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Background. In the last decades, several in vitro studies have tested the effect of platerich plasma (PRP) on the proliferation of human cells in search of a wizard for the
use of PRP in a clinical setting. However, the literature displays striking differences
regarding this question despite the relatively similar experimental design. The aim of
this review is twofold: describe and explain this diversity and suggest basic principles
for further in vitro studies in the field. The optimal platelet concentration in vivo will
also be discussed.
Methods. A search in mainly EMBASE and PubMed was performed to identify in
vitro studies that investigate the effect of different PRP concentrations on human cell
proliferation. The assessment of bias was based on the principles of ‘‘Good Cell Culture
Practice’’ and adapted.
Results. In total, 965 in vitro studies were detected. After the initial screening, 31
studies remained for full-text screening. A total of 16 studies met the criteria of final
inclusion and appeared relatively sound. In general, the studies state consistently that
PRP stimulates the proliferation of the human cell. Two main types of experimental
techniques were detected: 1. The Fixed PRP Concentration Group using a fixed PRP
concentration throughout the experiment, which leads to a substantial decrease in
nutrition available at higher concentrations. 2. The Fixed PRP Volume Group using a
fixed PRP-to-media ratio (Vol/Vol) throughout the experiment. A general tendency
was observed in both groups: when the PRP to media ratio increased (Vol/Vol), the
proliferation rate decreased. Further, The Low Leukocyte group observed a substantial
higher optimal PRP concentration than The High leukocyte group. No prominent
tendencies was seen regarding anticoagulants, activation methods, and blood donor
(age or sex).
Discussion. Two major biases regarding optimal proliferation in vitro is pointed out:
1. Too high PRP volume. It is speculated that the techniques used by some studies led to
an adverse growth condition and even cell starvation at higher concentrations. 2. High
leukocyte levels. Reduced proliferation rate due to proinflammatory substances released
during degranulation of leukocytes.
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Conclusions. The two main biases may explain the bell-shaped effect of PRP and the
detrimental effects at higher platelet concentrations observed in several studies. These
biases may also explain the low optimal PRP concentration observed in some studies.
Even if one universal optimal PRP concentration does not exist, the review indicates
that PRP concentrations in the upper parts of the scale is optimal or at least beneficial.
Finally, following basic experimental principles are suggested. 1: The PRP/media ratio
(Vol/Vol) should be kept as constant. 2: The PRP/media ratio should provide a sufficient
nutrition supply, that is, PRP ≤ 10% (Vol/Vol). 3: The cell density per well (cells/mL)
should be defined. 4: Leukocyte level should be kept low, preferable depleted (< 0.1
PLT/µL).
Subjects Bioengineering, Cell Biology, Dentistry, Hematology, Orthopedics
Keywords Platelet concentrate, Cell proliferation, Platelet-rich plasma, PRP, Proliferation,

Human, In vitro, Growth factor, Platelet lysate

INTRODUCTION
Platelet-rich plasma (PRP) may generally be defined as an autologous concentrate
of platelets in a small volume of plasma obtained by centrifugation of venous
blood (Engebretsen, Steffen & Alsousou, 2010; Marx, 2004). Originally, PRP was used
for hemostasis during surgery and platelet transfusion for patients with thrombocytopenic
disorders (Gardener, 1974). However, in the last two decades, the application has
expanded to a wide range of medical disciplines, including maxillofacial surgery, dentistry,
dermatology, aesthetic surgery, orthopedics, and sports medicine, among others (Anitua,
Cugat & Sánchez, 2018; Arshdeep & Kumaran, 2014; Chen et al., 2018; Frautschi et al., 2017;
Lemos et al., 2016).
The biological rationale for the use of PRP is the wound healing and regenerative
properties of the platelets. Platelets hold about 50–80 α-granules that contain hundreds of
bioactive proteins, including a wide range of growth factors (Blair & Flaumenhaft, 2009;
Neumüller, Ellinger & Wagner, 2015). The most important growth factors in this context
are platelet-derived growth factor (PDGF), vascular endothelial growth factor (VEGF),
fibroblast growth factor (FGF), transforming growth factor-beta 1 (TGF-β1), epidermal
growth factor (EGF), insulin-like growth factor (IGF), connecting tissue growth factor
(CTGF), and hepatocyte growth factor (HGF) (Dhurat & Sukesh, 2014)
During platelet activation, the α-granules are fused with the membrane of the
open canalicular system (OCS) inside the platelet (Blair & Flaumenhaft, 2009). Here,
the growth factors are processed to the bioactive form before exocytosed through the
platelet membrane. In connection with and parallel to exocytosis, the platelet undergoes
dramatic morphological changes seen in the microscope as increased hyalomere and a
centralized and constricted granulomere, which give the activated platelets the characteristic
pseudopodic/filopodic shape (Twomey et al., 2018). The active growth factors are secreted
and bind to the transmembrane receptors in the cells in the actual tissue area (Antoniades
& Williams, 1983; Schliephake, 2002). This stimulates cell growth, mitogenesis, and
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chemotaxis, which leads to proliferation and extracellular matrix formation, and thus
tissue repair and tissue regeneration. Cells in the mesenchymal linage like osteoblasts,
fibroblasts, endothelial cells, and epidermal cells are particularly responsive to these
growth factors (Blair & Flaumenhaft, 2009; Van der Heiden, Cantley & Thompson, 2009).
The whole process requires a dramatic increase in cellular nutrition uptake (Thompson &
Bielska, 2019; Van der Heiden, Cantley & Thompson, 2009). The basic idea of PRP treatment
is to enhance this natural regeneration process through a concentrated dosage of platelets
and increased levels of growth factors compared to peripheral blood levels.
During activation, platelets also release platelet-derived microparticle (PDM) (Neumüller,
Ellinger & Wagner, 2015). These membrane generated vesicles, which range from 0.1–
1 µm in diameter, may play a role regarding the generative effect of PRP. Research
indicates that PDM may ‘‘stimulate the release of cytokines, activate intracellular signaling
pathways, promote angiogenesis, and are involved in tissue regeneration and cancer
metastasis’’ (Varon et al., 2012). However, this aspect has not been thematized in the
included studies and will not be investigated further.

The aim
In the last two decades, several in vitro studies have been performed to study the regenerative
effect of PRP on different types of cells in culture and to establish an optimal platelet
concentration in PRP for tissue regeneration. Cell proliferation has been the focus, but
other important aspects in the regenerative process have also been investigated, such as the
effect of PRP on cell migration, gene expression, and exocytosis of extracellular substances,
for example, collagen type I and III, and glycosaminoglycan, among others. However, the
literature displays striking differences regarding the most effective platelet concentration
for proliferation, and other regenerative aspects despite their relatively similar experimental
design. This has led to different clinical recommendations and treatment regimes. Some
consider a high or very high concentration as most beneficial ( Jo et al., 2012), while others
advocate low or moderate platelet concentrations and consider very high concentrations of
PRP to be counterproductive with a potential risk of cell death (Giusti et al., 2014, Kakudo
et al., 2008, Zhou et al., 2016). Both positions refer to different in vitro studies, and the
question of which perspective on PRP concentration is valid is still open (Smith et al., 2019).
Also the PRP production methods and thus the biological and biochemical characteristic
of PRP is varying. Several reviews have incorporated the question regarding the optimal
platelet concentration, but not in a comprehensive way (Liu et al., 2008; Setayesh et al.,
2018; Smith et al., 2019).
Therefore, the aim of this review is twofold:
1. Clarify and explain the inconsistency among in vitro studies regarding the optimal
platelet concentration for proliferation of human cells
2. Suggest basic principles for further in vitro studies
The author will also discuss possible implications for the most effective PRP
concentration in vivo.
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Clarification of concepts
Although the studies often apply the term ‘‘PRP concentration’’ or ‘‘platelet concentration,’’
PRP was infrequently added directly to the culture wells. After the PRP was processed,
almost all research groups activated, incubated, and centrifuged the PRP to obtain a
supernatant rich in growth factors. This supernatant has been given different names in
the literature, for example, ‘‘PRP-releasate,’’ ‘‘supernatant rich in growth factor,’’ ‘‘platelet
lysate,’’ ‘‘preparation rich in growth factors,’’ ‘‘platelet-rich clot releasate,’’ among others.
In this review, ‘‘PRP-lysate’’ will be used in the author’s discussion. The next step in
the experiment was to add the PRP-lysate to the cell culture at various concentrations
corresponding to a given platelet concentration. Thus, the terms ‘‘PRP concentration’’ and
PRP-lysates are used interchangeably in the studies and this review.

REVIEW METHODOLOGY
Search strategy
Initially, a comprehensive search was carried out in EMBASE OvidSP and PubMed.
The search terms used included: ‘‘platelet-rich plasma’’ OR ‘‘platelet concentrate*’’ OR
‘‘thrombocyte concentrate*’’ AND proliferation AND ‘‘in vitro’’. Relevant articles found
in references were also added. The search was performed in January 2020 and repeated
in March 2020. The search was limited to peer reviewed literature in English. When the
duplicates in and across the two databases were removed, the records were screened in
accordance with the criteria of inclusion and exclusion.

Criteria of inclusion
The minimum criteria for inclusion were controlled experimental studies testing the effect
of different PRP concentrations on cell proliferation. Nevertheless, several studies also
included other important regenerative parameters such as cell motility and synthesis of
important extracellular substances. These findings are also presented in the review but
are not a main focus. The number of in vitro studies utilizing human cells has grown
substantially in the last two decades. Therefore, only articles based on human cells were
included. Since the effect of different concentrations of platelets is the main focus, only
studies that utilized three different PRP concentrations or more were included.

Criteria of exclusion
A large number studies tested the proliferation effect of PRP in combination or as a
comparison to different types of biomaterials. To achieve a minimum of homogeneity with
respect to experimental design, these studies were excluded. Studies that utilized a low
maximum PRP concentration, here defined as a concentration range lower than threefold
of the baseline of whole blood (WB) or approx. 600 million plt/µL as maximum, were
excluded, for example, De Mos, van der Windt & Jahr, (2008), Atashi et al., (2015), and
partly Cavallo et al., (2014). To be able to make comparisons between the studies, articles
that did not disclose platelet concentrations in plt/µL or fold, but focused solely on the
levels of growth factors (pg/mL) were excluded, for example, Han et al. (2007). The actual
platelet count is also important for the PRP processing in an in vivo setting. Even if cells in
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the mesenchymal line are prioritized, adipocytes were excluded due to a musculoskeletal
focus. However, studies that utilized HUVECs were included since angiogenesis, in general,
is an important aspect of tissue regeneration and because HUVECs often are used as a
laboratory model system for the study of angiogenesis. Some studies included in addition
cell types not directly relevant in a musculoskeletal context. These cell types were included
but not emphasized. Finally, editorials and letters to the editors were also excluded. A
schematic presentation of the search strategy is presented in the PRISMA 2009 Flow
Diagram (Appendix S1).
The included studies will be tabulated and discussed chronologically (by publishing year)
and alphabetically in each year group. A condensed overview of this article is presented in
the PRISMA 2009 Checklist (Appendix S2).

The assessment of risk of biases
For in vitro studies, no standardized international tool of bias assessment exists, although
candidates are developing (Hartung et al., 2019). The author applied as a starting point
the principles of Good Cell Culture Practice (GCCP) (Hartung et al., 2019) and further
developed these principles to the actual field. The principles regarding cell description,
culture media content, and method/reproducibility were especially emphasized. The
following basic parameters were selected as potential areas of biases.
1. Cell type(s)
2. Cell site origin
3. Media description
4. Sample size (number of blood donors)
5. Number of wells used for testing of each PRP concentration
6. Duration of PRP exposure
7. Materials used according to the manufacturers’ instructions
8. Cell number per well
9. PRP-to-media ratio
If a study reported or did not report a parameter, a ‘‘Yes’’ or a ‘‘No’’ was noted,
respectively. The classification was as follow.
• Studies that reported up to 5 parameters were also classified as ‘‘high risk of biases.’’
• Studies that reported 6–7 parameters were classified as ‘‘moderate risk of biases.’’
• Studies that reported 8–9 parameters were classified as ‘‘low risk of biases.’’

RESULTS
Study selection
In total, 965 records were identified: 426 studies in EMBASE OvidSP, 539 in Pubmed. The
duplicates in the two bases were excluded; the initial number of studies was 525. After the
first screening (title and abstract), 495 studies were excluded, frequently due to the use of
animal cells, no focus on different PRP concentration, or because the design combined PRP
with different types of biomaterials, etc. An additional records were identified in references.
The remaining 31 papers were included for full-text screening, of which 16 papers were
included for the final analysis.
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Risk of bias
In general, the 16 studies appeared relatively sound. Based on the basic bias assessment
criteria mentioned above, no studies were classified as ‘‘high risk of biases,’’ and only 4
studies were classified as ‘‘moderate risk of biases’’ (Haynesworth et al., 2002; Mishra et al.,
2009; Wang et al., 2012; Sadoghi et al., 2013). The remaining 12 studies were classified
as ‘‘low risk of biases.’’ The fifth parameter (Number of wells tested for each PRP
concentration) was the weakest point with a total of 8 negatives (Table 1).

The effects of PRP in vitro: an overview
In general, all the studies consistently report that PRP may increase cell proliferation in
vitro (Table 2). An exception is skin fibroblasts in the study of Anitua et al. (2009). Different
studies assayed different extracellular substances and gene expression, and thus difficult
to compare systematically. Still, three studies observed an increased synthesis of collagen
type I and/or II or HA (Anitua et al., 2009; Jo et al., 2012; Wang et al., 2012). Four studies
observed increased cell motility and invasion at moderate (Berger et al., 2019; Giusti et al.,
2014; Graziani et al., 2006) or relatively high concentration (Rughetti et al., 2008).

Two main types of experimental technique
This review detected two main types of experimental techniques:
1. The Fixed PRP Concentration Group: In six of the studies, a fixed initial PRP
concentration was used. Different concentrations were achieved by varying the PRPto-media ratio (Vol/Vol) in which the cells were cultured. Mishra et al. (2009) and Wang
et al. (2019) had similar initial PRP concentration (1.0 and 1.55 ×106 plt/µL, respectively).
They found an increase in proliferation up to 10% PRP and a decrease when a volume of
20% PRP was used. Amable et al. (2014) also observed an increase in cell proliferation up
to 10% PRP and a decline when higher volume concentrations were used. The fixed PRP
concentration was 2.94 ± -1.9 ×106 plt/µL. Hsu, Kuo & Tseng (2009), Chen et al. (2018)
and Tavassoli-Hojjati et al. (2016) used an initial PRP concentration of 1.124, 1.0 ×106
and 1.194 ×106 , respectively, and observed a maximal proliferation at 5% PRP. However,
in Hsu, Kuo & Tseng (2009) and Tavassoli-Hojjati et al. (2016), a volume of 10% was not
a part of the coarse test scale, and when the next concentration was tested (15% and 50%
PRP), the proliferation rate declined. Giusti et al. (2014) seem to belong to this group, but
do not clarify the PRP/media ratio (Vol/Vol) and thus difficult to compare to the others
(Valerio et al., 2012). It is difficult to compare the studies in an accurate metric manner due
to different initial PRP concentrations and different PRP volume concentrations tested.
Despite heterogeneity, this group loosely indicate that PRP of 5–10% (Vol/Vol) at a platelet
concentration of 1–1.5 ×106 is the most effective in vitro. In general, the technique of this
group leads to a substantial decrease in nutrition available at higher concentrations: when
the PRP concentration (volume) increases, the culture medium (nutrition) will decrease
(Table 3). In the Discussion, I will argue that this experimental technique probably is
encumbered with biases regarding the optimal PRP concentration in vivo.
2. The Fixed PRP Volume Group: The other studies utilized a fixed ratio of PRP to culture
media (Vol/Vol) throughout the experiment, for example, 10%/90% or 20%/80%. Different
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Table 1 Risk of bias assessment.
Study

Cell type(s)
tested

Cell site
origin

Media
description

Number of
blood donors

Number of wells
tested for each
PRP concentration

Duration of
PRP exposure

Materials used
according to
manufacturers’
instructions

Cell number
per well or cm2

Haynesworth et al. (2002)

Yes

Yes

Yes

No

Graziani et al. (2006)

Yes

Yes

Yes

Yes 3

Rughetti et al. (2008)

Yes

Yes

Yes

Yes 8

Yes 3

Yes

Anitua et al. (2009)

Yes

Yes

Yes

Yes 2

No

Yes

Hsu, Kuo & Tseng (2009)

Yes

Yes

Yes

Yes 20

Yes

Yes

Mishra et al. (2009)

Yes

No

Yes

No

No

Yes

Chen et al. (2012)

Yes

Yes

Yes

Yes 10

Yes

Yes

Jo et al. (2012)

Yes

Yes

Yes

Yes 9

Yes

Mazzocca et al. (2012)

Yes

Yes

Yes

Yes 8

Yes

Wang et al. (2012)

Yes

No

Yes

Yes 3

No

Yes

Yes

Sadoghi et al. (2013)

Yes

Yes

Yes

No

Yes

Yes

Yes

Amable et al. (2014)

Yes

Yes

Yes

Yes 3 pr. pool

No

Yes

Yes

Giusti et al. (2014)

Yes

Yes

Yes

Yes 3

Yes

Yes

Tavassoli-Hojjati et al. (2016)

Yes

Yes

Yes

Yes 1

No

Yes

Berger et al. (2019)

Yes

Yes

Yes

Yes 14

No

Yes

Wang et al. (2019)

Yes

Yes

Yes

Yes 8

No

Yes

PRP/lysate
to media ratio

Risk of bias

No

Yes

Yes

Yes

Yes

Moderate

Yes

Yes

Yes

Yes

Yes

Low

Yes

Yes

No

Low

Yes

Yes

Yes

Low

Yes

Yes

Yes

Low

Yes

Yes

Yes

Moderate

Yes

Yes

Yes

Low

Yes

Yes

Yes

Yes

Low

Yes

Yes

Yes

Yes

Low

Yes

Yes

Moderate

Yes

No

Moderate

Yes

Yes

Low

Yes

Yes

No

Low

Yes

Yes

Yes

Low

Yes

Yes

Yes

Low

Yes

Yes

Yes

Low
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Table 2 Descriptive overview.
Study

PRP concentrations tested (plt/ µ L or fold of
WB)

Haynesworth et al. (2002)

0.625-fold, 1.25-fold, 2.5-fold and 5-fold

Graziani et al. (2006)

Rughetti et al. (2008)

Anitua et al. (2009)

Cell type tested

Significant
stimulation
of
cell
proliferation

Optimal PRP concentration cell proliferation (Vol/Vol and plt/ µ L or fold)

Optimal PRP
concentration cell
motility and
Invasion (plt/ µ L)

Exocytation and
extracellular matrix

10% of 1.6 × 106 (5 folds over baseline)

Not tested

Not tested

33.3% of 2.5 × Ca 0.570 ×106

OPG upregulated at 2.5x. OCN and TGF- β1
upregulated at 4.2-5.5x (PRP-max)

1.5 ×106 (PRP/media ratio unclear)

Not tested

Not tested

Significant increase in collagen I and HA

HMSC

Yes

Fibroblasts

Yes

Osteoblasts

Yes

33.3% of 2.5 × ≈ 0.570 × 106

Fibroblasts

Yes

33.3% of 2.5 × ≈ 0.570 × 106

Endothelial cells
(umbilical vein)

Yes

1.25 × 106 (PRP/media ratio
unclear)

Fibroblasts (skin)

No

________

Fibroblasts (synovium)

Yes

20% of 0.767 ± 95 × 106 and
0.404 ± 39 × 106

Yes

20% of 0.767 ± 95 × 106 and
0.404 ± 39 × 106

Yes

5% of 1.124 × 106 of 5% (Vol/Vol)

Not tested

(Angiogenesis Inhibitor in PRP)

10% of 1 × 106

Not tested

Osteogenic marker RUNx2 doubled. Chondrogenic marker Sox-9 mRNA increased tenfold
(HMSC)

2.5-fold, 3.5-fold and 4.2–5.5-fold (PRP max)
0.3 ×106 , 0.5 × 106, 0.75 ×106 , 1,25 ×106 ,
1.75 ×106 , 2.25 ×106 , 2.75 ×106 , 3.25 ×106 ,
4. × 106 , 5 ×106 and 7 ×106

0.16 ±1×106
0.404 ±39×106 and
0.767 ±95×106 / µ L
(2x and 4x of baseline) PRP to media ratio of
20%/80%

Fibroblasts (tendon)

Fibroblasts (PDL)
Hsu, Kuo & Tseng (2009)

1.124 ×106 plt/µ L was added to the wells in concentrations of 2%, 5%, 15%, and 30%

Osteoblasts
HUVEC

Mishra et al. (2009)

1 ×106 / µ L(non-activated) added to media at
ratios of 1%, 5%, 10% and 20% (Vol/Vol) For
HMSC only 10% PRP

Fibroblasts (skin)

Yes

HMSC

Yes

Chen et al. (2012)

Lysate from PRP of 1.0 × 106 added to media at
ratios of 0%, 1%, 5%, 10% lysate (Vol/Vol)

Dental pulp stem cells

Yes

5% of 1.0 × 106

Not tested

(Cell differentiation)

Jo et al. (2012)

0.1, 0.2, 0.4, 0.8, 1, 2, 4, 8 and 16 ×106

Tenocytes (rotary cuff)

Yes

10% of 4.00 × 106 (CaCl2 ) and
10% of 8.00 × 106 (CaCl2 + thrombin)

Not tested

Significant increase in collagen I and III and
glycosamino-glycan

Myocytes

Yes

10% of PRPLP : 382.0+/-111.6 × 103

Mazzocca et al. (2012)

PRPLP : 382.0+/-111.6 ×103 / µ L PRPDS :
472.6+/-224.2 ×103 / µ L PRPHP : 940.1+/-425.8
×103

Osteoblasts

Yes

10% of PRPDS : 472.6+/-224.2 × 103

Tenocytes

Yes

No significance btw PRPLP , PRPDS, and
PRPHP

Not tested

Significantly increased growth factors in all three
PRPs. Highest PRPHP (940.1+/- 425.8 ×103 / µ L)

Wang et al. (2012)

1.2–1.9 ×106 / µ L
1%, 5% and 10% (Vol/Vol)

Tenocytes

Yes

10% of 1.5-1.9 × 106 (4x)

Not tested

Significant increased collagen syntesis in 5-1.9
×106 / µ L (4x) at 10% PRP2

Sadoghi et al. (2013)

1-, 5-, and 10-fold PRP was obtained by diluting
initial PRP in PPP. The PRP/media ratio is unclear.

Fibroblasts (rotary cuff)

Yes

5-fold ≈ 1.25 × 106
(PRP/media ratio unclear)

Not tested

(Cell differentiation)

(continued on next page)
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Table 2 (continued)
Study

PRP concentrations tested (plt/ µ L or fold of
WB)

Cell type tested

Significant
stimulation
of
cell
proliferation

Optimal PRP concentration cell proliferation (Vol/Vol and plt/ µ L or fold)

Optimal PRP
concentration cell
motility and
Invasion (plt/ µ L)

Exocytation and
extracellular matrix

Yes

10% of 2.94+/-1.9 × 106

Not tested

Various reaction to PRP depending on cell type

HMSC (bone marrow)
Amable et al. (2014)

2.94+/-1.9 ×106 plt/µ L was mixed with culture
media ( α-MEM) to obtain following PRP concentrations: 1%, 2.5%, 5%, 10%, 20%, 30%, 40%
and 50% (Vol/Vol)

HMSC (adipose tissue)
HMSC (Wharton‘s Jelly)

Giusti et al. (2014)

0.5 ×106 , 1 ×106 , 2 ×106 , 3 × 106 and 5 ×106 /
µL

Tenocytes

Yes

0.5 × 106 (PRP/media ratio unclear)

0.5 ×106 at 46 h (PRP/media
ratio unclear)

Significant dose-dependent increase in MMP up
to 5 ×106 / µ L and collagen I at 1 ×106 and2
×106 / µ L

Tavassoli-Hojjati et al. (2016)

1.194 ×106 / µ L diluted in DMEM resulting in
concentration of 0.1%, 5% and 50%.

Fibroblasts (periodontal
ligament)

Yes

5% of 1.194 × 106

Not tested

Not tested

Berger et al. (2019)

Platelet lysate corresponding to platelet levels of
14x, 7x, 3.5x, 1.75x and 0.9x of WB

Fibroblasts (Achilles,
patellar, and palmaris)

Yes

______
Old group: 3.5 × 106

Not tested

Platelet lysate corresponding to 0.2 ×106 , 0.5
×106 , 0.8 ×106 , 1.0 ×106 , 1.2 ×106 , 1.5 ×106 ,
2.0 ×106 , 2.7 ×106 , and 3.0 ×106

HMSC (bone marrow)

Yes

Not tested

(Cell differentiation)

Wang et al. (2019)

20% of 0.875 × 106 (Young group)
20% of 3.5 × 106 (Old group)
10% of 1.5 to 3.0 × 106
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Table 3 The Fixed PRP Concentration Group.
Study

Diluting procedure

Fixed PRP concentration
proliferation (plt/ µ L)

Optimal PRP/media
ratio (Vol/Vol) for
cell proliferation

Hsu, Kuo & Tseng (2009)

PRP of 1.124 ×106 plt/µ L was added to the wells in concentrations of 2%,
5%, 15%, and 30%

1.124 ×106

5%

Mishra et al. (2009)

A standardized PRP containing 1 million plt/ µ L was added to the culture at
a ratio of 0.1%, 1%, 5%, 10% and 20% (Vol/Vol).

1.0 ×106

10%

Chen et al. (2012)

PRP of 1.0 ×106 plt/µ L was added to media (α-MEM) at ratios of 0%, 1%,
5%, 10% (Vol/Vol)

1.0 ×106

5%

Wang et al. (2012)

1.25, 1.5 and 1.9 ×106 (mean 1.55 ×106 ) was added to the culture at a ratio
of 1%, 5% and 10% to media (Vol/Vol)

1.55 ×106

10%

Tavassoli-Hojjati et al. (2016)

Initial PRP contained an average platelet count of 1,194,000/ µ L. The
concentrations of 0.1%, 5%, and 50% was obtained by diluting initial PRP in
DMEM.

1,194 ×106

5%

Amable et al. (2014)

PRP of 2.94+/-1.9 ×106 plt/µ L was mixed with culture media ( α-MEM) to
obtain following PRP concentrations: 1%, 2.5%, 5%, 10%, 20%, 30%, 40%
and 50% (Vol/Vol)

2.94+/-1.9 ×106

10%

Giusti et al. (2014)

Initial PRP contained 4.5 ×106 to 6 ×106 plt/ µ L. The cells were treated with
PRP-lysate which was diluted in culture medium + 1% FDS to obtain 0.5
×106 , 1 ×106 , 2 ×106 , 3 ×106 , and 5 ×106 plt/ µ L.

Appr. 4.5×106 to 6×106

Not described

PRP concentrations were achieved by diluting the initial PRP-lysate within the chosen
fixed volume of PRP, frequently in MDEM or α-MEM. Variation in PRP-to-media ratio
(Vol/Vol) was limited to the fixed PRP volume. Haynesworth et al. (2002), Jo et al. (2012),
and Wang et al. (2019) used a ratio of 10% PRP (Vol/Vol) and observed an optimal
proliferation rate at 1.6 ×106 , 4.0 ×106 (fibroblast), and 1.5 ×106 plt/µL, respectively.
Similar results found by Rughetti et al. (2008). Anitua et al. (2009) and Berger et al. (2019),
on the other hand, used a PRP volume of 20% and found maximum proliferation rate at
0.767 ± .95 and 0.875 (young group) x 106 plt/µL, respectively—about half of Haynesworth
et al. (2002) and Wang et al. (2019). Graziani et al. (2006) used the highest PRP/media ratio
(33%/67%) and observed maximum proliferation of approx. 0.570 ×106 (osteoblast)
and 0.228 ×106 (fibroblast) plt/µL (Tavassoli-Hojjati et al., 2016). Unfortunately, Rughetti
et al. (2008) and Sadoghi et al. (2013) did not clarify the exact ratio, which prevents a full
comparison in the group. Sadoghi et al. found the optimal platelet concentration to be
fivefold, and if we assume an average baseline in WB of 0.25 ×106 plt/µL, the maximum
proliferation can be estimated to be 1.25 ×106 plt/µL [45]. When Haynesworth et al. (2002)
increased the PRP-to-media ratio to 20%/80% (Vol/Vol) to obtain a platelet concentration
of 10-fold (3.2 ×106 plt/µL), they observed a decrease in the proliferation rate (Hartung
et al., 2019). One trait that emerges in this group is that studies using a fixed volume of PRP
higher than 10% (Vol/Vol) observed lower optimal platelet concentration for proliferation.
Still, Mazzocca et al. (2012) differs from this trait and found that relatively moderate platelet
concentrations as most effective, even if PRP/media ratio of 10%/90% was used (Table 4).
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Table 4 The Fixed PRP Volume Group.
Study

Diluting procedure

Fixed PRP/media ratio
(Vol/Vol)

Optimal concentration for proliferation (plt/ µ L)

Haynesworth et al. (2002)

The initial PRP contained 1,600 ×103 plt/µ L (5fold). PRPlysates corresponding to PRP concentrations of 0.625, 1.25, and
2.5 was made by diluting the lysate in MDEM. Each concentration was added to the media in a ratio of 10%/90% (Vol/Vol)

10%

1.6 × 106

Rughetti et al. (2008)

Initial PRP was activated and diluted in DMEM + 2.5% FCS
(proliferation) or in MDEM only (motility and invasion).
Platelet concentration at 3 ×105 , 5 ×105 , 7.5 ×105 , 1.25 ×106 ,
1.75 ×106 , 2.25 ×106 , 2.75 ×106 , 3.25 ×106 , 4 ×106 , 5 × 106,
and 7 × 106 plt/ µ L was added to the medium

Not described
Probably a
constant ratio

1.25 ×106

Jo et al. (2012)
Sadoghi et al. (2013)

Anitua et al. (2009)

Graziani et al. (2006)

10% activated PRP was added to the culture media (Vol/Vol) at
platelet concentrations of 100, 200, 400, 800, 1000, 2000, 4000,
8000 and 16,000 ×103 / µ L.
1-, 5-, and 10-fold PRP was obtained by diluting initial PRP in
PPP. The PRP/media ratio is unclear.
200% and 400% of WB baseline Appr. platelet concentration
of 404 ± 39× 103 and 767 ± 95× 103 added to media in a
20%/80% ratio

Initial PRP contained 800,000-1,37,00 plt/ µ L. Maximum PRPlysate (PRP-max) was diluted in DMEM to obtain PRP-lysate
containing 250%, 350% over WB baseline

10%
Not described

4.0 × 106 (CaC2 )
8.0 ×106 (CaC2 + trombine)
5-fold
0.767 ± .95 × 106

20%
No sign. difference between PRP
and controls regarding skin fibroblasts
33% (100ul
culture media and 50ul
PRP-lysate of
any concentration)

2,5x ca.0.570 ×106 (osteoblast) 1x
ca. 0.228 ×106 (fibroblast)

382.0+/-111.6 × 103 (PRPLP ) Myocytes

Mazzocca et al. (2012)

Berger et al. (2019)
Wang et al. (2019)

PRPLP (382.0+/-111.6 × 103 plt/ µ L)
PRPDS (472.6+/-224.2 ×103 plt/ µ L)
PRPHP (940.1+/-425.8 ×103 plt/ µ L)

Platelet lysate (PL) was diluted in PPP to obtain lysates corresponding to platelet levels of 14x, 7x, 3.5x, 1.75x and 0.9x of
WB.
Platelet lysate corresponding to 0.2 ×106 , 0.5 ×106 , 0.8 ×106 ,
1.0 ×106 , 1.2 ×106 , 1.5 ×106 , 2.0 ×106 , 2.7 ×106 , and 3.0 ×106

10%

472.6+/-224.2 × 103 ( PRPDS )- Osteoblasts
382.0+/-111.6 × 103 (PRPLP ) Tenocytes
Young group: 0.875 ×106

20%
10%

Old group: 3.5 ×106
1.5–3.0 ×106

Cell type and cell site origin
This review indicates that the effect of PRP is varying according to cell type. According to
Mishra et al. (2009), HMSC was more responsive to PRP than fibroblasts. Within the frame
of the same experimental design, Graziani et al. (2006) observed that osteoblast was more
receptive to a higher PRP concentration than fibroblasts. According to Jo et al. (2012), the
maximal proliferation rate for fibroblasts and HMSC was 4 ×106 and 8 ×106 , respectively.
The cell site origin might also be a factor. Anitua et al. (2009) showed that fibroblasts
from the skin did respond equally to PRP and PPP, while PRP significantly stimulated
the proliferation of fibroblasts from synovium and tendon in a dose-dependent manner.
Regarding tendonal fibroblasts, earlier studies also report that tendons from different sites
have different tissue structures, composition, cell phenotypes, and metabolic characteristics.
Further research is needed to elucidate how different PRP concentrations affect different
types of cells and how the same type of cells harvested from different sites respond.
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PRP preparation method and biological and biochemical
characteristics of PRP
This review clearly states the pronounced heterogeneity regarding PRP preparation
methods. The differences apply to spinning technique, use of anticoagulant, PRP activation
method, and thus biological properties of the final PRP product.

Spinning techniques
Regarding the spinning technique, that is, g-force, spinning time, and, in some extent,
temperature, the diversity makes it almost impossible to compare the studies. In some of
the studies, an ordinary table centrifuge is utilized; others used advanced plateletpheresis
system, and others a commercial centrifuges specialized for PRP production. More
important, five of the studies did not clarify the g-force utilized during the process or
inform only about the RPM (Hsu, Kuo & Tseng, 2009; Mazzocca et al., 2012; Rughetti et al.,
2008; Tavassoli-Hojjati et al., 2016; Wang et al., 2019). Others used a commercial PRP
centrifuges without clarifying the spinning parameters (Haynesworth et al., 2002; Mishra
et al., 2009).
Leukocyte levels and biochemical components in PRP
The leukocyte levels in PRP are of particular importance, especially in vitro, due to possible
host-donor reactions. The reviewed studies can roughly be divided into two groups:
• The High Leukocyte Group—five studies applied PRP with an increased leukocyte level
compared to WB, often incorporating the buffy coat in the PRP. The PRP product in
this group may be characterized as L-PRP (Table 5)
• The Low Leukocyte Group—seven studies applied PRP with a decreased leukocyte level
compared to WB, often using a leukocyte filter or carefully avoiding the buffy coat. The
PRP product in this group may be characterized as P-PRP (Table 6)
Rughetti et al. (2008), Hsu, Kuo & Tseng (2009), and Chen et al. (2012) are excluded in
this comparison because the author is not able to determine the leukocyte characteristics.
Mazzocca et al. (2012) is also excluded due to the large deviation regarding initial PRP
concentrations. As Tables 5 and 6 demonstrate, several studies did not clarify the leukocyte
level in a metrical manner, and the author had to interpret the described PRP protocol
to determine whether the level was decreased or increased compared to WB baseline. A
crucial point in the interpretation is whether the buffy coat was included after the first spin
or not and/or if the leukocytes were removed during the second or eventually third spin.
The studies that utilized and referred to a specific brand of commercial PRP equipment
are a challenge, and the appraisal was based on the manufacturer’s description.
Interestingly, this review shows that the Low Leukocyte Group observed a substantially
higher mean optimal PRP concentration for cell proliferation than the High Leukocyte
Group, 2.7 ×106 , and 0.81 ×106 plt/µL, respectively (Tables 5 and 6). However, there are
substantial variations within each group. In The Low Leukocyte Group, Haynesworth et al.
(2002) observed a relatively high optimal PRP concentration (10% of 1.6 ×106 ) (Table
5). In The Low Leukocyte Group, Graziani et al. (2006) and Anitua, Cugat & Sánchez (2018)
and Anitua et al. (2009) observed only 0.570 × 10 6 and0.767 ± 95 × 10 6 plt/µL as the
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Table 5 The High Leukocyte Group.
Study

Leukocyte characteristic

Anti- coagulant

Activation method

Optimal PRP concentration
(Vol/Vol and plt/ µ L or fold)

Haynesworth et al. (2002)

Exact leukocyte levels not clarified. SymphonyTM Platelet Concentration System (DePuy
AcroMed, Raynham, MA)

High (?)

ACD-A

Thrombine + CaCl2

10% of 1.6 × 106 (5 folds over baseline)

Mishra et al. (2009)

Exact leukocyte levels not clarified. Medtronic Magellan device (Medtronic, Minneapolis
MN)

High (?)

ACD

No activation

10% of 1 × 106

Sadoghi et al. (2013)

Exact leukocyte levels not clarified. ‘‘While erythrocytes were discarded, the blood
plasma and a buffy coat of PRP were harvested to prepare PRP’’.

High

Sodium citrate

Thrombine + CaCl2

5-fold ≈ 1.25 × 106 (PRP/media ratio unclear)

Giusti et al. (2014)

Exact leukocyte: 1. 17,010, 2. 8100 and 24,000 WBC/µ L (Table 1 in the article)

High

GPD

Thrombin + Calcium
gluconate

0.5 × 106 (PRP/media ratio unclear)

Tavassoli-Hojjati et al. (2016)

Exact leukocyte levels not clarified. ‘‘The whole blood was initially centrifuged at 2,400
rpm for 10 min to separate red blood cell (RBC) portion from PRP and platelet-poor
plasma. The upper layer of RBC fraction and PRP portion were removed and centrifuged
again at 3,600 rpm for 15 min, and PRP was extracted in a plain collection tube (BD,
United States)’’.

High

ACD-A

CaCl2

5% of 1.194 × 106

Mean optial PRP concentration

0.81 × 106
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Table 6 The Low Leukocyte Group.
Study

Leucocyte characteristic

Graziani et al. (2006)

Exact leukocyte levels not clarified. ‘‘The platelets were automatically
leukodepleted by negative charged pall filter.’’

Anitua et al. (2009)

Leukocyte level: <200 PLT /µ L (see Table 1 in their article) ‘‘care was
taken to avoid the buffy coat.’’

Jo et al. (2012)

Leukocyte level: Mean RBC and WBC counts reduced from 4.48 ± 0.31
and 6.11 ± 1.56 in whole blood to 0.15 ± 0.06 and 0.01 ± 0.01 in PRP,
respectively (P < 001).

Anti- coagulant

Activation methode

Optimal PRP concentration
(Vol/Vol and plt/ µ L or fold)

Number used
for calculation

Low

ACD-A

Autologous throm.
+ Ca. gluc.

33.3% of 2.5x ≈ 0.570 × 106

0.570 × 106

Low

Sodium citrat

CaCl2

20% of 0.767 ± 95 × 106 and
0.404 ± 39 × 106

0.767 ± 95 × 106

ACD

Ca. gluc. or Throm.+ Ca. gluc.

10% of 4.00 × 106 (Ca. gluc.)
and 10% of 8.00 × 106 (Ca.gluc.
+ throm.)

4.00 × 106

Low

8.00 × 106
1.7 × 106

Wang et al. (2012)

Exact leukocyte levels not clarified. ‘‘Briefly, whole blood was centrifuged
at 300g for 10 min and the generated blood monocyte layer was further
centrifuged for 10 min and the supernatant was collected.’’

Low (?)

Sodium citrate

CaCl2

10% of 1.5-1.9 × 106

Amable et al. (2014)

Exact leukocyte levels not clarified. ‘‘Briefly, blood harvested in ACDcontaining tubes (BD, #364606) was centrifuged during 5 min at 300 g.
After separating the platelet-containing plasma above the buffy coat,. . . ’’

Low

ACD

CaCl2

10% of 2.94+/-1.9 × 106

2.94+/-1.9 × 106

Leukocyte level: mean 0.1 × 103 /µ L (SD 0.1) (Supplementary material)

Low

CPD

Freeze-and-thaw

20% of 0.875 × 106 (Young
group) 20% of 3.5 × 106 (Old
group)

0.875 × 106

Berger et al. (2019)

3.5 × 106

Throm. + CaCl2

10% of 1.5–3.0 × 106

2.25 x 106

Wang et al. (2012)

Leukocyte level: 0.37 ± 0.14 ×109 /L Leukocyte concentration in PRP significantly lower than that in whole blood (P < 0.001). ( See article Table 2)

Mean optimal PRP concentration

Low

EDTA

(4x)

2.7 × 106
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optimal concentration, respectively. It is worth pointing out that Graziani et al. (2006)
and Anitua, Cugat & Sánchez (2018) and Anitua et al. (2009) deviate from the rest in this
group, using a higher PRP-to-media ratio, namely 33.3% and 20% (Vol/Vol), respectively.
A similar result is seen in Berger et al. (2010) in the ‘‘young group’’ (Table 6).
Generally, fibrinogen levels are not clarified in the selected studies. An assessment of the
role of fibrinogen in PRP for proliferation in vitro is, therefore, not included in this review.

Anticoagulants and PRP activations
When it comes to anticoagulants, no tendencies or pattern are seen regarding optimal PRP
concentration and proliferation. Different anticoagulant and activation methods are used
in studies that both advocate lower and higher concentrations (Tables 5 and 6). ACD is the
most widely used anticoagulant for the purpose; next are sodium citrate and GPD. Only
one used EDTA.
The activation methods used are thrombin, calcium compounds (CaCl2 or
Ca.glyconate), a combination of thrombin and Ca-compounds, or the freeze-and-thaw
method. Only one study did not activate the PRP but applied the PRP directly to the cell
culture (Tables 5 and 6). Jo et al. (2012) observed substantial higher proliferation rate when
thrombin and calcium gluconate was combined compared to calcium gluconate alone.
However, no clear tendencies or pattern is seen regarding different activation methods and
the optimal PRP concentration (Tables 5 and 6).

Variation due to blood donors (age and gender)
Berger et al. (2019) divided the blood donors in a ‘‘young group’’ (mean age 27 ±5) and
an ‘‘old group’’ (mean age of 63 ±11) and observed an age-dependent optimal PRP
concentration, 20% of 0.875 ×106 and 3.5 x 10 µ plt/µL, respectively. These findings
are comparable with Anitua et al. (2009) who used the same PRP volume (20%), cell
type (fibroblasts), and blood donors characterized as ‘‘young’’ (Table 7). The six studies
that involved blood donors with similar age as the ‘‘young group’’ in Berger et al. (2019)
(approx. 25-35 y/o), had a mean optimal PRP concentration of 0.88 ×106 plt/µL (Table
7, bold&italic). However, this age-dependence is weakly indicated in the included studies,
because the studies that involved ‘‘young’’ donors applied different PRP-to-media ratio.
Besides, Wang et al. (2019) observed optimal concentration in the range of 1.5–3.0 ×106
plt/µL with a mean donor age of 39.2 ±5.8. Also Jo et al. (2012) observed a high optimal
concentration with blood donors of 52.7 ±19.2-just slightly over the age limit (50y/o) of
Berger et al. (2019) (Table 7).
Possible differences due to gender cannot be assessed since most of the studies do not
state gender.

DISCUSSION
PRP-to-culture-media ratio: a probable bias
The author hypothesizes that the main course of this difference is due to variations in the
PRP-to-culture-media ratio (Vol/Vol). As seen in The Fixed PRP Concentration Group, the
highest PRP concentrations implied significant lower nutrition levels in the culture wells
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Table 7 Age of blood donors and proliferative response.
Study

Number of
blood donors

Age (y.)
blood donor

Gender

Cell type

Optimal PRP concentration cell proliferation
(Vol/Vol and plt/ µ L or fold)

Haynesworth et al. (2002)

No information

No information

No information

Fibroblasts

10% of 1.6 × 106 (5 folds over baseline)

Graziani et al. (2006)

3

24-29

Yes

Fibroblasts

33.3% of 2.5x ≈ 0.570 × 106

Rughetti et al. (2008)

8

No information

No information

Endothelial cells

1.25 × 106 (PRP/media ratio unclear)

Anitua et al. (2009)

2

‘‘Young’’

No information

Fibroblasts (skin
and synovium)

20% of 0.767 ± 95 × 106 and 0.404 ± 39 × 106

Hsu, Kuo & Tseng (2009)

20

29.3 ± 6.5

No information

Fibroblasts
(PDL)

5% of 1.124 × 106 of 5% (Vol/Vol)

Mishra et al. (2009)

No

No information

No information

Fibroblasts
(skin)

10% of 1 × 106

Jo et al. (2012)

9

52.7 ± 19.2

No information

Tenocytes

10% of 4.00 × 106 (CaCl2 ) and
10% of 8.00 × 106 (CaCl2 + thrombin)

Mazzocca et al. (2012)

8

31.6 ± 10.9

No information

Tenocytes

10% of PRPLP : 382.0+/-111.6 × 103
10% of PRPDS : 472.6+/-224.2 × 103

Chen et al. (2012)

10 Pooled

No information

No information

Dental pulp
stem cells

5% of 1.0 × 106 5% of 1.124 × 106 of 5%
(Vol/Vol)

Wang et al. (2012)

3

(24, 26, 41)
Mean: 28.3

No information

Tenocytes

10% of 1.5-1.9 × 106 (4x)

Sadoghi et al. (2013)

No

No information

No information

Unclear

5-fold ≈ 1.25 × 106 (PRP/media ratio unclear)

Amable et al. (2014)

3 pr. pool

No information

No information

HMSC

10% of 1 × 106

Giusti et al. (2014)

3

(52, 30, 50)
Mean: 44

M: 2
F: 1

Tenocytes

0.5 × 106 (PRP/media ratio unclear)

Tavassoli-Hojjati et al. (2016)

1

No information

No information

Fibroblasts (periodontal ligament)

5% of 1.194 × 106

Berger et al. (2019)

14 Pooled

M: 4, F: 2 M: 2,
F: 6

Fibroblasts
(Achilles, patellar, and palmaris)

20% of 0.875 × 106 (Young group)
20% of 3.5 × 106 (Old group)

M: 4
F: 4

HMSC (bone
marrow)

10% of 1.5 to 3.0 × 106

27 ± 5 (Young
group)
63 ± 11 (Old
group)

Wang et al. (2012)

8 Individual

39.3 ± 5.8

because of the diluting technique. This point is seen in Hsu, Kuo & Tseng (2009), Amable
et al. (2014) and is particularly obvious in the study of Tavassoli-Hojjati et al. (2016). In the
latter case, PRP (not lysate) corresponding to a platelet concentration of 1,194,000/µL was
mixed with MDEM to process PRP concentrations of 0.1%, 5%, and 50% in which the cells
were cultured. The optimal concentration of 5% contained 45% more nutrition than the
PRP of 50%. A comparable pattern is seen in Giusti et al. (2014), who initially produced
a PRP that contained 4.5 ×106 to 6 ×106 plt/µL. To make different concentrations of
PRP-lysate, the initial PRP-lysate was diluted in DMEM + 1% FBS. Then, starved cells
were exposed to (i.e., cultured in) the different PRP concentrations. Although a statistical
assessment is not possible, the optimal PRP-lysate of 0.5 × 10 6 plt/µL had significantly
more nutrition than the highest concentration (5 ×106 plt/µL).
The comparable finding is revealed in The Fixed PRP Volume Group. The studies that
advocate moderate platelet concentrations as most effective in inducing cell proliferation
tended to have a higher fixed volume of PRP and, thus, a lower volume of culture media
throughout the experiment. Graziani et al. (2006) used 100 µl media and 50 µl PRP of any
concentrations, which mean a PRP part of 33.3% (Vol/Vol). The PRP-lysate containing
2.5× and 3.5× was diluted in extra DMEM to obtain the appropriate concentration.
The highest concentration—PRP-max (4.2–5.5×)—received no extra MDEM. The cell
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cultures treated with lower platelet concentrations (2.5× and 3.5×) received substantially
more nutrition than the group of PRP-max. This point is also seen in Anitua et al. (2009)
and Berger et al. (2019) who kept the PRP-to-media ratio constant at 20% over 80% and
observed a platelet concentration of 0.767 ± .95 and 0.875 (young group) × 106 plt/µL
as most effective—approximately half of what is described in Haynesworth et al. (2002),
Rughetti et al. (2008) and Sadoghi et al. (2013). Compared to Haynesworth et al. (2002), Jo
et al. (2012) and Wang et al. (2019) who utilized a 10/90 ratio (Vol/Vol), Graziani et al.
(2006) and Anitua et al. (2009) used about 23% and 10% less nutrition, respectively.

A tipping point at 10% PRP?
PRP volume over 10% might be critical in vitro. We have already seen that optimal platelet
concentration in both Graziani et al. (2006) and Anitua et al. (2009) was significantly lower
than in those who utilized a PRP concentration of 10% (Vol/Vol). Mishra et al. (2009)
diluted PRP-lysates of 1 million plt/ µL to MDEM at concentrations of 0.1%, 1% 5%, 10%,
and 20% (Vol/Vol) and observed the highest cell proliferation in the 10% PRP media. When
20% of PRP was used, they observed a significant decline in proliferation in the fibroblast
culture. Comparable results were seen in Amable et al. (2014) and Haynesworth et al. (2002)
when 20% PRP was used and Hsu, Kuo & Tseng (2009) when the PRP concentration was
increased from 5% to 15%.However, (Chen et al., 2012) deviates from this prominent
tendency and observed maximal proliferation when 5%, not 10%, PRP was applied
culturing dental pulp stem cells.
These findings are of importance, taking into consideration the dramatic increase
in nutrition requirement that happens when a cell undergoes growth and proliferation
compared to its quiescent state (Palm & Thompson, 2017). A large quantity of nucleotides,
amino acids, and lipids are required when a cell goes from the S0 state into the anabolic
phases and proliferates into two viable daughter cells (Van der Heiden, Cantley &
Thompson, 2009). Therefore, there is reason to speculate that the PRP-to-media ratio
in the studies that advocated a low or moderate platelet concentration resulted in a lack of
cellular nutrition and possible starvation.

Cell density per well
The cell density per well (volume) may also be a bias factor, since an initial higher number
of cells will require more nutrition for a prolonged proliferation and viability. Amable et al.
(2014) and Tavassoli-Hojjati et al. (2016) utilized a 24-wells plate in their experiments,
but seeded 1 ×103 and 50 ×103 cells/well, respectively. This may partly explain that the
optimal platelet concentration according to Amable et al. (2014) is 5-6 times higher than
according to Tavassoli-Hojjati et al. (2016) (10% of 2.94 ± −1.9 ×106 plt/µL versus 5% of
1.194 ×106 plt/µL, respectively). With the exception of Amable et al. (2014) and Graziani
et al. (2006), the included studies give no exact information about the cell density per well.
In general, information about type of culture plate (most often ‘‘96-wells plate’’) and the
number of cells/well or cells/cm2 is provided. However, the working volume inside each
well is stretchable and allows for nutrition variation in each experiment. Therefore, the
studies do not allow statistical analysis of this issue (Table 8).
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Table 8 Cell density in culture. The values in al the studies are given in ×103 .
Haynesworth et al. (2002)

3 × 103 cells/cm2

Graziani et al. (2006)

1 ×103 cells/well into 96-well plates 100ul DMEM + 50
PRP+DMEM/well

Rughetti et al. (2008)

1.5 ×103 cells/well into 96-well plates

Anitua et al. (2009)

9.5 × 103 cells/well into 24-well plates (Briefly)

Hsu, Kuo & Tseng (2009)

1 ×103 cells/well

Mishra et al. (2009)

5 ×103 cells/well into 96-wells plate.

Chen et al. (2012)

2 ×103 cells/well into 96-well plates (normal medium)
5 ×103 cells/well into 96-well plates cells/well
(odonto/osteogenic differentiation medium)

Jo et al. (2012)

1 ×103 cells/cm2

Mazzocca et al. (2012)

2,5 ×103 cells/cm2

Wang et al. (2012)

4 × 103 cells/cm2 into 96-well plates

Sadoghi et al. (2013)

500 × 103 cells into 6-well plates

Amable et al. (2014)

6 × 103 cells/mL into 24-well plates

Giusti et al. (2014)

1 × 103 cells/well into a 96-well plate (Briefly)

Tavassoli-Hojjati et al. (2016)

50× 103 cells/well into five 24-well plates

Berger et al. (2019)

1 ×103 cells/cm2 within collagen-coated, multi-well plates
(Corning), using expansion medium

Wang et al. (2019)

10 ×103 /well into 96-well plates (five wells in each group)

PRP processing method and biases
As often pointed out in the literature, there is no standardized PRP processing protocol.
This heterogeneity in PRP protocol has led to a diversity of PRP products with different
biological and biochemical characteristics. (Dohan Ehrenfest, Rasmusson & Albrektsson,
2009) have systematized different PRP products in four main categories: Pure platelet-rich
plasma (P-PRP), Leukocyte- and platelet-rich plasma (L-PRP), Pure platelet-rich fibrin
(P-PRF), and Leukocyte- and platelet-rich fibrin (L-PRF).

Spinning techniques as a source of bias
As previously said, the studies do not allow a systematic comparison when it comes to
spinning force and time. A main focus regarding g-force and spinning time is to optimize
the platelet yield (concentration) and to achieve high platelet viability. A protocol leading
to a low or moderate PRP concentration may, in vitro, indirectly cause a bias later in the
experiment: A too low or moderate final PRP concentration will force the researchers
into the design of The Fixed PRP Concentration Group if higher concentrations should be
tested—an experimental design that the author considers encumbered with biases. This
seems to be the case in several of the studies in The Fixed PRP Concentration Group.
Amable et al. (2014) and Giusti et al. (2014) are exceptions (Table 3). This is also the case in
some of the studies within The Fixed PRP Volume Group when higher PRP concentration
had to be obtained by increasing the PRP volume at the expense of the media volume
(Haynesworth et al., 2002).
Regarding platelet viability, research shows that a too rough spin may activate the
platelets during the process and lead to an early exocytosis of growth factors into the
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plasma, and thus undermine the regenerative effect of the PRP. A centrifuge spin lower
that 3000 g is consider as a soft spin, and most of the studies seemed to utilize a spinning
technique in the soft range. Two studies state a g-force higher than 3000 g (Anitua et al.,
2009; Giusti et al., 2014).
Several studies have addressed the issue of the optimal spinning technique for high
platelet yield, and there seem to be several paths to the goal (Amable et al., 2014; Araki et al.,
2012; Perez et al., 2014). Because of deficient information about the spinning technique in
several of the studies and the limitation of the paper, this subject will not be further treated.

Leukocytes —A deceitful biological component in vitro
The use of autologous leukocyte enriched PRP (L-PRP) for cell proliferation in vivo
has both advocates and opponents (Brubaker et al., 2011; Dohan et al., 2006b; Hsu, Kuo
& Tseng, 2009). In vitro, which generally is heterologous, the presence of leukocytes
seems to represent a bias that prohibits proliferation at higher concentrations. The review
demonstrates that The Low Leukocyte Group observed a substantially higher mean optimal
PRP concentration for cell proliferation than The High Leukocyte Group. However,
Graziani et al. (2007) observed a very low PRP concentration as optimal (0.570 ×106
plt/µL), and Anitua et al. (2009) found no significant difference between PRP2x (0.404
± 39 × 106 plt/µL) and PRPmax (0.767 ± 95 × 106 plt/µL). As mentioned previously,
these research teams used a substantially higher PRP-to-media ratio compared to the rest
of the Low Leukocyte Group, 33.3/66.6, and 20/80 (Vol/Vol), respectively. This seems to
underline the importance of a low PRP-to-media ratio to avoid a lack of nutrition and,
thus, best mimic the in vivo condition.
A possible explanation for the difference between The Low Leukocyte Group and The
High Leukocyte Group is that degranulation of the leukocytes induces several substances
that may prohibit proliferation and stimulate apoptosis—especially substances such as
TNF-α and IL-1β, but also proteases and hydrolases, among others (Hsu, Kuo & Tseng,
2009; Jia et al., 2018). Also, Jo et al. (2012), with reference to Zimmermann et al. (2008),
advocate leukocyte-reduced PRP products as most adequate when studying the leukocyteindependent effects of PRP. The upper leukocyte limit for in vitro studies is difficult to
determine. Pillitteri et al. (2007) found that thrombin-induced IL-1 production could be
detected at as low a level as 1 leukocyte per 5 ×105 platelets, which indicates that leukocyte
depletion is preferable. Unfortunately, the included studies do not allow assessing an exact
upper limit of the leukocyte level for in vitro experiments.

Anticoagulants and activation method
Also, the choice of anticoagulant (Do Amaral et al., 2016), different activation methods
(Berger et al., 2019; Jo et al., 2012; Tavassoli-Hojjati et al., 2016), pH condition (Mishra
et al., 2009), have been thematized in the literature as co-elements that can increase or
decrease the effect of PRP. This review does not illustrate any pattern or tendencies. Tables
5 and 6 show that different activation methods and anticoagulants have been applied in
the studies that measured both a high and low optimal PRP concentration. However, this
review does not exclude these aspects as possible factors.
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Experimental critics and further research
As shown, two main types of experimental technique are utilized: The Fixed PRP
Concentration Group leads to severe variation in nutrition availability in the culture.
On the other side, The Fixed PRP Volume Group kept the nutrition level relatively constant
throughout the experiment by limiting the variation within a smaller ratio. The latter group
should be considered as the most accurate for in vivo conditions. The exact number of cells
per well and the volume of the well are factors that should be appreciated since an initial
smaller number of cells/mL would require less nutrition to proliferate compared to a high
number. Despite the possible benefits in vivo, the author considers leukocytes present in
PRP as a bias in vitro—especially when the PRP is leukocyte enriched (L-PRP). To evaluate
the leukocyte-independent effect of PRP in vitro, the leukocyte levels should be reduced,
preferably depleted.
Based on the above discussion, the following basic experimental principles for further
in vitro studies are recommended.
• The PRP/media ratio should be kept fixed throughout the experiment to minimize
nutritional variations at different PRP concentrations.
• The PRP/media ratio should provide a sufficient nutrition supply to prevent cellular
starvation, that is, PRP ≤ 10% (Vol/Vol). This implies that the initial PRP concentration
should be high since an increase of concentration by increased volume is not
recommended.
• The cell density (cells/mL) should be defined, that is, both the number of cells per well
and nutrition volume should be clarified.
• Leukocyte level should be kept low, preferable depleted (<0.1 plt/µL).

In vivo appraisal
In vitro studies should always be utilized with care. However, since the studies reviewed
above aimed to point out or suggest an ideal platelet concentration in PRP treatment, the
optimal platelet concentration in vivo should be discussed.
According to Van der Heiden, Cantley & Thompson (2009), the cells in multicellular
organisms, including mammals, are normally exposed to a constant flow of nutrition
supply. When PRP is injected in a tissue site and growth factors released, the arterial
and capillary system will provide a constant flow of nutrition. The in vivo situation are,
therefore, markedly different from the in vitro condition in which the nutrition supply is
fixed and limited. In vivo, the growth factors will also gradually be diffused and transported
out of the target area relatively quickly, which leads to a decline in levels of growth factors
within hours, even if the molecular weight of the growth factors is high (6–150 kDa)
(Kiritsy, Lynch & Lynch, 1993). Based on these perspectives, The fixed PRP Volume Group
that uses 10% PRP volume at all concentrations, seems to best mimic the conditions in
vivo.
If we pick out the five studies that combined low leukocyte levels with a fixed 10% PRP
volume, the mean optimal PRP concentration for cell proliferation is 3.7 ×106 plt/µL.
The median is 2.94 ×106 plt/µL (Table 9). Of course, no general or final conclusion can
be drawn from these numbers regarding optimal PRP concentration in vivo. The table
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Table 9 The mean optimal PRP concentration of selected studies. The selection of the studies is based on the two of the four criterias above: PRP
volume ≤10% and low leukocyte levels.
PRP to media ratio (Vol/Vol)
Optimal concentration
(plt/ µ L or fold)

Number used for calculation

Low

10% of 4.00 × 106 (Ca. gluc.) and
10% of 8.00 × 106 (Ca.gluc. + throm.)

4.00 × 106

Low (?)

10% of 1.5-1.9 × 106 (4x)

1.7 × 106

Study

Leucocyte characteristic

Jo et al. (2012)
Wang et al. (2012)

6

8.00 × 106

Amable et al. (2014)

Low (?)

10% of 2.94+/-1.9 × 10

2.94+/-1.9 × 106

Wang et al. (2019)

Low

10% of 1.5-3.0 × 106

2.25 x 106

Mean/median platelet concentration for cell proliferation

3.7/2.94 × 106

is statistically limited, and, as the review has shown, different cell types and tissue sites
respond very differently regarding optimal PRP concentration. However, based on the
above bias considerations, Table 9 might point against higher PRP levels than some of the
‘‘low’’ and ‘‘moderate’’ studies do.
Still, extremely high platelet concentrations could be inadequate in injection sites where
capillary density is low. Dernek et al. (2017) tested the effect of PRP clinically on knee
osteoarthritis at 1 million plt/ µL (group 1) and 3 million plt/ µL (group 2). Regarding
Western Ontario and McMaster University’s Osteoarthritis Index (WOMAC) scores, both
groups improved significantly, but no significant difference was seen between the groups.
Even if this study is based on a low volume of patients and is not randomized, it indicates
that PRP of 1 million plt/ µL could be sufficient in intra-articular injections due to the low
capillary density in these sites.
In vivo, on the other hand, the ideal leukocyte level is more complicated, and seems
to be both cell-, tissue site-, and disease-dependent. Zhou et al. (2015) argues that L-PRP
might be more beneficial for acute tendon injury, while P-PRP with a moderate leukocyte
level is better suited in tendinopathic situations. However, this issue exceeding the limit of
this paper.
Further research, cell type by cell type, tissue site by tissue site, in vitro and in vivo, is
required to conclude on these questions.

Limitations of this review
This review has several limitations that may pose a risk of possible biases:
Research in the last two decades strongly suggests that not only platelet concentration
but also other biological qualities are crucial in regard to the effect of PRP in vivo (Dohan
et al., 2006a). Especially the role of fibrinogen/fibrin (Dohan et al., 2006a; Dohan et al.,
2006b) and number of monocytes (Dohan et al., 2006c) have been highlighted as important
co-elements. This review has not incorporated these aspects since several studies have not
metrically clarified other biological properties of the PRP than platelet concentration.

CONCLUSIONS
The in vitro studies here reviewed states almost consistently that PRP stimulates the
proliferation of the human cell. This observation is also the case regarding cell motility and
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exocytosis of several important regenerative extracellular ground substances, for example,
collagen type I and III, HA, and so forth.
The studies diverge severely regarding the optimal PRP concentration for cell
proliferation in vitro, due to different PRP production methods, PRP product
characteristics, culture techniques and cell types and tissue sites. However, two main
biases are pointed out in this review that might explain the detrimental effects at higher
platelet concentrations in some of the studies:

Bias regarding culturing technique
The review reveals two main types of culture techniques utilized: The Fixed PRP
Concentration Group used a fixed PRP concentration and altered the platelet concentration
by adding the different volumes of this PRP-lysate to the culture. The Fixed PRP Volume
Group used a fixed PRP-to-media ratio (Vol/Vol) throughout the experiment and altered
the PRP concentration in the PRP volume. An overall trait is seen: When the PRP
concentration increases, the volume of culture media (nutrition) decreases, and lower
optimal concentration for cell proliferation is observed. This is particularly prominent in
group 1, The Fixed PRP Concentration Group, due to the diluting technique. We hypothesize
that the techniques used by some studies led to adverse growth conditions and even cell
starvation when high platelet concentrations were tested. Due to the constant nutrition
supply and rapid diffusion of growth factors that normally occur in mammal tissue, the
author considers the studies that used a fixed PRP-to-media ratio of 10%/90% (Vol/Vol)
to best mimic the situation in vivo.

Bias regarding The PRP processing method (leukocyte levels)
The review shows that researchers that used a protocol that provided PRP containing low
levels of leukocytes observed a substantial higher optimal mean PRP concentration than
teams in The High Leukocyte Group, possibly due to degranulation of substances in the
leukocytes that prohibiting proliferation and promoting apoptosis.
These two biases may explain the bell-shaped effect of PRP with an optimal concentration
of approx. 1 ×106 plt/µL and the detrimental effects at higher platelet concentrations
observed in several studies. The high PRP to media ratio (Vol/Vol) and/or high leukocyte
levels may also explain the relatively low optimal PRP concentration observed in some
studies, for example, Graziani et al. (2006) and Giusti et al. (2014).
No prominent tendencies were seen regarding the use of anticoagulant, activation
method, and blood donor (age and sex) in the studies. However, these aspects should not
be excluded.
If in vitro studies should be a wizard for developing PRP treatment in the future, the
following basic experimental principles are recommended.
• The PRP/media ratio should be kept fixed throughout the experiment to minimize
nutritional variations at different PRP concentrations.
• The PRP/media ratio should provide a sufficient nutrition supply to prevent cellular
starvation, that is, PRP ≤ 10% (Vol/Vol). This implies an initial high PRP concentration
since an increase of concentration by increased PRP volume is not recommended.
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• The cell density (cells/mL) should be defined.
• Leukocyte level should be kept low, preferable depleted (<0.1 plt/µL).
An appraisal of the optimal PRP concentration in vivo is challenging, and the
heterogeneity among the studies do not allow any strong suggestions. If we pick out
the five studies that combined low leukocyte levels with a fixed 10% PRP volume (the
two main biases), the mean optimal PRP concentration for cell proliferation is 3.7 ×106
plt/µL. The median is 2.94 ×106 plt/µL (Table 9). Of course, no general or final conclusion
can be drawn from this number(s). The table is statistically limited and, as the review
has showed, different cell types and tissue sites might respond different to PRP regarding
optimal concentration. However, based on the above bias considerations and the abundant
nutrition supply in vivo, this review indicates that PRP concentrations in the upper parts
of the scale might be optimal or at least beneficial.
As mentioned in the introduction, several scientists advocate a moderate PRP
concentration in vivo based on a few selected in vitro studies. The author does not
recommend this approach and hope that this review will lead to a more critical and
thorough interpretation of the in vitro studies.
Finally, it is questionable if one single ideal concentration exists. In the future, probably
several optimal PRP concentrations will emerge, based on cell type, tissue site, perhaps age
(Berger et al., 2019) and other factors.

ADDITIONAL INFORMATION AND DECLARATIONS
Funding
The publication charges for this article have been funded by a grant from the publication
fund of UiT—The Arctic University of Norway. The funders had no role in study design,
data collection and analysis, decision to publish, or preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the author:
UiT—The Arctic University of Norway.

Competing Interests
The author declares there are no competing interests.

Author Contributions
• Olav K. Straum conceived and designed the experiments, performed the experiments,
analyzed the data, prepared figures and/or tables, authored or reviewed drafts of the
paper, and approved the final draft.

Data Availability
The following information was supplied regarding data availability:
This is a literature review and does not contain raw data.

Straum (2020), PeerJ, DOI 10.7717/peerj.10303

23/28

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.10303#supplemental-information.

REFERENCES
Abate M, Grävare Silbernagel K, Siljeholm C, Di Iorio A, De Amicis D, Salini V,
Werner S, Paganelli R. 2009. Pathogenesis of tendinopathies:: inflammation or
degeneration? Arthritis Research & Therapy 11(3):235–235.
Amable P, Carias RB, Teixeira MV, Da Cruz Pacheco Í, Correa Do Amaral RJ,
Granjeiro J, Borojevic R. 2013. Platelet-rich plasma preparation for regenerative
medicine: Optimization and quantification of cytokines and growth factors. Stem
Cell Research & Therapy 4(3):67 DOI 10.1186/scrt218.
Amable PR, Teixeir MVT, Carias RBV, Granjeiro JM, Borojevic R. 2014. Mesenchymal
Stromal Cell Proliferation, Gene Expression and Protein Production in Human
Platelet-Rich Plasma-Supplemented Media. PLOS ONE 2014:1–9.
Anitua E, Cugat R, Sánchez M. 2018. Platelet Rich Plasma in Orthopaedics and Sports
Medicine. Cham: Springer International Publishing: Imprint: Springer.
Anitua E, Sanchez M, Zalduendo M, De La Fuente M, Prado R, Orive G, Andía I. 2009.
Fibroblastic response to treatment with different preparations rich in growth factors.
Cell Proliferation 42(2):162–170 DOI 10.1111/j.1365-2184.2009.00583.
Antoniades N, Williams LT. 1983. Human platelet-derived growth factor: Structure and
functions. Federation Proceedings 1983:2630–2634.
Araki J, Jona M, Eto H, Aoi N, Kato H, Suga H, Doi K, Yatomi Y, Yoshimura K. 2012.
Optimized preparation method of platelet-concentrated plasma and noncoagulating
platelet-derived factor concentrates: maximization of platelet concentration
and removal of fibrinogen. Tissue Engineering Part C: Methods 18(3):176–185
DOI 10.1089/ten.tec.2011.0308.
Arshdeep , Kumaran M. 2014. Platelet-rich plasma in dermatology: Boon or a bane?
(Review Article)(Report). Indian Journal of Dermatology, Venereology and Leprology
80(1):5–14.
Atashi F, Jaconi MEE, Pittet-Cuénod B, Modarressi A. 2015. Autologous platelet-rich
plasma: a biological supplement to enhance adipose-derived mesenchymal stem cell
expansion. Tissue Engineering 21(3): Part C 253–262.
Berger D, Centeno C, Steinmetz N. 2019. Platelet lysates from aged donors promote
human tenocyte proliferation and migration in a concentration-dependent manner.
Bone and Joint Research 8(1):32–40 DOI 10.1302/2046-3758.81.BJR-2018-0164.R1.
Blair P, Flaumenhaft R. 2009. Platelet α-granules: Basic biology and clinical correlates.
Blood Reviews 23(4):177–189.
Brubaker A, Schneider DF, Kovacs EJ. 2011. Neutrophils and natural killer T cells
as negative regulators of wound healing. Expert Review of Dermatology 6(1):5–8
DOI 10.1586/edm.10.66.

Straum (2020), PeerJ, DOI 10.7717/peerj.10303

24/28

Cavallo TC, Filardo TG, Mariani TE, Kon TE, Marcacci TM, Pereira Ruiz TM, Facchini
TA, Grigolo TB. 2014. Comparison of platelet-rich plasma formulations for cartilage
healing: an in vitro study. The Journal of Bone & Joint Surgery 96(5):423–429.
Chen B, Sun HH, Wang HG, Kong H, Chen FM, Yu Q. 2012. The effects of human
platelet lysate on dental pulp stem cells derived from impacted human third molars.
Biomaterials 33(20):5023–5035 DOI 10.1016/j.biomaterials.2012.03.057.
Chen X, Jones I, Park C, Vangsness C. 2018. The efficacy of platelet-rich plasma
on tendon and ligament healing: a systematic review and meta-analysis with
bias assessment. The American Journal of Sports Medicine 46(8):2020–2032
DOI 10.1177/0363546517743746.
De Mos M, van der Windt AE, Jahr H. 2008. Can platelet-rich plasma enhance
tendon repair? A cell culture study. The American Journal of Sports Medicine
36(6):1171–1178.
Dernek B, Kesiktas FN, Duymus TM, Aydin T, Isiksacan N, Diracoglu D, Aksoy C.
2017. Effect of platelet concentration on clinical improvement in the treatment of
early stage-knee osteoarthritis with platelet-rich plasma concentrations. Journal of
Physical Therapy Science 29(5):896–901.
Dhurat R, Sukesh MS. 2014. Principles and methods of preparation of platelet-rich
plasma: a review and author’s perspective. Journal of Cutaneous and Aesthetic Surgery
7(4):189–197.
Do Amaral R, Da Silva N, Haddad N, Lopes L, Ferreira F, Filho R, Cappelletti PA,
De Mello W, Cordeiro-Spinetti E, Balduino A. 2016. Platelet-rich plasma obtained with different anticoagulants and their effect on platelet numbers and
mesenchymal stromal cells behavior in vitro. Stem Cells International 2016:1–11
DOI 10.1155/2016/7414036.
Dohan DM, Choukroun J, Diss A, Dohan SL, Dohan AJJ, Mouhyi J, Gogly B. 2006a.
Platelet-rich fibrin (PRF): a second-generation platelet concentrate. Part I: technological concepts and evolution. Oral Surgery, Oral Medicine, Oral Pathology, Oral
Radiology, and Endodontics 101(3):e37–e44.
Dohan DM, Choukroun J, Diss A, Dohan SL, Dohan AJJ, Mouhyi J, Gogly B. 2006b.
Platelet-rich fibrin (PRF): a second-generation platelet concentrate. Part II: Plateletrelated biologic features.(Report). Oral Surgery, Oral Medicine, Oral Pathology, Oral
Radiology, and Endodontics 101(3):e45–e50.
Dohan DM, Choukroun J, Diss A, Dohan SL, Dohan AJJ, Mouhyi J, Gogly B. 2006c.
Platelet-rich fibrin (PRF): a second-generation platelet concentrate. Part III:
leucocyte activation: a new feature for platelet concentrates? Oral Surgery, Oral
Medicine, Oral Pathology, Oral Radiology, and Endodontics 101(3):e51–e55.
Dohan Ehrenfest DM, Rasmusson L, Albrektsson T. 2009. Classification of platelet concentrates: from pure platelet-rich plasma (P-PRP) to leucocyte- and platelet-rich fibrin (L-PRF). Trends in Biotechnology 27(3):158–167 DOI 10.1016/j.tibtech.2008.11.009.
Engebretsen L, Steffen K, Alsousou J. 2010. IOC consensus paper on the use of plateletrich plasma in sports medicine. British Journal of Sports Medicine 44(15):1072–1081.

Straum (2020), PeerJ, DOI 10.7717/peerj.10303

25/28

Franchi M, Trirè A, Quaranta M, Orsini E, Ottani V. 2007. Collagen structure of tendon
relates to function. The Scientific World Journal 7:404–420.
Frautschi RS, Hashem MA, Halasa B, Cakmakoglu C, Zins EJ. 2017. Current evidence
for clinical efficacy of platelet rich plasma in aesthetic surgery: a systematic review.
Aesthetic Surgery Journal 37(3):353–362.
Gardener F. 1974. Use of platelet transfusions. British Journal of Haematology
27(4):177–189.
Giusti I, D’Ascenzo S, Manco A, Di Stefano G, Di Francesco M, Rughetti A, Dal Mas A,
Properzi G, Calvisi V, Dolo V. 2014. Platelet concentration in platelet-rich plasma
affects tenocyte behavior in vitro. BioMed Research International 2014:630870
DOI 10.1155/2014/630870.
Graziani F, Ivanovski S, Cei S, Ducci F, Tonetti M, Gabriele M. 2006. The in vitro effect
of different PRP concentrations on osteoblasts and fibroblasts. Clinical Oral Implants
Research 17(2):212–219 DOI 10.1111/j.1600-0501.2005.01203.x.
Han J, Meng HX, Tang JM, Li SL. 2007. The effect of different platelet-rich plasma
concentrations on proliferation and differentiation of human periodontal ligament
cells in vitro. Cell Proliferation 40(2):241–252.
Hartung T, De Vries R, Hoffmann S, Hogberg H, Smirnova L, Tsaioun K, Whaley P,
Leist M. 2019. Toward good in vitro reporting standards. Altex Journal Translated
Name Altex 36(1):3–17 DOI 10.14573/altex.1812191.
Haynesworth SE, Kadiyala S, Liang L, Bruder SP (eds.) 2002. Mitogenic stimulation of
human mesenchymal stem cells by platelet releasate suggests a mechanism for enhancement of bone repair by platelet concentrate 48th annual meeting of the orthopaedic
research society. Cleveland.
Hsu C-W, Kuo Y, Tseng C-C. 2009. The negative effect of platelet-rich plasma on the
growth of human cells is associated with secreted thrombospondin-1. Oral Surgery,
Oral Medicine, Oral Pathology, Oral Radiology and Endodontology 107(2):185–192.
Jia J, Wang S-z, Ma L-y, Yu J-b, Guo Y-d, Wang C. 2018. The differential effects of
leukocyte-containing and pure platelet-rich plasma on nucleus pulposus-derived
mesenchymal stem cells: implications for the clinical treatment of intervertebral disc
degeneration. Stem Cells International 2018:1–12 DOI 10.1155/2018/7162084.
Jo CH, Kim JE, Yoon KS, Shin S, Jo CH. 2012. Platelet-rich plasma stimulates cell
proliferation and enhances matrix gene expression and synthesis in tenocytes from
human rotator cuff tendons with degenerative tears. The American Journal of Sports
Medicine 40(5):1035–1045 DOI 10.1177/0363546512437525.
Kakudo N, Minakata T, Mitsui T, Kushida S, Notodihardjo F, Kusumoto K. 2008.
Proliferation-promoting effect of platelet-rich plasma on human adipose-derived
stem cells and human dermal fibroblasts. Plastic and Reconstructive Surgery
122(5):1352–1360 DOI 10.1097/PRS.0b013e3181882046.
Kiritsy CP, Lynch AB, Lynch SE. 1993. Role of growth factors in cutaneous wound
healing: a review. Critical Reviews in Oral Biology and Medicine 4(5):729–760.
Lemos CAA, Mello CC, Dos Santos DM, Verri FR, Goiato MC, Pellizzer EP. 2016.
Effects of platelet-rich plasma in association with bone grafts in maxillary sinus

Straum (2020), PeerJ, DOI 10.7717/peerj.10303

26/28

augmentation: a systematic review and meta-analysis. International Journal of Oral
& Maxillofacial Surgery 45(4):517–525.
Liu Y, Zhou Y, Feng HL, Ma G, Ni Y. 2008. Injectable tissue-engineered bone composed
of human adipose-derived stromal cells and platelet-rich plasma. Biomaterials
29(23):3338–3345.
Marx RE. 2004. Platelet-rich plasma: evidence to support its use. Journal of Oral Maxillofacial Surgery 62(4):489–496.
Mazzocca AD, Mccarthy MBR, Chowaniec DM, Dugdale EM, Hansen D, Cote MP,
Bradley JP, Romeo AA, Arciero RA, Beitzel K. 2012. The positive effects of different
platelet-rich plasma methods on human muscle, bone, and tendon cells. The
American Journal of Sports Medicine 40(8):1742–1747.
Mishra A, Tummala P, King A, Lee B, Kraus M, Tse V, Jacobs CR. 2009. Buffered
platelet-rich plasma enhances mesenchymal stem cell proliferation and chondrogenic
differentiation. Tissue Engineering, Part C: Methods 15(3):431–435.
Neumüller J, Ellinger A, Wagner T. 2015. Transmission Electron Microscopy of Platelets
FROM Apheresis and Buffy-Coat-Derived Platelet Concentrates. In: Khan M, ed. The
Transmission Electron Microscope: Intechopen. London: Intechopen, 255–284.
Palm W, Thompson CB. 2017. Nutrient acquisition strategies of mammalian cells.
Nature 546(7657):234–242.
Perez AGM, Lana JFSD, Rodrigues AA, Luzo ACM, Belangero WD, Santana MHA.
2014. Relevant aspects of centrifugation step in the preparation of platelet-rich
plasma. International Scholarly Research Notices 2014:1–8 DOI 10.1155/2014/176060.
Pillitteri D, Bassus S, Boller K, Mahnel R, Scholz T, Westrup D, Wegert W, Kirchmaier CM. 2007. Thrombin-induced interleukin 1beta synthesis in platelet
suspensions: impact of contaminating leukocytes. Platelets 18(2):119–127
DOI 10.1080/09537100600800792.
Rughetti A, Giusti I, D’Ascenzo S, Leocata P, Carta G, Pavan A, Dell’Orso L, Dolo V.
2008. Platelet gel-released supernatant modulates the angiogenic capability of human
endothelial cells. Blood transfusion = Trasfusione del sangue 6(1):12–17.
Sadoghi P, Lohberger B, Aigner B, Kaltenegger H, Friesenbichler J, Wolf M, Sununu
T, Leithner A, Vavken P. 2013. The effect of plateletrich plasma on the biologic
activity of the human rotator-cuff fibroblasts: a controlled in vitro study. Journal of
Orthopaedic Research 31(8):1249–1253.
Schliephake H. 2002. Bone growth factors in maxillofacial skeletal reconstruction.
International Journal of Oral Maxillofacial Surgery 31(5):469–484.
Setayesh K, Villarreal A, Gottschalk A, Tokish JM, Choate WS. 2018. Treatment of
muscle injuries with platelet-rich plasma: a review of the literature. Current Reviews
in Musculoskeletal Medicine 11(4):635–642 DOI 10.1007/s12178-018-9526-8.
Smith O, Jell G, Mosahebi A. 2019. The use of fat grafting and platelet-rich plasma
for wound healing: a review of the current evidence. International Wound Journal
16(1):275–285 DOI 10.1111/iwj.13029.

Straum (2020), PeerJ, DOI 10.7717/peerj.10303

27/28

Tavassoli-Hojjati S, Sattari M, Ghasemi T, Ahmadi R, Mashayekhi A. 2016. Effect of
platelet-rich plasma concentrations on the proliferation of periodontal cells: an in
vitro study. European Journal of Dentistry 10(4):469–474.
Thompson CB, Bielska AA. 2019. Growth factors stimulate anabolic metabolism by
directing nutrient uptake. Journal of Biological Chemistry 294(47):17883–17888.
Twomey L, Wallace RG, Cummins PM, Degry B, Sheridan S, Harrison M, Moyna N,
Meade-Murphy G, Navasiolava N, Custaud M-A, Murphy RP. 2018. Platelets:
from formation to function. In: Lasakosvitsch F, Garnes DA, eds. Homeostasis an
integrated vision. London: intechOpen 71–92.
Valerio C, Scioli MG, Gentile P, Doldo E, Bonanno E, Spagnoli LG, Orlandi A. 2012.
Platelet-rich plasma greatly potentiates insulin-induced adipogenic differentiation of
human adipose-derived stem cells through a serine/threonine kinase Akt-dependent
mechanism and promotes clinical fat graft maintenance. Stem Cells Translational
Medicine 1(3):206–220 DOI 10.5966/sctm.2011-0052.
Van der Heiden MG, Cantley LC, Thompson CB. 2009. Understanding the Warburg
effect: the metabolic requirements of cell proliferation. Science 22:1029–1033.
Varon D, Hayon Y, Dashevsky O, Shai E. 2012. Involvement of platelet derived
microparticles in tumor metastasis and tissue regeneration. Thrombosis Research
130(SUPPL.1):S98–S99 DOI 10.1016/j.thromres.2012.08.289.
Wang K, Li Z, Li J, Liao W, Qin Y, Zhang N, Huo X, Mao N, Zhu H. 2019. Optimization
of the platelet-rich plasma concentration for mesenchymal stem cell applications.
Tissue Engineering Part A 25(5–6):333–351.
Wang X, Qiu Y, Triffitt J, Carr A, Xia Z, Sabokbar A. 2012. Proliferation and differentiation of human tenocytes in response to platelet rich plasma: an in vitro and in vivo
study. Journal of Orthopaedic Research 30(6):982–990 DOI 10.1002/jor.22016.
Zhou Y, Wang JH-C. 2016. PRP treatment efficacy for tendinopathy: a review of basic
science studies. BioMed Research International 2016:1–8 DOI 10.1155/2016/9103792.
Zhou Y, Zhang J, Wu H, Hogan MV, Wang JH-C. 2015. The differential effects of
leukocyte-containing and pure platelet-rich plasma (PRP) on tendon stem/progenitor cells - implications of PRP application for the clinical treatment of tendon
injuries. Stem Cell Research and Therapy 6(1) DOI 10.1186/s13287-015-0172-4.
Zimmermann R, Reske S, Metzler P, Schlegel A, Ringwald J, Eckstein R, Sanguinis V.
2008. Preparation of highly concentrated and white cell-poor platelet-rich plasma by
plateletpheresis. Vox Sanguinis 95(1):20–25 DOI 10.1111/j.1423-0410.2008.01062.x.

Straum (2020), PeerJ, DOI 10.7717/peerj.10303

28/28

