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Emulsion centrifugal spinning for production of 3D
drug releasing nanofibres with core/shell structure
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Herein we describe the core/shell centrifugal spinning process to deliver susceptible bioactive molecules.
The fibres are produced from water-in-oil (W/O) emulsion, where poly-g-caprolactone (PCL) dissolved in
chloroform serves as the continuous phase and Pluronic F-68 (PF-68) dissolved in ethanol serves as the
droplet phase. The successful core/shell fibre formation and discontinuous morphology of the core was
identified by confocal microscopy. Encapsulation of a model enzyme resulted in protection of enzymatic
activity and release during the first 7 days. The feasibility for tissue engineering applications was
demonstrated by the incorporation of platelet lyophilisates as a source of growth factors. The cultivation
of 3T3 fibroblasts and MG63 osteoblasts resulted in improved metabolic activity and fostered
proliferation. Results of the study indicate that the proposed scaffold combines the 3D structure of
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Introduction

Tissue engineering has drawn much attention in recent years
due to its potential to solve complex healthcare problems
unsolvable using current methods."* The regeneration capacity
of the adult body is limited and further decreases with ageing.
In order to achieve tissue regeneration, tissue engineering
employs diverse scaffolds and protocols. Scaffolding platforms
may be based on hydrogels, foams, 3D printed matrices and
fibrous materials. The key properties for tissue engineering
scaffolds are biocompatibility, mechanical and stereological
properties respecting the target tissue and the capacity to inte-
grate into the surrounding tissues.™?

Fibrous scaffolds have ideal properties for regeneration of
a broad scale of target tissue. The nano- and microfibrous
structure mimics the natural extracellular matrix and provides
numerous contact points for cell adhesion. In addition, fibrous
scaffolds have good mechanical properties, high porosity and
pore interconnection.>* Due to this unique property, nano-
fibrous scaffolds offer numerous contact points for cells. The
key strategy in producing fibrous scaffolds is electrospinning.
Electrospinning enables the formation of a submicron fibrous
mesh with a random or ordered structure.® Electrospinning was
successfully employed to encapsulate bioactive molecules for
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scaffolds produced by centrifugal spinning with the drug delivery of growth factors.

diverse tissue engineering applications. The release of encap-
sulated bioactive molecules stimulates and regulates cell
recruitment, proliferation and differentiation in the site of
injury. Sahoo et al.® prepared coaxial nanofibres poly(lactic-co-
glycolic acid) (PLGA) loaded with basic fibroblast growth factor
(bFGF), and blend nanofibres with PLGA and bFGF. Jia et al.”
showed PLGA nanofibres loaded by dextran core with vascular
endothelial growth factor (VEGF) for vascular tissue engineering
applications. Tian et al.® prepared VEGF-loaded poly(lactic acid-
co-caprolactone) PLCL nanofibres by emulsion electrospinning.
The scaffold enabled the sustained release of VEGF and stim-
ulated mesenchymal stem cell (MSC) metabolic activity in a 20
day in vitro assay. In a recent study, improved cardiac differ-
entiation of MSC on VEGF loaded scaffolds was shown.®
However, electrospun layers suffer from poor cellular pene-
tration caused by small pore size and limited thickness. Several
attempts were made to improve cellular infiltration to electro-
spun scaffolds. Mean pore size could be increased by a combi-
nation of fibres with leachable particles ie. sacrificial co-
fibres,'*"* salt' or ice crystals." In addition, the organization of
fibres highly depends on the collecting electrode.** Rampichova
et al*® prepared a patterned 2D/3D collector, which produced
a fibrous layer with loosely packed areas. The cells were able to
penetrate through these areas and proliferate. Blakeney et al.
produced fluffy 3D fibres using a special collector. Cocoon-like
structures showed higher mean pore size and efficient cell
penetration. Despite the possibility to increase the mean pore
size, the thickness of an electrospun fibrous layer is also limited.*
Centrifugal spinning technology is an alternative approach
to produce fibrous scaffolds from polymeric solutions and
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melts.” In the centrifugal spinning process the polymeric
solution or melt is placed in a rotating chamber with a thin
orifice. When the applied centrifugal speed overcomes the
surface tension of the solution, it is ejected from the orifice.
Emerged jets are stretched and deposited on a collector. The
produced fibres form fluffy meshes with a fibre diameter in the
range from hundreds of nanometres to tens of micrometres.
Centrifugal spinning was successfully applied for scaffold
manufacturing from PLGA,"™ polylactic acid,”® gelatin®® and
polycaprolactone (PCL).2**> However, the proposed scaffolds
were rather a passive cell culture substrate. In order to stimulate
cell proliferation and differentiation, bioactive molecules
should be delivered using an optimal scaffold. So far, centrif-
ugal spinning technology had been used for drug delivery
applications only by Mary et al.>® In the study of tetracycline
loaded PCL blended polyvinyl pyrrolidone (PVP) fibres were
used as a drug delivery vehicle. The results showed rapid release
of tetracycline within 24 h. To the best of our knowledge, no
studies on delivering protein-based active molecules have yet
been performed.

The aim of the study is to develop a new technique for
delivering growth factors based on centrifugal spinning. In
order to protect the proteins from denaturation in organic
solvents we will develop core/shell centrifugal spinning tech-
nology. The proposed technology is based on emulsion co-
spinning, where a continuous phase will give rise to a shell
and droplet phase to the core of the fibres. The combination of
the 3D structure of scaffolds produced by centrifugal spinning
with drug delivery function will result in the formation of novel
bioactive and biomimicking scaffolds.

Results and discussion

Development and characterization of Pluronic F-68 based (W)/
PCL (O) emulsions

The proposed approach is based on the formation of a protein
water-in-oil (W/O) emulsion, which is subsequently processed
via a centrifugal spinning process. The technology is based on
utilizing Pluronic F-68 (PF-68) as a protein surfactant stabilizing
the W/O emulsion and protecting the proteins from denatur-
ation. The polar (W) droplet phase is based on PF-68 dissolved
in ethanol. An analysis of dynamic surface tension showed that
the addition of PF-68 to pure ethanol increases the surface
tension. Upon the addition of 0.1% PF-68 and 0.5% PF-68 the
surface tension increased, indicating incomplete occupation of
the surface by PF-68 molecules. PF-68 is an amphiphilic poly-
mer containing polar polyethylene oxide (PEO) segments and
non-polar polypropylene oxide (PPO) segments.>* Upon inter-
action with polar solvents, the polymer aggregates to thermo-
dynamically stable particles with a minimal interaction of PPO
with the polar solvent. The process therefore results in the self-
assembly of particles with PEO coronas and PPO cores.>® Above
1% PF-68 concentration the surface tension was not further
changed (2.5% PF-68, 5% PF-68, 7.5 PF-68, 10% PF-68 and 20%
PF-68) (Fig. 1a). The result indicates that all formulations above
1% PF-68 were above the critical micellar concentration (CMC).
An analysis by laser scattering showed the formation of PF-68
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Fig. 1 Characterization of PF-68 (W)/PCL (O) emulsions. (a) Effect of
PF-68 on surface tension of EtOH. (b) Size of PF-68 micelles in 70%
EtOH. (c) Effect of W/O emulsification on surface tension of PCL
solution.

micelles with a size of about 5 nm. An increase in the PF-68
concentration resulted in the formation of particles with
a size of about 500 nm (Fig. 1b). The highest number of large PF-
68 micelles was found in the 20% PF-68 sample. The average
size for 5% PF-68 was 3.7 nm and polydispersity index was 0.2.
For 10% PF-68 the average diameter was 86 nm and poly-
dispersity index was 0.33. For 20% PF-68 the polydispersity
index was very high (0.69) indicating multiple peaks and non-
stable emulsion properties. The observed micelle distribution
is in accordance with literature.”®* The small micelles corre-
spond to pure PF-68 micelles. The large structures correspond
to clusters containing aqueous components.

The continuous phase of W/O emulsion was formed by 40%
polycaprolactone (MW 45 kDa) dissolved in chloroform. The
emulsification with the PF-68 ethanol/water phase resulted in
the formation of a W/O emulsion. The emulsification changed

This journal is © The Royal Society of Chemistry 2017
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the properties of the PCL solution. The addition of the polar
phase containing 0% PF-68, 1% PF-68 and 5% PF-68 resulted in
a decrease of surface tension (Fig. 1c). This decrease of surface
tension is attributed to the accumulation of water/ethanol on
the liquid surface. The decrease in case of 0% was low and
decreased the tension from 80 mN m™ ' to 77 mN m™'. The
addition of surfactant in a concentration of 1% (Wpp.es/Wpcr)
resulted in a further decrease to values about 70 mN m ™. The
further increase in PF-68 concentration to 5% (Wpp-es/Wpcr)
resulted in a significant decrease of surface tension (30 nN
m ). Such decrease may be caused by the higher concentration
of PF-68 than CMC. The excess PF-68 occupied the surface of the
polymeric liquid and resulted in a decrease of surface tension.

The mixing of PF-68 dissolved in 70% ethanol with 40% PCL
in chloroform resulted in the formation of an emulsion formed
by PF-68 particles. Upon mixing the ethanolic solution of PF-68
with non-polar solvent, the ethanol is readily mixed with chlo-
roform. Such particles expose hydrophobic PPO segments to the
non-polar solvent and polar PEO segments minimize contact
with the non-polar solvent. As a result, the hydrophilic
segments of PF-68 form a polar cavity and stimulate the rear-
rangement of PF-68 to particles to inverse micellar particles.
Ben Henda et al.” studied PF-68 micelles in polar and non-polar
solvents. In case of binary mixtures, the hydrophobic solvents
(phenol and p-xylene) resulted in the inhibition of micelle self-
assembly or formation of various types of inverse micelles.
However, in case of a ternary mixture with non-polar solvent
and water the PF-68 behaviour became more complex. PF-68
was shown to form either inverse micelles or W/O emulsions
with separated phases covered by surfactant molecules. Similar
results were obtained for PF-127 in polar and non-polar
solvents.”® In our experiment, the laser scattering measure-
ment showed that the W/O emulsion contained PF-68 particles.
The sample emulsified without PF-68 contained a water phase
(PCL + 0% PF-68) with a size of 787 nm and polydispersity index
was 0.72. The sample containing 5% PF-68 as droplet phase
showed a particle size of about 355 nm and polydispersity index
0.3. With a further increase of PF-68 concentration the size was
lower (170 nm for 10% PF-68 and polydispersity index of 0.5).
Highly concentrated 20% PF-68 showed higher particle size
(1476 nm and polydispersity index 0.39). This observation may
be related to the aggregation of PF-68 particles and the forma-
tion of flocculated particle clusters. The size of PF-68 indicated
that the particles were rather formed by a separated aqueous
phase and non-polar phase covered by PF-68. Nevertheless, the
experimental conditions are further complicated by the pres-
ence of 40% (w/v) PCL in the continuous phase. Poly-
caprolactone is insoluble in water and the formation of an
emulsion results in altered rheological properties. Phase sepa-
ration is the result of PLC interacting with a non-solvent (i.e.
water, DMSO). The polymer-rich segments are dispersed in
solvent and the polymer poor phase is occupied by a non-
solvent.” Similarly, phase separation occurs during the forma-
tion of W/O emulsions. The viscosity of polymeric liquids was
measured in samples containing 40% PCL as a continuous
phase and 0%, 1%, 5%, 10% and 20% PF-68 in 70% ethanol as
an emulsion phase. The addition of an emulsion phase

This journal is © The Royal Society of Chemistry 2017
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increased the viscosity of samples. The viscosity of 40% PCL
without an emulsion phase was 790 &+ 112 mPa s. The addition
of an emulsion phase - 70% ethanol (PCL + 0% PF-68) resulted
in an increase to 993 & 92 mPa s. The addition of 5% PF-68 in
70% ethanol resulted in an increase to 1132 + 112 mPa s.
Nevertheless, the samples with 10% and 20% had even higher
viscosity - 1370 + 98 mPa s and 1610 £ 102 mPa s. The increase
in viscosity may be caused by limited movement of PCL poly-
meric chains.

The centrifugal spinning process is connected with applying
high centrifugal forces. The stabilization of the emulsion is
therefore essential to obtain improved results of the encapsu-
lation process. The stability of different formulations contain-
ing PF-68 were analysed by evaluating phase-separation during
centrifugation. The emulsions were loaded to 2 ml tubes and
centrifugation under 3000 x g was performed. The water phase
was partially separated from the continuous nonpolar phase.
The analysis by DLS showed that in case of a sample without PF-
68 (PCL + 0% PF-68) the mean size was highly increased (from
787 nm to 1560 nm). The centrifugation of PCL + 5% PF solu-
tion resulted in an increase from 355 nm to 522 nm. Similarly,
in case of PCL + 10% PF-68 the size increased from 170 nm to
332 nm. The increase of size was lower than a control sample
without PF-68 and indicates the stabilization of the water phase
by PF-68. Interestingly, for a PCL + 20% PF-68 solution, the size
after centrifugation decreased from 1796 nm to 469 nm. This
may be caused by the separation of aggregated particles after
the partial separation of immiscible phases. The results clearly
demonstrate that PF-68 was able to create water-phase particles
upon mixing with PCL in chloroform. In addition, these parti-
cles were stable after centrifugation forces observed in the fibre
preparation process.

Centrifugal spinning of coaxial fibres

The centrifugal spinning process was performed using Force-
spinning™ technology (Fig. 2). Three experimental sets were
performed by centrifugal core/shell technology: (1) core/shell
fibres loaded with fluorescently labelled BSA, (2) core/shell
fibres loaded with horseradish peroxidase and (3) core/shell
fibres loaded with growth factors (platelet lyophylisates). All
samples were prepared from W/O emulsions. First, the bioactive
protein was mixed with PF-68 in 70% EtOH. When the
concentration of PF-68 was above CMC (higher than wt 1%), PF-
68 micelles were formed. The micelles had hydrophobic PPO
cores and hydrophilic PEO coronas. Since the proteins are
amphiphilic, part of the protein was probably embedded inside
the PF-68 micelles. In the following step, PF-68 phase (W) was
mixed with 40% PCL in chloroform as the oil phase (O). The
samples were based on 40 ml of 40% PCL emulsified with 10 ml
of PF-68 in 70% ethanol. The emulsification resulted in the
formation of water/PF-68/protein droplets. The emulsion was
further processed by centrifugal spinning to solid fibrous mesh.
The fibres were spun using a rotating emitter with a G30 orifice.
The rotation produces centrifugal force and draws the poly-
meric solution from the orifice in the form of a thin fibrous jet.
The fibres are collected on the collector as a dry fibrous mesh.

RSC Adv., 2017, 7, 1215-1228 | 1217
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Fig. 2 Scheme of emulsion centrifugal spinning process. (a) Description of emulsification process (b) centrifugal spinning apparatus. (c) G30
emitter structure. (d) The emulsion in sites of G30 orifice is not forming creamed emulsion aggregates.

The yield of emulsion centrifugal spinning is 40 £ 7% as
measured for basic PCL/10% PF-68 emulsions. However, the
production yield is connected with emulsion stability and varies
across formulations.

Scanning electron microscopic (SEM) analysis showed that
the centrifugal spinning process resulted in the formation of
a fibrous web (Fig. 3a—e). 40% PCL with blend encapsulated
active molecules (LYO and FITC-BSA) showed fibrous
morphology with microfibres (2.7 £ 1.5 pm) and nanofibres
(338 £+ 90 nm). Besides fibres, the mesh contained a large
number of non-fibrous defects. The mean pore size is 47 + 56
um? and the pores larger than 10 pm® made up 36% of all pores.
The samples based on emulsification by 70% ethanol (0% PF-
68) showed more beaded morphology than blend PCL fibres.
The fibrous mesh contained microfibres (1.6 + 0.6 um) and
nanofibres (440 + 110 nm) mixed with non-fibrous defects. The
higher number of non-fibrous defects may be attributed to the
separation of the hydrophobic PCL phase and the hydrophilic
water based phase. The mean pore size was 38 & 47 um” and the
pores larger than 10 um? made up 32% of all pores. The sample
based on emulsification with 5% PF-68 showed a lower number
of non-fibrous droplets. The microfibres showed a higher mean
size (2.4 £ 1.9 pm). The number of nanofibres was higher and
showed a mean size of 470 + 103 nm. The mean pore size was 30
+ 29 um? and pores >10 um* made up 24% of all pores. With
a further increase of the PF-68 concentration the amount of
defects was further lowered. The mean fibre size (2.1 £+ 0.9 pm
for microfibres and 453 + 95 nm for nanofibres) and mean pore
size (32 & 21 pm?) was higher. Similarly, the samples with the
highest concentration of PF-68 (20%) had similar morphology.

1218 | RSC Adv., 2017, 7, 1215-1228

The number of defects was low and the mean fibre size was 2 +
1.2 um for microfibres and 537 + 168 nm for nanofibres. The
mean pore size was 29 + 39 um” and the number of pores larger
than 10 pm?was 21%. The observed data are consistent with the
fibre sizes measured in our previous article.*

In order to evaluate the internal morphology, the fluo-
rescently labelled FITC-BSA was encapsulated to the fibres and
the localization was detected by confocal microscopy (Fig. 3f-j).
The analyses showed that the FITC-BSA was localized outside
the fibres in the PCL blend mesh. The localization of fluores-
cence was predominantly in defects and non-fibrous areas.
Similarly, the sample based on emulsion without PF-68 (PCL +
0% PF-68) showed distribution in non-fibrous areas. However,
the protein was also localized along the fibres. In case of
samples with PF-68 the localization was dominantly along the
fibres. The localization of FITC-BSA was in the case of 5%, 10%
and 20% PF-68 samples in distinct areas. As the concentration
of PF-68 rises, the number of droplets along the fibres also rises.
However, in case of 20% PF-68 the droplets were merged and
formed bigger droplets. The localization indicates that the
fibres with PF-68 were formed by regions containing zones with
fluorescent molecules and zones without fluorescent signal.
Such structure produces core/shell fibres with an island-in-the-
see structure. The structure of the centrifugal spun fibres
resembles the structure of core/shell fibres produced by emul-
sion electrospinning.**** The chemical principle of both
methods is similar. However, the fabrication process uses
a different physical principle for fibre formation. Electro-
spinning is based on the steady-state drawing of fibres from the
polymeric solution by electrostatic forces. On the other hand,

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Morphology of core/shell fibres. (a) SEM image of 40% PCL + 20% PF-68 + LYO. (b) SEM image of 40% PCL + 10% PF-68 + LYO. (c) SEM
image of 40% PCL + 5% PF-68 + LYO. (d) SEM image of 40% PCL + 0% PF-68 + LYO. (e) SEM image of 40% PCL blend with LYO. (f) Confocal
image of 40% PCL + 20% PF-68 + FITC-BSA. (g) Confocal image of 40% PCL + 10% PF-68 + FITC-BSA. (h) Confocal image of 40% PCL + 5% PF-
68 + FITC-BSA. (i) Confocal image of 40% PCL + 0% PF-68 + FITC-BSA. (j) Confocal image of 40% PCL blend with FITC-BSA Scale bar in all SEM

samples 50 pm and in all confocal samples 200 pm.

the proposed emulsion centrifugal spinning technique is
a dynamic process. The centrifugation draws fibres from the
polymeric solution and simultaneously changes the properties of
the polymer solution. In the present study we employed the
emulsification method with PF-68 as the core phase. PF-68 may
form inverse micelles and protect the aggregation of micelles
upon centrifugation, as indicated by our results from centrifu-
gation of W/O emulsion and the structure of core droplets
observed by confocal microscopy. On the other hand, the
centrifugation process results in partial separation of the aqueous
phase resulting in decreased efficacy of the process. Therefore,
future research should be focused on increasing the stability of
the emulsion to decrease this negative effect. Nevertheless, the
G30 emitter morphology with only 3 orifices results in the
aggregation of droplets on the walls of the emitter. A construction
change to a linear form of emitter minimizing aggregation on the
walls may be beneficial for improved fibre quality.

Encapsulation of HRP PF-68-based core/shell fibres improves
protection of enzymatic activity during encapsulation

In order to evaluate the internal morphology, the fluorescently
labelled FITC-BSA was encapsulated to the fibres and the locali-
zation was detected by confocal microscopy (Fig. 3f-j). The
analyses showed that the FITC-BSA was localized outside the
fibres in the PCL blend mesh. The localization of fluorescence
was predominantly in defects and non-fibrous areas. Similarly,
the sample based on emulsion without PF-68 (PCL + 0% PF-68)
showed distribution in non-fibrous areas. However, the protein
was also localized along the fibres. In case of samples with PF-68
the localization was dominantly along the fibres. The localization
of FITC-BSA was in the case of 5%, 10% and 20% PF-68 samples
in distinct areas. As the concentration of PF-68 rises, the number
of droplets along the fibres also rises. However, in case of 20% PF-

This journal is © The Royal Society of Chemistry 2017

68 the droplets were merged and formed bigger droplets. The
localization indicates that the fibres with PF-68 were formed by
regions containing zones with fluorescent molecules and zones
without fluorescent signal. Such structure produces core/shell
fibres with an island-in-the-see structure. The structure of the
centrifugal spun fibres resembles the structure of core/shell fibres
produced by emulsion electrospinning.**** The chemical prin-
ciple of both methods is similar. However, the fabrication process
uses a different physical principle for fibre formation. Electro-
spinning is based on the steady-state drawing of fibres from the
polymeric solution by electrostatic forces. On the other hand, the
proposed emulsion centrifugal spinning technique is a dynamic
process. The centrifugation draws fibres from the polymeric
solution and simultaneously changes the properties of the poly-
mer solution. In the present study we employed the emulsifica-
tion method with PF-68 as the core phase. PF-68 may form inverse
micelles and protect the aggregation of micelles upon centrifu-
gation, as indicated by our results from centrifugation of W/O
emulsion and the structure of core droplets observed by
confocal microscopy. On the other hand, the centrifugation
process results in partial separation of the aqueous phase
resulting in decreased efficacy of the process. Therefore, future
research should be focused on increasing the stability of the
emulsion to decrease this negative effect. Nevertheless, the G30
emitter morphology with only 3 orifices results in the aggregation
of droplets on the walls of the emitter. A construction change to
a linear form of emitter minimizing aggregation on the walls may
be beneficial for improved fibre quality.

Encapsulation of HRP PF-68-based core/shell fibres improves
protection of enzymatic activity during encapsulation

The classical approach for preparing nanofibre based drug
delivery systems is blend spinning.** The polymer/drug

RSC Adv., 2017, 7, 1215-1228 | 1219
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composite is prepared by a simple mixing of miscible solutions
and is often enhanced by mechanical or ultrasound dis-
pergation. The main constraint of using blend spinning for
delivering protein-based therapeutics is their denaturation in
organic solvents. Biocompatible polymers (such as PCL, PLGA,
PU, etc.) supporting adhesion of cells are typically hydrophobic
and soluble in organic solvents. Therefore, mixing proteins with
organic solvents decreases their activity. Such a disadvantage
could be overcome by eliminating the contact with non-polar
solvents. In our previous research we have shown that the
encapsulation of proteins to liposomes embedded in fibres
produced by coaxial electrospinning eliminated the degrada-
tion and improved the bioactivity of HRP.** In addition, emul-
sion electrospinning is an alternative approach for producing
core/shell fibres. Due to the high interfacial tension between
the core and shell phases, the mobility of molecules is low and
contact between susceptible bioactive molecules and nonpolar
solvent is significantly reduced. In order to evaluate the
hypothesis, the biological activity of a model enzyme - HRP was
assessed. We prepared 5 samples with a distinct concentration
of PF-68 in the emulsion phase. Blend encapsulation of HRP
was used as a control to the emulsion approach. The
morphology of fibres showed similar morphology as samples
with embedded lyophilisates and BSA-FITC. The samples con-
tained nano/microfibres with droplets. The detailed micro-
graphs in Fig. 4 show the smooth surface of fibres in the case of
5%, 10% and 20% PF-68. The analysis of HRP activity was
performed by analysing the activity of released HRP (Fig. 5a).
The samples with 20%, 10% and 5% PF-68 (>60% activity)
showed significantly higher activity compared with samples
without PF-68 (<30% activity). The protective activity of PF-68 on
the protein structure is well known.* Due to the amphiphilic
structure and high flexibility, PF-68 interacts with both the
hydrophilic and hydrophobic segments of polymers and stabi-
lizes the protein structure in a harsh environment. For instance,
PF-68 is used as a protein stabilization agent for vaccines.*® The
difference in protective activity between different concentra-
tions of PF-68 may be related to phase transition during W/O
emulsification. We hypothesize that in samples with a lower
PF-68 concentration upon mixing with the chloroform phase
the PF-68 molecules changed conformation. Upon transition
from PPO-core micelles to PEO-core micelles the HRP may be in
contact with chloroform. In samples with a higher PF-68
concentration, the phase transition may occur on the surface

View Article Online

Paper

—_—
Q0
—

HRP activity

70
60
40
30
20
: g
0

PCL + 20% PF- PCL 0 IO% PF- PCL + 5% F'F-68 PCL+ 0% PF68 PCL blend HRP

Activity of HRP (%)
8

Absolute release of HRP from core/shell fibers

0 5 10 15 20 Day
=+ PCL+20%PF-70 ~#~PCL+ 10%PF-69 ~—4=PCL+5% PF-68

——PCL+ 0% PF-71
Cumulative release of HRP from core/shell fibers

~+—PCLblend

@
o

Cumulative release (%)
a
o

»n
o

=]

10 15 20 Day

5
=+ PCL+ 20%PF-70 ~#-PCL+ 10%PF-69 -4 =-PCL+5%PF-68

=o=PCL+ 0% PF-71 ~+=PCLblend
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core/shell fibers. (c) Cumulative release of HRP from core/shell fibers.

of the PF-68 particle structure and does not affect the structure
inside the micelle. The protection of enzyme activity was
observed in several works on emulsion electrospinning. Li

Fig. 4 Morphology of core/shell fibres visualized by SEM. (a) 40% PCL + 20% PF-68 + HRP. (b) 40% PCL + 10% PF-68 + HRP. (c) 40% PCL + 5%
PF-68 + HRP. (d) 40% PCL + 0% PF-68 + HRP. (e) 40% PCL blend with HRP. Scale bar 5 um.
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et al® prepared PLA-PEG composite nanofibres loaded by
protease K by emulsion electrospinning. The released
proteinase K accelerated the biodegradation of the scaffold.
Briggs et al.’*® evaluated the effect of sonication and surfactant
on lysozyme activity. The results showed that both addition of
polar polymer to droplet and sonication lead to higher lysozyme
activity after release from the nanofibres (Fig. 6).

Beside analysis of the enzyme activity, we focused on HRP
release kinetics from fibres (Fig. 5b and c). The analysis of HRP
release showed that release from core/shell fibres was faster
compared to non-coaxial samples. The absolute release showed
that in case of PF-68 the encapsulation efficacy was much higher
with an increase in PF-68 concentration. The reason for such
observation may be in the higher number of PF-68 micelles. The
samples not exhibiting morphology with the droplet phase (PCL
blend and PCL + 0% PF-68) showed slow release and a much
lower concentration of the embedded HRP. The higher number
of PF-68 micelles in 20% and 10% PF-68 was also detected by
confocal microscopy of BSA-FITC loaded samples. The results
indicate that with the increase of micelle content the encapsu-
lation efficacy is improved and is demonstrated by a higher total
release of the embedded protein. In addition, with the increase
of PF-68 concentration, a higher number of micelles are
exposed to the surface of fibres. Therefore, upon incubation
with aqueous solution, the micelles dissolve in aqueous solu-
tion and support the release of proteins. These simultaneous
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Fig. 6 Release kinetics of lyophilisate (LYO) from core/shell fibers. (a)
Absolute release of proteins from LYO core/shell fibers. (b) Cumulative
release of proteins from LYO core/shell fibers.
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effects may have important consequences for the biological
applications of the system.

Growth factor release stimulates fibroblast metabolic activity
and proliferation

Similarly, the release and encapsulation efficacy of samples
containing platelet lyophilisates was evaluated. Platelet lyophi-
lisates were harvested from human platelets and contained
a broad spectrum of active agents. Multiplexed immunoassay
was performed for quantification of bioactive proteins.

The content of cytokines, chemokines and growth factors
was evaluated (Table 1). The analysis showed a higher presence
of anti-inflammatory cytokines such as IL-1ra and IL-10. The IL-
4 and IL-13 were detected in concentrations below 20 pg ml ™.
The pro-inflammatory cytokines were present in higher
concentrations (IL-17, IL-8, IL-9, INF-y) and TNF-o. were detec-
ted in higher concentrations. The concentration of IL-1b, IL-2,
IL-5, IL-6, IL-7 was below 50 pg ml~". RANTES was the domi-
nant chemokine present in platelets. In addition, MIP-1b,
eotaxin, IP-10 and MCP-1 were present in concentration above
50 pg ml~'. However, from the tissue engineering point of view,
the growth factors have the highest importance for stimulating
cell proliferation and differentiation. PDGF-bb was the most
abundant growth factor identified by X-MAP assay. In addition
VEGF and bFGF were present in higher concentration. G-CSF
and GM-CSF were also present in concentration above 100 pg
ml ", In addition, ELISA was performed for quantification of
additional growth factors. EGF, HGF, KGF and SDF-1a had the
highest concentration.

The release was tested from samples containing embedded
platelet lyophilisates (4.5 ugiyo mgpc, ') by either blend
centrifugal spinning (PCL blend LYO) or emulsion centrifugal
spinning. The emulsion centrifugal spinning was performed
with 0%, 5%, 10% and 20% PF-68. The release was analysed by
quantification of the released proteins. The results showed that
similar to the case of HRP, the release from PF-68 containing
fibres was fostered as the PF-68 concentration was higher. PCL +
20% PF-68 showed fast release during the first 7 days. In the
case of PCL + 10% PF-68 the release was more sustained and
showed release over the overall 14 day period. The samples with
low PF-68 content (PCL + 5% PF-68 and PCL + 0% PF-68) showed
slow release similar to the blend fibres. The reason may be in
limited desorption from the core/shell fibres. In the case of
lower PF-68 content the core droplets may be hidden in the non-
degradable PCL structure. The release is then governed by
limited diffusion from non-eroding PCL bulk polymeric matrix.
The slower release is also demonstrated by low total release
during the incubation period. The samples with LYO embedded
in 10% and 20% PF-68 showed total release in order of 15 pg. On
the other hand, release from samples with slow release showed
only release of 5 pug of protein during the incubation period.

The bioactivity of samples was tested on a model of 3T3
murine fibroblasts in a 14 day experiment. Cells adhered
similarly to all samples and also cell proliferation was similar
on all samples. Differences were seen only on day 7, when the
lowest cell number and metabolic activity was detected on the
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Table 1 Concentration of proteins in platelet lysate

Mediator Averaged value, pg mL ™" SD, pg mL™*
Anti-inflammatory cytokines

IL-1ra 236 3.3
1L-4 15 0.3
IL-10 58 0.9
IL-13 9 0.5
Pro-inflammatory cytokines

IL-1b 7 0.1
IL-5 8 0.1
IL-6 21 2.3
IL-7 46 1.2
IL-8 116 5.0
IL-9 130 3.6
IL-12 128 12.8
1L-17 1043 48.4
IFN-y 165 6.8
TNF-o 145 8.5
Chemokines

RANTES 11 132 939.5
MIP-1a 13 0.6
MIP-1b 157 3.9
Eotaxin 78 1.6
IP-10 315 1.8
MCP-1(MCAF) 58 16.9
Growth factors

VEGF 510 5.2
PDGF-bb 14 656 247.1
FGF basic 274 6.9
G-CSF 139 18.1
GM-CSF 98 3.8
EGF 591 123.0
HGF 514 49.2
KGF 50 5.5
SDF1-a 339 55.9

PCL blend sample. The results indicate that the release of
platelet lyophilisates stimulated cell metabolic activity (Fig. 7a).
However, the proliferation of cells on the blended sample was
only slowed down and no significant difference was visible on
day 14 (Fig. 7b). The measured data was confirmed using
confocal microscopy (Fig. 8).

The cell culture study showed that release of platelet lyo-
philisates from core/shell fibres fosters cell proliferation and
metabolic activity. However, the effect was rather transient and
observed during the first 7 days. The reason may be connected
with burst release from fibres, which was confirmed both in
HRP and lyophilisates release experiments. The stability of
proteins is rather limited and released proteins are rapidly
degraded. For instance, the in vivo half-life of PDGF is only
about 2 minutes (ref. 39) and EGF about 8 minutes.*® Therefore,
the effect of release in the first days is diminished. The release
may be prolonged by utilizing a polymer with slower degrada-
tion® or by changing the ratio of degradable and non-degradable
components.” In addition, the amount of released active
molecules may not be sufficient. The embedded amount of the
most abundant growth factor - PDGF was about 350 pg per
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Fig. 7 Results of cell culture studies. (a) Cell metabolic activity of 3T3
fibroblasts detected using MTS assay. (b) Cell proliferation of 3T3
fibroblasts evaluated using quantification of DNA. (c) Cell metabolic
activity of MG63 osteoblasts detected using MTS assay. (d) Cell
proliferation of MG63 osteoblasts evaluated using quantification of
DNA. * indicates significant differences (p < 0.05).

sample. Therefore, the increase in protein concentration may
improve the efficacy of cell stimulation. Platelet-derived
formulations were shown as a source of growth factors stimu-
lating wound regeneration. Barsotti et al** showed platelet
lyophilisates were able to promote proliferation of cells involved
in wound healing in concentrations about 10-20% (v/v).
However, we found in our previous study*® that upon encapsu-
lation the lower concentrations of released platelet growth
factors are sufficient to promote cell response compared to non-
encapsulated platelets. This effect might be caused by the
proximity of released growth factors to cells and formed
bioactive molecule gradients. Similarly, Sell et al.** prepared
platelet lyophilisates-enriched nanofibres and showed
improved cell colonization. Recombinant growth factors could
be used to increase the loading of fibres and the amount of

This journal is © The Royal Society of Chemistry 2017
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Day 7

Fig. 8 Confocal microscopy of coaxial nanofibers seeded with 3T3 fibroblasts. Cells were stained with DiIOC (green colour) and propidium
iodide (red colour) and visualized using confocal microscopy on day 1, 7 and 14.

active molecules released. Yang et al* prepared core/shell
nanofibres loaded by bFGF. The fibrous dressing showed
improved wound regeneration in vivo compared to control
samples without bFGF delivery. Similarly, Choi et al. prepared
EGF enriched electrospun nanofibres and showed improved
regeneration of chronic wounds.*® Up to date, only few growth
factors are approved for clinical use, including bFGF, BMP-4
and BMP-7, which were successfully tested in clinical trials.”
However, significant change in formulation results in further
clinical tests and the produced growth factors are not easily
accessible on the market. Therefore, we believe that natural
sources of growth factors from clinically well characterized
sources, such as platelets, are the most promising source of
growth factors for tissue engineering applications. Autologous
PRP has already been used in clinical applications for their

This journal is © The Royal Society of Chemistry 2017

stimulating effect on cells and tissue healing, even without cell
therapy.*®

The proposed scaffold is designed for tissue engineering
applications. Fibres produced by centrifugal spinning have
fibrous morphology mimicking the ECM and high pore inter-
connection. The key advantage of electrospun scaffolds is less
compacted scaffold morphology with larger pores. The higher
pore size allows cells to penetrate deeply into the scaffold. The
importance of penetration was demonstrated by Pham et al.*
Notably, the optimal pore size differs significantly for different
types of cells. Pore sizes >300 pm have been recommended
for vascularization in bone tissue engineering,* whereas
fibroblasts have been demonstrated to prefer a pore size of
6-20 pm.*
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The centrifugal spinning process produces fibrous scaffolds
enabling efficient penetration of cells to the scaffold. Recently,
we compared the penetration to PCL scaffolds prepared by
electrospinning and centrifugal spinning.** The structure of the
fibrous scaffold prepared by centrifugal spinning technology is
optimal for application in skin tissue engineering. In the
present work we have shown that the produced core/shell fibres
fostered fibroblasts proliferation and enhanced metabolic
activity. Nanofibrous scaffolds prepared by electrospinning
have been shown as wound dressing.’*** In addition, Plencner
et al.>* recently showed the application of PCL fibres for stim-
ulation of internal wound healing.

However, the application of the proposed system is not
limited just to the field of skin tissue engineering. The platelet
lyophilisates enriched core/shell fibres produced by centrifugal
spinning have potential for bone tissue engineering. The
potential for bone tissue engineering was evaluated by
comparing core/shell samples (PCL with 5% and 10% PF-68 and
embedded lyophilisates) with non-functionalized PCL fibres.
The MTS assay showed significantly higher metabolic activity
on samples functionalized by platelet lyophilisates than on non-
functionalized samples during the first week (Fig. 7c). In the
case of 5% PF-68 rapid growth of metabolic activity was
observed between day 1-3. Similarly in the 10% PF-68 sample
the rapid growth of metabolic activity was between days 1 and 3.
However, the metabolic activity was further increased in
subsequent days and steadily rose until day 14. Cell prolifera-
tion assay confirmed the trend in the MTS assay. However, the
cell number was significantly higher on day 3 (Fig. 7d). The cell
number on the following day was stable and control PCL ach-
ieved a comparable level on day 7. Confocal microscopy showed
that cell number on day 7 was higher on samples with platelet
lyophilisates and on day 14 similar on all scaffolds (Fig. 9).

The positive effect of platelet-based formulations on bone
tissue regeneration has been presented in numerous publica-
tions.***” The proposed technology of core/shell centrifugal
spinning combines the advantages of 3D scaffolds with drug
delivery structure. In addition, the soft-nature of the scaffold
and degradation in time-frame of tissue regeneration ensures
proper osteoinductive and osteoconductive properties.

The current study introduced novel core/shell centrifugal
spinning technology. The results indicate that PF-68 based W/O
emulsification is efficient in protecting bioactive proteins and
enables the formation of stable emulsions processable to core/
shell fibres by centrifugation spinning. In addition we have
demonstrated the encapsulation of platelet lyophilisates to the
core/shell fibres and biocompatibility with fibroblasts and oste-
oblasts. However, it is important to state that the presented
results rather demonstrate the feasibility of core/shell centrifugal
spinning technology. The new concept of core/shell centrifugal
spinning is connected with numerous drawbacks. Work focusing
on the stability of emulsion is essential for efficient encapsula-
tion of diverse active molecules. The stabilization of the core
phase and elimination of burst release will prolong the release
times to achieve long-term protein release. Nevertheless, the
biological properties of the system should be carefully validated
on primary and stem cell models and relevant in vivo models.
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Fig.9 Confocal microscopy of coaxial nanofibers seeded with MG-63
cells. Cells were stained with DIOC (green colour) and propidium
iodide (red colour).

Experimental
Emulsion centrifugal spinning

The emulsion centrifugal spinning technology is based on
a double emulsification procedure followed by centrifugal spin-
ning processing. First, 30% (w/v) Pluronic F-68 (PF-68, Sigma-
Aldrich) dissolved in 90% ethanol is mixed with encapsulated
protein dissolved in 50% ethanol and pure ethanol to achieve
solution of 0.1, 1, 5, 10 or 20% PF-68 and encapsulated protein in
70% ethanol. The emulsification process is performed by drop-
wise mixing of components followed by sonification. The emul-
sion of PF-68 and proteins is subsequently emulsified with 50%
polycaprolactone (PCL, 45 000 Da, Sigma-Aldrich) dissolved in
chloroform to obtain 40% PCL dissolved in chloroform : ethanol.
The ratio of the chloroform phase to the ethanol phase is 4 : 1.
The ethanol phase is added drop-wise under stirring. The
prepared emulsion is immediately processed by centrifugal
spinning. The centrifugal spinning was performed by a Force-
spinning process on a Cyclone L-1000 MD (Fiberio). All samples
were processed using G30 needles at 11 000 rpm and collector
distance 10 cm. The fibres were collected on a vacuum assisted
deposition system to prepare more condensed samples.

Evaluation of PF-68 emulsified in PCL using tensiometry and
laser scattering

The effect of Pluronic F-68 in ethanol on surface tension was
evaluated using a bubble-pressure tensiometre (BP50, Kruss).

This journal is © The Royal Society of Chemistry 2017
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The samples with 0%, 1%, 5%, 10% and 20% PF-68 in ethanol
or mixed with PCL were analysed using stable surface age mode.
The results were interpreted as dependence of surface tension
on time. The size distribution and zeta-potential of PF-68
droplets was analysed using a Zetasizer ZS (Malvern). The
zeta-potential was evaluated using 40% PCL in chloroform as
the continuous phase and PF-68 in 70% ethanol : water mixture
as the droplet phase. Additional measurement focused on
evaluating PF-68 in ethanol. The average droplet diameter was
measured by dynamic light scattering (DLS) at 25 °C and an
angle of 90° using a 5 mW He/Ne laser at 633 nm.

Centrifugal spinning of PCL/PF-68 coaxial samples for
evaluation of core morphology

Coaxial fibers are based on mixture of two polymeric phases.
The shell phase is supports cell adhesion and core is utilized for
delivery of active molecules. In order to evaluate the possibility
to prepare core/shell fibers by centrifugal spinning, morphology
of the core phase, FITC-labelled bovine serum albumin (FITC-
BSA) was used as a model drug. The samples were prepared
as described previously and contained 300 pg m1~" FITC-BSA in
the core of the fibres. We prepared samples containing 0% PF-
68 and FITC-BSA dispersed in 40% PCL (PCL/0% PF-68 (FITC-
BSA)), 5% PF-68 and FITC-BSA dispersed in 40% PCL (PCL/0%
PF-68 (FITC-BSA)), 10% PF-68 and FITC-BSA dispersed in 40%
PCL (PCL/10% PF-68 (FITC-BSA)), 20% PF-68 and FITC-BSA
dispersed in 40% PCL (PCL/20% PF-68 (FITC-BSA)). The
control sample was prepared by directly dissolving a corre-
sponding amount of FITC-BSA in 40% PCL solution (PCL blend
FITC-BSA). The samples were centrifugally spun at 11 000 rpm
using a G30 emitter and static voltage of 48 V.

The morphology of fibres was evaluated using scanning
electron microscopy (SEM). Air-dried samples of electrospun
nanofibres were mounted on aluminium stubs and sputter-
coated with a layer of gold using a Quorum Q150R. The
samples were examined in Vega 3 SBU (Tescan) scanning elec-
tron microscope in the secondary electron mode at 15 kV. Mean
fibre diameter was calculated by image analysis in the Image]
program.

In order to examine the morphology of the core phase of
emulsion nanofibres, confocal microscopy of the fluorescently
labelled core was utilized. The distribution of FITC-BSA within
the prepared fibres was observed using a Zeiss LSM 5 DUO
confocal laser scanning microscope (FITC fluorescence, Aex =
488 nm, Aey, = 520-560 nm).

Preparation of platelet lyophilisates

Fresh human leukocyte-depleted platelet concentrate derived
from buffy coat in additive solution was obtained from a blood
transfusion service (Sumperk, Czech Republic). The platelet
concentration in the bag was 1020 x 10° platelets per 1. The bag
was prepared from the blood of 16 donors to minimize the inter-
individual differences. The platelets were delivered on the day
of production. Platelet lysate was prepared by the freeze-thaw
method. The whole bag was frozen (—80 °C) and thawed (37 °C)
three times in total to disrupt the cellular membranes. The
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solution was aliquoted and centrifuged (4100 g/15 min) to get
rid of the cellular debris. Subsequently, the lysate was lyophi-
lized under 480 mT (VirTis BenchTop Pro Freeze Dryer, SP
Scientific, PA, USA) for 24 hours. The lyophilized platelet lysate
was stored at —80 °C until use.

Characterization of growth factor content

To quantify the concentrations of pro- and anti-inflammatory
cytokines and growth factors the Bio-Plex 200 Multiplex
System (Bio-Rad Laboratories, CA, USA) and enzyme-linked
immunosorbent assay (ELISA, DuoSet®, R&D systems, USA)
were used. To analyse the cytokine content of the platelet lysate,
the commercially available cytokine panel (Bio-Plex Pro™
Human Cytokine 27-plex Assay, Bio-Rad Laboratories, CA, USA)
was used in accordance with the manufacturer's instructions.
The assay allows multiple cytokines to be quantified simulta-
neously in one well. Briefly, the platelet lysate was incubated
with set of colour-coded magnetic beads, each conjugated with
an antibody directed against a specific mediator. Biotinylated
detection antibody was added and allowed to bind to strepta-
vidin—-phycoerythrin. To remove the unbound protein, thorough
washing series were performed in between each step by an
automatic wash station (Bio-Plex Pro™ II). Finally, the data
were analysed using a BioPlex 200 instrument fitted with Bio-
Manager analysis software (5 parameter curve fitting). The
concentration of growth factors (EGF, HGF, KGF and SDF1«) in
the lyophilized platelet lysate was quantified by conducting the
ELISA according to the manufacturer’s instructions.

Preparation of emulsion centrifugal 3D fibres with embedded
platelet lyophilisates

The samples were prepared as described previously and con-
tained 2 mg ml~* platelet lyophilisates (LYO) in the core of the
fibres. We prepared samples containing 0% PF-68 and platelet
lyophilisate dispersed in 40% PCL (PCL/0% PF-68-LYO), 5% PF-
68 and lyophilisate dispersed in 40% PCL (PCL/5% PF-68-LYO),
10% PF-68 and lyophilisate dispersed in 40% PCL (PCL/10% PF-
68-LYO), 20% PF-68 and lyophilisate dispersed in 40% PCL
(PCL/20% PF-68-LYO). The control sample was prepared by
directly dissolving the corresponding lyophilisate in 40% PCL
solution (PCL blend LYO). The samples were centrifugally spun
at 11 000 rpm using a G30 emitter and static voltage of 48 V.

Drug release studies on model of horseradish peroxidase
(HRP) and platelet lyophilisates

The samples were prepared as described previously and con-
tained 300 pg ml~" HRP in the core of the fibres. We prepared
samples containing 0% PF-68 and HRP dispersed in 40% PCL
(PCL/0% PF-68 HRP), 5% PF-68 and HRP dispersed in 40% PCL
(PCL/5% PF-68 HRP), 10% PF-68 and HRP dispersed in 40%
PCL (PCL/10% PF-68 HRP), 20% PF-68 and HRP dispersed in
40% PCL (PCL/20% PF-68 HRP). The control sample was
prepared by directly dissolving the corresponding HRP in 40%
PCL solution (PCL blend HRP). The samples were centrifugally
spun at 11 000 rpm using a G30 emitter and static voltage of
48 V.
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The samples containing HRP and LYO were subjected to
a release experiment. The samples were cut into pieces (~50
mg) and incubated with 1 ml of TBS buffer at room temperature.
At specific intervals, the TBS buffer was withdrawn and replaced
with fresh buffer. Release of HRP or platelet lyophilisates from
the fibres was determined using a fluorescent Quant-IT Protein
Assay Kit (Invitrogen). The assay was performed according to
the manufacturer's guide. Briefly, 10 ul of sample or standard
was mixed with 200 pl of fluorescent dye. The resulting fluo-
rescence product was measured using a Synergy H1 multiplate
fluorescence reader (Biotec, ex 470 nm, em. 570 nm). All values
represent mean =+ standard deviation of at least four indepen-
dent samples.

The enzyme activity of the released HRP was measured on
day 1 colorimetrically using tetramethylbenzidine (TMB, Sigma
Aldrich) as the substrate. The enzyme substrate reaction was
terminated with 50 pl of 2 N H,SO, after 30 s. The enzyme
activity was measured at 450 nm using an ELISA reader (Biotec,
Synergy HT). The enzymatic activity was calculated as a percent
ratio of enzyme concentration measured by the TMB assay
(active enzyme, Sigma-Aldrich) and enzyme concentration
measured by the Quant IT Protein Assay (overall protein, Life
Technologies). All values represent mean =+ standard deviation
of at least ten independent experiments. Each experiment was
performed from four independent samples.

Culture and seeding of human osteosarcoma cells (MG63) and
murine 3T3 fibroblasts

Before cell seeding, scaffolds were cut into round patches of 6
mm diameter and sterilized using ethylene oxide. Samples were
seeded with 10 x 10° MG-63 cells (Cell Lines Service GmbH,
Germany) or alternatively with 3 x 10° 3T3 fibroblasts (Sigma
Aldrich, MO, USA) per well of the 96-well plate. Cells were left to
adhere to the scaffolds for 2 hours in 30 pL of culture media
(DMEM supplemented with 2% foetal bovine serum and
penicillin/streptomycin). Subsequently, medium was added to
the total volume of 300 pL per well.

Metabolic activity determination

Metabolic activity was determined using the CellTiter 96®
Aqueous One Solution Cell Proliferation Assay (MTS assay,
Promega). At 1, 3, 7, and 14 days, the scaffolds were transferred
to a new 96-well plate containing 100 pL of fresh medium per
well and 20 pL of CellTiter 96® Aqueous One Solution Reagent.
The formazan absorbance in 100 pL of the solution was
measured (Asampte = 490 NM, Areference = 690 nm) after a 2 h
incubation at 37 °C and 5% CO, using an ELISA reader (Synergy
HT; BioTek). The absorbance of the samples without cells was
deducted from the cell-seeded samples.

Quantification of DNA amount in samples

DNA content was determined using a Quant-iT™ dsDNA Assay
Kit (Life Technologies) on days 1, 3, 7, and 14. To process the
samples for the analysis of DNA content, 500 pL of cell lysis
solution (0.2% v/v Triton X-100, 10 mM Tris (pH 7.0), 1 mM
EDTA) was added to each sample. To prepare the cell lysate, the
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samples were processed through a total of 3 freeze/thaw cycles,
i.e., the scaffold sample was first frozen at —70 °C and then
thawed at RT. Between each freeze/thaw cycle, the scaffolds
were roughly vortexed. The prepared samples were stored at
—70 °C until analysis. Sample (10 pL) was mixed with 200 pL of
reagent solution and the fluorescence intensity was measured
on a multiplate fluorescence reader (Synergy HT, Aex = 485 nm,
Aem = 525 nm). The data were processed using the calibration
curve of the standards in the kit.

Cell morphology determination by confocal microscopy

After 1, 7 and 14 days of culture, the scaffolds seeded with cells
were fixed with frozen methanol (—20 °C), rinsed twice with
PBS, incubated in 10 pg ml™' 3,3'-dihexyloxacarbocyanine
iodide (DiOCg(3); Invitrogen) for 45 min at RT, and then incu-
bated in 5 ug ml~"' propidium iodide in PBS for 10 min. The
scaffold was rinsed twice with PBS and scanned the same day.
DiOC6 staining was used to visualize mitochondria and inner
membranes, while propidium iodide staining was used to
visualize cell nuclei. A Zeiss LSM 5 DUO confocal microscope at
Aex = 488 and 560 nm and A, = 505-550 and 575-650 nm was
used for DiOC¢ and propidium iodide detection, respectively.

Statistical analysis

The quantitative data were presented as mean =+ standard
deviation (SD). The results were evaluated statistically using
one-way analysis of variance (ANOVA) and the Student-New-
man-Keuls test. The level of significance was set at 0.05.

Conclusions

Core/shell centrifugation spinning technology enables the
formation of fibres with embedded growth factors. The water-
in-oil emulsification is based on the behaviour of Pluronic F-
68 micelles enabling the encapsulation and protection of
susceptible proteins. The results of the study are the formation
of core/shell fibres containing the core phase in the form of
distinct droplets. The release studies showed that an increased
number of droplets is connected with improved encapsulation
efficacy and prolonged release. However, due to the aqueous
solubility of the core phase high burst release was observed.
Testing of core/shell fibres with embedded platelet lyophilisates
showed improved fibroblast and osteoblast metabolic activity
and proliferation. The effect of released proteins was dominant
during the first week of cultivation. Altogether, centrifugal
electrospinning is a suitable method for fabricating protein
loaded scaffolds for tissue engineering applications.
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