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Abstract Porcine-derived collagen matrix (PDCM) has

been reported as a promising alternative to autogenous soft

tissue grafts in periodontal plastic surgery. The aim of this

study was to analyze the influence of a novel PDCM on

endothelial progenitor cells (EPC) in vitro. EPC were

isolated from human peripheral blood, cultured and trans-

ferred on the PDCM (mucoderm�). Tissue culture poly-

styrene surface (TCPS) served as control. Cell viability of

EPC on PDCM was measured by a MTT and PrestoBlue�

assay. Migration ability was tested using a Boyden

migration assay. A ToxiLight� assay was performed to

analyze the influence of PDCM on adenylate kinase (ADK)

release and apoptosis rate of EPC. Using the MTT assay,

EPC cultured on PDCM demonstrated a significantly

increased cell viability compared to the control group at

days 3, 6 and 12 (p each\0.001). According to the Pres-

toBlue� assay, EPC showed a significant increase of cell

viability compared to the control group at 48, 72, and 96 h

(p each \0.001). In the Boyden migration assay, a

significantly increased EPC migration ability could be

observed after 3–12 days (p each B0.001). No significantly

increased apoptosis rate of EPC on PDCM could be

observed with exception after 96 h (p each[0.05). Overall,

our results suggest a good biocompatibility of PDCM

without any cytotoxic effects on EPC, which might support

a rapid revascularization and therefore a sufficient

ingrowth of the PDCM.
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Introduction

Several periodontal surgical procedures have been pro-

posed for root coverage to reduce root sensitivity and to

improve esthetics [1]. Within the wide range of therapeutic

options, bilaminar techniques with the interposition of a

connective tissue graft (CTG) are highly predictable root

coverage procedures and can be considered the gold stan-

dard for treating periodontal recessions [2, 3]. Limitations

of using CTGs are the painful procedure and patient mor-

bidity in conjunction with the second surgical site as well

as the limited availability of soft tissue from the hard palate

in the oral cavity.

Therefore, the use of an acellular dermal matrix (ADM)

allograft from human cadaveric skin as a CTG replacement

is a promising approach to overcome all the mentioned

problems. A recent meta-analysis on comparison of ADM

to common mucogingival procedures demonstrated no

statistically significant differences for any of the outcome

measures (recession coverage, keratinized tissue formation,

probing depths, and clinical attachment levels) when com-

paring ADM versus CTG for root coverage procedures [4].
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However, ADM also exhibits certain disadvantages and

limitations. Thus, the use of human-based tissue products

may be associated with ethical concerns and potential risk

of disease transmission. Indeed, 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 [5–7].

Porcine-derived collagen matrices (PDCM) have been

approved as soft tissue grafts and represent a possible

alternative to autogenous connective tissue and human

acellular dermal matrices in periodontal plastic surgery.

The decisive advantages of PDCM are the avoidance of

using human donor tissues, their unlimited availability, and

low costs [7]. A new PDCM (mucoderm�, Botiss dental,

Berlin, Germany) has been developed and recently char-

acterized in vitro and in vivo. This PDCM demonstrated a

sufficient growth and proliferation of different cell lines,

e.g., fibroblasts and keratinocytes, and the ability to pro-

mote a rapid ingrowth and repopulation of fibroblasts and

epithelium from surrounding tissues without any immu-

nological reactions [7]. In addition, other authors evaluated

the histometrical outcomes of connective tissue grafts

(CTG) vs. porcine dermal matrices (PDX) reporting that

PDX can be safely used for grafting dehiscence-type

defects in periodontal plastic surgery [8].

Next to the ingrowth of soft tissue cells and epithelium

from surrounding tissues, microvessel ingrowth, called

angiogenesis, is absolutely essential to ensure the perfusion

of an implanted matrix. This results in a sufficient incor-

poration of the matrix, prevents for avascular wound

infections and avouchs a high-quality wound healing [9].

Endothelial progenitor cells (EPC) have been firstly

described by Asahara et al. [10] and play an essential role in

blood vessel development and revascularization. These EPC

have the potential to leave the bone-marrow niches and to

introduce the development of completely new blood vessels,

called neovascularization. Furthermore, they can transform

to mature endothelial cells between the wound healing

processes and induce the development of new blood vessels

from pre-existing blood vessels, called angiogenesis [11].

The aim of the present study was to analyze the influ-

ence of a novel PDCM on endothelial progenitor cells

(EPC) in vitro, which may play an active and fundamental

role in the cellular process of vessel development and

revascularization of PDCM.

Materials and methods

Collagen matrix

Mucoderm� is a three-dimensional (3D), pure porcine

collagen matrix without further artificial cross-linking or

additional chemical treatment. The processing technique

removes all antigenic components from the dermis, while

maintaining the structure of the graft. The decellularization

and sterilization process leaves behind a 3D matrix con-

sisting of collagen and elastin as previously reported [7].

Before the start of the in vitro assays, discs of the muco-

derm� matrix were prepared according to the manufac-

turer’s instructions. The discs were created with a sterile,

cylindrical and sharp surgical punch (6.4 ± 0.1 mm for the

MTT, PrestoBlue� and ToxiLight� assays; 15.5 ± 0.1 mm

for the Boyden migration assay) and the diameters of all

samples were controlled with a sterile sliding caliper.

Subsequently, samples were hydrated in sterile 0.9 %

sodium chloride solution for 5 min. All procedures were

performed under sterile conditions as previously described

[7].

EPC culture

Mononuclear cells (MNCs) were isolated by density gra-

dient centrifugation with Biocoll (Biochrom KG, Berlin,

Germany) from human peripheral blood as previously

described by Ziebart et al. [11]. Immediately following

isolation, total MNCs (8 9 106 cells/ml medium) were

plated on 25-cm2 culture flasks coated with human fibro-

nectin (Sigma, Steinheim, Germany) and maintained in

EBM (endothelium basal medium; Lonza, Basel, Switzer-

land) supplemented with EGM (endothelium growth

medium; Lonza, Basel, Switzerland) SingleQuots, 100 ng/

ml VEGF (vascular endothelium growth factor; Sigma,

Steinheim, Germany), and 20 % FCS (fetal calf serum;

Lonza, Basel, Switzerland). Endothelial progenitor cells

(EPC) were cultured in a cell culture incubator at 37 �C
and 5 % CO2 with sporadic agitation [11].

MTT assay

To examine the cell viability of EPC, a 3-(4,5- dimethyl-

thiazol-2-yl)-2,5-diphenyl tetrazolium bromide colorimet-

ric assay (MTT; Sigma, Steinheim, Germany) was

performed as previously described [7]. Tetrazolium bro-

mide is reduced to formazan by viable cells. Formazan can

be measured photometrically at 550 nm.

For the MTT assay, blanked discs of the matrix (diam-

eter 6.4 ± 0.1 mm) were transferred into 48 wells of

96-well plates. Remaining 48 wells were used as TCPS

(tissue culture polystyrene surface) control group. Subse-

quently, EPC were transferred into the 96-well plates (each

12,500 cells/well). Cell viability was measured at four

points of time after 3, 6, 9 and 12 days of cell growing with

a Synergy HT Multi-Mode Microplate Reader (corre-

sponding setting: absorbance; BioTek Instruments, Wi-

nooski, VT, USA).
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PrestoBlue� assay

PrestoBlue� assay (Invitrogen, Life Technologies GmbH,

Darmstadt, Germany) was used to assess the influence of

the PDCM on cell viability and proliferation ability of EPC

as previously described [7]. This assay contains a fluoro-

metric growth indicator and is based on the detection of

metabolic mitochondrial activity. PrestoBlue� Cell Via-

bility Reagent (Invitrogen) is a soluble, nontoxic blue stain

that is incorporated by cells and reduced to a red fluo-

rescing stain (resorufin) in accordance with their prolifer-

ative activity. 96-well plates were prepared similar to the

MTT assay (each 12,500 cells/well). At 24–120 h (h; 24,

48, 72, 96, 120 h) after applying 10 % PrestoBlue�, 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 Friedrichshall, Germany).

Boyden migration assay

For the migration assay, a 24-well Boyden chamber assay

system (Thin-CertTM; Greiner BioOne, Essen, Germany)

was used as previously described [11]. Blanked squares of

the membrane (diameter 15.5 ± 0.1 mm) were transferred

into four 24-well plates. In addition, four 24-well plates

were used as TCPS control group. Subsequently, EPC were

transferred into the 24-well plates (each 100,000 cells/

well). Migration ability was measured at four points of

time after 3, 6, 9 and 12 days of cell growing. At each time

point, the cells of a 24-well plate with PDCM discs and a

24-well plate of a TCPS control were trypsinized with

500 ll Trypsin–EDTA (Invitrogen, Life Technologies

GmbH, Darmstadt, Germany) per well, counted and then

transferred into the migration chambers (each 12,500 cells/

chamber). After 24 h, cells were stained with Calcein-AM

fluorescent dye (Invitrogen). Thereafter, the inserts were

transferred to the wells of freshly prepared black 24-well

plates containing 500 ll Trypsin–EDTA per well. These

plates were incubated for 10 min in a cell culture incubator

at 37 �C and 5 % CO2. The inserts were discarded, and

250 ll of each well of the Trypsin–EDTA solution, con-

taining the detached migratory cells, was transferred to

wells of flat-bottom black 24-well plates with transparent

bottom. A Synergy HT Multi-Mode Microplate Reader

(corresponding setting: fluorescence; BioTek Instruments,

Winooski, VT, USA) was used for quantification.

ToxiLight� assay

The cytotoxic potential of the employed PDCM on EPC

was investigated using the ToxiLight� BioAssay Kit

(Lonza Rockland, Inc., Rockland, ME, USA) as previously

described [7]. The ToxiLight� BioAssay is a nondestruc-

tive, bioluminescent cytotoxicity assay that quantitatively

measures the release of adenylate kinase (AK) from dam-

aged cells. 96-well plates were prepared similar to the

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

of time ranging from 24 to 120 h (24, 48, 72, 96, 120 h),

the supernatant was mixed with ToxiLight� agent. After a

short incubation time, the emitted light intensity was

measured using a Synergy HT Multi-Mode Microplate

Reader (corresponding setting: luminescence; BioTek

Instruments, Winooski, VT, USA).

Statistical analysis

Comparisons were analyzed by ANOVA (post hoc test:

Tukey; SPSS version 17.0). p values\0.05 were consid-

ered to be statistically significant. All assays were per-

formed in triplicate. Continuous variables were expressed

as mean values with standard deviations in the vertical bar

charts. Asterisks over horizontal beams demonstrate a

statistically significant difference between the EPC control

and the EPC mucoderm� group for the particular point of

measurement (p\ 0.05).

Results

MTT assay

Concerning the EPC viability, EPC on the mucoderm�

matrix demonstrated a significantly increased cell viability

after 3, 6 and 12 days compared to the EPC control group

on TCPS (p each\0.001).

After 3 and 6 days, EPC on the mucoderm� matrix

showed a significantly increased cell viability of ?31.19 %

(after 3 days) and ?37.67 % (after 6 days) compared to the

EPC control group on TCPS (p each\0.001).

After 9 days, a significantly decreased EPC viability on

the mucoderm� matrix of -3.89 % compared to the EPC

control group on TCPS (p = 0.046) could be detected and

in the broader experimental course after 12 days, EPC on

the mucoderm� matrix demonstrated a significantly

increased cell viability of ?16.19 % compared to the EPC

control group on TCPS again (p\ 0.001; Fig. 1).
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PrestoBlue� assay

Concerning the EPC viability within the first 5 days, EPC

on the mucoderm� matrix demonstrated a significantly

increased cell viability after 48, 72 and 96 h compared to

the EPC control group on TCPS (p each\ 0.001).

After 24 h, EPC on the mucoderm� matrix showed a

significantly decreased cell viability of -9.6 % compared

to the EPC control group on TCPS (p = 0.127). After 48,

72 and 96 h, a significantly increased EPC viability on the

mucoderm� matrix of ?43.95 % (after 48 h), ?56.14 %

(after 72 h) and ?20.43 % (after 96 h) could be detected

compared to the EPC control group on TCPS (p\ 0.001).

Finally after 120 h, EPC on the mucoderm� matrix dem-

onstrated a significantly decreased cell viability of -

3.06 % compared to the EPC control group on TCPS

(p = 0.07; Fig. 2).

Boyden migration assay

Concerning the EPC migration ability, EPC on the muco-

derm� matrix demonstrated a significantly increased

migration ability after 3, 6, 9 and 12 days compared to the

EPC control group on TCPS (p each B0.001).

After 3 days, EPC on the mucoderm� matrix showed a

significantly increased migration ability of ?45.25 %

compared to the EPC control group on TCPS (p\ 0.001).

After 6 days, a significantly increased EPCmigration ability

on the mucoderm� matrix of ?67.55 % could be detected

compared to the EPC control group on TCPS (p\ 0.001).

After 9 days, EPC on themucoderm�matrix demonstrated a

significantly increased migration ability of ?34.3 % com-

pared to the EPC control group on TCPS (p\ 0.001). After

12 days, EPC on the mucoderm� matrix showed a signifi-

cantly increased migration ability of?18.09 % compared to

the EPC control group on TCPS (p = 0.001; Fig. 3).

ToxiLight� assay

Concerning the EPC ADK release and apoptosis rate, EPC

on the mucoderm� matrix demonstrated no significantly

increased ADK release and apoptosis rate at all points of

measurement after 24, 48, 72 and 120 h compared to the

EPC control group on TCPS (p each[0.05).

After 24 h, EPC on the mucoderm� matrix showed no

significantly increased ADK release and apoptosis rate of

?2.68 % compared to the EPC control group on TCPS

(p = 0.182). After 48 h, EPC on the mucoderm� matrix

demonstrated no significantly decreased ADK release and

apoptosis rate of -8.09 % compared to the EPC control

group on TCPS (p = 0.08). After 72 and 96 h, an increased

EPC ADK release and apoptosis rate on the mucoderm�

matrix of ?6.09 % (after 72 h) and ?7.46 % (after 96 h)

could be detected compared to the EPC control group on

TCPS, which became significant after 96 h (p = 0.001).

After 120 h, EPC on the mucoderm� matrix demonstrated

a significantly decreased ADK release and apoptosis rate of

-13.41 % compared to the EPC control group on TCPS

(p\ 0.001; Fig. 4).

Discussion

The results of the present study demonstrated a good

in vitro biocompatibility for PDCM with regard to EPC.

This is reflecting a high EPC viability and migration ability

Fig. 1 MTT assay. Cell

viability test for endothelial

progenitor cells (EPC) on the

mucoderm� matrix. X axis point

of measurement; Y axis cell

viability measured in AU

Absorbance Units. Asterisks

statistically significant

(p\ 0.05)
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without any cytotoxic or apoptotic effects on the investi-

gated progenitor cell lineage. It might support a rapid and

sufficient PDCM revascularization and therefore a high-

quality ingrowth of the PDCM.

The proven success of PDCM for soft tissue grafting

strongly depends on the ingrowth of new endothelial cells,

resulting in new blood vessel development and revascu-

larization. Unfortunately, one major limitation of PDCM is

the fact that these scaffolds are completely acellular and

avascular in their natural and unmodified condition.

Therefore, in contrast to regular wound healing in cellular

and vascularized tissues, PDCM cannot stimulate blood

vessel ingrowth and revascularization by exsolution of

stimulating, proangiogenic cytokines and growth factors,

e.g., VEGF (vascular endothelial growth factor), bFGF

(beta fibroblast growth factor) or PDGF (platelet-derived

growth factor) [12–14]. Consequently, the revasculariza-

tion of PDCM cannot be stimulated directly by the scaf-

fold. Thus, it is absolutely essential that PDCM offers ideal

conditions from the very first for migrating cells to be re-

vascularized. Since the influence of PDCM on mature

endothelial cells (HUVEC) has been analyzed previously,

this study focused on endothelial progenitor cells (EPC) as

the progenitor lineage of the endothelial cell line [7].

In this context, e.g., after surgical procedures, endothe-

lial progenitor cells (EPC) can migrate from the bone-

marrow niches into the vascular system, where they cir-

culate and partly differentiate into mature endothelial cells

Fig. 2 PrestoBlue� assay. Cell

viability and proliferation test

for endothelial progenitor cells

(EPC) on the mucoderm�

matrix. X axis point of

measurement; Y axis cell

viability measured in RFU

Relative fluorescence units.

Asterisks statistically significant

(p\ 0.05)

Fig. 3 Boyden migration assay.

Migration test for endothelial

progenitor cells (EPC) on the

mucoderm� matrix. X axis point

of measurement; Y axis EPC

migration ability (control

groups set up to 100 %).

Asterisks statistically significant

(p\ 0.05)
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[15]. Through the vascular system, EPC can reach wound

areas or primary avascular, ischemic areas, e.g. freshly

placed PDCM, with a strong need for revascularization.

This tissue ischemia is presumed to be the strongest stim-

ulus for EPC mobilization from the bone-marrow niches to

the circulation [16, 17]. After arriving in the wounded or

ischemic area, EPC leave the vascular system and migrate

into the wound area, where they can stimulate the growing

of new blood vessels in different ways: First, they stimulate

the sprouting angiogenesis as well as the intussusceptive

angiogenesis from pre-existing vessels by strong autocrine

and paracrine effects by production of several proangio-

genic cytokines and growth factors such as VEGF [10].

Second, they migrate into the wound area as well as into,

e.g., PDCM, where they can differentiate into mature

endothelial cells and be incorporated into newly formed

vessels from pre-existing vessels, called angiogenesis, or

promoting a de novo creation of primordial vessels, called

neovasculogenesis [10, 18–20].

Wound healing can be divided into three phases: with a

special view on the revascularization process, in the

inflammation phase, 1 h after wounding (a.w.) as far as 14

days a.w., PDGF as proangiogenic cytokine is released into

the wound. The following proliferation phase, 1 day a.w. as

far as 14 days a.w., is among others characterized by

endothelial cell migration as well as angiogenesis and

revascularization, starting about 3 days a.w. and continuing

up to 3 weeks a.w. In the remodeling phase, dispensable

cells are removed by apoptosis and the collagen structures

are remodeled [21–23].

Our results demonstrated an increased cell viability of

EPC on PDCM using the PrestoBlue� assay after 2–4 days

and using the MTT assay after 3 days and especially after

6 days. In addition, a significant increase in EPC migration

ability could be detected after 3 days and exceptionally

after 6 days. This increased cell viability and migration

ability of EPC, especially during the time period of the

inflammation phase and the early proliferation phase, might

support a rapid and early revascularization of the scaffold.

It might be possible that the stimulating influence of

PDCM on EPC viability during the inflammatory phase

may stimulate the described and VEGF attributed autocrine

and paracrine effects of EPC. Based on this strong auto-

crine VEGF stimulation, the EPC migration ability may be

increased, which is absolutely essential during the prolif-

eration phase to migrate into the wound area. Mucoderm�

matrix is completely acellular and sensitive during the

early healing phase. Therefore, a bilaminar vascular envi-

ronment should be created to nourish the mucoderm�

matrix in root coverage surgical procedures. This might

optimize the revascularization and wound healing process

of the scaffold.

To the best of our knowledge, there is no other in vitro

or in vivo study dealing with results concerning the influ-

ence of PDCM on EPC. Beside the influence of PDCM on

mature endothelial cells (HUVEC) in vitro, several previ-

ous studies analyzed the in vivo characteristics of different

matrices. In addition to a sufficient blood vessel ingrowth

into PDCM (mucoderm�) after 21 days in situ as assessed

by CD31 immunochemistry, other studies showed that the

central parts of a bilayered porcine matrix became revas-

cularized after 30 and 60 days [7, 24]. Other authors

reported rapid revascularization of a single-layer acellular

human dermis as well as a human acellular dermal matrix

Fig. 4 ToxiLight� assay.

Cytotoxicity test for endothelial

progenitor cells (EPC) on the

mucoderm� matrix. X axis point

of measurement; Y axis

cytotoxicity measured in RLU

Relative luminescence units.

Asterisks statistically significant

(p\ 0.05)
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within 2 weeks after surgery [7, 25, 26]. Guiha et al. [27]

evaluated the healing and revascularization of autogenous,

subepithelial connective tissue graft in dogs. The authors

found that the graft was completely revascularized after 14

days. At 28 and 60 days, normal vascularization could be

demonstrated histologically. Hoyama et al. [28] reported

that human and porcine acellular dermal tissues are both

well tolerated when implanted subcutaneously in rats [7].

Moreover, an increased microvessel density within the

scaffolds and the surrounding tissues of the porcine graft

could be demonstrated after 6 months in situ. Another

in vivo-designed study reported an increased soft tissue

ingrowth and microvessel density in human-based dermis

compared to porcine-based dermis [7, 29]. Most of these

studies had their focus on the later wound healing phases

and revascularization. Consequently, further studies may

also investigate the first days of wound healing concerning

the revascularization in vivo (day 1–6).

In conclusion, our findings indicate that PDCM is a

promising substitute in periodontal plastic surgery with

high biocompatibility concerning endothelial progenitor

cells (EPC) and therefore allowing a sufficient revascu-

larization of its collagen structure in the early and the

advanced wound healing phases. Further studies should

focus on the biofunctionalization of PDCM, e.g. using

different proangiogenic cytokine- (e.g. VEGF) or platelet-

rich fibrin (PRF) coatings.
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