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/Abstract

The aim of the growing multidisciplinary tissue engineering field is the regeneration, amelioration or substitution, in an

~

expectable fashion, of damaged or missing tissues, due to a variety of conditions, caused by traumas, diseases and aging. To
guarantee the widespread availability of tissue engineering methods, in clinical fields, it is necessary to modify them in order to
have them readily available and relatively easy to apply in everyday clinical routine. Choukroun’s Platelet Rich Fibrin (PRF)
and its derivatives have been employed in a widespread selection of medical fields, as a supra-physiological autologous growth
factors concentrate, able to stimulate tissue regeneration. Platelets have been found inside the clot, in tofo, in all its groups, even
if inside A-PRF group the platelet count was higher in the distal portion, far off the Buffy Coat (BC). T and B lymphocytes, stem
cells and monocytes have been found near the BC. Lowering the number of spins while increasing the centrifugation duration in
A-PRF group gave a higher neutrophilic count in the distal clot portion. In conclusion, this systematic review results highlight
the positive PRF and its derivatives (A-PRF, i-PRF) effects on wound healing, after regenerative therapy for cutaneous wounds

of the foot management.

J
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Introduction

If a wound does not heal in an orderly and timely manner,
or if the healing process does not have structural integrity, the
wound can be considered chronic. Chronic wounds constitute a
significative problem, not only in specialized structures, but also in
everyday practice inside general physician line of work. Chronic
wound healing takes place through the same processes of an acute
wound, but in this case, abundant granulation tissue usually forms,
with excessive fibrosis that leads to scar contraction and function
loss. 1 % of Danish population suffers from chronic wounds and in
USA, more than 2 millions of people suffer from pressure ulcers,
and 600,000 to 2.5 millions of people have more than one chronic
ulcer on their legs and feet, suffering of diabetes and venous insuf-

ficiency as a common etiology. 2-10 % of all people diagnosed
with diabetes mellitus also suffer from foot ulcers. The incidence
rate is 2.2-5.9 % per year. Often amputation is the last resort and
the risk of a second amputation taking place is high. Wound heal-
ing involves a complex cascade of events, ordered and complex,
involving many types of cells, which are driven by the release of
soluble mediators and signals able to influence these circulating
cells and cause them to home back to damaged tissues. Platelets
proved themselves to be important cells regulating hemostasis
phases through the vascular occlusion and facilitating fibrin clot
formation.

It is known that they are also responsible for activation
and release of important biomolecules, including specific platelet
proteins, growth factors, including Platelet-Derived Growth Fac-
tors (PDGF), coagulation factors, adhesion molecules, cytokines/
chemokines and antigenic factors, able to stimulate proliferation
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and activation of cells involved in wound healing processes, among
which fibroblasts, neutrophils, macrophages and stem cells are in-
cluded. Crisci A (2015), Criscid A, et al. (2015), Crisci A, et al.
(2017) [1-3] Notwithstanding the diffuse usage of Human Platelet
Concentrates (HPC), like Platelet-rich plasma (PRP) (Figure 1),
one of the reported drawbacks is the usage of anticoagulation fac-
tors that are able to delay normal wound healing phases. Crisci A,
et al. (2017), Marotta G, et al. (2018) [4,5] due to these limitations,
further research is intent on the development of a second genera-
tion platelet concentrate excluding the usage of anticoagulation
factors. As such, a platelet concentrate without coagulation factors,
subsequently defined as Platelet-rich fibrin (PRF), was developed
by Choukroun, with particular reference to its abilities to speed up
wound healing and tissues regeneration.

P-PRP == P-PRP gel
o

~ . —_—
e L-PRP L-PRP gel

HPC
A-PRF e A_PRF rLiqud
‘ .PRF : i-PRF m

P-PRF
N prr :
L=PRF -PRE*

Figure 1. Platelets concentrates (HPC). PRP: Platelet rich-plasma.

This fibrin scaffold, devoid of any cytotoxic property, is ob-
tained from 9 ml of patient’s blood, after centrifugation performed
with a PRF-DUO centrifuge (Figure 2) and the use of gel-free
vials; it contains a variety of blood cells - including platelet, B
and T lymphocytes, monocytes, stem cells and neutrophilic granu-
locytes - other than growth factors. L-PRF (leukocyte-PRF) and
its derivatives (A-PRF, i-PRF and so on) (Figure 3), furthermore,
contain white blood cells, necessary during wound healing pro-
cesses. Crisci A, et al. (2018) [6] also, since white blood cells, in-
cluding neutrophils and macrophages, are among the first types
of cells present in wound sites, their role includes also cell debris,
microbes and necrotic tissue phagocytosis, hence preventing in-
fection. Macrophages are also cells derived from myeloid lineage
and are considered one of the cell types involved in growth factor
secretion during wound healing, including Transforming growth
factor B (TGF-B), PDGF and Vascular-Endothelial Growth Fac-
tor (VEGF). These cells, together with neutrophils and platelets,
are main players in wound healing and, in association with their
secreted growth factors/cytokines, they are able to facilitate tissue
regeneration, formation of new blood vessels (angiogenesis) and
infection prevention (antimicrobial action). In 2008, Lundquist [7]
was one of the first to evaluate PRF effects on fibroblast coming
from human dermis. It was seen that PRF proliferative effect on
dermic fibroblasts was significantly higher than fibrin glue and re-

combinant PDGF-BB. Furthermore, PRF induced rapid collagen
I release, and the prolonged release, and protection against pro-
teolytic degradation, of endogenous fibro genic factors, which is
important for would healing.

PRF DUO

Clinical Centrifuge

Figure 2. Clinical Centrifuge PRF-DUO. PREF, fibrin rich in platelets.
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Figure 3. Types of platelet concentrates obtainable by means of Clinical
Centrifuge PRF-DUO.

In a second in vitro study performed by Lunquist et al. in
2013 [8], PRF induced the mitogenic and migratory effect on hu-
man dermic fibroblasts in culture and also demonstrated that fibro-
cytes (a type of cell important in acute wound healing) might be
cultured on PRF disks, favoring even more wound healing and soft
tissue regeneration. Subsequently, Clipet F, et al. (2012) [9] found
that PRF induces survival and proliferation of fibroblasts and ke-
ratinocytes. It was discovered that PRF induces mitogenic effects
on endothelial cells through the extracellular activation pathway of
signal regulated kinase. It was observed a slow and steady release
of growth factors from the PRF matrix, which released VEGF, a
known growth factor responsible for endothelial mitogenic re-
sponse.
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L-PRF and Its Derivatives in Chronic Foot
Wound Healing

L-PRF

In the longitudinal section of L-PRF clot, produced fol-
lowing the standard centrifugation protocol (30” of acceleration, 2’
at 2700 rpm, 4’ at 2400 rpm, 3’ at 3000 rpm and 36 of deceleration
and arrest) a dense clot of fibrin with a minimal inter-fibrous spa-
ce is found. Cells are observed along the whole clot, even if they
diminish in the distal PRF clot portions. Crisci A, et al. (2017) [4].

Advanced-PRF

PRF clots formed with the Advanced-PRF (A-PRF)
centrifugation protocol, in its A-PRF+ (1300 rpm, 8 minutes)
and A-PRF Liquid (1300 rpm, 5 minutes) variants [10] following
Choukroun indications, demonstrated a freer structure, with an
increased inter-fibrous space and a higher count of cells inside the
fibrin rich clot. Furthermore, cells are more uniformly distributed
inside the clot, compared to L-PRF, and some cells might also be
found in the distal part of the clot. A representative image for cell
distribution inside A-PRF is provided in (Figure 4).

L-PRF A-PRF

Figure 4: Advanced-PRF (A-PRF) total scan of a fibrin clot along its lon-
gitudinal axis (Masson-Goldner staining). RBC represents the fraction of
red blood cells. The buffy coat (BC) is the transformation zone between
the fraction of RBC and the fibrin clot and FC represents the fibrin clot.
The three bars within the scan and the arrows show the first floors of the
respective areas. The red arrows mark cells that are trapped inside the
fibrin network [11].

Injectable PRF formulation (i-PRF)

Development of a PRF injectable solution (named i-PRF)
[12,13] (centrifuged at 700 rpm [60 g] for 3 minutes) and its
derivatives i-PRF M (700 rpm for 4 minutes) and i-PRF+ (700
rpm for 5 minutes) (Figure 3) was pursued with the aim to deliver
a platelet concentrate to physician which proved easy to use in
a liquid formulation, to be used alone or easily combined with
various biomaterials. Taking advantage of a slower and shorter

centrifugation velocity, it is possible to observe an increased
count of regenerative cells with an increased concentration of
growth factors, compared to other PRF formulations obtained
at higher centrifugation velocity. Ghanaati, et al. (2014) [10]
referred that velocity and time do not influence monocyte and
stem cell concentrations, but they are able to influence platelet
and neutrophils concentrations. Consequently, A-PRF contains an
increased count of platelets, mostly found in the distal membrane
portion, and includes more neutrophils compared to L-PRF. This
type of concentrate has the potential to improve angiogenesis by
expressing the enzymatic matrix metalloproteinase-9. Therefore,
the neutrophilic inclusion in PRF membrane, with the use of
A-PRF, might be taken in account if angiogenesis is one of the
aims.

The analyses of Ghanaati, et al. (2014) [10] study also
revealed that platelets were the only cells present in each clot area
up to 87 + 13 % in L-PRF group, and up to 84 + 16 % in A-PRF
group (Figure 4). Furthermore, results showed that T lymphocytes
(L-PRF: 12 + 5 %, A-PRF: 17 £ 9 %), B lymphocytes (L-PRF: 14
+ 7 %, A-PRF: 12 + 9 %), CD34+ stem cells (L-PRF: 17 £ 6 %,
A-PRF: 21 + 11 %) and monocytes (L-PRF: 19 £ 9 %, A-PRF: 22
+ 8 %) were not found past a certain point at maximum 30 % of
the total clot length, since they’re distributed near the BC created
by the centrifugation process (Figure 4).

PREF Various Types’ Effects on Growth Factors Release

It was long observed that PRF release a series of growth
factors for the microenvironment. The TGF-f has a wide efficacy
of over 30 factors, known as fibro genetic agents, with TGF-$1
being the most described in literature. It is a known stimulator
of various types of cells’ proliferation, including osteoblasts, and
it constitutes the most powerful fibro genetic agent among all
cytokines. It plays a prominent role in matrix molecule synthesis,
like collagen-1, and fibronectin, both from osteoblasts and
fibroblasts. Even though its regulatory mechanisms are particularly
complex, TGF-B1 plays an active role in cutaneous wound healing,
in all different districts. VEGF is the most powerful growth factor
in tissue angiogenesis. It has powerful effects on tissue remodeling
and VEGF incorporation by its own in various osseous biomaterials
demonstrated an increase in the novel formation of bone, thus
pointing out the rapid and powerful effects of VEGF. Insulin-
Like Growth Factors (IGF) is a positive regulator of proliferation
and differentiation for the majority of mesenchymal cell types,
acting as cellular protection agents. Even though these cytokines
are cell proliferation mediators, they also constitute the main axis
of planned cell death (apoptosis), [14] inducing survival signals
that are able to protect cells from many apoptotic stimuli. Bayer,
et al. (2016) [15] explored for the first time the PRF properties,
which might contribute to its anti-anti-inflammatory/antimicrobial
activities. It was found that in human keratinocytes, PRF was able
to induce hBD-2 (B-defensin 2).
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Effects of PRF on Cutaneous Wound Healing of Foot and
invivo Angiogenesis

The tissue growth factors effect, and in particular PRF and
its derivatives, have been particularly studied concerning soft tis-
sue wound healing and angiogenesis in various animal models. In
many medical procedures, PRF usages were principally combined
to achieve successful management of leg ulcers, previously proved
difficult to heal, including the diabetic foot ulcers, venous ulcers
and arteriopathic ulcers of lower limbs. Furthermore, PRF was
studied by authors in the management of diabetic hand ulcers and
in foot tissue scarring defects (Figure 5-8). CrisciA, etal, (2018),
CrisciA, et al. (2018)[16,17].

Our work group proposed the use of platelet and leukocyte
rich fibrin (L-PRF) also in ulcer-related osteomyelitis in diabetic
foot, hypothesizing the recovery from this severe pathology.
In this study, the aim was to standardize the use of L-PRF in
patients with osteomyelitis, to use this second-generation platelet
concentrate, facilitating healing processes. The authors produced
and used L-PRF membranes created from peripheral blood, in
patients with osteomyelitis, with cutaneous lesions standing for at
least 6 months. Membranes, together with the liquid derived by
Wound L-PRF Box compression, were inserted in the cutaneous
lesion, up to the bone, after surgical debridement. The evolution
of the lesions was subsequently analyzed through time. All
patients showed positivity to Probe-to-Bone test, and Nuclear
Magnetic Resonance showed cortico-periosteal thickening and/
or osteolysis foci of the cortico-spongious, adjacent to the ulcer.
Gram-positive bacteria were found in our patients in 52 % of
cases. Agents found included Gram-positive cocci like S. Aureus
(15.6 %), B-hemolytic Streptococci (12.1 %), S. Viridans (7.1 %)
and Gram-negative bacilli like Pseudomonas (10.6 %), Proteus
(7.8 %), Enterobacter (5.7 %). Candida was present in 2.8 % of
cases. To this day, cutaneous osteomyelitic lesions are healed in
all treated patients, with no signs of infection nor relapses. The use
of L-PRF in cutaneous foot lesions treatment by the authors have
the reported results, with a moderate effort in terms of surgical
technique, and economical costs for the health structure where the
patients was treated. Moreover, also the surgical risk to which the
patient is subjected is low (our patients were all treated under local
anesthesia).
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Figure 6: Post-surgical dehiscence following Achilles’ tendon reconstruc-
tion (A) treated with L-PRF (B) after seven days from therapy (C).

Discussion

Regenerative properties of L-PRF and its derivatives (A-
PREF, i-PRF) (Figure 1) as a surgical adjuvant received a notable
attention ever since the material was introduced in the first years
of the millennium. On the other hand, there is no clear evidence to
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explain the antimicrobial potential of this biomaterial, which dif-
fers both structurally and biologically from other HPC forms. Gha-
naati, et al. [10] have histologically described A-PRF™ as a cel-
lular matrix seeded on fibrin, which contains various blood cells,
including: platelets, lymphocytes (B and T), monocytes, stem cells
and neutrophilic granulocytes, which are able to release a series of
growth factors. Crisci A, et al. (2018), Kobayashi E, et al. (2016)
[17,18] Theoretically, biological components and physiological
mechanisms to exert antimicrobial activity are similar among all
the various HPC types, and also similar to clotted blood. However,
all these autologous biomaterials differ among themselves for: I)
the variable mix of cell types; II) vitality of the contained cells; I1I)
their activation method, natural or chemical; IV) density of the fi-
brin meshwork; V) interactions between cellular and extracellular
components; VI) the release of a variety of proteins.

All these differences might have a significative outcome of the
respective anti-inflammatory and antimicrobial activities. Fujioka-
Kobayashi M, et al. (2016), Del Fabbro M, et al. (2016), Burnouf
T, et al. (2013), Cieslik-Bielecka A, et al. (2012), Dohan Ehrenfest
DM, et al. (2009) [19-23] Furthermore, the mechanisms and the
dynamics of the single antimicrobial components found in these
biomaterials are scarcely understandable.

Figure 8: Use of Leukocyte Platelet (L-PRF) Rich Fibrin in diabetic foot
ulcer with osteomyelitis. (A,C,D,E) Different moments of the wound
healing, stable after two years; (B) NMR of the patient with the bone le-
sion [16].

A-PRF™ shows antimicrobial activity against all the single
organisms tested in this study on a timespan of 24 hours. These
results are consistent with those obtained from past studies, eval-
uating the antimicrobial properties of other HPC preparations.
Fujioka-Kobayashi M, et al. (2016), Del Fabbro M, et al. (2016),
Burnouf T, et al. (2013), Cieslik-Bielecka A, et al. (2012) [19-22]
Since A-PRF™ shows antimicrobial properties, there is the need
to establish if this activity is significantly higher than a whole
blood clot. Future research is needed to explore the antimicrobial
spectrum of A-PRF™ and all L-PRF derivatives, and to export
the possibility that it might act as substrate to facilitate the growth
of specific organisms. In particular, for the surgeon, it is impor-
tant to remember that Staphylococcus Aureus is one of the main
causes of acquired nosocomial infections, infections correlated to
internal medical devices and infections of surgical wounds. Sig-
nificative research is nowadays focused on alternative S. Aureus
infection treatments, to lower the risk of selecting antibiotic re-
sistant strains. Cieslik-Bielecka A, et al. (2012), Dohan Ehrenfest
DM, et al. (2009), Bielecki TM, et al. (2007), Sause WE, et al.
(2016) [22,25] This is the reason S. Aureus is still the most fre-
quently tested organism in literature, examining PC antimicrobial
activity. Fujioka-Kobayashi M, et al. (2016) [19] Many different
HPC preparations demonstrated antimicrobial activity, for both
methicillin-resistant and methicillin-sensitive strains of S. Aureus.
Fujioka-Kobayashi M, et al. (2016), Del Fabbro M, et al. (2016),
Burnouf T, et al. (2013), Cieslik-Bielecka A, et al. (2012) [19-22]
Candida albicans is the most frequently fungal species isolated in
microbiome. Immune response impairment might allow these op-
portunistic fungi to give infection. Jabra-Rizk MA, et al. (2016),
Marsh PD, et al. (2017) [26,27] A-PRF™ has got a higher capabil-
ity to constantly inhibit C. Albicans growth, compared to a whole
blood clot. Moreover, C. albicans is less susceptible to antimicro-
bial components of platelets and confirms the discoveries made in
2002 by Tan et al. (2002) [28] who noticed how antimicrobial pep-
tides of human platelets were more powerful against bacteria than
fungi. A-PRF™ shows a greater potential inhibiting Streptococcus
mutans compared to natural blood clot. However, since no other
HPC was tested against this organism, the inhibition mechanism
and of its clinical potential requires additional studies.

Even though results of various studies suggest that A-PRF™
shows an antimicrobial activity, several limitations are present. In
first instance, the in vitro examination does not mimic a clinical
situation where A-PRF™ would be employed in an environment,
surrounded by tissues that react to a surgical event. In this sce-
nario, A-PRF™ is able to interact with several cells and cytokines,
involved in wound healing processes and it can modify the ini-
tial immune response and the healing phases. Activated platelets’
growth factors release inside the fibrin meshwork might modify
the expression of antimicrobial peptides from surrounding tissues.
It is possible that numerous patient related factors might influence
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A-PRF™ quality. Yajamanya, et al. (2016) [29] demonstrated that
the fibrin matrix formed in their PRF version in elderly patients
was more generically organized compared to fibrin matrix formed
in younger patients. The magnitude of this discovery still needs to
be determined. Cell types, number of cells and plasma component
concentration differ inside each clot and between single clots, each
sample disk cannot be identical to another.

One of the problems to be assessed is that there is still no
way to determine if the tested material is bactericidal or bacterio-
static. On this argument, our study group is working at the very
moment. Drawbacks set aside, the disk diffusion method proved
enough to demonstrate that A-PRF™_ like all others L-PRF de-
rivatives, shows antimicrobial activity.

Conclusion

Still too little is known about PRF and its derivatives (A-
PRF, i-PRF) antimicrobial properties and a scant amount of stud-
ies have shed light, to the date, on this phenomenon. Under a tis-
sue engineering point of view, it is interesting to point out that no
research project focused on PRF strength, rigidity and resilience,
notwithstanding its clinical usage this past 15 years. Hence, an in-
teresting future prospect is to better characterize its biomaterial
properties, and future research should focus on those factors that
might improve further its characteristics, for its various biomedical
applications. It’s of fundamental importance that future researches,
concentrating on PRF usage as co-adjuvant in soft tissue regenera-
tive therapies, would design appropriate studies, with the required
controls, to further estimate the regenerative potential of PRF in
soft tissue wound healing, in particular concerning foot wound
healing. The use of A-PRF™ in clinical practice showed a great
potential to improve healing and to improve surgical outcomes,
since it works as an autologous scaffold, able to host cells and
bioactive compounds. However, the antimicrobial potential of this
material was demonstrated, and it can be an important property,
which contributes to clinically ascertained accelerated and non-
complicated healing events. Results of this revision point out that
A-PRF™ shows, nonetheless, an antimicrobial activity against S.
Aureus, S. Mutans, Enterococcus faecalis and C. albicans. Fur-
thermore, spectrum and potency as antimicrobial agent are far less
than those of an established surgical antimicrobial (specific anti-
biotic). It is necessary, thus, future investigations that would in-
volve A-PRF™ and its derivatives to ascertain the entire spectrum
of its antimicrobial activity in vitro, its participation in vivo, and
the influence of patient’s characteristics on its biological activity.
Moreover, the clinical potential as administration vehicle for local
drugs in infected sites should be explored. Future studies should
increase patient variability and the sample dimensions for all HPC
based studies.

Further clinical, histological and statistical studies are re-
quired to comprehend the advantages of this new technique. How-

ever, it’s wouldn’t be feasible to ignore that, once obtained from
autologous blood samples, L-PRF and its derivatives have a re-
duced volume, and only a limited quantity can be used. This limits
the systematic use of PRF in greater cutaneous lesions. Even if
there are ample potential applications of PRF, a deep knowledge of
this biomaterial functioning is needed, as well as knowledge of its
biology, efficacy and limits, to better optimize its use in everyday
practice.
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