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Abstract

Activated platelet-rich plasma (PRP) has been used in the clinical settings of wound healing
and regenerative medicine, with activation typically induced by the addition of bovine throm-
bin. To eliminate issues with availability, cost and potential side effects associated with
bovine thrombin, ex vivo PRP activation using pulse electric fields (PEF) has been proposed
and demonstrated. The present study characterizes the effect of PEF voltage and pulse
width, in combination with a range of calcium concentrations, on clot formation, growth fac-
tor release, and serotonin (5-HT) release from dense granules. The main findings are: 1)
increasing calcium concentrations with most PEF conditions leads to increased levels of
PDGF and 5-HT release; 2) whether EGF levels increase or decrease with increasing cal-
cium concentration depends on the specific PEF parameters; 3) the pattern of PDGF and
EGF levels in supernatants suggest that these molecules are localized differently within
platelets; 4) significant levels of PDGF, EGF, and 5-HT can be released without inducing
clot formation or hemoglobin release. In conclusion, voltage, pulse width and calcium con-
centration can be used to control and tune the release of growth factors, serotonin and
hemoglobin from PEF-activated PRP. Because growth factor requirements vary for different
types of wounds and for wounds at different stages of healing, the unique balance of factors
in supernatants of PEF-activated PRP may provide more clinically advantageous than the
current standard of bovine thrombin-activated PRP.
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Introduction

Platelet rich plasma has been explored for various clinical applications, leveraging the growth
factors and proteins released by platelets upon activation [1-6], Promotion of wound healing
by clinically administered platelet-rich plasma (PRP) includes several steps: blood draw from
the patient; PRP separation from whole blood; activation-typically with bovine thrombin
(although there is no clinical standard for bovine thrombin activation); topical application of
the activated PRP on the wound. For specific PRP applications, the activation step is omitted,
and non-activated PRP is directly injected at the site of the injury. These workflows attempt to
harvest the effects on the wound healing cascade of growth factors released from platelets. For
injections with non-activated PRP, it is considered that the platelets are activated in vivo, by
the collagen at the site of the injury. The clinical applications of PRP in wound healing and
regenerative medicine include diabetic foot ulcers [3], cardiac surgery [4], orthopedics and
sports medicine [7], dermatology and hair loss [8-10].

In vitro activation of PRP using pulse electric fields (PEF) offers an alternative to bovine
thrombin activation: an instrument-based, easy-to-standardize method, without the challenges
of bovine thrombin (side effects, cost, workflow); it should be noted that autologous thrombin
is another alternative to bovine thrombin, although this additional biomaterial needs to be
generated at the bed side; the activation potential of autologous thrombin is an area of ongoing
research. Initial pre-clinical studies produced promising wound healing results using PRP acti-
vated via PEF [11]. Mechanistically, it is believed that PEF may cause platelet activation with
growth factor release and clotting via Ca transport and platelet membrane and intracellular
organelle electro-permeabilization [12]. However, subsequent research discovered that PEF
treatment of PRP enables growth factor release with or without clotting [13]-a unique feature
that adds additional clinical functionality compared to the use of bovine thrombin. One could
envision PEF-induced growth factor release and clotting of PRP for use in topical applications,
and PEF-induced growth factor release without clotting of PRP for use in injections to acceler-
ate the healing of injured tendons, ligaments, muscles and joints.

The work presented here studies clotting features and platelet alpha granule content
(growth factors) and platelet dense granule content (serotonin [5-hydroxytryptamine (5-HT)])
release at multiple electric pulse (five types of electrical pulses) and CaCl, parameters (four
CaCl, conditions). In addition, because PRP prepared by a number of commercial systems
contains significant numbers of red blood cells (0.2-3.2 million RBCs per uL PRP) [14] we
investigate the effect of PEF on RBC lysis and release of hemoglobin which can catalyze oxida-
tion of neighboring molecules, generate free radicals, and lead to cell death [15-17].

Methods
Donors, blood collection and preparation of PRP

This study was reviewed and approved by the Boston Children’s Hospital Committee on Clini-
cal Investigation and all subjects provided written informed consent. Healthy volunteers

(n = 3) were qualified for enrollment if they were aged >18 years, free of aspirin or other anti-
platelet medication (>10 days), and free of all other non-steroidal anti-inflammatory drugs

(> 3 days). Following a 2 mL discard, 120 mL of blood was collected from each of 3 volunteers
into 1/10™ volume of acid-citrate-dextrose solution A (ACD-A). PRP was prepared according
to the manufacturer’s recommendation using the Harvest SmartPreP2 System (Harvest Tech-
nologies, Plymouth, MA, USA) with two 60 mL cartridges. The resultant PRP was pooled
prior to further treatment. Complete blood cell counts were performed on the ACD-anticoa-
gulated whole blood and the concentrated PRP in a Sysmex XN Hematology Analyzer. Prior
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to activation, to increase the total number of conditions that could be evaluated for each
donor, the PRP was diluted with platelet-poor plasma to obtain a total volume of 24 mL.

Study design

PRP activation by PEF (conditions described below) was evaluated in the presence of buffer
(no added CacCl,) or added CaCl, (5.35 mM, 11.61 mM, or 17.04 mM) calculated to result in
final free ionized calcium levels of 0.05 mM, 0.2 mM, 0.8 mM, or 3.0 mM. Controls included
unactivated PRP, PRP activated with bovine thrombin (1 U/mL final concentration, Biopharm
Laboratories LLC, Bluffdale, UT, USA) in the presence of 17 mM added CaCl,, and PRP lysed
by freezing and thawing three times. Endpoints measured included: 1) clot formation kinetics
and strength by thromboelastography (TEG); 2) hemolysis as reflected by hemoglobin release;
3) release of epidermal growth factor (EGF) vs. a representative known alpha granule constitu-
ent, platelet-derived growth factor (PDGF); 4) serotonin (5-HT) release into the supernatant
from platelet dense granules. All endpoints except TEG were measured in samples taken 15
min after activation.

For analysis by TEG, 360 pL of activated PRP was quickly transferred to the TEG cup and
recordings initiated immediately. A separate independent sample was activated under identical
conditions and allowed to stand 15 min at room temperature following activation, then clots
were removed using the wooden handle of a cotton swab and the resulting serum was frozen
at -80°C for later evaluation of released hemoglobin, growth factors, and 5-HT.

Pulse electric field stimulation of PRP

Electrical stimulation of PRP was performed using a specially designed instrument prototype
(GE Research, Niskayuna, NY, USA), which has previously been described [18]. The instru-
ment takes into account the specific electrical properties of PRP which is typically more con-
ductive than the buffers used in electroporation. Concentrated PRP (~500 pL) was placed in a
2 mm electroporation cuvette (Molecular BioProducts, San Diego, CA, USA), pre-loaded with
1/100"™ volume buffer or CaCl, (5.35 mM, 11.61 mM, and 17.04 mM final concentration), and
exposed to one of five PEF conditions (Pulses 1-5, see Fig 1): Pulse 1: 3.3 kV peak voltage,
pulse duration 5 us, one pulse applied; Pulse 2: 1.6 kV peak voltage, pulse duration 5 us, one
pulse applied; Pulse 3: 1.5 kV peak voltage, pulse duration 450 ns, one pulse applied; Pulse 4:
500 V peak voltage, pulse duration 350 ns, one pulse applied; Pulse 5: 80 pairs of bipolar pulses,
one pair per second, ~ 150 ns pulse duration and ~ 650 V peak voltage for each bipolar pulses,
the two bipolar pulses separated by ~ 600 ns.

A Tektronix DPO4104 oscilloscope and a Tektronix P6015A high voltage probe were used
to measure the voltage pulses applied to cuvettes with PRP for activation.

Thromboelastography

Immediately following exposure of PRP to activating conditions, 360 uL of treated PRP was
placed in a TEG cup and analyzed by a TEG 5000 Hemostasis Analyzer System (Haemonetics
Corporation, Braintree, MA, USA). Clotting kinetics and characteristics were followed for 30
minutes.

Spectrophotometric determination of hemoglobin

Plasma hemoglobin was measured using a spectrophotometric method [19]. Briefly, normal
donor blood was centrifuged for 10 min at 800 x g and the PRP upper layer removed, leaving
packed RBCs. Total hemoglobin in the packed RBCs was measured using a Sysmex XN
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Fig 1. Pulse Electric Field (PEF) conditions used in this study.
https://doi.org/10.1371/journal.pone.0249209.9001

automated cell analyzer. Standards with different know hemoglobin concentrations were then
generated from this sample by dilution in 10 mM HEPES, 0.15 M sodium chloride, supple-
mented with 7% bovine serum albumin. Standards and unknowns were mixed with 0.04%
ammonium hydroxide and allowed to stand at room temperature for 1 hour before reading
the absorbance at 576 nm on a Molecular Dynamics 96 well plate reader. An initial subjective
estimate of the hemoglobin in samples was made by comparing the color of the sample to that
of the standards. Based on this comparison, for samples appearing dark red in color, 5 pL of
sample was mixed with 45 pL 0.04% ammonium hydroxide and compared to 5 pL of standards
mixed with 45 pL 0.04% ammonium hydroxide. For samples appearing to have less hemolysis,
20 uL of sample was mixed with 180 pL 0.04% ammonium hydroxide and compared to stan-
dards prepared in the same way. All samples were within the linear range of the standard curve
after dilution.

Measurement of EGF, PDGF, and 5-HT

Levels of EGF, PDGF and 5-HT in the supernatants of the treated PRP were measured using
commercially available ELISA kits (EGF and PDGF R&D Systems, Minneapolis, MN, USA;
5-HT, BA E-5900, Rocky Mountain Diagnostics, Colorado Springs, CO, USA). N = 3 for each
data point.
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Table 1. Cell composition and fold concentration of PRP prepared using the Harvest system.

Parameter Whole Blood PRP Diluted PRP Fold-Concentration of PRP Compared to Whole Blood
WBC (x10°/L) 4.83 £ 0.85 12.63 £ 1.42 10.22 £1.05 2.65+0.4
RBC (x10"*/L 4.23 £0.51 1.68 £ 0.36 1.38 £0.2 0.41£0.13
Hgb (g/dL) 12.7£1.92 4931 4.03 £ 0.64 0.4+0.14
HCT (%) 37.7+4.2 15.5+3.7 12.7£2.3 0.42 +0.14
PLT (x10°/L) 228+ 73 944 + 298 777 + 210 4.14£0.11

Abbreviations: HCT, hematocrit; PLT, platelet; PPP, platelet-poor plasma; PRP, platelet-rich plasma; RBC, red blood cell; WBC, white blood cell. Data are mean + SD,
n=3.

https://doi.org/10.1371/journal.pone.0249209.t001

Results

Blood cell counts for the collected whole blood and prepared PRP are shown in Table 1.

Platelet count was increased ~4-fold and WBC count was increased ~2.6-fold in PRP com-
pared to levels in whole blood, while RBC count and hematocrit in PRP were ~40% of those in
whole blood. The amounts of hemoglobin present in the supernatants of activated samples are
shown in Table 2 and Fig 2.

Release of hemoglobin was dependent on both the PEF condition and the final free calcium
concentration, with greater amounts of hemoglobin release at higher voltage settings and
higher calcium concentrations. Lower time settings (Pulse 3, Pulse 4 vs. Pulse 2) resulted in vir-
tually no release of hemoglobin from RBCs even at high calcium concentrations.

Clot formation as measured by thromboelastography is shown in Fig 3 and Table 3.
Regardless of activating conditions, clots were not detected by thromboelastography
with no added calcium (estimated free Ca++ [Ca*'g,ee] 0.03-0.06 mM) and with 5.35 mM
added calcium (estimated Ca*"g,c. 0.2 mM). Clot formation occurred more quickly with
17 mM than with 11.6 mM added calcium chloride (shorter R times). However maximal
clot strength achieved was similar. Clot formation with bovine thrombin was more rapid

than with PEF but, again, maximal clot strength (MA) was similar for PEF vs. thrombin
(Fig 3).

Table 2. Hemoglobin in supernatants of activated samples.

A

Ca**fee 0.05 mM Ca’*free 0.2 mM Ca**free 0.8 mM Ca**gee 3.0 MM
Pulse 1 0.18 +0.05 0.2+0.16 0.68 +0.63 1.49 +0.83
Pulse 2 0.06 + 0.03 0.08 + 0.01 0.44 + 0.62 0.78 + 0.31
Pulse 3 0.05 + 0.02 0.02 0.08 + 0.06 0.04 +0.01
Pulse 4 0.03 + 0.01 0.03 + 0.02 0.04 + 0.02 0.04 + 0.02
Pulse 5 0.03 + 0.02 0.04 + 0.02 0.06 + 0.03 0.2+0.22
B

Ca®* e 0.05 mM Ca**free 0.2 mM Ca®* e 0.8 mM Ca®*free 3.0 mM
Pulse 1 47+22 55+53 19.7 +20.4 372+ 14
Pulse 2 1.51 £ 0.63 19406 10.2 + 14 192463
Pulse 3 1.26 £ 0.6 0.6 22+21 0.9+0.2
Pulse 4 0.8+0.16 0.8+0.4 0.9+0.4 0.9+0.3
Pulse 5 0.82 +0.39 0.9+0.3 1.8+1 48+4.9

Column headings show the calculated free calcium (Ca®*gee) present in each sample. A: g/dL, B: % of total. Results shown are means + SD, n = 3.

https://doi.org/10.1371/journal.pone.0249209.t002
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Release of EGF, PDGF, and 5-HT

PDGF is present in platelet alpha granules whereas the localization of EGF within platelets is
less clear [20]. 5-HT is present in platelet dense granules [20]. The levels of each of these mole-
cules in supernatants following PEF activation of PRP are shown in Fig 4 and the levels
released by bovine thrombin activation and freeze/thaw treatment are shown in Fig 5.

PLOS ONE | https://doi.org/10.1371/journal.pone.0249209  April 23, 2021 6/13


https://doi.org/10.1371/journal.pone.0249209.g002
https://doi.org/10.1371/journal.pone.0249209

PLOS ONE

Activation of platelet-rich plasma by electric pulses: Tuning of growth factors, serotonin and hemoglobin

2+
A 30 time B L Ca free 0.05 mM
iimit 104 3 Ca?*jee 02 MM
3 BN Ca?', 0.8mM
— =,
2
E 20+ E B Ca% . 3.0mM
e ek pd St
14 Fkkk ek v 54
10 dkkN [
4| [ F % [of fy [ ek | B 4|+ PP FEgT) o PP FIgT)
O[O . ***x 0| o[|9| [e 9|9 0 O [3Ke] {1 - 0 O 0 O
= I I~ | = — I~ |~ — = - - ~ ]
||y oy Y| e | Uy 0o 0o 0o v o 0o
BRIELE( MEIEI MEIE) MEE!| MEE R NEE ggllgg | FE a
N 9 ) H A\ N v L) ] H A
(-] Q' Q () < Q Q (] ()
¥ ¥ ¥ F ¥ F R R A R
Q Q Q Q Q & Q Q Q Q Q &
o o
«°& ‘o&
Ny &
C100- D 100-
*kkk Fedkkk
80+ Fkkdk Fkkk ***t*** 80+ o >k ***’;*** Fekedk ek
a ******** *kkk Sk e . ek *k
dkkk
g 60- E 60-
5 £ i
S 40+ < 401
<
20488 5% 88 ] 88 204 68 5% 58 8 Bb
oo ° o °'o ° %o oo oo °%T oo o oo
o 9 0 0 o0 o o o 0 o0 0 0 o0 [} o0
0 a g g g o g =] =] 0 a e a g a g il o 2
N 9 % > » N N q ) > % N
(- Q (9 (] o (- Q < (] o
¥ ¥ ¥ ¥ L SR R C AR A
Q Q Q Q < Q Q Q Q Q Q Q&
\\ \\
o o
N N

Fig 3. TEG analysis of clot formation and strength. A) R (min), reaction time for first significant clot formation, B) K (min), time required to achieve a pre-
specified clot strength, C) Angle (deg), rate of clot development, D) maximum amplitude (MA, mm), maximum clot strength (related to elastic modulus). Results are
means + SEM, n = 3. Asterisks indicate significant differences within each pulse treatment for 0.2, 0.8 and 3.0 mM Ca®* e v5. 0.05 Ca** . *p<0.05, **<0.01,
¥**<0.001, **** <0.0001, Tukey’s multiple comparisons test adjusted for multiplicity.

https://doi.org/10.1371/journal.pone.0249209.9003

PDGEF levels with PEF and high calcium (Fig 4) were ~50% of those released by thrombin
or freeze/thaw treatment (Fig 5). PDGF decreased slightly with increasing calcium with Pulse
1 and increased slightly with increasing calcium with Pulse 2. In contrast, PEF Pulse 3 and
Pulse 4 with low or no added calcium resulted in virtually no released PDGF (Fig 5). EGF
release with Pulse 1 was strongly affected by calcium concentrations, with the highest EGF lev-
els in supernatants when no calcium was added. The level of EGF release with Pulse 1 and no
added calcium was similar to the level of EGF release with freeze/thaw treatment. Levels of
EGF were low with Pulses 3-5 regardless of added calcium. The difference in released EGF vs.
PDGF levels may suggest differences in their subcellular localization. 5-HT, which is stored in
platelet dense granules, showed a pattern of release similar, but not identical, to that of PDGF.
For Pulses 2, 3, and 4, which have decreasing time settings, but the same voltage setting, the
levels of 5-HT decreased with decreasing time, but at each PEF condition, higher 5-HT levels
were released with higher added calcium (Table 4).

With Pulse 1 and no or low added calcium, conditions which did not result in measurable
clot formation, significant amounts of PDGF, EGF, and 5-HT were released into the superna-
tant. Thus, release of these factors does not require clot formation. Similarly, with Pulse 1 and
no or low calcium, hemoglobin release was minimal, suggesting that the release of PDGF,
EGF, and 5-HT is not the result of mechanical cell breakdown.
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Table 3. Clot formation and strength parameters.

A. R (min)

Ca**fee 0.05 mM Ca**free 0.2 MM Ca®*free 0.8 MM Ca®*free 3.0 MM

113227 68708

207+ 1611 131265 973+ 261

B. K (min)

Ca**fee 0.05 mM

1.7 £0.85 1.37 +0.15
32+14 1.7 +0.82

C. Angle (deg)

65.5+7.73 69.2 + 2.65
55.97 + 12.69 69.3 +10.23

D. MA (mm)

65.17 + 5.05 64.77 + 6.44

68.3 + 8.96 76.7 + 4.52

Results shown are means + SD, n = 3.

https://doi.org/10.1371/journal.pone.0249209.t1003

Discussion

The present study characterizes the effect of PEF parameters (voltage amplitude and pulse
width), in combination with a range of calcium concentrations, on clot formation, hemoglobin
release, growth factor release, and dense granule serotonin release. The main findings are: 1)
increasing calcium concentrations with most PEF conditions leads to increased levels of PDGF
and 5-HT release; 2) whether EGF levels increase or decrease with increasing calcium concen-
tration depends on the PEF condition; 3) the pattern of PDGF and EGF levels in supernatants
suggest that these molecules are localized differently within platelets; 4) significant levels of
PDGF, EGF, and 5-HT can be released without inducing clot formation or hemoglobin
release. Taken together, these data suggest that the combination of PEF parameters (voltage
and pulse width) and calcium concentration can be used to tune the balance of growth factors,
serotonin and hemoglobin released into the supernatant of PRP. Because growth factor
requirements vary for different types of wounds and for wounds at different stages of healing,
the unique balance of factors in supernatants of PEF-activated PRP may better meet the needs
of individual clinical situations than bovine thrombin-activated PRP.
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There are two main clinical protocols involving PRP: topical application of activated/clotted
PRP and injection with non-activated PRP. During injections with non-activated PRP it is sug-
gested that activation is triggered in vivo by collagen present at the site of the injury [21]. The
experiments here demonstrated that various PEF and CaCl, parameters enable growth factor
release, serotonin release and minimum hemoglobin release-all without clotting. These plate-
let activation methods could be applied for topical uses of clotted PRP, but also for PRP injec-
tion workflows when clotting is not desirable, but growth factor and serotonin release may be
beneficial.

The present study was performed using PRP that includes RBCs, sometimes called “red”
PRP. Some PRP preparation devices in clinical practice produce “white” PRP [22, 23]-PRP
with most RBCs removed. The results of the present study demonstrate the ability to activate
“red” PRP while tuning/controlling the hemoglobin release (Fig 2). It should be noted that
recent results suggest clinical efficacy of hemoglobin sprays in wound healing [24].

This paper quantifies for the first-time serotonin release during platelet activation with
PEF. The results are surprising: serotonin release with PEF is more than 2x higher than with
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Fig 5. PDGF, EGF, and 5-HT in supernatants of control samples: Negative controls (no activation) and positive controls (thrombin activation and freeze /
thaw). Results are means + SEM, n = 3. Abbreviations: EGF, epidermal growth factor; Hgb, hemoglobin; PDGF, platelet-derived growth factor. Asterisks indicate
significant differences in the amount of PDGF, EGF and 5-HT in the supernatants of un-activated, thrombin/Ca++ activated or freeze/thaw treated PRP. *p<0.05,
**¥<0.01, ¥**<0.001 by ANOVA with Tukey’s multiple comparisons test adjusted for multiplicity.

https://doi.org/10.1371/journal.pone.0249209.9005

bovine thrombin and via freeze/thaw cycles. Of note, serotonin effects on wound healing are
beneficial [25].

The electric pulse parameters and CaCl, concentrations described here may not represent
the optimum settings for specific workflows. In order to meet specific experimental metrics—
growth factor release, clotting features, serotonin release, level of hemoglobin release, etc.—one
may need to further optimize these parameters. Also, different PRP formulations may need
additional optimization for these activation parameters via electrical stimulation, since their
electrical properties may be different than the “red” PRP utilized in our study here.

While the initial motivation for pursuing electrical activation of PRP was to enable an
instrument based process [26-31] that bypasses the use of thrombin and its potential side
effects, cost, availability and workflow, results shown here open opportunities for tunability of
PRP composition towards topical use (activated PRP, where thrombin is utilized) and
injectable use (when no thrombin is utilized). It should be noted that ex vivo electric treatment
of whole blood also enables platelet activation and growth factor release [32]-some clinicians
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Table 4. PDGF, EGF, and 5-HT in supernatants of PEF-activated PRP.

PDGF (pg/mL)

Ca®**free 0.05 mM Ca**free 0.2 mM Ca**free 0.8 MM Ca®*free 3.0 mM
Pulsel 3988 + 1714 2747 + 1195 3081 + 1268 2321 + 534
Pulse2 2813 + 1231 3915 + 1699 4063 + 1448 4221 + 2069
Pulse3 655 + 463 579 + 330 2699 + 2120 3270 + 2877
Pulse4 631 + 777 703 + 830 2969 + 2722 3515 + 2345
Pulse5 3847 + 2484 841 + 640 6395 + 2539 3174 + 835
EGF (pg/mL)

Ca**gee 0.05 mM Ca**gee 0.2 mM Ca**gee 0.8 mM Ca**free 3.0 mM
Pulsel 1694 + 830 1085 + 539 866 + 484 513 + 249
Pulse2 330 + 437 840 + 567 821 +223 819 + 363
Pulse3 76 + 125 50 + 38 116 + 119 50 + 63
Pulse4 33 +51 62 + 89 280 + 421 174 + 239
Pulse5 50 + 81 94 + 132 117 + 143 82 + 136
5-HT (ng/mL)

Ca**gee 0.05 mM Ca**fee 0.2 mM Ca**fee 0.8 mM Ca**free 3.0 mM
Pulsel 170 + 70 201 + 148 300 + 112 171 + 85
Pulse2 66 + 25 245 +193 369 + 232 410 + 282
Pulse3 34+19 38+ 16 169 + 155 384 + 349
Pulse4 2+1 25+3 127 + 111 237 + 199
Pulse5 28+ 13 32+13 279 +212 170 + 144

Results shown are means + SD, n = 3. Abbreviations: EGF, epidermal growth factor; 5-HT, serotonin; PDGF, platelet-derived growth factor; PEF, pulse electric field.

https://doi.org/10.1371/journal.pone.0249209.1004

that have successfully tested PRP injections for specific clinical applications, have decided to
move towards whole blood injections to reduce the cost and complexity of the procedure, via
bypassing the step of PRP separation from whole blood.

In conclusion, voltage, pulse width and calcium concentration can be used to control and
tune the release of growth factors, serotonin and hemoglobin from PEF-activated PRP.
Because growth factor requirements vary for different types of wounds and for wounds at dif-
ferent stages of healing, the unique balance of factors in supernatants of PEF-activated PRP
may be more clinically advantageous than the current standard of bovine thrombin-activated
PRP. Next steps in this research are evaluating opportunities for pilot clinical trials for wound
healing using electrically activated, tunable PRP, to be completed after the ongoing Covid 19
pandemic subsides.
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