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Abstract: The aim of the present study was to investigate the influence of a novel volume-stable
collagen matrix (vCM) on early wound healing events including cellular migration and adhesion,
protein adsorption and release, and the dynamics of the hemostatic system. For this purpose, we
utilized transwell migration and crystal violet adhesion assays, ELISAs for quantification of adsorbed
and released from the matrix growth factors, and qRT-PCR for quantification of gene expression in
cells grown on the matrix. Our results demonstrated that primary human oral fibroblasts, periodontal
ligament, and endothelial cells exhibited increased migration toward vCM compared to control cells
that migrated in the absence of the matrix. Cellular adhesive properties on vCM were significantly
increased compared to controls. Growth factors TGF-β1, PDGF-BB, FGF-2, and GDF-5 were adsorbed
on vCM with great efficiency and continuously delivered in the medium after an initial burst release
within hours. We observed statistically significant upregulation of genes encoding the antifibrinolytic
thrombomodulin, plasminogen activator inhibitor type 1, thrombospondin 1, and thromboplastin, as
well as strong downregulation of genes encoding the profibrinolytic tissue plasminogen activator,
urokinase-type plasminogen activator, its receptor, and the matrix metalloproteinase 14 in cells grown
on vCM. As a general trend, the stimulatory effect of the vCM on the expression of antifibrinolytic
genes was synergistically enhanced by TGF-β1, PDGF-BB, or FGF-2, whereas the strong inhibitory
effect of the vCM on the expression of profibrinolytic genes was reversed by PDGF-BB, FGF-2,
or GDF-5. Taken together, our data strongly support the effect of the novel vCM on fibrin clot
stabilization and coagulation/fibrinolysis equilibrium, thus facilitating progression to the next stages
of the soft tissue healing process.

Keywords: wound healing; hemostasis; fibrin clot; fibrinolysis; growth factors; connective tissue
grafts; xenografts; biomaterials; soft tissue regeneration; transcription

1. Introduction

Various regenerative surgical techniques and biomaterials have been utilized in the
oral cavity aiming to obtain predictable coverage of single and multiple gingival recessions
at natural teeth and gain of attached mucosa at dental implants [1]. Autogenous palatal
subepithelial connective tissue grafts (CTGs) are still considered the gold standard in
enhancing the soft tissue regeneration in the oral cavity, and have shown excellent clinical
outcomes in most indications, e.g., for attaining complete root coverage [2]. However, auto-
genous tissue harvesting significantly increases patient morbidity through the generation
of a second surgical site, thus prolonging the time of the surgical procedure and increasing
postoperative discomfort and risk of complications [3–5]. Furthermore, patient-specific
anatomical features such as thin gingival phenotype or shallow palate appear determinant
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for the quality and quantity of the harvested autologous tissue [3,4]. Soft tissue substi-
tute materials of different origins, e.g., allogenic dermal substitutes or xenogenic collagen
matrices, have been introduced in periodontal and peri-implant plastic surgeries as an
alternative to autografts [6]. Due to the lack of a cellular component and the preservation
of their mechanical stability by chemical modifications (crosslinking), these collagen-based
materials serve as safe three-dimensional scaffolds developing into a fully functional tissue
by enabling repopulation of different oral cell types and in-growth of blood vessels and
epithelium from the surrounding tissues.

In agreement with the inherited ability of collagen to bind a number of proteins [7],
we recently showed that the transforming growth factor-β1 (TGF-β1), fibroblast growth
factor-2 (FGF-2), platelet-derived growth factor-BB (PDGF-BB), growth and differentia-
tion factor-5 (GDF-5), or the bone morphogenetic protein-2 (BMP-2) can be adsorbed to
commercially available porcine-derived collagen matrices with an efficiency close to 100%,
and are then continuously released over time [8]. Furthermore, the four investigated
collagen scaffolds have provided a favorable environment able to successfully promote the
migration, adhesion, and proliferation of two oral cell types, namely primary human oral
fibroblasts (hOF) and periodontal ligament cells (hPDLC) [9]. A number of clinical studies
have demonstrated the successful application of acellular collagen matrices in periodontal
surgical reconstructions, with low patient morbidity [10–15]. Although collagen matrices
are considered the graft substitutes providing the most similar outcomes to the autogenous
CTGs, the majority of clinical studies comparing the two graft types have demonstrated
the superiority of the CTGs, particularly in the treatment of gingival recessions [2,5,16–18]
as well as in soft tissue augmentation procedures for increasing the width of keratinized
tissue [15,19]. Thus, a comparison of an acellular dermal allograft with an autogenous CTG,
both combined with coronally advanced flap in the treatment of surgically created Miller
Class I recession defects, demonstrated a significantly higher gingival thickness in the CTG
group, in spite of a similar graph thickness (1 mm) at the time of the surgical placement [20].
Furthermore, in a randomized clinical trial, Pietruska and colleagues showed that subep-
ithelial CTG excels a collagen matrix in decreasing the gingival recession height and width,
increasing the gingival thickness and the formation of keratinized tissue [5]. Compared
to CTGs, collagen-based matrices appear to be more prone to contraction, explaining the
observed reduction in the tissue thickness [15,19].

To overcome the volume stability limitation of most commercially available collagen-
based substitutes, a novel, highly porous and volume-stable collagen matrix (vCM) was
recently introduced for soft tissue augmentation around teeth and dental implants [21].
This vCM of porcine origin is predominantly made of collagen type I and III and a small
portion of elastin. vCM consists of a single porous layer with interconnected pores (93%
volume porosity) and an average pore size of 92 µm. While mechanical stability is achieved
by chemical crosslinking, mechanical testing demonstrated preserved elasticity of the
material over 14 days [22]. Preclinical and clinical studies have demonstrated excellent
biocompatibility and favorable outcomes in soft tissue augmentation using vCM, with a
minimal loss of tissue thickness six months after implantation [21,23–28]. Recent histo-
logical data showed that the biomaterial adsorbed blood after its implantation without
collapsing [26,28]. Moreover, the matrix maintained sufficient volume stability to allow
fast ingrowth of blood vessels and vimentin-positive mesenchymal cells producing col-
lagen type I, resulting in complete integration in the host tissue before its degradation
occurred [26,27].

The formation of fibrin clot is an early event in the wound healing process [29]. The
fibrin clot not only prevents from blood loss by sealing the tissue after wounding, but
also provides adhesion for leucocytes, macrophages, fibroblasts, and endothelial cells.
Furthermore, it serves as a reservoir for autogenous growth factors that stimulate the
subsequent stages of the soft tissue healing [30]. The dynamics of the hemostatic system is
exceedingly complex and involves a fine-tuned balance between coagulation and fibrinoly-
sis [31]. The regulation of the two processes is achieved by the activity of a number of anti-
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and pro- fibrinolytic factors. Among them are thrombomodulin (encoded by the THBD
gene) [31], thrombospondin 1 (encoded by THBS1) [32–34], thromboplastin, also known
as tissue factor (encoded by F3) [35], plasminogen activator inhibitor type 1 (encoded by
SERPINE1) [36], tissue plasminogen activator (encoded by PLAT) [31], urokinase-type
plasminogen activator (encoded by PLAU) and its receptor (encoded by the PLAUR) [31],
and the matrix metalloproteinase 14 (encoded by MMP14) [37]. Most of these factors
also perform functions in cellular motility, adhesion, and differentiation [38]. Impairment
of the control over the hemostatic dynamics leads to a number of serious physiological
complications. Increased fibrinolysis, possibly related to clot instability, is noted in patients
after surgery or major trauma, in cirrhosis, renal failure, menorrhagia, and some malig-
nancies [39]. In contrast, decreased fibrinolysis relates to the development of thrombosis
and is seen in atherosclerosis, diabetes, and obesity [40]. The capacity of a biomaterial
developed for soft tissue augmentation to maintain a balanced hemostatic system, namely,
to stabilize the fibrin clot and prevent flap collapse as well as to offer an environment that
will not impair the dissolution of the clot once it has served its purpose in hemostasis, is an
important prerequisite for successful tissue regeneration to occur.

Knowledge about the influence of vCM on the early wound healing events, including
the dynamics of the hemostatic system, cell migration, and adhesion to the matrix, is
currently missing. Furthermore, the combination of vCM with growth and differentiation
factors is underinvestigated. Therefore, the aim of the present laboratory-based study was
to investigate the behavior of primary hOF, hPDLC, and human umbilical vein endothelial
cells (HUVEC) to vCM in terms of cellular migration and adhesion to the matrix. Each
of these cell types represent a well-accepted model for studying the responses of oral
(hOF and hPDLC) and endothelial (HUVEC) cells to various stimuli and regenerative
biomaterials [41–43]. Furthermore, we quantitatively investigated the adsorption capacity
of the vCM for growth factors typically present in the wound environment as well as the
subsequent growth factor release over a 12-day period. Finally, the expression of genes
involved in the regulation of the fibrinolytic process was quantitatively determined in
each of the above cell types cultured either on native/uncoated or growth factor-coated
vCM. That way, we also answered the question of how preserved and/or modulated the
functional activity of the growth factors was after being released from the matrices.

2. Results
2.1. Strongly Increased Migratory Potential of Primary hPDLCs, hOFs, and HUVECs toward the
Volume-Stable Collagen Matrix

The potential of primary hPDLCs, hOFs, and HUVECs to migrate toward the com-
mercially available vCM was investigated by using transwell permeable supports in a
modified Boyden chamber migration assay. The primary hPDLCs and hOFs exhibited
3.0- and 3.8-fold greater migration, respectively, toward vCM compared to control cells that
migrated in the absence of a matrix (p < 0.01; Figure 1a). Compared to the basal migration
of control cells, the migratory capacity of HUVECs toward vCM was increased by 2.5-fold
with a great statistical significance (p = 0.001; Figure 1a).

2.2. Significantly Increased Adhesive Properties of Primary hPDLCs, hOFs, and HUVECs on the
Volume-Stable Collagen Matrix

We next investigated the adhesive properties of the primary hPDLCs, hOFs, and
HUVECs cultured on tissue culture plastic (control group) or vCM (test group) over 1, 3,
and 6 h. The adhesive potential of each of the three cell types increased continuously over
the entire test period, reaching > 85% adhesion at 6 h in both control and test group for
hPDLCs and hOFs, and reaching 98% in the test group versus only 60% in the control group
for HUVECs (Figure 1b). In primary hPDLCs, significantly higher adhesion of 50 and
86% was detected in the test group versus 24 and 49% in the control group at 1 and 3 h,
respectively (compare gray with blue bars, p < 0.01). Similarly to the hPDLCs, 69 and 86%
adhesion of hOFs on vCM was detected 1 and 3 h postseeding, respectively, compared to
37 and 59% in the control group (p < 0.05). In contrast to hPDLCs and hOFs, the relative
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adhesion rates of HUVECs cultured on vCM remained significantly higher (p < 0.05) than
the control at each time point tested.

Figure 1. Promigratory (a) and proadhesive (b) effects of vCM on three primary cell types of human origin. (a) Migratory
capacity of hPDLCs (left panel), hOFs (middle panel), and HUVECs (right panel) toward vCM was examined by modified
Boyden chamber assay using cell culture inserts with permeable membranes (8 µm pore size). Following an incubation
period of 18 h, cells that had migrated through the membrane were stained and quantified by using ImageJ. Cells that
migrated in the absence of vCM served as a control (Ctrl). Means ± SD from three independent experiments performed in
duplicates and a significant difference between the control and test group, ** p < 0.01, *** p < 0.001 are shown; Representative
images of crystal violet-stained cells in each of the experimental groups are shown below the bar charts. Scale bar, 500 µm.
(b) Adhesive capacity of hPDLCs (left panel), hOFs (middle panel), and HUVECs (right panel) on vCM was examined using
crystal violet staining of adherent cells at 1, 3, and 6 h postseeding. Controls (Ctrl) represent cells of each cell type seeded on
tissue culture-treated plates in the absence of vCM for the indicated times. Normalization of the experimental values to the
values obtained for the total number of seeded control cells (taken as 100% adhesion) was applied. Means ± SD from three
independent experiments performed in duplicates and significant differences to control cells at each time point, ** p < 0.01,
* p < 0.05 are shown.
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2.3. Adsorption and Release of Recombinant Growth Factors from the Volume-Stable Collagen
Matrix over a 12-Day Period

Combinations of biomaterials with bioactive substances have been reported as effi-
cient treatment modalities in periodontal regenerative procedures [44,45]. Since protein
adsorption to the biomaterial surface appears to be a key determinant of the behavior of
cells grown on the biomaterial, we quantitatively investigated the amount of growth factors
adsorbed to vCM as well as their release kinetics using an enzyme-linked immunosorbent
assay (ELISA). We made the choice to coat the vCM with either enamel matrix derivative
(EMD), which is widely used in periodontal regenerative surgery, or one of the following
recombinant growth factors TGF-β1, PDGF-BB, FGF-2, or GDF-5 for a short, clinically
relevant 10-min period. Our choice was partially based on the assumption that the majority
of the listed proteins are released by activated platelets, and are thus naturally present in
the blood clot [46,47]. Our results have shown that the vCM adsorbed each of the four
growth factors with an efficiency higher than 93% (Figure 2a). The protein fraction that
remained unadsorbed or was washed out, during the extensive rinsing procedure after
the 10-min coating period, amounted to 3.4% on average across all four growth factors.
Recombinant TGF-β1, PDGF-BB, and FGF-2 exhibited similar and significantly higher
adsorption rates than the recombinant GDF-5. In addition, the adsorption of TGF-β1 was
slightly but significantly higher compared to the adsorption of PDGF-BB and FGF-2.

The total protein release from TGF-β1- and PDGF-BB-coated matrices, expressed as
percent of the adsorbed protein for the entire test period of 12 days, was 16.1 and 14.2%,
respectively and appeared slightly but significantly higher than the total FGF-2 protein
release amounting to 10.5% (Figure 2a). The release of GDF-5 occurred at a moderate but
significantly higher rate of 29.4% compared to the other three factors.

Taken together, our data demonstrate excellent adsorption properties of the highly
porous and crosslinked vCM. Furthermore, the total growth factor release for the entire test
period was relatively low, in particular ≤ 30% of the adsorbed protein amounts, suggesting
that enough adsorbed protein remained to be released over a period longer than 12 days.

2.4. Release Kinetics of Growth Factors from the Volume-Stable Collagen Matrix

Matrices coated with EMD were characterized by the release of TGF-β1 based on
findings demonstrating TGF-β-like activity to be passively released from EMD-coated
collagen membranes [48]. In general, the release of the investigated growth factors occurred
in two phases. The peak of the growth factor release was arbitrary taken as the end of
phase I whereas the period immediately after the peak release until day 12 was defined
as phase II (Figure 2). GDF-5 and TGF-β1, the latter one released by TGF-β1-coated vCM,
were characterized by a burst of release within 1 h for GDF-5 (1790 pg/mL) and 3 h
for TGF-β1 (1224 pg/mL) (Figure 2b,c). On the contrary, PDGF-BB and FGF-2 as well
as TGF-β1, released by EMD-coated vCM, were all characterized by a sustained release
of smaller protein quantities within 6 h (710, 681, and 384 pg/mL for the three factors,
respectively). Following the peak release at 3 h, TGF-β1, released by TGF-β1-coated
vCM, was characterized by a quick drop in the release at 6 h, a second burst release at
day 1, and a sustained release until the end of the test period. In contrast, following
the gradually reached peak release, TGF-β1 released by EMD-coated vCM exhibited an
equivalent gradual decrease up to day 3 and a second release peak at day 6.

Thus, two types of growth factor release kinetics were observed. In the first type,
the highest amounts of the prominent promigratory and proangiogenic factors FGF-2 and
PDGF-BB, equal to 64.1 and 56.3% of the total protein released within the 12-day period,
respectively, were observed in the first 6 h spanning phase I (Figure 2a). In the second type,
the highest amounts of GDF-5 and TGF-β1, equal to 60.8 and 58.3% of the total protein
released within the 12-day period, respectively, were detected in the second release phase.
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Figure 2. Adsorption and release of various recombinant growth factors from vCM. The vCM was incubated for 10 min
at room temperature in phosphate-buffered saline (PBS) containing 100 ng/mL of TGF-β1, PDGF-BB, FGF-2, or GDF-5.
(a) Colorimetric ELISAs were performed for: (1) quantitative evaluation of adsorption rate (expressed in percent) of each of
the four growth factors; (2) quantitative evaluation of total protein release (expressed as percent of adsorbed protein) from
vCM for a 12-day period for each of the growth factors; (3) determination of the peak of release, i.e., the time point at which
the highest growth factor release from the vCM coated with the respective growth factor was observed; (4) quantitative
evaluation of growth factor release in phase I expressed as percent of the total release for the entire 12-day period (taken as
100%); (5) quantitative evaluation of growth factor release in phase II expressed as in (4). The peak release marks the end of
phase I whereas phase II spans the period immediately after the peak of the release until day 12. Means ± SD from three
independent experiments and significant differences (p < 0.05) between the experimental groups are shown. Significance
was indicated with the following symbols: # denotes significantly higher than TGF-β1, $ denotes significantly higher than
PDGF-BB,
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2.5. Increased Antifibrinolytic and Inhibited Profibrinolytic Gene Expression in Primary hPDLCs,
hOFs, and HUVECs Grown on the Native/Uncoated Volume-Stable Collagen Matrix

As a next step, we investigated whether the native/uncoated or growth factor-coated
vCM can modulate the fibrinolytic process. For this purpose, the expression of a number
of anti- and pro- fibrinolytic genes was analyzed by qRT-PCR in cells cultured under four
different conditions: (1) control condition, consisting of cells grown on tissue culture plastic
in the absence of vCM and growth factors (Figure 3a), (2) cells grown on tissue culture
plastic in the presence of EMD or growth factors applied in suspension (Figure 3b), (3)
cells grown on native/uncoated vCM (Figure 3c), and (4) cells grown on vCM coated with
EMD or each of the four recombinant growth factors, TGF-β1, PDGF-BB, FGF-2, or GDF-5
(Figure 3d).

Figure 3. Schematic representation of the conditions under which hPDLCs, hOFs, and HUVECs were seeded for subsequent
qRT-PCR analyses of the anti- and pro- fibrinolytic gene expression presented in Figure 4, Figure 5, and Figure 6. (a) Starved
cells were grown for 48 h on tissue culture plastic in the absence of vCM and growth factors (GF), a condition further
denoted as a control (Ctrl). (b) Starved cells were grown for 48 h on tissue culture plastic in the presence of GF applied
in suspension. (c) Starved cells were grown for 48 h on native/uncoated vCM placed in ultra-low attachment plates.
(d) Starved cells were grown for 48 h on vCM coated with EMD or each of the four recombinant growth factors, TGF-β1,
PDGF-BB, FGF-2, or GDF-5 in ultra-low attachment plates. Please note that the scheme illustrates the conditions upon
cell seeding and therefore, released from the vCM growth factors are not depicted in the cell culture medium in (d). In
addition, there is no obvious difference in the appearance between tissue culture-treated plates for adhesive culture (a,b)
and ultra-low attachment plates (c,d).

As a general trend, all three primary cell types, hPDLCs, hOFs and HUVECs grown on
a native/uncoated vCM exhibited an extremely strong upregulation of the antifibrinolytic
genes THBD, SERPINE1, THBS1, and F3 as well as a prominent downregulation of the
profibrinolytic genes PLAT, PLAU, PLAUR, and MMP14, compared with control cells
(Figures 4–6; compare light and dark gray bars). The increase in the antifibrinolytic gene
expression was statistically significant (p < 0.01), i.e., in the range of 3–7-fold for all three
cell types (Figures 4a, 5a and 6a). The decrease in the profibrinolytic gene expression was
significant (p < 0.05), i.e., in the range of 6–10-fold in hOFs (Figure 5b) and 2–4-fold in
hPDLCs (Figure 4b) and HUVECs (Figure 6b).

The observed changes in the gene expression indicate preserved biological activity of
the growth factors released by the vCM.

2.6. Growth Factors Applied in Suspension or as a Coating on the Volume-Stable Collagen Matrix
Exhibit Cell Type-Dependent Effects on Anti- and Pro-fibrinolytic Gene Expression. Potential
Contribution of Growth factors to the Equilibrium between Coagulation and Fibrinolysis

In hPDLCs, PDGF-BB and FGF-2 applied in suspension prominently increased the
expression of THBD, SERPINE1, THBS1, and F3 mRNA levels compared to control cells
(Figure 4a). Furthermore, each of the two growth factors caused a statistically significant
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(p < 0.01) increase in the expression of all four antifibrinolytic genes in cells grown on the
vCM compared to their expression in cells cultured on native/uncoated vCM. Moreover, a
synergistic, greater than 2-fold increase in the expression of SERPINE1 and THBS1 above
their already increased expression levels on native matrices was observed in hPDLCs
cultured on PDGF-BB-coated matrices. A similar synergistic increase was detected for
THBD and SERPINE1 in cells grown on FGF-2-coated vCM as well as for SERPINE1 in
cells grown on TGF-β1-coated vCM. Among the four investigated antifibrinolytic genes,
THBS1 was the only gene that appeared prominently induced by each of the examined
bioactive substances including EMD, TGF-β1, and GDF-5, applied either in suspension
or as a coating on vCM. Compared to the effect exhibited by the native/uncoated matrix,
the effects of the matrices coated with each of the investigated active substances on the
THBS1 mRNA levels were statistically better pronounced (p < 0.001). Along with THBS1,
the expression levels of F3 were greatly induced by the EMD- or TGF-β1-coated vCMs by
more than 8.5-fold compared with control cells. Interestingly, SERPINE1 remained the only
gene, whose expression was upregulated in a synergistic manner by the combined activity
of the matrix and a coating with either TGF-β1, PDGF-BB, or FGF-2.

Figure 4. Effect of native/uncoated or growth factor-coated vCM on the anti- (a) and pro- fibrinolytic
(b) gene expression in primary hPDLCs. Cells were grown under each of the four experimental
conditions described in Figure 3 before total RNA was extracted and analyzed by qRT-PCR for the
expression of THBD, SERPINE1, THBS1, and F3 antifibrinolytic (a) as well as PLAT, PLAU, PLAUR,
and MMP14 profibrinolytic (b) genes. Values normalized to the housekeeping GAPDH are expressed
relative to the values of control cells (Ctrl) grown as described in Figure 3a. Means ± SD from
three independent experiments and significant differences to the Ctrl unless otherwise indicated,
*** p < 0.001, ** p < 0.01, * p < 0.05 are shown.
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Figure 5. Effect of native/uncoated or growth factor-coated vCM on the anti- (a) and pro- fibrinolytic (b) gene expression in
primary hOFs. Cells were grown under each of the four experimental conditions described in Figure 3 before total RNA
was extracted and analyzed by qRT-PCR for the expression of THBD, SERPINE1, THBS1, and F3 antifibrinolytic (a) as well
as PLAT, PLAU, PLAUR, and MMP14 profibrinolytic (b) genes. Values normalized to GAPDH are expressed relative to
the values of control cells (Ctrl) grown as described in Figure 3a. Means ± SD from three independent experiments and
significant differences to the Ctrl unless otherwise indicated, *** p < 0.001, ** p < 0.01, * p < 0.05 are shown.

Along with the strong statistically significant downregulation of PLAT, PLAU, PLAUR,
and MMP14 in cells grown on native/uncoated vCM compared with control cells, we
observed differential effects of some of the investigated growth factors when applied
in suspension or as a coating to the matrix (Figure 4b). FGF-2 applied in suspension
prominently increased the expression of all four profibrinolytic genes compared with
their expression in control cells. However, whereas the vCM preserved the activity of the
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FGF-2 as an enhancer of the PLAU, PLAUR, and MMP14 mRNA expression in hPDLCs,
the expression of PLAT remained strongly downregulated similar to its expression in
hPDLCs grown on a native/uncoated matrix. The same was valid for the matrix-coated
PDGF-BB, which significantly upregulated the expression of PLAU and MMP14 but not
the expression of PLAT in hPDLCs grown on vCM. Along with PDGF-BB and FGF-2,
GDF-5 was the only other growth factor that caused a significantly increased expression
of PLAU when applied in suspension or as a coating to the vCM. Interestingly, among
the four profibrinolytic genes, only PLAT was significantly (p < 0.01) downregulated by
either EMD or recombinant TGF-β1 present in suspension. Moreover, the expression of all
profibrinolytic genes remained significantly downregulated in cells cultured on EMD- or
TGF-β1-coated matrices.

Figure 6. Effect of native/uncoated or growth factor-coated vCM on the anti- (a) and pro- fibrinolytic (b) gene expression in
primary HUVECs. Cells were grown under each of the four experimental conditions described in Figure 3 before total RNA
was extracted and analyzed by qRT-PCR for the expression of THBD, SERPINE1, THBS1, and F3 antifibrinolytic (a) as well
as PLAT, PLAU, PLAUR, and MMP14 profibrinolytic (b) genes. Values normalized to GAPDH are expressed relative to
the values of control cells (Ctrl) grown as described in Figure 3a. Means ± SD from three independent experiments and
significant differences to the Ctrl unless otherwise indicated, *** p < 0.001, ** p < 0.01, * p < 0.05 are shown.
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In general, in hOFs, the effects of the investigated growth factors on the expression
of anti- and pro- fibrinolytic genes followed the trends seen in hPDLCs (Figure 5). For
example, PDGF-BB and FGF-2, each of them applied either in suspension or as a coating
to vCM, caused an increase in the expression of all four antifibrinolytic genes compared
with their expression in control cells (Figure 5a). In contrast to hPDLCs and despite
the fact that the SERPINE1 gene expression in hOFs appeared prominently induced by
PDGF-BB and FGF-2 applied as a coating to vCM, the gene remained synergistically
upregulated by the combined activity of the matrix and an EMD- or TGF-β1-coating only.
As a general trend, a better pronounced effect of EMD applied in suspension or as a coating
to vCM was observed in hOFs compared with the other two cell types. EMD exhibited a
stimulatory effect on the expression of the majority of antifibrinolytic (Figure 5a) as well
as profibrinolytic (Figure 5b) genes except for the expression of PLAT. On the analogy
of hPDLCs, PLAT mRNA levels in hOFs were significantly downregulated (p < 0.001)
by EMD- or TGF-β1 present in suspension (Figure 5b). Furthermore, they remained
suppressed in hOFs cultured on EMD-, TGF-β1-, PDGF-BB-, or GDF-5-coated matrices. In
contrast to hPDLCs, the strongly downregulated PLAT expression in hOFs cultured on
uncoated matrices was reversed by FGF-2. Thus, the PLAT mRNA levels in cells grown on
FGF-2-coated vCM were significantly (p < 0.05) upregulated by 4.7-fold compared with the
PLAT expression in cells grown on an uncoated matrix. PDGF-BB, applied as a coating
to the vCM, was also able to reverse the inhibitory effect of the uncoated vCM on the
expression of PLAU, PLAUR, and MMP14 whereas the expression of PLAT remained
significantly downregulated.

The anti- and pro- fibrinolytic gene expression in primary HUVECs was characterized
with two trends: (1) with few exceptions, the stimulatory effect of the vCM on the expres-
sion of the antifibrinolytic genes was synergistically enhanced by TGF-β1, PDGF-BB, or
FGF-2; and (2) the strong inhibitory effect of the vCM on the expression of profibrinolytic
genes was completely reversed by PDGF-BB, FGF-2, or GDF-5 (except for PLAUR and
MMP14) (Figure 6). In particular, PDGF-BB, applied as a coating on the matrix, significantly
(p < 0.001) upregulated the expression of all four antifibrinolytic genes by 2.0–2.7-fold above
the increased expression observed in cells grown on a native/uncoated matrix (Figure 6a).
FGF-2 coated on the vCM was able to cause a strong (p < 0.001) upregulation of THBD and
F3 mRNA levels by 2.2- and 2.9-fold, respectively, above the expression levels detected
on native/uncoated matrices. Finally, the F3 gene expression, which was significantly
(p < 0.001) increased by 3.1-fold in HUVECs grown on uncoated vCMs, reached an 8.1-fold
increase in cells grown on TGF-β1-coated matrices. In contrast to the two oral cell types,
no effect of EMD on the gene expression was detected in HUVECs grown in the absence or
presence of a matrix (Figure 6a,b).

In terms of profibrinolytic gene expression, PDGF-BB and FGF-2 applied in suspension
had an extremely strong (p < 0.001) stimulatory effect on the expression of all four profib-
rinolytic genes whereas GDF-5 applied in suspension was able to significantly (p < 0.01)
upregulate the expression of PLAT and PLAU only (Figure 6b). The application of the
growth factors as a coating on the vCM was able to completely reverse the strong inhibitory
effect of the native matrices on the expression of the profibrinolytic genes. In particular,
cells grown on PDGF-BB- or FGF-2-coated matrices were characterized with an extremely
significant (p < 0.001) increase in the expression levels of PLAT, PLAU, PLAUR, and MMP14
genes. The increase was in folds higher than the inhibited expression of the genes in cells
cultured on native matrices. The same effect was exhibited by the GDF-5 on the expression
of PLAT and PLAU.

Taken together, our data illustrate that for the most part, the antifibrinolytic and thus,
clot stabilizing effects of the investigated vCM were synergistically enhanced by growth
factors, especially in primary HUVECs. The clot stabilization was further supported by
a strong suppression of the profibrinolytic gene expression observed on native matrices.
However, with small exceptions, growth factors applied as a coating on the matrices were
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able to reverse this inhibitory effect, thereby potentially contributing to the equilibrium
between coagulation and fibrinolysis.

3. Discussion

Various collagen-based soft tissue substitute materials have been introduced in peri-
odontal and peri-implant soft tissue reconstructive surgery. A number of clinical studies
comparing autogenous CTGs with collagen-based matrices have noted the superiority
of the autografts, especially in achieving an optimal thickness of the regenerated tis-
sue [2,5,15–19,49]. The present study focused on a highly porous, volume-stable collagen
matrix [21,23–28], which is able to overcome the volume-stability limitation of most com-
mercially available grafts. During reconstructive surgery, the soft tissue substitute material
comes into a contact with blood, leading to clot formation on its surface as the very first
step of the wound healing process. A blood clot, constituted by activated platelets, neu-
trophils, and erythrocytes, embedded in a matrix of fibrin, serves as a scaffold for the
adhesion of oral fibroblasts, endothelial cells, leucocytes, and macrophages. The fibrin
clot also serves as a natural reservoir for growth factors [30], which the collagen-based
matrices are able to efficiently bind [7]. This means that the efficiency with which the
fibrin clot is formed as well as its stability and longevity will be determining factors for
the pre-activation/biofunctionalization of the grafting material. Subsequent dissolution
of the fibrin clot (fibrinolysis), once it has served its function in hemostasis, will ensure
the progression to the next stages of the wound healing process. Despite the key role of
the fibrin clot in supporting the soft tissue regeneration, assessments of the capacity of
biomaterials to stabilize the fibrin clot are largely missing. A scheme that summarizes our
findings for the effects of the investigated vCM on the early events of the wound healing
process is presented in Figure 7. Our data have convincingly demonstrated enhanced
promigratory and proadhesive properties of three primary cell types (hPDLCs, hOFs, and
HUVECs), grown on the vCM. The vCM was characterized with an efficient adsorption of
four recombinant growth factors (TGF-β, PDGF-BB, FGF-2, and GDF-5), naturally present
in the blood clot, after a clinically relevant, 10-min incubation period. Notably, a sustained
release of growth factors with preserved biological activity was evident. Finally, the ability
of the vCM to stabilize the fibrin clot was manifested by upregulation of antifibrinolytic and
downregulation of profibrinolytic gene expression in cells grown on the matrix. Moreover,
cells grown on the vCM attempted to maintain an equilibrium between coagulation and
fibrinolysis as parts of the hemostatic process. An optimal proteolytic balance achieved
by the concomitant expression of proteases and protease inhibitors is important for degra-
dation of the extracellular matrix that in its turn is required for successful angiogenesis,
re-epithelialization, and tissue remodeling to occur.

Growth factor release from the vCM occurred in two phases. In the first phase, the
highest release from the matrix was observed at an early time point, whereas the second
phase, spanning the period immediately after the peak of the release until day 12, was
likely corresponding to the delayed release of the growth factors from the deeper vCM
layers. Interestingly, two types of release kinetics were evident. The proangiogenic factors
FGF-2 and PDGF-BB were characterized with a higher release in phase I spanning the first
6 h, whereas GDF-5 and TGF-β1 dominated in the second phase. Specific binding of the
growth factors to the reconstituted collagens in the vCM may underlie the specific time
pattern of growth factor release and bioavailability, respectively. The first type of release
kinetics is more likely to serve the initial early phases of the soft tissue healing, which
require fast recruitment of various cell types to the wounded site, whereas the second type
of release kinetics may appear advantageous for the longer tissue remodeling/maturation
phase of the regenerative process. This assumption is supported by a number of studies
demonstrating that binding of growth factors to extracellular matrix components, including
collagens, may localize and modulate their biological activities [50].
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Figure 7. Schematic representation of the effects exhibited by vCM on the early events of the
wound healing process. The ability of the vCM to affect the cellular migration and adhesion,
protein adsorption, fibrin clot stabilization, and balance between coagulation and fibrinolysis, all as
prerequisites for the successful continuation of the soft tissue healing process, are depicted.

Some of the anti- and pro- fibrinolytic factors investigated in the current study are also
known to influence the migratory, proliferative, and differentiation potential of cells. For
instance, a gene set enrichment analysis of lung tissues from recombinant thrombomodulin-
treated mice in a vascular endothelial injury model showed an upregulated expression
of genes involved in cell proliferation, cell differentiation, and anti-inflammatory pro-
cesses [51]. Investigation of these processes in relation to vCM deserves special attention.
It may be speculated that the increased expression of THBD encoding thrombomodulin in
cells cultured on native/uncoated as well as growth factor-coated vCMs will reduce the
inflammation at the wounded site and facilitate progression to the next proliferative stage
of the healing process. Indeed, accelerated healing of radiation burn lesions by gingival
fibroblasts, injected intradermally in mice, was partially attributed to strong overexpres-
sion of THBD compared to its expression in transplanted mesenchymal stem cells [52].
The synergism between the effects of vCM and PDGF-BB on the THBD expression was
especially pronounced in HUVECs whereas the synergism between the vCM and FGF-2 in
hPDLCs. Administration of recombinant FGF-2 has been shown to increase the expression
of thrombomodulin in HUVEC medium [53]. In vascular smooth muscle cells, PDGF-BB-
induced expression of thrombomodulin enhanced cell migration and spreading onto type
I collagen [54], which is a predominant collagen type in the vCM too. Furthermore, it
has been suggested that the PDGF-BB-regulated thrombomodulin expression may play a
prominent role in vascular remodeling [55]. Thus, investigation of the effect of PDGF-BB-
or FGF-2-coated vCM on the angiogenic and vascular remodeling potential of endothelial
cells is warranted.

The plasminogen activator inhibitor type 1 (PAI-1), encoded by the SERPINE1 gene, is
a major physiological inhibitor of fibrinolysis and proteolytic processes associated with
wound healing [56]. Interestingly, it has been shown that recombinant human PAI-1-treated
PDLCs transplanted subcutaneously in a mouse model were able to form cementum-like
tissue with insertion of periodontal ligament fibers [57]. This suggests that recombinant
human PAI-1 may be a good candidate for clinical applications in periodontal tissue re-
generation. In this respect, our results of strongly induced SERPINE1 gene expression
in primary hPDLCs, hOFs, and HUVECs grown on native as well as TGF-β1-, PDGF-BB-
or FGF-2-coated vCMs strongly support the favorable effect of vCM on the regenerative
process. The three growth factors TGF-β1, PDGF-BB, and FGF-2 as well as the investi-
gated by us thrombospondin 1, encoded by the THBS1 gene in humans, are released by
activated platelets at wounded sites [46,47,58]. All four factors are known to efficiently
bind extracellular matrix proteins such as collagen [7,59] and thus, they may coat the vCM
in situ after its placement at the defect site. In agreement with our data demonstrating
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an upregulated expression of THBS1 mRNA in response to TGF-β1, PDGF-BB, or FGF-2
applied to the primary oral fibroblasts or endothelial cells in suspension, others have also
shown a stimulatory effect of the three growth factors on THBS1 expression in various cell
types [60,61]. However, the effects of thrombospondin 1 in relation to the growth factors
are often reciprocal. Thrombospondin 1 binds each of the three growth factors with high
affinity and in its turn affects their bioavailability and activity. Numerous studies have
shown that thrombospondin 1 activates latent TGF-β1 in various cell types, including
endothelial cells, fibroblasts, and macrophages [62]. Binding of thrombospondin 1 to PDGF
protected the latter from proteolytic degradation, hence increasing its stability, bioavailabil-
ity, migratory, and proliferative effects on mesenchymal stromal cells [63]. Furthermore,
thrombospondin 1 stimulated vascular remodeling by increasing PDGF-BB as well as its
own expression [64]. In this respect, the synergistic effect of the vCM and PDGF-BB on the
expression of THBS1 that we observed in all three cell lines, might partially be attributed
to the reciprocal activity of thrombospondin 1.

The thromboplastin or tissue factor, encoded by the F3 gene in humans, is a transmem-
brane glycoprotein with a key role in coagulation. The intracellular part of the tissue factor
contains two putative phosphorylation sites, which turns it into a mediator of intracellular
signaling events altering gene expression patterns and cellular behavior [35]. The observed
by us strong synergism in the effects of the vCM and each of the growth factors TGFβ1,
PDGF-BB, or FGF-2 on the F3 gene expression in HUVECs suggests a potential alteration in
the behavior of the endothelial cells grown on the matrix that deserves further investigation.

Like the coagulation, a number of proteins tightly regulate fibrinolysis [31]. Plasmin
is the key fibrinolysin, which is activated from plasminogen by one of two proteases, i.e.,
tissue plasminogen activator (tPA) encoded by the human PLAT gene and urokinase-type
plasminogen activator (uPA) encoded by the human PLAU gene. The activity of uPA is
restricted to the cell surface by the urokinase receptor encoded by the human PLAUR
gene. In the absence of plasminogen, MMP14, also known as MT1-MMP, also acts as a
fibrinolysin [37]. The antifibrinolytic activity of the vCM reported in the present study was
supported by strong downregulation of the genes encoding the above listed profibrinolytic
factors in cells grown on native matrices. Notably, most of the investigated growth factors
applied as a coating on the vCM were able to completely reverse this inhibition. An
exception was seen in the expression of PLAT that remained strongly inhibited by the vCMs
coated with each of the growth factors in hPDLCs but was considerably reversed by the
FGF-2-coated vCM in hOFs as well as by the PDGF-BB-, FGF-2-, and GDF-5-coated vCMs
in HUVECs. This suggests a cell type-specific regulation of PLAT expression by the various
growth factors coated on the vCM, which deserves further investigation. Others have also
observed that exposure of periodontal ligament cells and gingival fibroblasts to PDGF-BB
resulted in increased PLAU and SERPINE1 transcripts but not of PLAT [65]. In conclusion,
vCM that has naturally adsorbed growth factors contained in the surrounding wounded
tissue or growth factors made de novo by cells attracted in the matrix compartment will
certainly contribute to the balance between coagulation and fibrinolysis by enhancing the
expression of both anti- and pro- fibrinolytic genes (Figure 7).

A major limitation of the present study is the use of traditional cell monolayers as
control and the lack of comparative nature. The utilization of commercially available
gelatinous protein mixtures, such as Matrigel, were not considered due to their specific
protein composition, characteristic of basement membranes, and the presence of bioactive
substances even in reduced growth factor formulations. Collagen hydrogels, as another
class of three-dimensional materials, have high water content and low mechanical strength
compared to the porous vCM. The properties of the hydrogels are highly variable and
depend on a large number of parameters such as collagen source, solubilization method,
polymerization pH, polymerization temperature, ionic strength, and collagen concentra-
tion [66]. This variability limits their use as a 3D scaffold-based control. Furthermore, no
other volume-stable biomaterials indicated for soft tissue augmentation in periodontal
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reconstruction surgery were included in the study. This limitation can be addressed in
future in vitro, preclinical, and clinical studies.

The combination between enhanced migratory and adhesive properties of cells grown
on the vCM and the valuable equilibrium between coagulation and fibrinolysis, guaranteed
by an optimal growth factor adsorption and release profile of the vCM, ensures successful
progression to the next stages of the soft tissue healing process in the presence of vCM.

4. Materials and Methods
4.1. Cell Culture

Primary hPDLCs and hOFs were obtained from three donors each using the tissue
explant technique as described previously [9]. The collection of donor tissue from systemi-
cally and periodontally healthy individuals below 35 years had received an approval by the
Ethics Committee, Berne, Switzerland (ethical code ID 2018-00661 from 13.08.2018). Primary
cells derived from 1mm-sized tissue explant pieces were cultured in Dulbecco’s Modified
Eagle Medium (DMEM; ThermoFisher Scientific, Basel, Switzerland) supplemented with
10% fetal calf serum (FCS; ThermoFisher Scientific) and 1% antimycotics/antibiotics (AA;
ThermoFisher Scientific). Primary HUVECs [PCS100013; American Type Culture Collection
(ATCC), Manassas, VA, USA], pooled from ten individual donors, were propagated in
medium 199 (M199; ThermoFisher Scientific) supplemented with 10% FCS, 12 µg/mL
bovine brain extract (Lonza, Visp, Switzerland), 10 ng/mL human recombinant endothelial
growth factor (EGF; Peprotech, London, UK), 25 U/mL heparin (Sigma, Buchs, Switzer-
land), 1 µg/mL hydrocortisone (Sigma), 2 mM l-glutamine (ThermoFisher Scientific) and
1% AA. Primary cells that had not undergone more than seven passages were starved in
0.3% FCS-containing medium before culturing under experimental conditions.

Geistlich Fibro-Gide® matrices (vCM) in the 15 × 20 × 6 mm range size were kindly
provided by Geistlich Pharma (Wolhusen, Switzerland). Matrices were cut sterile into
7.5 × 10 mm pieces, shortly rinsed in cell culture medium, and placed on the bottom of
ultra-low attachment 24-well plates (Corning, NY, USA). In some cases, EMD (Straumann®

Emdogain®; botiss biomaterials GmbH, Zossen, Germany) or each of the recombinant
growth factors TGF-β1, PDGF-BB, FGF-2, or GDF-5 (Peprotech) were used in suspension or
applied as a coating to the vCM. Cells seeded directly on the tissue culture-treated surface
of 24-well plates for adherent cell culture (Greiner Bio-One, St. Gallen, Switzerland), in the
absence of EMD or growth factors, were used as control (Ctrl).

4.2. Cell Migration Assay

Cell migration was analyzed by a modified Boyden chamber migration assay using
transwell permeable supports (6.5 mm diameter; 8 µm pore size; Greiner Bio-One) as
described previously [67]. After 24 h of starvation, 5 × 104 cells were seeded in the
top insert chamber with 200 µL serum-free M199 or DMEM. The vCM with a size of
7.5 × 10 × 3 mm was placed in the low chamber with 800 µL 10% FCS-containing M199 or
DMEM. Cells were allowed to migrate across the permeable support for 17 h at 37◦C before
fixation in 10% neutral buffered formalin (Shandon Formal-Fixx Concentrate; ThermoFisher
Scientific), and staining in 0.1% crystal violet solution (Sigma). Image acquisition was
performed on an Olympus CKX41 microscope. Migration was quantified by using the
ImageJ software as described previously [67]. Data represent means ± SD from three
independent experiments performed in duplicates with the pooled HUVECs or with three
different cell donors for the primary hPDLCs and hOFs.

4.3. Cell Adhesion Assay

The adhesion properties of primary hPDLCs, hOFs, and HUVECs plated on vCM were
determined by crystal violet staining of adherent cells as described previously [68]. In brief,
6.25 × 105 cells/well were seeded on tissue culture-treated surface (control) or vCM placed
in ultra-low attachment 24-well plates. The cells were allowed to adhere for 1, 3, and 6 h
before removal of nonadherent cells by 6 washing cycles in PBS, followed by fixation in 10%
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neutral buffered formalin (Shandon Formal-Fixx Concentrate) and staining in 0.1% crystal
violet solution. The two last steps were performed for 30 min each at room temperature
(RT). After 8 washing cycles in deionized H2O and prompt 20 s immersion of the matrices
in 10% (v/v) acetic acid (Sigma) to remove nonspecific crystal violet staining, the dye bound
to adherent cells was solubilized in the latter solution on an orbital shaker at 150 rpm
for 5 min at RT. To correct for a potential background staining in both control and vCM
experimental groups, no-cell samples were included in the assay. To obtain a value for the
total number of plated cells, cells were allowed to settle down for 1 h and then directly fixed
(omitting the six washing steps) in 10% neutral buffered formalin. The rest of the procedure
was followed as described above. The absorbance of the eluate was measured at 450 nm
using an EL808 reader (BioTek Instruments GmbH, Lucerne, Switzerland). Experimental
values corrected for the background signal were normalized to the values obtained for
the total number of seeded control cells, arbitrary taken as 100% adhesion. Data represent
means ± SD from three independent experiments performed with the pooled HUVECs or
with three different cell donors for the primary hPDLCs and hOFs.

4.4. Adsorption and Release of Growth Factors from Volume-Stable Collagen Matrix

The vCMs were coated for 10 min at RT with 1 mg/mL of EMD or 100 ng/mL of each
of the following recombinant growth factors TGF-β1, PDGF-BB, FGF-2, or GDF-5. The
EMD and the growth factors were diluted in PBS, pH 7.2 from a 10 mg/mL and 10 µg/mL
stock solutions, respectively. vCM incubated in PBS alone was used as a control. To remove
unbound protein after the 10-min incubation, the vCMs were extensively washed with PBS
for three cycles of 5 min each. The washing solutions from all three cycles for each of the
growth factors were pooled and stored in low protein binding tubes (Eppendorf, Basel,
Switzerland) at −80 ◦C until analyzed. Matrices were transferred in 3 mL PBS containing
0.1% bovine serum albumin (BSA; Sigma) and 1% AA for incubation at 37 ◦C for 12 days
with shaking at 70 rpm. The 3-mL supernatants were collected in low protein binding
tubes, stored at −80 ◦C, and replaced with 3 mL of fresh PBS/BSA/AA solution at 0.5,
1, 3, and 6 h, and 1, 3, 6, 9, and 12 days. The amount of protein remained unadsorbed to
the vCM as well as the protein released at the indicated time points was determined by
colorimetric ELISAs (R&D Systems, Minneapolis, MN, USA) following the manufacturer’s
protocol. The optical density was read at 450 nm wave length using the EL808 microplate
reader. Growth factor adsorption by the vCM was quantified by subtracting the amount
of unbound growth factor (determined in the washing solution) from the total amount of
protein initially added to the matrices (100 ng), and was expressed in percent. The amount
of released protein was calculated as percent of the adsorbed protein. Three independent
experiments were performed. Samples were quantified in triplicate.

4.5. Gene Expression Analyses by qRT-PCR

Quantitative RT-PCR was used to analyze the expression of THBD, SERPINE1, THBS1,
F3, PLAT, PLAU, PLAUR, and MMP14 genes in primary hPDLCs, hOFs, and HUVECs
grown for 48 h under the experimental conditions depicted in Figure 3. In brief, after 24 h
of starvation, 2.5 × 105 cells/well were plated in 1% FCS-containing medium either (1)
on tissue culture plastic in the absence of vCM and growth factors (control), (2) on tissue
culture plastic in the presence of 1 mg/mL of EMD or 100 ng/mL of TGF-β1, PDGF-BB,
FGF-2, or GDF-5, (3) on native/uncoated vCM, or (4) on vCM coated with EMD or each
of the four recombinant growth factors, according to the coating procedure described in
Section 4.4.

Total cellular RNA from the above-described experimental groups was extracted
using TRIzol (ThermoFisher Scientific) according to the manufacturer’s procedure. The
TRIzol-extracted RNA was purified by using the RNeasy MinElute Cleanup Kit (Qiagen,
Basel, Switzerland). RNA, quantified spectrophotometrically and reverse transcribed by
using the Transcriptor First Strand cDNA Synthesis Kit (Roche, Basel, Switzerland), was
subjected to qPCR using the FastStart Universal SYBR Green Master ROX (Roche) and the
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primer sequences listed in Table 1. The PCR was carried out in a QuantStudio 3 instrument
(Applied Biosystems, Rotkreuz, Switzerland) as described [9]. The efficiency ∆∆Ct method
was used to calculate gene expression levels normalized to GAPDH and calibrated to
controls. Data represent means ± SD from three independent experiments performed in
duplicates with the pooled HUVECs or with three different cell donors for the primary
hPDLCs and hOFs.

Table 1. Primer sequences.

Gene Symbol
Gene Bank Accession

Number Primer Pair (fwd/rev) Amplicon
Size (bp)

THBD NM_000361 5′- TCCTCTGCGAGTTCCACTTC-3’
5′- GCCGTAGGTGATCGAGACG-3’ 89

SERPINE1 NM_001165413 5′- AGTGGACTTTTCAGAGGTGGA-3’
5′- GCCGTTGAAGTAGAGGGCATT-3’ 151

THBS1 NM_003246.3 5′- ATCCGCAAAGTGACTGAAGAG-3’
5′- GCAGATGGTAACTGAGTTCTGAC-3’ 152

F3 NM_001993 5′- TAAGCACTAAGTCAGGAGATTGG-3’
5′- TGTCCGAGGTTTGTCTCCAG-3’ 216

PLAT NM_000930 5′- AAACCCAGATCGAGACTCAAAGC-3’
5′- GGTAGGCTGACCCATTCCC-3’ 131

PLAU NM_001145031 5′- GGGAATGGTCACTTTTACCGAG-3’
5′- GGGCATGGTACGTTTGCTG-3’ 103

PLAUR NM_001005377 5′- GAGCTATCGGACTGGCTTGAA-3’
5′- CGGCTTCGGGAATAGGTGAC-3’ 108

MMP14 NM_004995.3 5′- TCAAAGGAGACAAGCATTGGG-3’
5′- CGGTAGTACTTGTTTCCACGG-3’ 165

GAPDH NM_001256799.2 5′- ATCAAGAAGGTGGTGAAGCAG-3’
5′- TCGTTGTCATACCAGGAAATGAG-3’ 178

4.6. Statistical Analysis

Means ± SD represent all grouped data. The statistical analyses were carried out
using GraphPad InStat Software, v.3.05. Differences between two groups were assessed by
Student’s t test and between multiple groups by one-way analysis of variance (ANOVA)
with Tukey’s post hoc test. Significance was indicated using the scale, *** p < 0.001,
** p < 0.01 and * p < 0.05.
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