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A comparative profile of total protein and six
angiogenically-active growth factors in three platelet

products

Vergleichsprofil von Gesamtprotein und sechs angiogen aktiven

Wachstumsfaktoren in drei Thrombozytenprodukten

Abstract

Objectives: Platelet-derived products have been shown as promising
novel therapeutic agents for chronic wounds. However, their clinical
use requires a greater degree of method standardisation, part of which
involved more extensive cataloguing of their biochemical composition.
This study aimed to quantify and compare total protein and 6 angiogen-
ically-active growth factors in three distinct platelet products.
Methods: Platelet Lysate (PL, n=5), Calcium-activated Platelet Rich
Plasma (Ca-PRP, n=5) and Platelet-Rich Fibrin (PRF, n=5) were prepared
from pooled platelet apheresis products (n=10). Ca-PRP and PRF were
prepared from the same units (n=5) by activation with 20 mmolL" cal-
cium chloride. PL was prepared from the remaining (n=5) units using
an established lysate. Total protein was quantified with the Bradford
Assay. Sandwich enzyme-linked immunosorbent assay was used to
quantify six growth factors: epidermal growth factor (EGF), vascular
endothelial growth factor (VEGF), hepatocyte growth factor (HGF),
stromal cell derived growth factor-1a (SDF-1a), endostatin, and trans-
forming growth factor-f1 (TGF-B1).

Results: Protein retrieval differed significantly (p<0.05) between the
three products: PL (11.35+0.80 mg/mL) < Ca-PRP (20.44+8.17 mg/mL)
< PRF (40.67+3.13 mg/mL). Growth factor yield was considerable in
all three products and differed significantly for: VEGF (PL<PRF); EGF
(Ca-PRP<PRF); HFG (PL<Ca-PRP); Endostatin (PL<Ca-PRP, PRF<Ca-PRP,
PL<PRF) and TGF-B1 (Ca-PRP<PL, Ca-PRP<PRF).

Conclusions: Platelet apheresis products contain a substantial quantity
of the investigated pro- and anti-angiogenic growth factors. Their release
varies depending on the manufacturing protocol used. Clinically, altern-
ate products could thus be combined to provide a therapeutically optimal
mix of growth factors.

Keywords: wound healing, platelet-derived products, growth factors,
platelet lysate (PL), platelet-rich plasma (PRP), platelet-rich fibrin (PRF)

Zusammenfassung

Zielsetzung: Aus Blutplattchen gewonnene Produkte haben sich als
vielversprechende neue Therapeutika fur chronische Wunden erwiesen.
Ihre klinische Verwendung erfordert jedoch ein héheres Mafd an Stan-
dardisierung der Methoden, wozu auch eine umfassendere Katalogisie-
rung ihrer biochemischen Zusammensetzung gehort. Ziel dieser Studie
war es, das Gesamtprotein und 6 angiogen aktive Wachstumsfaktoren
in drei verschiedenen Thrombozytenprodukten zu quantifizieren und
zu vergleichen.

Methoden: Thrombozytenlysat (Platelet Lysate PL, n=5), kalziumaktivier-
tes plattchenreiches Plasma (Calcium-activated Platelet Rich Plasma
Ca-PRP, n=5) und plattchenreiches Fibrin (Platelet-Rich Fibrin PRF, n=5)
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wurden aus gepoolten Thrombozytenaphereseprodukten (n=10) herge-
stellt. Ca-PRP und PRF wurden aus denselben Einheiten (n=5) durch
Aktivierung mit 20 mmolL™ Calciumchlorid hergestellt. PL wurde aus
den verbleibenden (n=5) Einheiten unter Verwendung eines etablierten
Lysats hergestellt. Das Gesamtprotein wurde mit dem Bradford-Assay
quantifiziert. Mit dem Sandwich Enzyme-linked Immunosorbent Assay
wurden sechs Wachstumsfaktoren quantifiziert: Epidermaler Wachs-
tumsfaktor (Epidermal Growth Factor EGF), vaskularer endothelialer
Wachstumsfaktor (Vascular Endothelial Growth Factor VEGF), Hepato-
zyten-Wachstumsfaktor (Hepatocyte Growth Factor HGF), CXCL12
(Stromal Cell Derived Growth Factor-1a SDF-1«), Endostatin, transfor-
mierender Wachstumsfaktor-f1 (Transforming Growth Factor-1 TGF-
B1).

Ergebnisse: Die Proteinausbeute unterschied sich signifikant (p<0,05)
zwischen den drei Produkten: PL (11,35+0,80 mg/ml) < Ca-PRP
(20,44+8,17 mg/ml) < PRF (40,674+3,13 mg/ml). Die Ausbeute an
Wachstumsfaktoren war bei allen drei Produkten betrachtlich und un-
terschied sich signifikant fur: VEGF (PL<PRF); EGF (Ca-PRP<PRF); HFG
(PL<Ca-PRP); Endostatin (PL<Ca-PRP, PRF<Ca-PRP, PL<PRF) und TGF-
B1 (Ca-PRP<PL, Ca-PRP<PRF).

Schlussfolgerungen: Thrombozyten-Apherese-Produkte enthalten eine
betrachtliche Menge der untersuchten pro- und antiangiogenen
Wachstumsfaktoren. Ihre Freisetzung variiert je nach dem verwendeten
Herstellungsprotokoll. Klinisch kdnnten daher verschiedene Produkte
kombiniert werden, um eine therapeutisch optimale Zusammenstellung

der Wachstumsfaktoren zu erhalten.

Introduction

Chronic wounds (CWs) do not progress through the four
stages of wound healing in a timely manner, and as such
do not heal to a satisfactory degree or within the expected
time frame as matched to a comparable acute wound
[1]. They are a great cause of physical and psychological
morbidity for both patients and families, and are a heavy
burden on health systems’ resources [2]. Case in point,
in the national health service of the United Kingdom,
compared to acute wounds, CWs incurred a mean per-
patient rise of:

* 28% in outpatient visits,

* 47% in family doctor visits,

* 100% in prescriptions,

e 178% in wound care products and

e 70%, 162%, and 260% in practice, community and
specialist nurse visits, respectively.

Fiscally, this translated into an approximate increase of
63.82%, with the cost rising further for non-healing
wounds, whether chronic or not [3].

Moreover, total healing of CWs is often difficult or im-
possible, and they are often plagued with further complic-
ations such as scars, or subclinical and diagnosed infec-
tions [4], [5]. Indeed, the rate of recurrence and severe
infection is high [1]. In fact, in the span of a year, the av-
erage rate of CW healing in the national health service
(U.K.) between 2012/2013 and 2017/2018, was around
43t049% [3], [6], [7], [8]. The rate dropped significantly

with diagnosed or suspected infection: 59% (no infection)
versus 45% (infection) of CWs [8].

There is thus a clear demand for novel therapeutics.
Platelet-derived products (PDPs) have emerged as strong
contenders, with several studies demonstrating their ef-
fectiveness for CWs and dental and musculoskeletal
events [9], [10], [14], [12], [13], [14], [15], [16], [17].
The effect is due to platelets’ wealth of bioactive mo-
lecules, chiefly released from their alpha granules such
as immunoglobulins and growth factors (GFs) capable of
modulating each stage of wound healing [9], [10], [11],
[12], [13], [14], [15], [16], [17], [18], [19], [20], [21],
[22], [23]. PDPs may therefore be applied to wounds, to
stave off and quell infection (IgG content), and simultan-
eously promote tissue healing through the physiological
release of GFs.

Since angiogenesis is a key step in any healing process,
angiogenic factors are of particular interest. They are
abundant in PDPs and potentially useful for wound ther-
apy. Prominent examples include the pro-angiogenic
epidermal growth factor (EGF), vascular endothelial
growth factor (VEGF), hepatocyte growth factor (HGF),
stromal cell derived growth factor-1a (SDF-1a), and
transforming growth factor-f1 (TGF-1), and the anti-an-
giogenic endostatin [24], [25], [26], [27], [28], [29], [30],
[31], [32], [33].

In this context, we quantified six angiogenic growth factors
(listed above) in three different PDPs: platelet lysate (PL),
calcium-activated platelet-rich plasma (Ca-PRP), and
platelet-rich fibrin (PRF), to establish if any statistically
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significant difference in GF concentration - and thus,
therapeutic potency - exists between them.

Methods

Samples

The workflow for the preparation of the three PDPs is
shown in Figure 1.

All PDPs were prepared from five-days-old apheresis-
pooled, leukocyte-depleted platelet bags (n=10). Buffy
coats for preparing these units were obtained from routine
processing of whole blood donated by healthy volunteers
at the National Blood Transfusion Center, Guardamangia,
Malta. The blood bags allow for natural oxygen / carbon
dioxide exchange and were kept at constant agitation up
to the point of processing into PDPs.

In all cases, the first step of processing was centrifugation
at 2,500 rpm for 6 min, to separate the platelets (pellet)
from plasma (supernatant).

Platelet lysate (PL)

All supernatant (plasma) was discarded, and the pellet
vigorously shaken with 20 mL of lysis buffer (0.9% sodium
chloride, 0.3% ammonium chloride and 0.3% sodium di-
hydrogen phosphate; Sigma-Aldrich, Munich, Germany),
modified by Seria et al. [22].

Following three consecutive freeze-thaw cycles, a second
centrifugation (2,000 rpm for 6 min) was performed to
precipitate and remove broken platelet membranes. The
supernatant (PL) was aliquoted and stored at -20°C
until needed.

Calcium-activated platelet-rich plasma (Ca-PRP)

All supernatant (plasma) was removed from the pellet.
10 mL of plasma was replaced to produce PRP, to which
was added 10 mL of 20 mmolL™ calcium chloride to ac-
tivate the platelets. This was left in a 37 °C water bath
overnight to allow for clotting, and separated by centrifu-
gation at 2,000 rpm for 6 min. The supernatant (Ca-PRP)
was aliquoted and stored at -20°C until needed.

Platelet-rich fibrin (PRF)

The clots (PRF) from the above step were re-suspended
in phosphate-buffered saline (PBS) in a 1:1 (W:V),
PRF:PBS ratio; then broken up via sonication at a fre-
quency of 20 Hz for 10 seconds, 30 Hz for 30 seconds,
and 50 Hz for 10 seconds as modified (to prevent heat
denaturing) by Lee et al. [34].

The remaining insoluble fibrin was removed by centrifu-
ging at 12,000 rpm for 10 min at 4°C [34]. The super-
natant was aliquoted and stored at -20°C until needed.

Determining total protein content:
Bradford assay

Total protein content was determined using the Bio-Rad
Bradford protein assay (Bio-Rad Laboratories, CA, USA).
Standards were set up using varying concentrations of
bovine serum albumin (BSA), and PBS as the blank. All
samples were performed in duplicate. Both samples and
standards were read in triplicate at an optical density
(OD) of 595 nm on an Eppendorf BioPhotometer 6131
(Hamburg, Germany). The standard curve was plotted
using Microsoft Excel 2016.

Sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE)

PL (n=5), Ca-PRP (n=4) and PRF (n=4) were first dena-
tured by heating at 95°C for 5 min with Laemmlli buffer
(Bio-Rad, CA, USA).

Precision Plus Protein™ (Bio-Rad, CA, USA) protein ladder
and 20 pg of each sample (in the order given above) were
loaded into separate lanes of an 8% and 12% polyacryl-
amide gel.

After running, both gels were stained with Coomassie
Blue (SimplyBlue™ SafeStain, Invotrogen, MA, USA). The
8% gel was stained a second time using silver stain, to
better highlight faint bands.

Sandwich enzyme-linked
immunosorbent assay (SELISA)

SELISA (Thermo Fisher Scientific, MA, USA) assays for
EGF, VEGF, HGF, SDF-1«, endostatin, and TGF-B1 were
conducted on the PL, Ca-PRP and PRF preparations -
following the manufacturer’s protocol.

The plates were read at an OD of 450 nm on a Mithras
LB940 multimode microplate reader. Blanks were pre-
pared according to the same protocols, and four paramet-
er standard curves were plotted using GraphPad Prism
version 9.2.0 (San Diego, CA, USA). All samples
(n=5+5+5) were run in duplicate and read in triplicate,
giving 30 readings per set of samples.

Statistical analysis

All values are reported as the mean (+ standard deviation)
of five samples performed in duplicate and read in triplic-
ate. Data was analysed using GraphPad Prism, version
9.2.0 (San Diego, CA, USA) and SPSS, version 27 (Chica-
go, IL, USA). Significance analysis of data was performed
via one-way analysis of variance (1W-ANOVA), followed
by Tukey’s post hoc test for sample group comparisons.
Significance was set at p<0.05.
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Figure 1: Workflow for sample preparation
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Results

The results are summarized in Figure 2.

< Tota_l Ca<PRF Legend
o Protein )
NS
VEGF PL<Ca Ca<PRF - -
EGF Ca<PL - PL<PRF -
, p<0.0005
HGF - PRF<Ca ‘ PL<PRF
<
)
a -
SDF-1a PL<Ca Ca<PRF PL<PRF
Endostatin - PRF<Ca -
s 1 L

PLvs Cavs
Ca PRF

PL vs
PRF

Figure 2: Summary of results.

PL, platelet lysate | Ca, calcium-activated platelet-rich plasma
| PRF, platelet-rich fibrin | BA, Bradford assay | ELISA,
enzyme-linked immunosorbent assay | VEGF, vascular

endothelial growth factor | EGF, endothelial growth factor |

HGF, hepatocyte growth factor | TGF-B1, transforming growth

factor-beta 1 | SDF-1q, stromal cell-derived growth factor-1
alpha | NS, not significant

Total protein content

PRF was found to have the highest protein content
(40.67+3.13 mg/mL), followed by Ca-PRP (20.44+8.17
mg/mL) then PL (11.35+0.80 mg/mL). Statistical signi-
ficant (p<0.05) was demonstrated for these differences,
with it being strongest between PL/PRF (p<0.00005),
followed by Ca-PRP/PRF (p<0.0005) then Ca-PRP/PL
(p<0.05) as seen in Figure 3.

SDS-PAGE

Protein zones (Figure 4) were clearly visible at every point
of the protein marker (25, 35, 50, 75 and 100 kDa) and
between them. The most abundant zone appeared at
~50 kDa, which was most prominent in Ca-PRP and least
prominent in PL. Further separation revealed another
abundant zone at 60 and 100 kDa, respectively. It is also
interesting to note that - where visible - all samples
produced the same zones except between ~80 and
50 kDa where a deal of variability can be noted.

Based on their molecular weights (kDa) the six GFs would
fall in the following zones: Endostatin, 178.19; EGF, 134;
HGF, 83.13; TGF B1, 44.34; VEGF, 22.31; and SDF-1q,
10.67 [35], [36], [37], [38], [39], [40].

% %k %k %k

50 * * k%

40

30

20

Total Protein (mg/mL)

10

PL Ca-PRP PRF

Figure 3: Bradford assay-based quantification of total protein.
Values are reported as the mean of 5 samples, with error bars
representing standard deviation. Significance determined via
Tukey’s post-hoc comparison tests following one-way ANOVA.
*p< 0.05, ** p<0.005, *** p<0.0005, **** p<0.00005
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Figure 4: SDS-PAGE gels.
A) 12% polyacrylamide running gel, Coomassie blue stain.
B) 8% polyacrylamide running gel, silver stain.

Growth factor (GF) content

GF concentrations are reported in Table 1 as the mean
(£ standard deviation), and in Table 2 as a percentage
of total protein.
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Table 1: Growth factor content (pg/mL) of platelet lysate (PL), calcium-activated platelet-rich plasma (Ca-PRP) and platelet-rich

fibrin (PRF), determined using sandwich enzyme-linked immunosorbent assay.

Values are reported as the mean of 5 samples (+ standard deviation).

VEGF EGF HGF Endostatin TGF-1 SDF-1a
(pg/mL) (pg/mL) (pg/mL) (pg/mL) (pg/mL) (pg/mL)
PL 900.80 1412.37 466.64 5586.06 2920.28 29960.37
(£180.69) (£215.62) (£257.48) (£2371.56) (+1,205.75) (£529.74)
CapRp| 329675 971.31 1423.92 9924560 3591.97 27889.09
(+1,566.65) | (£201.76) (£720.05) (£19,075.65) (£722.34) (+1,664.80)
PRF 4741.09 1652.87 735.86 44505.58 6519.92 30714.91
(+2,581.13) | (£577.15) (£245.11) (£15,375.15) | (¢5,297.51) (+313.30)

VEGEF, vascular endothelial growth factor | EGF, endothelial growth factor | HGF, hepatocyte growth factor |

TGF-B1, transforming growth factor-beta 1 | SDF-1a, stromal cell-derived growth factor-1 alpha

Table 2: Growth factor content as a percentage of total protein in platelet lysate (PL), calcium-activated platelet-rich plasma
(Ca-PRP) and platelet-rich fibrin (PRF).
GF content determined using sandwich enzyme-linked immunosorbent assay, total protein determined via the Bradford Assay.

VEGF EGF HGF Endostatin TGF-1 SDF-1a
PL 0.000008% 0.000012% 0.000004% 0.000049% 0.000026% 0.000264%
Ca-PRP | 0.000016% 0.000005% 0.000007% 0.000486% 0.000018% 0.000136%
PRF 0.000012% 0.000004% 0.000002% 0.000109% 0.000016% 0.000076%

VEGF, vascular endothelial growth factor | EGF, endothelial growth factor | HGF, hepatocyte growth factor |
TGF-B1, transforming growth factor-beta 1 | SDF-1a, stromal cell-derived growth factor-1 alpha

A significant (p<0.05) difference in concentration was
demonstrated for five GFs between >1 samples as shown
in Figure 5. However, no statistically significant difference
was shown between either sample for SDF-1« (Figure 5).
The pattern (4 of 6 GFs) shows that in general, PL con-
tains the lowest concentration of measured GFs. The ex-
ceptions being EDF and TGF-B1, where it was nonetheless
surpassed by PRF. On the other end, PRF contains the
largest concentration of GFs, except for HGF and endostat-
in, where it was surpassed by Ca-PRP.

Discussion and conclusion

As part of a long-term project to compound platelet-de-
rived formulations for various stages in the evolution of
a chronic wounds, this study quantified total protein and
six angiogenically-active growth factors in three PDPs: PL,
Ca-PRP and PRF. While both protein recovery and GF
composition varied considerably among the explored
PDPs, we demonstrate that all are an abundant source
of EGF, VEGF, HGF, SDF-1a, endostatin, and TGF-B1. The
data complimented previous work from this laboratory
that uncovered substantial amounts of IgG and albumin
inthe PDPs [22]. It can thus be summarized that, collect-
ively, these molecules protect wounds from even subclin-
ical infection and inflammation, while promoting angiogen-
esis and healing. The new data further enlightens the
platelet proteome.

Platelets are the first elements to arrive at the site of the
injury and are particularly active in the early inflammatory
phase of the healing process. They play a major role in
initiating wound repair by locally releasing several GFs
through the a-granules degranulation. They regulate ag-

gregation, clot formation, recruitment of the inflammatory
cells and promote tissue repair through the cytokines and
proteins released [20], [21].

An ever-growing body of research shows platelets playing
key roles in subsequent phases of wound healing, and
other physiological and pathological functions such as
immunity, diabetes mellitus and atherosclerosis [41]. It
has therefore been postulated that autologous GFs de-
rived from circulating platelets may be used for the
treatment of chronic wounds. Its application in intractable
ankle ulceration in B-thalassemia homozygotes, diabetic
foot ulcers, orthopedic injuries and regenerative dentistry
are good, albeit anecdotal, examples [9], [10], [11], [12],
[13], [14], [15], [16], [17], [18]. The rationale is that ap-
plication of PDPs to a wound delivers a concentrated, yet
physiological mix of bioactive molecules such as GFs and
immunoglobulins that can - among other things - resolve
chronic inflammation and herald cell proliferation.
However, to date, there have been no large-scale robust
clinical trials. Arguably, this is because such endeavors
would require a robust catalogue of PDPs’ biochemical
composition, as well as standardization in PDP methodo-
logy and nomenclature (e.g. what constitutes PRP) [42]
For instance: demographical variation in GF concentration
(age, sex, platelet count and physical exertion prior to
donation), centrifugation speed (e.g. due to apparatus
variations), time from preparation to analysis, and in the
case of Ca-PRP and PRF, the concentration and nature
of the activating factor [27], [42], [43], [44], [45].
Moreover, it must be noted that platelets are precious
clinical material. It is therefore unlikely and unfeasible to
procure the necessary quantities for such large-scale tri-
als. However, human in vitro models and an animal
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Figure 5: sELISA-based quantification of growth factors.
Values are reported as the mean of 5 samples, with error bars representing standard deviation.
Significance determined via Tukey’s post-hoc comparison tests following one-way ANOVA.
* p<0.05, ** p<0.005, *** p<0.0005, **** p<0.00005
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source such as porcine platelets, could be appropriate
for deeper exploration [46].

The diverse molecular profiles of PDPs raise the possibility
of mixing to provide the most needed molecules during
the life history of a wound [9]. For instance, impaired
angiogenesis in diabetic ulcers leads to a reduced afflux
of inflammatory cells and thus, a poor release of cytokines
and GFs, and susceptibility to infection [47]. As such, the
application of an autologous platelet-derived mix of im-
munoglobulins and anti-inflammatory GFs could stave off
infection and quell inflammation, thus allowing progres-
sion to phase 2 of healing. The subsequent application
of pro-proliferative GFs could then boost re-epithelization
and angiogenesis, to provide maximum therapeutic bene-
fit to the ulcer.

While on their own, PDPs do not appear to be a com-
pletely suitable therapeutic, supplementation with one
or more of the GFs reported here and elsewhere could
serve to compliment the beneficial effects in a stage-
specific manner. If successful, the stage-specific mixes
could be replaced with cheaper, mass-producible bio-
manufactured preparations.
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