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Abstract: Platelet rich plasma (PRP) has been explored for multiple clinical applications, including
dentistry, orthopedics, sports medicine, diabetic foot ulcers, and cosmetic treatments. Topical applica-
tions of PRP typically use thrombin to induce platelet activation, which is accompanied by growth
factor release and clotting of the PRP, prior to treatment. Injectable PRP treatments typically use non-
activated PRP under the assumption that collagen at the site of the injury mediates platelet activation
to ensure growth factor release in vivo. Ex-vivo electrical stimulation of platelets is emerging as a
robust, easy to use, instrument-based PRP activation technique to facilitate growth factor release with
or without clotting, while providing tunability of growth factor release, clot mechanical properties
(when desired), and serotonin release from the dense granules. This paper briefly reviews the key
results of the electrical activation of platelets and demonstrates successful growth factor release by
electrical ex-vivo stimulation without clotting for three types of PRP separated from whole blood
using available commercial kits: Harvest, EmCyte and Eclipse. While these three types of PRP feature
a wide range of platelet and red blood cell content compared to whole blood, we demonstrate that
pulsed electric fields enable growth factor release for all these biological matrices generated using
whole blood from four human donors. These experiments open opportunities for using electrically
stimulated PRP with released growth factors without clotting for injectable platelet treatments in
relevant clinical applications.

Keywords: centrifugation; electropermeabilization; electroporation; growth factor release; platelet
activation

1. Introduction

Platelet rich plasma (PRP) is an autologous biological matrix containing growth factors
and proteins that are important for the wound healing cascade and tissue regeneration [1–6].
Clinical workflows leveraging PRP for wound healing use either the topical path or the in-
jectable path. Both workflows entail drawing whole blood from the patient and separating
the PRP, typically using a commercially available kit. The topical path involves activation
with a mix of thrombin and calcium chloride. While bovine thrombin (BT) is most com-
monly utilized in the clinic, other alternatives exist, such as recombinant thrombin, human
thrombin from donor plasma, and autologous thrombin. Thrombin triggers growth factor
release and clotting. Injectable treatments typically use non-activated PRP.

To date, clinical exploration using PRP includes diabetic foot ulcers [3], cardiac
surgery [4], orthopedics and sports medicine [7], and, increasingly, cosmetic applica-
tions [8–12]. For diabetic foot ulcers, activated and clotted PRP (“platelet gel”) is typically
applied on the wound, while most orthopedic, sports medicine, and cosmetic applications
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use injectable, non-activated PRP. It is hypothesized that in injectable workflows, platelets
are activated by the collagen at the site of the injury.

Various challenges with bovine thrombin activation [13–17], including lack of stan-
dardization, expense, potential side effects, and workflow complexity, have motivated
exploration into alternative ex vivo platelet activation methods. Pulsed electric fields (PEFs),
which have been applied for multiple applications in cancer treatment [18] and microor-
ganism inactivation [19], have also been proposed for platelet activation [18] with promis-
ing results [19–32]. PEFs can facilitate growth factor release from PRP with or without
clotting [25,28,29,32]—a unique capability that cannot be matched by thrombin. Another
exciting discovery has been the ability to tune the level of growth factor release [28,29,32,33]
and the mechanical properties of the clot when clotting with growth factor release was
desired [28]. PEFs also provide the capability to tune the serotonin release from platelet
dense granules [32] and induce differential growth factor release during PEF activation [28].
PEFs facilitate physiological activation of platelets and not just mechanical fragmentation
of platelets [28]. Since there is no current standardization for bovine thrombin activation,
an instrument-based PEF platelet activator [22–24,27] would provide the first standardized
PRP activation method, which could facilitate clinical protocols for the numerous topical
and injectable applications described above.

PEF platelet activation was successfully tested for in vitro cell proliferation assays [23,24,26]
and in animal wound healing studies [34–36]. It should be mentioned that electrical ex-
vivo activation of platelets is currently explored not only for wound healing and tissue
regeneration, but also for cell culture [37].

Most previous work in PEF platelet activation used Harvest PRP [21–30,32] or whole
blood [31], which was tested since some clinicians have started to inject whole blood instead
of non-activated PRP to achieve comparable clinical benefits [38–41]. Since there are many
PRP separation devices available commercially, it is of great interest to test the activation of
other types of biological matrices besides the Harvest PRP or whole blood. In this paper,
we report the first experimental demonstration of PEF activation of three different types
of PRP, separated from the whole blood of four human donors by three commercial kits
(Harvest, Eclipse and EmCyte).

Some of the most interesting clinical application of platelets use injectable non-
activated PRP for orthopedic or cosmetic applications. In the study presented here, we
treated the three PRPs with a PEF activation protocol designed to trigger growth factor
release without clotting. Essentially, we exposed PRP separated from whole blood to PEFs
with no calcium chloride added. With electrical activation, we propose the injection of a
biological matrix with already released growth factors at a known level, as opposed to
injecting non-activated PRP, under the hypothesis that the collagen at the injury site would
activate the injected platelets.

We emphasize that we have demonstrated several methods for using PEFs to induce
growth factor release without clotting. Applying specific PEFs to PRP separated from whole
blood [25] or using specific combinations of PEF parameters with different concentrations
of CaCl2 in the PRP [28,29,32] can induce growth factor release without clotting. These
experimental protocols facilitate obtaining PRP based biological matrices with tunable
growth factor release that could be tested clinically in applications requiring injectable
platelet based therapeutic mixes.

We will further show that reducing the pulse duration from 5 µs to 2 µs has a negligi-
ble effect on growth factor release. While initial experiments assumed the need for very
short electric pulses for platelet activation (pulse durations of tens to hundreds of nanosec-
onds) [20], subsequent studies have demonstrated that a wide range of PEFs durations may
be used with excellent results [24,28–32]. Microsecond PEF generators provide a practical
path toward deploying simple, low-cost instruments for PEF based platelet activation to the
clinic because they are typically easier and less expensive to build and mitigate potential
safety concerns by using lower voltages. In fact, recent work showed that extending PEF
duration by more than two orders of magnitude [30] compared to the initial research [20]
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can still facilitate platelet activation [30]. The same study [30] highlighted the opportunity
of using appropriate PEFs to obtain growth factor release profiles similar to, and even
greater than, what may be achieved using bovine thrombin.

Section 2 summarizes the materials and methods used in these experiments. Section 3
summarizes the results. We discuss the results in Section 4 and provide concluding remarks
in Section 5.

2. Materials and Methods
2.1. PRP Systems and Protocols

We used three commercially available PRP systems to prepare PRP. The first PRP
system was the Harvest SmartPrep2 System (Harvest Technologies, Plymouth, MA, USA),
using either one or two 60 mL process disposables. Briefly, 8 mL of anticoagulant citrate
dextrose A (ACD-A) was drawn into the blood draw syringe, after which 2 mL was
transferred to the sterile closed SmartPreP2 process disposable through the white resealable
injection port into the plasma chamber of the disposable. We next added 54 mL of the
subject’s blood to the remaining 6 mL of ACD-A in the blood draw syringe. The blood was
then transferred to the SmartPreP2 process disposable through the red resealable injection
port into the SmartPreP2 process disposable, and the cartridge was placed in the automated
Harvest centrifuge. During spinning, a floating shelf in the cartridge compartment with
the blood rises to just below the buffy coat/red blood cell interface, allowing automated
decanting of platelets, plasma and white blood cells into the plasma compartment of the
cartridge for subsequent recovery. Approximately 10 mL of PRP was withdrawn from each
process disposable (i.e., the yellow spacer was not removed), and the resultant PRP was
tested for platelet concentration and pooled prior to further treatment when more than one
disposable was used.

The second PRP system was the Eclipse PRP (Eclipse Medical, The Colony, TX, USA),
which used up to four of the 22 mL platelet separation tubes per donor, while following the
manufacturer’s protocol (including removing ~75% of the platelet-poor plasma). Briefly,
20 mL of the subject’s blood was drawn directly into a 22 mL platelet separation tube con-
taining 2 mL of MNC7 (Eclipse Medical, The Colony, TX, USA), a proprietary anticoagulant,
and a thixotropic separator gel. The tube was then spun in a centrifuge with a relative
centrifugal force (RCF) of 1500 for 10 min and a braking time of 30–45 s. Upon completing
centrifugation, we removed the platelet poor plasma (PPP) fraction by withdrawing ~75%
of the plasma fraction. The platelets were then resuspended by gently inverting/shaking
the tube between one and seven times. Approximately 3–6 mL of PRP was withdrawn
from each tube, tested for platelet concentration, and pooled prior to further treatment.

The third PRP system was the EmCyte PurePRP II (EmCyte Corporation, Fort Myers,
FL, USA), using the 60 mL concentrating device and following GS60 Pure II Protocol A. Briefly,
10 mL of sodium citrate anticoagulant was first drawn into a 60 mL syringe, followed
by 50 mL of subject blood. The anticoagulated whole blood was then transferred into
the concentrating device and placed into the centrifuge for an initial spin of 1.5 min at
3800 RPM. Using the 60 mL syringe, the platelet plasma suspension was withdrawn from
the concentrating device and transferred to the concentrating accessory (a second device).
The platelet plasma suspension was then spun in the centrifuge a second time for 5 min
at 3800 RPM. After centrifugation, the platelet poor plasma was withdrawn from the
concentrating accessory, leaving approximately 7 mL of PRP, which we then withdrew
from the concentrating accessory, tested for platelet concentration, and pooled prior to
further treatment.

2.2. Donors, Blood Collection and Preparation of PRP

This study was conducted at the Pennsylvania Biotechnology Center and all sub-
jects provided informed consent. Blood was collected from four healthy volunteers aged
≥18 years with platelet counts in the normal range (150,000 to 450,000 µL−1). For each
donor, three separate draws were conducted by a nurse phlebotomist, one for each of
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the three PRP systems. Obtaining at least 10 mL of testable PRP for each PRP system
typically required more than one collection device. The Harvest, EmCyte, and Eclipse each
required two, two, and four collection devices, respectively. In addition, a 3 mL whole
blood sample was collected from each volunteer for each PRP preparation for complete
blood cell analysis, and a 12 mL whole blood sample (4 × 3 mL) was collected for baseline
growth factor analysis (none of which were anticoagulated). Complete blood cell counts
were performed on the whole blood and the concentrated PRP using a Horiba ABX Micros
60 hematology analyzer.

2.3. PRP Study Design

PRP activation by PEF (conditions described below) and bovine thrombin (100 NIH units/µL
final concentration in a 0.1% bovine serum albumin (BSA) solution, Sigma-Aldrich Co.,
St. Louis, MO, USA) were evaluated. Whole blood was activated only with bovine throm-
bin. Activation by bovine thrombin was achieved by adding 10% by volume to the unacti-
vated PRP or whole blood (e.g., 130 µL bovine thrombin was added to 1.3 mL unactivated
PRP or whole blood in a microcentrifuge tube), yielding a final bovine thrombin concentra-
tion of 10 NIH units/µL. Unactivated PRP and whole blood was also used as a negative
control. Endpoints included growth factors released from platelets into the supernatant
(EGF, PDGF-AA, VEGF, and soluble P-selectin). All endpoints were measured in super-
natant samples taken 15 ± 2 min after activation, which were created by transferring the
PRP and whole blood samples to microcentrifuge tubes and spinning them in an Eppendorf
microcentrifuge at 2000 G for 10 min at room temperature. The supernatant samples were
then stored in a −80 ◦C freezer until analysis.

2.4. PEF Stimulation of PRP

PEF stimulation of PRP was performed using a specially designed instrument proto-
type (GE Research, Niskayuna, NY, USA) [27]. The instrument accounts for the specific
electrical properties of the PRP, which is typically more conductive than the standard buffers
used in electroporation. Concentrated PRP (400 µL) was placed in a 2 mm electroporation
cuvette (Molecular BioProducts, San Diego, CA, USA) and exposed to two conditions: PEF
A and PEF F (Figure 1). During exposure to PEFs, it is critical to fill the area between the
electrodes in the cuvettes with liquid sample to mitigate arcing or flashover [24,27] while
avoiding overfilling to minimize the amount of sample not between the electrodes that
will be untreated. We applied a single electric pulse to the cuvette for PRP stimulation. We
selected the 5 µs pulse duration as the baseline based on prior results [28] and the 2 µs
pulse duration to assess changes due to reducing pulse duration. We used a Tektronix DPO
4140B-L oscilloscope to measure the voltage pulses applied to the cuvettes and included a
Pearson 110 current monitor to simultaneously measure the current across the cuvette.

2.5. Growth Factor Release

Levels of EGF, PDGF-AA, VEGF and soluble P-selectin [see the soluble P-selectin
results in Appendix A] in the supernatants of the treated PRP were measured in duplicate
using commercially available ELISA kits (EGF, VEGF and P-selectin from R&D Systems,
Minneapolis, MN, USA; PDGF-AA, RayBiotech, Norcross, GA, USA).

2.6. Statistical Analysis

Data were analyzed using a four-parameter logistic curve (4PL) using MyAssays
software (MyAssays Ltd., Brighton, UK). The average and standard deviation for each data
point was calculated and plotted.
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Figure 1. Representative voltage and current waveforms for pulsed electric field conditions (a) peak
voltage ~4.3 kV and pulse duration 2 µs (PEF A) and (b) peak voltage ~3.5 kV and pulse duration
5 µs (PEF F). Electric stimulation of PRP used a single electric pulse.

3. Results

Table 1 shows the average composition of the whole blood for all donors and the
average PRP composition for each of the three systems examined in this study. While
Harvest PRP is “red”, indicating a significant concentration of red blood cells, Eclipse
and EmCyte PRPs are “white”, indicating minimum RBC content. In terms of platelet
concentration compared to whole blood, EmCyte PRP had the highest concentration while
Eclipse PRP had the lowest concentration from the three PRPs.

Figure 1 shows representative voltage and current waveforms for the two PEF wave-
forms used in this study for electrical stimulation: PEF A (peak voltage ~4.3 kV and pulse
duration 2 µs) and PEF F (peak voltage ~3.5 kV and pulse duration 5 µs).

Figures 2–4 show the release of epidermal growth factor (EGF), vascular endothelial
growth factor (VEGF), and platelet-derived growth factor (PDGF), respectively. For each
type of PRP, growth factors are presented for PEFs A and F compared to negative control
(no activation) and positive control (activation with bovine thrombin). Also, growth factor
release for whole blood under baseline (no activation) and bovine thrombin activation are
included for comparison.
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Table 1. Composition of whole blood, Harvest platelet rich plasma (PRP), Eclipse PRP and EmCyte
PRP composition averaged for all four donors with uncertainty determined using standard deviation.
WBC = white blood cells; RBC = red blood cells; HCT = hematocrit; PLT = platelets.

Average Concentration Ratio (Compared to Whole Blood)

Whole Blood
WBC (×109 L−1) 7.0 ± 1.26
RBC (×1012 L−1) 4.06 ± 0.78

HCT (%) 35.4 ± 6.70
PLT (×109 L−1) 358 ± 94

Harvest
WBC (×109 L−1) 10.8 ± 9.30 1.5 ± 1.28
RBC (×1012 L−1) 0.86 ± 0.41 0.21 ± 0.09

HCT (%) 6.9 ± 2.42 0.19 ± 0.09
PLT (×109 L−1) 1242 ± 361 3.8 ± 0.54

Eclipse
WBC (×109 L−1) 1.8 ± 1.11 0.3 ± 0.13
RBC (×1012 L−1) 0.05 ± 0.06 0.01 ± 0.02

HCT (%) 0.3 ± 0.42 0.02 ± 0.01
PLT (×109 L−1) 662 ± 480 2.0 ± 1.18

EmCyte
WBC (×109 L−1) 17.5 ± 6.50 2.5 ± 0.63
RBC (×1012 L−1) 0.20 ± 0.09 0.05 ± 0.02

HCT (%) 1.5 ± 0.58 0.04 ± 0.02
PLT (×109 L−1) 2014 ± 608 5.8 ± 0.80
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Figure 2. EGF release for: whole blood (WB)—no activation and bovine thrombin (BT) activation;
Harvest PRP (no activation, bovine thrombin—BT-activation, and activation using electric stimulation
with pulses A and F); Eclipse PRP (no activation, bovine thrombin—BT-activation, and activation
using electric stimulation with pulses A and F); EmCyte PRP (no activation, bovine thrombin—BT-
activation, and activation using electric stimulation with pulses A and F). Note that there is no Donor
3 data for Eclipse.
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Finally, we note that the Eclipse growth factor release data include measurements only
for donors 1, 2 and 4—donor 3 measurements were not included here due to challenges
with PRP separation for this donor.

We next assess the correlation of the various growth factors with the donor platelet
levels and each other. Figure 5 assesses the linear correlation of EGF, VEGF, and PDGF
release for Harvest and EmCyte PRPs treated with either PEF A or bovine thrombin (BT)
with platelet count for the four donors. We selected PEF A because Figures 2–4 show that
the general trends in the growth factors are relatively similar for both PEF waveforms. We
did not consider Eclipse PRPs because we only had data for three donors rather than the
complete set of four donors that we had for the other two types of PRP. Table 2 reports the
correlation coefficients and p-values for the growth factors with the donor platelet levels
and each other.
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Figure 5. Assessment of the linear correlation of EGF, VEGF, and PDGF release with platelet concen-
tration for the four donors for (a) the Harvest PRP and PEF A, (b) the EmCyte PRP and PEF A, (c) the
Harvest PRP and BT, and (d) the EmCyte PRP and BT. Generally, EGF increased more strongly with
donor platelet concentration under PEF activation than with BT activation, while PDGF and VEGF
exhibited more variability.

For the PEF A combinations, the strongest positive correlation is with EGF, while PDGF
slightly increases and VEGF slightly decreases for Harvest and remains approximately
constant for EmCyte. Particularly interesting, Table 2 suggests that PDGF and VEGF are
constant with increasing donor platelet concentration for EmCyte. Table 2 also indicates that
PDGF and VEGF are negatively correlated, while PDGF and EGF are positively correlated
for Harvest; EGF and VEGF are negatively correlated, but less strongly than PDGF with
either VEGF or EGF. For EmCyte with PEF A, the correlations are generally weaker with
only EGF and donor platelet concentration and EGF and PDGF exhibiting strong positive
correlation. Although there is insufficient data to make a strong conclusion, as indicated
by the p-values in Table 2, this data suggests that one may be able to select a platelet
concentration method to tune growth factors relative to each other and with donor platelet
concentration when using PEF activation.
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Table 2. Correlation matrix comparing the growth factors with donor platelet concentration and each
other for the various treatments with correlation factor r and p values.

PLT VEGF EGF PDGF

Harvest PRP and PEF A r p r p r p r p
VEGF −0.30 0.70 −0.40 0.60 −0.86 0.14
EGF 0.72 0.28 −0.40 0.60 0.70 0.30

PDGF 0.29 0.72 −0.86 0.14 0.70 0.30
EmCyte PRP and PEF A

VEGF 0.04 0.96 −0.05 0.96 −0.15 0.85
EGF 0.73 0.27 −0.05 0.96 0.72 0.28

PDGF 0.05 0.95 −0.15 0.85 0.72 0.28
Harvest PRP and BT

VEGF −0.01 0.99 −0.99 0.02 −0.69 0.1
EGF 0.18 0.83 −0.99 0.02 0.66 0.34

PDGF 0.12 0.88 −0.69 0.1 0.66 0.34
EmCyte PRP and BT

VEGF 0.11 0.89 −0.16 0.84 −0.80 0.20
EGF 0.56 0.44 −0.16 0.84 0.68 0.32

PDGF 0.43 0.58 −0.80 0.20 0.68 0.32

For the BT treatment of the two PRPs highlighted in Figure 5, EGF appears fairly
constant with increasing platelet concentration for both Harvest (a slope of 0.027 pg/mL
EGF/(109 L−1 platelets) and R2 = 0.0306) and EmCyte (0.0166 pg/mL/(109 L−1 platelets)
and R2 = 0.3122) PRPs; Table 2 shows that it has a lower positive correlation with Harvest
than with EmCyte. VEGF is nearly constant for both PRP based on Figure 5 and the
correlation factor in Table 2. Similarly, PDGF has slight positive correlation factors for
both PRPs. All three growth factors have higher positive correlations with donor platelet
concentrations with the EmCyte PRP than the Harvest PRP when using BT activation.
EGF and VEGF have a strong negative correlation (correlation factor of −0.99) for Harvest
PRP and BT, while both Harvest and EmCyte PRPs have a strong negative correlation
between VEGF and PDGF and positive correlation between EGF and PDGF. As in the PEF
case, only the EGF and VEGF case with Harvest PRP and BT was statistically significant,
suggesting that additional studies are required to achieve statistical significance to make
more definitive claims concerning these observations.

4. Discussion

This experimental study explored the effect of PEF treatment for three different types
of PRPs. While our previous platelet activation experiments using electrical stimulation
primarily focused on the Harvest PRP, with some initial results on whole blood [31], this
paper introduces PEF activation of PRPs generated using commercially available separation
kits from Eclipse and EmCyte. PRP from Harvest, Eclipse and EmCyte cover a relevant
range of platelet concentration from 2× to 5.8×, include both high red blood cell content
(red) PRP (Harvest) and low red blood cell content (white) PRP (Eclipse, EmCyte), and
scan also a sizeable range of WBC content. While the experiments described here have
specific limitations, particularly the consideration of blood samples from a limited number
of donors (four) and growth factors, they are the first to consider growth factor differences
across these three types of PRP. A published study from our research used only one type
of PRP but measured a larger number of growth factors [26]. Future investigations could
consider more donors, measure additional growth factors, and consider in vivo wound
healing using electrically stimulated PRP.

Our previous electrical activation of PRPs induced just growth factor release with
no clotting when no CaCl2 or specific quantities of CaCl2 were added to the PRP prior to
exposure to PEFs [29]. In this study, we did not add CaCl2 prior to PEFs, and we did not
visually observe any clotting post PEF treatment.
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PEFs A and F triggered growth factor release for all PRPs, indicating that PEFs may be
used for electrical activation for any of these PRP systems. While EmCyte PRP has almost
1.5× in platelet concentration compared to Harvest, we do not observe similar scaling of
growth factor release from these two PRPs. While BT clotted all three PRPs, the PEFs used
here did not trigger visible clotting in any PRP, confirming prior results that using PEFs
with no added calcium facilitates only growth factor release, but without clotting [29]. This
finding confirms that PEF treatment may be utilized for injectable PRP clinical applications,
where non-activated PRP is largely used today.

EGF release is much higher here with PEF for EmCyte and Harvest compared to
BT, confirming prior results obtained in Harvest PRP activation experiments. PDGF and
VEGF release for these two PRPs is more comparable between BT and PEF. To the best
of our knowledge, no published study compares the three types of PRP considered here
in a multi-donor study, even for the state-of-the-art BT activation. Our PRP composition
data and BT activation results here for Harvest, EmCyte and Eclipse are not associated
with potential clinical efficacy since our study did not involve therapeutic applications
and comparisons.

Interestingly, Harvest and EmCyte PRPs under PEF stimulation exhibited a narrower
range between the minimum and maximum concentrations of PDGF and VEGF for all
donors compared to BT release, indicating a smaller donor to donor variability in terms of
growth factor release. This narrower range of growth factor release may favor reproducibil-
ity of clinical outcomes for PEF-activated PRP compared to BT-activated PRP. Growth
factor release is more modest for the Eclipse PRP with BT and PEF; platelet concentration is
also lower for Eclipse compared to Harvest and EmCyte. Generally, EGF increased more
strongly with donor platelet concentration under PEF activation than with BT activation,
VEGF had a weak correlation with donor platelet concentration under both PEF and BT
activation, and PDGF had a slightly higher positive correlation for BT activation than PEF
activation. Comparing the correlation matrices for PEF A and BT in Table 2 shows that
selecting activation methods (i.e., PEF A or BT) or concentration (i.e., Harvest or EmCyte)
can tune the correlations between the growth factors. For instance, all four cases reported in
Table 2 exhibited positive correlation between PDGF and EGF. Interestingly, only EmCyte
and PEF A has a weak negative correlation between VEGF and PDGF, while the other three
combinations exhibited strong negative correlations. Similarly, the EmCyte with either
PEF A and BT had weak correlation between VEGF and EGF, while the Harvest PRP with
both PEF A and BT had strong negative correlations. Even then, the correlation between
VEGF and EGF was much stronger for BT (r = −0.99) than for PEF A (r = −0.40). Thus, the
relationships between certain growth factors after activation can depend strongly on both
the platelet concentration and activation methods. While more data is necessary to make
a complete assessment based on statistics, these results motivate future work to acquire
more data to better assess the statistical significance of this data. Moreover, the overall
significance of platelet concentration, or an “optimum” platelet concentration, for achieving
desirable clinical outcomes for specific applications remains a topic of active research [42].

This proof-of-concept study using biomaterial from four human donors demonstrates
that electrical stimulation may be utilized to induce growth factor release without clotting
for PRP obtained from various commercially available kits. Future work could entail
refining or tailoring the PEF parameters (pulse width, pulse amplitude, number of pulses,
and/or repetition rate) for each PRP system to optimize growth factor release. While no
CaCl2 was added prior to electrical activation, our prior studies using the Harvest PRP
system [25,32] suggest that one could experiment with PEFs and limited amounts of added
CaCl2 [28,29,32] to further explore growth factor release without clotting for PRP obtained
using EmCyte, Eclipse, or other commercial systems with clinical value. While typical
injectable clinical workflows utilize non-activated PRPs, PEF activation introduces the
opportunity of releasing growth factors without clotting, essentially generating upgraded
biological matrices with potential clinical relevance. Moreover, PEF activation facilitates the
potential for standardization of activation (researchers can use the same PEF parameters),
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which could have significant benefits for achieving common efficacy of growth factor
release for patient treatment since no activation standard for PRP currently exists.

PRP is a complex biological matrix containing numerous cell types besides platelets.
The unique tunability of PEF treatments [33] may be leveraged to adjust favorably the
impact of PEFs on other cell types in PRP [32,43,44]. For example, when treating the
“red” Harvest PRP, electric pulse parameters may be tuned to minimize RBC lysis and
hemoglobin release [32].

PEF activated PRP has produced promising results for in vitro cell proliferation assays
and animal wound healing testing. These will be followed by human clinical trials, which
have been delayed by the COVID-19 pandemic. Therapeutic applications of injectable PRP,
with growth factors released and no clotting, are one of the target areas for these first pilot
clinical trials. It is important that these trials and, generally, any other trials involving
PRPs record and share the following information with the scientific community: (i) the
composition of PRP utilized, (ii) the growth factors released in the PRPs immediate post
activation and right before treatment, and even more comprehensive PRP characterization
before treatment [26,28,32,33], and (iii) the clinical outcomes of these trials. Wider adoption
of PRP in clinical workflows depends critically on documenting and sharing these three
key elements with the community.

5. Conclusions

This study demonstrates that PEF can release growth factors from three types of
PRP that cover a wide range of cell content and platelet concentrations. The described
experiments used bovine thrombin activation for the positive control and non-activated
PRP for the negative control. Data also include whole blood measured growth factor
release with and without bovine thrombin. While previous studies [21–30,32,33] have
examined electrical stimulation of the Harvest PRP and the resulting levels of EGF, VEGF
and PDGF-AA post electrical stimulation, no published study has performed a multi donor
comparison for these three different types of PRP (Harvest, EmCyte, and Eclipse) in terms
of composition and activation via bovine thrombin. Growth factor release for all PRPs
with PEF is on the same order of magnitude as bovine thrombin activation for PDGF-
AA and VEGF, but significantly higher than bovine thrombin for EGF. The study does
not reveal dramatic differences between growth factor release for pulses A (2 µs) and F
(5 µs). Previous studies have shown robust growth factor release for Harvest PRP with
5 µs pulses [28]; therefore, reducing pulse durations (e.g., 2 µs) at higher voltages may not
provide practical benefits.
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Appendix A

The study in this paper also measured soluble P-selectin, as shown in Figure A1. For
all three PRPs, non-activated and BT activated averaged levels of soluble P-selectin are
nearly similar. PEF seems to increase the average P-selecting values; the highest increase
is for Harvest PRP. The whole blood readings show increase of P-selectin when BT is
applied compared to base line cases. The averaged soluble P-selectin for non-activated
Eclipse PRP is similar to whole blood; non-activated Harvest and EmCyte PRP have higher
levels of this biomarker compared to whole blood. P-selectin is usually associated with the
platelet membrane because a portion of it crosses the membrane. However, P-selectin can
be cleaved by a protease releasing soluble P-selectin from its membrane anchor. It should
be noted that soluble P-selectin is also present within platelet alpha granules. Therefore,
soluble P-selectin is released from platelets during activation and degranulation.
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Figure A1. Soluble P-selectin release for: whole blood (WB)—no activation and bovine thrombin (BT)
activation; Harvest PRP (no activation, bovine thrombin—BT—activation, and activation using elec-
tric stimulation with pulses A and F); Eclipse PRP (no activation, bovine thrombin—BT—activation,
and activation using electric stimulation with pulses A and F); EmCyte PRP (no activation, bovine
thrombin—BT—activation, and activation using electric stimulation with pulses A and F).

Reference [45] concludes: “These data clearly suggest that the anticoagulant matrix
and blood collection procedures may significantly influence the plasmatic P-selectin levels.
Furthermore, in different clinical conditions, elevation of this marker may reflect endoge-
nous platelet activation”. Since the three PRPs utilized in our study include the usage of
different anticoagulant solutions, it may be challenging in this context to compare the solu-
ble P-selectin among Harvest, Eclipse and EmCyte. There is a significant body of research
about the role of soluble P-selectin [46,47]. Finally, previous studies of electrical activation
of (Harvest) PRP have quantified platelet surface P-selectin via flow cytometry [26,28].
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