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ABSTRACT

The proliferation and migration of porcine adipose-derived stem cells (ASCs) have only begun to be studied
in detail in vitro. The primary aim of these studies was to analyse in vitro ASC migration in varying
concentrations of growth factors derived from the platelet-rich fraction of centrifuged plasma, the so-called
platelet-rich plasma (PRP). ASCs were hypothesized to migrate at a faster velocity with increasing PRP
concentrations. Whole blood was collected with a sodium citrate anticoagulant and subjected to two
centrifugations. The first slower spin was to remove red blood cells to collect plasma, and the second faster
spin was to collect the fraction with a high platelet concentration. Platelet concentration increased 3.5-fold
compared to plasma, within the prescribed therapeutic range. For long-term culture of ASCs, DMEM
supplemented with no more than 20% was necessary to maintain cell viability. ASC proliferation rate in
PRP-supplemented media was comparable to that in fetal bovine serum (FBS), a standard cell culture media
supplement. In addition, the velocity of ASC migration increased in cultures supplemented with 10%, 20%
or 30% PRP. Generally, PRP was determined to be a media supplement with similar effects as FBS,
potentially making it a suitable substitute for in vitro expansion of ASC populations. These results are likely
partly explained by similarities in growth factor concentrations and their effects. Further characterization of
PRP will be necessary to tease out the specific growth factor(s) responsible for the increase in swine ASC
migration.

© 2023 Matthew B. Wheeler. Hosting by Science Repository.

Introduction

cytoplasm from megakaryocytes and circulate at a concentration of
200,000 per pL blood. Within seconds of activation at the site of a

Bone regeneration depends upon various signals, including growth
factor concentration gradients and mechanical stresses and strains [1] .
Platelets in particular play a critical initiatory role in the wound healing
process as an essential source of growth factors directing the initial
healing response. These small, circulating anucleate cellular fragments
store high densities of growth factors within their cytoplasmic granules
[2]. Platelets originate within the bone marrow as portions of exocytosed

wound, platelets begin to aggregate to form a sticky platelet plug for
initial cessation of bleeding, as well as release factors for the promotion
of vasoconstriction, inflammation, and initiation of the coagulation
cascade [3, 4]. One primary pathway of platelet activation is damage-
induced exposure to collagen and von Willebrand factor, which is not
ordinarily present in intact blood vessels.
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After activation from the wound microenvironment, platelets
degranulate, releasing significant quantities of factors for initiating
inflammation and the healing response. Dense granules, containing
predominantly inflammatory factors such as adenosine diphosphate
(ADP), regulate platelet activity by positive feedback by recruiting
additional platelets to the wound site and releasing their contents. In
addition, arachidonic acid is converted to thromboxane A2, a potent
initiator of inflammation and white blood cell migration. Previously
smooth and spheroid in shape, degranulation induces surface and
morphological changes causing platelets to be sticky and irregular,
allowing them to clump together as a plug. Many enzymatic conversions
of the coagulation cascade occur on surfaces of platelets [5].

Upon activation, platelets also release the contents of their a-granules,
containing mainly growth factors [2]. As relatively small signaling
proteins, growth factors play an essential role in bone fracture healing
and include platelet-derived growth factor (PDGF), which is a potent
mitogen; fibroblast growth factor (FGF) which is essential for
vasculogenesis, and transforming growth factor-B (TGF-fB) which
induces cell differentiation into collagen-producing cell types, among
others. The only growth factor family not generally present in platelets
is the bone morphogenetic proteins (BMPs), which are found in native
bone and released following damage and resorption.

Therapeutically, platelets have been utilized as a readily accessible
source of growth factors through the use of platelet-rich plasma (PRP),
in which autologous blood is collected with anticoagulant (sodium
citrate) and spun in a centrifuge [6]. Autologous PRP was first used in
1987 by Ferrari to avoid excessive blood product transfusions [7]. PRP
has since been used for various therapies, including orthopaedic, dental,
and neurosurgical applications [8, 9]. The administration is generally
considered safe, with a low risk of infection occurring when sterility
precautions are not sufficiently followed. Typically, 30-60 mL of venous
blood is withdrawn, and initial centrifugation is performed to remove red
blood cells and obtain plasma. A second centrifugation at a higher speed
separates platelet-poor and platelet-rich plasma fractions to obtain a total
of 3-6 mL of PRP.

Improvement in the rate of bone fracture healing has been demonstrated
through the use of PRP in preclinical animal models and case reports,
while only a few clinical trials have been performed to-date [10-14]. The
healing mechanism is most likely due to increased growth factor
concentrations at the wound site. While PRP appears to be efficacious in
promoting wound healing, clinical outcomes of total effectiveness have
been mixed due primarily to the strong pro-inflammatory component of
platelet-released factors [15]. Therefore, the clinical use of PRP may
require balancing with anti-inflammatory drugs. Alternatively, anti-
inflammatory cytokine release, such as from adipose-derived stem cells,
may provide inflammatory suppression to remedy this potential
limitation [16].

Other current limitations of PRP therapy are variability between methods
for its collection and between patients. Currently, two systems are
approved for PRP collection in the United States. However, substantial
variability remains in the clinical protocols, including the amount of
blood extracted, centrifugation speed and time, isolated fractions, and
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platelet activation stimulants. These differences have resulted in an
assortment of platelet concentrations used clinically (3-8-fold increase
above baseline), which may explain some mixed results. In addition, the
thrombin commonly used to activate platelets, have a bovine origin
which, may further exacerbate inflammation. Therefore, protocols for
large-scale clinical use will require standardization to improve treatment
consistency.

Compared to growth factors obtained from recombinant (bacterial or
mammalian cell) sources, growth factors from PRP are lower in cost and
allow for the administration of multiple growth factors simultaneously,
a more complicated technique using recombinant sources. No studies
have documented PRP to promote tumor growth, while using
recombinant growth factors at high concentrations may present an
increased risk [17]. The fundamental tradeoffs are reduced control of
dosage and side effects which stem from inflammation. Despite current
limitations, PRP therapy represents an autologous alternative to
recombinant growth factors. The consensus for PRP indicates a
promising potential therapy to promote enhanced bone healing, but
further clinical trials are needed before widespread adoption. PRP has
been shown to enhance the stemness of ASCs both in vivo and in vitro
[18, 19]. The combination of PRP and ASCs have also been shown to
enhance healing in murine, rat, swine, rabbit, and human models
(comprehensive reviews) [20-28]. However, further characterization of
PRP and its effects on ASCs is necessary before extensive clinical trials
can begin. The present work was designed in that regard.

Materials and Methods
| Blood Collection and Processing

The University of llinois Institutional Animal Care and Use Committee
approved all of the following procedures using animals (IACUC
#10014). Whole blood was collected at euthanasia in sterile 1-liter
containers from 4 pigs using sodium citrate (3.3%) as the anticoagulant
at a ratio of 8 mL blood to 1 mL anticoagulant. An initial centrifugation
spin was performed at 1,800 rpm (452 X g) for 15 minutes to remove
RBCs and collect plasma. A subsequent spin of collected plasma at 3,000
rpm (1,260 X g) for 10 minutes separated platelets [29]. The lower half
was PRP, while the upper fraction was platelet-poor plasma (P3).
Samples were stored at -20°C.

11 Platelet Concentrations

Plasma, PRP, and P3 were assessed for platelet concentration using a
hemocytometer and phase contrast microscope. Platelets were counted
at 400x magnification in triplicate.

111 Adipose-Derived Stem Cell Proliferation

PRP and P3 were thawed to room temperature and then heated to 56°C
for 30 minutes to inactivate complement. Platelets were degranulated
using 2.4 mM calcium chloride before filtration (0.2 pm syringe filters,
Nalgene, Rochester, NY). ASCs were thawed and cultured in DMEM
(Sigma D5648) supplemented with FBS (BenchMark, Gemini Bio-
Products, Sacramento, CA), PRP, or P3 at concentrations of 10% or
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20%. At passage 3-4, cells were seeded at 1.0 x 10* cells/mL in 6-well
plates.

Cells were trypsinized and counted in duplicate on a hemocytometer
after 0,1, 2,4, 6, and 10 days. Average doubling time (T,) was calculated
using the equation [30, 31]:

Ta=(t—t) *log (2) / log (92/01)

using counts (qs,2) from day 2 (t;) and day 6 (t;) time points during the
logarithmic growth phase.

IV Transwell Migration Assay

A polyethylene terephthalate (PET) 8-um pore insert for 6-well plates
(BD Biosciences, San Jose, CA) was used to assess ASC migration.
ASCs were starved in serum-free DMEM overnight before seeding (1 x
10° cells/mL) onto the top migration well [32]. The lower chamber
contained DMEM (control), FBS, PRP, or P3 (10 or 20%). After
incubation at 39°C in 5% CO, for 3, 8, and 24 hours, ASCs on the bottom
well were counted at 100x magnification in duplicate.

V PDMS Stamp Production

Poly-dimethylsiloxane (PDMS, Dow Corning, Midland, MI) stamps
were produced using standard soft lithographic methods, which consist
of asilicon master pattern to produce PDMS molds [33]. In a clean room
(Beckman Institute for Advanced Science and Technology, University
of Illinois at Urbana-Champaign, Urbana, IL), the master was formed
using a photomask printed with the 2 mm circular patterns, which
selectively blocked the passage of UV light onto an epoxy photoresist
(SU-8, MicroChem, St. Newton, MA). The photoresist was coated onto
silicon wafers at 5 um thickness using a 1,000 rpm spin speed and 1-
minute pre-bake at 65°C. Photoresist sections exposed to UV light
polymerized and attached to the silicon wafer. At the same time,
unexposed portions were subsequently washed away using 70% ethanol,
resulting in a negative of the original photomask. The wafer with 2 mm
photoresist patterns was baked at 95°C for 1 minute to complete
polymerization.

After the liquid monomer was mixed in a 10:1 mass ratio with catalyst
(Sylgard, Dow Corning), PDMS was poured onto the master. Following
the removal of bubbles by vacuum, PDMS was allowed to set under 50
kg of weight overnight. Heating at 60°C for 2 hours completed
polymerization. PDMS formed a mold that matched the pattern of the
original photomask.

VI Stamp Migration Assay

PDMS stamps were sterilized with 70% ethanol and allowed to air dry
before being placed in 12-well plates. Serum-starved ASCs (1.0 x 107
cells/mL) were loaded in each well and cultured in serum-free DMEM
for 4 hours to allow cell attachment. Treatments included medium
consisting of DMEM with varying PRP (0, 10, 20, 30, 50, 80, 90, 100%)
or FBS (10, 20%) concentrations. Plates were placed into a specialized
incubator equipped with a phase contrast microscope (Olympus Weather
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Station, Tokyo, Japan). A camera capable of time-lapse imaging under
phase contrast was used to image cell migration. Images were captured
every 15 minutes for 48 hours. Displacement and distance traveled of
randomly selected ASCs over time (n = 30) were measured using ImageJ
[34]. Average displacement was used to calculate the average ASC
velocity.

VII Statistical Analysis

Quantitative data are presented as mean + standard error. One-way
analysis of variance (ANOVA) was performed using SAS statistical
analysis software (SAS Institute, Cary, NC). Fisher’s exact test was used
for pairwise mean comparisons. A total of 30 cells per treatment (n = 30)
were analysed. Significance was evaluated using an alpha value of 0.05.

Results
| Platelet Concentration

For every 5 mL of whole blood, 1 mL of platelet-rich plasma was
obtained (Figure 1). Platelet concentration of PRP was significantly
higher (p<0.05) by a factor of 3.5 over plasma and a factor of 7.0 over
P3 from the same animal (Figure 2).

11 Adipose-Derived Stem Cell Proliferation

The addition of FBS or PRP to DMEM trended toward a shorter (0.1 >
p >0.05) average doubling time of ASCs (Figure 3). Supplementing with
P3 did not affect the doubling time of ASCs while supplementing with
PRP and FBS shortened the ASC doubling time (P<0.1). Increasing PRP
concentration above 10% did not have an additional effect on doubling
time of ASCs (Figure 4).

111 Transwell Migration Assay

After 24 hours, ASC migration towards 20% PRP was 2.8 times higher
(p< 0.05) than DMEM controls. This effect was similarly (p<0.05)
observed in 20% FBS. While migration was more limited in 20% P3, it
was still greater than in DMEM (p<0.05) but lower than with 20% FBS
(p<0.05; Figure 5).

IV Stamp Migration Assay

After tracking for 48 hours (Figure 6), average cell velocity was higher
(p< 0.05) in media supplemented with FBS or PRP (Figure 7). Velocity
was significantly higher (p< 0.05) at 20% PRP compared to 10% PRP,
with no significant difference between 30% PRP and 20% PRP (p=0.42).
ASCs were not viable long-term at concentrations above 30% PRP.
Therefore, ASCs cultured with 50, 80, 90, 100% PRP were not analysed.
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Figure 1: Platelet-rich plasma centrifugation process, a) whole blood with 3.3% sodium citrate anticoagulant. b) Separated into plasma (black arrow), buffy
coat (grey arrow), and red blood cell (white arrow) fractions after first centrifugation. c) plasma after the second centrifugation, the lower half is considered
PRP (black arrow) while the upper fraction was considered platelet-poor plasma (P3).
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Figure 2: Platelet concentration increased 3.5-fold in platelet-rich plasma over whole plasma, while platelet concentration decreased in platelet-poor plasma
(P3). ®Values with different superscripts differ (p < 0.05).
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Figure 3: Representative pictures of ASC proliferation in DMEM, 10% FBS, and 10% PRP after 2, 4, and 6 days. The scale bar is 100 um.

Int J Regenr Med doi: 10.31487/j.RGM.2023.01.01 Volume 6(1): 4-9



In Vitro Migration of Porcine Adipose-Derived Stem Cells in Platelet-Rich Plasma 5

~
o

3

d

b
b
DMEM  10%PRP 20%PRP 10%P3 10% FBS
Figure 4: The average doubling time of ASCs trended towards a decrease (0.1 > p > 0.05) in platelet-rich plasma and fetal bovine serum compared to control

DMEM and platelet-poor plasma. ®Values with different superscripts differ (p < 0.10).
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Figure 6: Representative images of cell migration in DMEM control and 20% PRP after 0, 24, and 48 hours. The scale bar is 200 pm.
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Figure 7: Average cell velocity significantly increased in fetal bovine serum and platelet-rich plasma compared to control DMEM. The effect of the PRP
dose was significant, with up to 20% PRP. ASCs were not viable at PRP concentrations above 30%. ®*Values with different superscripts differ (p <0.5).

Discussion

These experiments aimed to determine an optimal concentration of
platelet-rich plasma that increased adipose-derived stem cell
proliferation and migration while maintaining long-term cell viability.
Based on the results, a mixture of 20% platelet-rich plasma and 80%
Dulbecco's modified Eagle medium was determined to be the optimum
mixture and was adopted in an in vivo experiment [23]. Using PRP at
this concentration resulted in ASCs that traversed through narrow
channels in more significant numbers, trended towards proliferating at a
faster rate, and migrated at a faster velocity while maintaining viability
in culture, in the long-term. Faster in vitro proliferation and migration
translate to higher numbers of ASCs reaching the defect and in turn help
to ease the burden of having to isolate large numbers of adult stem cells
during surgery.

Injection of PRP along with adult stem cells at the site of the wound may
be preferable to expansion in cell culture, which carries risks of
contamination, oncogenic mutation, and significant regulatory and
clinical infrastructure burdens [35]. However, as cell-based therapies
continue to be developed, optimal growth media which are safe and
effective will be necessary. Currently, fetal bovine serum and custom
serum-free formulations are widely employed. FBS carries advantages
in terms of effectiveness and cost, but disadvantages of potential disease
transference and immune reactions, such as spongiform encephalopathy
or serum sickness [36, 37]. Platelet-rich plasma offers an alternative for
in vitro ASC expansion [38]. The results showed effectiveness in
promoting proliferation, while migration was roughly equivalent to that
of FBS. In addition, PRP could be individualized for each patient by
blood draws and processing before a grafting procedure. While the
chance for contamination remains, risks of disease transference are
generally eliminated, making PRP an attractive potential substitute for
FBS or serum-free for growth factor media.

Int J Regenr Med doi: 10.31487/j.RGM.2023.01.01

Protocols for concentrating platelets vary by the amount of blood
collected, centrifugation speed, time, and fractions considered to be
platelet-rich plasma [38]. The two-step approach used in this study,
which has been used clinically, resulted in a 3.5-fold increase (p< 0.05)
in platelet concentration compared to plasma. Ranges of platelet
concentration approximately 3 to 6-fold are considered therapeutic and
generally recommended for clinical use of platelet-rich plasma [39].
Concentrations above this level may result in unacceptably severe
symptoms of inflammation, such as pain and swelling, or potential
paradoxical effects in wound healing. Converting the platelet
concentration into an estimated growth factor yield provides an
estimated 0.06 ng of PDGF per one million platelets or about 1,200
molecules of PDGF per platelet [40, 41]. Therefore, while PRP is a
potent autologous therapy, dosing remains an essential but less-studied
factor in therapeutic regimens to optimize both growth and inflammatory
factors simultaneously released during platelet degranulation.

Another significant result of this study is the low viability of ASCs at
concentrations above 30% PRP, which is essential because PRP
appeared to form a stable gel at concentrations above 50% and remained
in solution at lower concentrations. While initially thought to be toxicity
from residual sodium citrate anticoagulant or calcium chloride for
platelet degranulation in the culture media, the observed low viability at
high concentrations may be more likely due to osmotic imbalance
because of the high protein concentrations as well as lower
concentrations of DMEM, which has essential elements for cell growth
such as amino acids, salts, vitamins, and glucose. Studies that utilize PRP
at high concentrations along with cellular therapy may have reduced
performance due to cell losses. Standard concentrations of FBS used
with DMEM are generally 10% to 20%, depending on the application
[42]. Culturing ASCs with PRP at higher concentrations may require
modification of standard DMEM to preserve ASC viability.
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Platelets' effect on ASC proliferation results from two primary growth
factors, PDGF and TGF-f [43]. Average doubling time decreased (faster
proliferation) for PRP and FBS treatments, while doubling time was
longer in platelet-poor plasma and control DMEM. For this study, the
doubling time was independent of concentration for PRP. This result
may be due to limits in the rate of mitosis set by steps such as DNA
synthesis and cell division, which might not be further stimulated by
growth factor administration [44].

For the transwell migration assay, the ability of ASCs to traverse
channels on the order of the size of the nucleus towards a growth factor
gradient is simulated. During a bone injury, the tissue becomes necrotic
and marked for debridement by macrophages and osteoclasts, resulting
in the rapid formation of channels for migration throughout the damaged
bone. A baseline level of ASCs was found to migrate with no growth
factor gradient present (DMEM controls) and is likely due to following
other gradients such as those of glucose, oxygen, and pH, found in the
new media of the lower chamber [45]. Adding PRP, FBS, or platelet-
poor plasma enhanced the migration process. Growth factor gradients
stimulate migration by differential membrane receptor stimulation on the
forward migrating end with a higher concentration than the end with a
lower concentration. They are essential for increasing the number of
MSCs at the defect site. Previous results have shown that human ASC
will migrate in vitro in the presence of individual growth factors and
chemokines but with varying percentages [46].

In the stamp migration assay, ASCs did not migrate towards any gradient
but instead generally moved toward newly opened space in the cell
culture plate at a more significant (p< 0.05) velocity in PRP or FBS than
platelet-poor plasma or control DMEM. The stamp migration assay
represents a rough two-dimensional approximation of a bone defect in
that live cell density decreases as capillary networks are damaged. Cell-
cell signaling results in proliferation and migration at low local
confluency and is reduced as confluency increases, known as contact
inhibition, a property of normal, non-cancerous cells [47]. In addition to
removing contact inhibition, average cell velocity appeared to be
concentration-dependent up to 20% PRP before becoming independent
and less viable at 30% PRP. These results suggest a therapeutic limit for
the dosage of PRP, which would be effective for promoting proliferation
and migration of ASCs, as membrane receptors may become saturated
and gene expression maximally upregulated.

Because growth factors released from platelets primarily affect cell
proliferation and migration, a possible improvement to better simulate
the bone regeneration process could be supplementation with bone
morphogenetic protein (BMP-2 or BMP-7) or differentiation media (i.e.,
dexamethasone, ascorbic acid, B-glycerophosphate). Regeneration is
initiated by platelets, primarily through the release of PDGF, FGF, and
TGF-B, which act to induce mitosis and migration of scarce (1 in 250,000
cells for an adult) mesenchymal stem cells, significantly increasing their
number during an injury [48]. While TGF-f plays an essential role in
collagen production and organization, the BMPs, not found in PRP,
direct the maturation of osteoblasts and the eventual remodeling of the
tissue. Supplementing these factors may help better understand the entire
bone regeneration process. In summary, platelet-rich plasma at the
appropriate concentration increases proliferation, migration, and
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velocity of cell spreading and presents an alternative culture media
supplement.
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