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Abstract: Xenogenic collagen matrices are used in clinical practice for soft tissue aug-
mentation around teeth and implants, either alone or biofunctionalized with injectable
platelet-rich fibrin (iPRF). Their direct interaction with inflammatory cells may influence
both healing and destructive inflammation processes. Therefore, expression of cyclooxy-
genases (COX-1 and COX-2) and prostanoids (PGE2 and TXB2) was studied in THP-1
monocyte/macrophage cultures exposed to porcine collagen matrices (a non-cross-linked
monolayer scaffold composed of collagen type I, collagen type III, and elastin (MLCM), a
bilayer scaffold made of collagen types I and III (BLCM), and a volume-stable cross-linked
monolayer scaffold (VSCM)). The study showed that VSCM and MLCM significantly
reduced PGE2 concentrations in THP-1 monocyte cultures. iPRF further reduced PGE2
concentrations when exposed to MLCM. In contrast, incubation of THP-1 monocytes with
VSCM and BLCM resulted in a significant increase in TXB2 concentrations compared with
control conditions. Incubation of macrophages with MLCM, VSCM, and BLCM increased
PGE2 concentrations, with VSCM and BLCM additionally increasing TXB2 concentrations.
iPRF in macrophage cultures with VSCM and BLCM also resulted in increased PGE2 and
TXB2 concentrations compared with control conditions. Confocal microscopy revealed no
visible differences in COX-1 immunoexpression in monocytes and macrophages cultured
with collagen matrices, either with or without iPFR. Weak positive COX-2 immunofluores-
cence was observed in monocytes, while moderate positive immunofluorescence was de-
tected in macrophages. In conclusion, it can be suggested that the studied collagen matrices
interact with monocytes/macrophages, with MLCM exhibiting the highest compatibility.
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1. Introduction

Soft tissue augmentation procedures, aimed at enhancing the function and aesthetics of
soft tissues surrounding teeth and implants, have garnered increasing attention. This trend
is driven by growing aesthetic awareness among patients and the benefits these procedures
offer in maintaining the long-term stability, functionality, and prognosis of both teeth and
implants [1]. While autologous grafts remain the gold standard for creating and restoring
adequate soft tissue dimensions [2], these procedures present notable disadvantages and
limitations, primarily due to the requirement for a second surgical site at donor area and
the limited availability of donor tissue for treating multiple soft tissue defects [3-5]. To
address these challenges, research has focused on developing alternative non-autologous
substitutes, with animal-derived remodeling collagen matrices (CMs) emerging as a notable
example [1,6-8]. Several methods exist for processing xenogeneic matrices, with various
elements of the nano- and microstructure of collagen playing a crucial role in guiding
appropriate cellular responses [9,10].

Cell and tissue reactions can vary depending on factors such as collagen scaffold
thickness, porosity, source, purification methods, and chemical cross-linking [11]. Although
cross-linking enhances volume stability, it may also promote inflammatory and foreign-
body reactions, potentially leading to wound healing complications and suboptimal clinical
outcomes [1]. Furthermore, the slower, prolonged degradation of cross-linked collagen
matrices can result in residues and secondary products with potentially toxic effects [3,12].
To minimize immunogenicity, the manufacturing process for collagen matrices eliminates
cells, proteins, and non-protein substances from the original tissue. As a result, collagen
matrices lack cell-inducing and tissue-regenerating capabilities, features that are highly
desirable in soft tissue augmentation procedures [13].

Wound healing, along with soft and hard tissue regeneration, can be enhanced by in-
jectable PRF (iPRF). Developed through centrifugation of blood in non-glass centrifugation
tubes at lower speeds and for shorter durations [14], iPRF represents the latest and most sig-
nificant advancement in platelet concentrates. Following application, liquid iPRF gradually
transforms into a three-dimensional fibrin network that embeds platelets, leukocytes, type
I collagen, osteocalcin, and growth factors. These bioactive components are continuously
released over a period of 10-14 days, promoting wound healing and supporting both soft
and hard tissue regeneration. iPRF is widely used in regenerative dentistry as an injectable
biomaterial, a carrier for various biomolecules, or in combination with other biomaterials
for diverse clinical applications [15]. Combining injectable platelet-rich fibrin (iPRF) with
collagen scaffolds provides clinically relevant benefits, such as enhanced cell proliferation.
Collagen membranes soaked in iPRF significantly boost gingival mesenchymal stem cell
attachment, penetration depth, and proliferation [16]. Collagen membranes biofunctional-
ized with iPRF, used in a split-mouth randomized trial employing the minimally invasive
VISTA technique, showed significantly greater improvements in clinical parameters related
to root coverage, making the procedure more predictable [17]. It can be hypothesized
that the bioactive molecules in iPRE, when applied to collagen matrices, may contribute to
creating a more favorable environment for surrounding cells during the healing process.

The pathophysiology of oral tissue healing is highly complex and not yet fully under-
stood. This biological process involves numerous cell-to-cell and cell-to-extracellular matrix
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interactions, regulated by signaling protein molecules such as chemokines, cytokines, and
growth factors. It occurs in four overlapping phases: hemostasis, inflammation, prolif-
eration, and remodeling [18,19]. The use of absorbable devices, following a critical early
healing sequence, inevitably elicits tissue reactions that may influence wound healing.
Ideally, these inflammatory reactions should be limited in magnitude, tolerable in nature,
and should not compromise the regeneration outcome. Currently, various materials with
advanced biochemical properties are employed in the treatment of soft tissue deficiencies.
Their composition is continually refined to mimic the characteristics of autologous soft
tissue grafts. However, despite the ongoing development of new materials and processing
techniques, certain side effects persist, such as the triggering of an immune reaction, that
may exacerbate inflammation. This heightened in inflammatory state can lead to early ex-
posure and premature degradation of collagen matrices [20]. In light of previous preclinical
and clinical studies [3,7,21-23], collagen matrices appear to be biocompatible materials.
Nevertheless, clinical evaluations alone cannot fully elucidate the underlying biological
mechanisms, including the local inflammatory response.

Monocytes and macrophages are among the first cells to interact with the implanted
materials immediately after their placement on exposed or partially damaged tissue [24].
These cells, which possess the ability to synthesize and secrete cytokines, serve as a key
source of these signaling molecules. This characteristic, among other factors, explains their
role in initiating both destructive and reparative processes [25]. Inflammation is closely
associated with the activity of macrophages that participate in response to various stimuli,
including materials such as collagen matrices [11,26,27]. Through the secretion of cytokines
and growth factors, macrophages initiate both reparative and destructive processes [27,28].
The initial phase following implantation is characterized by the intensive secretion of
pro-inflammatory cytokines, including IL-13, IL-6, and TNF-«, as well as chemokines such
as monocyte chemoattractant protein-1 (MCP-1) and macrophage inflammatory protein-1oc
(MIP-1«) [28-31]. Studies have also shown that, under in vitro conditions, macrophages
increase the expression and activity of cyclooxygenase-1 (COX-1) and cyclooxygenase-2
(COX-2). These enzymes catalyze the conversion of arachidonic acid into prostaglandin
H, (PGH2). This process occurs in two stages, with PGH2 serving as a precursor for
biologically active prostanoids such as prostaglandin E2 (PGE2) and thromboxane A,
(TXAy) [32,33]. Until recently, COX-1 was considered a constitutive enzyme with minimal
involvement in the inflammatory process [34]. However, it is now recognized that, in
certain tissues, this enzyme is sensitive to induction and plays a role in the initial phase
of the response to factors initiating prostanoid synthesis. COX-1 is a source of PGE2 and
TXA,, the latter being metabolized into the more stable TXB2. COX-2 is an enzyme that
undergoes induced expression in response to factors such as pro-inflammatory cytokines
or cytokines produced by cell growth factors (including monocytes) and plays a dominant
role in chronic inflammation [35,36]. In monocytes, COX-1 activity predominantly supports
TXA; production, while COX-2 activity favours PGE2 production [37].

The aim of this study was to investigate whether three different porcine collagen
matrices, routinely used for soft tissue augmentation around teeth and implants, both
alone and biofunctionalized with iPRF, influence the expression of COX-1 and COX-2
enzymes in THP-1 monocytes/macrophages. Additionally, their effect on the synthesis of
prostanoids (PGE2 and TXB2), which serve as mediators of inflammation and are catalyzed
by COX-1 and COX-2, was evaluated. This experimental approach enables the replication of
clinical conditions resulting from the direct interaction between collagen matrices and soft
tissue, mimicking the processes occurring during healing and regeneration in augmentation
procedures.
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2. Results

2.1. Collagen Matrices Induced Activation of THP-1 Monocytes

All tested collagen matrices induced activation of THP-1 monocytes, as demonstrated
by an increase in CD68 expression (a macrophage differentiation marker) after 48 h of
treatment with PMA (200 nM) compared with untreated cells. The expression was measured
by flow cytometry. In contrast, the expression of CD14 (a monocyte differentiation marker)

remained unchanged (see Table 1, and Figure 1A-C).

Table 1. The effect of collagen matrices (MLCM, VSCM, and BLCM) on the activation of THP-1

monocytes.
Fluorescence Intensity
CD14 CDe68
(% of Positive Cells) (% of Positive Cells)
99.96% 2.8% THP-1
98.37% 79.94% THP-1 + PMA MLCM
99.92% 2.5% THP-1
99.72% 78.26% THP-1 + PMA VSCM
99.98% 2.3% THP-1
98.41% 80.43% THP-1 + PMA BLCM
A CD14 CD68
- 99.98% - . 4.72% .
T s ] ¥ THP-1
i 8a] (MLCM)
anti-CD14 mAb B525-A anti-CDBE mAb R660-A
99.63% B4 | 78.26% .
S § THP-1+ PMA
8] 3 (MLCM)
103'”””’1‘235 ' 110‘3 o ””‘1'07 1—0‘ 102 10 10* 105 10% 107
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Figure 1. Cont.
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Figure 1. The effect of the collagen matrices (A) MLCM, (B) VSCM, and (C) BLCM on the differentia-
tion of THP-1 monocytes to macrophages. The THP-1 cells in the presence of collagen matrices were
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incubated without phorbol 12-myristate 13-acetate (PMA, upper histograms) or with PMA (lower
histograms). Expression of markers was determined by flow cytometry. CD68 expression (marker
for macrophages) increased significantly after treatment with PMA (200 nM) as compared with
non-treated cells, whereas CD14 expression (marker for monocytes) did not change. The figure shows
representative histograms obtained by flow cytometry.

2.2. THP-1 Monocyte and Macrophage Culture Visualization

Monocytes and macrophages cultured under control conditions (RPMI medium with
10% FBS) for 48 h, as well as those incubated with MLCM, VSCM, and BLCM with or
without iPRF for 48 h, showed normal morphology (Figures 2—4).

Figure 2. Imaging of THP-1 monocyte (A,C,E) and macrophage (B,D,F) cultures with MLCM (A,B),
VSCM (C,D), and BLCM (E,F).
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Figure 3. Imaging of THP-1 monocyte cultures. Cells were cultured in RPMI medium with 10%
FBS as a control condition for 48 h (A), and under the following conditions: MLCM (B), MLCM +
iPRF (C), VSCM (D), VSCM + iPRF (E), BLCM (F), and BLCM + iPRF (G). Normal cell morphology
was observed across all conditions. The experiments were performed in six separate assays, each
conducted in triplicate.
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Figure 4. Imaging of the macrophage culture. Cells were cultured in RPMI medium with 10% FBS
as a control condition for 48 h (A), and under the following conditions: MLCM (B), MLCM + iPRF
(C), VSCM (D), VSCM + iPRF (E), BLCM (F), and BLCM + iPRF (G). Normal cell morphology was
observed in all conditions. Experiments were conducted as six separate assays, with each assay
performed in triplicate.
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2.3. Prostaglandin E2 (PGE2) in THP-1 Monocytes and Macrophages

Incubation of THP-1 monocytes under MLCM + iPRF conditions for 48 h resulted in a
statistically significant decrease in PGE2 concentration in the medium by approximately
25% compared with the control condition (p = 0.002). Furthermore, monocytes incubated
with MLCM + iPRF showed an 18.7% reduction in PGE2 concentration (p = 0.002) compared
with those treated with MLCM alone. Similarly, monocytes incubated with VSCM showed
a 19% reduction in PGE2 concentration compared with control conditions (p = 0.002), while
VSCM + iPRF further decreased PGE2 levels by 33% compared with the control (p = 0.002).
In contrast, monocytes incubated with BLCM and BLCM + iPRF did not show statistically
significant changes in PGE2 concentration (Figure 5A-C).
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Figure 5. Prostaglandin E2 (PGE2) concentration in THP-1 monocytes (A-C) and macrophages
(D-F) incubated with collagen matrices (MLCM, VSCM, and BLCM) with or without injectable
platelet-rich fibrin (iPRF). Cells were cultured for 48 h in RPMI medium supplemented with 10% FBS.
Following incubation, cells were harvested by scraping, and PGE2 concentrations were measured
by ELISA. Control cells were cultured in RPMI medium with 10% FBS without collagen matrices.
The experiments were conducted as six independent assays, each conducted in triplicate. * indicates
a statistically significant difference compared with the control (p < 0.05), while ** denotes a highly
significant difference compared with the control (p < 0.01), as determined by a U-Mann-Whitney test.

Macrophages incubated with MLCM + iPRF for 48 h exhibited a statistically signifi-
cant increase in PGE2 concentration by 44% compared with control conditions (p = 0.002).
Similarly, macrophages cultured with VSCM showed a dramatic increase in PGE2 concen-
tration by 194% relative to control conditions (p = 0.002). A comparable elevation in PGE2
concentration (161%, p = 0.002) was observed in macrophages incubated with VSCM +
iPRF. Macrophages incubated with BLCM also demonstrated a substantial rise in PGE2
concentration by 140% compared with the control (p = 0.002). In the presence of BLCM +
iPRF, PGE2 levels increased by 119% (p = 0.002) (Figure 5D-F).
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2.4. Thromboxane TXB2 in THP-1 Monocytes and Macrophages

Incubation of THP-1 monocytes for 48 h under VSCM conditions caused a statistically
significant increase in thromboxane TXB2 concentration in the cell medium by approxi-
mately 206% compared with control conditions (p = 0.002). Similarly, monocytes incubated
with VSCM + iPRF exhibited a 160% higher TXB2 concentration compared with the control
(p = 0.002). In culture treated with BLCM, the TXB2 concentration increased by 125%
relative to control conditions (p = 0.002), while cells incubated with BLCM + iPRF showed
a 118% increase TXB2 concentration compared with the control (p = 0.002) (Figure 6A-C).
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Figure 6. Thromboxane 2 (TXB2) concentration in THP-1 monocytes (A—C) and macrophages (D-F)
cultured with collagen matrices (MLCM, VSCM, and BLCM) with or without injectable platelet-rich
fibrin (iPRF). Cells were cultured for 48 h in RPMI medium supplemented with 10% FBS and collagen
matrices. Following incubation, cells were harvested by scraping, and TXB2 concentration in the
medium was measured by ELISA. Control cells were cultured in RPMI medium with 10% FBS
without collagen matrices. Experiments were conducted in six independent assays, each performed

in triplicate. ** Indicates a statistically significant difference compared with the control ((p < 0.01)
(U-Mann-Whitney test)).

Macrophages cultured with VSCM for 48 h exhibited a statistically significant increase
in TXB2 concentration in the medium by 138% compared with control conditions (p = 0.002).
In macrophages treated with VSCM + iPRF, TXB2 levels were 108% higher than the control
(p = 0.002). Similarly, macrophages incubated with BLCM showed an approximately 118%
increase in TXB2 concentration compared with the control conditions (p = 0.002). Those
treated with BLCM + iPRF exhibited a 102% higher TXB2 concentration relative to the

control (p = 0.002) (Figure 6D-F). Other observed changes in thromboxane concentration in
macrophage cultures were not statistically significant.

2.5. Cyclooxygenase-1 and Cyclooxygenase-2 Expression in Monocytes and Macrophages

THP-1 monocytes and macrophages cultured with collagen matrices with or without
iPRF exhibited weak positive immunofluorescence to COX-1. Confocal microscopy revealed
no visible differences in COX-1 immunoexpression in monocytes and macrophages cultured
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with collagen matrices, with or without iPRF, compared with the control. However, weak
positive COX-2 immunofluorescence was observed in monocytes, while macrophages
displayed moderate positive immunofluorescence when incubated with collagen matrices,
with or without iPRF, compared with the control (Table 2, Figures 7-10).

Table 2. Immunofluorescence score for COX-1 and COX-2 protein expression based on staining
intensity in in vitro cultures of THP-1 monocytes and macrophages.

Fluorescence Intensity

COX-1 COX-2
(Positive Cells) (Positive Cells)
Monocytes/ Monocytes/
Macrophages Macrophages

+/+ +/++ THP-1 Control
+/+ +/++ THP-1 MLCM
+/+ +/++ THP-1 + PMA

+/+ +/++ THP-1 VSCM

+/+ +/++ THP-1 + PMA

+/+ +/++ THP-1 BLCM

+/+ +/++ THP-1 + PMA

Expressions are described as follows: +, positive; ++, moderate. Scoring was performed by two independent
researchers without knowing the sample’s description.

Figure 7. Imaging of COX-1 enzyme expression in THP-1 monocytes by fluorescence microscopy (I.)
and representative Western blots (IL.). Cells were cultured in RPMI medium with 10% FBS as the control



Int. J. Mol. Sci. 2025, 26, 4386 12 of 25

condition for 48 h (A) and under the following conditions: MLCM (B), MLCM + iPRF (C), VSCM
(D), VSCM + iPRF (E), BLCM (F), and BLCM + iPRF (G). The immunohistochemistry was performed
using a specific primary antibody (mouse anti-COX-1 incubated overnight at 4 °C) and secondary
antibodies conjugated with FITC (anti-mouse IgG-FITC, incubated for 45 min at room temperature).
COX-1 expression is visible as green fluorescence, while cell nuclei were stained with DAPI (blue).
Confocal microscopy was used for image analysis, employing filters 38 HE GFP for green fluorescence
and 49 DAPI for blue fluorescence. Image analysis was performed with a confocal microscope using
filters 38 HE GFP for green fluorescence and 49 DAPI for blue fluorescence. Arrows indicate areas of
increased COX-1 expression compared with the control.

Figure 8. Imaging of COX-2 enzyme expression in THP-1 monocytes by fluorescence microscopy (I.)
and representative Western blots (II.). Cells were cultured in RPMI medium with 10% FBS as the control
condition for 48 h (A) and under the following conditions: MLCM (B), MLCM + iPRF (C), VSCM (D),
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VSCM + iPRF (E), BLCM (F), and BLCM + iPRF (G). Inmunohistochemistry was performed using
specific primary antibodies (mouse anti-COX-2, incubated overnight at 4 °C) and secondary anti-
bodies conjugated with FITC (anti-mouse IgG-FITC, incubated for 45 min at room temperature).
COX-2 expression is visible as green fluorescence, while cell nuclei were stained with DAPI (blue). A
confocal microscope was used for image analysis, employing filters 38 HE GFP for green fluorescence
and 49 DAPI for blue fluorescence. Arrows indicate areas of increased COX-2 expression compared
with the control.

Figure 9. Imaging of COX-1 enzyme expression in THP-1 macrophages by fluorescence microscopy
(L) and representative Western blots (IL.). Cells were cultured in RPMI medium with 10% FBS as the
control condition for 48 h (A) and under the following conditions: MLCM (B), MLCM + iPRF (C),
VSCM (D), VSCM + iPRF (E), BLCM (F), and BLCM + iPRF (G). Inmunohistochemistry was per-
formed using specific primary antibodies (mouse anti-COX-1) and secondary antibodies conjugated
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with FITC (anti-mouse IgG-FITC, incubated for 45 min at room temperature). COX-1 expression
is visualized as green fluorescence, while cell nuclei were stained with DAPI (blue). Confocal
microscopy was used for image analysis, employing filters 38 HE GFP for green fluorescence and
49 DAPI for blue fluorescence. Arrows indicate areas of increased COX-1 expression compared with
the control.

Figure 10. Imaging of COX-2 enzyme expression in THP-1 macrophages by fluorescence microscopy
(I.) and representative Western blots (II.). Cells were cultured in RPMI medium with 10% FBS
as the control condition for 48 h (A) and under the following conditions: MLCM (B), MLCM +
iPRF (C), VSCM (D), VSCM + iPRF (E), BLCM (F), and BLCM + iPRF (G). Inmunohistochemistry
was performed using specific primary antibodies (mouse anti-COX-2) and secondary antibodies
conjugated with FITC (anti-mouse IgG-FITC, incubated for 45 min at room temperature). COX-2
expression is visualized as green fluorescence, and cell nuclei were stained with DAPI (blue). Confocal
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microscopy was used for image analysis, employing filters 38 HE GFP for green fluorescence and
49 DAPI for blue fluorescence. Arrows indicate areas of increased COX-2 expression compared with
the control.

In Western blot analysis, THP-1 monocytes and macrophages cultured with collagen
matrices with or without iPRF exhibited weak positive immunofluorescence to COX-1.
In the MLCM and MLCM + iPRF groups of monocytes, the expression of COX-1 was
significantly lower compared with the control group (p = 0.01; p = 0.01, respectively). There
were no visible differences in COX-1 immunoexpression in macrophages cultured with
collagen matrices, with or without iPRF, compared to the control. There were no significant
differences in COX-2 immunofluorescence between the studied groups in monocytes,
while in the macrophages the MLCM and MLCM + iPRF groups had significantly higher
expression of COX-2 than the control group (p = 0.01; p = 0.01, respectively) (Figure 11).
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Figure 11. Representative blots (I.) and densitometric analysis (II.) of COX-1 (A,C) and COX-2 (B,D)
protein expression in THP-1 monocytes (A,B) and macrophages (C,D). Cells were cultured in RPMI
medium with 10% FBS as the control condition for 48 h and under the following conditions: MLCM
and MLCM + iPRF, VSCM and VSCM + iPRF as well as BLCM and BLCM + iPRF. Data represent the
mean =+ standard deviation. * p < 0.01 (Mann-Whitney U test).

3. Discussion

Data on the cellular and molecular mechanisms associated with collagen matrices
remain limited and often contradictory [31,38]. On the other hand, understanding these
mechanisms is of great interest to materials scientists and clinicians as it could enhance
the predictability of collagen matrices in soft tissue regeneration. Previous animal studies,
where collagen matrices were implanted subcutaneously, have demonstrated variable
cellular responses depending on the material’s specific characteristics and manufacturing
techniques. These responses ranged from mononuclear cell infiltration (e.g., macrophages)
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without a foreign-body reaction to multinucleated giant cell-induced granulation tissue
formation [3,11,24].

In an in vitro study with porcine- and bovine-derived collagen membranes, all tested
membranes—particularly the porcine-derived ones—induced increased production of pro-
inflammatory mediators in the mononuclear cells and decreased cellular proliferation, as
measured by the MTT assay [31]. These findings contrast with the results of Liu et al., who
studied the effects of collagen membranes on hMSC proliferation using lactate dehydroge-
nase and MTT assays. In their study, porcine-derived collagen membranes exhibited low
cytotoxicity and significantly enhanced cellular proliferation compared with controls [38].

In the present study, we investigated the effects of collagen matrices, both alone and
biofunctionalized with iPRF, on the expression of COX-1 and COX-2 enzymes in THP-1
monocytes/macrophages as well as on the synthesis of prostanoids (PGE2) and trombox-
anes (TXB2). The THP-1 cell line, including both monocytes and the macrophages derived
from them, represents a widely used cellular model for studying the immune response.
THP-1 cells closely mimic human monocytes/macrophages in terms of morphology and
function [39].

This study provides information about the collagen matrix interactions at a single
time point, without demonstrating time-dependent characteristics, which may be consid-
ered a study limitation. However, since collagen matrices are intended to support wound
healing—a process involving four sequential but overlapping phases: hemostasis (0 to
several hours after injury), inflammation (1-3 days), proliferation (4-21 days), and remod-
eling (21 days to 1 year) [40]—the focus of the present study is justified. The functions of
the monocytes/macrophages assessed in the present study are primarily involved in the
inflammatory phase; therefore, a 48 h time point was chosen to evaluate the interactions
between these cells and the collagen matrices.

In the literature, THP-1 cells are described as an appropriate model for studying
monocyte/macrophage responses, determining macrophage differentiation, and analyzing
the effects of external factors on macrophages [39]. The results obtained using these cells
can often be extrapolated to the human organism. The same in vitro study model was
used by Sikora et al. to determine how the production of PGE2 and TXB2 in THP-1
monocytes/macrophages is influenced by titanium 3D plates and dedicated screws [41].
This model was also utilized in a study aimed at investigating whether silicate-based
materials, used in the regeneration of the pulp—dentine complex, affect the expression of
the enzymes COX-1 and COX-2 in THP-1 monocytes/macrophages as well as the synthesis
of prostanoids by these enzymes [42].

In the present study, THP-1 cells expressing a low level of CD14+ developed into the
CD68+ phenotype under PMA stimulation, signifying their differentiation into mature
macrophages. The macrophage phenotype evolves as the wound heals, transitioning from
the M1 (pro-inflammatory) to the M2 (anti-inflammatory) form, a process influenced by the
local microenvironment. The M2 phenotype is characterized by distinct surface receptors or
cell differentiation (CD) markers, including CD68 [43]. This phenotype may result from the
conversion of M1 macrophages—the classical activated form involved in pathogen phago-
cytosis and the clearance of damaged cells, including neutrophils—into M2 macrophages,
which perform repair and regeneration functions [44]. The balance between M1 and M2
macrophages plays a crucial role in progression of various inflammatory diseases and the
wound healing process. However, in the present study, the collagen matrices demonstrated
a substantially lower induction potential compared with the model differentiation stim-
ulator (PMA). Under the experimental conditions, a pool of macrophages with CD14+
classical monocytes was observed. The differentiation potential of THP-1 cells exposed to
all studied porcine collagen matrices—a non-cross-linked monolayer scaffold of collagen
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types I and III and elastin (MLCM), a bilayer scaffold of collagen types I and III (BLCM),
and a cross-linked monolayer scaffold of collagen types I and III and elastin with volume
stability (VSCM)—was similar and of low intensity. These results suggest that the studied
collagen matrices have a limited capacity to promote macrophage differentiation and, by
extension, wound healing stimulation.

In the next step, the expression and activity of COX-1 and COX-2 in monocytes and
macrophages were analysed. COX-1 is a housekeeping enzyme involved in maintaining the
basal PG levels necessary for tissue and cell homeostasis [45]. On the other hand, COX-2 is
tightly regulated, with its expression and activation directly induced by pro-inflammatory
cytokines and growth factors that activate intracellular-inflammation-related pathways [46].
However, COX-1 can also participate in inflammatory responses, as demonstrated in
studies on COX-1 knockout mice [36,47]. Moreover, up-regulated COX-1 expression has
been observed in resident inflammatory cells responsible for acute inflammatory responses
and cell differentiation [48]. In the experimental model used, monocytes expressed lower
expression levels of both COX-1 and COX-2 compared with macrophages, and exposure
of the cells to the studied collagen matrices did not affect the levels of these enzymes.
However, semi-quantitative fluorescence microscopy may not be sensitive enough to detect
subtle differences resulting from stimulation, as the levels of PGE2 and TXB2, products of
COX-1 and COX-2 activity, were affected. PGE2 and TXA2 are derived from the common
intermediate product PGH2. Their relative rates of production in different cell types can
depend on the relative efficiencies with which their respective terminal synthases engage
PGH2 and convert it into their specific eicosanoid products.

Studies on rat peritoneal cells revealed that COX-2 activity favored the production
of PGE2, or prostacyclin, whereas COX-1 activity favored the production of TXA2. This
finding suggests compartmentalization or a functional linkage of COX isozymes with
different terminal synthases [49]. In the experimental model, TXB2 was used as a marker for
biologically active TXA2. TXB2 is the chemically stable and biologically inactive hydrolysis
product of TXA2 and is used as surrogate marker for TXA2 [50]. The results of the present
study suggest that macrophages respond more significantly to xenogenic collagen matrices,
with increased production of both PGE2 and TXB2. The fold-change for BLCM and VSCM
exceeded 2, indicating biological significance. These two biomaterials appear to be less
biocompatible, with a higher inflammation-induction potential compared with MLCM.
These findings corroborate experimental results in rats, which demonstrated rapid tissue
integration and vascularization with minimal to no signs of ingrowing inflammatory cells in
native, non-cross-linked collagen. In contrast, cross-linked collagen matrices led to limited
tissue integration and were associated with a higher degree of inflammatory response [3].

All the analyzed collagen matrices are derived from porcine tissues and are com-posed
of collagen types I and IIl and/or elastin, so that potential interspecies differences can be
ruled out. The observed differences can rather be attributed to physicochemical properties
resulting from cross-linking density and the three-dimensional structure. These parameters
can affect the stability of the collagen network (volume stability), the cell interaction surface,
and the ingrowth space (e.g., for monocytes and macrophages) as well as cell behavior
(including monocyte and macrophage polarization) and the degradation rate, which have
been shown to influence physiology [29,51,52]. Porous matrices and those with lower
stiffness, which replicate the biomechanical properties of the natural extracellular matrix
(ECM), promote monocyte recruitment and their polarization toward the regenerative M2
phenotype [29,53].

Upon tissue damage, monocytes are rapidly recruited to the affected tissue, where they
can differentiate into tissue macrophages or dendritic cells. The observed results suggest
that monocyte activation by xenogenic collagen matrices does not significantly involve
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PGE2. Although the changes observed for MLCM and VSCM are significant, they may not
be biologically prominent. However, the increase in TXB2 production by monocytes stimu-
lated with BLCM and VSCM is significant in magnitude and may hold biological relevance.
Similarly, the macrophage stimulation data suggest that these matrices have lower biocom-
patibility. The differencing patterns of PGE2 and TXB2 responses to xenogenic collagen
matrices by monocytes can be attributed to their distinct time courses. TXB2 synthesis is
immediate and depends on cyclooxygenase-1 (COX-1) activity, whereas PGE2 synthesis
is delayed and depends on COX-2 activity. These apparent COX-isotype dependencies of
TXB2 and PGE2 synthesis can be explained by differences in the affinities of TXA synthase
and PGE synthase for the common substrate (PGH2) [54]. The non-cross-linked monolayer
scaffold demonstrates the lowest potential to stimulate PGE2 and TXB2 production and
likely exhibits the highest biological compatibility. Wound healing and soft and hard tissue
regeneration can be enhanced by injectable PRF (iPRF). In vitro experiments suggest that
platelet derivatives may play a crucial role in inducing a dynamic M1/M2 balance and
promoting a timely M1-M2 shift, as observed with the M2-featured macrophages used
in the present study [55]. The use of iPRF as a modifying factor, providing additional
signals to surrounding cells, appears to interact with MLCM. This interaction modified
the responses of the collagen matrix, particularly in macrophages, leading to significantly
increased concentrations of PGE2 and TXB2, while being accompanied by a significant
decrease in PGE2 production in monocytes.

In the early phase of wound repair, infiltrating monocytes and resident macrophages
are activated and primarily acquire a pro-inflammatory (M1) phenotype [56]. These cells
phagocytose microbes, scavenge dead cells and cellular remnants, and, upon activation,
produce pro-inflammatory mediators such as IL-1, IL-6, and TNF« [56,57].

Later in the healing process, macrophages transition from a pro-inflammatory M1
phenotype to a reparative M2 phenotype. M2 macrophages express anti-inflammatory
mediators, such as the IL-1 receptor antagonist and IL-10, as well as growth factors like
TGFp and IGF1, which promote fibroblast proliferation and angiogenesis [58,59]. This
M1-M2 transition is critical for resolving inflammation and orchestrating tissue repair [60].
The observed differences in MLCM + iPRF effects—specifically, the inhibition of PGE2 in
monocytes and its activation in macrophages—most likely result from the distinct biological
functions of these cell types.

Cross-linked (VSCM) and bilayered (BLCM) collagen matrices in the presence of iPRF
more strongly affected monocyte and macrophage activity, resulting in an increased level
of PGE2 and TXB2 compared with the monolayer matrix (MLCM). The early rise in PGE2
and TXB2 in response to iPRF combined with collagen matrices likely reflects a necessary
and beneficial pro-inflammatory phase of regeneration [61]. However, sustained elevated
levels can impede the healing process [62]. Without observations showing a decrease in
these levels over time, the risk of chronic inflammation cannot be ruled out.

The net balance of the interaction can be neutral in biological systems, but this remains
to be fully evaluated. In physiological conditions, macrophages are a major source of PGE2
during inflammation [63,64]. They possess receptors for this eicosanoid and respond to
it [65]. The PGE2 produced can regulate cytokine synthesis in an autocrine manner, such as
IL-6. This effect is specifically linked to the activation of COX-2 and not COX-1 [66]. IL-6
signaling is then responsible for the transition to a reparative environment [67,68]. These
findings suggest that the interaction of iPRF with MLCM may stimulate the regenerative
process. In contrast, BLCM and VSCM do not significantly interact with iPRF, as the
responses to these biomaterials co-incubated with iPRF did not change significantly.

TXA2 is a known vasoconstrictor that is also activated during tissue injury and inflam-
mation. Due to its instability under experimental conditions, its stable hydrolysis product,
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TXB2, is commonly used as a marker molecule [50] for COX-1 activity, which mediates
TXA2 production in most cells [69]. In the applied experimental model, the most significant
changes in the TXB2 levels in monocyte and macrophage cultures were observed in the
co-cultures with BLCM and VSCM with the highest changes in macrophages, exceeding
a two-fold increase. TXB2 levels were not affected by MLCM in macrophages, BLCM in
monocytes, or iPRF itself. The activity of TXA2 in wound healing may be related to its role
in inducing blood flow recovery through platelet activation and stimulation of angiogenesis-
promoting factors [70]. It may also contribute to the synthesis of the pro-inflammatory
cytokine intereukin-6 (IL-6) and PGE2 as well as the inhibition of the expression of the
anti-inflammatory macrophage marker CD206 [71]. However, clinical applications of iPRF
have demonstrated positive therapeutic effects [72].

Based on the findings of the present study, it can be suggested that the tested col-
lagen matrices interact with monocytes/macrophages, with the non-cross-linked mono-
layer scaffold demonstrating the highest level of compatibility. iPRF does not seem to
significantly influence monocyte and macrophage function in the environment of the
studied collagen matrices.

4. Materials and Methods
4.1. Matrices Examined

In this study, three FDA-approved xenogeneic collagen matrices, deemed suitable
as scaffolds for soft tissue augmentation, were obtained (Mucoderm® (MLCM) from Bo-
tiss Medical GmbH (Berlin, Germany), Fibro-Gide® (VSCM) from Geistlich Pharma AG
(Wolhusen, Switzerland), and Mucograft® (BLCM) from Geistlich Pharma AG (Wolhusen,
Switzerland)). A detailed characterization of the collagen matrices examined in the study
is provided in Table 3.

Table 3. Detailed data on collagen matrices used for testing.

Scaffolding

Collagen Matrix Origin Characteristics Effects Reference
Mucoderm® (Botiss Monolayer scaffold Promotes the
medical GmbH, proliferation of
Berlin, Germany) . . collagen types I fibroblasts and
Porcine dermis and III endothelial cells and [5,73]
monolayer collagen elastin supports rapid
matrix (MLCM) non-cross-linked revascularization
Fibro-Gide®
(Geistlich Pharma Monolayer scaffold Promotes the ingrowth
AG, Wolhusen, collagen types I £ fi 1 .
Switzerland) and III of fibroblasts, matrix
Porcine dermis elastin biosynthesis, tissue [12,74]
volume-stable volume-stable m;relgiitlggésai?d
collagen matrix cross-linked 8108
(VSCM)
Bilayer scaffold Compact layer acts as a
® Y P Y
Mu.cograft . . (compact and porous barrier and provides
(Geistlich Pharma Porcine peritoneum ) L
ayers) stability
AG, Wolhusen, (compact layer) 1 1
Switzerland) Porous layer stabilizes [11,75]
Porcine dermis collagen types I the blood clot and ’
and III promotes cell ingrowth,

bilayer collagen
matrix (BLCM)

(porous layer)

non-cross-linked

tissue integration, and
angiogenesis
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4.2. Cell Culture and Treatment

The experiments were conducted on human monocytes and macrophages derived
from the THP-1 cell line. The cells were cultured in Roswell Park Memorial Institute
(RPMI) 1640 medium (cat. CC142-0500, GeneDireX, Taoyuan, Taiwan) supplemented with
100 IU/mL penicillin and 10 pg/mL streptomycin (cat. CC502-0100, GeneDireX, Taoyuan,
Taiwan) and 10% fetal bovine serum (FBS, cat. F7524, Merck KGaA, Darmstadt, Germany).
The cultures were maintained in a humidified atmosphere at 37 °C with 5% CO,, with
the medium refreshed every 48 h. Prior to the experiment, THP-1 cells were seeded into
culture flasks at an initial density of 1.5 x 10° cells per well (Starlab International, Hamburg,
Germany). Differentiation of THP-1 cells into macrophages was induced by treating the
cells with 100 nM phorbol 12-myristate 13-acetate (PMA) for 24 h (cat. P1585, Merck KGaA,
Darmstadt, Germany). The matrix samples were cut into 0.5 cm x 0.5 cm pieces and
rehydrated with injectable platelet-rich fibrin (iPRF), prepared from a single volunteer
donor from the research group. The iPRF donor was a healthy, non-smoking young adult
(28 years of age) with no blood disorders, infections, or addictions to drugs or alcohol and
who was not taking any medications that could negatively affect platelets. A total of 20 mL
of peripheral venous blood was collected via sterile venipuncture in two 10 mL iPRF tubes.
These tubes were immediately centrifuged using a DUO Quattro centrifuge (Process for
iPREF, Nice, France) at a speed of 700 rpm for 3 min, following Choukroun’s protocol [14].
After centrifugation, the collected iPRF samples were promptly applied to the matrices.

In the first experiment, THP-1 cells were cultured for 48 h in complete medium in the
presence of the tested materials (MLCM, MLCM + iPRF, VSCM, VSCM + iPRF, BLCM, and
BLCM + iPRF). The control group was incubated with complete medium for 48 h. After
incubation, the cells were collected, and pellets were obtained by centrifugation (800x g,
10 min). In the second experiment, THP-1 macrophages were cultured for 48 h under the
same conditions and using the tested materials as described in the first experiment. After
incubation, the cells were collected by scraping, and pellets were obtained by centrifugation
(800% g, 10 min).

The samples were frozen at —80 °C for further analysis. Proteins were extracted
using RIPA lysis buffer (cat. 89900, Thermo Fisher Scientific, Waltham, MA, USA), and
protein concentration was measured using the Micro BCA Protein Assay Kit (Thermo
Scientific, Waltham, MA, USA). The supernatants were transferred to new tubes and stored
at —80 °C until further analysis, including the measurement of prostaglandin E2 (PGE2)
and thromboxane B2 (TXB2) concentrations using the ELISA method. Differentiation of
THP-1 monocytes into THP-1 macrophages (indicating THP-1 monocyte activation) was
evaluated using flow cytometry.

4.3. Protein Concentration

Protein concentration was determined using the Micro BCA™ Protein Assay Kit
(cat. 23225, Thermo Scientific, Waltham, MA, USA) and measured spectrophotometrically
(UVM340, ASYS). This kit is designed for the colorimetric detection and quantification of
total protein, optimized for dilute protein samples (0.5-20 ug/mL). Based on an adaptation
of the Micro BCA™ Protein Assay Kit, it utilizes bicinchoninic acid (BCA) as the detection
reagent for Cu*! ions. These ions are generated when Cu*? is reduced by proteins in an
alkaline environment. The reaction produces a purple-colored complex formed by the
chelation of two BCA molecules with one cuprous ion (Cu*!), which is highly water-soluble
and exhibits strong absorbance at 562 nm. This provides a highly sensitive colorimetric
protein assay suitable for both test tube and microplate formats.
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4.4. Differentiation of THP-1 Cells into Macrophages: Flow Cytometry Analysis

Differentiation of THP-1 monocytes to macrophages was determined by staining CD14
and CD68 markers with monoclonal antibodies and evaluated by flow cytometry. The cells
were stained with FITC Mouse Anti-Human CD14 or Alexa Fluor® 647 Mouse Anti-Human
CD68 (BD Pharmingen, San Diego, CA, USA). The cells were stained according to the man-
ufacturer’s protocol. Briefly, the cells were collected (macrophages by scrapping), washed
with phosphate-buffered saline (PBS) supplemented with 2% bovine serum albumin (BSA,
Sigma-Aldrich, St. Louis, MO, USA), and stained in PBS with BSA with an appropriate
antibody for 1 h. Next, the cells were washed in PBS, resuspended in PBS, and analyzed in
a flow cytometer (CytoFlex, Beckman Coulter, Brea, CA, USA).

4.5. Verification of Collagen-Matrix-Induced Initiation of the Inflammatory Response
in Macrophages

THP-1 macrophages were cultured for 48 h under the same conditions and with the
tested materials as described in the first experiment. Following incubation, the cells were
collected as previously described, and protein concentrations were measured using the
Micro BCA Protein Assay Kit (Thermo Scientific, Rockford, IL, USA). The concentrations
of PGE2 and TXB2 were determined using the ELISA method, while COX-1 and COX-2
expression levels were analyzed using an immunocytochemical method with a confocal
microscope.

4.5.1. COX-1/2-Mediated Production of PGE2 and TXB2

The activity of the cyclooxygenases COX-1 and COX-2 was investigated by quanti-
fying their products (prostaglandin E2 (PGE2) and thromboxane B2 (TXB2)). Cells were
incubated for 48 h with MLCM or MLCM + iPRF, VSCM or VSCM + iPRF, and BLCM or
BLCM + iPREF, as described above. The concentration of PGE2 (cat. EH4233, FineTest,
Wuhan, China) and TXB2 (cat. EP0162, FineTest, Wuhan, China) was measured spectropho-
tometrically using an enzyme immunoassay kit according to the manufacturer’s protocol.

4.5.2. Imaging of Cyclooxygenase-1 and Cyclooxygenase-2 Expression

Cells were cultured with collagen matrices on microscope slides following the pre-
viously described protocol. After cultivation, the cells were rinsed with PBS and fixed in
4% buffered formalin for 15 min at room temperature. Following fixation and subsequent
PBS washes, the cells were permeabilized using a 0.5% Triton X-100 solution in PBS. After
additional PBS washes, the cells were incubated overnight at 4 °C with primary mouse anti-
COX-1 and anti-COX-2 antibodies (cat. ab81296 and cat. ab62331, Abcam, Cambridge, UK)
at a 1:50 dilution. The cells were then washed and incubated with a secondary anti-rabbit
IgG FITC-conjugated antibody, diluted 1:60 (cat. F0382, Sigma-Aldrich, Poznan, Poland) in
antibody diluent (Agilent Dako, Santa Clara, CA, USA), for 30 min at room temperature.
After further PBS washes, the cells were stained with Hoechst 33258 for 30 min at room
temperature.

The samples were analyzed using a confocal microscope (FV1000 confocal system with
an IX81 inverted microscope, Olympus, Hamburg, Germany). Three-channel acquisition
and sequential scanning were applied to achieve the optimal resolution for Hoechst 33258
and FITC fluorescence signals. Fluorescent images were merged with transmitted light
images for enhanced visualization.

4.5.3. Western Blot Analysis of Cyclooxygenase-1 and Cyclooxygenase-2 Expression

Electrophoretic protein fractionation was performed on an 8-16% polyacrylamide gel
(cat. GSM00660, GenSignal, Poznan, Polska) at 10 pug protein/well. Prior to electrophoresis,
the samples were heated at 90 °C for 5 min with 2-mercaptoethanol (Sigma-Aldrich, St.
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Louis, MO, USA) and Laemmli buffer (Laemmli Sample Buffer, Bio-Rad, Feldkirchen,
Germany). The proteins were transferred using wet transfer to a 0.2 um PVDF membrane
(Thermo Fisher Scientific™, Waltham, MA, USA). Before incubation with antibodies, the
membranes were placed in a blocking buffer (5% skimmed milk) for 60 min. The expression
of COX-1 (ab81296) and COX-2 (ab62331) proteins was detected using antibodies from
Abcam (Cambridge, UK). The expression of the reference protein GAPDH (ab8245) was
detected. HRP-labeled anti-mouse (ab6789) and anti-rabbit (ab205718) secondary antibodies
from Abcam (Cambridge, UK) were used. The membranes were developed using an ECL
Advance Western Blotting Detection Kit (GE Healthcare, Chicago, IL, USA), and the bands
were visualized using a ChemiDoc XRS+ molecular imager (Bio-Rad, Hercules, CA, USA)
and analyzed using ImageLab 6.1 software (BioRad, Feldkirchen, Germany)

4.6. Statistical Analysis

Statistical analysis of the results was performed using Statistica 10 software (StatSoft,
Poland). Data are expressed as the arithmetic mean =+ standard deviation (SD). The distri-
bution of variables was assessed using the Shapiro-Wilk W-test. Since most distributions
deviated from normality, nonparametric tests were applied for further analyses. The results
were evaluated using the Mann-Whitney U test, with the significance level set at p < 0.05.

Author Contributions: Conceptualization, A.D., K.B. and 1.B.-B.; methodology, I.B.-B., M.B., PK,,
D.C. (Diana Cenariu) and W.A.U.; data curation, K.B., I.B.-B., M.B. and PK.; writing—original draft
preparation, A.D., K.B.,, M.D,, L.B.-B. and M.L.; writing—review and editing, A.D., M.D. and 1.B.-
B.; visualization, I.B.-B., PX., M.B., D.C. (Diana Cenariu) and W.A.U.; supervision A.D. and D.C.
(Dariusz Chlubek); funding acquisition, D.C. (Dariusz Chlubek) and M.D. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the statutory budget of the Department of Biochemistry and
Medical Chemistry, Pomeranian Medical University in Szczecin, Poland.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Informed consent was obtained from the subject involved in the study.

Data Availability Statement: Data supporting the reported results can be found in the Repository of
the Pomeranian Medical University in Szczecin.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

Toledano, M.; Toledano-Osorio, M.; Carrasco-Carmona, A.; Vallecillo, C.; Lynch, C.D.; Osorio, M.T.; Osorio, R. State of the art on
biomaterials for soft tissue augmentation in the oral cavity. Part I: Natural polymers-based biomaterials. Polymers 2020, 12, 1850.
[CrossRef] [PubMed]

Thoma, D.S.; Buranawat, B.; Himmerle, C.H.; Held, U.; Jung, R.E. Efficacy of soft tissue augmentation around dental implants
and in partially edentulous areas: A systematic review. J. Clin. Periodontol. 2014, 41 (Suppl. S15), S77-591. [CrossRef] [PubMed]
Rothamel, D.; Benner, M.; Fienitz, T.; Happe, A.; Kreppel, M.; Nickenig, H.J.; Zoller, ].E. Biodegradation pattern and tissue
integration of native and cross-linked porcine collagen soft tissue augmentation matrices—An experimental study in the rat.
Head Face Med. 2014, 27, 10. [CrossRef]

Tommasato, G.; Del Fabbro, M.; Oliva, N.; Khijmatgar, S.; Grusovin, M.G; Sculean, A.; Canullo, L. Autogenous graft versus
collagen matrices for peri-implant soft tissue augmentation. A systematic review and network meta-analysis. Clin. Oral. Investig.
2024, 28, 300. [CrossRef]

Griffin, T.].; Cheung, W.S.; Zavras, A.I; Damoulis, P.D. Postoperative complications following gingival augmentation procedures.
J. Periodontol. 2006, 77, 2070-2079. [CrossRef]

Ramanauskaite, A.; Schwarz, F; Sader, R. Influence of width of keratinized tissue on the prevalence of peri-implant diseases: A
systematic review and meta-analysis. Clin. Oral. Implant. Res. 2022, 33 (Suppl. 523), 8-31. [CrossRef]


https://doi.org/10.3390/polym12081850
https://www.ncbi.nlm.nih.gov/pubmed/32824697
https://doi.org/10.1111/jcpe.12220
https://www.ncbi.nlm.nih.gov/pubmed/24641003
https://doi.org/10.1186/1746-160X-10-10
https://doi.org/10.1007/s00784-024-05684-5
https://doi.org/10.1902/jop.2006.050296
https://doi.org/10.1111/clr.13766

Int. J. Mol. Sci. 2025, 26, 4386 23 of 25

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

Stefanini, M.; Mounssif, I.; Barootchi, S.; Tavelli, L.; Wang, H.L.; Zucchelli, G. An exploratory clinical study evaluating safety and
performance of a volume-stable collagen matrix with coronally advanced flap for single gingival recession treatment. Clin. Oral.
Investig. 2020, 24, 3181-3191. [CrossRef]

Naenni, N.; Walter, P.; Himmerle, CH.F; Jung, R.E.; Thoma, D.S. Augmentation of soft tissue volume at pontic sites: A
comparison between a cross-linked and a non-cross-linked collagen matrix. Clin. Oral. Investig. 2021, 25, 1535-1545. [CrossRef]
Dhandayuthapani, B.; Yoshida, Y.; Maekawa, T.; Kumar, D.S. Polymeric Scaffolds in Tissue Engineering Application: A Review.
Int. J. Polym. Sci. 2011, 2011, 290602. [CrossRef]

Barbeck, M.; Lorenz, J.; Holthaus, M.G.; Raetscho, N.; Kubesch, A.; Booms, P,; Sader, R.; Kirkpatrick, C.J.; Ghanaati, S. Porcine
dermis and pericardium-based, non-cross-linked materials induce multinucleated giant cells after their in vivo implantation: A
physiological reaction? |. Oral. Implantol. 2015, 41, e267-e281. [CrossRef]

Ghanaati, S.; Schlee, M.; Webber, M.].; Willershausen, I.; Barbeck, M.; Balic, E.; Gorlach, C.; Stupp, S.I.; Sader, R.A.; Kirkpatrick,
C.J. Evaluation of the tissue reaction to a new bilayered collagen matrix in vivo and its translation to the clinic. Biomed. Mater.
2011, 6, 015010. [CrossRef] [PubMed]

Thoma, D.S,; Villar, C.C.; Cochran, D.L.; Himmerle, C.H.; Jung, R.E. Tissue integration of collagen-based matrices: An experimen-
tal study in mice. Clin. Oral. Implants Res. 2012, 23, 1333-1339. [CrossRef] [PubMed]

Park, ].S.; Pabst, A.M.; Ackermann, M.; Moergel, M.; Jung, ].; Kasaj, A. Biofunctionalization of porcine-derived collagen matrix
using enamel matrix derivative and platelet-rich fibrin: Influence on mature endothelial cell characteristics in vitro. Clin. Oral.
Investig. 2018, 22, 909-917. [CrossRef]

Choukroun, J.; Ghanaati, S. Reduction of relative centrifugation force within injectable platelet-rich-fibrin (PRF) concentrates
advances patients’ own inflammatory cells, platelets and growth factors: The first introduction to the low speed centrifugation
concept. Eur. |. Trauma. Emerg. Surg. 2018, 44, 87-95. [CrossRef]

Varela, H.A.; Souza, ].C.M.; Nascimento, R.M.; Aratjo, R.E, Jr.; Vasconcelos, R.C.; Cavalcante, R.S.; Guedes, PM.; Aratjo, A.A.
Injectable platelet rich fibrin: Cell content, morphological, and protein characterization. Clin. Oral. Investig. 2019, 23, 1309-1318.
[CrossRef]

Ghadge, K.K,; Shetty, S.K.; Kharat, A.; Kheur, S.; Kulloli, A.; Gopalakrishnan, D.; Bhonde, R. Translational implications of a
novel combination of iPRF and collagen scaffold for proliferation of gingival mesenchymal stem cells. Sci. Rep. 2024, 13, 27789.
[CrossRef]

Patra, L.; Raj, S.C.; Katti, N.; Mohanty, D.; Pradhan, S.S.; Tabassum, S.; Mahapatra, A. Comparative evaluation of effect of
injectable platelet-rich fibrin with collagen mem-brane compared with collagen membrane alone for gingival recession coverage.
World . Exp. Med. 2022, 12, 68. [CrossRef]

Skurska, A.; Dymicka-Piekarska, V.; Milewski, R.; Pietruska, M. Dynamics of Matrix Metalloproteinase-1 and -8 Secretion in
Gingival Crevicular Fluid after Gingival Recession Therapy via MCAT with Either Subepithelial Connective Tissue Graft or
Collagen Matrix. Biomolecules. 2021, 14, 731. [CrossRef]

Cucci, L.M,; Satriano, C.; Marzo, T.; La Mendola, D. Angiogenin and Copper Crossing in Wound Healing. Int. ]. Mol. Sci. 2021, 22,
10704. [CrossRef]

Becker, J.; Al-Nawas, B.; Klein, M.O.; Schliephake, H.; Terheyden, H.; Schwarz, F. Use of a new cross-linked collagen membrane
for the treatment of dehiscence-type defects at titanium implants: A prospective, randomized-controlled double-blinded clinical
multicenter study. Clin. Oral. Implants Res. 2009, 20, 742-749. [CrossRef]

Zeltner, M,; Jung, R.E.; Himmerle, C.H.; Hiisler, J.; Thoma, D.S. Randomized controlled clinical study comparing a volume-stable
collagen matrix to autogenous connective tissue grafts for soft tissue augmentation at implant sites: Linear volumetric soft tissue
changes up to 3 months. J. Clin. Periodontol. 2017, 44, 446—453. [CrossRef]

Tavelli, L.; McGuire, M.K.; Zucchelli, G.; Rasperini, G.; Feinberg, S.E.; Wang, H.L.; Giannobile, W.V. Extracellular matrix-based
scaffolding technologies for periodontal and peri-implant soft tissue regeneration. J. Periodontol. 2020, 91, 17-25. [CrossRef]
[PubMed]

Ashurko, I.; Tarasenko, S.; Magdalyanova, M.; Bokareva, S.; Balyasin, M.; Galyas, A.; Khamidova, M.; Zhornik, M.; Unkovskiy, A.
Comparative analysis of xenogeneic collagen matrix and autogenous subepithelial connective tissue graft to increase soft tissue
volume around dental implants: A systematic review and meta-analysis. BMC Oral. Health 2023, 23, 741. [CrossRef]

Ghanaati, S. Non-cross-linked porcine-based collagen I-IIl membranes do not require high vascularization rates for their
integration within the implantation bed: A paradigm shift. Acta Biomater. 2012, 8, 3061-3072. [CrossRef]

Chanput, W.; Mes, J.; Vreeburg, R.A.; Savelkoul, H.E; Wichers, H.J. Transcription profiles of LPS-stimulated THP-1 monocytes
and macrophages: A tool to study inflammation modulating effects of food-derived compounds. Food Funct. 2010, 1, 254-261.
[CrossRef]

Tatakis, D.N.; Promsudthi, A.; Wikesjo, U.M. Devices for periodontal regeneration. Periodontol 2000 1999, 19, 59-73. [CrossRef]
Refai, A.K.; Textor, M.; Brunette, D.M.; Waterfield, J.D. Effect of titanium surface topography on macrophage activation and
secretion of proinflammatory cytokines and chemokines. J. Biomed. Mater. Res. A 2004, 70, 194-205. [CrossRef]


https://doi.org/10.1007/s00784-019-03192-5
https://doi.org/10.1007/s00784-020-03461-8
https://doi.org/10.1155/2011/290602
https://doi.org/10.1563/aaid-joi-D-14-00155
https://doi.org/10.1088/1748-6041/6/1/015010
https://www.ncbi.nlm.nih.gov/pubmed/21239849
https://doi.org/10.1111/j.1600-0501.2011.02356.x
https://www.ncbi.nlm.nih.gov/pubmed/22093051
https://doi.org/10.1007/s00784-017-2170-7
https://doi.org/10.1007/s00068-017-0767-9
https://doi.org/10.1007/s00784-018-2555-2
https://doi.org/10.1038/s41598-024-77373-y
https://doi.org/10.5493/wjem.v12.i4.68
https://doi.org/10.3390/biom11050731
https://doi.org/10.3390/ijms221910704
https://doi.org/10.1111/j.1600-0501.2008.01689.x
https://doi.org/10.1111/jcpe.12697
https://doi.org/10.1002/JPER.19-0351
https://www.ncbi.nlm.nih.gov/pubmed/31475361
https://doi.org/10.1186/s12903-023-03475-0
https://doi.org/10.1016/j.actbio.2012.04.041
https://doi.org/10.1039/c0fo00113a
https://doi.org/10.1111/j.1600-0757.1999.tb00147.x
https://doi.org/10.1002/jbm.a.30075

Int. J. Mol. Sci. 2025, 26, 4386 24 of 25

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Rodrigues, E.M.; Gomes-Cornélio, A.L.; Soares-Costa, A.; Salles, L.P.; Velayutham, M.; Rossa-Junior, C.; Guerreiro-Tanomaru,
J.M.; Tanomaru-Filho, M. An assessment of the overexpression of BMP-2 in transfected human osteoblast cells stimulated by
mineral trioxide aggregate and Biodentine. Int. Endod. J. 2017, 50 (Suppl. S2), e9-e18. [CrossRef]

Brown, B.N.; Ratner, B.D.; Goodman, S.B.; Amar, S.; Badylak, S.F. Macrophage polarization: An opportunity for improved
outcomes in biomaterials and regenerative medicine. Biomaterials. 2012, 33, 3792-3802. [CrossRef]

Shirakura, M.; Fujii, N.; Ohnishi, H.; Taguchi, Y.; Ohshima, H.; Nomura, S.; Maeda, T. Tissue response to titanium implantation in
the rat maxilla, with special reference to the effects of surface conditions on bone formation. Clin. Oral. Implant. Res. 2003, 14,
687-696. [CrossRef]

Moura, C.C,; Soares, P.B.; Carneiro, K.F,; Souza, M.A.; Magalhaes, D. Cytotoxicity of bovine and porcine collagen membranes in
mononuclear cells. Braz. Dent. |. 2012, 23, 39-44. [CrossRef] [PubMed]

Auger, M.].; Ross, ].A. The biology of the macrophage. In The Macrophage; IRL Press: New York, NY, USA, 1992; pp. 3-74.

van Furth, R. Human monocytes and cytokines. Res. Immunol. 1998, 149, 719-720. [CrossRef]

DeWitt, D.L. Prostaglandin endoperoxide synthase: Regulation of enzyme expression. Biochim. Biophys. Acta. 1991, 1083, 121-134.
[CrossRef]

Korbecki, J.; Baranowska-Bosiacka, I.; Gutowska, I.; Piotrowska, K.; Chlubek, D. Cyclooxygenase-1 as the main source of
proinflammatory factors after sodium orthovanadate treatment. Biol. Trace Elem. Res. 2015, 163, 103-111. [CrossRef]

Morita, I. Distinct functions of COX-1 and COX-2. Prostaglandins Other Lipid Mediat. 2002, 68—69, 165-175. [CrossRef]

Penglis, P.S.; Cleland, L.G.; Demasi, M.; Caughey, G.E.; James, M.]. Differential regulation of prostaglandin E2 and thromboxane
A2 production in human monocytes: Implications for the use of cyclooxygenase inhibitors. J. Immunol. 2000, 165, 1605-1611.
[CrossRef]

Liu, Q.; Humpe, A.; Kletsas, D.; Warnke, F.; Becker, S.T.; Douglas, T.; Sivananthan, S.; Warnke, P.H. Proliferation assessment of
primary human mesenchymal stem cells on collagen membranes for guided bone regeneration. Int. J. Oral. Maxillofac. Implants.
2011, 26, 1004-1010.

Chanput, W.; Mes, ].].; Wichers, H.]. THP-1 cell line: An in vitro cell model for immune modulation approach. Int. Immunopharma-
col. 2014, 23, 37-45. [CrossRef]

Reinke, ].M.; Sorg, H. Wound repair and regeneration. Eur. Surg. Res. 2012, 49, 35-43. [CrossRef]

Sikora, M.; Goschorska, M.; Baranowska-Bosiacka, I.; Chlubek, D. In Vitro Effect of 3D Plates Used for Surgical Treatment of
Condylar Fractures on Prostaglandin E; (PGE;) and Thromboxane B, (TXB,) Concentration in THP-1 Macrophages. Int. J. Mol.
Sci. 2017, 18, 2638. [CrossRef]

Barczak, K.; Palczewska-Komsa, M.; Nowicka, A.; Chlubek, D.; Buczkowska-Radliriska, J. Analysis of the Activity and Expression
of Cyclooxygenases COX1 and COX2 in THP-1 Monocytes and Macrophages Cultured with Biodentine™ Silicate Cement. Int. J.
Mol. Sci. 2020, 21, 2237. [CrossRef] [PubMed]

Ferrante, C.J.; Leibovich, S.J. Regulation of Macrophage Polarization and Wound Healing. Adv. Wound care 2012, 1, 10-16.
[CrossRef]

Kotwal, G.J.; Chien, S. Macrophage Differentiation in Normal and Accelerated Wound Healing. In Results and Problems in Cell
Differentiation; Springer: Cham, Switzerland, 2017; Volume 62, pp. 353-364.

Dubois, R.N.; Abramson, S.B.; Crofford, L.; Gupta, R.A.; Simon, L.S.; Van De Putte, L.B.; Lipsky, P.E. Cyclooxygenase in biology
and disease. FASEB |. 1998, 12, 1063-1073. [CrossRef]

Klein, T.; Shephard, P.; Kleinert, H.; Koémhoff, M. Regulation of cyclooxygenase-2 expression by cyclic AMP. Biochim. Biophys.
Acta. 2007, 1773, 1605-1618. [CrossRef]

Aid, S.; Langenbach, R.; Bosetti, F. Neuroinflammatory response to lipopolysaccharide is exacerbated in mice genetically deficient
in cyclooxygenase-2. J. Neuroinflamm. 2008, 5, 17. [CrossRef]

McAdam, B.; Mardini, I.; Habib, A.; Burke, A.; Lawson, J.; Kapoor, S.; FitzGerald, G.A. Effect of regulated expression of human
cyclooxygenase isoforms on eicosanoid and isoeicosanoid production in inflammation. J. Clin. Investig. 2000, 105, 1473-1482.
[CrossRef]

Brock, T.G.; McNish, R.W.; Peters-Golden, M. Arachidonic acid is preferentially metabolized by cyclooxygenase-2 to prostacyclin
and prostaglandin E2. |. Biol. Chem. 1999, 274, 11660-11666. [CrossRef]

Patrono, C.; Rocca, B. Measurement of Thromboxane Biosynthesis in Health and Disease. Front. Pharmacol. 2019, 10, 1244.
[CrossRef]

Angele, P; Abke, J.; Kujat, R.; Faltermeier, H.; Schumann, D.; Nerlich, M.; Kinner, B.; Englert, C.; Ruszczak, Z.; Mehrl, R.; et al.
Influence of different collagen species on physi-co-chemical properties of crosslinked collagen matrices. Biomaterials 2004, 25,
2831-2841. [CrossRef]

Stout, R;; Jiang, C.; Matta, B.; Tietzel, I.; Watkins, S.K.; Suttles, ]. Macrophages sequentially change their functional phenotype in
response to changes in microenvironmental influences. J. Immunol. 2005, 175, 342-349. [CrossRef]


https://doi.org/10.1111/iej.12745
https://doi.org/10.1016/j.biomaterials.2012.02.034
https://doi.org/10.1046/j.0905-7161.2003.00960.x
https://doi.org/10.1590/S0103-64402012000100007
https://www.ncbi.nlm.nih.gov/pubmed/22460313
https://doi.org/10.1016/S0923-2494(99)80045-5
https://doi.org/10.1016/0005-2760(91)90032-D
https://doi.org/10.1007/s12011-014-0176-4
https://doi.org/10.1016/S0090-6980(02)00029-1
https://doi.org/10.4049/jimmunol.165.3.1605
https://doi.org/10.1016/j.intimp.2014.08.002
https://doi.org/10.1159/000339613
https://doi.org/10.3390/ijms18122638
https://doi.org/10.3390/ijms21062237
https://www.ncbi.nlm.nih.gov/pubmed/32213831
https://doi.org/10.1089/wound.2011.0307
https://doi.org/10.1096/fasebj.12.12.1063
https://doi.org/10.1016/j.bbamcr.2007.09.001
https://doi.org/10.1186/1742-2094-5-17
https://doi.org/10.1172/JCI9523
https://doi.org/10.1074/jbc.274.17.11660
https://doi.org/10.3389/fphar.2019.01244
https://doi.org/10.1016/j.biomaterials.2003.09.066
https://doi.org/10.4049/jimmunol.175.1.342

Int. J. Mol. Sci. 2025, 26, 4386 25 of 25

53.

54.

55.

56.
57.

58.

59.

60.
61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Ghanaati, S.; Booms, P; Orlowska, A.; Kubesch, A.; Lorenz, J.; Rutkowski, J.; Landes, C.; Sader, R.; Kirkpatrick, C.; Choukroun, J.
Advanced platelet-rich fibrin: A new concept for cell-based tissue engineering by means of inflammatory cells. J. Oral. Implantol.
2014, 40, 679-689. [CrossRef] [PubMed]

James, M.; Penglis, P.; Caughey, G.; Demasi, M.; Cleland, L. Eicosanoid production by human monocytes: Does COX-2 contribute
to a self-limiting inflammatory response? Inflamm. Res. 2001, 50, 249-253. [CrossRef]

Anitua, E.; Troya, M.; Alkhraisat, M.H. Immunoregulatory role of platelet derivatives in the macrophage-mediated immune
response. Front. Immunol. 2024, 15, 1399130. [CrossRef]

DiPietro, L.A. Wound healing: The role of the macrophage and other immune cells. Shock 1995, 4, 233-240. [CrossRef]

Galli, S.J.; Borregaard, N.; Wynn, T.A. Phenotypic and functional plasticity of cells of innate immunity: Macrophages, mast cells
and neutrophils. Nat. Immunol. 2011, 12, 1035-1044. [CrossRef]

Brancato, S.K.; Albina, ].E. Wound macrophages as key regulators of repair: Origin, phenotype, and function. Am. ]. Pathol. 2011,
178, 19-25. [CrossRef]

Stein, M.; Keshav, S.; Harris, N.; Gordon, S. Interleukin 4 potently enhances murine macrophage mannose receptor activity: A
marker of alternative immunologic macrophage activation. J. Exp. Med. 1992, 176, 287-292. [CrossRef]

Mosser, D.M.; Edwards, ].P. Exploring the full spectrum of macrophage activation. Nat. Rev. Immunol. 2008, 8, 958-969. [CrossRef]
Cheng, H.; Huang, H.; Guo, Z.; Chang, Y.; Li, Z. Role of prostaglandin E2 in tissue repair and regeneration. Theranostics. 2021, 13,
8836-8854. [CrossRef]

Zhao, ].; Shu, B.; Chen, L.; Tang, J.; Zhang, L.; Xie, ].; Liu, X,; Xu, Y.; Qi, S. Prostaglandin E2 inhibits collagen synthesis in dermal
fibroblasts and prevents hypertrophic scar for-mation in vivo. Exp. Dermatol. 2016, 25, 604—610. [CrossRef]

Humes, J.L.; Bonney, R.].; Pelus, L.; Dahlgren, M.E.; Sadowski, S.J.; Kuehl, F.A.; Davies, P. Macrophages synthesis and release
prostaglandins in response to inflammatory stimuli. Nature 1977, 269, 149-151. [CrossRef] [PubMed]

Endo, Y.; Blinova, K.; Romantseva, T.; Golding, H.; Zaitseva, M. Differences in PGE; production between primary human
monocytes and differentiated macrophages: Role of IL-1f3 and TRIF/IRF3. PLoS ONE 2014, 9, €98517. [CrossRef] [PubMed]
Arakawa, T.; Laneuville, O.; Miller, C.A.; Lakkides, K.M.; Wingerd, B.A.; DeWitt, D.L.; Smith, W.L. Prostanoid receptors of murine
NIH 3T3 and RAW 264.7 cells. Structure and expression of the murine prostaglandin EP4 receptor gene. J. Biol. Chem. 1996, 271,
29569-29575. [CrossRef]

Williams, J.A.; Shacter, E. Regulation of macrophage cytokine production by prostaglandin E2. Distinct roles of cyclooxygenase-1
and -2. . Biol. Chem. 1997, 272, 25693-25699. [CrossRef]

Nishikai-Yan Shen, T.; Kanazawa, S.; Kado, M.; Okada, K.; Luo, L.; Hayashi, A.; Mizuno, H.; Tanaka, R. Interleukin-6 stimulates
Akt and p38 MAPK phosphorylation and fibroblast migration in non-diabetic but not diabetic mice. PLoS ONE. 2017, 12, e0178232.
[CrossRef]

Roytblat, L.; Rachinsky, M.; Fisher, A.; Greemberg, L.; Shapira, Y.; Douvdevani, A.; Gelman, S. Raised Interleukin-6 Levels in
Obese Patients. Obes. Res. 2000, 8, 673—-675. [CrossRef]

Rucker, D.; Dhamoon, A.S. Physiology, Thromboxane A2. In StatPearls [Internet]; StatPearls Publishing: Treasure Island, FL, USA,
2022; Volume 12.

Yamane, S.; Amano, H.; Ito, Y.; Betto, T.; Matsui, Y.; Koizumi, W.; Narumiya, S.; Majima, M. The role of thromboxane prostanoid
receptor signaling in gastric ulcer healing. Int. J. Exp. Pathol. 2022, 103, 4-12. [CrossRef]

Pierre, S.; Linke, B.; Suo, J.; Tarighi, N.; Del Turco, D.; Thomas, D.; Ferreiros, N.; Stegner, D.; Frolich, S.; Sisignano, M.; et al. GPVI
and thromboxane receptor on platelets promote proinflammatory macrophage phenotypes during cutaneous inflammation.
J. Investig. Dermatol. 2017, 137, 686—695. [CrossRef]

Shah, M.; Deshpande, N.; Bharwani, A.; Nadig, P.; Doshi, V.; Dave, D. Effectiveness of autologous platelet-rich fibrin in the
treatment of intra-bony defects: A systematic review and meta-analysis. J. Indian. Soc. Periodontol. 2014, 18, 698-704.

Pabst, A.; Kammerer, PW. Collagen matrices: Opportunities and perspectives in oral hard and soft tissue regeneration.
Quintessence Int. 2020, 51, 318-327.

Thoma, D.S.; Zeltner, M.; Hilbe, M.; Himmerle, C.H.; Hiisler, J.; Jung, R.E. Randomized controlled clinical study evaluating
effectiveness and safety of a volume-stable collagen matrix compared to autogenous connective tissue grafts for soft tissue
augmentation at implant sites. J. Clin. Periodontol. 2016, 43, 874-885. [CrossRef] [PubMed]

Nevins, M.; Nevins, M.L.; Kim, S.W.; Schupbach, P.; Kim, D.M. The use of mucograft collagen matrix to augment the zone of
keratinized tissue around teeth: A pilot study. Int. J. Periodontics Restor. Dent. 2011, 31, 367-373.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1563/aaid-joi-D-14-00138
https://www.ncbi.nlm.nih.gov/pubmed/24945603
https://doi.org/10.1007/s000110050750
https://doi.org/10.3389/fimmu.2024.1399130
https://doi.org/10.1097/00024382-199510000-00001
https://doi.org/10.1038/ni.2109
https://doi.org/10.1016/j.ajpath.2010.08.003
https://doi.org/10.1084/jem.176.1.287
https://doi.org/10.1038/nri2448
https://doi.org/10.7150/thno.63396
https://doi.org/10.1111/exd.13014
https://doi.org/10.1038/269149a0
https://www.ncbi.nlm.nih.gov/pubmed/561892
https://doi.org/10.1371/journal.pone.0098517
https://www.ncbi.nlm.nih.gov/pubmed/24870145
https://doi.org/10.1074/jbc.271.47.29569
https://doi.org/10.1074/jbc.272.41.25693
https://doi.org/10.1371/journal.pone.0178232
https://doi.org/10.1038/oby.2000.86
https://doi.org/10.1111/iep.12410
https://doi.org/10.1016/j.jid.2016.09.036
https://doi.org/10.1111/jcpe.12588
https://www.ncbi.nlm.nih.gov/pubmed/27310522

	Introduction 
	Results 
	Collagen Matrices Induced Activation of THP-1 Monocytes 
	THP-1 Monocyte and Macrophage Culture Visualization 
	Prostaglandin E2 (PGE2) in THP-1 Monocytes and Macrophages 
	Thromboxane TXB2 in THP-1 Monocytes and Macrophages 
	Cyclooxygenase-1 and Cyclooxygenase-2 Expression in Monocytes and Macrophages 

	Discussion 
	Materials and Methods 
	Matrices Examined 
	Cell Culture and Treatment 
	Protein Concentration 
	Differentiation of THP-1 Cells into Macrophages: Flow Cytometry Analysis 
	Verification of Collagen-Matrix-Induced Initiation of the Inflammatory Response in Macrophages 
	COX-1/2-Mediated Production of PGE2 and TXB2 
	Imaging of Cyclooxygenase-1 and Cyclooxygenase-2 Expression 
	Western Blot Analysis of Cyclooxygenase-1 and Cyclooxygenase-2 Expression 

	Statistical Analysis 

	References

