (each p < 0.001) with the excep-

tion of HGF and HOK after 3 d (each p > 0.05). According to the PrestoBlue�

analysis, all cell lines demonstrated a significant increase of viability compared to

the control group at the particular points of measurement after 18 h (HGF

p < 0.01; human osteoblast-like cells, human umbilical vein endothelial cells, HOK

each p < 0.001). No significant cytotoxic effects of PADM on the tested cell lines

could be observed, as assessed by changes in adenylate kinase release. Subcutane-

ous implantation of PADM into nude mice demonstrated good integration with

surrounding tissues and significant revascularization of its collagen structure.

Conclusion: Overall, the results suggest that PADM is a promising substitute for

autogenous soft tissue grafts in periodontal surgery.
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Gingival recession and subsequent

root surface exposure is a common

occurrence and often requires treat-

ment due to aesthetic concerns or

root sensitivity (1). In recent years, a

variety of surgical procedures have

been proposed to obtain root cover-

age and increase the width of attached

gingiva, including pedicle flaps such

as coronally or laterally advanced

flaps, free gingival grafts and subepi-

thelial connective tissue grafts (CTG)

(2). In terms of root coverage and

gain in keratinized tissue, the CTG is

the most predictable (3) procedure

and considered the gold standard for

root coverage care. However, major

shortcomings of harvesting CTGs are

patient morbidity associated with the

second surgical site, as well as the lim-

ited supply of donor tissue for the

treatment of multiple recession

defects. For these reasons, a substitute

for the autogenous donor tissue is

desirable.

As a consequence, an acellular der-

mal matrix (ADM) allograft has been

used as a CTG replacement in root

coverage procedures. The ADM allo-

graft is obtained from human cadav-

eric skin, which involves removal of

the epidermal layer along with all cel-

lular components without damaging

the connective tissue matrix. This pro-

cess leaves behind an extracellular col-

lagenous matrix that provides the

basis for cellular in-growth and subse-

quent tissue remodeling (4). A recent

systematic review and meta-analysis,

including eight clinical trials showed

no statistically significant differences

for any of the outcome measures

(recession coverage, keratinized tissue

formation, probing depths and clinical

attachment levels) when comparing

ADM versus CTG for root coverage

procedures (5). However, the authors

were unable to draw any definitive

conclusion due to inadequate avail-

able data and emphasized the need

for further research. Moreover, the

use of human-based tissue products

may be associated with ethical con-

cerns and potential risk of disease

transmission. Thus, most European

countries have heavy restrictions on

ADM allografts and its use has been

limited. As a response, acellularized

materials derived from xenogeneic

sources have been introduced (6,7).

Recently, a new porcine-derived

collagen matrix (mucoderm�, Botiss

Dental, Berlin, Germany) has been

approved as a soft tissue graft substi-

tute and possible alternative to CTG

and ADM in periodontal plastic sur-

gery. Advantages of using porcine

ADM (PADM) in place of cadaveric

dermal matrices are in terms of avoid-

ing the use of human donor tissue, its

greater availability, low cost and abil-

ity to be harvested in large quantities.

The PADM is processed to remove

antigenic cellular components without

causing any damage to the tissue

structure and, thus, preserving the

structural integrity of the entire extra-

cellular collagenous matrix. It has

been generally accepted that the intact

extracellular collagenous matrix may

act as a three-dimensional scaffold to

allow in-growth and repopulation of

fibroblasts, blood vessels and epithe-

lium from surrounding tissues. Thus,

with continuous production of new

connective tissue and degradation of

the original matrix, the material may

become gradually replaced or incorpo-

rated by host tissues. However, the

real value of this collagen matrix to

allow repopulation of autogenous cells

and its biological mechanism is still

unknown.

The aim of the present study was

to verify if PADM is a suitable three-

dimensional matrix through its in vitro

response to human gingival fibroblasts

(HGF), human osteoblast-like (HOB)

cells, human umbilical vein endothe-

lial cells (HUVEC) and human oral

keratinocytes (HOK). The potential

of PADM to support cell viability

in vitro was investigated. In addition,

in vivo tissue reactions of PADM were

tested histologically after subcutane-

ous implantation in mice.

Material and methods

Mucoderm� 3-dimensional collagen

matrix

Mucoderm� is a pure porcine collagen

tissue matrix without further artificial

cross-linking or chemical treatment.

The collagen matrix is derived from

porcine dermis. The processing

technique removes all antigenic com-

ponents from the dermis, while main-

taining the structure of the graft. The

decellularization and sterilization

process leaves behind a 3D matrix

consisting of collagen and elastin. This

3D collagen matrix should facilitate

cellular ingrowth from surrounding

tissues and subsequent incorporation

of the material into the newly formed

tissue.

Scanning electron microscopy and

interferometry 3-dimensional

analysis

The matrices were hydrated in phos-

phate-buffered saline, dehydrated in

ethanol, freeze-dried, cut and mounted

on specimen holders, sputtered with

gold in an argon atmosphere and visu-

ally examined using a Philips ESEM

XL-30 scanning electron microscope

(SEM; Philips, Eindhoven, Nether-

lands) at different magnifications. The

matrix surface and morphology were

examined with interferometry using a

3D digital microscope (VHX-2000,

Keyence Corporation, Osaka, Japan)

to characterize the roughness of the

surface at the micrometer level.

Sample preparation

Even before the start of the in vitro

and in vivo assays, discs of the muco-

derm� matrix were prepared accord-

ing to the manufacturer’s instructions.

The discs were created with a sterile,

cylindrical, sharp surgical punch and

the diameters of all samples (6 mm,

� 0.1 mm) were controlled with a

sterile sliding caliper. Following that,

the samples were hydrated in sterile

0.9% sodium chloride solution for

5 min. All procedures were performed

under sterile conditions.

Cell culture

HGF (Lonza, Basel, Switzerland),

HOB (PromoCell, Heidelberg,

Germany), HUVEC (Lonza) and

HOK (Provitro, Berlin, Germany)

were used for the experiments. The

cells were cultured in an incubator

with 5% CO2 and 95% air at 37°C.
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Cells were passaged at regular inter-

vals depending on their growth

characteristics using 0.25% trypsin

(Seromond Biochrom KG, Berlin,

Germany).

HGF were grown in Stroma Cell

Growth Medium (SCGM; Lonza)

with 1% penicillin–streptomycin–
neomycin antibiotic mixture, 10%

fetal calf serum (FCS) and 1 ng/mL

basic fibroblast growth factor.

HOB were grown in a solution com-

posed of Dulbecco’s modified Eagle’s

medium with 1% penicillin–streptomy-

cin–neomycin antibiotic mixture, 1%

L-glutamine and 10% FCS. Before the

experiments, the osteoblasts were

positively characterized by immunohis-

tochemical expression of alkaline

phosphatase and osteocalcin (labeled

streptavidin–biotin/horseradish peroxi-

dase).

HUVEC were cultured in an endo-

thelial basal medium supplemented

with 1 lg/mL hydrocortisone, 12 lg/
mL bovine brain extract, 50 lg/mL

gentamycin, 50 ng/mL amphotericin

B, 10 ng/mL epidermal growth factor

and 10% FCS.

HOK were cultured in keratinocyte

growth medium (Provitro, Berlin,

Germany). The medium contained

1 ng/mL fibroblast growth factor,

1 ng/mL epidermal growth factor,

Ca2+ < 0.1 mM, insulin, without

bovine pituitary extract and without

hydrocortisone.

Cell morphology

Cell morphology and distribution of

HGF on the mucoderm� matrix were

assayed by direct fluorescence at 24 h,

5 d and 14 d. To demonstrate the cell

morphology, adherence, proliferation

and interactions between the cells

and the mucoderm� matrix, cells

(30,000 cells/well) were cultured on the

mucoderm� samples in 24-well plates

and stained with cytogreen fluorescent

dye (Cyto-IDTM Green; Enzo Life Sci-

ences, Farmingdale, NY, USA) at dif-

ferent points of measurement. They

were viewed and photographed with

an inverted fluorescence microscope

(Axiovert 40C/Carl Zeiss, G€ottingen,

Germany) at magnifications of 9 25–
400.

3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyl tetrazolium bromide

colorimetric cell viability

To examine the cell viability of tested

cell lines, a 3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyl tetrazolium bromide

colorimetric assay (MTT) (Sigma,

Steinheim, Germany) was performed.

Tetrazolium bromide is reduced to

formazan by viable cells. Formazan

can be measured after cell lysis photo-

metrically at 550 nm.

For the MTT assay, blanked discs

of the membrane (diameter

6 � 0.1 mm) were transferred into 48

wells of 96-well plates. Remaining 48

wells were used as the tissue culture

polystyrene surface (TCPS) control

group. Subsequently, cells of the

respective cell line were transferred

into the 96 wells (each 10,000 cells/

well). Cell viability was measured at

three points of time after 3, 6 and 9 d

of cell growing with a Synergy HT

Multi-Mode Microplate Reader (cor-

responding setting: absorbance; Bio-

Tek Instruments, Winooski, VT,

USA). For each tested cell line and

for each of the three points of mea-

surement, respectively 48 wells with

mucoderm� matrices and 48 wells of

controls were prepared. After the trip-

licate performance of the MTT assay,

in total, for each tested cell line,

respectively 432 wells with muco-

derm� matrices and 432 controls were

used.

PrestoBlue� cell viability

PrestoBlue� assay (Invitrogen, Life

Technologies GmbH, Darmstadt,

Germany) was used to assess the

influence of the collagen membrane

on the viability of the tested cell lines.

This assay contains a fluorometric

growth indicator and is based on the

detection of metabolic mitochondrial

activity. PrestoBlue� Cell Viability

Reagent (Invitrogen) is a soluble,

nontoxic blue stain incorporated by

cells and reduced to a red fluorescing

stain (resorufin) in accordance with

their proliferative activity. This test

allows visualization of cell viability by

monitoring the catalytic effects of

NADPH/NADH-dependent dehydro-

genases within the cells, the concen-

trations of which are directly

proportional to cell proliferation. In

proliferating cells, the ratio between

NAD(P)H/NAD(P) is shifted in the

direction of NAD(P)H. Ninety-six-

well plates were prepared similar to

the MTT assay (each 10,000 cells/

well). At 12–84 h (12, 18, 32, 42, 58,

72 and 84 h) after applying 10% Pres-

toBlue�, the color change induced by

the reduction of resazurin to resorufin

was measured at a wavelength of 560/

20 and 620/40 nm with a Synergy

HT Multi-Mode Microplate Reader

(corresponding setting: fluorescence;

BioTek Instruments, Winooski, VT,

USA) and analyzed with Gen5

(BioTek Instruments, Bad Friedrich-

shall, Germany). Logarithmic signals

were converted to a linear scale and

expressed as relative fluorescence

units. For each tested cell line, respec-

tively 48 wells with mucoderm® matri-

ces and 48 wells of controls were

prepared. After the triplicate perfor-

mance of the PrestoBlue® assay, in

total, for each tested cell line, respec-

tively 144 wells with mucoderm®

matrices and 144 controls were used.

ToxiLight� cytotoxicity assay

The cytotoxic potential of the

employed collagen membrane was

investigated using the ToxiLight�

BioAssay Kit (Lonza Rockland, Inc.,

Rockland, ME, USA). The Toxi-

Light� BioAssay is a nondestructive,

bioluminescent cytotoxicity assay that

quantitatively measures the release of

adenylate kinase (AK) from dam-

aged cells. AK, a phosphotransferase

enzyme, plays an important role in

cellular energy homeostasis catalyzing

the interconversion of adenine nucleo-

tides. AK is present in all cells. A loss

of cell integrity due to cell damage

results in its release from the cell cyto-

plasm. In vitro, the measurement of

AK release within the cell medium

allows the accurate and sensitive

determination of cytotoxicity and

cytolysis. Ninety-six-well plates were

prepared similar to the MTT assay

(each 25,000 cells/well). After different

points of time (24, 48, 72, 96 and

120 h), the supernatant was mixed

Evaluation of porcine acellular dermal matrix 3



with ToxiLight� agent. After a short

incubation time, the emitted light

intensity was measured using a

Synergy HT Multi-Mode Microplate

Reader (corresponding setting: lumi-

nescence; BioTek Instruments, Winoo-

ski, VT, USA). Logarithmic signals

were converted to a linear scale and

expressed as relative luminescence

units. Cells on TCPS served as con-

trols. For each tested cell line, respec-

tively 48 wells with mucoderm�

matrices and 48 wells of controls were

prepared. After the triplicate perfor-

mance of the ToxiLight assay, in total,

for each tested cell line, respectively

144 wells with mucoderm� matrices

and 144 controls were used.

Mouse experimental design

All animal experiments were approved

by the local ethical committee. In

total, six female euthymic nude mice

(Crl:SKH1-hr; Charles River Labora-

tories Inc., Wilmington, MA, USA)

aged 6–8 wk and weighing each

between 26 and 28 g, were used.

The mice acclimated for 14 d before

treatment. They were housed in a 12 h

light–dark cycle at 22°C with water

and food ad libitum. For the muco-

derm� implantation the mice were

anesthetized using a narcotic mixture

of ketamin (ketamin-ratiopharm�;

ratiopharm GmbH, Ulm, Germany),

xylazin (Rompun�; Bayer Vital

GmbH, Leverkusen, Germany) and

sodium chloride solution (250 lL each

per animal) by intraperitoneal injec-

tion, using a 26-gauge needle. For

harvesting, the animals were killed

with an overdose of the narcotic mix-

ture. After the first 2 wk of acclimati-

zation, two mucoderm� matrices

(diameter 8.0 mm, � 0.1 mm) were

implanted subcutaneously right and

left alongside the dorsal midline of

each mouse. After 21 d in situ, the

mice were killed (Fig. 1).

Tissue sampling and histology

The mucoderm� matrices and the sur-

rounding tissues were dissected from

the back and placed in 10% formalin

at room temperature for 2 d. From

each specimen, respectively three

microslides from the center and the

border areas for each of the three

different stainings: hematoxylin and

eosin (H&E), CD31 and Ki-67 were

prepared. Slides for histology were

obtained and H&E stained. Microves-

sel densities and proliferation densities

were determined in anti-CD31- and

anti-Ki-67-stained frozen sections.

Immunohistochemical staining of

endothelial cells was performed using

a monoclonal antibody against CD31

(BD Biosciences Pharmingen, Heidel-

berg, Germany). Immunohistochemi-

cal staining of proliferating cells was

performed using a monoclonal anti-

body against Ki-67 (DakoCytomation

GmbH, Hamburg, Germany). Anti-

body binding was visualized via a

three-step staining procedure using a

biotinylated polyclonal antirat IgG

secondary antibody (DakoCytomation

GmbH) and the streptavidin horse-

radish peroxidase reaction together

with the DAB detection system. For

negative controls of the immunohisto-

chemistry, slides of the mucoderm�

matrices were stained with the

antibody dilution solution without a

primary antibody, which is normally

used to attenuate the primary anti-

body against CD31 and Ki-67

(Antibody Diluent; DakoCytomation

GmbH).

Using a Leica MS 5 tripod (Leica

Microsystems, Wetzlar, Germany)

equipped with a JVC KY-F75U C

mount digital camera (JVC, Yoko-

hama, Japan), all sections were

scanned on a light panel LP-200 cold

cathode light panel (Universal Elec-

tronics Industries, Hong Kong) and

stored and analyzed using the Diskus

morphometry software (Diskus 4.50;

Hilgers, K€onigswinter, Germany).

Data analysis

Comparisons were analyzed by

ANOVA (post-hoc test: Tukey) (SPSS

version 17.0). p < 0.05 was considered

to be statistically significant.

In each assay (MTT, PrestoBlue,

ToxiLight) and each cell line, all sub-

groups (control, mucoderm�) of each

point of measurement were com-

pared with each other point of mea-

surement (in totally: MTT assay six

subgroups; PrestoBlue assay 14

subgroups; ToxiLight assay 10 sub-

groups). Continuous variables were

expressed as mean values with stan-

dard deviations in the vertical bar

charts. Differences are given for com-

parison between the mucoderm� and

the control group for the particular

point of measurement.

Results

Scanning electron microscopy and

interferometric images

SEM examination of porcine collagen

matrix is presented in Fig. 2. The scaf-

fold presents a monolayered matrix

with uniform and well-regulated struc-

tures (Fig. 2A). The cross-section in

higher magnification revealed that this

matrix consisted of large parallel sheets

of lowly compressed collagen fibers

(Fig. 2B). This high-porosity spon-

gious layer of the matrix, created

to facilitate tissue and microvessel

A B 

Fig. 1. Two subcutaneously implanted mucoderm� matrices on the left and on the right

side under the dorsal skin of a nude mouse in situ (white arrows) (A) and a dissected mu-

coderm� matrix after explantation with the overlying skin (white asterisk) (B).
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ingrowth, has a surface and structure

that is highly porous and has diffusely

packed collagen fibers (Fig. 2C). In

addition, the surface layer of the

matrix in a low (Fig. 2D) and high

magnification (Fig. 2E) revealed the

morphology of the monolayered

matrix. It demonstrated low porosity

of the surface layer, which is suitable

for tissue and microvessel ingrowth

in a high density. The 3D microscopy

and 3D structural analysis of the sur-

face layer (Fig. 3) demonstrated

roughness parameters between 0.0 and

225.6 lm and clarified that this struc-

ture has been designed to facilitate a

high cell adherence, proliferation and

migration ability on the mucoderm�

matrix.

MTT and PrestoBlue� analysis

In the MTT assay a statistically sig-

nificant increase of cell viability could

be detected for all tested cell lines at

each point of measurement (each

p < 0.001) with exception of the par-

ticular points of measurement after

3 d for gingival fibroblasts and kerat-

inocytes (each p > 0.05; Fig. 4). For

endothelial cells, osteoblasts, fibro-

blasts and keratinocytes at each point

of measurement after 6–9 d a statisti-

cally significant increase of cell viabil-

ity could be detected (each p < 0.05).

In particular, the tested collagen

matrix seems to induce a strong

increase in cell viability after 9 d in

comparison to osteoblasts and endo-

thelial cells on gingival fibroblasts

and keratinocytes, which is important

for soft tissue building and regenera-

tion.

In the PrestoBlue� assay a statisti-

cally significant increase of cell viabil-

ity could be detected for all tested cell

lines at each point of measurement

(each p < 0.05) with the exception of

particular points of measurement after

12–18 h for all tested cell lines

(each p > 0.05; Fig. 5). For endothe-

lial cells, osteoblasts, fibroblasts and

keratinocytes at each point of mea-

surement from 32 to 84 h, a statisti-

cally significant increase of cell

viability could be detected (HGF

p < 0.01; HOB, HUVEC, HOK each

p < 0.001).

ToxiLight� analysis

Using the ToxiLight� assay, no statis-

tically significant increase of AK

release could be detected for all tested

cell lines at each point of measure-

ment from 24 to 120 h (each p > 0.05;

Fig. 6). For endothelial cells and

keratinocytes at the particular points

of measurement after 120 h, an

increase of AK release could be

detected for the mucoderm� matrix in

comparison to the TCPS that did not

become statistically significant (each

p > 0.05).

B 

A

C 

D E 

SML 

Fig. 2. Scanning electron microscopy of the mucoderm� matrix, showing a low magnifica-

tion (50-fold) cross-section with the surface layer marked with white arrows (A).

Additionally, the cross-section in higher magnification (100-fold) (B) demonstrating the

high-porosity spongious monolayer (SML) of the matrix (C). The surface layer of the

matrix in a high magnification (100-fold and 200-fold) is shown in (D) and (E).
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Cell morphology and distribution on

the porcine acellular dermal matrix

The morphologic appearance and

density of fibroblasts on the PADM

surface is indicative of good adher-

ence of HGF to the PADM surface.

After 24 h (Fig. 7A–C), the overview

(Fig. 7A) revealed a low cellular den-

sity on mucoderm� matrix at a

defined local area. The overview

(Fig. 7B and 7C) exhibited a normal

cell population with a subconfluent

cell layer and well-spread cells. Nor-

mal cellular morphologies consisting

of fully spread cells with development

of lamellipodias and filopodias could

be observed.

After 5 d (Fig. 7D–F) and 14 d

(Fig. 7G–I), multiple cell areas could

be detected as a clear indicator for

increased cellular homeostasis and a

high proliferation and migration abil-

ity. In addition, at higher magnifica-

tion (Fig. 7E,F and 7H,I) close cell

contacts could be demonstrated as an

indicator for high adherence on the

matrix.

Histological observation

The initial analysis of PADM explants

consisted of careful examination of

Fig. 3. Three-dimensional microscopy of the surface layer of a 1.302 9 1.737 mm large area (roughness parameters 0.0–225.6 lm).

Fig. 4. MTT assay. Cell viability test for human osteoblast-like (HOB) cells, human gingival fibroblasts (HGF), human umbilical vein endo-

thelial cells (HUVEC) and human oral keratinocytes (HOK) on the mucoderm� matrix. x-axis = point of measurement; y-axis = cell viabil-

ity measured in absorbance units (AU). Asterisks = statistically significant (p < 0.05); circles = statistically non-significant (p > 0.05).
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H&E-stained cross-sections. At 21 d

after implantation, H&E staining

(Fig. 8A–C) demonstrated in the low

magnification the mucoderm� matrix

(white asterisk) as well as the interface

between the host tissue, the spongy

monolayer and the subcutaneous tissue

(Fig. 8A). Figure 8B,C show the inter-

face between the matrix and the subcu-

taneous tissue with multiple cells

penetrating the monolayer (white

arrows) (Fig. 8C).

CD31 immunohistochemical stain-

ing (Fig. 8D–F) for microvessel detec-

tion demonstrated a high and sufficient

Fig. 5. PrestoBlue� assay. Cell viability test for human osteoblast-like (HOB) cells, human gingival fibroblasts (HGF), human umbilical

vein endothelial cells (HUVEC) and human oral keratinocytes (HOK) on the mucoderm� matrix. x-axis = point of measurement;

y-axis = cell viability measured in relative fluorescence units (RFU). Asterisks = statistically significant (p < 0.05); circles = statistically

non-significant (p > 0.05).

Fig. 6. ToxiLight� assay. Cytotoxicity test for human osteoblast-like (HOB) cells, human gingival fibroblasts (HGF), human umbilical

vein endothelial cells (HUVEC) and human oral keratinocytes (HOK) on the mucoderm� matrix. x-axis = point of measurement;

y-axis = cytotoxicity measured in relative luminescence units (RLU). Circles = statistically non-significant (p > 0.05).

Evaluation of porcine acellular dermal matrix 7



revascularization of the matrix with

multiple newly formed and insprouting

blood vessels (white arrows) (Fig. 8F).

Ki-67 immunohistochemical stain-

ing (Fig. 8G–I) for the detection of

proliferating cells revealed a high pro-

liferation rate in the mucoderm�

matrix (white asterisk) as an indicator

for the high mitosis rate and a high

proliferation and migration ability of

the cells in the matrix (white arrows)

(Fig. 8I).

Discussion

The present study was designed to

evaluate the biological properties of a

novel PADM by seeding this matrix

with HGF, HOB, HUVEC and

HOK. In addition, the in vivo tissue

reactions were tested histologically

after subcutaneous implantation in

mice. The results of our in vitro cell–
matrix interactions demonstrated that

the properties of this novel PADM

supported metabolic activity and pro-

liferation of HGF, osteoblasts, endo-

thelial cells and oral keratinocytes.

The MTT, PrestoBlue� and Toxi-

Light� assays demonstrated no inter-

ference of the novel PADM with cell

viability over time. It is well known

that cell adhesion and subsequent

proliferation and differentiation are

influenced by surface characteristics

of the 3D matrices. In the present

study, both surface and cross-

sectional SEM demonstrated high

porosity and high interconnectivity of

the matrix. Indeed, the investigation

of biodegradable synthetic collagen

matrices as a cell carrier demonstrated

lower cell migration on matrices with

a dense structure compared to a scaf-

fold with a loose fibrillar structure

(8). These findings are also congruent

with our previous observations, which

demonstrated a lower proliferation

rate of HGF in matrices with a dense

structure (9). However, although the

present study showed that cells

adhered and spread on the dermal

matrix surface, the internal distribu-

tion of these cells was not evaluated.

Therefore, it cannot be excluded that

cell proliferation and migration took

place mostly on its outer surface.
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Fig. 7. Visualization of stained (CytoGreen�) gingival fibroblasts (GF) seeded on mucoderm� matrix after 24 h (A, B, C), 5 d (D, E, F)

and 14 d (G, H, I). (A, D, G) Overview in a lower magnification (10-fold) at different points of visualization. Overview and more detailed

analysis of cellular phenotypes in a higher magnification (20-fold) (B, E, H) with increased apertures of interesting areas on the right

(C, F, I). Green fluorescence demonstrates the cell nuclei, cell membrane and parts of the cytoplasm. Intercellular adherences and cell

contacts are demonstrated with white arrows (C, F, I).
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Thus, Rodrigues et al. (10), evaluating

fibroblast seeding on an ADM sur-

face, observed good conditions for

cell adhesion and spreading on the

matrix, but reduced migration of cells

through the matrix.

The beneficial effect of fibroblast

seeding on ADM is also supported by

in vivo data. A preliminary study (11)

found that the addition of gingival

fibroblasts to the matrix enhanced

vascularization in vivo during the

early stages of healing. More recently,

Jhaveri et al. (12) demonstrated no

significant differences between ADM

seeded with autologous gingival fibro-

blasts and subepithelial connective

tissue autograft for the treatment of

Miller class I and II recession defects.

In this report, porcine 3D collagen

matrix was shown to support human

osteoblast growth. This observation is

supported by previous data demon-

strating that ADM has no negative

effects on the growth of osteoblast-

like cells (13). The surface characteris-

tic of a scaffold structure is well

known as a key factor to govern cell

response. Thus, it could be shown

that surface roughness influences

osteoblastic cells depending on their

maturation state (14).

The present findings suggest that the

PADM could be used to synthesize

a tissue-engineered bone tissue scaf-

fold. A previous study has already

reported success with a periosteum-like

material composed of ADM and

osteoblasts or mesenchymal stem cells

(15). Recently, Zhao et al. (16)

described the preparation of a bone tis-

sue scaffold consisting of porous

hydroxyapatite collagen and PADM

for the purpose of treating bone

defects.

As the PADM has no blood vessels

or cells, its incorporation into sur-

rounding tissues largely depends on

cell and blood vessel infiltration. The

formation of new capillaries requires

activation, migration and proliferation
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Fig. 8. Twenty-one days post-implantation histological images showing cross-sections of the mucoderm� matrix with H&E (A–C), CD31

(D–F) and Ki-67 (G–I) staining. Overview in a lower magnification (10-fold) (A, D, G) and Overview and more detailed analysis of cellu-

lar in a higher magnification (20-fold) (B, E, H) with increased apertures of interesting areas on the right (C, F, I). White asterisks demon-

strate the mucoderm� matrix. White arrows demonstrate immigrated cells in H&E staining (C), endothelial cells in CD31 staining and

proliferating cells in Ki-67 staining (I). H&E, hematoxylin and eosin; ST, subcutaneous tissue.
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of endothelial cells from preexisting

vessels in the process of angiogenesis

(17). In the present study, we investi-

gated the effects of PADM on pri-

mary endothelial cells. The HUVEC

culture is a well-established in vitro

cell model for molecular imaging of

angiogenesis (18). Our data demon-

strated that PADM is capable of sup-

porting growth of HUVECs. This

observation is in accordance with

Zhang et al. (19), who reported a sig-

nificantly increased proliferation of

HUVECs on PADM. Moreover, the

authors showed that HUVECs seeded

on PADM stimulated the formation

of capillary-like networks in vivo.

Our studies of human keratinocytes

in cell culture revealed that PADM

supported human keratinocyte prolif-

eration and cell survival. These find-

ings are consistent with several

reports in the literature. Using a cell

culture assay, Zajicek et al. (20) dem-

onstrated that acellular porcine der-

mis is an appropriate substrate for

keratinocyte attachment, growth and

differentiation. Izumi et al. (21),

preparing an oral mucosa equivalent

consisting of autogenous oral kerati-

nocytes and cadaveric human dermis,

observed that keratinocytes of the

equivalent appeared to be in a more

active and proliferative state than

native keratinized mucosa.

Previous studies evaluating dermal–
epidermal composites, used fibroblasts

as a feeder layer to enhance adherence

of keratinocytes to ADM and pro-

mote growth and proliferation on the

surface of ADM (22,23). Indeed,

fibroblasts can secrete various cyto-

kines, growth factors and extracellular

matrix components, which promote

proliferation of epithelial cells (24).

However, our results imply that the

PADM can promote proliferation of

keratinocytes without the need of a

fibroblast feeder layer. This may be

attributed, at least in part, to the bio-

logical structure of the matrix, which

is similar to the normal dermis and

thus favorable for differentiation of

keratinocytes.

The promising results obtained

in vitro are further in corroboration

with our in vivo findings. Thus, exami-

nation of tissue specimens after

healing in subcutaneous pockets dem-

onstrated active host cell proliferation

within the matrix and extensive

ingrowth of vessels after 21 d. Micro-

vessel ingrowth is absolutely essential

to ensure perfusion of an implanted

matrix, resulting in sufficient incorpo-

ration of the matrix, to prevent avas-

cular wound infections and to ensure

high-quality wound healing.

Moreover, the histological findings

showed that the matrix was well-tol-

erated without an immunological or

foreign body response. These findings

are supported by Eppley (25), who

demonstrated in an in vivo animal

model that revascularization of a single

layer acellular human dermis occurred

rapidly and was essentially complete

by 14 d after surgery. Similarly, Wong

et al. (4) evaluating in vivo the revascu-

larization of human ADM, observed

that after 14 d mature CD31+ micro-

vessels were present throughout the

matrix. However, the question whether

complete through-and-through revas-

cularization has been achieved in the

present study cannot be answered.

Moreover, one might speculate that

differences may exist in the tissue reac-

tion between porcine and human acell-

ularized dermis. The morphological

and functional similarities of porcine

and human skin have been reported to

be comparable (26). Hoyama et al.

(27), showed histologically that human

and porcine acellular dermal tissue are

both well-tolerated when implanted in

the subcutaneous tissue of rats. More-

over, an increased number of vessels

inside the implants and surrounding

tissues of the porcine graft could be

observed 6 mo postoperatively. In con-

trast, Richter et al. (28) demonstrated

in vivo a significantly greater soft tissue

ingrowth and microvascular density in

human-based dermis compared to por-

cine-based dermis. Using a subcutane-

ous murine model, Ghanaati et al. (29)

showed that the central parts of a bilay-

ered porcine matrix became vascular-

ized between days 30 and 60. The

authors concluded that the compact

layer of the matrix inhibited cell

infiltration for the first 30 d. These

findings further support our assump-

tion that the natural biological struc-

ture of the dermis plays an important

role in vascularization and tissue incor-

poration.

Finally, one must be cautious in

the interpretation of results obtained

by using in vitro and in vivo animal

experimental studies, as they cannot

recreate the complex biological system

that occurs in the human oral cavity.

In summary, the present results

provide evidence in vitro that PADM

can promote growth and proliferation

of HGF, osteoblasts, endothelial cells

and oral keratinocytes. These findings

also indicate that the PADM seeded

with the different oral cell lines may

serve as a potential system for tissue

engineering purposes. Furthermore, it

was shown in vivo that PADM is

capable of significant revasculariza-

tion of its collagen structure in the

early healing period. Overall, the

results suggest that PADM is a prom-

ising substitute for autogenous soft

tissue grafts in periodontal plastic sur-

gery. However, future studies are

needed to clarify if these findings can

be transferred to a clinical setting.
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