J Mater Sci: Mater Med (2017) 28:188
DOI 10.1007/s10856-017-5992-6

@ CrossMark

CLINICAL APPLICATIONS OF BIOMATERIALS

Original Research

Reduction of the relative centrifugal force influences cell number
and growth factor release within injectable PRF-based matrices

Simon Wend' - Alica Kubesch! - Anna Orlowska' - Sarah Al-Maawi' -
Niklas Zender' - Andre Dias' - Richard J. Miron? - Robert Sader' - Patrick Booms! -
C. James Kirkpatrick' - Joseph Choukroun'” - Shahram Ghanaati’

Received: 7 April 2017 / Accepted: 21 September 2017 / Published online: 25 October 2017

© Springer Science+Business Media, LLC 2017

Abstract Platelet rich fibrin (PRF) is a blood concentrate
system obtained by centrifugation of peripheral blood. First
PRF matrices exhibited solid fibrin scaffold, more recently
liquid PRF-based matrix was developed by reducing the
relative centrifugation force and time. The aim of this study
was to systematically evaluate the influence of RCF (rela-
tive centrifugal force) on cell types and growth factor
release within injectable PRF- in the range of 60-966 g
using consistent centrifugation time. Numbers of cells was
analyzed using automated cell counting (platelets, leuko-
cytes, neutrophils, lymphocytes and monocytes) and histo-
morphometrically (CD 61, CD- 45, CD-15+, CD-68+, CD-
3+ and CD-20). ELISA was utilized to quantify the con-
centration of growth factors and cytokines including PDGF-
BB, TGF-p1, EGF, VEGF and MMP-9. Leukocytes, neu-
trophils, monocytes and lymphocytes had significantly
higher total cell numbers using lower RCF. Whereas, pla-
telets in the low and medium RCF ranges both demon-
strated significantly higher values when compared to the
high RCF group. Histomorphometrical analysis showed a
significantly high number of CD61+, CD-45+ and CD-15+
cells in the low RCF group whereas CD-68+, CD-3+ and
CD-20+ demonstrated no statistically significant differ-
ences between all groups. Total growth factor release of
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PDGF-BB, TGF-p1 and EGF had similar values using low
and medium RCF, which were both significantly higher
than those in the high RCF group. VEGF and MMP-9 were
significantly higher in the low RCF group compared to high
RCF. These findings support the LSCC (low speed cen-
trifugation concept), which confirms that improved PRF-
based matrices may be generated through RCF reduction.
The enhanced regenerative potential of PRF-based matrices
makes them a potential source to serve as a natural drug
delivery system. However, further pre-clinical and clinical
studies are required to evaluate the regeneration capacity of
this system.

Graphical abstract

Reduction of the relative centrifugal force influences cell number and growth factor release
within injectable PRF-based matrices
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1 Introduction

Platelet rich fibrin (PRF) is a blood concentrate system
obtained from the peripheral blood of patients. first protocol
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of PRF matrices are generated using a one-step cen-
trifugation process without necessitating the use of antic-
oagulants, known inhibitors of wound healing [1, 2]. Since
the introduction of PRF in 2001 as a first platelet con-
centrate without added anticoagulants[1], the successful
applications of PRF in dentistry and medicine has seen a
steady and widespread increase in popularity with many
clinical indications demonstrating improvements in regen-
erative outcomes [3]. The composition of the PRF matrix
contains various inflammatory cells and growth factors
embedded in a specifically structured fibrin network [2].
Platelets act as the primary hemostasis cells shown to
release a series of platelet-derived growth factors to recruit
inflammatory cells to the impaired region and support tissue
regeneration following the physiological phases of wound
healing [4]. Additionally, the interaction of platelets with
leukocytes, which are also included within PRF-based
matrices, further contribute to wound healing [5], and the
fibrin network provides a scaffold for inflammatory cells as
well as binding sites for growth factors [6, 7].

While PRF has seen tremendous momentum as a
regenerative modality in dentistry and medicine, the man-
ufacturing process of the first described PRF scaffolds
required a high relative centrifugal force (RCF). This
resulted in a fibrin clot with a dense structure, including
platelets and leukocytes that were mostly distributed
unevenly throughout the scaffold accumulated at the prox-
imal portion of the PRF clot adjacent to the isolated red cell
fraction [2]. In order to improve the structure of PRF and
enhance their regenerative potential, our group recently
demonstrated that by reducing the RCF and modifying the
centrifugation time in solid PRF-based matrices, a more
porous fibrin structure could be manufactured with more
leukocytes and growth factor release when compared to
originally designed PRF scaffolds fabricated using high
RCF [2, 8, 9].

In addition to solid fibrin clots [2], a clinical need exists
to develop an injectable PRF-based matrix for various
clinical procedures including direct injections as well as to
combine with various biomaterials to improve their angio-
genic potential. Previous findings from research conducted
by our group with solid PRF-based matrices revealed that
the RCF and the centrifugation time were crucial factors for
modifying the structure and composition of PRF-based
matrices [2, 8]. Moreover, solid physiological clot forma-
tion is supported by the glass surface of the collecting tubes
used to generate solid PRF matrices. Therefore, the manu-
facturing of an injectable blood concentrate without the
need for anticoagulants was achieved by developing spe-
cific plastic tubes favoring the liquid phase after cen-
trifugation. Recently, our group conducted a study to assess
the influence of the applied RCF on leukocyte and platelet
numbers within three different PRF-based matrices (i-PRF)
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with decreasing RCF content. The findings from that study
showed that reducing RCF led to a significant enrichment in
the i-PRF PRF scaffolds with greater leukocytes, platelets,
and growth factor release after 8 min centrifugation time
[10]. Based on these results, the low speed centrifugation
concept (LSCC) was introduced as a potential tool to
modify PRF scaffolds by fine tuning the centrifugation
settings [10].

Currently, the clinically-utilized liquid injectable PRF
formulation (i-PRF) has been described using a 3 min cen-
trifugation period in order to produce a liquid platelet con-
centrate containing primarily liquid fibrinogen and thrombin
prior to fibrin formation. The aim of the present study was to
further analyze the influence of RCF reduction on i-PRF
matrices using various centrifugation speeds. Systematic
analysis included a wide RCF range (966-60 g-force) and a
stepwise decrease of the RCF by halving the revolutions per
minute (rpm) from 2800rpm to 1400rpm to 700 rpm.
Thereby, we questioned whether the so-called LSCC effect
would systematically alter these newer centrifugation times,
i.e., 3 min. In the present study, the centrifugation time of 3
min was maintained in the three test groups to focus solely
on the influence of the RCF. Thus, the goal of this study was
a comparative analysis of three different injectable PRF-
based matrices generated by systematic decreases in RCF by
4 times and 16 times while maintaining the centrifugation
time. The focus was placed on the regenerative properties of
the matrices, including the total number and distribution
pattern of platelets and leukocytes, including their sub-
families along with the release of several growth factors and
cytokines within the i-PRF matrices.

2 Materials and Methods
2.1 Injectable platelet-rich fibrin (i-PRF) preparation

Blood was drawn from three healthy volunteers in an age
range between 20—60 years without anticoagulant ingestion.
The donors provided informed consent for their participa-
tion in this study. Injectable PRF matrices were prepared, as
previously described [10]. Briefly,10 ml of peripheral blood
was collected in sterile plain plastic tubes (i-PRF, Process
for PRF, Nice, France) and immediately centrifuged (Duo
Centrifuge, PROCESS for PRF, Nice, France). Systematic
decreases in RCF were performed in steps as follows:

* High RCF: 10 ml; 2800 rotations per minute (rpm); for
3 min; 966 g.

*  Medium RCF: 10 ml; 1400 rotations per minute (rpm);
for 3 min; 241 g.

*  Low RCF: 10 ml; 700 rotations per minute (rpm); 3 min;
60 g.
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After centrifugation, injectable PRF was collected using
an ordinary syringe (5 ml Terumo® Syringe, Leuven, Bel-
gium) with a needle (20 G x ¥2”, Terumo®, Leuven, Bel-
gium) through means of aspirating the upper yellowish
layer without manipulating the red blood cell fraction.

2.2 PRF-matrices cultivation

The prepared injectable PRF matrices (500 ul per well)
were filled in 24-well cell culture plates (CELLSTAR®,
Greiner bio-one) and incubated at 37 degrees for one
hour until total clotting. Afterwards, 500 ul Dulbecco’s
Modified Eagle Medium (Biochrom GmbH, Berlin, Ger-
many) was added per well and further incubated at 37
degrees for one hour. Subsequently, the supernatants were
collected and frozen at —80°C for growth factor and
cytokine analysis.

2.3 Enzyme-linked immunosorbent assay (ELISA)

The protein concentrations of vascular epithelial growth
factor (VEGF), transforming growth factor (TGF-f1),
platelet-derived growth factor (PDGF BB), matrix metal-
lopeptidase 9 (MMPY) and epidermal growth factor (EGF)
were quantified using ELISA-kits (Quantikine® ELISA,
R&D Systems, Minneapolis, USA) according to the man-
ufacturer’s instructions, as follows (Table 1). The optical
density was determined using a microplate reader (Infinite®
M200, Tecan, Grodig, Austria) set at 450 nanometers. Next,
the final concentrations of each sample were calculated
using the graphing and statistics software GraphPad Prism 6
(GraphPad Software, Inc., La Jolla, USA). The experiments
were performed in triplicate for each blood donor and
preparation protocol.

2.4 Automated cell-counting

Automated cell-counting was performed as described before
[10]. For each specific experimental condition, the inject-
able matrices of the three groups were treated with EDTA
(BD, New Jersey) for anticoagulation. This intervention was
unavoidable for automated cell counting measurements.
Subsequently, ADVIA® LabCell® Automation Solution
(Siemens, France) analysis was performed at a medical
laboratory (Labazur laboratory, Nice, France). The focus of
the analyses was detecting the number of leukocytes, neu-
trophil granulocytes, monocytes, lymphocytes and platelets
per microliter in each group.

2.5 Tissue processing and histological preparation

The clotted i-PRF matrices were fixed in 4% formaldehyde
solution for 24h and processed in various solutions as

Table 1 The used ELISA and detection ranges for the different
growth factors

Growth factor/cytokine Catalogue number Detection range

VEGF DVEQ00 15.6-1000 pg/mL
TGF-p1 DB100B 31.2-2000 pg/mL
PDGF BB DBB00 31.2-2000 pg/mL
EGF DEGO00 3.9-250 pg/mL
MMP 9 DMP900 0.3-20 ng/mL

previously described [2, 11, 12]. Briefly, a dehydration
through an alcohol series with various concentrations was
performed. Then, the samples were treated with xylene and
embedded in paraffin. Three samples per donor and group
were cut using a rotary microtome (Leica RM 2255, Wet-
zlar, Germany) to obtain 6 slices of 2-3 pm thickness.
Subsequently, the sections were deparaffinized using
xylene and rehydrated by passing through a series of alco-
hol with decreasing concentrations. One section per donor
and group was stained in H.E. for an overview analysis of
the structure and cells. Six sections were used for specific
immunohistochemistry.

Platelets (CD61), leukocytes (CD 45), T-lymphocytes
(CD3), B-lymphocytes (CD20), neutrophil granulocytes
(CD15) and monocytes (CD68). Standardized immunobhis-
tochemical staining was performed according to standar-
dized methods as previously described [2, 13, 14]. In brief,
the deparaffinized and rehydrated sections were placed on
slides and treated with citrate buffer (pH 6) at 96 °C for 20
min. Then, the slides were washed and cooled under run-
ning trap water. Before transferring the slides to the auto-
stainer (Lab Vision™ Autostainer 360, ThermoScientific),
the samples were washed with TBS. Next, the autostainer
was loaded with a suitable solution and antibody for each
specific cell type (Table 2) according the manufacturer’s
instruction. Additionally, and UltraVision™ Quanto
Detections System HRP AEC was used. After autostaining,
the slides were counterstained with hemalum for 30s and
washed with water. Finally covered with Aquatex® (Merck
Millipore, Darmstadt, Germany).

2.6 Histological evaluation

Three of the authors were blinded and evaluated the slides
independently. Histological analysis was performed using a
light microscope (Nikon Eclipse Ni, Tokyo, Japan).
Representative histological images were captured with a
Nikon DS-Fil digital camera and a Nikon Digital sight unit
DS-U3 (Nikon, Tokyo, Japan).

@ Springer
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Table 2 The

immunohistochemical markers Antibody Targeted cell Epitope demasking Concentration
used in this study and their CD 61 (Dako) Platelets Citrate-buffer, pH 6.0 1:50
specifications .
CD 45 (Dako) Leukocytes Citrate-buffer, pH 6.0 1:100
CD 3 (Thermo Fisher) T-lymphocytes Citrate-buffer, pH 6.0 RTU
CD 20 (Thermo Fisher) B-lymphocytes Citrate-buffer, pH 6.0 RTU
CD 15 (Thermo Fisher) Neutrophil Granulocytes Tris-EDTA, pH 8.0 RTU
CD 68 (Dako) Monocytes Citrate-buffer, pH 6.0 1:200
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Fig. 1 Comparative diagrams of automated cell counting results. a Leukocytes, lymphocytes and neutrophils. b Monocytes. ¢ Platelets. Statistical
analysis showed significant differences at p <0.05 (*) and highly significant differences at p < 0.01 (¥*) and p <0.001 (**%*)

2.7 Histomorphometrical evaluation

As described before [2], within each group, two immuno-
histochemically stained slides for each donor, and cell type
were digitalized in a total scan using a Nikon Eclipse
80i microscope in combination with an automatic
scanning table (Prior Scientific, Rockland, Maine), which
was connected to a Nikon DS-Fi/l digital camera and a
computer with the Nikon NIS — Elements AR software,
version 4.0. (Nikon, Tokyo, Japan). The total sample
area calculated using the measurement function of NIS-
Elements and positive-stained cells were counted
manually by a NIS-Elements software counting tool to
determine the cell number of each stained cell type per
square millimeter.

2.8 Statistical evaluation

Statistical analysis was performed using the graphing and
statistics software GraphPad Prism 6 (GraphPad Software,
Inc., La Jolla, USA). The measured data are expressed as
the mean =+ standard deviation (SD). Statistical significance
was determined using one-way and two-way analysis of
variance (ANOVA) with a Tukey multiple comparisons

@ Springer

test (@ =0.05). The values were reported as significant at
p <0.05 (*) and highly significant at p <0.01 (**) and
p <0.001 (***).

3 Results
3.1 Automated cell count

The number of leukocytes and leukocyte subfamilies
showed a consistent trend in the examined groups across the
cells investigated. In general, a decrease in RCF resulted in
an increase in cell numbers. Significantly higher numbers of
leukocytes were found in the low RCF group when com-
pared to the high (p < 0.001) and medium (p < 0.001) RCF
groups. No statistically significant differences were
observed between the medium and high RCF ranges.
Lymphocytes showed a similar trend with significantly
higher numbers in the low RCF group when compared to
medium RCF (p <0.01) and high RCF groups (p <0.01).
Once again, no statistically significant difference was
observed between the medium RCF and high RCF groups.
The analysis of the total number of neutrophil granulocytes
showed significantly higher numbers in the low RCF
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High RCF
Medium RCF
Low RCF

Fig. 2 Representative histological images of the clotted injectable PRF
in different RCF ranges (H&E staining; left column x 200 magnifi-
cation; scale bar = 100 pm; Right column x 600 magnification; scale
bar = 20 um; arrows = cells)

group when compared to the medium (p <0.01) and high
(p <0.01) RCF groups, while there was no statistically
significant difference between medium RCF and high RCF
(Fig. la). Similarly, a significantly higher number of
monocytes was found in the low RCF group when com-
pared to the medium RCF and high RCF groups (p < 0.01)
(Fig. 1b). There were also significantly more platelets in
both the low RCF and medium RCF groups compared to the
high RCF group (p <0.001). No statistically significant
differences were detected between the low RCF and med-
ium RCF groups (Fig. lc).

3.2 Qualitative histological observation

General analysis of the evaluated groups showed that the
total number of cells (platelets and leukocytes) was reduced
with increased RCF (Fig. 2). The analysis of high RCF
group showed a PRF-based matrix consisting mainly of a
fibrin network in which single platelets and leukocytes were
observable and distributed through the evaluated samples
(Fig. 3al, bl). In the case of medium RCF, more platelets

and leukocytes were found throughout the fibrin scaffold
when compared to the high RCF group (Fig. 3a3, b2).
Whereas the low RCF group demonstrated a fibrin matrix
most evenly and densely populated with platelets and leu-
kocytes compared to the other two tested groups (Fig. 3a3,
b3). The findings from these qualitative observations sup-
port the findings from the automated cell counting experi-
ments demonstrating that lower RCF resulted in more cells
throughout the PRF-based matrices.

3.3 Quantitative histomorphometrical analysis

The number of CD-61 positive cells (platelets) was sig-
nificantly higher in the groups of low and medium RCF
(P <0.001 and P <0.05, respectively). Whereas no statis-
tical significant difference was detected between the
medium and low RCF groups (Fig. 3c). The histomorpho-
metrical analysis of CD-45 positive cells (leukocytes)
showed that a significantly higher number of platelets was
found in the low RCF group compared to the medium and
high RCF groups (P < 0.05). However, no statistical sig-
nificant difference was found between the medium and high
RCF groups (Fig. 3d). The leukocyte subgroup CD-15
positive cells (neutrophil granulocytes) revealed different
cell numbers within the three examined injectable PRF
matrices. The low RCF group included the highest number
of CD-15 cells whereas the medium and high RCF groups
showed significantly lower values (p <0.001). No sig-
nificant difference was observed between the medium and
high RCF groups. The analysis of CD-20 positive cells (B-
cells) showed comparable values within the three i-PRF
matrices. The distribution of CD 68-positive cells (mono-
cytes) within the evaluated matrices showed comparable
outcomes between in the low and medium RCF groups,
while the high RCF group demonstrated the lowest rate of
CD-68-positive cells. Nevertheless, no statistically sig-
nificant differences were detected between the three groups.
Additionally, CD-3 positive cells (T-lymphocytes) were
found lowest in the low RCF group whereas medium RCF
had the most CD-3 positive cells. Nevertheless, no statis-
tically significant differences were observed (Fig. 4).

3.4 Growth factor and cytokine release

Growth factor release was then quantified by ELISA using
the three injectable PRF-matrices at different RCF. The
general trend in response to changes in the RCF showed
that there was a tendency towards increased growth factor
release with lower RCF. PDGF-BB release showed sig-
nificantly higher values in the low and medium RCF groups
when compared to the high RCF group (p <0.05). No
statistically significant difference was detected between the
low and medium RCF groups. Furthermore, VEGF showed

@ Springer
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Fig. 3 Histological micrographs of the platelets and leukocytes number in clotted injectable PRF. A1-A3 CD 61 staining, black arrows = CD 61
positive platelets, scale bars = 20 um. al High RCF range, a2 medium RCF range a3 low RCF range. B1-B3 CD 45 staining, black arrows = CD
45 positive leukocytes, scale bars =20 pum. b1 High RCF range, b2 medium RCF range b3 low RCF range. ¢ Statistical analysis of the CD 61-
positive evaluated cells. d Statistical analysis of the CD 45- positive evaluated cells. Statistical analysis showed significant differences at p < 0.05

(*) and highly significant differences at p <0.01 (**) and p < 0.001 (**%*)
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Fig. 4 Statistical analysis of the measured inflammatory cells; CD
15 =neutrophils, CD-20 = B-Lymphocytes, CD-68 = monocytes;
CD-3 = T-lymphocytes. There was a statistically significant difference
in the amounts of CD-15 positive cells (***p < 0.001)

the highest value in the low RCF group, followed by
medium RCF and high RCF (p <0.01), with no statistical
significance between the low and medium RCF and
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comparing the medium to the high groups. EGF showed the
highest release in the low RCF group, significantly higher
when compared to the high RCF group p (<0.05). The
medium RCF group also showed a significantly higher rate
when compared to the high RCF group (<0.05). Thus, no
statistically significant difference was detected between the
high RCF and medium RCF groups (Fig. 5a). Similarly, the
release of TGF-p1 showed a similar trend whereby the low
RCF and medium RCF demonstrated significantly more
growth factor release when compared to the high RCF
group (p <0.001) and medium RCF was compared to high
RCF (p <0.001). In summary, the findings demonstrated
that by reducing the RCF, a higher growth factor release of
multiple blood-derived growth factors could be observed
(Fig. 5b).
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Fig. 5 Comparative diagrams
for the evaluated growth factor 1000 4 *
release using ELISA. a PDGF-
BB, VEGF, EGF. b TGF-p1 and
MMP-9. Statistical analysis
showed significant differences at
p <0.05 (*) and highly
significant differences at

p <0.01 (**)and p < 0.001 (¥**)

pg/mi

3.5 Cytokine release

The analysis of MMP 9 showed there was a significantly
higher amount within the low RCF group compared to the
medium RCF (p < 0.001) and high RCF groups (p < 0.001).
Whereas the medium and high RCF groups had similar
values without statistically significant differences. (Fig. 5b).

4 Discussion

The relative centrifugation force and centrifugation time are
key elements that could be modified to enhance the struc-
ture and composition of PRF-based matrices [2, 8, 10].
Moreover, the introduction of the LSCC (low speed cen-
trifugation concept) showed convincingly that the influence
of RCF reduction on injectable and solid PRF-based
matrices was responsible for an increase in cell numbers
and growth factor release [8, 10]. The present study
demonstrated a systematic analysis of the RCF as a con-
sequence of different rpm (revolutions per minute) settings
during the preparation of injectable PRF-based matrices. As
such, three injectable PRF-based matrices were manu-
factured following a stepwise decrease in halving the rpm
and due to the centrifuge radius of 110 mm, a 4 time RCF
decrease (medium RCF) and a 16 time decrease (low RCF)
was investigated. We then focused on the number of various
inflammatory cells and the release of different growth fac-
tors and cytokines within the evaluated PRF-based matrices.

The results from the automated cell counting experi-
ments demonstrated that there was a general trend whereby
lower RCF resulted in higher cell numbers. Leukocytes and
their subfamilies, i.e., neutrophils and monocytes as well as
lymphocytes, were found in significantly higher numbers in
the low RCF samples compared to medium and high RCF
samples, although no statistically significant differences

&3 High RCF

@8 Medium RCF E8 LowRCF

were observed between the medium and high RCF. Thus,
the first RCF reduction produced no significant differences
in the mentioned cell types, whereas the second RCF
reduction (low RCF) resulted in significantly higher cell
numbers within the injectable PRF matrices. This frequently
observed phenomenon showed that modification of the RCF
had a major impact on the inflammatory cell numbers
within the i-PRF matrices. Other than leukocytes and their
subfamilies, the influence of RCF on platelets led to sig-
nificant differences in the first RCF reduction between the
high and medium RCF ranges, whereas no statistically
significant difference was observed between the medium
and low RCF range. These observations indicate that the
cellular response to altering the RCF might be sensitive to
cell-specific properties, such as weight, size and density. It
may be that up to a specific decrease in RCF, the impact on
specific inflammatory cells subsides. These findings corre-
late well with the results of our recent study, which indi-
cated that PRF-based matrices following 8min of
centrifugation prepared with a reduced RCF included a
significantly higher number of inflammatory cells compared
to a PRF-matrix with a higher RCF application [10]. The
results from that study showed sustained significant differ-
ences between the high and medium range as well as
between the medium and low range regarding leukocytes
and platelets. Thus, altering the centrifugation time (from 8
to 3 min) might also have an impact on the included cells
within the PRF-based matrices [10]. Therefore, the present
results demonstrated that following the LSCC, it was pos-
sible to influence the number of specific cells selectively,
which might be a promising approach for generating spe-
cific PRF-based matrices according to clinical specifications
and thus influence cell-cell communication by increasing
Leukocytes and platelets that are major players in specific
processes associated with wound healing and subsequently
improving the regeneration process [15].
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General morphological and qualitative histological
observations showed that there were obvious differences in
the platelets and inflammatory cells. The stepwise decrease
in RCF from the high to low RCF range were accompanied
by an increased amount of platelets and inflammatory cells.
These observations were further confirmed quantitatively
using histomorphometry. The results showed a significantly
higher rate of platelets and leukocytes in the low RCF
groups compared to the high RCF group. In the case of
leukocytes, the first step RCF reduction was not associated
with significant differences whereas the platelets maintained
their number between the high and medium RCF ranges.
Additionally, CD-15 positive cells in the case of the low
RCF group when compared to the medium and high groups.
These results further approve our findings using automated
cell count. However, no statistically significant difference
was detected between the medium and high RCF groups. In
addition, other cells, such as CD-20, CD-3 and CD-68
positive cells showed an increasing trend as RCF decreased
but no statistically significant differences were observed
between the evaluated groups. In contrast to the histological
analysis, there was a major discrepancy in the leukocytes
subgroups and lymphocytes results derived from automated
cell counting. These observations may be related to the high
total number of leukocytes and platelets that is significantly
influenced by the RCF reduction. In this case these changes
are visible even in a 3—5 um cross-section of the samples. In
addition, due to the comparably small number of each
leukocytes subgroup and lymphocytes physiologically
existing in healthy blood, these cell groups are affected by
the limitations of performing histomorphometric analysis
that cannot represent the precise distribution pattern of the
whole sample. In contrast, automated cell counting is a
more accurate technique that analyzes a defined sample
volume and includes all cell numbers representing more
precise data, as shown in the results of flow cytometry.

The inflammatory cells evaluated in this study play an
essential role in wound healing, which is a common factor in
every surgical field [16]. Platelets are involved in primary
wound closure and have the capacity to release various
signaling molecules, including several growth factors to
recruit inflammatory cells to the region of injury [4, 17].
Moreover, leukocytes and their subfamilies, such as neu-
trophils, monocytes and macrophages, are involved in the
regeneration process within different tissue types [18, 19].
Their appearance in the impaired site support angiogenesis
and lymphangiogenesis [20]. The cross talk between plate-
lets and leukocytes was previously shown to promote bone
regeneration [21]. Furthermore, neutrophils are the main
players in the early wound healing phase. They function as
phagocytes and release neutrophilic extracellular traps to
prevent pathogenic activity and wound infection [22, 23].
The regenerative potential of monocytes in releasing
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different cytokines and proteins, such as bone morphoge-
netic protein 2 (BMP-2), has been previously described in
the literature [21, 24, 25]. In addition, a recent in vivo study
by our group demonstrated that the combination of mono-
cytes isolated from human peripheral blood with bone sub-
stitute  material resulted in  significantly  higher
vascularization of the implantation bed compared to a pure
bone substitute material [14]. Finally, in addition to their
immunological role, lymphocytes influence the osteogenic
differentiation of mesenchymal stromal cells [26] and release
cytokines, such as IL-17, which have a stimulating potential
on osteoblasts during new bone formation [27]. Due to the
liquid consistency of the injectable PRF, combinations with
biomaterials, such as bone substitute granules or collagenous
membranes, are possible and might lead to the enrichment of
biomaterials with autologous crucial inflammatory cells.
Such combinations might be beneficial to enhance the
capacity and bioactivity of the applied biomaterials. How-
ever, one limitation of the present in vitro study is that it
cannot provide any conclusions about functionality of these
cells. Thus, further in vivo and clinical studies are needed to
demonstrate the extent to which including i-PRF within the
wound as well as in combination with biomaterials may
influence tissue regeneration [28-33].

The analysis of the growth factors EGF and TGF- 1
revealed the highest growth factor release in the low RCF
group that was significantly higher compared to high RCF.
However, medium RCF also showed significantly higher
growth factor release compared to high RCF. No statisti-
cally significant difference was detected between medium
and low RCF and similar results were observed for PDGF-
BB. These observations made it clear that the decrease in
RCEF resulted in a higher growth factor release. Therefore,
significant differences were only observed when modifying
the RCF within a high spectrum field, i.e., from high RCF to
medium RCF or high RCF to low RCF. Comparisons
between the medium and low RCF range revealed no sta-
tistically significant differences. These findings correlated
with the prior platelet trend as the RCF amount changed.
Therefore, the growth factor release might be related to the
number of releasing cells, e.g., platelets. The present results
underline the results of our previous in vitro study, which
demonstrated that PRF-based matrices prepared according
to the LSCC, i.e., reduced RCF release, led to significantly
higher values in EGF, TGf-f1 and VEGF over 10 days
compared to PRF prepared with a higher RCF [8].

Additionally, VEGF only showed significantly higher
values in low RCF compared to high RCF, whereas no
statistically significant difference was found between the
medium and high range or the medium and low RCF range.
In our previous study using an 8 min centrifugation time
with various RCFs, more VEGF release was observed at
lower RCF ranges when compared to the high RCF range.
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In this context, the centrifugation time in combination with
a specific RCF range might play a role in growth factor
release. The present outcomes made it obvious that for
VEGF, modifying the RCF within the high range (i.e., from
high to medium) did not influence the VEGF release sig-
nificantly. In this context, there might be specific RCF
ranges in which specific parameters can be influenced
selectively to tailor the preparation protocols to the patients’
needs and suitable clinical applications. However, further
studies are needed to determine this possible postulation.
Finally, the cytokine expression of MMP-9 was sig-
nificantly higher in the low RCF group compared to the
other evaluated samples. Thus, no significant differences
were found between the high and medium RCF samples.

Growth factors are important signaling molecules in the
process of wound healing and tissue regeneration [15]. The
enhanced growth factor release within the i-PRF matrices
prepared with the LSCC might have the potential to
accelerate wound healing and contribute to an improved
regeneration pattern in chronic wounds that lack certain
growth factors [28]. PDGEF is first released from the alpha
granules of platelets during the early phases of wound
healing and has a high potential to recruit various cells, such
as fibroblasts, mesenchymal stem cells and osteoblasts,
which emphasizes its vital role in tissue and bone regen-
eration [29]. During the phases of wound healing, fibroblast
migration and collagen synthesis are promoted by TGF-p1,
which also has an impact on tissue vascularization [30, 31].
In addition, EGF is involved in supporting cell growth [32],
keratinocyte migration [33] and re-epithelialization of
wounds [34]. Whereas VEGF is the master regulator for
angiogenesis and new vessel formation, which makes it an
essential factor for promoting tissue regeneration [35, 36].
For the vascularization process, the required activation and
immobilization of VEGF is promoted by matrix metallo-
proteases, such as MMP-9, which also allow for recruitment
of marrow progenitors [37, 38]. In this context, i-PRF-based
matrices, especially those prepared according to the LSCC
could serve as a reservoir of growth factors and supply the
application region with key molecules to support and
improve the regeneration process.

The present results showed selective reactions of various
growth factors in response to modifying RCF. These find-
ings are probably related to the specific characteristics of
particular growth factors and their molecular structure,
density and size. Interestingly, platelets exhibited the lowest
density compared to other blood-derived inflammatory
cells, whereas other cells with a higher density, such as
neutrophilic granulocytes, monocytes and lymphocytes,
appeared to be significantly influenced additionally in the
medium to low RCF spectrum. Due to the composition of
the PRF-based matrices and the different included compo-
nents, it has to be respected that PRF-matrices are a

complex system. Therefore, modifying the composition of
PRF-based matrices with the LSCC could provide a tool to
influence the cell-cell communication by selectively altering
a specific growth factor or cell type.

All in all, this systematic approach of RCF decrease
demonstrated that using the LSCC, which was demonstrated
in different ex vivo, in vitro and in vivo studies, enhanced
the regenerative potential by significantly increasing the
number of inflammatory cells and growth factor release
over time [2, 8, 10]. Thus, PRF-based matrices with
enhanced regenerative potential could serve as a drug
delivery system and be a useful therapeutic approach in
different applications combined with biomaterials in guided
bone and tissue regeneration as well as dressing wounds
with impaired wound healing. Further in vivo and clinical
studies are needed to show the functionality and regen-
erative potential of this system as well as to explore its
impact on wound healing and patient morbidity.

5 Conclusion

The present study showed that decreasing the RCF resulted
in a significantly higher number of inflammatory cells,
platelets and significantly higher growth factor/cytokine
release. However, specific cell types and growth factors
were differentially influenced within the different RCF
ranges. These findings show that it is possible to modify the
components within PRF matrices by selectively modifying
the RCF. The liquid consistency of the novel injectable PRF
and its improved composition would allow for it to be
combined with various biomaterials to increase their bio-
logically activity and potentially enhance the properties of
membranes and bone grafts during guided bone and tissue
regeneration (GTR/GBR) procedures. Additionally, the
results demonstrated that the LSCC (low speed centrifuga-
tion concept) led to improved characteristics of PRF-based
matrices by reducing the applied RCF. Thus, further pre-
clinical and clinical studies are necessary to investigate
whether the application of PRF-matrices generated accord-
ing to the LSCC will further benefit wound healing.
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