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Abstract

Platelet rich blood derivatives have been widely used in different fields of medicine and stem cell
based tissue engineering. They represent natural cocktails of autologous growth factor, which
could provide an alternative for recombinant protein based approaches. Platelet rich blood
derivatives, such as platelet rich plasma, have consistently shown to potentiate stem cell
proliferation, migration, and differentiation. Here, we review the spectrum of platelet rich blood
derivatives, discuss their current applications in tissue engineering and regenerative medicine,
reflect on their effect on stem cells, and highlight current translational challenges.
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1. Introduction

Tissue engineering traditionally combines cells with a biomaterial matrix and a bioactive
agent with key regenerative functions [1]. In contrast, natural tissue regeneration relies on a
cocktail of signaling molecules and growth factors. During natural wound healing, activated
platelets concentrate in the wound area and secrete a plethora of factors that play an
instrumental role in coordinating wound healing.

Using single growth factors to steer tissue regeneration therefore represents an
oversimplified and inefficient stimulus. This is generally overcome by providing
supraphysiological quantities of the growth factor of choice, which comes at the price of
numerous side-effects [2]. In consequence, a rapidly growing number of studies have
explored the efficacy of supplementing stem cell based tissue engineering approaches with
natural growth factor cocktails such as platelet concentrates. This has paved the way for
improvements in (stem) cell function including cell growth, viability, proliferation,
differentiation and overall regenerative potential [3]. Platelet concentrates are therefore
becoming widely used in medicine. Moreover, their translation is being fueled by their
availability, cost-effectiveness, extensive range of applications, and autologous nature.
Indeed, several clinical uses of platelet concentrates have been reported in the fields of
dermatology, orthopedics, dentistry and ophthalmology [4].

Here, we review the spectrum of platelet rich blood derivatives, discuss their current
applications in tissue engineering and regenerative medicine, reflect on their effect on stem
cells, and highlight current translational challenges.

2. Platelet Rich Blood Derivatives

Activation of platelet triggers degranulation and subsequent release of trophic factors that
influence wound healing, tissue repair, angiogenesis, and stem cell behavior. There are two
types of granules inside the platelets: “alpha” and “dense” granules [5]. Alpha granules
affect wound healing through several types of growth factors including: platelet-derived
growth factor (PDGF), epithelial growth factor (EGF), vascular endothelial growth factor
(VEGF), endothelial cell growth factor (ECGF), fibroblast growth factor (FGF),
transforming growth factor beta (TGFf), and insulin-like growth factor (IGF). In general,
these factors chemotactically recruit and activate stem cells as well as induce their
mitogenesis and differentiation. In contrast, dense granules promote tissue regeneration by
secreting mediators such as serotonin and histamine, which increase vessels permeability
and tissue perfusion [6]. Over the years, several platelet rich blood derivative formulations
have been explored. Most notably, they received a substantial amount of attention in tissue
regeneration studies aimed at the healing of injured soft and hard tissues [7].

2.1 Platelet Rich Plasma

The platelet based blood derivative Platelet Rich Plasma (PRP) has been introduced several
decades ago [8]. PRP is prepared via a two-step centrifugation preparation of a blood
sample, which was cured with an anticoagulant. During the first step of centrifugation three
layers are demarcated: plasma on top, erythrocytes on the bottom, and a middle layer that
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contains platelets and leukocyte. After discarding the erythrocytes, the remainder is
centrifuged for a second time to ensure proper plasma separation. PRP is subsequently
obtained by discarding the plasma (Figure 1A) [9]. This process concentrates the platelet by
approxmately four to seven fold as compared to untreated whole blood [10].

By varying the isolation protocol, distinct mixtures can be obtained. For example, different
centrifugation settings (speed, time) can alter the platelet concentration. In one such
approach, Amabel et al. explored how centrifugal and temperature variables influenced the
final product. Depletion of erythrocytes and white blood cells with minimal loss of platelets
was considered a superior outcome. The most optimal results were obtained while
centrifuging at 300 g for 5 min at 12°C or 240 g for 8 min at 16°C for the first spin and 700
g for 17 min at 12°C for the second spin [8]. In general, longer centrifugal periods slightly
increased the platelet yield and decreased the concentrations of white blood cells in the
upper layer. Therefore, centrifugation parameters can be used to control the amount of white
blood cells in the PRP samples [11]. Temperature proved essential to control platelet
activation; low temperatures delayed platelet activation and prolonged their viability [9].

Despite its advantages, the preparation of PRP is inherently based on several distinct
handling steps. This results in a relatively high batch-to-batch variability [12]. It could be
speculated that this lack of standardization might explain some of the conflicting clinical
results [13].

2.2 Platelet rich fibrin

Several attempts have been made to develop new, easy-to-use platelet-derived products. This
has led to the generation of platelet rich fibrin (PRF), which is a single stage centrifuged
product that does not require the addition of various chemicals. In particular, blood is
centrifuged immediately after drawing to prevent coagulation. Subsequently, the middle
layer is separated from the two other layers (Figure 1B) [14]. Centrifugation is usually
performed at 700 g for 12 minutes to obtain standard PRF (S-PRF) or at 200 g for 14
minutes to obtain activated PRF (A-PRF). Ghanaati et a/. reported that speed and timing did
not affect the concentrations of monocytes and stem cells, but did affect those of platelets
and neutrophils. As a result, A-PRF contains more platelets, most were found at the distal
layer of PRF membrane, and S-PRF include more neutrophils [15]. This type of white blood
has the potential to enhance angiogenesis by expressing the enzyme matrix
metalloproteinase 9. Therefore, the inclusion of neutrophil in PRF could be considered if
angiogenesis is of interest [16].

PRF can release high quantities of multiple growth factors including TGFf-1, PDGF, and
VEGF [17]. The main difference between PRF and PRP resides within their respective fibrin
architectures. In PRF this network gradually builds up during the centrifugation and in the
absence of anticoagulant agents. This results in a dense fibrin structure, in PRF acts as a
network in which platelets and leukocytes are entrapped during centrifugation (Figure 1C).
This reservoir property of the fibrin network enhances the gradual release of growth factors
and other mediators, resulting in prolonged maintenance and stimulation of stem cells by
PRF [18]. Indeed, the release patterns of growth factor such as TGFf and PDGF are
different between PRP and PRF. In PRP the release of TGF and PDGF clearly decreased
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after the first day, while PRF was demonstrated to release significant amounts of growth
factor for up one and two weeks for TGFp and PDGF, respectively [19]. Ehrenfest et al.
corroborated this distinction in release profiles for leukocyte-derived VEGF in PRF versus
PRP [20]. Together these studies suggested that PRF membranes might be able to provide a
higher quantity of growth factors for a prolonged period of time [21].

In addition to standard formulations, PRF can also be obtained in an injectable form (I-
PRF). I-PRF is obtained by producing a PRF membrane, which subsequently is compressed
between metallic sheets. Advantageously, this injectable material can coagulate immediately
post-injection to form a biomaterial as well as be combined with any biomaterial of choice
for non-covalent incorporation [22].

2.3 Leukocytes-based Subclassification of PRP and PRF

Besides platelets, leukocytes contribute to chemical composition of PRP and PRF by
secreting molecules such as Interleukin 1 beta (IL1p), IL4, IL6, and tumor necrosis factor
alpha (TNFa), which affect inflammation, angiogenesis and wound regeneration [23]. As a
result, PRP and PRF have been classified into two main groups based on whether they
contain or lack leukocytes. While Leukocytes are present in traditional PRP and PRF
(named L-PRP and L-PRF), plasmapheresis of these platelet rich blood derivatives results in
leukocyte-free ‘pure’ PRP and PRF (P-PRP and P-PRF).

As inflammation is one of the fundamental stages of healing, leukocytes can be considered
as interesting cell source for both the initiation and regulation of the tissue regeneration
cascade. Furthermore, they can control excess inflammation by timely release of anti-
inflammatory cytokines such as IL-4, 1L-10 and 1L-13 [12]. Indeed, leukocytes provide an
immune regulatory role and release of large amounts of VEGF and other cytokines.
Regardless, the most commonly used platelet rich blood derivatives rely on leukocyte
limited formulations (L-PRP and L-PRF) [24].

2.4 Growth Factor Release of PRP and PRF

In addition to the composition of PRP and PRF, their delivery plays a pivotal role on their
ability to affect (stem) cells as well as on their clinical outcome. A hydrogel system utilizing
alginate carriers for PRP growth factor release revealed that beads or capsules had different
release profiles of PDGF-AB, TGFB-1 and IGF-1 [25]. Alginate beads demonstrated higher
release of TGFp-1 whereas capsules favored PDGF-AB release; alginate capsules showed
higher levels of SaOS-2 cell proliferation compared to beads and controls. Utilizing the
same cell line, Celotti and colleagues [26] used a neutralizing TGFp antibody, which
resulted in reduced cell proliferation. Furthermore, long term controlled release of PRP and
PRF can be obtained. Lyophilized PRP powder incorporated in electrospun scaffolds
achieved up to 35 days release of protein in culture and stimulated cell proliferation [27].
Furthermore, complementing PRP with a heparin-conjugated fibrin biomaterial allowed for
sustained release of FGF-2, PDGF-BB and VEGF [28]. In a mice wound closure model, this
combination enabled faster wound closure and regeneration, underlining a potential role of
PRP in treatment of chronic skin wounds. The ability to control the compositional release of
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PRP and PRF as well as its time-window can thus improve (stem) cell based tissue
engineering approaches.

3. Effects of Platelet Rich Plasma in Tissue Engineering

PRP and PRF have shown promising results in various (stem) cell-based tissue engineering
and regenerative medicine applications, but have generated divisive results. Currently, there
are over a dozen ongoing large clinical trials studying the regenerative potential of PRP,
which would help elucidate the potential benefits and pitfalls of this blood derivative [4].
This section of the review aims to discuss the advances in our understanding PRP’s effect on
cell proliferation, differentiation, growth factor release, inflammation and chemotaxis.

3.1 Cell Proliferation

PRP has consistently been shown to increase cell proliferation in all explored cell types.
This includes differentiated cells such as osteoblast-like cells and chondrocytes [25, 26,
29-35], periodontal ligament cells [32, 36, 37], tendon cells [38, 39], preadipocytes, and
endothelial cells [34, 40] as well as multipotent cells such as mesenchymal stem cells
[41-44] and adipose-derived stem cells [27, 45-48].

PRP mediates this increase in proliferation in a dose-dependent manner [30, 34, 36, 38, 39].
Osteoblasts were shown to increase proliferation with PRP [34], although one study showed
platelet poor plasma (50%) to have a greater enhancement of cell proliferation [32]. In
alveolar bone cells higher concentrations of PRP suppressed proliferation whereas low
concentrations (1-5%) stimulated proliferation [31]. Regardless, PRP exerts a stimulatory
effect on the proliferation of stem cells such as MSCs (Figure 2A), exhibiting also dose
dependency [41-46]. Murphy and colleagues have shown that PRP derived from human
umbilical cord blood had higher proliferation rates in MSCs compared to normal blood [43].
Small concentrations (0.1%) of umbilical cord PRP had the maximum increase in
proliferation compared to different combinations of recombinant growth factors. Although
the stimulation of (stem) cell proliferation could be a multifactorial event due to the
numerous distinct proliferation stimulating molecules, Stat3/p27KiP1 promotion of cell cycle
progression has been identified as a mechanism [39]. Moreover, PRP can also indirectly
stimulate proliferation by enhancing (stem) cell adhesion, highlighting the use of PRP for
increased (stem) cell adherence in biomaterials [46]. Besides proliferation, PRP can
contribute to an increase in cell expansion rates by reducing cell death. In particular, PRP
supplementation can reduce the expression levels of the pro-apoptotic Bcl-2 gene and
inhibited apoptosis [47].

Different animal models have corroborated the capabilities and limitations of PRP usage for
cell proliferation. In a diabetic rat femur fracture model (non-critical), PRP at the fracture
site was able to increase cell proliferation, torque to failure and torsional rigidity [49]. In
another study, PRP released from gelatin gels implanted in a bone defect promoted bone
regeneration (Figure 2B). However, in a long bone defect model, PRP combined with a
collagen scaffold did not exert differential effects in bone volume, mineral density and
mechanical rigidity [50]. These potentially conflicting reports might point towards the dire
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consequences of different growth factor compositions between distinct patients, thus
emphasizing the irregular nature of PRP composition and its clinical implications [51].

Together, these reports mainly point PRP to have a stimulatory effect on cellular
proliferation in different tissues. Nevertheless, further efforts are required to understand how
different preparations of PRP, individual-to-individual variation and specific composition of
PRP contribute to its effects. Moreover, little remains known on the proliferative effects and
acting mechanisms of PRF on (stem) cells.

3.2 Cell Differentiation

PRP can have a potent effect on the differentiation of a variety of stem cells. PRP releasate
has shown a particular affinity for stimulating the differentiation of stem cells into skeletal
cell types such as cartilage, bone, blood vessel, and tendon [48, 52-54]. Periodontal ligament
cells as well as osteoblast-like cell lines SaOS-2 and HOS showed increase in alkaline
phosphatase (ALP) activity and increased the differentiation into mineralized tissue
formation cells upon exposure to PRP [25, 35-37]. Moreover, these cell lines rapidly
increased the expression of the osteogenic differentiation markers such as osteopontin
(OPN), osteoprotegerin and runt-related transcription factor 2 (RUNX2) [35]. In adipose
derived stem cells PRP was found, at later stages (21 days), to promote osteogenic
differentiation by increasing ALP, OPN, osteocalcin (OCN), and RUNX2 in a dose
dependent manner [48]. Interestingly, PRP exposure not only increased the osteogeneic
potential of stem cells, but also reduced their adipogenic differentiation efficacy (Figure 2C)
[41]. PRP is hypothesized to exert its osteogenic stimulation through synergistic effects with
BMP2, -4, -6 and -7 [55]. Indeed, BMPs have a stronger effect on osteoblast differentiation
than PRP, but demonstrated augmented effects when supplemented with PRP [30]. This
makes PRP a suitable synergistic agent to steer stem cell osteogenesis for bone tissue
engineering applications.

Besides osteogenesis, PRP’s effect on chondrogenesis of stem cells has been well-
characterized [33, 56]. PRP supplementation to expanding chondrogenic (progenitor) cells
allows for prolonged maintenance of chondrogenic potential. Moreover, addition of PRP to
chondrogenic media increases chondrogenic potential of MSCs [57]. Incorporation of PRP
in polyglycolic acid-hyaluronan scaffolds increased the expression of chondrogenic markers
collagen Il and IX, aggrecan and cartilage oligomeric matrix protein [58]. Furthermore,
platelet lysate supplementation affected MSCs encapsulated within dextran-tyramine by
chemotactically attracting them as well as by improving their subsequent attachment and
chondrogenic differentiation efficacy [54]. The effects of PRF on chondrogenesis and
osteogenesis have remained largely unstudied. Moreover, the contribution of PRP and PRF
on the differentiation of stem cells into different tissues has not been systematically
investigated and has therefore remained largely unknown.

3.3 Angiogenesis

PRP is also known to stimulate angiogenesis, which is an essential part of tissue
regeneration and stem cell recruitment. It increases migration and tube formation in
HUVECs [40]. In a co-culture of endothelial progenitor cells (EPCs) and dental pulp stem
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cells, PRP was shown to increase VEGF and PDGF secretion thereby promoting
vasculogenesis and stimulating EPCs to form vessel-like structures [59]. PRP contains high
levels of angiopoetin 1 (Ang1), which mediates angiogenesis. Inhibition of Angl-Tie2
signaling suppressed the pro-angiogenic effect of PRP [60]. Interestingly, PRP prevents
endotoxin-induced pulmonary edema through the same pathway [61], which might be due to
the PRP’s potential to stabilize vascular integrity and permeability. PRP diminished the
disruption of cell-cell junctional integrity induced by inflammatory cytokines [61]. This
suggested the induction of pro-angiogenic phenotypes. Indeed, PRP supplementation has
consistently been associated with improved angiogenesis in a variety of models and methods
of application (Figure 3) [60, 62-64]. Therefore blood derivatives such as PRP could be
explored as an autologous competitor for the traditionally used recombinant protein VEGF
to induce blood vessel formation within implanted bioengineered constructs.

3.4 Chemotaxis and Inflammation

In addition to PRP’s and PRF’s direct effects on proliferation, differentiation and
angiogenesis, they also affect wound healing indirectly via the chemotactic recruitment of
cells and local control of the inflammatory environment. Indeed, PRP has been reported to
chemotactically attract human MSCs [54]. Another promising chemotactic effect was also
observed in a rat tendon healing model, where PRP was able to recruit circulation-derived
cells and help the initial stages of tendon healing [65]. In addition, it has been shown that
PRP can attract peripheral blood monocytes in a dose-dependent manner, which also led to
changes in the monocyte’s pro-inflammatory cytokine release profile [66].

Multiple groups have reported on the capability PRP to mitigate inflammation. Activated
PRP demonstrated high levels of hepatocyte growth factor (HGF), IL-4 and TNFa [67]. In
chondrocytes, high levels of PRP-derived HGF and TNF-a decreased the trans-activating
activity of NF-xB by acting as an anti-inflammatory trigger [67]. Additionally, in
osteoarthritic chondrocytes challenged with IL1B, PRP reduced the levels of NF-xB
activation and had multiple anti-inflammatory effects [68]. In another osteoarthritic model
utilizing osteoarthritic cartilage and synovium from patients, PRP, with or without
leukocytes, had similar anti-inflammatory effects [69]. Moreover, in tendon cells treated
with IL-1B, PRP induces the expression of VEGF, RANTES and HGF and decreases pro-
inflammatory cytokines IL-6, IL-8 and MCP-1 [70].

Taken together, the set of reports mentioned above highlight a role of PRP in growth factor
release and its importance for chemotaxis and inflammation. Not surprisingly, PRP has been
considered for the management of inflammation and pain for specific diseases such as
osteoarthritis [71].

3.5 Neuroprotection and other effects

In organ co-cultures of brain cortex and spinal cord, PRP was also found to promote axon
growth, mediated by IGF-1 and VEGF, but not by PDGF-AB [72]. Furthermore, inhibition
of TGFp-1 results in higher axon growth, suggesting TGFB-1 inhibits or impairs axon
growth. Besides axon growth, PRP has neuroprotective properties. In a rat brain focal
ischemic stroke model, PRP lysate administered systemically or locally provided
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neuroprotective effects [73]. However, the effects in reducing infarct volume were higher
with local intra-arterial infusion of PRP lysate compared to systemic administration.
Additionally, PRP minimized neurological deficits in the same model.

PRP showed also antimicrobial activity by inhibiting bacterial growth. Agar plates with PRP
inhibited initial bacterial growth of Pseudomonas aeruginosa, Staphylococcus aureus and
Streptococcus faecalis [74]. This inhibition was mediated by the release of anti-bacterial
chemokine ligand 1, 3, and 5.

Interestingly, PRP was shown to up-regulate the pluripotency markers and decrease lineage
specific marker expression in human MSCs, human muscle derived progenitor cells, and
adipose derived stem cells [44, 75]. Moreover, PRP has been demonstrated to protect cell
viability during cryopreservation [43]. Thus PRP holds promise to augment stem cell
expansion while minimizing loss of stemness.

4. Clinical Translation

PRP and PRF have many clinical applications in regenerative medicine. Numerous /in vitro
and animal studies consistently reported that these blood derived products can promote stem
cells differentiation to some cell lineages. Currently, stem cell laden PRP scaffolds are
clinically explored. In particular, they are investigated in maxillofacial procedures,
orthopedic surgeries, and wound or burn therapies.

PRP has been reported to accelerate chronic skin ulcer repair as well as improve fat graft
outcomes. For instance, patients with lower extremity ulcers were treated with PRP mixed
by fat tissue base or with a control treatment consisting of collagen mixed with hyaluronic
acid. After 7 weeks and 10 weeks the wounds treated with PRP were reepithelialized
completely in respectively 61.1% and 88.9%, compared to 40% and 60% of control group
[76]. A similar study was held for to explore the effect of PRP on the treatment of different
maxillofacial defects. Patients received either treatment with PRP and fat grafting and or fat
graft only. One year post surgery, graft survival and maintenance of three-dimensional
volume in PRP were 70% in PRP treated group, as compared to 31% in the fat graft only
control group [77].

In the orthopedic field PRP is regularly included as a bioactive component. For example, in a
human clinical trial to treat deformities, 21 patients underwent high tibial osteotomy and
MSC therapy in conjunction with PRP injection, while 23 control patients received high
tibial osteotomy with PRP injection only. This demonstrated that the addition of MSCs
significantly reduced both pain and increased (fibro)cartilage formation (Figure 4) [78].
Similarly, Koh et a/. treated patients with osteoarthritic knees using a combination of MSCs,
isolated from the infrapatellar fat pad, and with PRP, while control patients received PRP
injection without stem cell supplementation. The mixture was injected into osteoarthritic
knees once a week for up to three weeks [79]. Short term results suggested that MSC
supplementation reduced pain and improved joint function in treated patients. Although
these particular studies explored the potential healing effect of MSCs, the clinical effects of
PRP have remained largely investigated. Regardless, they were able to confirm provide
proof-of-principle for the safety of the clinical use of PRP.
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In the maxillofacial/dentistry field, PRP was explored to treat a Black Triangle, which is the
interproximal distance between the teeth caused by receded papilla height. Ten patients
received between one and five of injections and were followed up for period up to 69
months. All patients reported high satisfaction with cosmetic results without any major
adverse effects. Patients demonstrated various degrees of regeneration and defect filling,
with two patients demonstrating full regeneration (Figure 5) [80]. However, the involvement
of progenitor cells in this regeneration remained largely uninvestigated.

In summary, the early clinical results indicate that platelet based blood derivatives such as
PRP and potentially PRF are promising supplements for current stem cell based therapies. In
particular, they have consistently been shown to represent a safe and readily available source
of growth factors.

5. Future Challenges

Although several reports have elaborated on the advantages of blood derivative in the fields
of orthopedics, dermatology and vascular applications, there are still several challenges to be
address.

The composition of blood derivatives displays relatively strong intra-patient variation [51].
Moreover, compositional variation is correlated with age, sex and patient comorbidities.
Furthermore, it remains largely unstudied how these changes will affect stem cell behavior
in vivo. Better characterization of PRP and PRF proteomes are therefore highly desired to
enable more robust and predictable clinical outcomes. In addition, to the intra-patient
variation, previous reports have underlined that the composition of each patient is also
affected by the subsequent preparation methodology [81, 82]. Unfortunately, currently there
is no universally accepted standardized protocol. These incongruences reduce the
comparability and reproducibility of the various PRP studies. These challenges can be
addressed by initiating systematic high throughput analyses. Alternatively, it might be
argued that the generation of multiple donor pools might mitigate this challenge, but it will
come at the cost of its otherwise autologous nature.

Besides the blood derivative’s composition, its delivery will potently affect its effect on stem
cells and tissue regeneration. In particular, biomaterial characteristics such as stiffness,
degradability, porosity, and bioactivity are likely to influence the blood derivative’s effect on
stem cells and tissue regeneration. Although, several studies started to explore the concept of
combining PRP and PRF with biomaterials, comprehensive or systematic approaches have
not been performed. Furthermore, biomaterials can be leveraged to overcome the challenge
of prolonging the PRP and PRF delivery. Currently, their delivery relies on poorly controlled
bulk release. In consequence, prolonged treatments require multiple treatments e.g.
numerous injections. This results in strongly fluctuating growth factor concentrations, which
impairs clinical predictability. Biomaterials can act as controlled release devices, which will
allow for sustained or even on-demand delivery of these growth factor cocktails. In addition,
it can be envisioned that biomaterials can covalently bind specific growth factors to locally
retain high levels of these molecules.
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Conclusion

Blood derivatives, and in particular PRP, represent a promising source to provide a natural
cocktail of autologous growth factors that potentiate stem cell proliferation, migration, and
differentiation. Moreover, clinical trials have confirmed PRP’s safety as well as its ability to
improve the clinical outcomes of stem cell based therapies. However, gaining control over
blood derivatives chemical composition remains key to achieving reproducible and
predictable clinical results.
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Figure 1.

Preparation protocols of (A) PRP and (B) PRF. (C) Schematic depiction of leucocyte free
platelet rich plasma (P-PRP) and platelet rich fibrin (P-PRF), Leucocytes PRP (L-PRP) and
= Leucocyte- and platelet-rich plasma. L-PRF = Leucocyte- and platelet-rich fibrin. Fibrin
architecture is thicker and more robust in PRF (b/ack arrows) than PRP (red arrows). (Figure
1A Reprinted from: Dhurat R, Sukesh M. Principles and Methods of Preparation of Platelet-
Rich Plasma: A Review and Author’s Perspective. Journal of cutaneous and aesthetic
surgery;7:189-97, with permission) [9]. (Figures 1B and 1C Reprinted from: Dohan
Ehrenfest DM, Rasmusson L, Albrektsson T. Classification of platelet concentrates: from
pure platelet-rich plasma (P-PRP) to leucocyte- and platelet-rich fibrin (L-PRF). Trends in
biotechnology 2009;27:158-67,, with permission from Elsevier) [83].
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Figure 2.
Effects of PRP on stem cell proliferation, differentiation potential and bone healing. (A)

Effect of different PRP concentrations on the proliferation of bone-marrow derived MSCs
[41]. (B) Three-dimensional micro-CT of a bone defect implanted with hydrogels containing
either PBS or PRP [84]. (C) Differentiation media supplemented with PRP, bone marrow
and adipose derived MSCs exhibit strong differentiation potential towards osteogenic
(Alizarin Red S, calcium deposits) and chondrogenic (Toluidine Blue, glycosaminoglycans),
but not adipogenic (Oil Red O, lipid accumulation). (Figure 1A Reprinted from: Amable PR,
Teixeira MV, Carias RB, et al. Mesenchymal stromal cell proliferation, gene expression and
protein production in human platelet-rich plasma-supplemented media. PloS one
2014;9:€104662) [41]. (Figures 1B and 1C Reprinted from: Kim YH, Furuya H, Tabata Y.
Enhancement of bone regeneration by dual release of a macrophage recruitment agent and
platelet-rich plasma from gelatin hydrogels. Biomaterials 2014;35:214-24, with permission
from Elsevier) [84].
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Figure 3.
Angiogenic effect of PRP on human dermal microvascular endothelial cells. (A) in vitro

tube formation assay and (B) mean tube length showing PRP’s proangiogenic effects.
(Reprinted from: Mammoto T, Jiang A, Jiang E, et al. Platelet rich plasma extract promotes
angiogenesis through the angiopoietin1-Tie2 pathway. Microvascular research
2013;89:15-24, with permission from Elsevier) [60].
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Figure 4.
Arthroscopic intra-articular view of an osteoarthritic knee (A) before treatment

demonstrating cartilage defects on the articular surface and (B) 17 months post treatment
with MSC and PRP, which demonstrates significant cartilage regeneration on defect site.
(Reprinted from: Koh Y-G, Kwon O-R, Kim Y-S, et al. Comparative outcomes of open-
wedge high tibial osteotomy with platelet-rich plasma alone or in combination with
mesenchymal stem cell treatment: a prospective study. Arthroscopy: the journal of
arthroscopic & related surgery : official publication of the Arthroscopy Association of North
America and the International Arthroscopy Association 2014;30:1453-60, with permission
from Elsevier) [78].
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A Injectable papilla regeneration with stem cell therapy

Figureb.
Application of MSCs, PRP and hyaluronic acid in papilla regeneration in patients with Black

Triangle defect. (A) Schematic depiction of the preparation and injection procedure. (B)
Photographs that visualize the defect’s healing during i) pretreatment, ii) treatment, iii) 3, iv)
6, v) 12, and vi) 36 months post treatment. (Reprinted from: Yamada Y, Nakamura S, Ueda
M, et al. Papilla regeneration by injectable stem cell therapy with regenerative medicine:
long-term clinical prognosis. Journal of Tissue Engineering and Regenerative Medicine
2015;9:305-9, with permission from Wiley) [80].
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