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Abstract: Bone and cartilage are tissues of a three-dimensional (3D) nature. Therefore,
scaffolds for their regeneration should support cell infiltration and growth in all 3 dimensions. To
fulfill such a requirement, the materials should possess large, open pores. Centrifugal spinning
is a simple method for producing 3D fibrous scaffolds with large and interconnected pores.
However, the process of bone regeneration is rather complex and requires additional stimulation
by active molecules. In the current study, we introduced a simple composite scaffold based on
platelet adhesion to poly-e-caprolactone 3D fibers. Platelets were used as a natural source of
growth factors and cytokines active in the tissue repair process. By immobilization in the fibrous
scaffolds, their bioavailability was prolonged. The biological evaluation of the proposed system
in the MG-63 model showed improved metabolic activity, proliferation and alkaline phosphatase
activity in comparison to nonfunctionalized fibrous scaffold. In addition, the response of cells
was dose dependent with improved biocompatibility with increasing platelet concentration. The
results demonstrated the suitability of the system for bone tissue.
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Introduction
In order to fulfill the goals of tissue engineering, scaffolding materials that support
cell adhesion and proliferation are in demand. These materials should attract cells to
infiltrate inside the scaffold and stimulate them to differentiate to the desired cell type.
Proper cell differentiation is crucial for tissue-specific extracellular matrix (ECM)
synthesis and could create newly formed fully functionalized tissue. To fulfill such
expectations, tissue-engineered scaffolds are combined with drug delivery carriers and
serve as a mechanical support not only for cells but also for their stimulation.
Among the wide spectrum of scaffolding materials used in tissue engineering, nano-
fibers and microfibers raise much attention. With diameters similar to the compounds of
ECM, the fibers mimic the natural environment for cells and enhance their adhesion and
proliferation.!? The most commonly used technology for producing ultrafine fibers for
tissue engineering applications is electrospinning. To overcome electrospinning limita-
tions, such as low production capacity and sheet structure with limited layer thickness,
alternative methods such as melt-blown and centrifugal spinning have been used.’
Centrifugal spinning (Forcespinning™) is a technology that uses centrifugal force to
produce ultrafine fibers from melts and solutions.* The polymeric solution or melt is placed in
arotating chamber with a thin orifice. The applied centrifugal speed has to be strong enough
to overcome surface tension of the solution. The polymer solution is ejected from the orifice,
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and emerged jets are stretched and deposited on a collector. The
Forcespinning technology has been used for fabricating tissue
engineering scaffolds from various polymers, such as poly-e-
caprolactone (PCL),* ¢ gelatin,’ poly(L-lactic acid) (PLLA),” and
poly-lactic-co-glycolic acid (PLGA).® Loordhuswamy et al® used
in their study PCL in combination with gelatin to produce fibrous
meshes and tested them in vitro and in vivo for wound healing.
Zander"* used a rotating collector to deposit aligned PCL fibers
and used them to culture neuronal PC12 cells. It was shown that
the cells extended their neurites along the fibers.

However, the structure of the scaffold alone is often not
sufficient to promote tissue healing. In order to simulate the
physiological gradients of signaling molecules regulating
cellular fate, the scaffolds are often combined with drug deliv-
ery systems. Platelets are frequently used in tissue engineer-
ing and regenerative medicine as a source of natural cytokines
and growth factors. Platelets play an important role in wound
healing and regeneration and inflammatory response. Alfa
granules of platelets contain a wide range of growth factors,
including PDGF, TGF-B, PDAF, VEGF, EGF, PDEGF,
ECGF and IGF.’ It has been reported that the use of plate-
lets is beneficial for healing of bone,' cartilage,'! tendon,'
hernia®® and skin' defects. One of the main advantages of
using platelets as a source of growth factor is the possibility
of autologous use, which reduces the immune reaction.

In our previous experiment, platelets were used to make
electrospun PCL nanofibers functional.!! Platelets adhered
effectively to nanofibers, and the released growth factors
enhanced the adhesion and proliferation of chondrocytes. The
system of electrospun PCL nanofibers with adhered platelets
was also tested in a study by Plencner et al.'* The nanofibrous
samples with adhered platelets were tested with fibroblast
as a potential chirurgical mesh. The study showed that the
platelets improved the properties of PCL nanofibers. In a
study by Diaz-Gomez et al,'* PCL nanofibers prepared using
electrospinning were soaked in platelet-rich plasma (PRP)
and subsequently lyophilized. It was shown that growth
factors were released from the scaffold-enhanced adhesion
and proliferation of mesenchymal stem cells (MSCs). No
effect of MSC differentiation was detected.

In the current study, PCL three-dimensional (3D) fibrous
meshes prepared via centrifugal spinning (Forcespinning)
were combined with adhered platelets. The adhered platelets
were used as a natural source of cytokines and growth factors
for stimulating cell adhesion, proliferation and osteogenic
differentiation. The fibers prepared using centrifugal spinning
were expected to possess the same adhesive capacity as elec-
trospun fibers, with the advantage of a 3D mesh structure.
A 3D structure is essential for bone tissue engineering.

Materials and methods
Fibrous scaffold preparation using

centrifugal spinning technology

Fibrous meshes were prepared using a centrifugal spinning
device (Cyclone 1000 L/M Forcespinning® device; FibeRio,
McAllen, TX, USA). PCL (Sigma-Aldrich, St Louis, MO,
USA) was dissolved in a mixture of chloroform and ethanol
in a volume ratio of 9:1 to make 40% solution. An orifice
G30 at a rotation speed of 6,000x g was used to prepare the
fibrous meshes. Fibers were deposited on spunbond textile
using vacuum-assisted deposition.

Characterization of fibrous scaffolds

prepared using centrifugal spinning

The prepared fibers were visualized using a scanning elec-
tron microscope (SEM), and fiber diameter was determined.
Samples were coated with a thin layer of platinum using a
Quorum Q 150R S device (3 cycles; Quorum Technologies,
Lewes, UK) and visualized using SEM (Vega 3; Tescan,
Brno, Czech Republic). The acceleration voltage for all
samples was 10 kV. Fiber diameter and pore size were ana-
lyzed in the Image] program.

Adhesion of platelets on fibrous scaffolds
Leukocyte-depleted platelets derived from buffy coat in addi-
tive solution were purchased from the Transfusion Station at
Sumperk hospital. The bag contained platelets from 4 donors.
According to the Czech legislation of blood transfusion,
blood products not used for therapy can be used for scientific
purposes. Therefore, approval from an ethics committee was
not necessary for this study. All donors signed an informed
consent, agreeing to the use of their blood for scientific pur-
poses. Platelets were centrifuged at 120X g for 7 min for sedi-
mentation and removal of residual erythrocytes. Subsequently,
the supernatant was transferred into a new tube and centri-
fuged (2,200 g; 10 min) to retrieve the pellet of platelets,
which was resuspended in Platelet Additive Solution SSP+
(Macopharma, Tourcoing, France). Platelets were then diluted
to required concentrations in SSP solution: 3,000x10°/L
(corresponds to 10x concentrated physiological concentra-
tion (PC); P1), 900x10°%/L (corresponds to 3x concentrated
PC; P2), 300x10°L (corresponds to PC; P3), 100x10°/L (3x
diluted PC; P4) and 30x10°/L (10x diluted PC; P5).

Quantification of selected growth factors

released from platelets
To quantify the concentrations of pro- and anti-inflammatory
cytokines and growth factors, a Bio-Plex 200 Multiplex
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System (Bio-Rad Laboratories, Hercules, CA, USA) and
enzyme-linked immunosorbent assay (ELISA, DuoSet®;
R&D Systems, Minneapolis, MN, USA) were used. Platelet
lysate was prepared by the freeze/thaw method. Platelets
at a concentration of 900x10%L were lysed using 3 freeze/
thaw cycles (—80°C and 37°C) and subsequently centrifuged
at 3,422x g for 10 min to remove the cell membranes. To
analyze the cytokine content of the platelet lysate, the com-
mercially available cytokine panel (Bio-Plex ProTM Human
Cytokine 27-plex Assay; Bio-Rad Laboratories) was used in
accordance with the manufacturer’s instructions. The assay
allows multiple cytokines to be quantified simultaneously
in 1 well. Briefly, the platelet lysate was incubated with a
set of color-coded magnetic beads, each conjugated with
an antibody directed against a specific mediator. Biotiny-
lated detection antibody was added and allowed to bind to
streptavidin—phycoerythrin. To remove the unbound protein,
thorough washing series were performed in between each step
by an automatic wash station (Bio-Plex ProTM II). Finally, the
data were analyzed using a BioPlex 200 instrument fitted with
BioManager analysis software (5-parameter curve fitting).

To observe the distribution of growth factors released from
platelets, a sandwich ELISA was used. SDF-1o and bFGF
were determined according to the guidelines (Peprotech,
Rocky Hill, NJ, USA). P-Selectin, EGF, HGF, KGF, IGF-1,
TGF-B, thrombospondin and VEGF were quantified accord-
ing to the manufacturer’s instructions (DuoSet).

Release of thrombospondin from

platelets adhered on fibers

Thrombospondin was used as a model molecule to determine
the release profile of growth factors from the platelet-
functionalized samples. Scaffolds of 11 mm diameter were
punched out of the prepared fibrous samples. The scaf-
folds were functionalized with different concentrations of
platelets and incubated in phosphate-buffered saline (PBS;
500 uL) at 37°C. At given time points, the PBS was col-
lected, replaced with a fresh one and the samples were stored
at —20°C until analysis. To quantify the released thrombo-
spondin, ELISA was conducted according to the manufac-
turer’s instructions (DuoSet).

Release of proteins from platelets
adhered on fibers

Overall protein quantification was used to analyze the
kinetics of growth factor release from platelets. Scaffolds
of 11 mm diameter were punched out of the prepared
fibrous samples. The scaffolds were functionalized with
different concentrations of platelets and incubated in PBS

(500 uL) at 37°C. At given time points, the PBS was col-
lected, replaced with a fresh one and the samples were stored
at—20°C until analysis. To quantify the released protein, the
QuantIT Protein assay (Life Technologies, Carlsbad, CA,
USA) was used according to the manufacturer’s instructions.
Briefly, 10 UL of the sample was mixed with 200 uL of
fluorescent probe. The fluorescence intensity was measured
using a multimode reader (Synergy H1; Biotek, Winooski,
VT, USA) at excitation wavelength (4 ) =470 nm and emis-
sion wavelength (4 ) =570 nm. Samples were analyzed in 4
independent measurements.

Cell seeding of the scaffold and adhesion
of platelets

Before cell seeding, PCL nanofibers were cut into round
patches of 6 mm diameter and sterilized using ethylene
oxide. Samples were seeded with 10x10°* MG-63 cells (Cell
Lines Service GmbH, Eppelheim, Germany) per well of a
96-well plate. Cells adhered to the scaffolds for 2 hin 30 UL
of culture medium (Dulbecco’s Modified Eagle’s Medium
[DMEM] supplemented with 2% fetal bovine serum and
penicillin/streptomycin; Sigma-Aldrich). Subsequently,
20 pL of platelet suspensions in different concentrations
(P1-P5 as mentioned earlier) were added and left to adhere
for another hour. Finally, 250 uL of culture medium was
added. Culture medium was not changed during the experi-
ment. Six different samples were prepared. Five groups
with different concentrations of platelets adhered on fibrous
scaffolds (PCL/P1-P5), and fibrous scaffold without any
platelets as a control (PCL). Scaffolds with adhered platelets
in different concentrations (P1-P5) without cells were used
as a control. The results acquired from these samples were
used as a control of the interaction of platelets with the used
methods and were deducted from the values measured on
the cell-seeded samples.

Cell viability analysis

The metabolic activity of cells was measured using an MTS
assay (CellTiter 96® AQueous One Solution Cell Proliferation
Assay; Promega, Madison, WI, USA). Twenty microliters of
MTS solution were added to 100 uL of the sample medium
and incubated for 2 h at 37°C. Subsequently, 100 UL of the
cultured solution was transferred to a new clean well. The
absorbance of the medium was detected using spectropho-
tometry at 490 nm (reference wavelength: 690 nm).

Cell proliferation analysis
The proliferation of chondrocytes on the scaffold was
determined from the amount of DNA (Quant-iT™ dsDNA
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Assay Kit; Life Technologies). The proliferation of chon-
drocytes on scaffolds was tested on days 1, 3, 7 and 14.
The scaffolds were put into a vial with 200 uL of cell lysis
solution (0.2% v/v Triton X-100, 10 mM Tris [pH 7.0] and
1 mM EDTA) and processed through 3 freeze/thaw cycles;
the scaffold was first frozen at —70°C and thawed at room
temperature. Between each freeze/thaw cycle, the scaffolds
were roughly vortexed. A sample (10 uL) was mixed with
200 pL of reagent solution, and fluorescence intensity was
detected using a multiplate fluorescence reader (Synergy HT;
Winooski, VT, USA; A, =485 nm and A_ =525 nm). The
DNA content was determined according to the calibration
curve using the standards in the kit.

Visualization of cell adhesion and

proliferation on scaffolds
3,3’-Diethyloxacarbocyanine iodide, DiOC6(3), staining
was used to detect cell adhesion on the scaffolds on days
1, 7 and 14 (Molecular Probes, Eugene, OR, USA). The
samples were fixed with frozen methyl alcohol (-20°C) for
10 min. Fluorescent probe DiOC6(3) (1 ug/mL in PBS, pH
7.4; Thermo Fisher Scientific, Waltham, MA, USA) was
added and incubated with the samples for 45 min at room
temperature. Subsequently, the samples were rinsed with
PBS, and propidium iodide (PI; 5 ug/mL in PBS; Sigma-
Aldrich) was added for 10 min, followed by rinsing with PBS.
The samples were visualized using a ZEISS LSM 5 DUO
confocal microscope (PI: A_=561nm, 4 =630-700 nm and
DiOC6(3): A4, =488 nm, A =505-550 nm).

Detection of alkaline phosphatase (ALP)
activity

ALP activity was measured using a 1-Step™ PNPP kit
(Thermo Fisher Scientific). A total of 100 UL of p-nitrophenyl
phosphate (PNPP) was added to each well and incubated
for 30 min. Subsequently, the reaction was stopped with 2N
NaOH. Absorbance was measured using a spectrophotometer
at 405 nm (Synergy HT).

Detection of osteogenic marker using

indirect immunofluorescence staining

The presence of osteocalcin (OCN), a marker typical for osteo-
genic differentiation, was confirmed using indirect immuno-
fluorescence staining on days 1, 7 and 14. Samples were
fixed with 4% formaldehyde for 10 min, washed with PBS
and incubated in 3% fetal bovine serum (FBS) in PBS/0.1%
Triton for 30 min at room temperature. Primary monoclonal
antibody against OCN (OCG3; Abcam, Cambridge, UK;
dilution 1:20) was added, and the samples were incubated

overnight at 2°C—8°C. After 3 washes with PBS/0.05%
Tween, the samples were incubated with secondary anti-
body, Alexa Fluor 488-conjugated antimouse antibody, for
45 min. Subsequently, a solution of PI was added for 10 min
(5 ug/mL in PBS) to visualize the cellular nuclei. Finally,
the samples were washed 3 times with PBS/0.05% Tween.
A confocal microscope (ZEISS LSM 5 DUO) was used
to detect the present OCN (Alexa Fluor 488: A =488 nm,
A, =505-550 nm and PI: A_ =561 nm, A_ =630-700 nm).

Statistical analysis

Quantitative data are presented as mean values * standard
deviation (SD). The averaged values were determined from
at least 3 independently prepared samples. Results were
evaluated statistically using one-way analysis of variance
and Student-Newman—Keuls test (SigmaStat 12.0; Systat,
San Jose, CA, USA).

Results
Characterization of the prepared

scaffolds

Six different scaffold types were prepared. Fibrous meshes
were combined with 5 different concentrations of platelets:
maximum concentration of platelets (3,000x10° platelets/L;
PCL/P1), 3x diluted concentration of platelets (PCL/P2),
10x diluted concentration of platelets (PCL/P3), 30x diluted
concentration of platelets (PCL/P4) and 100x diluted con-
centration of platelets (PCL/P5). Plain PCL fibers were used
as a control.

PCL fibers were prepared successfully and showed nano/
microfibrous morphology. The mean diameter of microfibers
was ~1,380+427 nm. The mean diameter of the dominant
nanofibrous fraction was 5041148 nm. The mean pore size
was 7.11£11.9 um?, and 20% of pores were bigger than
10 um?. In addition, from the micrograph it is apparent that
platelets successfully adhered to the PCL samples (Figure 1).
Platelets were partially activated and formed a fibrin network
on the scaffolds. Platelets were visible on the scaffolds even
after 14 days of the experiment (Figure 1B). The mean diam-
eter of platelets on day 1 was 1,080+178 nm and on day 14
was 2,465+£370 nm.

Growth factors content in platelets and
their release

Platelets used in the experiment were analyzed using a multi-
plexed protein assay (X-MAP assay; BioPlex, Bio-Rad, Hercu-
les, CA, USA), and the content of cytokines, chemokines and
growth factors was evaluated (Table 1). The analysis showed
a higher presence of pro-inflammatory cytokines compared to
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Figure | SEM visualization of platelet adhesion on PCL fibers.
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Notes: Platelets were partially activated and formed a fibrin net 24 h after adhesion (A). Platelets were visibly adhered on fibers even after 14 days of the experiment (B).

Abbreviations: SEM, scanning electron microscope; PCL, poly-g-caprolactone.

anti-inflammatory cytokines such as IL-1ra (34044 pg/mL) and
IL-10 (10947 pg/mL). The IL-4 and IL-13 were detected in con-
centrations <50 pg/mL. The pro-inflammatory cytokines were
present in higher concentration: IL-17 (1,774£10 pg/mL), IL-8
(133430 pg/mL), IL-9 (13912 pg/mL), IL-15 (108+6 pg/mL),
INF-y(299£11 pg/mL) and TNF-o. (204+9 pg/mL). The con-
centrations of IL-1b, IL-2, IL-5, IL-6 and IL-7 were <50 pg/
mL. RANTES was the dominant chemokine present in platelets
(14,721£239 pg/mL). In addition, MIP-1b (176168 pg/mL),
eotaxin (12218 pg/mL), IP-10 (383122 pg/mL) and MCP-1
(113£7 pg/mL) were present in concentrations >100 pg/mL.
However, from the tissue engineering point of view, the growth
factors have the highest importance in stimulating cell prolif-
eration and differentiation. PDGF-bb was the most abundant
growth factor identified by X-MAP assay (9,2184+313 pg/mL).
VEGF (750124 pg/mL) and bFGF (379£10 pg/mL) were
present in higher concentrations. G-CSF and GM-CSF were
also present in concentrations >100 pg/mL. In addition,
ELISA was performed for quantification of additional growth
factors. TGF-B (76,81746,384 pg/mL), EGF (403432 pg/mL)
and HGF (530%16 pg/mL) had the highest concentration. In
addition, ELISA confirmed a high concentration of thrombo-
spondin as an antiangionetic factor (94,200+10,575 pg/mL)
and P-selectin (4,667£80 pg/mL) as a marker of alpha-
granule release.

To visualize the release kinetic of growth factors (GFs)
from the platelets adhered on fibers, thrombospondin was
used as a model protein. Thrombospondin is an inhibitor of
neovascularization, which is contained in platelets at high

concentrations. The thrombospondin concentration was detected
in samples collected at selected time points, and its cumulative
release was evaluated. The concentration of thrombospon-
din in the samples collected from the PCL/P4 (30x diluted
maximum platelet concentration) and PCL/P5 (100x diluted
maximum platelet concentration) scaffolds was below the limit
of detection of the thrombospondin ELISA kit, therefore only
the acquired data from the PCL/P1 (maximum platelet concen-
tration), PCL/P2 (3x diluted maximum platelet concentration)
and PCL/P3 (10x diluted maximum platelet concentration) are
listed in the graph (Figure 2A). As is visible from Figure 2A,
thrombospondin was released through the first 7 days of the
experiment from the PCL/P1 sample (the highest concentra-
tion of adhered platelets). With decreasing concentration of
the adhered platelets, the plateau phase was reached earlier
in the experiment (day 3 for the PCL/P2 sample and day 1
for the PCL/P3 sample).

Besides thrombospondin release, the overall protein
was measured by sensitive fluorescence probe (Figure 2B).
The overall protein release overcomes the detection limit
of ELISA, as all proteins released from platelets are mea-
sured in a single reaction. In addition, the detection limit
of the fluorometric assay is improved compared to colori-
metric determination. Therefore, the release pattern from
all samples was measurable. The results are in accordance
with ELISA. The amount of released proteins showed dose-
dependent release in higher concentrations (10x PC, 3%
PC). In this case, the release time was prolonged compared
to lower platelet concentrations. On the other hand, in less
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Table | Growth factors content in platelets measured using
multiplexed protein assay and ELISA

Mediator Concentration SD
(pg/mL)

Anti-inflammatory cytokines
IL-1ra 340 4
IL-4 168 15
IL-10 109 7
IL-13 13 4

Pro-inflammatory cytokines
IL-1b 12 6
IL-2 33 5
IL-5 29 6
IL-6 31 9
IL-7 53 6
IL-8 134 30
IL-9 139 12
IL-12 (p70) 229 4
IL-15 108 6
IL-17 1,774 10
IFN-y 299 Il
TNF-o 204 9

Chemokines
RANTES 14,722 239
MIP-1a 25 4
MIP-1b 177 68
Eotaxin 122 8
IP-10 383 22
MCP-1 (MCAF) 114 7

Growth factors
VEGF 750 24
PDGF-bb 9,218 313
FGF basic 379 10
G-CSF 219 |
GM-CSF 164 6

Growth factors measured using ELISA
KGF 128 Il
EGF 403 32
HGF 530 16
IGF-1 283 20
TGFbl 76,817 6,384
SDF-lo 67 27
Thrombospondin 94,200 10,575
P-Selectin 4,667 80

Abbreviations: ELISA, enzyme-linked immunosorbent assay; SD, standard deviation.

concentrated samples, results were influenced by proteins
obtained in plasma, which were comparable in all samples.
Concentrations of plasma proteins were so high compared
to proteins contained in platelets that differences between
samples were minimal.

Cell metabolic activity and proliferation
on scaffolds
Cell metabolic activity and cell proliferation on scaffolds

were examined using MTS test and DNA amount analysis
on days 1, 3, 7, 10 and 14 (Figure 3). Cell adhesion was

similar on all the scaffolds 24 h after seeding (Figure 3A).
Cells started to proliferate faster on samples with higher
platelet concentrations. The most visible proliferation was on
scaffolds with the largest number of platelets (PCL/P1 and
PCL/P2) on day 3. Cells continuously proliferated until day 7,
where the highest number of cells was detected on PCL/P1.
Lower proliferation was shown on PCL/P2 and PCL/P3 and
the lowest on PCL/P4, PCL/P5 and PCL. Although the cell
numbers started to decrease in PCL/P1, PCL/P2 and PCL/P3
samples from day 7, the highest number of cells was still
detected in the PCL/P1 on days 10 and 14. No statistical
difference was seen between the other groups.

The metabolic activity of the cells was highest in the
sample with the most concentrated platelets (PCL/P1) as
early as 1 day after the seeding (Figure 3B). The metabolic
activity continuously increased and was highest in the PCL/
P1 and PCL/P2 samples on days 10 and 14. On the other
hand, relating the metabolic activity to the DNA content
offered a different point of view (Figure 3C). The highest
metabolic activity was seen in PCL/P1 24 h after the seeding.
Although the metabolic activity significantly decreased in the
samples with the most concentrated platelets (PCL/P1-P3)
on days 3 and 7, afterward it started to increase again. The
highest metabolic activity was seen in the PCL/P2 scaffold
on day 14. The samples with lower platelet number and the
control PCL sample showed stable or slightly increased
metabolic activity during the whole experiment.

Cells in the samples with a higher concentration of plate-
lets (PCL/P1-P3) started to proliferate noticeably from day 3
to day 7. The fast increase in the cell numbers resulted in a
decrease in the cell metabolic activity, when related to the
DNA content. The cell growth started to slow down in these
samples on day 10, which corresponded with an increase in
metabolic activity. The decrease in cell proliferation was
probably caused by the depletion of nutrients, since the cul-
ture medium was not changed during the experiment. Fast
growing cells on the scaffolds with higher concentrations of
platelets (PCL/P1-P3) exhausted the nutrients faster than the
cells on the scaffolds with lower concentrations of platelets
or no platelets (PCL/P4, PCL/P5 and PCL).

Osteogenic activity of MG-63 cells

The activity of ALP and immunodetection of OCN were
used to measure the stimulation of osteogenic differentiation
by platelets. Figure 3D shows that the higher concentrations
of platelets increased the ALP activity. PCL/P1 showed the
highest ALP activity compared to all the other samples on
days 7 and 14. Lower ALP activity was detected in the PCL/
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Notes: Thrombospondin was used as a model protein to detect the release kinetics from platelets (A). Release of thrombospondin was dose dependent and was detectable
only for higher concentrations of platelets (P1-P3). Samples with lower platelet concentrations were below the ELISA kit detection limit (P4 and P5). Total protein release
was measured using fluorescence probe (B). Dependence on platelet concentrations was shown only for the highest concentration (10x PC = Pl). In lower concentrations,

results were influenced by the presence of plasma proteins.

Abbreviations: P, platelets; ELISA, enzyme-linked immunosorbent assay; PC, physiological concentration.

P2 sample, although the ALP activity was higher than in all
the samples with lower platelet concentration or no platelets
(PCL/P3-P4, PCL).

Visualization of OCN via confocal microscopy did not
confirm the osteogenic stimulation of platelets. There were
only small, sporadic islands of OCN. The largest amount
of OCN was visible on the PCL/P1 and PCL/P2 scaffolds,
respectively, on day 14 (data not shown).

Morphology of cells in samples analyzed

by microscopy

The morphology and spreading of the cells on the scaffolds
were visualized using both confocal microscope and SEM.
The cells on the scaffolds were visualized using DiOC6
(internal cell membranes, green color) and PI (cell nuclei, red
color) staining (Figure 4). The confocal microscopy showed

good adhesion of cells to the PCL fibers. Cells adhered
similarly on all the tested scaffolds. Besides the cells, adhered
platelets were visible on day 1. The cells on the scaffolds were
well spread, and during the culture their number was rising.
The highest number of cells was visible on day 7. The micro-
scope confirmed the trend from MTS and Picogreen assay,
where cells showed higher proliferation with the increase
in platelet concentration. The highest number of cells was
detected in the PCL/P1 sample and the lowest in PCL/P5 and
control PCL sample. On day 14, the cell number was decreas-
ing. The numbers of cells on the scaffolds with a low con-
centration of platelets (PCL/P3, PCL/P4) and control sample
(PCL) were constant during the experiment. The results
correlate well with the data from DNA analysis. The results
of SEM analysis confirmed that the cells were adhered to the
fibers and showed a well-spread morphology.
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Figure 3 MG-63 cell proliferation, metabolic activity and ALP activity.
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Notes: Cell proliferation was measured using quantification of DNA (A). Cell metabolic activity was measured using MTS assay (B). Both cell proliferation and metabolic
activity were highest in samples with the highest platelet concentrations (PCL/P| and PCL/P2). Metabolic activity was subsequently related to the DNA content (C).
ALP activity was highest in samples with the highest platelet concentrations (PCL/P| and PCL/P2; D). The numbers above the columns in the graphs represent the numbers
of the samples (corresponding to numbers in parentheses on the x-axis) to show statistically significant differences.

Abbreviations: PCL, poly-e-caprolactone; P, platelets; ALP, alkaline phosphatase.

In addition, due to higher pore size compared to elec-
trospun scaffolds,'® the cells penetrated into the scaffold.
In all groups, the penetration depth was ~80-90 um, and
only on the PCL/P1 group, the penetration was deeper
(120 um; Figure 5).

Samples were also visualized using an SEM to detect cell
morphology and adhesion in more detail (Figure 6). Cells
adhered well on polymeric fibers and were well spread. No
difference was seen between the groups.

Discussion

Bone and cartilage defects are among the most prevalent
reasons for disability in the population worldwide. Due to the
3D nature of bone and cartilage tissue, the scaffolds for their
regeneration should support cell growth in all 3 dimensions.
Three-dimensional scaffolding systems are in high demand
in tissue engineering. In order to address this challenge,

a system with high porosity and open pores is needed. Dif-
ferent strategies have been used to prepare fibrous scaffolds
for tissue engineering applications. Currently, the most
popular method is electrospinning. A classical electrospin-
ning device layout gives rise to sheet-like layers of fibers.
These layers have large porosity and a big surface to volume
ratio, with excellent adhesive capacity. A disadvantage of the
electrospun layers is a 2D-like structure with small pores.
Most tissue engineering applications demand 3D-structured
scaffolds with open pores to enable cell infiltration. Different
strategies such as special collectors!” and salt leaching'® were
used to enhance the pore size and thickness of nanofibrous
layers. Currently, alternative methods to prepare nano- and
microfibers, such as melt-blown or centrifugal spinning,
are being tested for tissue engineering applications. In our
previous work, we have shown that PCL scaffolds prepared
by centrifugal spinning technology, unlike electrospinning

submit your manuscript

354

Dove

International Journal of Nanomedicine 2017:12


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove Platelet-functionalized 3D PCL scaffold prepared using centrifugal spinning
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PCL/P5 PCL/P4 PCL/P3 PCL/P2 PCL/P1

PCL

Figure 4 Visualization of MG-63 cells on scaffolds prepared using centrifugal spinning.

Notes: Cells were stained using DiOC6 (internal cell membranes, green color) and propidium iodide (cell nuclei, red color) and visualized using a confocal microscope.
Cells adhered similarly on all the tested scaffolds. The highest number of cells was visible on the PCL/P| on day 7. On day 14, the cell number was decreasing. The numbers
of cells on the scaffolds with low concentrations of platelets (PCL/P3, PCL/P4) and control sample (PCL) were constant during the experiment. The results correspond well
with the data from DNA analysis.

Abbreviations: DiOCS, 3,3’-diethyloxacarbocyanine iodide; PCL, poly-e-caprolactone; P, platelets.
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Figure 5 Cell infiltration into the scaffolds.

PCL/P3

Notes: Cell nuclei visualized using confocal microscope were labeled based on their position inside fibrous scaffolds. The color scale shows cells in different depths of the
scaffold. Cell infiltration was similar on all the scaffolds (80—90 jtm) except for the PCL/PI, where cells penetrated to the depth of 120 um.

Abbreviations: PCL, poly-e-caprolactone; P, platelets.

scaffolds, show morphology favoring cell penetration.'® The
results of the current study confirmed that the cells were able
to penetrate as deep as 120 um in the PCL/P1 sample.

Stimulation of cell migration inside the scaffold and their
differentiation toward the required cell type is essential for
successful tissue regeneration. Only correctly differentiated
cells can produce proteins of ECM of the right composition
and ratio for the particular tissue. The cellular differentiation
is regulated by numerous stimuli including the mechanical
properties of the surrounding tissue, tension of oxygen,
small molecular weight signaling molecules and protein-
based morphogens (ie, growth factors). The differentiation
process is an interplay of these stimuli. A wide range of
bioactive stimulating molecules has been studied for bone
tissue engineering.

Bone tissue healing upon injury is a complex process
involving a number of cytokines, chemokines and growth
factors. The early phases of bone regeneration are associated
with hemostasis and inflammation in the fracture site.
Platelets play a pivotal role in these early phases of healing.
IL-1" and IL-6% as pro-inflammatory cytokines play a role in

macrophage activation. IL-17 was shown to be one of the key
regulators in the early phases of bone healing via osteoblast
maturation.’'?? IL-17 was found in high levels in platelets.
In addition, IL-1, TNF-o, SDF-1 and GCSF stimulate mes-
enchymal progenitor cell activation.” The multiplex analysis
confirmed that TNF-o., IL-1ra and GCSF were present in the
platelets adhered to the proposed scaffold. Delivery of these
stimuli may help initiate the regeneration process. In later
phases, growth factors play a pivotal role in the regulation
of tissue regeneration. The most prominent growth factors
efficient in the early phases of bone healing include SDF-1o
recruiting the progenitor cells to the site of injury, bFGF
promoting proliferation of progenitor cells, IGF-I acting
as an antiapoptotic and pro-osteogenic factor and TGF-3
stimulating osteogenic differentiation. In the middle and late
phases, the roles of BMP-2, BMP-7 and IGF-I become the
most dominant.”® The presence of PDGF was also observed
to have a positive effect on bone repair.?* Bone tissue neovas-
cularization is regulated by VEGF and is essential for bone
tissue integrity restoration. In order to develop a successful
scaffold, the system should deliver these growth factors.
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Notes: Cells were uniformly distributed and well spread on the scaffolds. A similar picture was seen on all the samples. Day 7, magnification 3,000x.
Abbreviations: SEM, scanning electron microscope; PCL, poly-e-caprolactone; P, platelets.

The multiplex assay identified the presence of PDGF-bb,
VEGF, bFGF and other growth factors. Analysis by ELISA
confirmed the presence of TGF-, IGF-I and EGF. However,
the other active molecules identified by multiplex assay also
have relevance for bone tissue engineering. RANTES was
identified in high concentration and was shown to play arole
in the osteogenic differentiation of MSCs.?

Besides a stimulatory role, the released molecules may
inhibit the progress of the bone healing process. In biomateri-
als research, TNF-ot and IL-1 are the best known mediators of
the foreign body reaction. Lange et al'® observed the positive
effect of IL-1P on the proliferation of osteoblasts and the nega-
tive effect on the proliferation and differentiation of MSCs.
Similarly, TNF-o was shown to inhibit the progress of bone
healing by inducing osteoblast and chondrocyte apoptosis.?®?’
However, some reports show that some level of TNF-o. signal-
izing is necessary for bone resorption during the repair pro-
cess.?® Thrombospondin is one of the most abundant platelet
proteins. Thrombospondin is an inhibitor of vascularization,
and several studies also showed its negative influence on bone

healing. Hsu et al®” showed in his study that thrombospondin
(TSHB) negatively influences the proliferation of different
cell types (periodontal ligament cells [PDL], osteoblasts and
endothelial cells) in concentrations >2.5 pg/mL. The mean
level of thrombospondin in our samples was ~94 ng/mL, and
the inhibitory effect therefore may be lower.?
Nevertheless, the current study employed multiplexed
immunoassays and ELISA, which have limited capacity and
sensitivity. Therefore, we have identified and quantified only
part of the proteins present in the platelets. A complex pro-
teomic analysis showed >500 proteins in platelet proteome.*
A study of thrombin-induced release showed >90 proteins
in platelet releasate.’! In addition, the platelet protein con-
tent highly fluctuates in donors depending on gender, age
and physiological state.* In a recent study, Mussano et al*
performed a similar X-MAP multiplex assay on male and
female platelets. The result showed differences with our
results. In our case, IL-17, VEGF and PDGF-bb concentra-
tion was higher and INF-y concentration was lower compared
to the described study. In addition, the multiplexed assay
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was more sensitive than standard ELISA. For instance,
bFGF in our sample was not measurable using the standard
ELISA protocol.

Platelets are, for their regenerative potential, currently
often used in regenerative medicine.* The key strategies
for platelet preparation include buffy coat and apheresis
methods.**?” The buffy coat method, which was used in this
manuscript, is based on centrifugation of the whole blood to
separate platelets, leukocytes, erythrocytes and plasma. The
excess erythrocytes and leukocytes are removed via specific
filtration. The key advantage of the buffy coat method is
the possibility to prepare large batches of platelets from
mixed donors. On the other hand, apheresis is based on
online platelet separation from a single donor. Although the
platelet concentrates are less contaminated by leukocytes
and erythrocytes, the method is rather time-consuming
and requires complex apparatuses. In clinical practice, the
platelets for chirurgical application could be isolated on site
by specific concentrators. The systems are based on diverse
modifications of the buffy coat method and commercialized
under trade names such as Plateltex, SmartPReP, PCCS
and Magellan.**** From application point of view, the com-
mercial methods enable isolation of autologous platelets.
The key advantages of autologous platelets are elimination
of disease transmission, possible immune reaction and high
compatibility with the patient. On the other hand, allogenic
platelet formulations enable rapid donation even to patients
in life-threatening states. The allogenic preparations based
on buffy coat also enable elimination of donor-to-donor
variations by preparing mixed platelet isolates from multiple
donors. The importance of the problem was highlighted by
Lohmann et al,*® who observed relationship between patient
age and proliferation of MSCs.

The isolated platelet formulation highly differs in its
properties. According to Dohan Ehrenfest et al,** the
platelet formulations may be divided into pure PRP (P-PRP),
leukocyte and PRP (L-PRP), pure platelet-rich fibrin (P-PRF)
and leukocyte and platelet-rich fibrin (L-PRF). The differences
are the presence of leukocytes and activation state of platelets.
In the current manuscript, we have used P-PRP for adhesion to
fibers. On the other hand, activated platelets provide interest-
ing properties for tissue engineering applications.

Platelets, when they are activated, create fibrin net and
release various growth factors and cytokines. This natural
process is used as a scaffolding material. To date, platelets
have showed great promise mainly in the field of maxil-
lofacial bone reconstruction. The fibrin gels made com-
pletely of platelets show high cell adhesion, proliferation®

and bone repair.***! However, the fibrin gel formed by
activation of platelets is stable only for a few days. Rapid
degradation of fibrin has been studied in various studies.****
Bardsley et al*® showed in his study high initial in vitro deg-
radation of fibrin gel between 0 and 5 days. It was shown
that the degradation rate can be slowed down by combining
with hyaluronic acid and laminin** or polyethylenglycol.*
While fibrin-only gel totally degrades after 14 days of culti-
vation, PEGylated fibrin stayed intact. In addition, the pore
size of fibrin gel is lower due to the packed morphology of
fibrin fibers.*® Therefore, the cell penetration is connected
with fibrin gel degradation.” On the other hand, PCL is a
biocompatible and biodegradable polymer, which degrades
after several months.*’” The material proposed in this study
shows longer stability and is more suitable for reconstruction
of critical defects, which need prolonged stabilization of the
scaffolds. Slow degradation enables cells to synthesize the
ECM and gradually form new tissue. Especially, the bone
regeneration in critical bone defects (ie, long bones and
large extractions) takes several months. In such indications,
the fibrin gel cannot show sufficient stability. The material
in the present study showed that the adhered platelets were
able to form fibrin net on the fibers and showed improved
initial cellular adhesion of model cells compared to the pure
PCL scaffold. In addition, the centrifugal spinning technol-
ogy enables formation of large fluffy fibrous scaffolds with
interconnected pore morphology enabling cell penetration.
From the drug release point of view, the addition of platelets
is key for the delivery of active molecules. The effect of
growth factor delivery improved the scaffold colonization
both in vitro*® and in vivo.'°

The importance of the adhesion of the platelets to the
surface of fibers is mainly in their immobilization. The results
of SEM and the release study showed that platelets delivered
active molecules for several days. The active molecules iden-
tified in platelets may therefore improve tissue regeneration.
For comparison with fibrin gel, a study by Dohan Ehrenfest
et al* showed that platelet fibrin gel released growth factors
up to 7 days.The present study showed that platelets adhered
on fibers release growth factors even after the 7th day. We
believe that this phenomenon was observed because of fibrin
net degradation upon colonization of deeper scaffold layer
and liberation of the attached growth factors. The mecha-
nism behind the release in this system may be connected
with 2 phenomena. The intact platelets were shown on the
scaffold even after 14 days of incubation, which indicates
that they were viable and able to secrete their cargo. The
second mechanism for sustained release is connected with
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degradation of the fibrin net. The fibrin net binds growth
factors and through degradation the attached proteins are
liberated. After 14 days, both the decreased number of intact
platelets on the scaffold and the degraded fibrin net were
observed. Therefore, the release by both mechanisms was
attenuated. The functionalization of fibrous scaffolds may
be performed via encapsulation or surface binding of platelet
derivatives. Only a limited number of studies report using
scaffolds prepared via centrifugal electrospinning as a drug
delivery system. In a study by Mary et al,* tetracycline-
loaded PCL-blended polyvinylpyrrolidone (PVP) fibers were
used as a drug delivery vehicle. The prepared fibers showed
rapid drug release followed by a sustained release and good
antimicrobial activity against pathogenic bacteria, which are
commonly found in dermal infections. In the current study,
we focused on the delivery of regeneration promoting sub-
stances. The platelets were adhered to the surface of fibers
and provided bioactive molecules. The results of metabolic
activity and proliferation assays showed that the factors
stimulated MG-63 cell proliferation. The cell proliferation
was dose dependent, and with an increase in the platelet
concentration the cells showed a higher proliferation rate
and increased metabolic activity.

MG-63 is a cell line derived from human osteosar-
coma. These cells are frequently used in tissue engineering
studies to study scaffold biocompatibility and bone tissue
formation.’'*> On the other hand, differences between
osteosarcoma lines and primary osteoblast cells have been
published.**” Main differences have been found in prolifera-
tion kinetics, cell morphology and synthesis of ECM proteins.
For this reason, further experiments using primary osteoblast
cells or MSCs will be necessary to confirm the positive effect
of the fibrous scaffold—platelet system on specific cell infiltra-
tion and osteogenic differentiation.

The results are similar to those of Diaz-Gomez et al,'> who
observed that adhesion of PRP to PCL nanofibers promotes
proliferation of MSCs. Similarly, Buzgo et al*® found that
embedded alpha granules were able to stimulate the chon-
drogenic differentiation of MSCs. In addition, the stimula-
tory role of platelets in bone regeneration was confirmed by
Anjana et al,” Getgood et al®® and Prosecka et al.'

The additional advantage of surface functionalization
by platelets, when compared to encapsulation, is the much
simpler scaffold preparation. The system enables modifica-
tion in the outpatient clinic and solves the problems associ-
ated with the long-term storage of the scaffolds. In addition,
the utilized platelets may be autologous, thus minimizing the
risks associated with the use of allogenous platelets, such

as disease transmission and immune reaction. In the present
study, the performance of the system was evaluated in the
model of MG-63 osteoblasts. The samples functionalized by
platelets showed improved proliferation, metabolic activity
and ALP activity. Cell penetration is essential for bone tissue
engineering scaffolds. Prosecka et al'® recently produced a
collagen/hydroxyapatite scaffold prepared using the freeze
drying process. However, the foam scaffolds showed prob-
lems with pore interconnection. In the case of the fibrous
scaffolds produced by centrifugal spinning, the pores are
highly interconnected and allow efficient cell migration.
Confocal microscopy showed that due to the 3D structure
of the fibrous matrix the cells were able to penetrate deep
into the scaffold. The biological properties of the system
described in this work are therefore a simple and clinically
translatable system for bone tissue engineering.

Conclusion

Centrifugal electrospinning is a simple method for produc-
ing 3D fibrous scaffolds. However, the complex osteogenic
regeneration process requires stimulation by active molecules.
Herein, we have introduced a simple composite scaffold
based on platelet adhesion to PCL 3D fibers. The platelets
are a source of growth factors and cytokines active in tissue
repair. The multiplexed immunoassay showed the presence of
a high concentration of IL-17, RANTES, PDGF-bb, TGF-3
and other molecules active in the bone healing process. The
immobilization on a fibrous scaffold prolonged the bioavail-
ability of these active molecules. The biological evaluation
in the MG-63 model showed improved metabolic activity,
proliferation and ALP activity compared to nonfunctionalized
fibrous scaffold. In addition, the response of cells was dose
dependent with improved biocompatibility with increasing
platelet concentration. The results demonstrated the suit-
ability of the system for bone tissue engineering.
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