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Preparation method and growth factor content of platelet concentrate
influence the osteogenic differentiation of bone marrow stromal cells
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Abstract
Background aims. An extensive debate about the clinical benefits of autologous platelet concentrates used as a treatment
option for patients with orthopedic injuries is ongoing. The aim of this study was to determine whether different compo-
sitions of platelet concentrates may affect the osteogenic differentiation of bone marrow stromal cells (BMSC).Methods. Pure
platelet-rich plasma (P-PRP) and leukocyte-PRP (L-PRP) were characterized for platelet and leukocyte content. As an
indicative marker of the delivery of growth factors (GFs), the release of basic fibroblast growth factor (bFGF) from platelet
gel (PG) was measured at 1, 18, 48 and 72 h and at 7 d. The ability of different PGs to induce proliferation and differ-
entiation of BMSC was evaluated by using bioactivity assays. Results. The platelet recovery was significantly higher in L-PRP,
either fresh or frozen. PGs derived from L-PRP and P-PRP showed significant differences in terms of bFGF release and
biological activity. bFGF release was faster both in fresh and frozen L-PRP preparations. Moreover, L-PRP samples were
able to induce a significantly higher proliferation of BMSC compared with P-PRP or PPP samples. Even though all PG
preparations allowed the deposition of mineral nodules in BMSC cultures, the mineralization activity correlated significantly
with bFGF levels. Conclusions. The biological activity of platelet concentrates differs according to preparation technique,
which affects platelet and leukocyte content and GF availability. Because GF levels are not always optimal in subjects with
defective bone healing, composition and bioactivity of PRP should be analyzed to test the reliability and potential effec-
tiveness of the regenerative treatment.
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Introduction

Bone regeneration is a process in which a complex
series of integrated events, which ultimately lead to
bone healing, mostly depend on cells resident in bone
and their surrounding microenvironment (1). Syner-
gistic effects between mesenchymal stromal cells,
growth factors (GFs), vascular structures, and extra-
cellular matrix have been extensively demonstrated
(2,3). On the basis of this concept, one of the most
studied approaches in bone regenerative medicine
combines the use of GFs and osteogenic precur-
sors. Bone marrowederived stromal cells (BMSC)
represent the most common source of osteogenic
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precursors used in bone-related clinical studies (4e6).
Autologous blood concentrates, such as platelet-rich
plasma (PRP), have been gaining popularity among
orthopedic surgeons as a treatment modality for
a variety of musculoskeletal injuries. It has been pro-
jected that the PRPmarket in the United States will be
worth more than $120 million by 2016 (7). The
rationale for the use of PRP on bone lesions, which are
hardly able to heal autonomously, is based on the
significant reduction of endogenous GFs observed in
nonunion sites (8). PRP may be used as a special
source of GFs (9), mirroring what occurs physiologi-
cally after any bone injury, when platelets are
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entrapped in the native fracture hematoma. To be
applied at the surgical site, PRP must be activated to
induce platelet degranulation and fibrin polymeriza-
tion, thus obtaining a clot usually called platelet gel
(PG). PRP displays the unique characteristics of a
mixture of bioactive molecules, and the regenerative
potency of PRP probably depends on GF levels
(10,11). Pro-osteogenic factors, such as platelet-
derived growth factor, transforming growth factor-b,
epidermal growth factor, vascular endothelial growth
factor, insulin-like growth factors I and II and basic
fibroblast growth factor (bFGF), play a pivotal role in
bone regeneration, either alone or in combination with
BMSC (12e15). However, despite two decades of
clinical study, the efficacy of PG in bone healing is still
under discussion because no accepted standard for its
preparation is available (7,16e18). The platelet
concentration procedure is mainly based on blood
centrifugation protocols (19), but the preparation
technique and storage may influence composition and
biological activity of PRP (20,21).

The aim of this study was to investigate whether
PRPs that differ in platelet concentration and in the
presence or not of white blood cells may affect the
osteogenic differentiation of BMSC. PRPs were
prepared by two different techniques, namely a one-
step procedure that is based on a clinically used
commercial device (22) and a two-step procedure that
is based on a previously described method (23). These
two techniques are widely used in clinical practice and
differ with regard to the resulting platelet concentra-
tion and leukocyte content. PRPs were characterized
for platelet and white blood cell content. To track the
GF delivery, as a representative marker we tested the
bFGF released from PGs at different time points. We
evaluated the relationship among the above parameters
and the ability of PRP to induce the differentiation of
osteogenic precursors in mature and functioning
osteoblasts. Moreover, we evaluated whether or not
the damage of leukocytes and platelets, which was
induced by freezing and thawing of the concentrates,
affected the osteogenic properties of PRP obtained
with the two-step method (24).
Methods

Subjects

Ten healthymen (age range, 26e38 years), enrolled on
a voluntary basis, underwent blood sample collection
(200 mL per subject). Subjects did not present
systemic disorders, infection, smoking habit, nonste-
roidal anti-inflammatory drug use during the 5 d before
blood donation, hemoglobin values <11 g/dL or
platelet values <150 � 103/mL. A code number was
assigned to each sample to ensure subject anonymity.
The study was approved by the local ethics
committee, and an informed written consent form
was signed by each donor.
Preparation of platelet concentrates

For the pure platelet-rich plasma (P-PRP) one step
method, a 45-mL venous blood sample was divided
into five tubes containing 1 mL of sodium citrate
solution (3.8%) and was then centrifuged (460g for
8 min); 1 mL per tube of the platelet-rich superna-
tant on the red blood cell pellet was then collected,
with care taken to avoid leukocyte harvesting (22).

For the platelet leukocyte-rich plasma (L-PRP)
two-stepmethod, a 150-mLvenous blood sample (25),
collected in a bag containing 21 mL sodium citrate,
was centrifuged (730g for 15 min). The resulting
plasma and buffy-coat were transferred in a separate
bag through a closed circuit, and red blood cells were
eliminated. After centrifugation (3800g for 10 min),
the supernatant was collected to produce L-PRP.
During the second centrifugation step, poor platelet
plasma (PPP) was collected and used as control.
A half-volume of the L-PRP obtained was stored at
e30�C for 2 h and then thawed in a dry thermostat at
37�C for 30 min (fL-PRP) just before use. P-PRP,
L-PRP, fL-PRP and PPP were activated with 10%
CaCl2 (228 mmol/L) to produce PGs.
Platelet concentration and leukocyte number

The platelet concentration and the white blood cell
number were determined by blood cell count
(COULTER LH 750 Hematology Analyzer; Beck-
man Coulter s.r.l, Milan, Italy). Linearity was
5e1000 � 103/mL for platelet count and 0.1e100 �
103/mL for white blood cell count.
Evaluation of bFGF released from PG

Each sample of PRP and PPP preparations was di-
vided into five aliquots, activated with 10% CaCl2
and incubated for 1, 18, 48 and 72 h and 7 d at 37�C
in 5% CO2. The first time point of bFGF release was
performed in agreement with the therapeutic
schedule, taking into account that in clinical practice,
the PRP injection is performed within 1 h from
CaCl2 activation. The time course of bFGF release
was aimed at evaluating the relationship with the
functional results.

After centrifugation (15 min at 4000 rpm at 20�C),
the supernatant was collected and frozen at e30�C
until use. Samples were assayed in duplicate and
bFGF concentration was evaluated with the use of
commercially available bead-based sandwich immuno-
assay kits (Bio-Rad Laboratories, Hercules, CA, USA)
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(26). Standard curve range was 0.07e18.366 pg/mL,
with an intra- and inter-assay coefficient of variability of
8%. The immunocomplexes formed on distinct beads
were quantified by use of the Bio-Plex Protein Array
System (Bio-Rad Laboratories). Data were analyzed by
use of the Bio-Plex Manager software version 6.0 (Bio-
Rad Laboratories). Standard levels between 70e130%
of the expected values were considered accurate and
were used. At least eight standards were accepted and
used to establish standard curves, following a five-
parameter logistic regression model.

BMSC cultures

After approval by internal review boards, bone
marrow samples were retrieved from discarded
material collected during reconstructive hip surgery,
and the resulting mononuclear cells were obtained as
previously described (27). Isolated mononuclear cells
were maintained in a-minimum essential medium
supplemented with 100 U/mL penicillin, 0.1 mg/mL
streptomycin, and 100 mmol/L ascorbic acid-2 phos-
phate (Sigma-Aldrich, Milan, Italy) and 10% fetal
bovine serum (Lonza, Milan, Italy). After 4 d,
nonadherent cells were removed and the culture
was re-fed with fresh medium supplemented with
10e8 mol/L dexamethasone (Sigma) (differentiation
medium). At first confluence, cells expressed the
typical surface antigens of BMSC (CD44, CD90,
Figure 1. Schematic diagram of the culture protocol for investigating the
pool was seeded onto the inserts of a 24-transwell plate (pore size, 0.45 mm
incubated for 24 h at 37�C; (B) 108 mL of different platelet concentrates
and activated with 10% vol/vol of CaCl2 solution; (C, D) after 1 h, the PG
added to each well. The transwells pre-loaded with human MSCS were
was added over the transwell; (E) at the first confluence (T1, 6 d), cell via
(F) while the mineralization assay was performed at T2 end point (14 d).
by the PG, at days 1 and 7, the supernatants of the upper and lower
compartment; (J) for each type of PG, five vials were incubated for 1, 18,
collected, and bFGF released was evaluated.
CD105 and CD166) and a negligible expression
of CD45 and CD117 (<1%) (28). The mineral-
ization ability was evaluated by culturing cells in
mineralization medium containing 10 mmol/L
b-glycerophosphate (Sigma) (13). In this study, a
BMSC pool obtained from three male donors (age,
55, 75 and 65 y), selected among 20 individuals on
the basis of the ability of BMSC to form mineral
nodules, was used (29).

Characterization of the osteogenic properties of BMSC

The protocol used for cell cultures and the time points
selected to investigate the ability of PGs to induce
osteoblast differentiation are reported in Figure 1.
Cell viability and proliferation were assessed at the
first confluence (T1, 6 d) and at day 14 (T2) by the
AlamarBlue test (Serotec Ltd, Oxford, UK)
(Figure 1E,F). The mean of the relative fluorescence
units measured on three wells was determined. The
correlation between relative fluorescence units and
cell number was linear, in the range of 5000e200,000
cells (R ¼ 0.99), with intra- and inter-assay coeffi-
cient of variations of 8% (range, 1.8e16.3%) and
11% (range, 0.7e20%), respectively. The functional
evaluation of the osteogenic properties was evaluated
after 14 d of exposure to mineralization medium
(Figure 1F) on duplicate wells, as previously described
(30e32).
ability of PG to induce osteoblast differentiation. (A) The BMSC
) at the density of 1 � 104 cells/well in differentiation medium and
and PPP as control were distributed in each well of a 24/well plate
was formed and 480 mL of serum-free differentiation medium was

put over the PG, and 200 mL of serum-free differentiation medium
bility and proliferation were assessed, and the medium was changed
(GeI) To favor the homogeneous distribution of the GFs released
chambers of the transwell were mixed and redistributed in each
48 and 72 h and 7 d at 37�C. After centrifugation, supernatant was
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Statistical analysis

Statistical analysis was performed by use of MedCalc
Software 7.5.0.0 (Mariakerke, Belgium). Summary
statistics were used to calculate mean, standard error
of themean,median andminimum-maximum values.
The D0Agostino-Pearson test was used to verify the
normal distribution of analyzed parameters in the
different subgroups. A nonparametric analysis of
variance (Kruskal-Wallis test) was applied to detect
the effects of the different platelet concentrates on the
measured variables; the Mann-Whitney U test was
applied as a post hoc test if the P value of the Kruskal-
Wallis test was <0.05. The Wilcoxon signed rank test
was used in a paired analysis to verify the differences
in bFGF release from PG at the different time points.
The Spearman rank correlation coefficient (R) was
used to analyze the degree of association among the
measured variables. All P values <0.05 were consid-
ered statistically significant.
Results

Platelet recovery differs according to the preparation
method of PRP

The number of platelets was significantly higher in all
PRP preparations compared with PPP (Table I). The
highest platelet recovery was obtained in the L-PRP
preparation (P < 0.0001 versus fL-PRP, P-PRP and
PPP). The ratio between platelet number before and
after concentration is significantly higher in L-PRP.
Even though the preparation was the same as that
used for L-PRP, in fL-PRP the platelet number was
significantly reduced up to 65% (range, 31e89%).
Table I. Platelet concentration and leukocyte count in different PG pre

Platelet number, 103/mL
Ratio between platele

and platelet nu

Native blood 202 � 55
(163e258)

199
L-PRP 920 � 491

(555e1114)
912

P < 0.0001 vs fL-PRP, PRP, PPP

4

P < 0.0001
fL-PRP 308 � 325

(107e686)
238

P < 0.0001 vs PPP

1

P <

P-PRP 260 � 37
(83e738)

194
P < 0.0001 vs PPP

1

P <

PPP 6.2 � 6.3
(3e16)

5

0.0
(

Data are expressed as mean � standard error of the mean (minimum-m
The two-step procedure determined effective platelet
enrichment in all samples despite a wide variability,
whereas the increment in platelet number was not
always ensured with the one-step technique. Calcium
chloride addition determined the gel formation in all
samples, including PPP, demonstrated that platelet
activation has been induced even if the platelet num-
ber was under the detection limit, as for PPP prepara-
tion. White blood cells were not found in P-PRP and
PPP, whereas in L-PRP the mean number of leuko-
cytes was comparable to the one of native blood
(Table I). In L-PRP, the percentages of lymphocytes
and polymorphonuclear cells (PMN) were 77.1% �
1.9% (range, 60e80%; median, 81%) and 21.9% �
1.9% (range, 12e40%; median, 18.5%), respectively.
As observed for platelets, the leukocyte amount was
significantly reduced after thawing of fL-PRP, thus
proving that the freezing procedure was destructive
for the cells. The number of leukocytes and platelets
showed a significant correlation in both L-PRP
preparations (L-PRP: R ¼ 0.63 and P < 0.0001; fL-
PRP: R ¼ 0.90 and P < 0.0001).
Progressive release of bFGF from PG varies according to
the composition of PRP

The amount of bFGF increased significantly from 1 h
to the final time point (7 d) in all samples (L-PRP,
P ¼ 0.005; fL-PRP, P ¼ 0.04; P-PRP, P < 0.0004;
PPP, P < 0.001) (Figure 2). A progressive increase
was observed in P-PRP, which showed significant
changes at each time point in comparison to the
previous one, whereas the increase was more variable
in L-PRP preparations, either fresh or thawed. The
parations.

t number after concentration
mber in native blood Leukocyte number, 103/mL

NA 6.4 � 2.3
(4.8e8.8)

5.9
.7 � 0.3
(3.0e8.8)

4.3
vs fL-PRP, PRP, PPP

6.4 � 6.5
(1.8e14.4)

5.7
P < 0.0001 vs fL-PRP, PRP, PPP

.5 � 0.1
(0.6e3.1)

1.2
0.0001 vs PPP

0.4 � 1.2
(0.0e1.8)

0.0

.2 � 0.2
(0.5e3.3)

1.0
0.0001 vs PPP

0.0

3 � 0.003
0.02e0.07)

0.03

0.0

aximum values) and median.



Figure 2. Graph shows the amount of bFGF (pg/mL) released by
PG derived from different PRP preparations. (a,b) Significant
difference in comparison to PPP and P-PRP, respectively (P <

0.05, Mann-Whitney U test); (c) significant difference in
comparison to the previous time point; (d) significant change from
1 h to 7 d (P < 0.05 , Wilcoxon signed rank test).
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bFGF release from both L-PRPs was faster, because
after 1 h and 18 h, the concentration was significantly
higher in comparison to P-PRP. Even though the
bFGF amount was higher in PRP than in PPP, after
day 7, the differences disappeared because a consider-
able amount of this GF was found also in PPP. An
inverse correlation was found between bFGF released
from PG prepared with L-PRPs, either fresh or frozen,
and platelet number at all time points (Table II). The
inverse relationship was significant up to 18 h and at
72 h. On the contrary, in P-PRP samples, the corre-
lation between the platelet number and bFGF was
always positive and became significant at 48 h up to
7 d. A positive correlation was also found in PPP
samples, and it was significant from 18 h forward. In
PG obtained from L-PRP, the correlation between
bFGF release and leukocyte number was also evalu-
ated. An inverse relationship was found at all the time
points, and it was significant at 1 h for fL-PRP and at
Table II. Correlation between bFGF released from PG and number of

1 h 18 h

L-PRP
No. of platelets �0.50 (0.009) �0.61 (0.0006)
No. of leukocytes �0.13 (0.489) �0.20 (0.261)
No. of PMN �0.44 (0.009) �0.42 (0.0057)

fL-PRP
No. of platelets �0.60 (0.0009) �0.45 (0.012)
No. of leukocytes �0.39 (0.028) �0.23 (0.197)

P-PRP
No. of platelets 0.30 (0.090) 0.30 (0.097)

PPP
No. of platelets 0.29 (0.102) 0.63 (0.0005)

Spearman R and P values are shown in parentheses.
day 7 for L-PRP. Moreover, at all the time points, the
number of PMN found in L-PRP correlated inversely
with bFGF (Table II), whereas no significant corre-
lation was found between bFGF and lymphocyte
number (data not shown).
BMSC proliferation is influenced by PRP composition
and is significantly associated with bFGF release

As expected, the proliferation of BMSC increased
from the seeding to the end point, with a log phase
from T0eT1, and a stationary phase from T1eT2
(Figure 3). The type of PRPs influenced the yield of
BMSC (Kruskal-Wallis P value, T1: 0.002; T2:
0.001).The post hoc analysis revealed that L-PRPswere
more effective than P-PRP in favoring cell prolifera-
tion, and a significant difference was found at T2
(L-PRP versus P-PRP, P ¼ 0.014; fL-PRP versus
P-PRP, P ¼ 0.027). The proliferation rate induced by
PPP was similar to that observed with PRPs, but the
cell number at T1 and T2 was significantly lower in
comparison to L-PRPs (L-PRP versus PPP, P¼ 0.004
at T1 and P ¼ 0.001 at T2; fL-PRP versus PPP, P ¼
0.0003 at T1 and P ¼ 0.002 at T2).

We analyzed the association between cell prolif-
eration in the exponential phase of growth, for
example, up to T1, and concentration of the blood
components in different PGs (Table III). A signifi-
cant, positive correlation was found between BMSC
proliferation and number of platelets in cultures
exposed to PG derived from P-PRP and PPP; on the
contrary, a significant, negative correlation was
found when BMSC were cultured with fresh L-PRP.
The BMSC proliferation was significantly correlated
with the amount of bFGF released from all PG
samples during 7 d.

As expected, BMSC proliferation in the steady
state of growth, that is, up to T2, was poorly influ-
enced by leukocyte and platelet number present in
both L-PRPs (data not shown), whereas the positive
platelets and leukocytes after concentration procedure.

bFGF

48 h 72 h 7 d

�0.46 (0.011) �0.49 (0.006) �0.22 (0.238)
�0.15 (0.405) �0.25 (0.179) �0.59 (0.002)
�0.38 (0.0009) �0.37 (0.0014) 0.59 (0.0003)

�0.25 (0.164) �0.46 (0.010) �0.17 (0.370)
�0.09 (0.606) �0.13 (0.463) �0.18 (0.352)

0.37 (0.030) 0.38 (0.033) 0.37 (0.039)

0.62 (0.0006) 0.66 (0.0003) 0.52 (0.004)



Figure 3. Number of BMSC retrieved after 6 (T1) and 14 (T2) d of
culture with different PG preparation. A significant difference in
comparison to PPP (a) and to P-PRP (b) was found (P < 0.05,
Mann-Whitney U test).
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and significant correlation with P-PRP was main-
tained (R ¼ 0.52, P ¼ 0.004). No correlation
was found between bFGF amount and cell recovery
at T2.
Mineralization ability of BMSC is significantly
associated with bFGF release

Cell mineralization was always detectable irrespective
of the source of PG, including that obtained from
PPP. The number and the size of calcium phosphate
deposits obtained with the use of PG from different
individuals were variable. A qualitative analysis of
mineral nodule formation revealed a more effective
ability of L-PRP and fL-PRP to induce osteoblast
differentiation, compared with the other samples
(Figure 4). However, the Alizarin red stain quantifi-
cation did not show any significant difference between
PG preparation and/or PPP samples (Figure 5).

In L-PRP, either fresh or frozen, the ability of
BMSC to mineralize was not influenced by platelet
number, whereas a positive significant correlation
was found with the platelet amount recovered in
P-PRP and PPP samples (Table IV). In all cases,
the bFGF released during the first 72 h showed
Table III. Correlation between BMSC proliferation at T1 in cultures ex
(first column).

L-PRP f

No. of platelets in PRP �0.71 (<0.0001) �0.32
No. of leukocytes in PRP �0.02 (0.880) �0.38
bFGF 1 h 0.75 (<0.0001) 0.70
bFGF 18 h 0.85 (<0.0001) 0.84
bFGF 48 h 0.84 (<0.0001) 0.82
bFGF 72 h 0.84 (<0.0001) 0.78
bFGF 7 d 0.84 (<0.0001) 0.78

Spearman R and P values are shown in parentheses.
a significant positive correlation with the minerali-
zation ability of BMSC. After 7 d, the positive rela-
tionship persisted only with fL-PRP and P-PRP. In
addition, a strong association was found between
mineralization ability and number of BMSC recov-
ered at T1 (L-PRP, R ¼ 0.71; fL-PRP, R ¼ 0.73;
P-PRP, R ¼ 0.65; PPP, R ¼ 0.70; P < 0.0001 for all
samples).
Discussion

In this study, we demonstrate that the ability of
different PGs to induce proliferation and osteogenic
differentiation of BMSC is related to PRP features,
including platelet and leukocyte content and GF
availability.

The highest platelet yield was obtained in fresh
L-PRP samples, and the difference in terms of platelet
recovery between L-PRP and fL-PRP or P-PRP was
highly significant. It is reasonable to assume that
a more selective process aimed to remove leukocytes,
for example, the procedure to obtain P-PRP, trans-
lates into a lower platelet recovery. It is noteworthy
that the platelet enrichment was always obtained when
the L-PRP method was used, even with a wide vari-
ability among donors, whereas the platelet enrichment
was not guaranteed with the P-PRP technique. That is
not surprising because the two-step method allows the
recovery of platelets that have not been fully concen-
trated after the first centrifugation. Other authors
observed that some individuals can have a complete
failure to concentrate platelets with one method but
are successful in concentrating platelets with alterna-
tive systems (19). Previous investigators have defined
the efficacy of PRP according to platelet concentra-
tion. Generally, a concentration ranging from
200e1000 � 103 platelets/mL is considered effective
for tissue healing, whereas higher counts appear to be
biologically unfavorable (19). In our hands, platelet
amounts>1000� 103/mL were obtained in two cases
treated with the two-step procedure, whereas in five of
10 P-PRP, the platelet recovery was <200 � 103/mL.

It has been demonstrated that the composition of
PRP influences the release of the most relevant GFs,
posed to different PG (first row) and variables measured in PRPs

L-PRP P-PRP PPP

(0.080) 0.79 (<0.0001) 0.37 (0.039)
(0.033) NA NA
(<0.0001) 0.51 (0.004) 0.19 (0.283)
(<0.0001) 0.44 (0.010) 0.46 (0.010)
(<0.0001) 0.60 (0.0009) 0.76 (<0.0001)
(<0.0001) 0.50 (0.005) 0.86 (<0.0001)
(<0.0001) 0.50 (0.005) 0.86 (<0.0001)



Figure 4. Mineralization assay. PGs from different individuals (lab code at top left) were able to induce the formation of mineral nodules
irrespective of the preparation method of PRP (magnification �4).
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but no data are available on the optimal amount of
osteogenic factors contained in PGs and on their
mutual relationship in terms of efficacy (10,33).
Among the variety of GFs released from PG, as
a representative marker we chose to test bFGF. It is
obvious that bFGF cannot be considered the unique
factor to explain the potency of different PG prepara-
tions but could be an adequate reference to predict the
ability of autologous PRP to induce osteoblast differ-
entiation. Indeed, a close interconnection between the
release of bFGF and other osteogenic GFs has been
demonstrated (19,34). bFGF is actively involved in
osteogenesis and angiogenesis (35e37). Recombinant
bFGF has been used for supporting BMSC expansion,
and it is able to induce an abundant calciumdeposition
(38). Preclinical investigations suggest that bFGFmay
be useful to promote bone healing (39,40). The use of
recombinant bFGF after nailing of tibial fractures
Figure 5. Mineralization assay. Histograms show quantitative
analysis of the Alizarin red staining (mean � standard error of the
mean) obtained with the different platelet preparations.
significantly favors fracture healing (41), and, recently,
we demonstrated that bFGF circulating level predicts
the outcome of a severe bone lesion (31). The absolute
concentration of bFGF increased significantly from
1 h to 7 d in all samples. Both L-PRPs exhibited
a variable and discontinuous release of GFs. Never-
theless, the release was more prompt because at 1-h
and 18-h time points, bFGF levels were significantly
higher than that measured in P-PRP. Interestingly,
after 7 d, the bFGF release from the clot obtained with
PPP was similar to that observed in the other samples.
GFs released from PG basically derive from activated
platelets but also from plasma, for example, circulating
GFs. We may reasonably assume that the amount of
bFGF detected in PPP corresponds mainly to the
plasma circulating GF (42), because the number of
platelets detected in the PPP preparation was very low,
that is, close to or under the detection limit.

On the contrary, bFGF measured in PRPs derives
largely from activated platelets and strictly depends on
their number, and the circulating level of GFs repre-
sents only a marginal part of the total amount.
According to this hypothesis, at the early time points
we found that bFGF was significantly higher in
samples with a higher platelet content, for example,
L-PRPs, even though these differences disappeared
after 7 d. A positive correlation between platelet
number and bFGF amount was found only in P-PRP
and in PPP, even if in the latter the platelet numberwas
very low. Unexpectedly, despite the higher platelet
content, a negative correlation between platelet
number and bFGF amount was detected in L-PRP
samples, either fresh or thawed. One possible expla-
nation for this discrepancy may be the presence of
leukocytes, that is, the more numerous they are, the
more the bFGF release could be hindered even if the
basal amount is very high. Other authors have shown



Table IV. Correlation between Alizarin red staining in cultures exposed to different PG (first row) and variables measured in PRP (first
column).

L-PRP fL-PRP P-PRP PPP

No. of platelets in PRP �0.32 (0.074) �0.29 (0.105) 0.50 (0.005) 0.53 (0.004)
No. of leukocytes in PRP �0.21 (0.240) �0.22 (0.216) NA NA
bFGF 1 h 0.56 (0.003) 0.72 (<0.0001) 0.62 (0.0005) 0.17 (0.350)
bFGF 18 h 0.70 (<0.0001) 0.81 (<0.0001) 0.57 (0.002) 0.38 (0.036)
bFGF 48 h 0.64 (0.0004) 0.78 (<0.0001) 0.65 (0.0003) 0.61 (0.0008)
bFGF 72 h 0.63 (0.0005) 0.76 (<0.0001) 0.61 (0.0006) 0.75 (<0.0001)
bFGF 7 d 0.22 (0.217) 0.67 (0.004) 0.71 (<0.0001) 0.08 (0.662)

Spearman R and P values are shown in parentheses.
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that the GF release varies according to PRP prepara-
tion and is influenced by the presence of white blood
cells and the architecture of the fibrin network (33).
Because P-PRP and L-PRP exhibit a similar pattern of
fibrin organization, we can hypothesize that leukocytes
play a crucial role inGF spreading. It has been recently
demonstrated that PMN from healthy individuals
express different levels of FGF receptors in their
cytosol (FGFR-1 and FGFR-4) and cytoplasmic
membrane (FGFR-2) (43). These receptors may
capture bFGF, therefore explaining the inverse rela-
tion between bFGF and PMN number in L-PRP
samples at all time points. In addition, PRP concen-
trates containing lymphocytes can sustain the
production of new bFGF after the initial release (44).
The effect of leukocytes is still controversial and could
be either positive or negative, depending on tissue and/
or underlying disease. Some authors have demon-
strated that the presence of PMN can result in proin-
flammatory cell signaling and local tissue catabolism
(45e47), whereas others have shown that macro-
phages are essential for debridement of damaged liga-
mentous tissue and for cytokine release mediating the
repair process (48). For this reason, the manufacturing
procedure of PG and the relative presence of leuko-
cytes must be thoroughly investigated.

To better understand the PG “potency,” the pro-
osteogenic activity may be evaluated by means of
a bioactivity assay. We previously demonstrated that
the in vitro mineralization assay is a reliable tool to
evaluate the activity of the whole GF system in its
complexity more effectively than other biochemical,
functional and molecular assays (30). Moreover, the
correlation between in vitro mineralization test and
regenerative ability has been demonstrated in other
experimental models (49).

In the log phase, proliferation of BMSC is signif-
icantly different, according to the composition of
PRP. The highest number of platelets and the most
abundant release of bFGF positively influence BMSC
proliferation. In fact, it is higher in cells treated with
L-PRP or fL-PRP, thus suggesting that the presence
of leukocytes does not affect proliferation of target
cells. The positive correlation that was found between
bFGF and cell number at T1 confirms that GF
availability plays a pivotal role in supporting the
expansion of osteogenic precursors (37,50). Although
PPP could promote cell proliferation when it is acti-
vated, the effect was lower than that of PRPs in this
study and some other studies (10).

The mineralization ability of different PGs was
similar irrespective of the preparation method of PRP
and was observed also in cells cultured with PPP.
L-PRP appeared to be more active in inducing osteo-
blast differentiation, even though the quantitative
analysis of the mineral matrix deposition did not show
significant differences. Once again, the bFGF released
from PG was strictly related to the mineralization
ability of BMSC, and this direct relationship was
observed with all the preparations, including the one
derived from PPP. Because bFGF detected in PPP
samples is reasonably derived from circulating bFGF,
we can hypothesize that GF availability in the serum
could influence the PG bioactivity and that this aspect
should be carefully considered. In fact, it has been
demonstrated that autologous serum with low bFGF
levels (<4 pg/mL) is not able to induce the minerali-
zation of BMSC, whereas deposition of mineral
nodules occurs if cells are treated with homologous
sera containing high levels of bFGF (>10 pg/mL) (31).

We performed freezing and thawing of L-PRP
samples to evaluate whether the damage of leuko-
cytes and platelets could affect the ability of L-PRP
to induce osteoblast differentiation. Repeated short-
term freezing and thawing are sometimes used to
damage platelet membranes and to cause extensive
degranulation to increase GF content in PRP (51).
In our hands, the procedure reduced platelet and
leukocyte number but did not affect the GFs release,
as shown by comparable levels of bFGF detected in
L-PRP and fL-PRP samples. Accordingly, prolifer-
ation of BMSC and mineralization were similar in
cells treated with L-PRP or fL-PRP.

In conclusion, we found that the method of PRP
preparation influences not only platelet and leuko-
cyte content but also GF release and the ability of
PRP to induce osteoblast differentiation. Experi-
mental evidence shows that L-PRP is more effective
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to reach a high bFGF concentrations and stimulate
the proliferation of osteogenic precursors. Fresh and
frozen L-PRP show similar biological activities, thus
suggesting that PG cryopreservation should be
regarded as a safe procedure that does not affect the
final properties of platelet concentrate and allows an
adequate quality control of the product. The
mineralization ability of osteogenic precursors is
related to GF levels. Because the GF levels might not
always be optimal in subjects with defective bone
healing, composition and bioactivity of PRP should
be analyzed every time, so that a clinician may have
an additional assurance on the reliability and
potential effectiveness of the regenerative treatment.
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