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Bone regeneration is a long-term process requiring proper scaffolding and drug delivery systems. The

current study delivers a three-dimensional (3D) scaffold prepared by blend centrifugal spinning loaded

with the osteogenic supplements (OS) b-glycerol phosphate, ascorbate-2-phosphate and

dexamethasone. The OS were successfully encapsulated into a fibrous scaffold and showed sustained

release for 30 days. Furthermore, biological testing showed the osteoinductive properties of the

scaffolds on a model of human mesenchymal stem cells and stimulatory effect on a model of

osteoblasts. The osteoinductive properties were further proved in vivo in critical size defects of rabbits.

The amount of bone trabecules was bigger compared to control fibers without OS. The results indicate

that due to its long-term drug releasing properties, single step fabrication process and 3D structure, the

system shows ideal properties for use as a cell-free bone implant in tissue-engineering.
1 Introduction

Over the last few years, bone tissue engineering has gained
increased attention. Despite the high regeneration potential of
bone itself, prevalent cases of traumatic injury, tumor, infection
or osteoporosis result in the formation of critical bone defects.
The treatment of these complications is connected with serious
socioeconomic problems and the risk of long-term disability for
patients.1 In cases where the spontaneous healing of bones is
oen insufficient, reconstruction using natural or articial
gras is necessary.2,3 Today, plenty of bone graing methods
exist, with autologous bone widely used. However, there remain
some drawbacks such as the risk of disease transmission,
limited integration of the gra and complex storage condi-
tions.4,5 Thus, alternative routes for the treatment of defects are
being investigated. Traditionally, non-degradable metals are
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used as materials for bone implants. Non-degradable scaffolds
have limits in terms of bone ingrowth into the scaffold and the
scaffold does not respond to changes in bone organization and
shape.6 As a consequence, attention has been centered on
biodegradable scaffolds. A number of manufacturing methods
for biodegradable implants have recently been described – i.e.
scaffolds can take the form of foams, three-dimensional (3D)
printed scaffolds, brous scaffolds or demineralized extracel-
lular matrix (ECM).7 Bone scaffolds should meet several criteria
such as possessing proper mechanics to withstand stress and
strain in bone tissue, osteoconductivity for the promotion of
proper cellular differentiation and osteoinductivity to enable
connection with the surrounding bone.8,9

In elderly patients the incidence of fractures has increased
signicantly.1 Moreover, fracture healing in older patients is
slower due to the decreased regeneration capacity of bone. The
risks, connected with autologous gra transplantations or the
aspiration of the proper amount of autologous cells for cellular
based scaffolds are therefore higher with increased patient age.
As a solution, non-cellular based scaffolds enriched with
bioactive compounds stimulating bone regeneration are
attractive alternatives for the treatment of bone fracture heal-
ing.10 Since the regeneration process of bone is long, the
supplementation of active molecules should be combined with
systems prolonging drug delivery. The combination of drugs
with drug delivery systems and scaffolds not only prolongs the
bioavailability of the drugs, but also results in increased local
RSC Adv., 2018, 8, 21889–21904 | 21889
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concentration and stimulates bone healing in a spaciotemporal
manner. Suitable bioactive compounds for osteogenesis
promoting factors include widely used osteogenic supplements
(OS)11,12 e.g. b-glycerol phosphate, ascorbate-2-phosphate,
dexamethasone and also growth factors such as bone
morphogenetic protein-2 (BMP-2) and -7, insulin growth factor
or broblast growth factor.13–15

An advantage of drug releasing scaffolds is their active
stimulation of the bone healing process. Electrospinning is one
of the most utilized technologies for producing biomimetic and
drug releasing scaffolds in bone tissue engineering.16 However,
despite numerous advantages, electrospun scaffolds have a two-
dimensional (2D) morphology, eliminating their practical
application in healing large bone defects. For instance, the size
of the pores is oen insufficient to allow cell penetration.17 The
goal of this study is to overcome the inherent properties of
brous scaffolds to improve the osteogenesis of seeded cells
and subsequently to test the properties in vivo. This can be
achieved by a centrifugal spinning method, which allows for the
production of 3D scaffolds with higher pore diameters.18 In the
current work we aim to develop drug releasing 3D brous
scaffolds by using a blend centrifugal spinning process. The
technology of blend centrifugal spinning enables bioactive
compounds to be encapsulated into the scaffold and their
subsequent gradual release. The present work describes the
fabrication, properties and osteoconductive potential of scaf-
folds prepared from poly-3-caprolactone (PCL) with encapsu-
lated OS. For in vitro testing of these scaffolds Saos2
osteosarcoma cell line as model of mature osteoblasts and
hMSCs as multipotent stem cells were used.
2 Material and methods
2.1 Fibrous scaffold preparation using centrifugal spinning
technology

Fibrous meshes were prepared using a centrifugal spinning
device (Cyclone 1000 L/M Forcespinning® device, Fiberio,
McAllen, TX, USA). 13% PCL (molecular weight 80 kDa, Sigma
Aldrich, St. Louis, USA) and 16% PCL (molecular weight 45 kDa,
Sigma Aldrich, St. Louis, USA) were dissolved in a mixture of
acetic and formic acid in a volume ratio of 1 : 1 and blended with
OS (b-glycerol phosphate, ascorbate-2-phosphate and dexameth-
asone). The spinneret was based on a at disc with three orices
of G30 in size and a rotation speed of 10 000 rpm was used to
prepare the brous meshes. The bers were deposited on spun-
bond textile using vacuum-assisted deposition. Fibers with 4
different concentrations of OS were prepared: once concentrated
OS (OS1), two times concentrated (OS2), ve times concentrated
Table 1 Sample naming list and OS concentrations used for samples pr

Sample asc-2-P (mg mL�1) b-GP (mM) dex (nM)

OS1 40 10 100
OS2 80 20 200

a asc-2-P, ascorbate-2-phosphate; b-GP, b-glycerol phosphate; dex, dexame

21890 | RSC Adv., 2018, 8, 21889–21904
(OS5) and ten times concentrated (OS10) (Table 1). Plain PCL
bers were used for control samples (CGM, COM). The spinning
conditions for all groups were constant to evaluate the effect of
polymeric blend properties on scaffold performance.

2.2 Characterization of brous scaffolds prepared using
centrifugal spinning

The prepared bers were visualized using scanning electron
microscopy (SEM) and ber diameter was determined. Samples
were coated with a thin layer of platinum using a Quorum Q
150R S device (3 cycles, Quorum Technologies, Lewes, GB) and
visualized using SEM (Tescan Vega 3, Brno, Czech Republic).
The acceleration voltage for all samples was 10 kV. Fiber
diameter and pore size was analyzed in the ImageJ program.
The chemical composition of the scaffolds was analyzed using
Fourier Transform Infrared-Attenuated Total Reectance (FTIR-
ATR) spectroscopy. Samples of plain PCL and PCL with OS were
pelleted using a manual press. The pellets were analyzed using
FTIR-ATR (IRAffinity-1, Shimazu with ZnS ATR). The measure-
ment was performed with Happ-Ganzel apodization, at a reso-
lution of 8 cm�1 and 20 scans per spectrum.

2.3 Determination of phosphate using HR-SEM

The samples were observed with a Zeiss scanning electron
microscope Merlin equipped with an energy dispersive spec-
trometer (EDS) by Oxford Instruments with a silicon dried
detector X-Max 150. EDS measurements were carried out with
charge compensator (injected medium was nitrogen), acceler-
ating voltage 5 kV, beam current 1 nA, working distance – 8.5
mm. The EDS maps were analyzed with AZTEC soware by
Oxford Instruments. Samples were mounted on conductive
carbon tape. The samples were not coated.

2.4 Characterization of phosphate release

To quantify the release of b-glycerol phosphate and ascorbate-2-
phosphate from the brous scaffolds, we quantied the phos-
phate using ammoniummolybdate. The release experiment was
based on testing of samples with a size of 1 cm2. The samples
were placed in an Eppendorf tube and 1mL of TBS was added to
each sample. At specic time intervals, the supernatant was
collected and frozen until analysis. 1 mL of Tris-buffered saline
(TBS) was added to the scaffolds until the next time-interval.
Aer completing the release experiment, the samples were
dissolved in chloroform and resuspended in TBS for further
analysis.

The analysis was performed in Eppendorf tubes. The
samples were placed into Eppendorf tubes containing 0.25 mL
eparation by blend centrifugal spinning methoda

Sample asc-2-P (mg mL�1) b-GP (mM) dex (nM)

OS5 200 50 500
OS10 400 100 1000

thasone; OS, osteogenic supplement.

This journal is © The Royal Society of Chemistry 2018
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of 2.5% ammonium molybdate solution followed by 0.25 mL of
10% ascorbic acid solution (freshly prepared), mixed thor-
oughly, and heated for 5 min in a boiling water bath. Aer
cooling the samples in a cold-water bath for 5 min, the optical
density at 820 nm was measured using a Synergy H1 microplate
reader. In each series of measurements, parallel determinations
were made of the blank values of the reagent solution and
a standard preparation. The release experiment was performed
in 5 replicates and samples were analyzed as absolute release
and cumulative release.

2.5 Saos2 and hMSC seeding of the scaffold

Before cell seeding, PCL nanobers were cut into round patches
6 mm in diameter and sterilized using ethylene oxide. Samples
were placed in the 96-well plate and pre-wet with 20 mL of
growth media. Samples were seeded with 25 � 103 human bone
marrow-derived mesenchymal stem cells (hMSCs; ScienCell,
San Diego, California, USA) or with 10 � 103 Saos2 osteosar-
coma cell line (Cell line service, Germany) per well in the 96-well
plate. Samples (OS1, OS2, OS5, and OS10) with hMSCs were
cultivated in growth medium (MEM supplemented with 10%
fetal bovine serum (FBS) and Penicillin/Streptomycin; Sigma
Aldrich, USA) and with Saos2, the same samples, were cultivated
in growth medium (McCoy's 5A Medium supplemented with
15% FBS and Penicillin/Streptomycin; Sigma Aldrich, USA),
without any other supplement. Two types of controls were used;
plain PCL bers cultivated in growth medium (CGM) and plain
PCL bers cultivated in osteogenic medium (COM). Osteogenic
medium was growth medium supplemented with 10 mM b-
glycerol phosphate, 100 nM dexamethasone and 40 mg mL�1

ascorbate-2-phosphate. One half of the culture medium was
changed on days 7 and 14. Minimal changing of medium was
used so as to not to wash out the OS released from the scaffolds
to the medium.

2.6 Cell viability analysis

To determine the metabolic activity of the cells 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 21 of the experiment. Briey, the scaffolds
were transferred into new wells to prevent the cells adhered to
the tissue culture plastic to misrepresent the measured data.
Subsequently, 100 mL of fresh media and 20 mL of the MTS
substrate were added to each well. Aer 2 hour incubation at
37 �C, subsequently, 100 mL of the cultured solution was
transferred to a new clean well. The absorbance of the media
was detected at 490 nm using a microplate reader (Innite®
M200 PRO; Tecan, Switzerland). The background absorbance
(690 nm) and the absorbance of the medium without cells were
subtracted from the measured absorbance.

2.7 Cell proliferation analysis

The proliferation of cells on the scaffolds was determined using
a Quant-iT™ dsDNA Assay Kit (Thermo Fisher Scientic, Wal-
tham, MA, USA) from the amount of DNA on days 1, 3, 7, 14 and
21. The scaffolds were put into a vial with 200 mL of cell lysis
This journal is © The Royal Society of Chemistry 2018
solution (0.2% v/v Triton X-100, 10 mM Tris (pH 7.0), and 1 mM
EDTA) and processed through 3 freeze/thaw cycles; the scaffolds
were rst frozen at �80 �C and thawed at room temperature.
Between each freeze/thaw cycle, the scaffolds were roughly
vortexed. A sample (10 mL) was mixed with 200 mL of reagent
solution and uorescence intensity was detected using a multi-
plate uorescence reader (Innite® M200 PRO; Tecan, Swit-
zerland; lex ¼ 485 nm, lem ¼ 525 nm). The DNA content was
determined according to the calibration curve using the stan-
dards in the kit.

2.8 Visualization of cell adhesion and proliferation on
scaffolds

DiOC6(3) (3,30-diethyloxacarbocyanine iodide; Invitrogen,
Molecular Probes) staining was used to detect cell adhesion on
the scaffolds on days 1, 7, 14 and 21. The samples were xed
with frozen methyl alcohol (�20 �C) for 10 min and rinsed with
phosphate buffered saline (PBS; pH 7.4). A uorescent probe
DiOC6(3) at a concentration of 1 mg mL�1 in PBS was added and
incubated with the samples for 45 min at room temperature.
Subsequently, the samples were rinsed with PBS, and propi-
dium iodide (Sigma Aldrich, USA) at concentration of 5 mg mL�1

in PBS was added for 5 min, followed by rinsing with PBS. The
samples were visualized using a ZEISS LSM 5 DUO confocal
microscope. lex ¼ 488 and 560 nm and lem ¼ 520 and 580 nm
was used for DiOC6(3) and propidium iodide detection,
respectively.

2.9 Cell visualization on scaffolds using scanning electron
microscopy

The hMSC's morphology was evaluated by SEM on days 1 and
14. Scaffolds with hMSCs were washed in PBS and xed in 2.5%
glutaraldehyde for 2 hours at 4 �C. Then the samples were
dehydrated in ethanol ranging from 35–100%. To dry the scaf-
folds hexamethyldisilazane (Sigma-Aldrich) was added. Scaf-
folds were analyzed using Vega 3 Tescan as described
previously.

2.10 RNA isolation and qPCR analysis

The total RNA was isolated using a Qiagen RNA mini-kit (Qia-
gen, Hilden, Germany) according to the protocol provided by
the manufacturer. Reverse transcription was performed using
a RevertAid H Minus First Strand cDNA Synthesis Kit (Thermo
Scientic, Waltham, MA, USA). Transcript levels were evaluated
using quantitative PCR (qPCR). qPCR was performed using the
Light Cycler 480 II real-time PCR system (Roche, Basel, Swit-
zerland) with TaqManMaster Mix and TaqMan probes (Thermo
Scientic, Waltham, MA USA) following the protocols from the
manufacturer. The genes whose expression was analyzed by
qPCR were RunX2 (86 bp, RUNX2, Hs01047973_m1, Thermo
Scientic), osteocalcin (138 bp, BGLAP Hs01587814_g1, Thermo
Scientic), type I collagen (66 bp, COL1A1 Hs00164004_m1,
Thermo Scientic) and eukaryotic elongation factor (EEF1
Hs00265885_g1, Thermo Scientic). All samples were run in
triplicates. The thermo cycling parameters were 95 �C for
10 min; 95 �C for 10 s, 60 �C for 10 s (45 cycles); and 40 �C for
RSC Adv., 2018, 8, 21889–21904 | 21891
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1 min. All samples were scaled relative to the median of the
EEF1 expression level, which was used as an endogenous
control gene. Gene expression data were analyzed using the
2(�DCt) method (relative quantication).

2.11 Detection of alkaline phosphatase activity

Alkaline phosphatase (ALP) activity was measured using a 1-
Step™ PNPP kit (Thermo Scientic, Waltham, MA USA). 100 mL
of PNPP was added to each well and incubated for 10 min.
Subsequently, the reaction was stopped with 2 N NaOH.
Absorbance was measured using a spectrophotometer at
405 nm (Innite® M200 PRO; Tecan, Switzerland).

2.12 Detection of osteocalcin using indirect
immunouorescence staining

The presence of osteocalcin, a marker typical for osteogenic
differentiation, was conrmed using indirect immunouores-
cence staining on days 7, 14 and 21. Samples were xed with
frozen methanol (�20 �C) for 10 min, washed with PBS and
incubated in 3% FBS in PBS/0.1% Triton X-100 for 30 min at
room temperature. To detect osteocalcin, primary monoclonal
antibody against osteocalcin (Rabbit anti-osteocalcin IgG,
Peninsula Laboratories, dilution 1 : 20, San Carlos, CA USA) was
added and the samples were incubated overnight at 2–8 �C.
Aer three washes with PBS/0.05% Tween 20, the samples were
incubated with secondary antibody, Alexa Fluor 488 conjugated
anti-rabbit antibody (Thermo Scientic), at a dilution of 1 : 300
for 45 min. Subsequently, a solution of propidium iodide was
added for 5 min (5 mg mL�1 in PBS) to visualize the cellular
nuclei. Finally, the samples were washed three times with PBS/
0.05% Tween 20. A confocal microscope (ZEISS LSM 5 DUO) was
used to detect the present osteocalcin (Alexa Fluor 488: lexc ¼
488 nm, lem ¼ 505–550 nm propidium iodide: lexc ¼ 561 nm,
lem ¼ 630–700 nm).

2.13 Surgery and animal care

Scaffolds were implanted into the critical sized defects in the
femur of New Zealand white rabbits. 22 male New Zealand white
rabbits, 3 months old, weight approximately 3.0 kg, were ob-
tained from a conventional breed (Velaz, Czech Republic) and
bred in standard cages without bedding. The rabbits were fed
ad libitum using standard granular mixture for rabbits (TM–

MaK 1, Bergman, CZ). The Ethical Principles and Guidelines for
Scientic Experiments on Animals were respected throughout
the study. The maintenance and handling of the experimental
animals followed EU Council Directive (86/609 EEC), and the
animals were treated in accordance with the principles of Care
and Use of Animals. The investigation was approved by the
Expert Committee of the Institute of Physiology, The Czech
Academy of Sciences, Prague, CZ, and conformed to Czech
Animal Protection Law no. 246/92. The surgical procedure was
conducted under general anesthesia using Narketan (0.5 mg
kg�1) and Xylapan (6 mg kg�1) and subsequently inhalation of
O2 + 1.5–2.0% Halothane during surgery. In lateral femoral
condyles, a critical size defect 6 mm in diameter and 10 �
0.5 mm deep was made using a drill. Animals were divided into
21892 | RSC Adv., 2018, 8, 21889–21904
three groups. At group I (control group I, 7 animals) the defects
were lled with PCL scaffolds. Defects of group II (control group
II, 8 animals) were lled with PCL scaffolds with encapsulated
OS. Defects of group III (tested group, 7 animals) were le
empty, without any treatment. Scaffolds were cut into a cylinder
shape with 6 mm in diameter and 10 mm in height and steril-
ized using ethylene oxide. Antibiotics (5 mg per kg per day i.m.
of Marbocyl 2%) and analgesics (0.1 mg per kg per day s.c. of
Meloxydil 5 ad us.vet.) were administered during the rst 4
days. Rabbits were not limited in their movement aer surgery.
Euthanasia of the rabbits was performed 12 weeks aer surgery,
and the femoral condyles were examined. All of the harvested
samples were xed in 4% phosphate buffered formaldehyde.

2.14 Histological processing

Samples were demineralized in 5% solution of nitric acid
(Merci, Brno, Czech Republic). Aer 7 days, nitric acid was
neutralized by 5% solution of sodium sulfate for 1 hour and
subsequently immersed in physiological solution for 24 hours.
Every sample was cut in the center of the defect perpendicular to
its longitudinal axis into two equal parts (13 � 13 � 5 mm).
Tissue blocks were processed individually. Eight serial 5 mm
thick histological sections were cut from the center of the
healing defect from each paraffin-embedded tissue block. The
sections were stained with haematoxylin–eosin, Verhoeff's
haematoxylin with green trichrome19 and picrosirius red (Direct
Red 80, Sigma Aldrich, Munich, Germany) diluted in saturated
picric acid solution was used to visualize the type I collagen
(Rich and Whittaker, 2005). We used a circular polarizing lter
(Hama, Monheim, Germany) crossed with a quarterwave l/4
lter below the analyzer lter (U-GAN, Olympus, Tokyo, Japan)
mounted on the Olympus CX41 microscope (Olympus, Tokyo,
Japan). Methodology of the histological evaluation was
described in detail elsewhere.20,21

2.15 Statistical analysis

Quantitative data are presented as mean values � standard
deviation (SD). The averaged values were determined from at
least 3 independently prepared samples. Results were evaluated
statistically using one-way analysis of variance and the Student–
Newman–Keuls test (SigmaStat 12.0, Systat). The data from the
histological analysis were processed with Statistica Base 9.1
(Stat-So, Inc., Tulsa, OK, USA). Testing of the randomness of
bone distribution among compartments was based on the chi-
squared distribution. The Mann–Whitney U test was used to
test the quality of population medians among the groups in the
study. All results were considered statistically signicant if p
was <0.05.

3 Results
3.1 Scaffold development and characterization

Scaffolds containing osteogenic supplements (OS) were
prepared using blend centrifugal spinning technology. The
technology is based on mixing a polymer solution with OS prior
to the spinning process. Due to the substances mixing in
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Images from scanning electron microscopy of scaffolds. Micrograph of scaffold morphology with lower magnification (scale bar 20 mm)
(A–E), detailed micrograph of fibers showing phosphate microdomains (scale bar 5 mm) (F–J), detailed fiber surface after 31 days washing in PBS
(scale bar 5 mm) (K–O).

Table 2 Stereological characterization of prepared scaffoldsa

OS1 OS2 OS5 OS10 PCL

Fiber diameter (nm) 739.7 824.9 1569.7 697.8 974.6
Fiber diameter � SD (nm) 159.3 271.2 1067.7 527.7 299.1
Maximum pore size (mm2) 205.0 157.9 204.5 33.3 326.0
Percentage of pores > 5 mm2 (%) 51.1 43.3 58.0 39.3 46.6
Mean pore size (mm2) 11.7 10.1 16.3 2.6 13.7
Mean pore size � SD (mm2) 20.5 18.9 25.9 5.9 29.8

a asc-2-P, ascorbate -2-phosphate; b-GP, b-glycerol phosphate; dex,
dexamethasone; OS, osteogenic supplement; PCL, poly-3-caprolactone;
SD, standard deviation.
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a liquid state, the OS are distributed along the bers. The
polymer selected for ber development was PCL dissolved in
acetic acid and formic acid. The acidic environment enabled the
combination with high quantities of b-glycerol phosphate,
ascorbate-2-phosphate and dexamethasone. The solutions were
prepared containing different amounts of b-glycerol phosphate,
ascorbate-2-phosphate and dexamethasone. Centrifugal spin-
ning was performed using spinneret with G30 orices and
a rotation speed of 10 000 rpm.

The centrifugal spinning process resulted in the formation
of a 3D brous mesh. The mesh was formed by bers forming
a porous structure with a thickness of about 3 mm. An analysis
by SEM conrmed the brous character of all scaffolds (Fig. 1).
A stereological analysis (Table 2) showed that with increase of
OS concentration, the mean ber diameter increased.

For the control PCL, the mean ber diameter was 974.6 �
299.1 nm (Table 2). Mean pore size was about 13.7 � 29.8 mm2

and maximum pore size was 326 mm2. The scaffold contained
polydisperse pores and the percentage of pores bigger than 5
mm2 was 46.6%. For the OS1 sample with the lowest concen-
tration of OS, the mean ber thickness decreased to 739.7 �
159.3 nm. The mean pore size decreased to 11.7 � 20.5 mm2. In
case of OS2 group the ber size further increased to 824.9 �
271.2 nm. Similarly, in the group OS5 the mean ber diameter
increased to 1569.7 � 1067.7 nm. The group showed high
This journal is © The Royal Society of Chemistry 2018
heterogeneity in ber diameter, which may be related to change
of solution properties. In case of OS10, the mean ber diameter
was 697.8 � 527.7. Diameter of OS10 was lower compared to
OS5, however the mesh contained higher presence of defects
with non-brous morphology (Fig. 1N).

The encapsulation of OS was veried by FTIR-ATR spec-
troscopy (Fig. 2). Themeasurement showed the incorporation of
b-glycerol phosphate, ascorbate-2-phosphate and dexametha-
sone into the scaffolds. The spectra of PCL without modication
mainly contained a sharp peak corresponding to –C]O groups
at 1700 cm�1 and C–H groups at 2800–2950 cm�1. The addition
RSC Adv., 2018, 8, 21889–21904 | 21893
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Fig. 2 Spectra of prepared scaffolds measured by FTIR-ATR spectroscopy.
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of OS resulted in an increase of –O–H group resonance at 3200–
3500 cm�1. The hydroxyl group is present in all added supple-
ments. The encapsulation of b-glycerol phosphate and
ascorbate-2-phosphate was indicated by an increase in reso-
nance of –PO4 groups at 1000 cm�1. The presence of dexa-
methasone was indicated by an increase of C]C resonance at
1600 cm�1.

In addition, a high resolution-SEM (HR-SEM) with EDS
detector was used to analyze the distribution of phosphate in
the samples (Fig. 3). Phosphate was detected in all samples. The
signal is distributed across all bers. However, the phosphate
was located in clusters, indicating the presence of b-glycerol
phosphate and ascorbate-2-phosphate signals. In addition, in
OS5 and OS10 samples, the phosphate and oxygen weight
Fig. 3 HR-SEM analysis of PCL scaffolds. Images from scanning electro
encapsulated OS, measured by HR-SEM with EDS detector (E–H).

21894 | RSC Adv., 2018, 8, 21889–21904
percentage (Table 3) was higher, indicating successful encap-
sulation of b-glycerol phosphate and ascorbate-2-phosphate.

Nevertheless, the release of phosphate contained in b-glyc-
erol phosphate and ascorbate-2-phosphate was performed to
analyze the bioavailability. The release was performed for 31
days (Fig. 4). The absolute release showed that the highest
absolute amount of phosphate was released from the OS10
scaffold. A dose dependent total release was observed. The
lowest amount was released from the OS1 and OS2 samples.
The amount in OS5 was two times lower than in the OS10
samples. Interestingly, the cumulative release prole shows,
that from the OS1 and OS2 samples, the release was more rapid
than from the OS5 and OS10 samples. This indicates that the OS
were located near the surface of the bers, and aer 10 days the
depletion of OS leads to slower release. In the case of OS5 and
n microscopy (A–D). Distribution of phosphate in PCL scaffolds with

This journal is © The Royal Society of Chemistry 2018
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Table 3 Weight percentage of carbon (C), phosphate (P) and oxygen (O) presented in PCL scaffold measured by HR-SEM

Sample

C P O

Sample

C P O

wt% SD wt% SD wt% SD wt% SD wt% SD wt% SD

OS1 78.75 0.06 0.9 0.03 18.64 0.04 OS5 68.76 0.07 2.8 0.04 23.82 0.05
OS2 78.28 0.06 0.65 0.03 19.77 0.05 OS10 68.05 0.07 3.73 0.04 22.89 0.05
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OS10, the release was sustained and showed near zero order
kinetics. The half-time of release was fastest for the OS2 sample (8
days). OS1 showed a half time of 14.1 days and for the samples
with the highest concentration of OS, OS5 and OS10, the half time
of release was 23.8 and 23.2 days, respectively. The encapsulation
efficiency calculated from total phosphate samples was highest for
OS1 and reached 98.2 � 62.1%. OS2 had lowest encapsulation
efficiency reaching only 24.6� 10.8%. Samples OS5 and OS10 had
40.1 � 22.4% and 35.9 � 0.9% encapsulation efficiency.

Evaluation of dexamethasone release was problematic due to
low concentration of dexamethasone in scaffolds. The maximal
concentration of released dexamethasone was between 3.9
(OS1) and 39 ng (OS10). These values are under detection limit
Fig. 4 Release of phosphate from fibers. Absolute release of phosphate

This journal is © The Royal Society of Chemistry 2018
of both HPLC22 and UV-Vis methods.23 However, the effect of
osteogenic supplements released from scaffolds was tested on
model on Saos2 and hMSCs.

The results showed the successful encapsulation of OS to the
brous structure and sustained release of factors for more than 10
days for OS1 andOS2 and formore than 30 days for OS5 andOS10.
3.2 Saos2 adhesion, proliferation and metabolic activity on
scaffolds

In this study we tested bers with 4 different concentrations of
OS: once concentrated OS marked as OS1, two times concen-
trated (OS2), ve times concentrated (OS5) and ten times
concentrated (OS10). Two control samples were chosen, the
over time (A). Cumulative release of phosphate from fibers (B).

RSC Adv., 2018, 8, 21889–21904 | 21895
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Fig. 5 Saos2 adhesion, proliferation, metabolic activity and type I collagen expression on scaffolds. Cell adhesion and proliferation was
measured using quantification of DNA (A). Metabolic activity was determined from MTS assay (B). Relative expression of type I collagen was
analyzed by qPCR (C). Statistical significance is shown above the columns (*p < 0.05; **p < 0.01).
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cells seeded on plain PCL and cultivated in growth medium
(CGM) and the cells seeded on plain PCL and cultivated in
growthmediumwith OS (COM). To examine the effect of diverse
concentrations of OS we tested the metabolic activity, prolifer-
ation and osteogenic differentiation of seeded cells.

The amount of DNA on scaffolds seeded with Saos2 was eval-
uated for DNA content (Fig. 5A), cells proliferated on all scaffolds
as the amount of DNA was increasing. From day 7 we observed
a huge growth of cells on the OS1–10 samples and CGMbut on the
Fig. 6 Immunofluorescence staining of osteocalcin. Saos2 stained on da
using indirect fluorescence (green color) and cell nuclei using propid
Magnification 200�, scale 100 mm.

21896 | RSC Adv., 2018, 8, 21889–21904
COM samples cell ingrowth was slower. As Saos2 are normally
cultured without OS, it possibly indicates that higher doses of OS
work as inhibition agents on the Saos2 osteosarcoma cell line. The
results are in agreement with confocal microscopy observation
(data not shown).

Metabolic activity measured using an MTS metabolic assay
(Fig. 5B) revealed a constant value of absorbance on the COM
sample from day 3, although the gradual proliferation of cells was
detected. Moreover, only on the OS1 and OS5 samples was the
y 21 (A–F) and hMSCs stained on day 14 (G–L). Osteocalcin was stained
ium iodide (red color) and visualized using a confocal microscope.

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 hMSCs adhesion, proliferation and metabolic activity on scaffolds. Cell adhesion and proliferation was measured using quantification of
DNA (A). Metabolic activity was determined from MTS assay (B). Statistical significance is shown above the columns (*p < 0.05; **p < 0.01).
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continual increase in absorbance measured. On day 7, we detected
the highest absorbance on the OS1 sample. On day 14, statistically
higher absorbance was observed on the OS1–2 and –10 samples
compared to the CGM and COM. Cells on the OS5 and CGM
samples were more metabolically active compared to cells on the
COM sample. On day 21, the absorbance detected on the OS1–10
samples were in all cases higher than the rate of absorbance
measured on the CGM and COM samples.
Fig. 8 Visualization of hMSCs adhesion and distribution on scaffolds us
iodide (red color) and cell internal membranes using DiOC3 (green co
interaction on fibrous scaffolds visualized using scanning electron micro

This journal is © The Royal Society of Chemistry 2018
3.3 Osteogenic marker expression of Saos2

Osteocalcin is an ECM protein associated with osteogenic
differentiation. Indirect immunouorescence staining was
undertaken to visualize this protein (Fig. 6A–F). Clearly, on all
samples on day 21 we observed osteocalcin, which was the most
visible on the OS1–10 samples. However, even on both control
groups we were able to detect high doses of osteocalcin as this
protein is typically expressed by Saos2 cells.
ing a confocal microscope. Cell nuclei were stained using propidium
lor). Magnification 200�, scale 100 mm (A–L). hMSCs adhesion and
scopy. Magnification 3000�, scale 20 mm (M–X).
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Relative expression of type I collagen, an osteogenic marker,
was evaluated on days 1, 7 and 14 (Fig. 5C). On day 1, cells on
the OS10 sample expressed type I collagen statistically the most
of all tested samples. On day 7 the normality test failed, thus
one-way Anova on ranks revealed only that type I collagen
expression on the OS5 sample was statistically signicant in
comparison to the COM sample. However, we can observe
a trend that not only the OS5 samples induced higher expres-
sion but also the OS2 and OS10 samples promoted the expres-
sion of type I collagen in comparison to both control groups. On
day 14, the highest expression of type I collagen was detected on
the OS5 sample, followed by OS2 sample.
3.4 hMSCs adhesion, proliferation and metabolic activity on
scaffolds

Cell proliferation was measured as the amount of DNA present on
the scaffolds on days 1, 3, 7, 14, and 21 (Fig. 7A). On day 1, cells
adhered similarly on all scaffolds. On the following days 7 and 14,
the largest number of cells was seen on the OS10 sample. More-
over, on day 7, comparable amount of DNA was shown on COM.
However, amount of cells decreased on COMon day 14. On day 21,
the cell number decreased on all samples and was comparable to
each other except for OS5, where the DNA amount was the lowest.

The metabolic activity of the cells was measured using an
MTS assay (Fig. 7B). The highest absorbance was measured on
OS5 on day 1. On the OS2 sample, measured absorbance was
higher compared to the CGM. On day 3, metabolic activity was
comparable on all samples. On day 7, absorbance was the
Fig. 9 Osteogenic differentiation of hMSCs was detected using ALP activ
of hMSCs (A), relative expression of RunX2 (B), type I collagen (C) and ost
shown above the columns (*p < 0.05; **p < 0.01).

21898 | RSC Adv., 2018, 8, 21889–21904
highest on the COM. On day 14, the highest metabolic activity
was measured on the OS10 and CGM samples. There was no
difference measured in metabolic activity between the samples
on day 21. As OS are standardly added into the hMSC's culture
media for induction of osteogenic differentiation we observed
no detrimental or strong positive effect of OS, released from
scaffolds, on hMSCs proliferation and metabolic activity.

To visualize the adhesion and distribution of hMSC on
scaffolds, cells were labeled using uorescence staining and
detected using confocal microscopy and also detected using
SEM. As it is visible from Fig. 8, cells adhered on all scaffolds,
but the best adhesion was shown on OS5. In the following days
of the experiment, cell's density continuously increased. Results
correlated well with data from DNA quantication.
3.5 Osteogenic differentiation of hMSCs

Osteogenic differentiation of hMSC was detected as an activity
of ALP and qPCR analysis of osteogenic markers. ALP activity
was similar in all samples on day 1 (Fig. 9A). On day 7, the
highest activity was detected on the COM sample. The activity
was higher on OS10 compared to OS1. On day 14 and 21, ALP
activity was higher on the COM sample compared to CGM and
OS2, but with other samples it was on the same statistical level.

qPCR was used to detect the expression of proteins typically
associated with osteogenic differentiation. RunX2 was chosen
as an early osteogenic marker (Fig. 8B). The highest expression
was detected on the OS2 sample on day 1. On day 7, the highest
expression was seen on the OS5 and OS10 samples. Last day, day
ity measurement and qPCR analysis of osteogenic markers. ALP activity
eocalcin (D) was determined by qPCR analysis. Statistical significance is

This journal is © The Royal Society of Chemistry 2018
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14, on the COM sample we observed highest expression of
mRNA for RunX2. Similar to RunX2, type I collagen was the
most expressed on OS2 on day 1 (Fig. 9C). On day 7, the highest
expression was seen on the OS5 and OS10 samples. The
expression of type I collagen decreased on these samples on day
14, when the most expressed protein was detected on the CGM
sample. The expression of osteocalcin (Fig. 8D), the late osteo-
genic marker, was low, but there were still signicant differ-
ences between the samples. The highest expression of
osteocalcin was detected on the OS5, OS10 and COM samples
respectively on day 7 and 14.
Fig. 10 Between-group comparison of bone volume. Bone quantity w
reference volume of the defect (Box and Whisker plot showing mean, st
statistically significant as *p < 0.05). Bone tissue and collagen connective
group I (B) and II (C), newly formed bone trabecules were found in outer
tissue and small vessels in bone defect. Newly formed bone trabecules
group I (E) and II (F), a few newly formed bone trabecules (red arrows) wer
mainly adipose tissue in bone defect. Scale 1000 mm.

This journal is © The Royal Society of Chemistry 2018
To visualize expressed osteocalcin on the samples, protein
was stained using immunouorescence staining and observed
using confocal microscopy. Osteocalcin production was very low
on day 7 (data not shown) as it is a late marker of osteogenic
differentiation. On day 14, osteocalcin was visible mainly on the
OS5, OS10 and COM samples (Fig. 6G–L).

3.6 In vivo regeneration of critical size bone defect using
brous scaffold with OS

Scaffold OS5 (with 200 mg mL�1 ascorbate-2-phosphate, 50 mM
b-glycerol phosphate, 500 nM dexamethasone) was further
as expressed as volume fraction (Vv) of bone tissue within the whole
andard error, and standard deviation. The differences were considered
tissue contain type I collagen were stained using picrosirius red (A). In

compartment of bone defect. In group III (D), there was mainly adipose
were stained using Verhoeff's haematoxylin with green trichrome. In
e found in outer compartment of bone defect. In group III (G), there was

RSC Adv., 2018, 8, 21889–21904 | 21899
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tested in vivo on a rabbit model. Bone regeneration was tested in
a critical sized defect in femur condyle for 12 weeks. The scaf-
fold showed good manipulation during the surgical procedure.
There was no evidence of any inammation or any complication
of healing. All defects in both groups were completely lled with
newly formed tissue. Joint cavities were without any sign of
inammation. All animals survived to the date of scheduled
euthanasia.
3.7 Histological evaluation of regenerated bone defects

Defects of control group were lled mainly with adipose tissue
(Fig. 10). In defects lled with brous scaffolds, the newly
formed bone trabecules were found preferentially in the outer
compartment. Some bone trabecules were found also in the
middle compartment, but none in the inner compartment. In
group II, the total bone volume within the whole defect was
greater than in group I (p < 0.05). There was no difference
between bone volume within the whole defect in group I and
group III (p ¼ 1). There was no signicant difference between
bone volume within the whole defect in group II and group III (p
¼ 0.064). Differences of bone volume in the outer, middle and
central compartments were no signicant. There were not
found inammation reaction for the scaffolds and their
components. Occasionally, small deposit of inammation white
cells and multinucleated giant cells from foreign bodies were
found.
4 Discussion

Centrifugal spinning technology enables the formation of
nanostructured 3D scaffolds with brous morphology. As we
have shown in our previous works, 3D nanobers prepared by
centrifugal spinning technology are benecial for the stimula-
tion of cell adhesion and proliferation.18 The brous meshes
were prepared from PCL – biocompatible and biodegradable
polyester widely used in tissue engineering applications. PCL
brous scaffolds were tested in vitro in various settings.17,24–30

These studies demonstrate the potential of brous scaffolds for
bone tissue engineering.

However, despite the bio mimicking properties of brous
scaffolds, the improved osteoinductive properties could be
achieved by release of active molecules. Fibrous scaffolds serve
as drug delivery systems for encapsulated bioactive compounds
and enable prolongation of their bioavailability. A variety of
combinations of brous scaffolds with bioactive compounds
like BMP-2, vascular growth factor or basic broblast growth
factor was reported.18,31–38 However, use of growth factors is
problematic due to their price, stability and lack of medical
approval (i.e. by the EMA or FDA). For instance, for bone tissue
engineering only two growth factor formulations are approved
to date – BMP-2 (Infuse) and BMP-7 (Osigra).39 Therefore,
alternative osteoinductive supplements are applied in bone
tissue engineering. Platelets are valuable sources of osteoin-
ductive growth factors and their use as a natural product enable
efficient combination with scaffolds for application in bone
tissue engineering.18,21,37 In addition, OS were shown to
21900 | RSC Adv., 2018, 8, 21889–21904
efficiently stimulate osteogenic differentiation of MSCs and
stimulate osteogenic cells. Among these molecules, dexameth-
asone, ascorbic acid, vitamin D3, b-glycerol phosphate and L-
proline are the most efficient molecules.

In the current work, we prepared novel 3D scaffolds by
centrifugal spinning of a blend containing PCL as a matrix
forming polymer and b-glycerol phosphate, ascorbate-2-
phosphate and dexamethasone as pro-osteogenic drugs. The
technology of blend centrifugal spinning was reported by Mary
et al.40 for short term delivery of tetracycline. When used as
systems for bone tissue engineering, the scaffolds should be
able to release the content for prolonged periods (weeks to
months). The centrifugal spinning process enabled the forma-
tion of scaffolds with high loading of active molecules. The b-
glycerol phosphate was dissolved in concentrations from 40 mg
g�1 of PCL to 400 mg g�1 of PCL, ascorbate-2-phosphate in
concentrations from 750 mg g�1 of PCL to 7500 mg g�1 of PCL.
Dexamethasone was present in low concentrations due to the
strong stimulation properties of transcription and potential
toxic effect at higher concentration.41 OS were dissolved in PCL
solution and processed via centrifugal spinning. The loading of
high concentrations of OS shows the low affection of centrifugal
spinning via the presence of OS. The mean ber size for low
concentrations was smaller than in the case of plain PCL. This
could be connected with the increased conductivity of the
polymeric solution. However, in the case of the OS5 sample, the
size was signicantly higher due to the presence of microbers.
The increase is connected with the increased internal viscosity
of the sample caused by the interaction of PCL chains and b-
glycerol phosphate. Similarly, the number of pores bigger than
5 mm2 was highest in the OS5 sample. Interestingly, sample
OS10 showed a decreased mean ber diameter and lower
presence of pores bigger than 5 mm2. However, the sample
contained higher presence of defects indicating that increase of
osteogenic additive concentration in OS10 group results in
aberrant ber formation. This could be caused by increased
cohesion of polymeric solution and thus lower elongation of
emitted polymeric droplet resulting in formation of non-brous
defects. The results indicated that the blend centrifugal spin-
ning process enables the incorporation of high concentrations
of OS without the loss of the brous properties of the scaffolds,
however the diameter and quality of bers is decreasing with OS
supplement concentration increase.

The presence of OS in the samples was conrmed by FTIR-
ATR spectroscopy and RTG analysis of samples in HR-SEM.
The infrared spectroscopy identied an increase in bands cor-
responding to OS, indicating the successful encapsulation of
OS. The signal showed dose dependent behavior and with
higher concentrations of added OS the signal was stronger. The
RTG analysis of elements on the surface of bers showed that
with increased concentrations of drugs in solution, the amount
of C decrease and amount of P and O increase. This indicates
that O and P from b-glycerol phosphate, dexamethasone and
ascorbate-2-phosphate are present in the structure of the scaf-
fold. Nevertheless, the map of spatial distribution of phosphate
shows distribution to distinct spots on the bers. The spots are
probably crystals of b-glycerol phosphate formed between PCL
This journal is © The Royal Society of Chemistry 2018
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chains. The number of spots increases with the concentration
of OS and leads to the formation of a connected network of
active molecule aggregates. The structure impacts the scaffold's
release properties. The internal morphology of the bers is
among the most crucial variables affecting the release kinetics
from emulsion nanobers. As in other nanober types, release
from osteogenic molecule loaded nanobers is governed by
diffusion or degradation mechanisms.42 The degradation
mechanism is dominant in bers from degradable materials.
Upon degradation, the drugs are liberated from the polymeric
structure depending on the dissolution of the polymeric
matrix.43,44 Since PCL is a slowly degradable material, this type
of release is less dominant in the case of our bers. The release
from materials that are non-degradable in the timeframe of
drug release is governed by diffusion rate through the polymeric
matrix.45 In the case of the proposed scaffolds, the rate limiting
factor is the diffusion rate of water and drugs through the
polymeric matrix polymer. The rate is dependent on the internal
structure of the bers and the number of contact points avail-
able for the solvent to dissolve the core polymer. In the case of
bers with non-continuous islands of active molecule, the
release depends on the interconnection of such aggregates.37

The solvent dissolves rst, and the aggregates on the surface of
the bers result in rapid release of their cargo. If the droplets
are not interconnected or the solvent diffusion is slowed down,
the availability of the drug decreases. The lower loading of OS in
the OS1 and OS2 samples resulted in a lower number of
aggregates along the bers. However, the release data indicate
that most of the drugs containing phosphate, b-glycerol phos-
phate and ascorbate-2-phosphate, were able to diffuse out of the
ber and 80% of the drug was released on day 31. On the
contrary, the structure of the bers with higher loading (OS5
and OS10) showed numerous contact points on the surface. In
the case of aggregate interconnection, the solvent could reach
aggregates deeper in the bers and result in sustained release of
high concentrations of OS. The release of OS5 and OS10 bers
was continuous over the release period and a higher total
amount of OS was released, as illustrated by the model of
measured phosphate release. The bers were able to release
high concentrations of OS over the 31 day period. Nevertheless,
the release at day 31 was about 60% and the release rate was
constant, without slowing down and achieving release plateau.
Therefore, the scaffold seemed to further release the OS even
aer the release monitoring period. Such long-term releasing
system is advantageous for bone tissue engineering applica-
tions. A similar microparticle-based system for the delivery of
OS was shown to release b-glycerol phosphate for 25 days.11

However, upon incomplete encapsulation, the small molecules
due to their high solubility in aqueous solvents oen show burst
release.12,46 For instance, dexamethasone loaded electrospun
PCL scaffolds were able to release dexamethasone for 6 days,
however, more than 50% of the drug was released during the
rst 24 hours. Despite fast release, system was able to stimulate
osteogenic differentiation of hMSCs.47 Lower encapsulation rate
may be attributed to loss during centrifugal spinning process,
where with increased concentration of active molecules, the
number of defects and ber morphology was decreased.
This journal is © The Royal Society of Chemistry 2018
Therefore, the non-brous defects had different trajectory aer
emission from spinerete resulting in lower accumulation on
collector. This resulted in decreased encapsulation efficiency.
However, the non-linearity of encapsulation efficiency still
resulted in scaffold formation with different active molecule
content.

The brous scaffolds with OS were further tested on relevant
cell types – the Saos2 osteosarcoma cell line and hMSCs. The
test on the Saos2 cell line showed improved proliferation and
viability on OS loaded scaffolds compared to control scaffolds
both in osteogenic and non-osteogenic medium. Similarly, the
scaffolds with OS showed increased production of osteocalcin
(protein production increase) and type I collagen (mRNA
increase). The indirect immunostaining method of osteocalcin
was performed on day 21 on cultivated Saos2 cells. We observed
higher doses of osteocalcin on all samples with incorporated OS
in comparison to both control groups. Type I collagen showed
the highest mRNA expression on samples OS2–OS10, compared
to both control groups in the case of cultivated Saos2 cells,
meaning that higher doses of OS on the COM sample had
a negative effect on the expression of type I collagen in cultured
Saos2. The results clearly demonstrated the positive effect of
released OS on Saos2 cells.

hMSCs that were seeded on the same scaffolds showed
different trends during the culture period. The amount of DNA
as well as metabolic activity were comparable for the whole time
of the culture period, meaning that the incorporation of OS
showed no positive as well as no detrimental effect on cell
culture. Those results are in agreement with results obtained by
confocal microscopy and SEM observation. Similar results were
obtained by Shi et al. who tested the effect of released OS from
microspheres on hMSC proliferation. The best cell proliferation
was observed on the control group cultivated in growth
medium.11 Peter et al.48 conrmed that aer rat MSC reached
conuency the ongoing exposure of cells to OS had no further
positive effect on cell proliferation. However, experiments that
study the effect of OS on hMSCs, seeded in lower cell density in
comparison to our cell seeding density, indicate the positive
effect of OS in culturemedium on cell proliferation ormetabolic
activity,49,50 meaning that in conuent cell layers there are other
important factors that mainly affect cell differentiation.
However, the results of the study show the osteoinductive
properties of the prepared scaffolds. ALP activity was measured
on the scaffold cultured with hMSCs to study the effect of
released OS on the osteogenic differentiation of hMSCs. The
trend in ALP activity of cells cultivated on scaffolds with
incorporated OS was slightly lower in comparison to the COM
samples, but higher compared to cell cultured in growth
medium. Many studies have tested ALP activity in diverse
cultivation conditions. However, the complete differentiation
medium reaches the best ALP activity in cultured hMSCs.48–50

Expression of mRNA for key osteogenic transcription factor –

RunX2 was observed on the OS1–10 scaffolds. hMSCs cultivated
on samples marked as OS5 and OS10 reached the peak in
expression of mRNA for RunX2 on day 7. A higher amount of
expressed mRNA for type I collagen was observed on day 7 on
the OS5 and OS10 samples and on day 14 on the CGM sample.
RSC Adv., 2018, 8, 21889–21904 | 21901
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In addition, the differentiation into osteogenic lineage was
conrmed by the indirect immunostaining method of osteo-
calcin. On day 14 we observed stained osteocalcin on the OS5,
OS10 and COM samples. Thus, we conclude that the presence of
OS in higher doses inuenced the osteogenic differentiation.
Osteocalcin visualization on hMSCs is in agreement with the
results obtained by qPCR. These ndings again indicated that
the OS5, OS10 and COM samples promoted the osteogenic
differentiation the most of all tested groups. This means that
the incorporation of OS in samples marked as OS5 and OS10
showed a comparable effect to OS freely added into growth
medium at the concentration standardly used for the induction
of osteogenic differentiation in vitro. Those results are in
agreement with the study of Shi et al.11 who observed the
highest expression of mRNA for RunX2, type I collagen and
osteocalcin on scaffolds releasing OS.

Osteoinductive properties of the centrifugal spun scaffold
releasing OS were conrmed in in vivo study. While defects of
the control group were lled dominantly with the adipose
tissue, cells from surrounding tissues inltrated the brous
scaffolds and started to form bone trabecules. Fibers served to
cells as a scaffolding material helping them to settle inside the
defect and synthetized bone ECM. Bone trabecules were formed
preferentially from the side of the defect, what is typical for cell-
free scaffolds. OS released from the scaffolds induced osteoin-
duction, the amount of the bone trabecules was higher
compared to PCL bers without the OS.

The proposed scaffolds showed the osteoinductive proper-
ties and show high potential for application in cell-free tissue
engineering. The use of the cell-free scaffolds possesses several
advantages compared to scaffolds that are seeded with cells
prior to implantation into the defect site. The aspiration of cells
is connected with an extra surgical procedure that could lead on
the donor side to morbidity, pain or inammation. Moreover,
during the ex vivo expansion and cultivation the cells can
undergo unwanted phenotypic changes. Thus, cell-free scaf-
folds designated as drug delivery carriers can induce in the
defect cell migration, proliferation and nally differentiation
into the desired cell type.16 Besides osteoinductive properties,
the scaffolds based on centrifugal spinning technology are
highly advantageous in the formation of the real 3D structure of
the scaffolds. Classical electrospun scaffolds have limited
thickness and pore size, which does not enable rapid cell
penetration into the scaffolds.17,51 Centrifugal spinning tech-
nology enables the penetration of cells thorough the brous
scaffold without the need for additional components (i.e. like
salt crystals).51 Scaffold porosity is an important property in
bone tissue engineering. Generally, pores of a size of less than
100 mm do not favor the ingrowth of mineralized extracellular
matrix and also do not support cell migration.52 Optimal pore
size for bone tissue engineering ranges from 100–400 mm.53

However, in vivo study where PCL scaffolds with the range of
pore diameters from 350–800 mm were tested did not reveal
differences in new bone formation.54 In our case, the maximal
pore size of the scaffolds was about 200 mm2, which facilitated
cell penetration thorough the scaffolds. It was proved in our
previous study, where cells cultured in static conditions
21902 | RSC Adv., 2018, 8, 21889–21904
penetrated into the depth of 80–100 mm.18 In the case of the
OS10 sample, the pore size was lower, whichmay hamper in vivo
bone formation using these scaffolds.

5 Conclusion

The above-mentioned properties of prepared OS releasing
scaffolds clearly shows that the brous scaffolds prepared by
blend centrifugal spinning technology are promising for
application in bone tissue engineering. The materials prepared
of PCL are biodegradable, biocompatible and the polymer is
approved by the FDA for medical use. In addition, the utilized
OS could be obtained in qualities applicable in medicine.
Compared to growth factors, OS are longer lasting molecules
with prolonged activity in solutions11 and could be obtained at
a lower price. Combined with the results of the in vitro study,
the prepared scaffolds served as drug delivery systems releasing
OS for a period of 31 days and were shown to have favorable
morphological and osteoinductive properties for use in bone
tissue engineering. These scaffolds, with incorporated OS,
showed enhanced metabolic activity and cell proliferation while
Saos2 cells were cultivated. According to the differentiation
assays from the Saos2 and hMSCs cultivation, we conclude that
the sample marked OS5 was the most potent one to induce
osteogenic differentiation in vitro for both cell types. The ob-
tained results were comparable or better than the sample,
where the cells were cultivated in medium with added OS.
Osteoinductive properties of OS5 scaffold were further
conrmed in in vivo study on critical sized bone defect of rabbit.
This scaffold, serving as drug delivery system, has great poten-
tial for bone tissue engineering as it is osteoinductive, porous,
3D and able to allow the sustained release of OS lasting for up to
one month.
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