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Enhanced osteogenic activity with boron-doped nanohydroxyapatite-loaded
poly(butylene adipate-co-terephthalate) fibrous 3D matrix

Aysu Arslana, Soner Çakmakb and Menemşe G€um€uşderelio�glua

aDepartment of Chemical Engineering, Hacettepe University, Ankara, Turkey; bDepartment of Environmental Engineering,
Hacettepe University, Ankara, Turkey

ABSTRACT
In this study, three dimensional (3D) poly(butylene adipate-co-terephthalate) (PBAT) fibrous scaffolds
with more than 90% porosity were fabricated via wet electrospinning method. Amorphous hydroxyapa-
tite (HAp) and boron (B) doped hydroxyapatite (B-HAp) nanoparticles were produced by microwave-
assisted biomimetic precipitation and encapsulated into PBAT fibres with the ratio of 5% (w/w) in order
to enhance osteogenic activity of the scaffolds. Cell culture studies were carried out with human bone
marrow derived stem cells (hBMSCs) and they showed that alkaline phosphatase (ALP) activity and the
amounts of collagen and calcium were higher on B containing PBAT (B-HAp-PBAT) scaffolds during the
28-day culture period than that of the PBAT scaffolds. Moreover, hBMSCs cultivated on B-HAp-PBAT
scaffolds showed significantly higher expression levels of both early and late stage osteogenic genes
e.g. ALP, collagen I (COL-I), osteocalcin (OCN) and osteopontin (OPN) at day 28 than that of the PBAT
scaffolds. Scanning electron microscope (SEM) photographs and energy dispersive X-ray (EDX) analysis
indicated that hBMSCs produced high amounts of mineralized extracellular matrix (ECM) mainly on the
surface of the 3D matrices. This study demonstrates that boron-containing 3D nanofibrous PBAT scaf-
folds with their osteoinductive and osteoconductive properties can be used as alternative constructs for
bone tissue engineering.
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Introduction

Poly(butylene adipate-co-terephthalate) (PBAT) is an aliphatic-
aromatic co-polyester with high mechanical strength and
excellent biodegradability. Moreover, recent studies have
shown that it is biocompatible with many cell types. This
property makes PBAT a promising synthetic polymeric bioma-
terial for tissue engineering applications [1–6]. Although syn-
thetic biodegradable polymers have many advantages in
terms of mechanical properties such as controlled biodegrad-
ation rate and processability into various functional shapes,
they are lack of biological signals that limit their cell promo-
tion [7]. Fabrication of polymer-bioactive ceramic composites
is a good alternative to produce scaffolds with enhanced bio-
activity and mineralization for bone tissue engineering [8].

Hydroxyapatite (HAp) is a major component of the calci-
fied tissues and it is one of the most commonly used biocer-
amics for composite bone scaffold fabrication due to its
osteoinductive and osteoconductive properties [9–11].
Substitution of ions into the structure of HAp enhances its
osteoinductive capacity. Since inorganic component of the
natural bone primarily consists of HAp with trace amounts of
ions such as Naþ, CO3

2�, Mg2þ, Kþ, F�, etc., ion-doped HAps
facilitate bone regeneration due to their enhanced osteocon-
ductive properties [12,13]. In a recent study, our research

group successfully synthesized boron-doped HAp (B-HAp) via
microwave-assisted biomimetic precipitation method and
observed that addition of B remarkably enhanced the
osteoinductive effect of HAp [14].

In many studies, electrospun fibres that containing nano-
or micron-sized HAp particles were investigated as biomateri-
als for bone regeneration [15–17]. Nanofibers are attractive
materials for bone tissue engineering due to their extremely
large surface areas and similarities to natural extracellular
matrix (ECM) [18]. However, traditional electrospinning
method generally results in two dimensional (2D) fibrous
matrices, which limit cellular infiltration. A number of recent
studies show that, three dimensional (3D) fibrous matrices
have larger pore sizes and higher porosity due to loosely
packed fibres [19–21]. As a result, cells can proliferate
through the depth of the scaffold and a more homogeneous
cell distribution is observed when compared with 2D fibrous
scaffolds. Many methods have been developed for 3 D fibrous
matrix fabrication via electrospinning including layer-by-layer
electrospinning [22], post-processing [23], particulate leaching
[24], collector modification [19], surfactant addition [20] and
wet electrospinning. Among them, wet electrospinning is a
simple and effective method for 3D fibrous matrix fabrica-
tion. In this method, a liquid bath is used as a collector
instead of traditional 2D metal surfaces [21].
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Recently, we have fabricated PBAT scaffolds by using
conventional scaffold fabrication methods such as electro-
spinning, solvent casting-particulate leaching and melt
moulding-particulate leaching [25]. Due to the highly porous
nature, wettability properties and ECM similarity, 2 D electro-
spun PBAT matrices supported viability and proliferation of
MC3T3-E1 cells. However, novel approaches are necessary to
mimic 3D and nanocomposite structure of native bone. To
the best of our knowledge, this is the first study investigating
the combination of amorphous B-HAp nanoparticles and ECM
mimetic 3 D electrospun PBAT scaffolds in terms of osteo-
genic differentiation of human bone marrow derived mesen-
chymal stem cells (hBMSCs). For this purpose, HAp and
B-HAp containing 3D PBAT scaffolds were fabricated via wet
electrospinning method. These nanofibrous scaffolds were
characterized by SEM, TEM and their water absorption capaci-
ties and degradation behaviours were evaluated by gravimet-
ric analyses. Then, in vitro proliferation and bone forming
abilities of hBMSCs on 3D PBAT scaffolds were assessed by
DNA analysis, SEM, ALP activity, calcium and collagen assays
and RT-PCR.

Materials and methods

Materials

PBAT pellets were kindly supplied from SASA laboratories,
Turkey. The molar compositions and sequence lengths of
repeating units, BT (aromatic) and BA (aliphatic), were calcu-
lated via 13C NMR spectrum as 42% and 58%, respectively.
Compositions were close to the commercial product of BASF
with trade name EcoflexVR (BT: 44%, BA: 56%). Also, the aver-
age sequence lengths of PBAT were calculated as 2.56 for BA
and 1.78 for BT, with a degree of randomness equal to 0.95.

For preparation of synthetic body fluid (SBF) and B contain-
ing SBF solutions, sodium chloride (NaCl), magnesium chloride
hexahydrate (MgCl2�6H2O), calcium chloride dihydrate
(CaCl2�2H2O), sodium dihydrogen phosphate monohydrate
(NaH2PO4�H2O), sodium hydrogen carbonate (NaHCO3),
sodium hydroxide (NaOH) and boric acid (H3BO3) were pur-
chased from Merck (Germany). Solvent, 1,1,1,3,3,3-hexafluoro-
2-propanol (HFIP), was supplied from Merck. For cell culture
studies, Minimum Essential Medium-alpha modification
(a-MEM) was purchased from Biochrom (Holliston, MA, USA).
L-Glutamine, penicillin-streptomycin solution, foetal bovine
serum (FBS), trypsin-EDTA and phosphate buffered saline (PBS)
were supplied from Biowest (Nuaill�e, France). Ascorbic acid,
dexamethasone, hexamethyldisilazane (HMDS) and b-glycero-
phosphate were supplied from Sigma-Aldrich (Germany).

Preparation of HAp and B-HAp nanoparticles

For preparation of the ten times concentrated SBF (10� SBF-
like) solution the recipe developed in our previous study [10]
was applied. In brief, respectively 58.443 g NaCl, 0.373 g KCL,
3.675 g CaCl2�2H2O, 1.016 g MgCl2�6H2O and 0.250 g
NaH2PO4�H2O were dissolved in 900ml of distilled water
under stirring. Then, the volume of the solution was com-
pleted to 1000mL with deionized water. About 84mg

NaHCO3 was added to solution prior to HAp precipitation
from SBF solution. Finally, 600W of microwave radiation
(Milestone, Italy) was applied to the resultant solution for
nine times, each for 30 s. Then suspension was centrifuged
and washed two times with ethanol and three times with dis-
tilled water in order to remove impurities. The powders were
left to dry overnight in an incubator. In case of B-HAp prepar-
ation, 10 g boric acid was dissolved in 1 L distilled water prior
to salt addition. In order to adjust pH value of solution
between 6.5 and 7.4, 10M NaOH was added into the solution.
After that, HAp synthesis procedure mentioned above was
repeated for B-HAp synthesis.

Fabrication of 3D PBAT, HAp-PBAT and B-HAp-PBAT
fibrous matrices

Wet electrospinning method was used for fabrication of PBAT-
based 3D fibrous matrices. For fabrication of neat PBAT fibres,
PBAT (24% w/v) was dissolved in HFIP and stirred overnight. In
order to produce HAp-PBAT or B-HAp-PBAT fibres, previously
fabricated HAp or B-HAp powders were added into electro-
spinning solution with the ratio of 5% (w/w, with respect to
polymer amount) and stirred overnight. Solution was trans-
ferred into syringe with 21-gauge needle and syringe was
placed into syringe pump (NE 300; New Era Pump Systems,
Farmingdale, NY, USA). High voltage (Gamma High Voltage
Research, Ormond Beach, FL, USA) was applied between syr-
inge and collector. Three-D samples were collected in ethanol
bath for 2.5 h, with 21 kV of voltage, 0.6mL/h of flow rate and
25 cm of distance between syringe tip and collector. After the
spinning process, samples were washed with distilled water
and freeze-dried for 48 h. The 3D PBAT composite matrices
were in the size of the collector that was used (Petri dish with
5 cm diameter) and they were cut out with punch to 8.0mm
in diameter and 2.0mm in thickness.

Preparation of 2D PBAT matrices

Two-dimensional PBAT matrices were also fabricated by trad-
itional electrospinning for comparison based on our previous
study [25]. PBAT was first dissolved in HFIP at a concentration
of 24% (w/v) and transferred into a syringe with a 21-gauge
needle. Syringe was placed into a syringe pump and high
voltage was applied between the needle and stationary col-
lector. Fibres were collected on the flat metal collector for
2.5 h and fibrous matrices were obtained with approximately
400 mm thickness at 21 kV of voltage, 1mL/h of flow rate and
20 cm distance between collector and syringe tip. After spin-
ning process, samples were dried under vacuum for 48 h.

Characterization of fibrous matrices

Morphologies of fibrous matrices were investigated with
scanning electron microscope (SEM) (Zeiss Evo 50,
Oberkochen, Germany). All the samples were visualized after
sputter coating with a thin layer of gold under vacuum
(K550X Sputter Coater; Electron Microscopy Sciences, Hatfield,
PA, USA). Pore sizes and fibre diameters were calculated
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using ImageJ software (National Institutes of Health,
MD, USA).

Morphologies of HAp and B-HAp particles embedded into
PBAT fibres were investigated with transmission electron
microscope (TEM) (FEI Tecnai G2 Spirit BioTwin CTEM, USA).
Fibres were deposited on holey carbon grids for 15 s prior
to analysis.

For the determination of equilibrium water content (EWC),
water uptake studies were carried out in PBS (pH 7.4, 37 �C).
Samples were immersed into PBS and removed within deter-
mined time intervals for gravimetric measurements. The per-
centage of EWC was determined by Equation (1):

EWC ð%Þ ¼ ½ðWw –WdÞ=Wd� � 100 (1)

where Wd and Ww indicate the weight of dry and wet (at
equilibrium) samples, respectively.

Porosities of samples were determined by gravimetric
method Equation (2):

Porosity ð%Þ ¼ ½1–ðqa=qmÞ� � 100 (2)

where qm is the density of PBAT (1.26 g/cm3). Apparent dens-
ity (qa) was calculated by dividing the weight of sample by
its volume.

Degradation of PBAT fibrous matrices was investigated
both in enzymatic and non-enzymatic medium. For enzymatic
degradation studies, each sample was soaked in 2mL of PBS
(pH 7.4, 37 �C) containing 1mg lipase. Non-enzymatic degrad-
ation was carried out in the absence of lipase enzyme.
Samples were taken from degradation medium and dried
under vacuum for gravimetric analysis on the first, third and
fifth weeks of assay. Weight loss of the samples was meas-
ured with triplicates. Degradation media of the samples were
refreshed once a week.

Cell culture studies

Cell seeding
Cell culture studies were carried out with hBMSCs. Human
bone marrow aspirate was obtained from Lonza (Allendale,
NJ, USA), isolated and characterized as previously described
[28]. Cells were cultured in flasks by using a-MEM containing
10% (v/v) FBS and 1% (v/v) penicillin–streptomycin solution
and kept in humidified CO2 incubator (Panasonic, Osaka,
Japan) at 37 �C. Prior to cell seeding, cells were dissociated
with 0.25% trypsin-EDTA solution and suspended in growth
medium. PBAT-based fibrous matrices were cut into disks,
each with a diameter of 8mm and thickness of 2mm.
Samples were sterilized in 70% ethanol for 1 h and then,
under UV light for 30min. After sterilization, the samples
were conditioned with a-MEM containing 10% FBS for 24 h.
Ten mL of cell suspension was seeded into materials in order
to provide inoculation densities of 7� 104 cells per scaffold.
The cells were conducted in CO2 incubator to permit adhe-
sion for 3 h and 10 mL of growth medium was added to each
sample in every 30min to keep samples wet. After all, 1mL
of growth medium was added to each well and one day after
cell seeding, 100 nM dexamethasone, 10mM b-glycerophos-
phate and 0.05mM ascorbic acid were added into the
medium to stimulate osteogenic differentiation. During the

culture studies, cells were incubated in humidified CO2

atmosphere at 37 �C.

Cell proliferation analysis
Proliferation of hBMSCs was analysed quantitatively with DNA
analysis kit (Quant-iTTM PicoGreenTM) on the 1st, 7th, 14th
and 28th days of the culture. In order to prepare DNA
extracts, 600 mL of Triton X-100 solution was added to each
sample and vortexed. The amounts of DNA were calculated
from fluorescence intensities, which were read by fluores-
cence microplate reader (Molecular Devices, San Jose, CA,
USA) with excitation and emission wavelengths of 480 nm
and 520 nm, respectively.

SEM analysis
Morphologies of hBMSCs were investigated with SEM on the
7th and 28th days of the culture. Scaffolds were first gently
washed twice with PBS (0.01M phosphate buffer, 0.0027M
potassium chloride and 0.137M sodium chloride, pH 7.4) and
cells were fixed with 2.5% glutaraldehyde in PBS at 4 �C for
30min. Samples were thoroughly washed with PBS after fix-
ation and kept in PBS at 4 �C until the SEM visualization.
Before the analysis, scaffolds were dehydrated with ethanol
series at different concentrations (30, 50, 70, 90 and 100% v/
v) and dried with HMDS overnight. Finally, each sample was
visualized after sputter coating with a thin layer of gold
under vacuum (K550X Sputter Coater; Electron Microscopy
Sciences, Hatfield, PA, USA) before SEM analysis.

Cell differentiation analyses
Determination of alkaline phosphatase (ALP) activity, collagen
and calcium amounts via colorimetric assays. For collagen
assay, the scaffolds were first transferred into sterile
Eppendorf tubes and they were homogenized in 100 mL dis-
tilled water. Then, 100 mL of 12N HCl was added to each
Eppendorf tube and hydrolysis was carried out at 120 �C for
3 h. For calcium analysis, calcium was extracted by using 5%
(w/v) trichloroacetic acid under sonication for 30min.
Amounts of ALP, collagen and calcium were determined via
colorimetric assay kits (Biovision, Milpitas, CA, USA) using the
supernatants obtained as mentioned above. All assays were
carried out by following the instructions of the assay kits. In
brief, ALP activity was determined due to hydrolysis of p-
nitrophenyl phosphate (pNPP) to p-nitrophenol (pNP). UV
absorbance of pNP was read via microplate reader (ASYS,
Hitech UVM 340 plate reader, UK) at 405 nm. Collagen
amount in the ECM was directly proportional to hydroxypro-
line amount and it was determined via measuring the
absorbance of hydroxyproline at 560 nm. Finally, calcium
amounts were determined by measuring the absorbance of
calcium–cresolphthalein complex at 575 nm. Samples without
cells were used as negative controls for ALP, collagen and
calcium assays and their absorbances were subtracted
from each sample containing cells. ALP activities, collagen
and calcium amounts were normalized to ng of DNA. The
mineral formation on the scaffolds was also supported by an
energy-dispersive X-ray spectroscopy (energy dispersive X-ray
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[EDX], Xflash 3001 SDD-EDS detector) analysis attached to
the SEM.

Real time-reverse transcriptase polymerase chain reaction
(RT-PCR) analysis. Transcription levels of osteoblast specific
genes (ALP, COL-I, OCN and OPN) were quantified via RT-PCR
analysis (Light CyclerVR Nano, Roche, Switzerland) and
Quantitech, Sybergreen RT-PCR kit (Qiagen, Manchester, UK).
Before the analysis, mRNA was isolated from the samples
using Trizol reagent. Reverse transcription for cDNA synthesis
was carried out at 40 �C for 120min. PCR reaction was kept
for 45 cycles at 95 �C for 15min as the first activation step,
then the second step with extension at 95 �C for 15 s, 60 �C
for 20 s, 72 �C for 20 s and separation step at 60 �C for 4 s and
95 �C for 20 s. b-actin was used as a housekeeping gene and
primer sequences were given in Table 1. Comparative CT
method (the 2�DDCT method) was used to calculate the rela-
tive gene expressions.

Statistical analysis

At least three parallel samples were used for all the analyses.
Data were analysed using GraphPad InstatVR software
(GraphPad, San Diego, CA, USA). One-way ANOVA was used
to determine the significant differences among the groups
and a statistical significance was assigned as �p< .05,
��p< .01 and ���p< .001, respectively.

Results

Fabrication of HAp and B-HAp particles

HAp and B-HAp nanoparticles were fabricated via microwave-
assisted biomimetic precipitation method prior to electrospin-
ning process. With respect to the previous studies of our
group, synthesized HAp and B-HAp particles have amorphous
structure with a Ca/P ratio of 1.61 and 1.40, respectively
[10,14]. B-HAp particles precipitated from 10mg/mL boric
acid solution by 600W microwave power have 1.15 ± 0.11%
(w/w) boron and 4.30 ± 0.07% (w/w) carbonate content
whereas HAp particles have carbonate content of
7.15 ± 0.28% (w/w) [14]. TEM images of HAp and B-HAp par-
ticles were shown in Figure S1(a) and (b), respectively. HAp
and B-HAp particles formed by nanocrystals with an approxi-
mate size of 30–50 nm and the resultants particles were in
the size range of 200–400 nm [10,14]. These apatites resemble
to the biological apatite found in bone with the morphology
and amorphous structure.

Characterization of PBAT-based 3D fibrous matrices

Morphological analysis
PBAT, HAp-PBAT and B-HAp-PBAT fibrous matrices with
thicknesses of 2.0mm were fabricated successfully via wet
electrospinning and characterized via SEM and TEM
(Figure 1).

As seen from Figure 1, all fabricated PBAT-based fibres
have smooth and bead-free morphology. Nevertheless, add-
ition of HAp and B-HAp particles brought partially rough
morphology to the PBAT fibres. HAp and B-HAp particles
were dispersed into the fibrous matrices as well as embedded
into the fibres (Figure 1(b,c)). HAp and B-HAp particles
embedded into the fibres can be clearly seen from the TEM
images of the fibres (Figure 1(h,i)) each with a size of approxi-
mately 1 mm. Although microwave-assisted biomimetic pre-
cipitation method [14] allows formation of HAp particles with
the size of 40–50 nm, HAp particles probably agglomerated
during stirring of the solution or during electrospinning pro-
cess resulting in micron-sized particles.

According to Table 2, diameters of PBAT and B-HAp-PBAT
fibres are approximately same whereas diameters of HAp-
PBAT fibres are quite lower than those of PBAT and B-HAp-
PBAT fibres. According to the histograms in Figure 1, more
than 90% of the fibres are in the diameter ranges of
400–1400 nm for PBAT, 300–1200 nm for HAp-PBAT and
400–1500 nm for B-HAp-PBAT even though their average
diameters are 898 ± 328, 614± 289 and 899 ± 351 nm,
respectively.

Characteristics of PBAT, HAp-PBAT and B-HAp-PBAT fibrous
matrices are given in Table 2. In order to make a comparison
between 2D and 3D fibrous matrices, characteristics of 2D
PBAT fibrous matrices fabricated in our previous study [25] are
also presented in Table 2. As seen from this table, porosity of
the 2D fibrous matrices is �86% whereas that of 3 D fibrous
matrices is �91%. Moreover, pore sizes were also enhanced
with the fabrication of 3 D matrix as expected. It is important
to consider that in wet electrospinning fibres are deposited
with less density leading to the formation of loosely packed
fibres with higher porosity and larger pore size. Differences of
porosity and pore sizes between 2D and 3D fibrous matrices
can be seen morphologically from Figure 2.

Water uptake study
Water uptake studies show that, PBAT fibrous matrices that
have HAp and B-HAp have higher equilibrium water content
when compared with neat PBAT fibres (Table 2) (Figure S1).
Since addition of HAp enhances wettability of the hydropho-
bic matrices [26], HAp containing fibrous matrices could
absorb higher amount of water. However, no statistically sig-
nificant difference was observed among the equilibrium
water contents of 3D samples. Additionally, 3 D samples had
higher equilibrium water content when compared with 2D
samples because of their higher pore size and porosity. All of
the samples reached the equilibrium water content within
few minutes due to their highly porous and flexible structure.

Table 1. The primer sequences for hBMSCs used in this study.

Genes Primers

b-Actin Forward 50-GTGCTATGTTGCCCTAGACTTCG-30
Reverse 50-GATGCCACAGGATTCCATACCC-30

Collagen-I (COL-I) Forward 50-CAAGATGTGCCACTCTGACT-30
Reverse 50-TCTGACCTGTCTCCATGTTG-30

Alkaline phosphatase (ALP) Forward 50-GAGCGACACGGACAAGAAG-30
Reverse 50-TGGTAGTTGTTGTGACATAATC-30

Osteocalcin (OCN) Forward 50-CTTTCTGCTCACTCTGCTG-30
Reverse 50-TATTGCCCTCCTGCTTGG-30

Osteopontin (OPN) Forward 50-CACTTTCACTCCAATCGTCCCTAC-30
Reverse 50-ACTCCTTAGACTCACCGCTCTTC-30
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Degradation study
In this study, we carried out degradation experiments in the
presence of lipase enzyme and the results were evaluated in
terms of weight changes during 5week of incubation period.
According to the results of degradation assay (Figure S2),
weight of the enzymatically degraded samples decreased
approximately by 10% at the end of the fifth week, whereas
that of non-enzymatically degraded samples was limited
with 3%.

Cell culture studies

DNA analysis and SEM imaging
In order to determine DNA amounts of the cells proliferated
on 3D PBAT matrices quantitative DNA analysis was per-
formed on the 1st, 7th 14th and 28th days of the culture and
the results were given in the Figure 3. At the first day of the
culture, no statistically significant difference was observed
among DNA amounts of PBAT, HAp-PBAT and B-HAp-PBAT

Figure 1. (a–c) SEM images, (d–f) histograms and (g–i) TEM images of (a, d, g) PBAT, (b, e, h) HAp-PBAT and (c, f, i) B-HAp-PBAT fibres. White circles indicate HAp
and B-HAp particles dispersed in fibrous mats.

Table 2. Characteristics of 2D and 3D PBAT fibrous matrices.

Form Fibres Average fibre diameter (nm) Pore size (lm) Porosity (%) Equilibrium water contents (%)

2D PBAT 569 ± 187 12 ± 4 85.6 ± 3.7 475 ± 42
3D PBAT 898 ± 328 30 ± 22 91.2 ± 0.6 515 ± 59

HAp-PBAT 614 ± 289 32 ± 12 587 ± 57
B-HAp-PBAT 899 ± 351 25 ± 7 563± 40
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scaffolds. However, at the 7th day of the culture, DNA
amount of hBMSCs cultured on PBAT and HAp-PBAT scaffolds
increased while that of B-HAp-PBAT fibres remained constant.
Besides, DNA amounts of the cells cultured on PBAT scaffolds
were significantly higher than the other groups. At the 14th
and 28th days of the culture, DNA amounts of the cells on
PBAT scaffolds decreased whereas that of HAp-PBAT scaffolds
increased and B-HAp-PBAT scaffolds remain constant. These
results are consistent with SEM analysis as shown in
Figure 4(a–c) that cells completely covered the surface of the
PBAT scaffolds. Morphologies of the cells on PBAT based scaf-
folds at the 7th and 28th days of the culture can be seen in
Figure 4 and indicated that PBAT based scaffolds promoted
the cell attachment and proliferation.

As can be seen from Figure 5(a–c), increases of ALP activ-
ity, collagen and calcium amounts on PBAT scaffolds between
14 and 28 days confirmed that hBMSCs were in the matrix
maturation and differentiation phase. After HAp incorporation
into PBAT scaffolds, cell proliferation continuously increased
throughout the culture period. This result suggests that HAp-
PBAT scaffolds supported the long term proliferation of
hBMSCs with respect to neat PBAT. Comparing the cell prolif-
eration on PBAT and HAp-PBAT scaffolds with B-HAp-PBAT,

the presence of B-HAp resulted low level of cell proliferation
during the whole culture period.

At the 28th day, ECM mineralization can be clearly
observed from the inset SEM images on Figure 4(d–f). Mineral
nodules produced by cells showed typical apatite morph-
ology as observed on inset images. The size of mineral nod-
ules observed on PBAT scaffolds was bigger than the nodules
on HAp-PBAT and B-HAp-PBAT scaffolds. However, nodules
on B-HAp-PBAT scaffolds showed the highest density with
respect to other groups. At the EDX analysis, the formation of
Ca and P peaks proved the mineral formation on PBAT, HAp-
PBAT and B-HAp-PBAT scaffolds (Figure 4(g–i)). Spherical
morphology of the particles seen in inset images of Figure
4(d–f) and the presence of Ca, P and O peaks on EDX spectra
proved that the particles were the biological HAp synthesized
by differentiated hBMSCs. As a result, the peaks observed at
1.040 and 2.620 keV belong to the sodium and chloride ele-
ments which was most probably reasoned by the PBS used in
washing steps for sample preparation before SEM analysis.

Cell differentiation
Amounts of ALP, calcium and collagen formed in the matrices
are presented in Figure 5. ALP activity of hBMSCs cultured on
PBAT and B-HAp-PBAT scaffolds increased until the 28th day
of the culture whereas that of HAp-PBAT scaffolds remained
constant (Figure 5(a)). ALP activity of the hBMSCs on HAp-
PBAT scaffolds were significantly higher than that of cells on
PBAT scaffolds at day 7 (p< .01). At the 28th day of the cul-
ture, ALP activity level of hBMSCs cultured on B-HAp-PBAT
scaffolds was significantly higher than that of the other
groups (p< .001). ALP activity of hBMSCs continuously
increased on B-HAp-PBAT scaffolds during 4weeks of osteo-
genic culture (Figure 5(a)), as a result, the incorporation of B
into the amorphous HAp improved the osteogenic differenti-
ation of hBMSCs throughout the culture period. Due to the
fact that a continuous increase of DNA amount on HAp-PBAT
scaffolds during the culture, a significant DNA amount
decrease for PBAT scaffolds after day 7 and the lowest DNA
amount seen on B-HAp-PBAT scaffolds throughout the culture
confirmed why the highest ALP activity observed on B-HAp-
PBAT scaffolds. Collagen amounts of the scaffolds remained
constant until the 14th day of the culture (Figure 5(b)). At the

Figure 2. Comparison of 2D and 3D PBAT fibrous scaffolds: (a) 2D and (b) 3D PBAT fibrous matrices (Magnitudes: 1000�). Inset images show gross views of 2D and
3D electrospun matrices.

Figure 3. Proliferation of hBMSCs on PBAT, HAp-PBAT and B-HAp-PBAT scaf-
folds based on DNA analysis. Statistically significant differences; �p< .05,��p< .01, ���p< .001, n¼ 3.
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28th day of the culture, collagen amount of B-HAp-PBAT scaf-
folds increased to a level that was significantly higher
than those of PBAT and HAp-PBAT scaffolds (p< .05
and p< .01).

Calcium amounts of all scaffolds were increased at the
28th day of the culture as expected (Figure 5(c)). However,
the highest calcium amount was detected in the B-HAp-
PBAT scaffolds.

The remarkable effect of boron-doped HAp on osteogenic
differentiation of hBMSCs was also proved with RT-PCR analy-
ses. ALP, collagen I (COL-I), osteocalcin (OCN) and osteopon-
tin (OPN) relative gene expressions were presented in
Figure 6.

Relative ALP gene expressions were found similar with the
spectrophotometric ALP assay (Figure 6(a)). ALP expressions
of hBMSCs cultured on PBAT and B-HAp-PBAT scaffolds
increased at the 28th day of the culture whereas those of
HAp-PBAT scaffolds remained constant. The relative ALP gene
expression at the B-HAp-PBAT scaffolds is approximately
2.5 times higher than that of PBAT scaffolds and seven
times higher than that of HAp-PBAT scaffolds (p< .01
and p< .001).

Similarly, COL-I gene expressions of hBMSCs cultured on
PBAT and HAp-PBAT scaffolds remained constant for the 14th
day of the culture (Figure 6(b)). COL-I expressions of the cells
cultured on PBAT and HAp-PBAT scaffolds increased slightly
at the 28th day. However, COL-I expression of hBMSCs in B-
HAp-PBAT scaffolds was 12 and 16 times higher than those

of PBAT and HAp-PBAT scaffolds at the 28th day of the cul-
ture, respectively (p< .01).

Expressions of the mineralization regulating genes, OCN
and OPN, can be seen on Figure 6(c,d). OCN and OPN gene
expressions remained constant until the 14th day of culture
whereas they increased at the 28th day. Similarly, gene
expressions were remarkably higher in case of B-HAp-PBAT
scaffolds at the 28th day of culture (p< .001).

Discussion

Although PBAT is a co-polyester, it is comprised of both ali-
phatic and aromatic units. Interestingly, aromatic segments of
PBAT has been also shown to be enzymatically cleaved in
presence of mixed microbial populations [27]. However, it has
been reported that amount of the aromatic units as well as
their sequence length is a critical factor affecting the degrad-
ation rate of PBAT. Witt and co-workers reported that PBAT
degrades faster when amount and sequence of the aromatic
units are less than 55% and 3%, respectively [28]. Based on
the NMR studies done in our previous study, aromatic con-
tent of the PBAT is found as 42% where the average
sequence length of the butylene terephthalate units is equal
to 1.78 [25]. In the present study, we have observed weight
loss in the 3D fibre matrices after incubation in enzymatic
medium for five weeks, which can be considered as an indi-
cation of degradation in the in vivo conditions. Weight loss of
the 3D PBAT fibrous matrices in this study corresponds with

Figure 4. SEM images of hBMSCs cultured on PBAT-based scaffolds: (a, d) PBAT, (b, e) HAp-PBAT and (c, f) B-HAp-PBAT scaffolds. Left column corresponds to the
day 7 SEM images whereas middle column shows the SEM images at day 28. (g), (h) and (i) images show EDS spectra of mineralized areas on PBAT, HAp-PBAT and
B-HAp-PBAT scaffolds for the samples at day 28, respectively.
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the weight loss profile of PBAT scaffolds with similar porosity
in our previous study [25].

Besides inducing osteoinductive properties, HAp also act
as a buffer in the medium due to its basic resorption prod-
ucts, which helps minimizing the negative effect of acidic
degradation products of polyesters on the cell functions [29].
Among various HAp synthesis techniques, microwave assisted
precipitation technique has been preferred to synthesize
bone-like HAp in a fast, simple and efficient way. Via the use
of microwave for precipitation of HAp, the Gibbs free energy
is reduced and the intermediate steps are avoided, which
results in the synthesis of pure, bone-like HAp with narrow
size distribution in shorter mineralization times compared to
the other methods [10]. Recently, our group determined opti-
mum conditions of bone-like HAp synthesis via microwave-
assisted precipitation of 10xSBF-like solution. The resulting
HAp showed similar properties to those of cortical bone [10].

Recently, osteoinductive effect of HAps have been further
enhanced via doping boron, which has been known as a crit-
ical trace element in human body and playing an important
role in bone metabolism. G€um€uşderelio�glu et al. [30] exam-
ined the effects of encapsulated boron on proliferation and
differentiation of MC3T3-E1 pre-osteoblastic cells in vitro and
reported that it has a stimulatory effect on osteoblasts.
Fabrication of boron-doped HAp (B-HAp) via biomimetic
method was investigated in our research group for the first

time, where B-HAp is applied as a coating on chitosan scaf-
folds via microwave-assisted precipitation of concentrated
SBF containing boron [14]. The results showed that boron has
improved the osteoinductive and osteoconductive impact of
HAp on differentiation of hBMSCs, indicated with enhanced
OCN, OPN and COL-I expressions. In the present study, we
investigated the effect of B-HAp fabricated via biomimetic
method on osteogenic differentiation of hBMSCs in form of
particles incorporated into electrospun fibres, to create uni-
form distribution of B-HAp over the bulk electrospun scaffold.
As expected, the scaffolds containing boron-doped HAp has
shown the most significant impact on osteogenic differenti-
ation of hBMSCs.

In vitro bone formation involves proliferation, matrix
maturation and mineralization stages. Cell proliferation is
followed by the synthesis of COL-I, which is the most abun-
dant protein of bone, and an increase in the ALP gene
expression and activity. In the beginning of mineralization,
non-collagenous proteins such as OCN and OPN are depos-
ited in the matrix [31,32]. Theoretically, COL-I and ALP expres-
sions raise on early differentiation states. However, in our
study, the highest expression levels were recorded in late dif-
ferentiation states. This effect might be a result of late release
of ions from entrapped HAp and B-HAp, which delays the
expressions of COL-I and ALP. Moreover, agglomeration of
the HAp and B-HAp particles during electrospinning process

Figure 5. Osteoblastic differentiation of hBMSCs cultured on PBAT-based scaffolds based on colorimetric assays: (a) ALP activity, (b) calcium and (c) collagen
amounts. Statistically significant differences; �p< 0.05, ��p< 0.01, ���p< 0.001 when control group is PBAT scaffold and #p< 0.05, ##p< 0.01, ###p< 0.001 when
control group is HAp-PBAT scaffold, n¼ 3.
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might have decreased the active surface area of HAp and B-
HAp, which might have decreased the release rate of the
ions and thus delayed the expressions.

According to the Barheine et al. [33], in vitro degradation
of B-HAp was faster than that of HAp or b-TCP. Therefore, we
can conclude that local increase of boron concentration due
to the faster degradation of B-HAp triggered cells to osteo-
blastic differentiation rather than proliferation as also con-
firmed by the ALP analysis, calcium amount and detection of
the osteogenic differentiation markers via RT-PCR analyses.
The higher expressions of OCN and OPN of hBMSCs in the B-
HAp-PBAT scaffolds indicate that addition of B induces the
mineralization remarkably. After all, it was observed that
hBMSCs cultured on B-HAp-PBAT scaffolds had the highest
level of ALP activity, calcium and collagen amounts through-
out the culture period.

Conclusions

In the presented study, PBAT fibrous matrices were fabricated
via wet electrospinning and biomimetic HAp and B-HAp par-
ticles were added into the fibrous matrices. Bioactivities of
the scaffolds were investigated via proliferation and differen-
tiation of hBMSCs. According to SEM and TEM analysis, PBAT
fibres have smooth and bead-free morphology and HAp and

B-HAp particles were both dispersed in matrix and embedded
into the fibres. When compared with 2D matrices, wet elec-
trospun 3D matrices have pore sizes approximately three
times higher than that of 2D fibrous matrices. PBAT based
scaffolds promoted attachment and proliferation of hBMSCs
according to SEM and quantitative DNA analysis. All PBAT
based scaffolds supported proliferation and differentiation of
the cells. However, differentiation of the cells were not
affected significantly with addition of HAp particles to PBAT
fibres whereas B-HAp particles strongly enhanced the differ-
entiation process. Regarding to these results, it can be con-
cluded that wet electrospun PBAT fibrous scaffolds are
estimated to be a good alternative for bone regeneration,
especially after modification with boron doped HAp.
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Figure 6. Osteoblastic differentiation of hBMSCs cultured on PBAT based scaffolds: (a) ALP activity, (b) collagen 1 (COL 1), (c) osteocalcin (OCN) and (d) osteopontin
(OPN) gene expressions, based on real-time PCR analysis. Statistically significant differences; �p< 0.05, ��p< 0.01, ���p< 0.001 when control group is PBAT scaffold
and #p< 0.05, ##p< 0.01, ###p< 0.001 when control group is HAp-PBAT scaffold, n¼ 3.
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