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Abstract

wound types.

Platelet rich plasma or PRP is a supraphysiologic concentrate of platelets derived by centrifugation and separation of
whole blood components. Along with platelets and plasma, PRP contains various cell types including white blood
cells (WBC)/leukocytes, both granulocytes (neutrophils, basophils, eosinophils) and agranulocytes (monocytes,
lymphocytes). Researchers and clinicians have explored the application of PRP in wound healing and prevention of
surgical wound infections, such as deep sternal wounds. We conducted this systematic literature review to evalu-
ate the preclinical and clinical evidence for the antibacterial effect of PRP and its potential mechanism of action. 526
records were identified for screening. 34 unique articles were identified to be included in this literature review for data
summary. Overall, the quality of the clinical trials in this review is low, and collectively qualify as Oxford level C. Based
on the available clinical data, there is a clear trend towards safety of autologous PRP and potential efficacy in deep
sternal wound management. The preclinical and bench data is very compelling. The application of PRP in treatment
of wounds or prevention of infection with PRP is promising but there is a need for foundational bench and preclini-
cal animal research to optimize PRP as an antibacterial agent, and to provide data to aid in the design and conduct
of well-designed RCTs with adequate power to confirm antimicrobial efficacy of PRP in specific disease states and
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Scope of the systematic literature review

Objective

The objective of this systematic literature review is to
evaluate the preclinical and clinical evidence for the
antibacterial effect of the Platelet-Rich Plasma (PRP) in
wound healing, with a focus on its application in preven-
tion of deep sternal wound infections (DSWI), and to
generate testable hypotheses for the mechanism of action
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Description of the PRP concentration systems in scope

for the systematic literature review

The PRP is prepared using a whole blood centrifugation,
platelet concentration system. The system generally con-
sists of an automated, dedicated centrifuge and acces-
sory processing disposables that separates whole blood
into an autologous platelet concentrate. The centrifuge
is automated and easy to operate with minimal training.
The unit is portable and small enough to remain in the
procedure room, which allows collection, processing, and
delivery to occur during the same patient visit. Whole
blood is typically collected by venipuncture and injected
into a sterile disposable dual centrifuge tube along with
an anticoagulant. The centrifuge spins automatically
through a 2-step process. After the automated centrifuge
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cycle, red blood cells (RBCs) are found in one chamber
and the collected platelets are found at the bottom of the
second chamber in a platelet-poor plasma (PPP) super-
natant. The platelet-poor fraction of the plasma in the
second chamber is aspirated with a sterile syringe, leav-
ing a volume sufficient to resuspend the collected plate-
lets at the desired concentration. The resulting PRP can
be collected in a blunt-tipped, sterile syringe and is ready
for the addition of thrombin for activation prior to appli-
cation to the surgical site. The PRP Concentration System
subjects the platelets to minimal manipulation by centrif-
ugation and the cells are never removed from the plasma
environment.

Introduction

Autologous PRP is a concentrate of platelets derived
from the patient’s own blood. PRP has a supraphysiologic
platelet concentration approximately 3 to 5 times above
what is found in whole blood that stimulates clotting and
may play a role in wound healing. In recent years PRP has
gained attention due to its potential in regenerative med-
icine, including cardiovascular surgery, soft tissue repair
(eg, ligament, tendon, muscle), dermatology, urology,
orthopedics, cosmetics, and faciomaxillary surgery [1, 2].
Clinical studies have shown promise of platelet concen-
trate application in soft tissue healing while other studies
also have suggested benefits in oral and maxillofacial sur-
gery as PRP enhanced bone grafts [3-6].

PRP contains various cell types including white blood
cells (WBC)/leukocytes, both granulocytes (neutrophils,
basophils, eosinophils) and agranulocytes (monocytes,
lymphocytes), and peripheral progenitor cells; however,
the major component is platelets [7-9]. Activated PRP
releases a number of growth factors: platelet-derived
growth factor (PDGF), vascular epithelial growth fac-
tor (VEGF), transforming growth factors (TGF-B1 and
TGEF-B2), epithelial growth factor (EGF), and insulin-like
growth factor (IGF) through autocrine (influencing its
own cell membrane) and paracrine (influencing another
cell membrane) mechanisms [8, 9]. Moreover, PRP also
includes immune system messengers, enzymes and their
inhibitors, and plasma complement that have been sug-
gested to participate in bacteria control, tissue repair, and
wound healing [7, 10-12]. PRP has been shown to influ-
ence the migration, proliferation, and differentiation of
several cell types although the exact mechanism involved
in this process is largely unknown. Many PRP prepara-
tions contain a greater number of leukocytes than whole
blood. There have been reports that PRP processing con-
centrates leukocytes by 5- to tenfold although the benefi-
cial role of leukocytes in PRP is debated in the literature.
Some studies have reported that increased concentra-
tion of leukocytes may improve recruitment of immune
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cells, stabilize the matrix, and regulate the inflammatory
response [13, 14]. In contrast, other studies suggest that
increased leukocytes might increase the inflammatory
response by secreting various proinflammatory pro-
teases, which might delay the healing process [13, 15].

Wound healing is a coordinated dynamic tissue repair
process that involves the interaction of multiple cell types,
growth factors, cytokines, and chemokines that can be
influenced by various pathophysiological factors and
exogenous factors (microorganisms) [16—18]. The con-
tinued presence of bacteria at the wound site produces
inflammatory mediators that hinder the wound healing
process [17]. The bacterial screening of acute wounds (eg,
primarily abscesses, surgical, and traumatic wounds) and
chronic wounds (eg, leg ulcers) have revealed that diverse
gram-positive or gram-negative bacteria can colonize the
wound site, either singularly or in a polymicrobial infec-
tion [17, 19]. The samples isolated from acute wounds
have shown that Staphylococcus aureus (S. aureus) was
the most prevalent bacteria, and frequently existed as a
pure population or in combination with other gram-posi-
tive aerobes [17, 19]. Chronic wounds display a combina-
tion of aerobic-anaerobic microflora. Aerobic pathogens
(including facultative), most notably S. aureus, Escheri-
chia coli (E. coli), and Pseudomonas aeruginosa (P. aer-
uginosa), have frequently been associated with delayed
healing and infection in both acute and chronic wounds
[17]. Host defense mechanisms, patient comorbid condi-
tions, such as diabetes, and overall host status play a large
role in infections and wound-delayed healing. In gen-
eral, wound management is a multifaced approach that
includes controlling bacterial growth and inflammation,
maintaining adequate tissue perfusion, and restoring
the damaged tissue. In addition to these complexities in
wound management, emergence of antimicrobial resist-
ance may also impact morbidity and mortality. Hence,
there is significant interest to develop novel strategies to
improve bacterial control and wound healing for preven-
tion and treatment of acute and chronic wounds.

In recent years, autologous PRP has emerged as a
potential option to prevent or treat postoperative acute
infections, chronic wound infections, or osteomyelitis
[4, 12, 20]. There has been promising data specifically
related to prevention of deep sternal wound infection
(DSWI) [4]. The concept of using PRP for its antibacte-
rial effect is not new and dates back several decades [8,
13]. Platelets are reported to have multiple functions that
integrate innate and adaptive antibacterial host defenses
[7, 10]. Some studies have reported that platelets actively
sense signals from the site of injury and microbial threats,
express a wide range of antibacterial proteins and poten-
tial bacterial receptors, release a broad variety of mole-
cules that alter host defense mechanism, and develop the
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ability to internalize bacteria [7, 10, 13]. Various studies
have demonstrated that, once activated, platelets are able
to release antimicrobial peptides or kinocidins (such as
CXCL4, CXCL7, CXCL5) with activity against bacteria
and fungi [11, 21-23]. Substantial efforts have been made
to isolate, characterize, and study the role of specific anti-
microbial molecules from platelets of human and animal
origin with limited success [7, 21]. Platelets are also sug-
gested to generate reactive oxygen species (ROS) that can
bind and internalize microorganisms and participate in
antibody-dependent cellular cytotoxicity [24, 25]. Recent
studies highlighted the direct role of platelets in identify-
ing, sequestering, and counteracting invading pathogens,
as well as their role in recruiting leukocytes to infection
sites, further enhancing their ability to phagocytose and
kill microorganisms by triggering different types of sign-
aling pathways [7]. PRP has been extensively studied but
defining an optimal preparation method and defining
dosing in relation to patient host status or in relation to
intended therapeutic effect have not been achieved. In
addition, the specific role of each of the components,
including leukocytes, growth factors, plasma compo-
nents, and the possible synergistic effect of these com-
ponents that might contribute to prevent the bacterial
growth and restore damaged tissue is poorly understood.

With prevention of DSWT as the focus, this systematic
review was conducted to answer the following research
questions: a) does PRP exert antibacterial effect?; b) is
the effect of PRP bactericidal or bacteriostatic?; ¢) which
types of bacteria are affected by PRP?; d) what is the
mechanism involved in the antibacterial effect of differ-
ent components of PRP?; e) is there a way to enhance
the antibacterial effect of PRP?; and f) is there any syn-
ergistic effect of different agents when used together?
Based on these questions, the main objective of this
systematic literature review was to explore the poten-
tial mechanism behind the antibacterial effect of platelet
preparations based on the available preclinical and clini-
cal evidence.1.4 Rationale for performing the systematic
literature review.

Autologous PRP gel (PRG or PLG or PG) consists of
various cellular components, cytokines, antimicrobial
proteins, growth factors, chemokines, immune media-
tors, and a fibrin scaffold derived from a patient’s blood.
In recent years, PRP has gained popularity due to its
potential to stimulate and accelerate the wound heal-
ing process. PRP has been shown to exert beneficial
effects by relieving postsurgical discomfort and prevent-
ing infection in some studies, suggesting that PRP pos-
sesses anti-inflammatory and antimicrobial properties.
To date the mechanism by which PRP achieves an anti-
bacterial effect and promotes wound healing is not well
understood.
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Methods

Standard procedure and guidelines for systematic
literature reviews

The literature review was performed based on the prin-
ciples described in the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses guidelines, dated
2009.

Articles were screened for relevance using predefined
inclusion/exclusion criteria. Search results were screened
at 2 levels by 2 reviewers. Abstracts were reviewed for eli-
gibility at the first level of screening. Relevant or possibly
relevant articles were reviewed and assessed for inclusion
at the second level of screening. Publications were evalu-
ated for inclusion in the review regardless of whether
the articles contained favorable or unfavorable findings
concerning the PRP preparations. The following litera-
ture search terms were used: PRP, platelet-rich plasma,
plasma concentrate, deep sternal wound infection, sur-
gical wound infection, wound, infections, sternum, ster-
notomy, sternal reconstruction, antimicrobial, bacterial
infections, microcidal, microbiota, anti-bacterial agents,
with publication date from 2004/01/01 to 2019/08/31,
and in English.

The following studies were excluded from data extrac-
tion: foreign language, full text not available, non-peer
reviewed, case series/reports, not surgical or cutaneous
wound healing, study with a mixed cohort, and where
data specific to PRP could not be extracted. The review/
systematic reviews and meta-analysis articles that were
identified during the screening process were included
in the background section but excluded from data
evaluation.

Information source and search strategy
The literature search was designed and performed inde-
pendently by a library information specialist. Abstracts
and articles were reviewed by 2 of the reviewers. The
PubMed®, MEDLINE®, and EMBASE® databases were
used to search the peer-reviewed medical literature.
EBSCO MEDLINE was systematically searched using
the following Boolean Search terms: S1 TI (“platelet
rich plasma” OR PRP OR “plasma concentrate”) OR AB
(“platelet rich plasma” OR PRP OR “plasma concen-
trate”) OR MH “platelet rich plasma”; S2 TI (antimicro-
bial OR antibacterial OR microcidal OR anti-bacterial
OR microbiota) OR AB (antimicrobial OR antibacterial
OR microcidal OR anti-bacterial OR microbiota) OR
MH (“bacterial infections” OR “anti-infective agents”);
S3 TI (“deep sternal wound infection*” OR DSWI) OR
AB (“deep sternal wound infection®*” OR DSWI); S4
(MH “surgical wound infection” OR ((TI wound* OR
AB wound*) AND (TI infect* OR AB infect*))) AND
(MH (sternotomy OR “sternum”) OR TI (sternotom* OR
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“sternal reconstruction”) OR AB (sternotom* OR “ster-
nal reconstruction”)); S5 S1 AND S2; S6 S1 AND (S3 OR
S4); S7 S5 OR S6; S8 S7 AND LA English; S9 S8 AND DT
20040101-20190831.

There were some discrepancies between the planned
search and the search executed. The modification was
made as use of planned search terms led to limited arti-
cles. In addition, a manual search was carried out to
retrieve other articles that had not been identified via ini-
tial search strategy and was uploaded to Distiller System-
atic Review for screening purposes.

Data management

Literature search results were uploaded to Distiller Sys-
tematic Review (DSR) software (Evidence Partners,
Inc, Canada), an internet-based software program that
facilitated collaboration among reviewers during the
study selection process. The team developed and tested
screening questions and forms for level 1 and 2 assess-
ments based on the inclusion and exclusion criteria.
Citation abstracts and full text articles were uploaded to
DSR. Prior to the formal screening process, a calibration
exercise was undertaken to pilot and refine the screen-
ing questions. Two authors independently screened the
resulting articles based on the screening parameters set
in DSR.

Data collection and extraction

Using standardized forms developed in DSR, data were
extracted independently from each eligible study to
broadly address the research questions for this sys-
tematic literature review. The studies thereby selected
were assessed for their appropriateness for inclusion
and quality of method. The publication, type of study
and sample size, study objective and outcome measure,
PRP type used, types of bacteria targeted, type of activa-
tor or matrix used, cellular composition, and changes in
outcome measures are shown for each study in Table 1
(bench experiments), Table 2 (preclinical studies), and
Table 3 (clinical studies). Some of the studies that dem-
onstrated antibacterial effect of PRP on dental/oral infec-
tions were excluded from the data extractions as the oral
microenvironment is different from skin and/or surgical
injections. Similarly, the review articles or meta-analysis
reviews were utilized to summarize the clinical back-
ground for this systematic literature review but were not
included in the data evaluation.

All articles that have reported preclinical (in vitro and
ex vivo) and clinical studies are included. In vitro study
was defined as the technique that is performed in a con-
trolled environment outside of a living organism without
being implanted again into the living body or organ-
ism. Ex vitro study was defined as the technique that is
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performed in a controlled environment inside of a living
organism. Clinical studies are conducted in humans.

Data synthesis

There was heterogenicity among articles selected for the
data evaluation. Due to the lack of homogeneity among
the resulting studies, a meta-analysis could not be per-
formed. Therefore, all studies that met the inclusion cri-
teria have been presented in a narrative synthesis, which
represents a wide variety of studies where conclusions
are based on reason or argument.

Study selection, risk of bias, and quality
assessment

Two authors independently screened the resulting arti-
cles for their methodologies and appropriateness for
inclusion and exclusion. In cases of discrepancies, con-
sensus was reached by discussion between the reviewers,
with a third reviewer serving as arbiter if an agreement
could not be reached.

The Cochrane Risk of Bias in Non-Randomized Stud-
ies of Interventions (ROBINS-1) was used to assess bias
in non-randomized clinical trials. The Oxford Center
for Evidence Based Medicine-Levels of Evidence for
a therapeutic was used to assess the overall quality of
the clinical studies (Tables 4, 5 and 6) [26]. A modified
Cochrane (clinical trial) risk of bias instrument called the
Systematic Review Centre for Laboratory Animal Experi-
mentation (SYRCLE) risk-of-bias tool was utilized for
preclinical studies [27]. Studies were assigned a “Yes” for
each applicable criterion they met, “No” for each they did
not, and unclear” or “not indicated” for the studies con-
taining insufficient information (Table 7). A “No” indi-
cates more bias and a “Yes” indicates less bias.

Literature search results

Study selection

The data collection process was systematic and pre-
specified. An initial search of PubMed®, MEDLINE®,
and EMBASE® yielded 526 total articles for review, and
7 articles were subsequently added after a manual hand
search of the articles. After initial screening, 195 papers
were excluded for being in a language other than Eng-
lish, abstract or full text unavailability, non-peer reviewed
articles, case series/report, not deep sternal wound infec-
tion (DSWI) or wound healing indication. The second
level of screening excluded 28 articles for different rea-
sons (mentioned above), such as full articles in another
language, not pertaining to wound healing, pertaining to
wound healing but not with PRP utilization, or PRP used
in dental/oral conditions (due to different microenvi-
ronment as compared to surgical treatment). Six review
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Table 4 Oxford levels of evidence [26]

Level Therapy/prevention/etiology/harm

la Systematic review (SR) (with homogeneity*) of RCTs

b Individual randomized controlled trial (RCT) (with narrow confidence interval”)

1c All or none§

2a SR (with homogeneity*) of cohort studies

2b Individual cohort study (including low quality RCT; eg, < 80% follow-up)

2C “Outcomes” Research; Ecological studies

3a SR (with homogeneity*) of case—control studies

3b Individual Case—Control Study

4 Case-series (and poor-quality cohort and case-control studies§s§)

5 Expert opinion without explicit critical appraisal, or based on physiology,
bench research or “first principles”

See Table 6 for definition of symbols

Table 5 Oxford grades [26]

A Consistent level 1 studies

B Consistent level 2 or 3 studies or extrapolations from level 1 studies

C Level 4 studies or extrapolations from level 2 or 3 studies

D Level 5 evidence or troublingly inconsistent or inconclusive studies of any level

Users can add a minus-sign “ — "to denote the level that fails to provide a conclusive answer because: either a single result with a wide confidence interval or a
systematic review with troublesome heterogeneity such evidence is inconclusive, and therefore can only generate graded recommendations

articles were excluded from data extraction but were
included for introduction section. Thus, at the end of the
screening process, 34 articles were available for system-
atic review and narrative analysis that used PRP in anti-
bacterial effect and wound healing in general and DSW1I.

A flow chart summarizing the search results, includ-
ing the number of articles excluded at each stage of
the review and the final number of included articles, is
shown in Fig. 1.

Variable methods of PRP separation

Different authors utilized various methods to process the
whole blood collected from healthy or ill donors or ani-
mals to prepare PRP or buffy coat PRP (BC-PRP). PRP
preparation involved 2 sequential centrifugation steps:
separation and concentration. In the separation phase,
initial centrifugation separates RBCs and the second
spin concentrates cellular pellets consisting of leuko-
cytes (neutrophils, lymphocytes, and monocytes), and
platelets that are re-suspended in a small volume of the
remaining PPP. For some studies, the following commer-
cially available devices were used in preparation of PRP:
Harvest SmartPReP2 System (Terumo Blood and Cell
Technologies) [3], The Gravitational Platelet Sequestra-
tion System'" (GPS) Platelet Concentrate System (Biomet
Biologics) [24, 28], Angel Whole Blood Processing Sys-
tem" (Sorin Group, Italy), and Magellan® Autologous

Platelet Separator System [4]. Other commercially avail-
able devices that were utilized to prepare BC-PRP were
Electa Cell-Separator” (ECS) (Sorin Group, Miran-
dola) and the Autologous Growth Factor filter" (AGF)
(Interpore Cross ', Irvine, CA). Other studies utilized a
fully automatic blood separator [29], Apheresis machine
MCS + (Haemonetics Corps) [30]. One study used frozen
PRP produced from liquid-preserved platelet concen-
trates obtained by plateletpheresis [23] and 2 studies used
expired platelet concentrates [31, 32]. Some studies uti-
lized manual processing of the whole blood after collec-
tion. In general, there was variability in procedure times
(3—-20 min), centrifugation speed (305-3800 g), tempera-
tures (20-26 °C), and cycles of centrifugation (single or
double cycles). Some studies have utilized platelet-rich
fibrin (PRF) [23, 33, 34], which consists of a fibrin matrix,
platelet-derived cytokines, growth factors, and entrapped
leukocytes devoid of erythrocytes and is prepared with-
out addition of anticoagulants [33].

Overall, there was variability in methods to con-
centrate platelets and leukocytes. The concentration
of platelets and leukocytes in the processed products
ranged from ~0.5 x 10° cells/mL to 9000 x 10° cells/mL,
and~ 1.1 x 10° cells/mL to 1350 x 10° cells/mL, respec-
tively. One group suggested that the variability in pro-
cessing methods might prematurely activate platelets,
altering the regenerative capacities of the final PRP-based
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Table 6 Oxford definitions [26]

*

58§

nu

un,

i

mnn

*¥

By homogeneity we mean a systematic review that is free of worrisome variations (heterogeneity) in the directions and degrees of results
between individual studies. Not all systematic reviews with statistically significant heterogeneity need be worrisome, and not all worrisome
heterogeneity need be statistically significant. As noted above, studies displaying worrisome heterogeneity should be tagged with a“-"at the end
of their designated level

Clinical Decision Rule. (These are algorithms or scoring systems that lead to a prognostic estimation or a diagnostic category)
See note above for advice on how to understand, rate and use trials or other studies with wide confidence intervals

Met when all patients died before the Rx became available, but some now survive on it; or when some patients died before the Rx became avail-
able, but none now die on it

By poor quality cohort study we mean one that failed to clearly define comparison groups and/or failed to measure exposures and outcomes

in the same (preferably blinded), objective way in both exposed and non-exposed individuals and/or failed to identify or appropriately control
known confounders and/or failed to carry out a sufficiently long and complete follow-up of patients. By poor quality case—control study we mean
one that failed to clearly define comparison groups and/or failed to measure exposures and outcomes in the same (preferably blinded), objective
way in both cases and controls and/or failed to identify or appropriately control known confounders

Split-sample validation is achieved by collecting all the information in a single tranche, then artificially dividing this into “derivation”and “valida-
tion”samples

An "Absolute SpPin"is a diagnostic finding whose Specificity is so high that a Positive result rules-in the diagnosis. An “Absolute SnNout”is a diag-
nostic finding whose Sensitivity is so high that a Negative result rules-out the diagnosis

Good, better, bad and worse refer to the comparisons between treatments in terms of their clinical risks and benefits

Good reference standards are independent of the test and applied blindly or objectively to applied to all patients. Poor reference standards are
haphazardly applied, but still independent of the test. Use of a non-independent reference standard (where the ‘test’is included in the reference;,
or where the 'testing’ affects the reference’) implies a level 4 study

Better-value treatments are clearly as good but cheaper, or better at the same or reduced cost. Worse-value treatments are as good and more
expensive, or worse and the equally or more expensive

Validating studies test the quality of a specific diagnostic test, based on prior evidence. An exploratory study collects information and trawls the
data (eg, using a regression analysis) to find which factors are ‘significant’

By poor quality prognostic cohort study we mean one in which sampling was biased in favor of patients who already had the target outcome, or
the measurement of outcomes was accomplished in < 80% of study patients, or outcomes were determined in an unblinded, non-objective way,

or there was no correction for confounding factors

AXKKR

1-5 years chronic)

Good follow-up in a differential diagnosis study is > 80%, with adequate time for alternative diagnoses to emerge (for example 1-6 months acute,

product [35]. It is possible that a higher cell count of
platelets or leukocytes does not always ensure a high con-
centration of growth factors in the PRP-based final prod-
uct. Hence, the methodological variances in preparing
PRP make it challenging to relate the results from differ-
ent studies.

Activation of PRP is necessary to form a fibrin matrix
for platelet attachment and adhesion. Activation of PRP
is also crucial for the bioactivation of PRG that results in
degranulation, the release of the substances and growth
factors that contribute to the wound healing cascade,
and the antibacterial effects of PRP. There was consider-
able variability among the methods utilized to activate
PRP to form PRG, with authors using different activa-
tors and/or mechanical methods. Autologous thrombin,
bovine thrombin, calcium chloride (0.5-10%), calcium
gluconate, and calcium citrate were the most commonly
used activators. The amount of activator added, and the
time of activation varied among studies. Some studies
used a single activator (calcium chloride or thrombin
alone) while others utilized multiple activators in vari-
ous proportions (combination of thrombin and calcium
chloride). Mechanical methods of activation such as

application of electric field pulse [9] or freeze/thaw cycle
were also used [31]. One study utilized supernatant of the
PRG formation but not the PRG itself [29].

PRP has been used in conjunction with antibiotics and
in various physical forms, introducing additional sub-
stantial heterogeneity into the preclinical and clinical tri-
als. PRP was used in combination with vancomycin [3],
amikaycin/teicoplanin [33], and polyhexanide [33] and as
a porous scaffold of Chitosan [36], a gelatin hydrogel [37],
a PRP wafer, and a lyophilized PRP powder. These meth-
odological differences in delivering PRP make it challeng-
ing to define a dose and/or administration protocol to
validate.

Bench experiments

Evert et al. compared several properties of BC-PRP
from healthy donors (N=10) using 3 commercial sys-
tems: ECS, The GPS, and the third system combined
ECS prepared BC-PRP and processed through the AGF
[24]. The study showed that the level of growth factors
such as PDGF and TGF-f1 were present in high levels in
PRG only after activation of the ECS or GPS PRP sam-
ples (P<0.001). However, AGF-prepared PRP samples
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Fig. 1 Flow chart summarizing the study selection procedures

showed higher levels of PDGF and TGF-P1 before the
activation, which might be the result of passing the plate-
lets and leukocytes through the fibers of the AGF filtra-
tion system. Similarly, platelet recovery was lowest in
AGEF. The authors suggested that this could be due to the
recurring passage of the platelets and leukocytes through
fibers of the AGF filtration system used to concentrate
the BC-PRP. There was an increase in WBC yield and the
pattern of increase was similar between ECS and GPS
(P<0.001); however, there was a non-significant increase
in WBC yield with ECS-AGEF. According to their results,
the total number of WBCs, neutrophils, monocytes, and

lymphocytes significantly decreased in platelet gel (PG).
To correlate the WBC after thrombin/calcium chloride
activation, myeloperoxidase (MPO) concentration was
measured. There was no significant difference in MPO
concentration between PG (ECS and GPS), indicating
that thrombin addition does not cause degranulation of
WBCs. However, the level of MPO was higher in both
BC-PRP and PRG processed using AGEF, suggesting that
leukocytes might prematurely be activated due to pro-
cessing using AGE.

Bielecki et al. studied the antibacterial effect of PRP
(N=20) and PG in different bacterial strains including:
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methicillin-resistant and sensitive S. aureus (MRSA and
MSSA), E. coli (extended spectrum beta lactamase), E.
coli, Klebsiella (K) pneumoniae, Enterococcus faecalis (E.
faecalis), and P. aeruginosa [38]. The authors collected
blood from healthy volunteers to prepare PRP using the
GPS. There was 7.6-fold increase in the mean platelet
number and a 7.9-fold increase in leukocyte yield in PRP
preparation compared to whole blood. PG was active
against the growth of S. aureus and E. coli in compari-
son with thrombin alone; however, PG showed no effect
against K. pneumoniae, E. faecalis, and P. aeruginosa
strains. In fact, the authors reported that P aeruginosa
regrowth was observed after addition of PG, suggest-
ing that PG might exacerbate infections related to this
organism. There was no antibacterial effect of thrombin
alone in any of the bacterial strains tested. In this study,
the investigators were unable to report a direct correla-
tion between the degree of antimicrobial activity of PRP
and the platelet and leukocyte count in the whole blood
or PRP.

Moojen et al. studied the antimicrobial activity of
platelet leukocyte gel (PLG) against S. aureus and the
contribution of MPO. PRP and PPP were prepared from
whole blood from 6 healthy donors [39]. To explore the
effect of different types of thrombin, PLG was prepared
by mixing PRP with autologous thrombin (PLG-AT) or
bovine thrombin (PLG-BT), while phosphate-buffered
saline (PBS) served as control. The result showed a rapid
decrease in bacterial count (log CFU/mL) for PGL-AT,
PLG-BT, and PPP. The maximum antibacterial effect for
PLG-AT and PLG-BT was observed as early as 4 and 8 h,
and the effect was largest at 12 h for PRP alone and PPP
alone, suggesting activation positively affected the effi-
cacy of PRP. The antibacterial effect of PLG-AT was sig-
nificantly larger compared to PRP alone (P<0.004) or PPP
alone (P<0.001), however, and similar to that of PLG-BT
(P<0.93). The study showed that at 24 h, bacterial growth
reached the stationary phase for all groups. To investigate
the role of MPO in antibacterial effect of PRP, the authors
measured the release and activity of MPO using the Mul-
ler Hinton broth culture medium. The authors reported
gradual release of MPO as early as 4 h in PLG-AT, PLG-
BT, and PRP alone, and MPO release was maximum at
8 h compared to PPP alone. MPO activity was compa-
rable among PRP preparations (PLG-AT, PRP only, and
PPP only). The authors reported no correlation between
MPO release, MPO activity, and antibacterial effect of
PRP preparations. The authors concluded that PRP is safe
to use in patients and has antibacterial activity that might
be effective to prevent postoperative infection.

Tohidnezhad et al. evaluated the antimicrobial effect
of PRP against less common gram-negative microbes
including E. coli, Bacillus (B) megaterium, P. aeruginosa,
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E. faecalis and Proteus mirabilis (P. mirabilis) that fre-
quently colonize wounds after orthopedic trauma sur-
gery (N=3) [23]. In the study PRP was prepared using
the liquid-preserved thrombocyte concentrate obtained
by plateletpheresis and was activated by bovine throm-
bin and calcium chloride. Human keratinocytes served
as internal positive controls and whole blood and PPP
were also used as controls. PRP effectively inhibited the
growth of E. coli (P<0.015), B. megaterium (P<0.036),
P aeruginosa (P<0.008), and E. faecalis (P<0.001) com-
pared to whole blood except for P mirabalis. To inves-
tigate the role of human beta defensin-3 (hBD-3) in
PRP-mediated antibacterial effect, hBD-3 concentration
was measured in PRP and PPP supernatant. The results
demonstrated that the hBD-3 concentration was signifi-
cantly higher in PRP (6146.3 +944.4 pg/mL) compared to
PPP (2845.4+1781.2 pg/mL) (P<0.001) supernatant. The
authors hypothesized that antibacterial effect could be
mediated via the secretion of hBD-3 as a first-line defense
in contaminated wounds and in elective application of
PRP.

In another study Tohidnezhad and coworkers evaluated
the release of human beta defensin-2 (hBD-2) as a local
antimicrobial substance following PRP treatment (N =38)
[40]. The result showed that PRG significantly inhibited
the growth of E. coli, B. megaterium, P. aeruginosa, E. fae-
calis, and P. mirabilis as indicated by the zone of inhibi-
tion of 6.444+1.30, 7.84+2.08, 5.00+0.71, 3.73+£0.41,
6.50+0.05, respectively, compared to the negative con-
trol. To investigate the role of hBD-2 in the antibacterial
effect of PRP, the authors measured the level of hBD-2 in
the PRP supernatant following activation with thrombin.
hBD-2 concentration significantly increased in activated
PRP supernatant (471 pg/10° platelets) compared to PPP
(221 pg/10° platelets) and in platelet-released growth fac-
tors (PRGF) (188 pg/10° platelets) (P<0.0001). To con-
firm the role of hDB-2, bacteria were preincubated with
anti hBD-2 antibodies. There was a significant decrease
in antibacterial activity of PRP against E. coli and P. mira-
bilis (P<0.05). This suggests that other antimicrobial
peptides might participate in antibacterial effect in com-
bating these strains.

Burnouf et al. compared the antibacterial effect of 4
distinct plasma and platelet preparations: PRP, activated
PG supernatant, solvent/detergent-treated and virally
inactivated platelet concentrate (S/D-PL) against the
following gram-positive and gram-negative bacterial
strains: S. aureus, E. coli, K. pneumoniae, E. faecalis and
P aeruginosa [30]. The authors reported that PPP, PRP,
and S/D-PL have similar total protein, fibrinogen, immu-
noglobulins, and albumins, while PG has depleted fibrin-
ogen and coagulation factors. To understand the role of
plasma complement, the authors heat-inactivated PRP,
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PPP, PG, and S/D-PL samples (30 min at 56 °C) to inac-
tivate the complement and treated bacterial strains and
compared to native complement levels. Non-activated
PRP was used as control of the starting material and also
to determine if platelets affect bacterial growth. Nutri-
tion broth and PBS were also used as controls where
applicable. The platelet counts, WBC, and RBC counts
were higher in PRP compared to PPP and there were no
detectable blood cells in PRG S/D-PL and complement-
inactivated products. The results suggested that platelet
preparations exhibited antibacterial effect as early as 3 h.
There was no detectable E. coli in native PRP, PPP, PG,
and S/D-PL at 3, 24, and 48 h corresponding to greater
than 7.5-log reduction compared to control. In contrast,
a close to 100-fold inhibition of S. aureus was seen with
native PRP, PPP, and S/D-PL (1.50, 2.10, and 1.80 log,
respectively) but not with PRG (0.23 log). Similarly, P
aeruginosa and K. pneumonia were strongly inhibited by
PRP, PPP, and S/D-PL but less by PRG, suggesting that
plasma components might play a stronger role in bacte-
ricidal effect of platelet preparation, which might not be
strongly correlated to platelets and WBC counts. This
was further confirmed by treating these bacterial strains
with heat-inactivated platelet preparations, where heat-
inactivated PRP did not inhibit the growth of Enterobac-
ter cloacae (E. cloacae), B. cereus, B. subtilis, S. aureus,
and S. epidermis. Finally, the authors concluded heat-
sensitive peptides or proteins most likely belonging to the
complement systems play a major role in the inhibition of
E. coli, P. aeruginosa, S. aureus, and K. pneumoniae.
Lietal. investigated the efficacy of leukocyte- and plate-
let-rich plasma (L-PRP) gel against MRSA using a rabbit
model of osteomyelitis (N=40) [41]. The whole blood
collected from 10 rabbits was centrifuged to prepare
PRP and L-PRP, which resulted in a 7.2-fold and 5.0-fold
increase in platelet count and leukocyte count compared
to whole blood. The osteomyelitis animal model was cre-
ated by injecting MRSA and animals were randomized to
5 groups: control (no treatment) (N=10), vancomycin
(N=10), L-PRP (N=10), vancomycin+L-PRP (N=10),
and L-PRP gel alone (N=10). There was a significant
increase in 4 growth factors (VEGF, PDGF-BB, IGF-1,
and TGF-p1) in L-PRP gel, suggesting that L-PRP throm-
bin activation of PRP releases growth factors. There was
a threefold increase in VEGF, 3.4-fold increase in PDGF-
BB, no change in IGF-1, and 4.4-fold increase in TGF-
B1 in L-PRP gel compared to whole blood. The authors
reported that there was a significant change in infection
in rabbits receiving vancomycin (P<0.02), L-PRP gel
only (P=0.088), and the lowest infection was observed
in the L-PRP gel+vancomycin group, suggesting the
synergistic effect of vancomycin and PRP. In the study,
L-PRP injection alone also exhibited infection prevention
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although the effect was more prominent in the vanco-
mycin only group. Similarly, the authors also reported
that the bone window eventually healed, indicating that
L-PRP gel could promote bone regeneration effectively
only when infection was controlled. The authors con-
cluded that L-PRP gel with high platelet and WBC is not
only effective in promoting soft tissue and wound healing
but also in interaction with bacterial contaminants.

Aktan et al. evaluated the effects of equine platelets on
bacterial growth of E. coli and S. aureus and their ability
to release products with anti-microbial properties [25].
Both PRP and PPP significantly inhibited the growth of
E. coli following activation with thrombin. To determine
if E. coli-derived lipopolysaccharide (LPS) and S. aureus-
derived lipoteichoic acid (LTA) activate platelets, the
authors evaluated expression of P-selectin. The result
showed that LPS and LTA activate platelets as shown by
increased P-selectin expression; however, LPS and LTA
failed to increase platelet superoxide production or het-
erotypic aggregate formation following activation with
thrombin. The study also reported that co-incubation of
activated platelets with neutrophils did not increase neu-
trophil superoxide production, but platelets enhanced
superoxide anion release from equine neutrophils,
which was demonstrated by measuring phagocytosing
opsonized zymosan. The authors concluded that equine
platelets are capable of releasing ROS that could assist in
bacterial killing.

Li et al. evaluated the antibacterial effect and wound
healing property of PRP in bacterial strains (MRSA,
MSSA, E. coli, group A streptococcus, Pseudomonas,
Neisseria gonorrhoeae) isolated using a spine infection
model. To understand the role of thrombin in PRP activa-
tion, the authors tested different concentrations of bovine
thrombin (20, 100, and 200 IU/mL) [42]. The results dem-
onstrated that there was a correlation between thrombin
concentration and PRP activation as fewer granules were
observed in platelets with increased concentration of
thrombin. PRP following activation decreased in colony
formation units (CFU) of MRSA, MSSA, group A strep-
tococcus, and Neisseria gonorrhoeae in the first 2 h com-
pared to control. PRP did not show any significant effect
in P aureus and E. coli whereas PPP did not show any
effect in any of these bacterial strains. Similarly, in animal
models the surgical site with bacterial challenge showed
elevated bumps but the bumps were relatively smaller in
size in the PRP-treated group, illustrating improved bone
healing. The authors concluded that PRP has antimicro-
bial properties and that its antimicrobial properties are
bacterial strain specific.

Edelblute et al. studied the efficacy of human platelet
gel supernatant against opportunistic wound pathogens
Acinetobacter (A) baumannii, P. aeruginosa, and S. aureus
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on skin [43]. The authors used the supernatant from the
expired platelets and compared the efficacy of different
activators (10% calcium chloride or bovine thrombin or
platelet electric field [PEF]). Minimally manipulated qui-
escent platelet pellets were used as control. The study
showed that human platelet gel supernatants were highly
bactericidal against A. baumannii (P<0.001) and mod-
erately significant decrease in S. aureus (P<0.051) but
growth of P. aeruginosa was not affected except for plate-
let gel supernatant activated by PEE. A low yet signifi-
cant inactivation level was observed in an ex vivo model.
The authors also reported that the supernatants col-
lected from activated PRP were effective at inhibiting the
growth of bacteria on skin in vivo with respect to control
(P<0.05). The authors suggested that the minimal differ-
ence in antibacterial activity from control and treatment
gels might support the idea that platelets were preacti-
vated during the collection and storage.

Intravia et al. investigated antibacterial properties of
two different PRP preparations: with low (PRP-LP) and
high platelets (PRP-HP) (N=2) [28]. Whole blood was
obtained from 2 donors and processed to prepare PRP as
follows: a single spin process yielding lower WBCs and
platelet concentration (PRP-LP) (autologous conditioned
plasma) and high platelet yield and WBC concentra-
tion preparation (PRP-HP) (GPS II, Biomet). The results
showed that with PRP-LP and PRP-HP there was a~3-
to sixfold increase in platelets and~0.11- to 2.2-fold
increase in WBCs. Both PRP-LP and PRP-HP showed
significant decreases in bacterial growth of S. aureus,
S. epidermis, MRSA, and Propionibacterium acnes (P,
acnes) (P<0.05) at 8 h. PRP preparation was equally effi-
cacious in inhibiting the growth of bacterial strains tested
as cefazolin antibiotics. The study concluded that despite
differences in platelet and WBC concentration between
PRP-LP and PRP-HP, there was no substantial difference
in antibacterial activity of these 2 PRP preparations, sug-
gesting that the numbers of platelets and leukocytes do
not directly affect antibacterial activity.

Frelinger et al. estimated the ability of PEF, bovine
thrombin, and thrombin receptor-activating peptide
(TRAP) to activate human PRP and compared the release
of procoagulants markers, growth factors and the capac-
ity of PRP on cell proliferation (N=5) [9]. PRP was pre-
pared using Harvest SmartPReP 2 system following
manufacturer’s instructions. PRP treated with 0.9% NaCl
was used as vehicle control and PRP treated with Triton
X-100 was used to assess total growth factor levels. The
results showed that P-selectin and CD41-positive parti-
cles were significantly increased by PRP-activated differ-
ent methods mentioned previously. Similarly, the authors
also reported that the release of proangiogenic growth
factors (PDGF and EGF) and anti-angiogenic growth
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factor (PF4) was significantly higher in activated PRP
(P<0.05) compared to control. The study also found that
factors released from PFE-activated PRP, but not bovine
thrombin-activated or TRAP-activated PRP, signifi-
cantly increased cell proliferation compared to control
(P<0.05), as indicated by increased annexin V-positive
particles. A significant correlation was reported between
the level of PDGF present in the lysate and cell prolifera-
tion. The authors concluded that PEF may be a superior
alternative to the current standard of bovine thrombin
for activation of therapeutic PRP.

Mariani et al. compared in vitro antibacterial activity of
L-PRP and pure PRP (P-PRP) and studied the contribu-
tion of leukocytes to microbial properties in the follow-
ing bacterial strains: E. coli, S. aureus, K. pneumoniae, P
aeruginosa, and E. faecalis (N =10) [14]. The whole blood
was collected and processed manually by single centrifu-
gation to obtain P-PRP and by double centrifugation to
obtain L-PRP. To reflect the real-world scenario where
hemoderivatives could be used for a patient’s treatment
after collection and storage, the authors utilized the cryo-
preserved fraction (L-PRP cryo) of PRP as well. L-PRP,
P-PPP, and L-PRP cryo exhibited antibacterial effect
for up to 4 h, depending on the bacterium. The growth
inhibition ranged between 1 and 4 Log (correspond-
ing to inhibitions from 10 to 10.000 CFU/mL); however,
there was no growth inhibition with the PRP prepara-
tion after 18 h. The authors also evaluated the release of
microcidal proteins. The result showed that there was a
strong correlation between the microcidal protein release
(such as CCL-3/MIP-1a, CCL-5/RANTES, CXCL/Gro-a,
CXCL-8/IL-8, CXCL-7/NAP-2, CXCL/SDF-1a, and IL-6)
and bacterial inhibition as early as 2 h. E. coli inhibi-
tion showed correlation with RANES, Gro-a, and SDF-1
a concentration. The inhibition of S. aureus growth
showed significant correlation with all microcidal pro-
teins released (P<0.01 to P<0.005) except IL-6. Similarly,
correlation between was reported with K. pneumoniae,
P aeruginosa, and E. faecalis and microcidal proteins
released. The authors suggested that 3 molecules (NAP-
2, SDF-1a, and IL-6) displayed the strongest correlation
with bacterial growth inhibition with all strains of bacte-
ria tested. The concentration of microcidal protein con-
centrate was higher in L-PRP compared to L-PRP cryo
and PRP. The authors concluded the in vitro antibacterial
effectiveness of L-PRP, PRP and of cryo-preserved L-PR.
The strongest correlation was observed between micro-
bial activity against S. aureus, K. pneumoniae, P. aureus,
and cytokines NAP-2, SDF-1a, and IL-6 although sig-
nificant correlation was observed with other cytokines
tested.

Lu et al. assessed chitosan—gelatin sponge (CSGT) as a
vehicle to deliver PRP [36]. The authors were able to show
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that CSGT had good thermostability and mechanical
properties as well as efficient water absorption and reten-
tion capacities. The in vitro study showed that CSGT
effectively inhibited the growth of E. coli and S. aureus,
and CSGT healed wounds quickly in animal studies.
Additionally, acceleration of wound healing was observed
in CSGT loaded with PRP. The authors suggested that
CSGT and CSGT with PRP were suitable for applications
as wound dressings and may have potential for use in var-
ious biomedical applications.

Bayer et al. assessed the influence of PDGF on hBD-2
antimicrobial peptide in human primary keratinocytes
and the influence of Vivostat" PRF on hBD-2 expres-
sion in experimentally generated skin wounds in vivo
[21]. Primary human keratinocytes were stimulated for
24 h with different concentration of PDGF ranging from
1:10 dilutions to 1:50 dilutions and hBD-2 expression was
evaluated. The results showed that PDGF significantly
stimulated hBD-2 expression after 24 h (P<0.01) com-
pared to control (cell culture medium) and the expres-
sion was mediated through activator protein 1 pathway.
The authors also have shown that PDGF stimulated pri-
mary keratinocytes to produce IL-6 as early as 4 h. To
analyze the influence of Vivostat" PRF on the hBD-2
expression, wounds were treated with Vivostat" PRE. The
result showed that expression of hBD-2 was significantly
increased by Vivostat = PRF compared to control (treated
with NaCl 0.9%). The authors conclude that hBD-2
induction by thrombocyte concentrates could contribute
positively to chronic and infected wound healing.

Bayer et al. assessed the influence of PDGF on primary
keratinocytes proliferation by measuring the expression
of Ki-76, a marker for cell proliferation (N=10) [34].
PDGF caused a significant decrease in Ki-67 expression
in a time-dependent manner, independent of the epithe-
lial growth factor receptor (EGFR) or IL-6-R pathways,
suggesting reduced cell proliferation. The study con-
cluded that topical therapy using thrombocyte concen-
trate lysate as PDGF or Vivostat' PRF enhances wound
healing but that was not based on enhanced keratinocyte
proliferation.

Cetinkaya et al. investigated the antimicrobial effect
and wound healing potential of PRF in rat model (N="72)
of MRSA bacteria [44]. A superficial wound was cre-
ated, and infection was induced by injecting 0.1 mL
(3 x 108 CFU/mL) of MRSA. PRP was embedded within
the cavity within 5 min of MRSA incubation. The inflam-
mation score was significantly reduced when PRP, van-
comycin, and vancomycin 4+ PRP groups were compared
with the MRSA group (P<0.001, P=0.04, and P=0.04,
respectively); however, vancomycin+PRP was found
to be most effective. The authors also proposed that
vancomycin 4+ PRP might have a synergistic effect, and
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concluded that PRP alone, vancomycin alone, and van-
comycin+PRP increased wound healing and decreased
bacterial counts.

Cetinkayaet al. demonstrated antibacterial activity of
PRP against MRSA, vancomycin-resistant Enterococcus
sp. (VRE), extended and spectrum, beta lactamase pro-
ducing K. pneumoniae, and carbapenem-resistant P. aer-
uginosa (N=10) [45]. The bacterial strains were isolated
from the deep wound tissue of patients. In the PRP group
there was a 9.4- and eightfold increase of platelet count
and WBC count compared to whole blood. The study
showed that both PRP and PPP significantly suppressed
growth of MRSA, K. pneumoniae, and P. aeruginosa as
early as 1 h (P<0.005) and the effect was persistent up
to 10 h compared to control. The effect of PRP against
MRSA and P. aeruginosa was significantly higher com-
pared to PPP. PRP and PPP showed limited activity
against VRE.

Cieslik-Bielecka et al. evaluated the antibacterial effect
of L-PRP against selected bacterial strains (MRSA,
MSSA, extended spectrum beta-lactamase, E. coli, K.
pneumoniae, E. faecalis, and P. aeruginosa) in vitro, and
correlated antimicrobial effect with leukocyte and plate-
let counts (N =20 healthy males) [46]. The result showed
that L-PRP was activated using different concentrations
of thrombin and calcium chloride, and the activated
products were tested in following groups: G1, 20 pL
of L-PRP and 5 pL of autologous thrombin (gelatinous
mass); G2, 20 pL of L-PRP and 2 pL of autologous throm-
bin (gelatinous mass); G3, 25 pL of liquid L-PRP; G4, 25
uL of autologous thrombin; G5, 20 pL of L-PRP and 5 ul
of bovine thrombin in a calcium chloride solution; G6, 20
pL of L-PRP and 2 pL of bovine thrombin in a calcium
chloride solution; and G7, 25 pL of bovine thrombin in
a calcium chloride solution. The results did not demon-
strate a statistically significant correlation between anti-
bacterial effect of L-PRP and platelet count. However,
there was a significant correlation between leukocyte
subtype and antibacterial effect of L-PRP. Overall, L-PRP
exhibited leukocyte subtype mediated in vitro antibacte-
rial activity against MRSA, MSSA, E. faecalis, and P. aer-
uginosa, but no antibacterial effect was demonstrated for
E. coli, and K. pneumonia.

Li et al. evaluated the potential mechanism underlying
the effect of PRP when used in diabetic foot ulcer in vitro
model. In this study, the diabetic foot ulcer model was
created by infecting HaCAT human keratinocytes with
S. aureus (10-10* CFU/mL) and co-cultured in high glu-
cose condition [29]. The whole blood was collected from
diabetic patients without active sign of infection and any
coagulation disorder and processed further to produce
PRP. The study used extract of PRP (EPG) without acti-
vation by activators and PRG which was produced by
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centrifuging PRP and by activating using calcium gluco-
nate/thrombin to produce PRG. The result showed that
with co-culture of HaCAT and S. aureus, there was signif-
icant decrease in cell proliferation of HaCAT cells, sug-
gesting that S. aureus impeded normal cell proliferation.
The study found that both EPG and PRG significantly
reduced bacterial count compared to PPP; however, after
36 h there was no difference among PRP, EPG, and PPP.
EPG (20%) protected HaCAT cells from damage caused
by S. aureus and promoted cell proliferation and the
observed effect was very much dependent upon the con-
centration of EPG (60% did not show similar response).
It was shown that EPG significantly reduced PDCD4 and
NF-xB expression and prevented nuclear translocation
of p65 protein as compared to control. IL-6 and TNF-a
were significantly increased in HaCAT cells transfected
with bacteria and EPG reduced the expression of IL-6
and TNF-a, suggesting overall inhibition of inflammatory
response.

Knafl et al. evaluated the release of amikacin, teicopla-
nin, or polyhexanide from a PRF layer (N=10) [33]. PRF
was prepared using whole blood collected from 5 donors
using Vivastat" PRF and delivered in a patch contain-
ing amikacin, teicoplanin, and polyhexanides. PRF with
amikacin or teicoplanin inhibited growth of S. aureus, P
aeruginosa, and K. pneumoniae until day 6 and increased
wound healing due to slow release of amikacin and teico-
planin compared to control. PRF plus polyhexanide did
not inhibit the bacterial growth, and the authors sug-
gested that use in combination of PRF with polyhexanide
is not recommended.

Roézalski et al. assessed the killing effect of platelets
against planktonic and biofilm cultures of S. aureus
and tested the synergistic effect of PRP with different
antibiotics (oxacillin, vancomycin, and linezolid) [31].
The authors used expired platelet concentrates (N=5,
within 1-3 days after the expiry date) and divided them
in the following experimental groups: a) a suspension
of unstimulated cells, b) a suspension of platelets after
adenosine diphosphate (ADP) stimulation, c¢) and d) cell
lysates prepared from unstimulated and stimulated cells,
respectively. The authors used ADP to activate platelets
instead of thrombin. The authors reported that “expired”
platelets and their lysates significantly reduced the pop-
ulation of S. aureus and also decreased metabolic activ-
ity of biofilm formation, suggesting that even after the
expired time for transfusion (total time 6—8 days of life),
platelets maintain significant microbicidal activity. The
authors also claimed that antibacterial activities were
enhanced after activation with ADP compared to unstim-
ulated platelets. Platelet lysates showed a synergistic
effect with oxacillin and vancomycin but not with line-
zolid, suggesting interference with the cell wall synthesis.
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Preclinical literature
Nimal et al. assessed the efficacy of tigecycline nanopar-
ticles loaded into chitosan-PRP hydrogel in inhibition of
S. aureus growth [47]. Tigecycline and tigecycline nano-
particle-incorporated chitosan gel exhibited antibacterial
activity against S. aureus. The authors concluded that the
gel system could serve as an effective medium for antibi-
otic delivery when applied on the infection sites to effec-
tively forestall various skin infections caused by S. aureus.
Shibata et al. evaluated the effectiveness of controlled
release of PRP from biodegradable gelatin hydrogen
using a rabbit ischemic sternal model. PRP was pre-
pared using the whole blood from Japanese white rab-
bits (N=16) [37]. The rabbits were randomized to 4
groups: (a) 300 pL of PBS, (b) 300 pL of PRP solution, (c)
30 mg of gelatin hydrogel incorporating 300 uL of PRP
(PRP + hydrogel), and (d) control group (no treatment).
The results showed that the fibrotic area ratio with frac-
ture area was significantly higher in the PRP + hydrogel
group (22.7%, 95% confidence interval [CI] 12.03-33.27)
compared to control (11.4%, 95% CI 12.03-33.27) and
PRP alone (13.2%, 95% CI 8.81-17.51). Bone regenera-
tion was further investigated using osteocalcin staining.
The osteocalcin staining was significantly higher for the
PRP + hydrogel group (17.3%, 95% CI 12.74—21.83) than
the control or PRP alone group (P<0.05). The authors
concluded the controlled release of PRP using hydrogel
might be an effective way to enhance sternal healing.
Yassin et al. compared the efficacy of PRP wafers
and PRP powder in terms antibacterial and healing
effects using in vitro and ex vivo animal models [48].
The authors used blood collected from consented
patients to prepare PRP, and PRP was further processed
to prepare lyophilized PRP powder using freeze dry-
ing (Christ, Alpha 2—4 LD plus) and PRP wafers using
sodium carboxymethylcellulose. The authors reported
that wafers maintained the desired appearance of a
wound dressing and displayed the stable storage char-
acteristics as revealed by scanned electron microscopy.
The platelet count was similar in all PRP products:
PRP (1.5x 10° platelets/uL), lyophilized PRP pow-
der (1.6 x 10° platelets/uL), and PRP wafers (1.7 x 10°
platelets/uL), suggesting that lyophilization did not
affect platelet count. All PRP products exhibited anti-
bacterial effect against A. baumannii, suggesting the
different formulations did not compromise the activ-
ity of PRP. Both lyophilized power (P<0.0002) and PRP
wafer (P<0.0001) had a better healing effect as sug-
gested by the wound size and re-epithelization of the
wound healing from day 1. The authors concluded that
PRP wafers showed the desired characteristics in terms
of the water loss percentage, platelet count, content
uniformity, and hydration and provided better results
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than lyophilized PRP powder in an antimicrobial effi-
cacy test, wound size measurements, and histopatho-
logical analysis. The authors suggested that PRP wafers
might offer an effective pharmaceutical delivery system
for the application of PRP to a wound area.

Ikono et al. used chitosan-PRP nanoparticles to
improve the viability of PRP and prolong release of
growth factors [49]. The results demonstrated that chi-
tosan-PRP nanoparticles had strong antibacterial activity
against Streptococcus mutans (S. mutans) (90.63% inhi-
bition), suggesting a novel mechanism to deliver PRP in
wounds to promote healing.

Farghali et al. compared treatment with autologous
PRP prepared with the double spin method, to treatment
with topical clindamycin in MRSA infected, full thick-
ness cutaneous wounds [50]. Wounds 30 mm in diameter
(9 mm? in area) were created on the thoracic region in
6 dogs. The wounds were inoculated with MRSA iso-
lated from a naturally infected wound in a non-experi-
mental dog. The control group (n=3) was treated twice
daily with topical clindamycin and the experimental
group (n=3) received a subcutaneous injection of 3 mL
calcium chloride-activated autologous PRP prepared
by the “2-spin” method once each week on days 7, 21,
and 28. Calcium chloride-activated PRP inhibited the
growth of MRSA in vitro at a dilution of 1:4 in the sam-
ple taken before conducting the experimental infection.
The minimum inhibitory concentration (MIC) against
MRSA revealed a pattern of fourfold increases; it reached
1:16 after 1 week of treatment with PRP and continued
increasing through the second week of treatment to
inhibit the growth of MRSA at 1:64 in the third week of
treatment. In contrast, the non-calcium chloride—acti-
vated PRP in which platelets did not release biologically
active components did not show any inhibitory effect.

After 1 week of infection, the wound area had reached
93.04+ 4.4 mm? in the control group and 93.04 1.7 mm?
in the PRP-treated group. After 1 week of PRP treatment,
the wound size was smaller in the experimental group
than in the control group. The wound size at week 1 was
24.14+1.6 mm? in the control group and 8.6+0.7 mm?
in the PRP-treated group. At the 2nd week, the wound
size in the control group was 25.0410.6 mm? while that
in the PRP treated group was 2.24+0.2 mm?”. At the 3rd
week, the wound size was 5.342.9 mm? in the control
group and 0.5+ 0.2 mm? in the PRP-treated group. A sig-
nificant size reduction (P<0.05) was found after 1 week
of treatment. The wound contraction percentage was
elevated (P<0.05) in the PRP-treated group compared to
the control group at all intervals, with a significant eleva-
tion at week 1. The re-epithelization rate percentage was
significantly increased in the PRP-treated group at week
2.
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The PRP experimental group demonstrated superior
healing by all measures: bacterial counts from wound
biopsies decreased significantly over time. Expression of
TNF-a and VEGE-A genes were increased in the wound
tissue of the PRP group versus the control group, as was
the concentration of malondialdehyde and glutathione
reductase. Clinical examination/measurement, clini-
cal examination, bacterial growth evaluation, biochemi-
cal assessment of oxidative stress, quantification of the
expression of growth factor and cytokine genes, histo-
pathological analysis, and immunohistochemical evalua-
tion all suggested that PRP had a strong effect on MRSA;
however, notably this effect was only observed when the
PRP was activated with calcium chloride.

Clinical studies

Dorge et al. investigated the use of PRP in high-risk
patients undergoing cardiac surgery with full sternotomy
[5]. Patients qualified as high risk by having at least one
of the following risk factors: diabetes mellitus (oral anti-
diabetic or insulin-dependent), chronic obstructive lung
disease (inhaled steroids), renal insufficiency (chronic
dialysis), obesity (body mass index>30 kg/m?), left ven-
tricular function (ejection fraction<35), age>80 years,
use of double internal mammary artery, or chronic use of
systemic corticosteroids. After giving informed consent,
patients were prospectively randomized to sternal appli-
cation of PRP (n=97) or to the control group (n=99)
that received standard wound care. Both groups received
prophylactic 3 x2 g cefazolin intravenously (IV) after
induction of anesthesia. PRP was prepared and simul-
taneously injected in sternal edges along with thrombin
using recommended dual spray applicator. The results
showed that the use of PRP (n=6, 6.2%) did not reduce
the incidence of DSWI compared to the control group
(n=3, 3.0%) (P<0.293). The authors concluded that local
application of PRP in cardiac surgery patients with full
sternotomy at high risk for sternal complications did not
reduce the incidence of DSW1.

Serraino et al. retrospectively evaluated whether
PRP application inside the sternotomy wound after
sternal closure can prevent sternal wound infections
(both superficial sternal wound infection and DSWT)
(N=1093) [32]. In the study, PRP following activation
with thrombin and 10% calcium chloride was applied to
the sternal region before closure of the subcutaneous tis-
sues. Patients in the control group underwent sternotomy
without PRP and received standard care. Patients in both
control (n=671) and PRP (n=422) groups received pro-
phylactic teicoplanin (400 mg/day IV) and ciprofloxacin
(2 x 400 mg/day IV) until postoperative day 5, and were
followed up at 1 week and 1, 6, and 12 months postopera-
tively. The result showed that 0.2% of patients developed
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DSWTI in the PRP group versus 1.5% in the control group
(P<0.043), while the incidence of surgical site infection
(SSI) was 0.5% in the PRP group versus 2.8% in control
group (P<0.006). The authors concluded that PRP effec-
tively reduces the incidence of both SSI and DSWI in
sternotomy patients.

Patel et al. assessed the addition of PRP to standard
wound care in all patients undergoing sternotomy for
cardiac surgical procedures (N =2000) [4]. The data were
collected prospectively from the patients undergoing
open cardiac surgery requiring sternotomy and analyzed
retrospectively. PRP was prepared using FDA-approved
Magellan® Autologous Platelet Separator System (Arteri-
ocyte Medical Systems) and was activated using thrombin
and calcium chloride. There was no significant difference
in patient demographics in PRP group (n=1000) versus
control group (n=1000), except there were more ven-
tricular assist device implants/heart transplants patients
in the PRP group. The authors reported that the use of
PRP reduced the incidence of DSWI from 2.0 to 0.6%,
surgical wound infection from 8.0 to 2.0%, and the read-
mission rate from 4.0 to 0.8%. The authors also demon-
strated cost/benefit of using PRP in DSWI and surgical
infection prevention. The use of PRP reduced the costs
associated with the development of deep and superfi-
cial wound complications from $1,256,960 to $593,791,
which is nearly a 50% decrease in the cost of care. The
authors concluded that PRP decreased the incidence of
sternal wound complications following cardiac surgery.

Wozniak et al. qualitatively assessed microbial flora in
venous leg ulcers following single intradermal injection
with PRP injected to ulcer margin [51]. The study was
uncontrolled (no positive or negative control) for the
bacterial plating. The study showed that PRP therapy sig-
nificantly improved healing in 61.8% of subjects (N =34).
The microbial analysis identified 81 varieties of microbes
and the majority of cultures from a single swab from the
patient (73.5%) showed the presence of multiple spe-
cies. Gram-positive bacteria were isolated from over 30%
of patients and gram-negative bacteria from 59%, with
anaerobic bacteria and fungi making up 9.6% and 1.2%,
respectively. The most commonly isolated gram-posi-
tive bacterial species included S. aureus, E. faecalis, and
Bacteroides fragilis (B. fragilis), and the most commonly
reported gram-negative bacterial strains were non-fer-
menting bacilli, P aeruginosa, A. baumannii, and Steno-
trophomonas maltophilia, Enterobacteriaceae, Serratia
marcescens, Morganella (M) morganii, E. coli, P. mirabi-
lis, K. oxytoca, and E. cloacae. The study reported that
there were increased numbers of isolates after PRP treat-
ment for MSSA, Streptococcus group B, M. morganii,
E. coli, P. mirabilis, K. oxytoca, E. cloacae, P. aeruginosa,
Bacteroides fragilis, Prevotella denticola, and Candida
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albicans; however, the authors observed a visible reduc-
tion in overall plated bacterial colonies in about half the
patients. PRP therapy showed a marked increase in the
isolation ratio of MRSA and E. coli. The study concluded
that local application of PRP on the surface of venous
ulcer reduces the number of colonies and, in contrast,
also contributed toward an increased variety of bacterial
flora in some cases.

In a retrospective study, Hamman et al. evaluated the
topical application of autologous platelets concentrate
and vancomycin in preventing DSWIs in patients under-
going a cardiac surgical procedure with full sternotomy,
and who had not previously undergone coronary artery
bypass, graft or value surgery or other procedures requir-
ing sternotomy (N=1866) [3]. The patients received
prophylactic antibiotics in accordance with national
guidelines 1 h before and 48 h after the procedure. Fol-
lowing activation with 5 mL of 10% calcium chloride,
PRP was mixed with 2 g of vancomycin hydrochloride
powder and the paste was applied to the edges of the ster-
num just before closure. The investigators reported that
incidence of DSWI was significantly decreased by PRG
(n=>548) compared to historical controls who did not
receive the PRG (n=1318). During the study 4 patients
in the control group developed severe DSWI 4 months
after the surgery while no patients in the experimental
group developed DSWI.

Englert et al. examined the effect of PRP (n=30) vs.
platelet poor plasma (PPP, n=15) on postoperative ster-
nal wound infection and evaluated pain reduction (chest
and leg pain), amount of decreased bruising area, and
platelet indices under preoperative and postoperative
conditions [52, 53]. PRP was prepared by the Magel-
lan Autologous Platelet Separator System (Medtronic)
that increased platelet concentration by almost 5 times
and was activated using calcium chloride and thrombin.
The results suggested that the application of PRP before
the closure of the leg incision after the saphenous tissue
harvest, and before sternum wiring results in decreased
chest pain and leg pain as early as day 1 as compared to
PPP control group.

Tran et al. evaluated the effects of activated PRP on
diabetic foot ulcer healing (N=6) [54]. All patients had
non-healing foot ulcers and multiple comorbid condi-
tions. The authors used calcium chloride to activate
both PRP and PPP. Activated PRP was applied as fibrin
gel in the wound, activated PPP was injected in the dia-
betic foot ulcer from days 4 to 8, and patients were moni-
tored for 12 weeks. The results showed that 100% (6/6)
of the ulcers completely closed after about 7 weeks, and
no adverse events were reported. The authors concluded
that activated PRP injection was an effective method to
treat the non-healing foot ulcers.
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Vang et al. randomized 38 patients to receive either
autologous platelet gel or standard care to treat the ster-
num wound and the saphenous vein harvest site after
coronary artery revascularization [55]. The authors eval-
uated postoperative pain, discoloration/bruising, and
surgical site infection. All patients had multiple comor-
bid conditions and comorbidities were similar between
groups. In the treatment group, 87% of patients experi-
enced less pain on the sternum on postoperative day 1
versus 67% in the control group. No patient experienced
either superficial or deep sternal wound infection; how-
ever, one patient in each group was diagnosed with infec-
tion at the saphenous vein harvest site. Patients differed
in postoperative wound care and platelet count and the
study was underpowered so the authors could not assign
outcomes to a particular therapy.

Discussion

Cutaneous wound healing comprises 3 distinct phases:
inflammation, proliferation, and maturation. In an
infected wound, the combination of bacterial endotoxins,
proteolytic enzymes, release of growth factors and met-
alloproteinases causes aggravated inflammation, thereby
affecting the cellular machinery needed for cell prolif-
eration and wound healing [56]. The resolution of the
inflammatory response is essential for completion of the
cycle and for successful wound healing.

Bacterial infection of cutaneous chronic wounds is a
serious, life- and limb-threatening complication, impair-
ing wound healing and tissue regeneration and poten-
tially leading to septic shock. Host status, blood glucose
level/diabetes, albumin levels/nutritional state, age, and
body mass index are just a few of the risk factors that
contribute to increased risk of chronic wound infection.
Standard care of infected wounds includes debridement,
relief of pressure, application of antiseptics, various anti-
infective dressings, hyperbaric oxygen therapy, negative
pressure wound therapy, and antibiotics. Standard care
therapies are effective in most wounds; however, a minor-
ity are recalcitrant to these therapies. In addition, the
evolution of antibiotic-resistant organisms such as MRSA
has prompted clinicians to seek an alternative/adjunctive
method for treatment and prevention of wound infection
[2].

In this systematic literature review, we aimed to (1)
identify evidence supporting or refuting the efficacy of
PRP as an antibacterial agent for prevention of DSWI
and wound healing, and if effective, identify proposed
mechanism/s, and (2) identify gaps in the evidence for
an antibacterial effect of PRP. In addition to these pre-
specified objectives, a post-hoc assessment of data from
this SLR was conducted to identify ideal characteristics
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of PRP specific for cardiothoracic surgery which may
impact clinical findings and guide clinical use.

The following research questions drove our analy-
sis: Does PRP exert an antibacterial effect? What types
of bacteria are affected by PRP? Is PRP bactericidal or
bacteriostatic? Is there a synergistic effect of between
antibiotics and PRP on bacterial killing? What is the
mechanism involved in the antibacterial effect of differ-
ent components of PRP, and can it be enhanced?

Does PRP exert an antibacterial effect?

The literature gleaned in this review reveals some contra-
dictory outcomes. Seven clinical therapeutic trials were
evaluated in this review [3-5, 32, 52, 54, 55], and one
trial evaluating flora isolated from chronic leg ulcers [51].
Four trials evaluated DSWTI after cardiac procedures in
wounds treated with either PRP or standard care. Of the
four studies, one found a negative result, with no benefit
observed for PRP against standard care for DSWI. The
other three all had positive results; however, all studies
were underpowered to rule out chance instead of a true
effect of PRP. One group used an incorrect comparative
statistical test for the primary outcome [32]. A retrospec-
tive cohort study by Patel et al. with a thousand patients
in each group demonstrated a reduction in the incidence
of DSWI from 2% in controls to 0.6% in the PRP group
[4]. Post hoc power and sample size analysis (Table 8, last
column) suggests that this study is adequately powered
but the retrospective nature of the study and the lack of
a priori sample size determination forces a consideration

Table 8 Power and sample size calculations (2-tailed)

Required sample size a Achieved
priori power post
hoc
Input
Proportion p2 0.01 0.016 0.026
Proportion p1 0.03 0.006 0.1
aerr prob 0.05 0.05 0.05
Power (1 — 3 err prob) 0.8 0.8 -
Allocation ratio N2/N1 1 1 -
Sample size group 1 - - 1000
Sample size group 2 - - 1000
Output
Critical z 1.9599640 1.9599640 —1.9599640
Power (1 — B err prob) - - 0.9999995
Sample size group 1 769 1707 -
Sample size group 2 769 1707 -
Total sample size 1538 3414 -
Actual power 0.8005067 0.8000975 -

z tests—proportions: difference between 2 independent proportions [4, 56]
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of selection bias. A randomized controlled trial (RCT), or
larger observational study to collect real-world evidence
to further evaluate PRP for the prevention of DSWTI is
required to confirm these findings.

The incidence of DSWT is relatively rare, occurring in
between 1.6 and 3% of patients after cardiac procedures
[57]. As a rare and serious condition, the sample size
required to ensure that there is a true difference between
the groups is very large. For example, to find a reduc-
tion from 3 to 1% with 80% power would require 769
patients in each group (Table 8, first column); however,
3% is a high estimate of incidence. In a cohort of 176,537
patients, Sears et al. observed an incidence of DSWT of
1.6% [57]. To find a reduction from 1.6 to 0.6% would
require 1707 patients in each group (Table 8, second
column).

None of the clinical studies in this review were of ade-
quate quality to draw a conclusion for an intervention,
ranging from Oxford evidence level 2b to level 4 [26].
There were multiple sources of bias, such as none of the
clinical studies calculated power and sample size a priori
and all except Patel et al. were underpowered to find a
true difference between the groups. In addition, none
were blinded, and most were retrospective; as a result,
selection bias cannot be ruled out. Further, the variability
in production of the PRP and protocols for administra-
tion needs to be reduced in order to draw conclusions
about efficacy of this therapy.

Despite the rarity of DSWI, the large number of cardiac
procedures (600,000/year in the US) and the seriousness
of the diagnosis for the patient and burden to the health-
care system warrants continued intensive research on
treatment options to prevent and treat it [57].

Two additional clinical studies evaluated the efficacy of
PRP for saphenous vein harvest site and for diabetic foot
ulcers. Both had low sample size and were poorly con-
trolled, and thus were level 4 studies [29, 54].

The in vitro data were also somewhat contradictory in
terms of efficacy against specific bacteria. Most authors
agreed that platelet preparations are active in varying
degrees against bacterial strains common in wounds
including MRSA, MSSA, E. coli (extended spectrum beta
lactamase), K. pneumonia, E. faecalis, P. aeruginosa, B.
megaterium, P. mirabilis, E. cloacae, B. cereus, B. subtilis,
S. epidermidis, and A. baumannii [15, 28, 31, 39, 40, 42].
However, when considering specific bacterial species (P
mirabalis and P. aeruginosa for example), results were
inconsistent. This is in line with efficacy of specific exist-
ing antibiotics against targeted bacterial species; simi-
larly, autologous PRP is unlikely to be a universal therapy
against all bacterial species. Some authors reported that
bacterial growth was inhibited only during the early
period of incubation (as early as 0.5 h after treatment
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with PRP) with later regrowth of bacteria observed, sug-
gesting a transient effect of PRP or the need for an addi-
tional dose as antimicrobial factors are exhausted [28,
39]. Other groups suggested that PRP did not inhibit
the growth of P aeruginosa, instead suggesting that it
may cause an exacerbation of infection with this organ-
ism [15]. In contrast, other authors concluded that PRP
inhibited the growth of this bacterium [40]. Similar
observations were reported in the growth inhibition of P
mirabalis [23].

The contradictory findings are in part due to heterog-
enous methods of PRP preparation, activation, admin-
istration, and inadequate sample size and power, and in
part due to the heterogeneity of the target for treatment.
In addition, the PRP produced for the bench experiments
was isolated from healthy subjects, which may not corre-
late with PRP isolated from individuals with comorbidity
and infection. There are multiple strains of bacteria in the
wound environment, frequently resulting in polymicro-
bial infections, and successful treatment depends upon
the type of wound and host status. Calcium chloride is
the most commonly utilized activator but several stud-
ies reported other methods of activation such as freeze/
thaw, bovine thrombin, autologous thrombin, or calcium
gluconate. Differences in PRP processing methods and
the lack of a standardized protocol for optimal yield of
platelets, leukocytes, and various cellular components
and antimicrobial proteins introduce confounders and
heterogeneity that make it difficult to accurately assess
efficacy.

What types of bacteria are affected by PRP?

Despite the heterogeneity in the studies in terms of PRP
preparation, treatment targets, and experimental meth-
ods, most studies consistently show that PRP is most
effective against gram-positive bacteria, including the
difficult to treat gram-positive species MRSA [15, 39,
40, 43, 50]; however, some authors have shown activity
against gram-negative species such as E. coli [25, 30]. Per-
haps the most well-designed and compelling study in this
review to demonstrate efficacy of PRP against MRSA was
the canine study by Farghali et al. [50]. This study found a
remarkable improvement in MRSA-infected wound heal-
ing with a number of well-controlled measures versus the
control group treated with clindamycin.

Is PRP bactericidal or bacteriostatic?

PRP is both bactericidal and bacteriostatic. Depending
on the bacterial load, host status, bacterial type, and the
overall “dose” of PRP, it may achieve the MIC and over-
come the rate of bacterial growth enough to stop replica-
tion. If the dose of PRP is insufficient, it may slow growth
but be subsequently overcome as the antimicrobial
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aspects of PRP are depleted over time. Several authors
suggested a continued dose of PRP over the wound heal-
ing time is more effective than a single application [50].

Is there a synergistic effect between antibiotics
and PRP on bacterial killing?

There is weak preclinical evidence suggesting that when
used as an adjunct to antibiotics, PRP may have a syner-
gistic effect; however, other studies contradict this [3, 46].
Platelet lysates showed a synergistic effect with p-lactam
antibiotic (oxacillin) and glycopeptide (vancomycin)
but not with oxazolidinone (linezolid) [31]. Bielecki
et al. describe a subset of platelet antimicrobial proteins
defined as classical chemokines with direct antimicrobial
properties that also act in consort with conventional anti-
biotics and are less prone to inducing bacterial resistance
[38]. In another study, Bielecki et al. showed that L-PRP
gel antimicrobial properties could be enhanced by anti-
biotics. It is unclear if there is true synergism or simply
multiple avenues of bacterial attack. Platelets are also
angiogenic, and the formation of new blood vessels at the
wound site may facilitate antibiotic delivery and deliver
native blood supply that can assist in healing.

What is the mechanism involved

in the antibacterial effect of different components
of PRP, and can it be enhanced?

The role of native platelets in wound healing, inflamma-
tion, and antibacterial effect is well established [7, 10, 58].
Li et al. and other authors describe the multiple roles of
native platelets in host defense against infection includ-
ing to: 1) generate antimicrobial oxygen metabolites; 2)
facilitate complement fixation on bacteria; 3) internalize
and clear pathogens from the blood stream; 4) execute
antibody-dependent cell cytotoxicity; 5) potentiate anti-
microbial mechanisms of leukocytes; and 6) degranulate
and release a variety of cationic antimicrobial peptides
such as VEGF, PDGF-BB, IGF-1, and TGF-1 [7, 10, 29,
41, 42, 58].

It is a reasonable hypothesis that supraphysiologic
platelet concentration at the wound site might facilitate
healing and prevent infection; however, whether PRP
contains all of the constituents present for native platelets
in vivo that are necessary for activation, and both direct
and indirect bactericidal function, is not well understood.
PRP preparation is a complex mixture of platelets, WBC,
plasma, and soluble factors (cytokines and growth fac-
tors) that various authors have hypothesized may be
responsible for the antimicrobial activity of platelet prep-
arations; however, the exact role of each component, or
of multiple components in combination, remains poorly
understood. Numerous groups have proposed multi-
ple mechanisms that may contribute to the antibacterial
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effect of platelet preparation, including release of platelet
antimicrobial proteins, plasma complement and comple-
ment-binding proteins, peptides of the innate immune
defense, increased concentration of different growth fac-
tors, and increased ROS in response to bacterial LPS.
However, there is no consensus on the active constituents
and how these components interact to contribute to anti-
bacterial and wound healing properties.

Leukocytes within PRP are also involved in direct bac-
terial killing, and in antigen-specific immune response
but they are not strictly necessary for PRP bactericidal
effect. Platelets augment the antimicrobial functions of
leukocytes but have an independent bactericidal func-
tion as well [58, 59]. One group found no significant dif-
ference in antibacterial activity between PRP-LP and
PRP-HP preparations despite substantial differences in
platelet and WBC counts [28]. Similar observations were
reported by other authors who found no correlation
between antimicrobial activity and the concentration of
platelets and leukocytes. In contrast, Cieslik-Bielecka
et al. suggested that a strong relationship was observed
among selected leukocyte subtypes (T and B lymphocytic
NK cells, monocytes, and granulocytes with CD45) with
antimicrobial activity of L-PRP [46, 60]. Other authors
suggested that PRP significantly increased the prolifera-
tion and migration of fibroblasts, indicating a role of PRP
in regeneration of damaged tissue [47]. Some authors
have suggested that inclusion of WBCs in PRP may help
to improve the stability of the scaffold and increase the
antimicrobial potential [60]. However, the results from
the study by Bielecki et al. showed that a higher leuko-
cyte dose did not significantly improve the antimicrobial
properties of PRP. It has also been suggested that addi-
tional leukocyte content might increase the inflammatory
response at the site because of the metalloproteases, pro-
inflammatory proteases, and acid hydrolases secreted by
WBCs [38]. In addition, platelet preparations are shown
to increase the concentration of different growth factors
such as PDGF, TGF-p1, VEGEF, IGF-1, IL-6, IL-8, EGF,
and IL-1p that promote the wound healing process [24,
29, 31].

Based on the results from these studies and other lit-
erature, it appears that leukocyte-rich PRP prepara-
tions theoretically have enhanced antibacterial activity
induced by multiple factors, including the presence of
a rich source of antimicrobial molecules (eg, defensins,
lysozyme, myeloperoxidase) but a definitive mechanism,
and how this might be translated into clinical medicine in
terms of preparation and dosing, is not currently under-
stood [23-25, 31, 39, 40].

Another proposed mechanism relates to the increase
in the concentration of MPO by PRP, indicating WBC
activation, but there is no correlation of MPO release
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and cell count [23, 24]. It has also been proposed that
MPO is released at higher bacterial load and is not a
first-line defense mechanism at lower bacterial concen-
trations, which might be more relevant to the use of PRP
for infection prophylaxis. Tohidnezhad et al. suggested
that the increased release of hBD-2 and hBD-3 after
PRP activation may act as a first-line defense by binding
with negatively charged bacterial cell walls and generat-
ing pores leading to bacteria inhibition [40]. A study by
Aktan et al. showed that LPS and LTA have no effect on
platelet superoxide production or heterotypic aggregate
formation [25]. It has been suggested that direct inter-
action of platelets with bacteria releases ROS that cause
ROS-dependent cell cytotoxicity of bacteria as a potential
mechanism of antibacterial effect of PRP [7]. Even after
the end of shelf-life (typically 5-7 days after collection),
platelets are suggested to be a good source of antimi-
crobial low molecular weight proteins that exhibit anti-
bacterial effect [31]. A study by Mariani et al. reported
increased concentrations of soluble factors (MIP-1o/
CCL3, RANTES/CCL5, GRO-a/CXCL1, NAP-2/CXCL?7,
IL-8/CXCL8, SDF-1a/CXCL12 and IL-6) that were con-
sidered strongly correlated to bacterial growth inhibition
[14]. PRPG significantly increased the proliferation and
migration of fibroblasts, suggesting the role of PRP in
wound healing.

PRP has gained attention in the last two decades due
to widespread oft-label clinical use based on the hypoth-
esized regenerative potential and antibacterial effect,
although the exact mechanism, dose, and efficacy of PRP
activity against different strains of bacteria is not estab-
lished. As such, the foundational work that would pro-
vide evidence to support a specific treatment indication
is incomplete. To date, there is no standardized prepa-
ration method, standardized dose, or validated method
or protocol for administration of PRP that would allow
translation into well-designed and adequately powered
clinical trials to demonstrate efficacy.

There are several of PRP separation systems are on the
market. These systems are approved to collect and man-
ufacture PRP, although none are approved for a specific
therapeutic indication.

How does the existing data guide clinical use

of autologous PRP in cardiothoracic surgery?

While there isn'’t solid evidence to support what may be
the ideal autologous PRP product and treatment proto-
col for cardiothoracic surgery to prevent surgical site and
deep sternal wound infections due to clear foundational
data gaps, there are clear data trends to guide clinical use.
Autologous PRP can be prepared rapidly in a consistent
fashion, in the operating room at patient’s bedside and
has been shown to be safe for clinical use. In the study
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conducted by Patel et al., the authors highlighted that the
reduced rate of infection can be attributed to the faster
healing of wounds with PRP application. The authors also
mentioned the limitation of sample size and thus a pow-
ered conclusion of this mechanism [4].

Currently there are two FDA-approved platelet-derived
products for the treatment of healing wounds but neither
is indicated as an antibacterial agent. One product, Pro-
curen, is no longer manufactured and was an autologous
platelet-derived growth factor marketed for treatment of
chronic, non-healing wounds. The other product, Beca-
plermin (Regranex wound gel), is a recombinant platelet-
derived growth factor approved via a Biologics License
Application for treatment of neuropathic ulcers in con-
junction with standard wound care. There is excellent
foundational basic science and four well-designed and
powered RCTs demonstrating efficacy in wound heal-
ing for Regranex. As a result, reimbursement for this
therapy is covered by CMS and private payers. Procuren
was considered investigational and was never covered by
insurers.

Conclusion and areas for future research
Autologous PRP therapy may be effective in treating and
preventing wound infection but the basic science as well
as the clinical literature is conflicting. There is no defini-
tive answer to the questions posed in this review, result-
ing in identification of multiple areas for further research.
Providing a supraphysiological “dose” of platelets may
add to the natural function of native platelet response. It
is important to define and quantify the other constituents
necessary in the wound healing milieu and ensure that
they are present in adequate amounts to simulate platelet
autocrine and paracrine factors.

A number of gaps in foundational knowledge must be
bridged prior to proposing a well-designed and statisti-
cally powered clinical trial:

1. Similar to Farghali et al. [50]: Quantitate constituents
of PRP from the Terumo system that are known/well-
established to enhance wound healing; i.e., endog-
enous platelet-derived growth factor promotes the
chemotactic recruitment and proliferation of cells
involved in wound repair, enhancing the formation of
granulation tissue.

2. Standardize and validate PRP input and output from
the Terumo system to achieve adequate concentra-
tions of one or more active wound healing factors for
efficacy and determine correlation of these data with
complete blood count results in the individual. Some
populations with comorbidities may be inappropriate
for autologous PRP therapy. All of the in vivo stud-
ies used healthy donors, and many pooled PRP from



Sethi et al. J Cardiothorac Surg (2021) 16:277

multiple donors. There were no inclusion/exclusion
criteria in most cases, and no reporting of donor
demographics or controlling for any other potential
confounders.

3. Standardize and optimize activation of PRP: This
review indicates that activation with calcium chlo-
ride is necessary to achieve any antibacterial activity
of PRP.

4. Dosing: Optimize MRSA MIC with the standardized
PRP output and determine the duration of activity to
understand how many applications are required for
either prevention or treatment.

5. Translate the in vitro data to preclinical testing for
efficacy similar to Farghali et al. [50] and include bio-
availability testing.

6. Translate the preclinical in vivo animal data to a pilot
clinical trial, and then design and conduct one or
more well-designed and adequately powered RCTs.

This systematic literature review and appraisal revealed
specific considerations to guide clinical use/misuse of
autologous PRP in cardiothoracic surgery and prevention
of deep sternal wound infection and surgical site infec-
tions, despite the above-mentioned clear gaps in founda-
tional knowledge. Namely:

1. PRP preparation and use.

a. Use an FDA-approved Autologous Platelet Sepa-
rator System for cell collection, separation, and
preparation.

b. Standardize and optimize activation of PRP with
appropriate activation agents (Calcium chloride/
Thrombin combination).

c. Optional: Mix activated PRP with vancomycin

hydrochloride powder.
Note: Although the addition of vancomycin has
shown positive results [3]. To the best of our
knowledge, the additive benefit of antibiotics over
PRP has not been studied in a powered study.

d. Following activation of the PRP, apply the paste
directly to the edges of the sternum immediately
before closure.

2. Clinical protocol for use.

a. Patients who undergoing cardiothoracic surgery
with sternotomy who are at high risk of develop-
ing a surgical site or deep sternal wound infec-
tion (eg, diabetes mellitus, previously undergone
coronary artery bypass, graft or value surgery
or other procedures requiring sternotomy, renal
insufficiency, obesity, left ventricular function,
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age >80 years, use of double internal mammary
artery, immune compromised or suppressed)
may benefit from autologous PRP therapy which
has a favorable risk/benefit ratio in this popula-
tion.

b. Topical post-surgical PRP application should be
combined with IV infusion of antibiotics pro-
phylactically and up to 5 days postoperative
(teicoplanin, ciproflaxcin, and/or vancomycin, in
accordance with national guidelines and per clini-
cal judgement).

Overall, the quality of the clinical trials in this review is
low, and collectively qualify as Oxford level C. There is
marked bias, a lack of statistical power and repeatabil-
ity, and the findings are ambiguous. The preclinical and
bench data are more compelling, particularly the study
by Farghali et al. [50]. There may be sufficient published
data to define future steps (see above) necessary to vali-
date PRP as a therapy with a specific indication. The rec-
ommendation is to focus future research on PRP activity
against MRSA for the following reasons: the evidence for
a bactericidal effect of PRP on MRSA is stronger than for
other bacterial species, there is a great clinical need given
the threat of developed resistance to vancomycin, MRSA
is common in chronic wounds and is difficult to treat
effectively, requiring extensive periods of time on IV anti-
biotics. Most infected wounds are polymicrobial and the
addition of PRP as an adjuvant to standard wound care
and to broad spectrum antibiotic therapy may be advan-
tageous in the treatment of MRSA and the prevention of
vancomycin resistance. Despite the lack of well-designed
prospective RCTs with a narrow confidence interval, the
current bench and clinical data suggest that there may be
benefit to the use of PRP as an adjunct to standard care
for prevention of DSWI (and this may extend to other
wound types). Given that there is very little risk in autolo-
gous PRP, the risk/benefit ratio is favorable. Treatment or
prevention of infection with PRP is promising but there
is a need for foundational bench and preclinical animal
research to optimize PRP as an antibacterial agent, and
to provide data to aid in the design and conduct of well-
designed RCTs with adequate power to confirm anti-
microbial efficacy of PRP in specific disease states and
wound types. Specifically, future research should focus
on filling foundational gaps identified above in order to
completely understand the promising impact of this ther-
apy on clinical outcomes.
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