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A comparison of high throughput core-shell 2D
electrospinning and 3D centrifugal spinning
techniques to produce platelet lyophilisate-loaded
fibrous scaffolds and their effects on skin cells}

K. Vocetkova, {2 *2°<d M Buzgo, €2 ¢ V. Sovkova,?*“® M. Rampichova, (&3¢
A. Staffa, 192 E. Filova,®®® V. Lukasova,®*® M. Doupnik,© F. Fiori* and E. Amler {2 ab<d

Among the main aims of tissue engineering certainly belong actively acting scaffolds with a controlled release
of bioactive molecules. This isimportant for cell-free scaffolds in regenerative medicine. The scaffold topology
is crucial for cell-scaffold interactions and plays a pivotal role in stimulation of cell adhesion and proliferation
through affecting cell morphology and intercellular contacts. The aim of this study was to characterise
proliferation of different skin cells on core—shell 2D and 3D nano- and microfibre scaffolds from poly-g-
caprolactone loaded with lyophilised platelets. The electrospinning technique forms dense fibrous 2D
scaffolds with limited cell infiltration, whereas the centrifugal spinning enables deep cell penetration due to
its open 3D structure. The core of the prepared fibres was loaded with lyophilised platelet fraction and its
release was controlled by the Pluronic F-68 concentration. This resulted in the preparation of
functionalized scaffolds with a tuneable sustained release lasting more than 30 days. Two dermal cell lines,
keratinocytes and fibroblasts, were grown on these functionalized scaffolds. While keratinocytes, epithelial
cells, proliferated significantly better on the 2D structure with optimal stimulation of cell proliferation on
the scaffolds containing 5% PF-68, fibroblasts proliferated well both on the 2D and 3D scaffolds but with
a higher initial adhesion on the 3D forcespun fibre scaffold. Furthermore, a dose-dependent stimulation of
proliferation by the released platelet lyophilisate was shown. We have concluded that beside the scaffold
composition and its functionalization with bioactive molecules, the scaffold structure plays a significant role
in regenerative medicine and dermal tissue engineering.

Several techniques are available to produce nanofibre scaf-
folds with a core-shell structure, in particular coaxial and

In recent years, biodegradable and biocompatible nanofibrous
scaffolds have been widely used not only in regenerative medi-
cine, but also as carrier systems for the controlled delivery of
bioactive molecules in wound healing applications." These
fibres demonstrate micro-to-nanoscale topography, large
surface-area-to-volume ratios, adjustable porosity and surface
properties.*?
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emulsion electrospinning. In coaxial nanofibers, the bioactive
substances are incorporated into the nanofibre core and pro-
tected from the environment by the shell. Emulsion electro-
spinning is a suitable method for the production of core-shell
nanofibre scaffolds that can be prepared by the dispersion of
water drops containing bioactive molecules in the organic
phase comprising electrospun polymer solutions.* Scaffolds
prepared from synthetic and/or natural polymers have been
shown to provide efficient encapsulation of various chemical
agents, such as natural or synthetic growth factors and various
drugs, which are used to establish a skin tissue-specific
microenvironment and to accelerate the healing process.>®
Synthetic growth factors and natural sources of growth factors,
such as platelet derivatives, were incorporated into PCL/PVA
coaxial nanofibers to enhance tissue formation.”® Various
scaffolds composed of polycaprolactone, hyaluronan and
epidermal growth factors prepared with emulsion electro-
spinning facilitated the epidermal regeneration of fully func-
tional skin in the full-thickness wound model.® Nanofibrous
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scaffold composed of hyaluronan (HA), silk fibroin (SF), and
polycaprolactone (PCL) blends prepared via one-step emulsion
electrospinning were used to regulate the protein adsorption
and cell infiltration into the scaffolds.*

Centrifugal spinning (forcespinning) is an alternative tech-
nology to electrospinning for the preparation of ultrafine fibres.
This technology uses centrifugal forces for the production of
fibres from melts or solutions.'* Fibres from a variety of
polymers, such as polycaprolactone,** cellulose,** gelatin,"
polylactic acid™ or polylactic-co-glycolic acid'® were successfully
prepared. Fibres prepared using centrifugal spinning have been
used in tissue engineering applications as a promising scaffold
for cell adhesion and proliferation."**'¢ Additionally, fibres
prepared using centrifugal spinning have been used as a drug
delivery carrier. Like the electrospun fibres, they have a large
surface-area-to-volume ratio, which enables excellent surface
adhesion. This attribute was used for the adhesion of plate-
lets.”” Platelets adhered to the fibres were used as a simple
system for the release of growth factors, which they naturally
contain. Surface adhesion is advantageous because of its
simplicity. On the other hand, the limitation of this system is
a burst release of the active molecules."” From this point of view,
incorporation of active molecules inside the fibres is beneficial.
To date, there are only a limited number of studies on drug
delivery systems based on fibres prepared by centrifugal spin-
ning. Amalorpava Mary et al. published work where tetracycline
was incorporated into polycaprolactone (PCL) blended polyvinyl
pyrrolidone (PVP) fibres, prepared using centrifugal spinning.'®
These fibres showed antibacterial activity and the potential to
be used as a drug delivery system. In our previous work, we
prepared emulsion fibres from water-in-oil (W/O) emulsion,
where poly-e-caprolactone (PCL) dissolved in chloroform served
as the continuous phase, and Pluronic F-68 (PF-68) dissolved in
ethanol served as the droplet phase.*

The aim of the current study was to compare two high-
throughput coaxial fibre formation techniques. Two kinds of
coaxial nanofibrous scaffolds were prepared using same mate-
rials and two different technologies; electrospinning and
centrifugal spinning (forcespinning). The stereological and
chemical properties of the scaffolds were analysed to highlight
the differences between the two fabrication techniques. Platelet
lyophilisate, as a natural source of growth factors and cytokines,
was incorporated into the fibres. Scaffolds were seeded with
murine keratinocytes (XB2 cell line) and fibroblasts (3T3 cell
line), and adhesion and proliferation of the cells on electrospun
and forcespun nanofibers were tested in vitro.

Results & discussion
Characterisation of the fibrous scaffolds

Proper choice of scaffold is one of the major factors influencing
the repair of a tissue function. Extracellular matrix (ECM) is
a supporting network for cells made of glycosaminoglycan
chains, with numerous fibrils and fibres made of proteins.*
Challenges associated with the fabrication of such a complex
system have been overcome with nanofibrous meshes. Scaffolds

with fibrous micro- and/or nanotopography therefore
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significantly promote the attachment and growth of cells, and
provide them with invaluable informative milieu, influencing
specific protein expression patterns and encouraging cell-
specific scaffold remodelling.**

The current study employs high-throughput centrifugal
spinning and needleless electrospinning techniques for fibre
production. The throughput of needleless electrospinning on
utilized Nanospider NS500 unit is for samples about 12 g h~". In
case of centrifugal unit, about 20 g of polymeric fibres was
processed per hour. Stereological measurements of the prepared
electrospun nanofibrous layers showed morphology typical for
PCL. A population of nano- and microfibers with a minimum of
non-fibrous defects was identified in the electrospun layers (ESI
Fig. 1 and 107). The mean diameter of the thin nanofibrous
fraction was 384 + 196 nm. In addition, a fraction of less
abundant microfibres was detected with a mean diameter of
1207 £ 284 nm. Stereological measurements of the forcespun
layers showed thicker microfibres with a mean diameter of 1390
+ 626 nm. The measurement of the pore size of the prepared
fibrous mats showed a statistically significant increase in the
pore size in all the forcespun samples when compared to the
samples fabricated using electrospinning, with the median pore
size of the electrospun samples ranging from 2.5-2.8 um” and
the forcespun samples from 4.2-5.8 um?® (Fig. 1). In the elec-
trospun samples, the representation of pores larger than 4 um?>
ranged from 0 to 22%, however, in the forcespun samples, 57—
67% of the pores were larger than 4 um?>.

Stereological analysis showed that the two samples differed
in fibre morphology. The nano/microfibrous morphology of the
electrospun scaffolds was shown as a suitable substrate for
keratinocyte,” melanocyte?® and fibroblast growth.?*** The
nanofibres were present in the microfibrous network and
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Fig. 1 Pore size of the fabricated fibrous scaffolds. The pore sizes
measured in the fabricated electrospun and forcespun core-shell
scaffolds. ES PCL-1% PF-68 (ES1), ES PCL-5% PF-68 (ES5), ES PCL-10%
PF-68 (ES10), FS PCL-1% PF-68 (FS1), FS PCL-5% PF-68 (FS5), FS PCL-
10% PF-68 (FS10). The data are presented in box plots with whiskers.
& denotes minimum, M denotes the maximum and [J denotes the

mean value.
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supported cell adhesion. Pham et al. observed higher cellular
spreading on nanofibrous scaffolds with significantly higher
F-actin formation.** The structure of the electrospun scaffolds
was rather planar with a tightly packed fibre network. The sheet-
like structure of the scaffold with a lower pore size did not allow
complete cell penetration through the scaffold, and the cells
were growing in the first 50 um of the scaffold.****** However,
the planar structure may be favourable for skin tissue engi-
neering. The nanofibrous sheet acts as a barrier-like scaffold,
where the cells are localised on the basal part of the wound and
the scaffold protects them from environmental damage from
the outer environment. On the other hand, the forcespun
scaffolds showed more 3D structure. This is mainly due to the
dominant presence of microfibres. The fibres were more loosely
packed and the mean pore size was higher. The scaffolds
showed a median pore size ranging from 4.2 to 5.8 um” and
a high presence of pores larger than 4 pm® The common
migration protocols for fibroblasts used an 8 pm pore size for
migration testing.”® In addition, the mean pore size for cell
penetration in vivo was much smaller than the predicted in vitro
value. This could relate to individual fibres pushing apart
during cell movement.”” In our previous work, we have shown
improved penetration of cells in PCL scaffolds prepared by
forcespinning compared to electrospinning.*

The scaffolds were functionalised by active molecules
promoting cell proliferation. The encapsulation of the PF-68
core and the proteins (contained in the platelet lyophilisate)
into the fibres was confirmed by FTIR-ATR spectroscopy. The
control PCL fibres showed a typical FTIR spectra with a domi-
nant C=0 stretch band at 1750 cm™" and a typical finger-
printing zone. Control PF-68 showed strong absorption in 2750-
3000 cm ', corresponding to the resonance of C-H groups and
resonance in 3500 cm ' region corresponding to the O-H
stretch. In the case of both electrospun and forcespun PCL-PF-
68 nanofibres with PF-68 as a core phase, the band corre-
sponding to the O-H stretch band at 3200-3600 cm ™' was
present. The band has a broad shape and the absorbance
increased with PF-68 concentration from 1% to 10% (Fig. 2). In
the case of both ES and FS with 10% PF-68, we have observed an
increased C-H stretch peak (2850-3000 cm™'). The change in
spectra is in accordance with PF-68 composition containing
polyethylene oxide and polypropylene oxide units. Nevertheless,
the presence of the platelet lyophilisate resulted in an increased
absorbance at 1600 cm ™' corresponding to a C-N stretch of
proteins in all samples with lyophilisate.

Platelet lyophilisate analysis

Tissue repair/wound healing is profoundly modulated by cyto-
kines, chemokines and number of growth factors,*® including
(but not limited to) basic fibroblast growth factor (bFGF),
platelet-derived growth factor (PDGF), vascular endothelial
growth factor (VEGF), epidermal growth factor (EGF), or trans-
forming growth factor beta (TGF-B).>> However, the use of
synthetic growth factors is rather limited. The underlying
reason may be their delivery in supraphysiological doses, or
rapid breakdown and clearance from the site of action.”®
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Fig. 2 FTIR-ATR spectra of electrospun and forcespun PCL and PCL-
PF-68 nanofibres. Spectra of PCL, PF-68, ES PCL-1% PF-68 (ES1), FS
PCL-1% PF-68 (FS1), ES PCL-5% PF-68 (ES5), FS PCL-5% PF-68 (FS5),
ES PCL-10% PF-68 (ES10), FS PCL-10% PF-68 (FS10). The difference in
spectra indicate the resonance of PF-68 groups at 3200-3600 cm™*
(O—H stretch), 2775-3000 cm™* (C-H stretch) and 1600 cm ! (C-N
stretch).

Furthermore, there are still concerns regarding their safety and
cost-effectiveness.*® Such limitations can be overcome using
platelets.

Platelets play a crucial role in wound healing since, via
growth factors (GF) stored in their a-granules, they help to
maintain the fine balance in the healing cascade. In their native
state, autologous platelets have been used in clinical practice in
wound healing applications, dental and maxillofacial surgery or
sports and veterinary medicine.*® However, the use of such
preparations is hindered by a lack of standardisation and
considerable interindividual variability in the GF content. It has
been shown that the concentration of the bioactive molecules
contained in platelets may be influenced by the platelet count,
gender and age,* and as well as comorbidities, particularly
different GF levels were found in patients suffering from dia-
betes and in non-diabetics.** The illustrated limitations can be
overcome using allogeneic platelet products. Furthermore, the
shelf-life of fresh platelets used in clinical practice is 5 days, due
to the increased risk of bacterial contamination and loss of their
haemostatic function. It results in the discarding of up to 20%
of the platelet units,* although it has been shown that platelets
retain their proliferative potential for up to 21 days of storage.*
Recently, we have reported the use of native platelets immobi-
lised by simple adhesion to the surface of PCL nanofibres, and
observed promoted proliferation and metabolic activity of
fibroblasts®** and keratinocytes.” Furthermore, the use of
platelet lysate in keratinocyte and fibroblast culture on PCL
nanofibers was optimised.>®

In the current study, the protein content in the platelet lyo-
philisate was measured to be 0.48 mg mL™'. The BioPlex
multiplex assay was performed to determine the concentration
of specific mediators in the platelet lyophilisate (Fig. 3). It was
shown that platelet lyophilisate contained various pro- and anti-
inflammatory mediators; the most abundant proinflammatory
mediator was IL-17. Additionally, chemokines and growth
factors were found in the platelet lyophilisate, which are of great
importance in tissue engineering applications. The most

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Concentration of the assayed
lyophilisate.

mediators in the platelet

represented chemokine and growth factor were RANTES and
PDGF-BB, respectively.

The acquired data showed comparable levels of cytokines,
chemokines and growth factors detected by the XMAP assay in
platelet lyophilisate encapsulated into forcespun nanofibres,*
native platelets adhered to the surface of forcespun PCL nano-
fibers'” and the platelet lysate used in cell culture.*® The data
demonstrate the preservation of growth factors during the
freeze-drying of the platelets. Such preparation provides an
improvement in shelf-life, since freeze/dried platelets can be
kept functional for up to two years.*” Additionally, by lyophili-
sation of the platelets, their loading into nanofibres is facili-
tated. The concentration of the platelet lyophilisate in the
spinning solutions can be tailored to the particular require-
ments, and, furthermore, the lyophilisate is soluble in suitable
solvents.

Release of platelet lyophilisate from the core-shell fibrous
scaffolds

The release of platelet lyophilisate encapsulated into the core-
shell electrospun and forcespun nanofibres was evaluated. The
Fig. 4A, illustrating the cumulative release, shows the depen-
dence of the absolute amount of the encapsulated platelet lyo-
philisate on the concentration of the core polymer PF-68 (1 to
10%), whereas the Fig. 4B, illustrating the relative release,
shows the release rate of the encapsulated platelet lyophilisate
and its dependence on the PF-68 core concentration which is
associated with release rate. Relative total protein release
(Fig. 4B) shows, that in all the samples, the proteins were, in the
first days, released at a higher rate (burst). On day 1, the amount
of the protein released ranged from 20 to 24 percent in all the
tested samples. The burst release was followed by a sustained
release until day 30. In the case of the electrospun fibres, the
release rate increased with an increasing PF-68 core concen-
tration. The half-time of release for the ES1 sample (1% PF-68
fibres) was determined at 10.4 days. In the case of the higher
core concentrations, the release was faster and half-time was

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Total protein release from the electrospun and forcespun
fibrous scaffolds. (A) Cumulative total protein release, (B) relative total
protein release. ES PCL-1% PF-68 (ES1), FS PCL-1% PF-68 (FS1), ES
PCL-5% PF-68 (ES5), FS PCL-5% PF-68 (FS5), ES PCL-10% PF-68
(ES10), FS PCL-10% PF-68 (FS10). Lines in black colour represent the
protein release from the electrospun scaffolds, lines in grey colour
represent forcespun scaffolds.

shifted to 5.3 days for ES5 (5% PF-68) and 4.2 days for ES10
(10% PF-68). Similarly, in the case of the samples prepared by
forcespinning, the half-time of the release was decreasing with
the PF-68 concentration. In the case of FS1 (1% PF-68), it was 6.5
days and in FS5 (5% PF-68) and FS10 (10% PF-68) it decreased to
4 and 3.6 days, respectively. The faster release from the samples
correlates with the behaviour in our previous studies. The
emulsion electrospinning results in the formation of fibres for
long-term delivery of active molecules.*® In the case of centrif-
ugal spinning,* the fibres showed a similar release pattern and
the mean release time was shorter than in the studies with
electrospun fibres.***!

Nevertheless, the amount of the total protein released
(Fig. 4A) was highest in the groups containing 10% PF-68 as
a core phase, for both electrospun and forcespun fibres. With
a decreasing PF-68 concentration, the amount of the released
proteins decreased and was lowest for the 1% PF-68. The higher
total cumulative release of protein in samples with a higher PF-
68 concentration may relate to the higher number of PF-68 core
micelles in the structure of the fibre. This hypothesis is
confirmed by the higher number of PF-68 core droplets

RSC Aadv., 2017, 7, 53706-53719 | 53709
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observed during the emulsion centrifugal spinning process."
The higher number of core droplets results in a higher droplet
interconnection and a lower number of the isolated droplets.
Upon interaction of fibres with high PF-68 concentration with
aqueous solvents, the water diffuses into these droplet pores
and dissolves the core droplets, resulting in a higher and faster
release. The droplet interconnection enables further diffusion
and desorption from deeper droplets without the need for fibre
degradation. In the case of scaffolds with a lower PF-68
concentration, the number of interconnected droplets avail-
able for release is lower, resulting in a more sustained, but less
intensive release. A long-term release is in the case of fibres
driven both by diffusion and degradation mechanisms.** The
PCL fibre degradation is slow* and plays a less dominant role.
The surface degradation of the fibres was observed in the SEM
images taken on day 1 and 17 of the experiment (ESI Fig. 21). On
day 1, following a short-term incubation in aqueous solvents,
the samples showed smooth surface indicating tight polymer
chain interconnection. On the other hand, after 17 days of
incubation, the changes in fibre surface morphology were
apparent. The fibres had more structured surface connected
with changes in polymer chain organization. Such changes
resulted in more porous structure of the fibres and may play role
in release from the scaffolds. Besides erosion of the fibre
surface, the release is regulated by the rate of drug and water
diffusion. The diffusion is driven via the interconnected drop-
lets and through nanopores in the PCL fibre structure, observed
previously.” The hypothesis correlates both with the release
half-times and the amount of the total protein released from
our scaffolds.

The release from the fibres correlates with the time frame of
skin regeneration. When the integrity of the epidermal barrier is
disrupted, the clotting cascade is activated and platelets release
their numerous GF (EGF, VEGF, PDGF). Haemostasis occurs,
resulting in the production of a clot covering the wound,
together with the inflammation phase, which ensures proper
necrotic tissue debridement and the vascular and cellular
response to the injury. The inflammation phase lasts up to 3
days.** Simultaneously, within hours after the initial injury, re-
epithelialisation starts vie EGF and FGF stimulation of the
keratinocyte migration and proliferation. The migration and
proliferation of keratinocytes is followed by infiltration of the
provisional matrix by neighbouring fibroblasts, as the released
PDGEF attracts fibroblasts and stimulates their proliferation and
a massive synthesis of the new ECM.**** Additionally, the VEGF
induces angiogenesis. By day 5 after the injury, the maximum
formation of blood vessels and granulation tissue occurs.*
Once the wound is closed, the keratinocytes undergo stratifi-
cation and differentiation, in order to restore the epidermal
barrier. In the later stages of the ECM synthesis and remodel-
ling, TGF-P plays an important role as it stimulates the synthesis
of collagen (type I and III). The precise coordination of the
indicated processes and appropriate GF levels is rather
complex, and thus small deviations may result in an inability of
the wound to close.”” The molecular mechanisms behind
wound healing highlight the suitability of platelets as a source
of growth factors. The pro-healing cytokines are present in

53710 | RSC Adv., 2017, 7, 53706-53719

View Article Online

Paper

platelets, and after their incorporation to fibres, the scaffolds
stimulate progress through the wound healing phases. The
time-frame of the protein release from our scaffolds correlates
with the duration of the wound healing phases. The half-time of
release between 3-5 days for samples with 5% and 10% PF-68
provides optimal stimulation times for early and middle pha-
ses of wound healing. Nevertheless, the prolonged release
enables the extension of wound dressing exchange intervals and
helps to decrease the economic burden related to the successful
healing of wounds.

Fibroblasts respond to released platelet lyophilisate in a dose-
dependent manner

To compare the importance of both the scaffold morphology
and the drug delivery rate, the prepared fibres were tested using
skin cells. The human skin is formed by stratified epithelium of
keratinocytes, present in the epidermal layer. The dermal layer
is formed by fibroblasts acting as key collagen I-producing cells
responsible for skin mechanical properties.

The platelet lyophilisate loaded into the fibres was utilised
for stimulation of fibroblast proliferation and their metabolic
activity. The biocompatibility of the prepared fibrous scaffolds
was tested using 3T3 fibroblasts. The metabolic activity of the
seeded fibroblasts was tested using the MTS assay on days 1, 3,
7, 14 and 17 (Fig. 5). The data showed comparable results
regarding the stimulation of metabolic activity of the seeded
fibroblasts on the electrospun (Fig. 5A) and forcespun scaffolds
(Fig. 5B). In both the electrospun and forcespun samples, the
samples loaded with the highest amount of the platelet lyo-
philisate (ES10 or FS10) showed superior properties in terms of
stimulation of fibroblast metabolic activity. Furthermore,
statistical analysis of all the acquired data showed, that the
metabolic activity of the seeded fibroblasts on the forcespun
sample FS10 (highest loading capacity) was significantly higher
than all the tested samples (electrospun and forcespun) on day
14 and higher than the electrospun samples on day 17.

The proliferation data acquired on the days corresponding to
the MTS assay showed a similar pattern (Fig. 5C and D). The
statistical analysis of all the fibrous samples showed a signifi-
cantly improved initial adhesion of fibroblasts on all the
forcespun samples on day 1 when compared to the electrospun
samples. Such a trend was maintained until day 14 of the
experiment, when all the differences between the forcespun
samples and the electrospun samples were levelled out. The
samples with the highest loading capacity (ES10, FS10) yielded
the most promising results in stimulation of the fibroblast
proliferation.

A confocal microscopy study of the morphology of the cells
showed that on day 7 of the experiment, the cells showed
similar morphology on all scaffolds. However, after a longer
culture the cell morphology among the scaffolds began to differ.
On the scaffolds with the lower concentrations of PF-68, the
cells were overlapped and more stratified. On the other hand,
the cells on the higher concentration were more isolated and
the boundaries between the cells were more pronounced
(Fig. 6). Furthermore, the fibroblasts were visualised using

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Metabolic activity and proliferation of fibroblasts seeded on the electrospun and forcespun scaffolds on days 1, (3,) 7, 14 and 17. (A)
Metabolic activity of fibroblasts seeded on the electrospun scaffolds, (B) metabolic activity of fibroblasts seeded on the forcespun scaffolds, (C)
proliferation of fibroblasts on electrospun scaffolds, (D) proliferation of fibroblasts on forcespun scaffolds. ES PCL-1% PF-68 (ES1), ES PCL-5% PF-

68 (ES5), ES PCL-10% PF-68 (ES10), ES PCL control, FS PCL-1% PF-68

(FS1), FS PCL-5% PF-68 (FS5), FS PCL-10% PF-68 (FS10), FS PCL control.

D1-D17 denote experimental days. Statistical significance was set at p < 0.05.

scanning electron microscopy on day 7 (Fig. 7). On the scaffolds
with the lower platelet lyophilisate content, the cells formed
clusters. However, with the increasing concentration of the
platelet lyophilisate, the cells were well spread and exhibited
morphology typical for the culture of fibroblasts on the PCL
scaffolds. To emphasize and more accurately observe the effect
of the released platelet lyophilisate, the seeded cells were
cultured under serum-reduced conditions (5% FBS), suggesting
that the lower platelet lyophilisate was not enough the stimulate
proper fibroblast proliferation.

The results indicate that the fibroblasts showed a similar
growth pattern on both the scaffold types. Polycaprolactone in
the form of fibrous scaffold was shown to stimulate fibroblast
proliferation and metabolic activity.?»***¢ The results indicated
a similar affinity of fibroblasts to both nano/microfibrous and
microfibrous scaffolds. The structure of both scaffolds was
similar to the structure of the ECM of the connective tissues and
the fibroblasts showed good adhesion and proliferation on the
scaffolds. In addition, the platelet lyophilisate stimulated cell
metabolic activity in a rather dose-dependent manner. The
samples with the addition of PF-68 and the lowest concentra-
tion of the growth factors, lead to a decrease in metabolic
activity. This may relate to the altered release characteristics or
the dominant inhibitory effect of the released chemokines. The
1% PF-68 fibres showed the slowest release rate and the lowest
total protein content. The most dominant chemokines in
platelet lyophilisate were IL-17 and RANTES. At low concentra-
tions, these proteins were the most dominant chemokines
released from the fibres. IL-17 was shown to stimulate the
production of pro-angiogenic factors in fibroblasts and thus

This journal is © The Royal Society of Chemistry 2017

mediate fibroblast-induced angiogenesis.”” In the groups with
higher PF-68 concentrations, the amount of the total released
protein was higher. With the increasing total protein concen-
tration, the bioavailability of the growth factors, which act as
fibroblast mitogens, increased as well (i.e. PDGF, EGF)**** and
resulted in improved proliferation and metabolic activity. Such
findings are in concordance with the results of Sovkova et al.,
who found a dose-dependent effect of human platelet lysate on
fibroblasts cultured on plain electrospun PCL scaffolds.*®
Additionally, the positive effect of growth factors released from
platelets adhered to the PCL nanofibrous scaffold, was observed
in fibroblast culture.*

Keratinocytes prefer 2D structured fibrous scaffolds

Keratinocytes are specialised epithelial cells that form the outer
layer of the skin, and thus provide the skin with a barrier
function against the outer environment. The biocompatibility
of the prepared scaffolds was tested in vitro using XB2 kerati-
nocytes. On days 1, 3, 7, 14 and 17, the MTS assay was per-
formed (Fig. 8). The data acquired from the electrospun
scaffolds (Fig. 8A) showed improved metabolic activity of kera-
tinocytes on scaffolds ES5 and ES10 and ES control when
compared to the ES1 scaffold through the first 14 days of the
experiment. On day 14, the keratinocytes seeded on the ES5
scaffold showed higher metabolic activity when compared to
the ES control sample. Additionally, on day 17 the metabolic
activity of keratinocytes seeded on the ES5 sample was signifi-
cantly higher than all the other electrospun samples (ES1, ES10
and ES control). No such trend was observed on the forcespun
samples (Fig. 8B). The samples FS5 and FS10 showed improved
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Fig. 6 Confocal microscopy images of the fibroblasts seeded on the electrospun and forcespun scaffolds on days 7 and 17. ES PCL-1% PF-68
(ES1), ES PCL-5% PF-68 (ES5), ES PCL-10% PF-68 (ES10), ES PCL control, FS PCL-1% PF-68 (FS1), FS PCL-5% PF-68 (FS5), FS PCL-10% PF-68
(FS10), FS PCL control. Green colour depicts cellular biomembranes (staining by DiOC-6), red colour cell nuclei (propidium iodide staining).

Magnification 200x, scale bar 50 um.

metabolic activity of the cells at the beginning of the experiment
(days 1 and 3), however, all the differences were levelled out by
day 7 and no statistically significant difference in cellular
metabolic activity was observed until the end of the experiment.
The overall statistical analysis of the metabolic activity of ker-
atinocytes seeded on the fibrous samples showed, that on day
14 of the experiment the electrospun samples ES5, ES10 and the
control sample exhibited higher metabolic activity of the seeded
keratinocytes when compared to all the forcespun samples (FS1,
FS5, FS10 and FS control). However, on the last day of the
experiment, improved metabolic activity regarding the electro-
spun samples was found on samples ES1 and ES5.
Furthermore, cell proliferation on the scaffolds was deter-
mined using PicoGreen® fluorescence dye on days 1, 7, 14 and
17. The data showed increasing proliferation on the electrospun
scaffolds enriched with the platelet lyophilisate (ES1, ES5 and
ES10) through the whole experiment (Fig. 8C). On the last day of
the experiment, keratinocytes seeded on the ES5 scaffold

53712 | RSC Adv., 2017, 7, 53706-53719

showed superior proliferation to all the other electrospun
samples. However, the proliferation of keratinocytes seeded on
the forcespun samples (Fig. 8D) was not as pronounced as on
the ES samples, and the effect of platelet lyophilisate was not
observed.

The optimal concentration of the released bioactive mole-
cules for keratinocyte culture seemed to follow the release
pattern of fibrous scaffolds prepared using 5% PF-68. Kerati-
nocytes cultured on such scaffolds showed a statistically
significant improvement in metabolic activity and cell prolif-
eration, not only in comparison to the PCL control, but to the
other platelet-functionalised samples as well. In our previous
study, all the platelet-functionalised PCL samples showed
improved keratinocyte metabolic activity and proliferation
without significant differences among them,* suggesting the
other concentrations of the platelet-derived bioactive molecules
in the current study were either too high (ES10) and rather
inhibited the keratinocyte proliferation, or too low (ES1) and, in

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 SEM images of fibroblast morphology on electrospun and forcespun scaffolds. The samples with the seeded cells were fixed and
dehydrated on day 7 of the experiment. ES PCL-1% PF-68 (ES1), ES PCL-5% PF-68 (ES5), ES PCL-10% PF-68 (ES10), ES PCL control, FS PCL-1% PF-
68 (FS1), FS PCL-5% PF-68 (FS5), FS PCL-10% PF-68 (FS10), FS PCL control. Magnification 3000x, scale bar 20 um.

terms of improved cellular proliferation, insufficient. The dose-
dependent effect of platelet lyophilisate in keratinocyte culture
was also observed in blend PCL nanofibers.> Correspondingly,
Sovkova et al. investigated the optimal composition of cell
culture media supplemented with platelet lysate (PL) in kerati-
nocytes. According to the results, the stimulation of prolifera-
tion of keratinocytes was achieved with increasing PL

concentration, with the optimal concentration determined as
7% (v/v) PL?®.

The data obtained in the proliferation assay were confirmed
by the confocal microscopy study (Fig. 9). The acquired images
of day 17 of the experiment showed significantly improved
proliferation of keratinocytes on the ES5 sample, where the
keratinocytes formed confluent layers and exhibited stratified
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Fig. 8 Metabolic activity and proliferation of keratinocytes seeded on the electrospun and forcespun scaffolds on days 1, (3,) 7, 14 and 17. (A)
Metabolic activity of keratinocytes seeded on the electrospun scaffolds, (B) metabolic activity of keratinocytes seeded on the forcespun scaf-
folds, (C) proliferation of keratinocytes on electrospun scaffolds, (D) proliferation of keratinocytes on forcespun scaffolds. ES PCL-1% PF-68 (ES1),
ES PCL-5% PF-68 (ES5), ES PCL-10% PF-68 (ES10), ES PCL control, FS PCL-1% PF-68 (FS1), FS PCL-5% PF-68 (FS5), FS PCL-10% PF-68 (FS10), FS
PCL control. D1-D17 denote experimental days. Statistical significance was set at p < 0.05.
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Fig.9 Confocal microscopy images of the keratinocytes seeded on the electrospun and forcespun scaffolds on day 7 and 17. ES PCL-1% PF-68
(ES1), ES PCL-5% PF-68 (ES5), ES PCL-10% PF-68 (ES10), ES PCL control, FS PCL-1% PF-68 (FS1), FS PCL-5% PF-68 (FS5), FS PCL-10% PF-68
(FS10), FS PCL control. Green colour depicts cellular biomembranes (staining by DiOC-6), red colour cell nuclei (propidium iodide staining).

Magnification 200x, scale bar 50 um.

morphology. Although the increase in cell numbers from day 7
to day 17 was not so dramatic on the rest of the samples (ES1,
ES10, FS1, FS5, FS10 and controls), the proliferation of kerati-
nocytes was clearly visible.

On the 2D electrospun samples, the cultured keratinocytes
formed confluent layers. The most promising composition of
the prepared fibres, in terms of promotion of stratified epithe-
lium formation, is shown by the ES5 sample. Such findings
confirmed that in favourable conditions keratinocytes tend to
mature and form stratified layers. However, on all the forcespun
samples, variable-sized islands of the cultured cells were found,
regardless of the presence and/or concentration of the platelet-
derived bioactive molecules. This indicates suboptimal
morphology of the tested forcespun nanofibrous layers for the
stimulation of keratinocyte epithelium formation. Such find-
ings are in concordance with the findings of Kempf et al., who
investigated the influence of fibre diameter and pore size of
denatured collagen microfiber scaffolds on keratinocyte

53714 | RSC Aadv., 2017, 7, 53706-53719

adhesion, proliferation, migration and penetration into the
scaffold.®® The results showed that the porous scaffold
promoted cell adhesion and survival, however hampered kera-
tinocyte migration and penetration. Thus, the data suggest
suitability of the morphology of the electrospun layers for ker-
atinocyte stimulation.

Additionally, scanning electron microscopy was used to
visualise the cells adhered to the nanofibrous scaffolds on day 7
(Fig. 10). The images showed well spread cells with morphology
characteristic for keratinocytes.

In the case of electrospun scaffolds, the cells were observed
on the surface of the fibres. The structure of the scaffold was
mimicking basal lamina. On the other hand, in the case of
forcespun scaffolds, the bigger pore size lead to an accumula-
tion of cells to clusters and spheroid like structures. The cells
were less spread and colonisation of the scaffold was slower.
This phenomenon was connected to the different scaffold
structure. The scaffold with a smaller pore size supported cell

This journal is © The Royal Society of Chemistry 2017
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Fig. 10 SEM images of keratinocyte morphology on electrospun and forcespun scaffolds. The samples with the seeded cells were fixed and
dehydrated on day 7 of the experiment. ES PCL-1% PF-68 (ES1), ES PCL-5% PF-68 (ES5), ES PCL-10% PF-68 (ES10), ES PCL control, FS PCL-1% PF-
68 (FS1), FS PCL-5% PF-68 (FS5), FS PCL-10% PF-68 (FS10), FS PCL control. Magnification 3000 x, scale bar 20 um.

adhesion, but did not allow cell penetration to its deeper layers,
stimulating only cell interaction on superficial layers and
pushing the cells to more epithelial tissue formation.

The superior morphological properties of the nanofibres
compared to microfibres were shown in chitin electrospun
fibrous scaffolds®* and silk fibroin matrices.*® The submicron
diameters of the nanofibrous scaffolds significantly promoted
cell adhesion and spreading, compared to the microfibres.
Additionally, the dependency of keratinocyte proliferation on
the strand diameter of 3D plotted collagen fibres was investi-
gated. With the increasing strand diameter, the proliferation
rate of keratinocytes decreased.** This indicates the importance
of proper morphology of the fibrous scaffolds in skin tissue
engineering constructs.

Besides morphological mimicking, the release of growth
factors stimulated cell proliferation. Giimiisderelioglu et al
cultured human keratinocytes on PCL and PCL/collagen blend
electrospun nanofibrous matrices with immobilised EGF on
their surface. The nanofibrous texture of the scaffolds affected
cellular organisation. Furthermore, the drug delivery of the
immobilised EGF to the surface of the nanofibres resulted in
rapid proliferation of keratinocytes in comparison to the control
samples without the EGF.** The study of Choi et al. showed that
EGF conjugated to the surface of the PCL/PEG nanofibrous
scaffolds and prolonged the bioavailability of the EGF in an
animal diabetic wound model in comparison to the PCL/PEG
nanofibres soaked in the EGF solution. Such treatment accel-
erated the wound closure, especially in its early stages. These
studies have illustrated the necessity of a sustained release of
the growth factors, as most of the GF administered as exoge-
nous additives failed in clinical practice, mainly due to the high
proteolytic activities in the wound.>®

In our case, platelet lyophilisate was used for the stimulation
of keratinocytes. The results showed both improved proliferation

This journal is © The Royal Society of Chemistry 2017

and metabolic activity on fibrous scaffolds releasing the platelet
lyophilisate. Such results are in accordance with our previous
work, with platelets adhering to the surface of the PCL nano-
fibres®* and platelet lysate used as a cell culture supplement.*®

Experimental
Platelet lyophilisate preparation and Bio-Plex analysis

Fresh human leukocyte-depleted platelet concentrate derived
from buffy coat in additive solution was obtained from a blood
transfusion service (Sumperk, Czech Republic). 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 purposes. The platelet concen-
tration in the bag was 917 x 10° platelets per L. The platelets
were centrifuged (3100g, 10 min) and resuspended with
distilled water. Subsequently, the solution was aliquoted, frozen
(—80 °C) and thawed (37 °C) three times in total to disrupt the
platelet cellular membranes. The lysate was centrifuged (4100g,
15 min) to get rid of the cellular debris. Subsequently, the lysate
was lyophilised under 480 mTorr (VirTis BenchTop Pro Freeze
Dryer, SP Scientific, PA, USA) for 24 hours. The lyophilised
platelet lysate was stored at —80 °C until use.

To characterise the cytokine content in the platelet lyophi-
lisate, the Bio-Plex 200 Multiplex System (Bio-Rad Laboratories,
CA, USA) was employed. The commercially available cytokine
panel (Bio-Plex ProTM Human Cytokine 27-plex Assay, Bio-Rad
Laboratories, CA, USA) was used, in accordance with the
manufacturer's instructions. The assay allows multiple cyto-
kines to be quantified simultaneously in one well. The following
cytokines were quantified: interleukin-1b (IL-1b), interleukin

ira (IL-1ra), interleukin-2 (IL-2), interleukin-4 (IL-4),
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interleukin-5 (IL-5), interleukin-6 (IL-6), interleukin-7 (IL-7),
interleukin-8 (IL-8), interleukin-9 (IL-9), interleukin-10 (IL-10),
interleukin-12 (IL-12), interleukin-13 (IL-13), interleukin-15
(IL-15), interleukin-17 (IL-17), granulocyte-colony stimulating
factor (G-CSF), granulocyte-macrophage colony stimulating
factor (GM-CSF), interferon-gamma (INF-y), tumor necrosis
factor-o. (TNF-a), monocyte chemoattractant protein-1 (MCP-1),
CXCL10 chemokine (IP-10), MIP-1a, MIP 1b (CCL-4), RANTES,
eotaxin (CCL-11), platelet-derived growth factor (PDGF), basic-
fibroblast growth factor (bFGF), and vascular endothelial
growth factor (VEGF). The protein content in the platelet lyo-
philisate was determined using Quant-iT™ Protein Assay Kit,
(Invitrogen Life Technologies, CA, USA) in accordance with the
manufacturer's instructions.

Scaffold fabrication and sample preparation

Fibrous scaffolds were prepared by either core/shell electro-
spinning (ES) or forcespinning (FS) technology. In both cases,
the shells of fibres were made from polycaprolactone (PCL) with
a molecular weight of 45 000 Da (Sigma Aldrich, Germany). The
core phase was prepared using a combination of poloxamer 188
(Pluronic F68, PF-68; Sigma Aldrich, Germany) with platelet
lyophilisate. The precise composition of the fibres is shown in
Table 1.

Electrospun fibrous scaffolds were prepared using the nee-
dleless emulsion electrospinning method (water-in-oil emulsi-
fication, W/O). A 24% solution (w/v) of PCL was dissolved in
chloroform and ethanol (volume ratio 9 : 1). Emulsification was
performed with water phase containing PF-68 and the platelet
lyophilisate. First, the 30% (w/v) PF-68 dissolved in 90% ethanol
was mixed with the lyophilisate dissolved in 50% ethanol and
pure ethanol to achieve a solution of 1% (w/v), 5% (w/v) or 10%
(w/v) PF-68. The final core mixture contained 70% ethanol.
Control samples (PCL) were prepared by direct electrospinning
of 24% PCL. All samples were electrospun using a linear rod
electrode on a Nanospider NS 500 device (Elmarco, Czech
Republic). A high-voltage source (Spellman HV, NY, USA)
generated voltages of up to 140 kV and the polymer solution was
connected to the high-voltage source. The voltage used for
spinning was between 70 kv, distance was set at 35 cm and
polymer flow rate was 50 mL h™". Electrospun nanofibers were
deposited on the collecting spunbond textile.

The emulsion centrifugal spinning technology is based on
W/O emulsification procedure followed by centrifugal spinning

Table 1 Composition of the fabricated electrospun and forcespun
samples

Sample Core polymer Shell polymer Lyophilisate
ES1 1% PF-68 24% PCL 15 mg mL ™!
ES5 5% PF-68 24% PCL 15 mg mL™"
ES10 10% PF-68 24% PCL 15 mg mL ™!
ES control — 24% PCL —

FS1 1% PF-68 40% PCL 15 mg mL ™"
FS5 5% PF-68 40% PCL 15 mg mL "
FS10 10% PF-68 40% PCL 15 mg mL™!
FS control — 40% PCL —

53716 | RSC Adv., 2017, 7, 53706-53719
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processing. First, the core phase was prepared. The 30% (w/v)
Pluronic F-68 dissolved in 90% ethanol was mixed with the
platelet lyophilisate dissolved in 50% ethanol and pure ethanol,
to achieve a solution of 1% (w/v), 5% (w/v) or 10% (w/v) PF-68.
The mixing process was performed by drop-wise mixing of the
lyophilisate to the agitated PF-68 solutions, followed by soni-
cation. The final core mixture contained 70% ethanol. The
emulsion of PF-68 and proteins was subsequently emulsified
with 50% PCL dissolved in chloroform to obtain 40% PCL dis-
solved in chloroform: ethanol. The ratio of the chloroform
phase to the ethanol phase was 4 : 1. The ethanol phase was
added drop-wise under stirring. The prepared emulsion was
immediately processed by the centrifugal spinning process. The
control sample was prepared by the spinning of 40% (w/v) PCL
in chloroform: ethanol solution. The centrifugal spinning was
performed by forcespinning process on Cyclone L-1000 MD
(Fiberio, USA). All samples were processed by G30 needles at
11 000 rpm and a collector distance of 10 cm. The fibres were
collected on a vacuum assisted deposition system to prepare
more condensed samples.

Scaffold characterisation (SEM, FTIR)

The morphology of the prepared electrospun and forcespun
nanofibers was characterised using scanning electron micros-
copy (SEM). The samples seeded with cells were fixed with 2.5%
glutaraldehyde on day 7 of the experiment. Upon fixation, the
samples were dehydrated with ethanol changes and treated
with hexamethyldisilazane (HMDS). Afterwards, the samples
were sputter coated with gold using a Quorum Q150RS
(Quorum, UK) device. Vega3 SBU (Tescan, Czech Republic) was
used to acquire the images. The fibre diameter and pore size of
the prepared meshes was determined using Image] software
from at least 200 independent measurements.

Fourier-transformation infrared spectroscopy with attenu-
ated total reflectance (FTIR-ATR) was performed on IRaffinity 1
system (Shimazu). All samples were moulded into tablets by 2 t
press. The measurement was performed in the range of 500-
4200 cm ™' with Happ-Gazel apodization.

Total protein release from the lyophilisate-containing
samples

To assess the release kinetics from the prepared samples, the
total protein concentration was determined on days 1, 3, 8, 14,
24 and 31. From each sample, 80 mg of the nanofibres was
weighed and immersed in 1 mL of PBS. On each day, the PBS
was replaced and the collected samples were frozen until
analysis. To determine the concentration of the total protein
released from the nanofibrous samples, the Quant-iT™ Protein
Assay Kit (Invitrogen Life Technologies, CA, USA) was used in
accordance with the manufacturer's protocol.

Cell culture & seeding

Murine XB2 cell line (keratinocytes) was purchased from the
Welcome Trust Functional Genomics Cell Bank at St. George's,
University of London, 3T3-A31 cell line (fibroblasts) from Sigma-
Aldrich (MO, USA). The cells were cultured in a humidified

This journal is © The Royal Society of Chemistry 2017
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incubator (37 °C, 10% CO, and 80-90% relative humidity) in
Dulbecco’'s Modified Eagle's Medium (DMEM) supplemented
with 10% FBS (Sigma Aldrich, MO, USA) and penicillin/
streptomycin (100 TU mL~', 100 pg mL™"' respectively)
mixture. Sub-confluent cells were washed with PBS-EDTA
solution and treated with trypsin. The detached cells were
counted using a haemocytometer and the scaffolds sterilised by
ethylene oxide were seeded with keratinocytes and fibroblasts at
a cell density of 5000 cells per cm?. The cell culture medium was
supplemented with 5% FBS during the experiment. On days 7
and 14, one half of the volume of the medium in the well was
refreshed.

Cell metabolic activity testing

To determine the metabolic activity of the fibroblasts and ker-
atinocytes seeded on the prepared scaffolds, the MTS assay
(CellTiter96® AQueous One Solution Cell Proliferation Assay,
Promega, WI, USA) was used on days 1, 3, 7, 14 and 17 of the
experiment. Briefly, the scaffolds were transferred into new
wells to prevent the cells adhered to the tissue culture plastic to
misrepresent the measured data. Subsequently, 100 pL of fresh
media and 20 pL of the MTS substrate were added to each well.
After a 2 hour incubation, the absorbance of the media was
detected at 490 nm using a microplate reader (Infinite® M200
PRO; Tecan, Switzerland). The background absorbance (690
nm) and the absorbance of the medium without cells were
subtracted from the measured absorbance.

Cell proliferation testing

To determine the fibroblast and keratinocyte proliferation,
a fluorescence-based kit (Quant-iT™ dsDNA Assay Kit; Invi-
trogen, CA, USA) was used on days 1, 7, 14 and 17. The samples
used for MTS testing were transferred into tubes containing
200 pL of a cell lysis buffer (10 mM Tris, 1 mM EDTA, 0.2% v/v
Triton X-100). The samples underwent 3 freeze/thaw cycles and
in between the cycles, the samples were roughly vortexed.
Fluorescence intensity was read on a microplate reader (Aex =
485 nm, A, = 528 nm) and the DNA content was determined
according to the ADNA calibration curve of the Kkit.

Cell visualisation

Confocal microscopy was used to visualise the seeded fibro-
blasts and keratinocytes. On days 7 and 17, the samples were
fixed with methanol (—20 °C) and washed with PBS. Propidium
iodide was used (5 pg mL ™", 10 minutes; red colour) to visualise
cell nuclei and DiOC-6 for the visualisation of the cell bio-
membranes (1 ug mL ™", 30 minutes; green colour). Between the
incubations, the samples were rinsed with PBS. A Zeiss LSM 510
DUO confocal microscope was used for imaging.

Statistical analysis

The acquired data were statistically evaluated using SigmaStat
3.5 software. Statistical significance between a pair of groups
was determined using ANOVA testing. The data are presented as
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a mean value plus/minus standard deviation. A value of p < 0.05
was considered statistically significant.

Conclusions

The current study showed the comparison of two techniques
for core-shell fibre fabrication. We were able to encapsulate
platelet lyophilisate into the core of the formed fibres with
comparable loading efficiency and a protein release pattern for
both used techniques, overcoming the prior rather
pronounced burst release in the forcespun samples. The
resulting fibrous samples with differing morphology were
tested in vitro using keratinocytes and fibroblasts. The results
clearly showed that epithelial cells (keratinocytes) preferred
a 2D structure of the electrospun fibrous mats over the rather
3D structure of the forcespun scaffolds. Furthermore, the
optimal released protein concentration was seen in the fibres
containing 5% PF-68, which resulted in medium platelet lyo-
philisate concentration of all the tested formulations. On the
other hand, the dermal cells (fibroblasts) showed preferential
initial adhesion to the forcespun samples in comparison to the
electrospun samples and the stimulation of their proliferation
and metabolic activity increased with the increasing concen-
tration of the encapsulated platelet lyophilisate. Such behav-
iour mimics the natural behaviour of epithelial and dermal
cells in vivo, suggesting the suitability of the scaffolds for
dermal tissue engineering. Both types of the prepared scaf-
folds provided a sustained release of growth factors from
platelets. The half-life of release was between 3-5 days,
enabling extension of the wound exchange intervals. Platelets
are a superior source of multiple bioactive molecules at
physiological ratios. The lyophilisation of the platelets
significantly prolongs their shelf-life and, in addition, facili-
tates loading of the platelet-derived bioactive molecules into
drug delivery systems. Furthermore, both scaffold preparation
methods are suitable for the large-scale production of fibres,
increasing the application potential in clinical practice.
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