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Abstract: Various types of nanofibers are increasingly used in

tissue engineering, mainly for their ability to mimic the archi-

tecture of tissue at the nanoscale. We evaluated the adhesion,

growth, viability, and differentiation of human osteoblast-like

MG 63 cells on polylactide (PLA) nanofibers prepared by

needle-less electrospinning and loaded with 5 or 15 wt % of

hydroxyapatite (HA) nanoparticles. On day 7 after seeding, the

cell number was the highest on samples with 15 wt % of HA.

This result was confirmed by the XTT test, especially after

dynamic cultivation, when the number of metabolically active

cells on these samples was even higher than on control poly-

styrene. Staining with a live/dead kit showed that the viability

of cells on all nanofibrous scaffolds was very high and compa-

rable to that on control polystyrene dishes. An enzyme-linked

immunosorbent assay revealed that the concentration of

osteocalcin was also higher in cells on samples with 15 wt %

of HA. There was no immune activation of cells (measured by

production of TNF-alpha), associated with the incorporation of

HA. Moreover, the addition of HA suppressed the creep behav-

ior of the scaffolds in their dry state. Thus, nanofibrous PLA

scaffolds have potential for bone tissue engineering, particu-

larly those with 15 wt % of HA. VC 2013 Wiley Periodicals, Inc. J

Biomed Mater Res Part A: 00A: 000–000, 2013.
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INTRODUCTION

The development of nanofibrous scaffolds has opened new
possibilities in various tissue engineering applications
thanks to the nanofibers’ advantageous properties, such as
high surface area, macroporosity, and combined micro- and
nanoscale roughness, which closely imitate natural extracel-
lular matrix and promote cell adhesion and proliferation.
Scaffolds with nanofibrous architecture have been proven to
promote protein adsorption, subsequent attachment of osteo-
blasts, their differentiation and biomineralization.1 Nanofibers
can be prepared by several techniques, but electrospinning is
one of the most widely used due to its effectiveness and sim-
plicity.2 Electrospinning produces randomly oriented fibers
with various diameters usually ranging from tens of nano-
meters to one micrometer or even thicker, and this organiza-
tion seems to be very favorable for cells.3

Although the nanofibers themselves present a good sup-
port for cell growth, they have been often modified with
bioactive particles to improve their mechanical properties
and/or bioactivity. For bone tissue engineering, the most
common additions to polymer nanofibers are hydroxyapatite
(HA) and tricalcium phosphates.4,5 In a recently published
study, the addition of diamond nanoparticles to PLGA nano-
fibrous membranes was tested. These composite scaffolds
showed improved mechanical resistance and provided a
good support for bone cell adhesion and growth.6

HA, being a promising material for bone tissue engineer-
ing, has been frequently tested either alone7 or as a part of a
composite.8 It is similar to the mineral which occurs natu-
rally in bone, it is biocompatible, it has appropriate mechani-
cal stability, and it has been proved to be osteoconductive
and to promote one formation.9 Especially nanosized HA par-
ticles (e.g., in the form of sintered compacts) have promoted
osteoblast adhesion, proliferation and differentiation, and
seem to be more beneficial in bone tissue engineering than
conventional HA, that is, with grains greater than 100 nm.10

Composites constructed from polymers and HA combine
advantages of both material types. While HA improves
osteoinduction and provides mechanical reinforcement, bio-
degradability of polymers allows ingrowth of the surrounding
tissue. Following the example of bone as a complex tissue
consisting of organic collagen fibers and inorganic mineral
apatite, we have constructed polylactide nanofibrous scaffolds
with two concentrations of HA nanoparticles by a needle-less
electrospinning technique. Similar composite materials have
been also constructed in earlier studies.11–13 However, this
study provides an intensive and systematic investigation of
morphological, physical and chemical properties of these scaf-
folds, and their correlation with the behavior of human bone-
derived and rat macrophage-like cells in cultures on these
scaffolds.

MATERIALS AND METHODS

Preparation of the scaffolds
Poly(L-lactide) (PLA, IngeoTM Biopolymer 4032D) was a prod-
uct of NatureWorks, Minnetonka, Minnesota, USA. Its molecu-
lar masses were Mw5124,000 g/mol and Mn5 48,000
g/mol, as determined by size exclusion chromatography.14

For the electrospinning process, 7 wt % solution of PLA in a
mixture of chloroform, dichloroethane, and ethyl acetate was
used. The polymer solution was made to be electrically con-
ductive with tetraethylammoniumbromide, which was
first dissolved in dimethylformamide at a concentration of 3
wt %, after which 3 g of this solution was added to 100 g of
the PLA solution. To prepare composite scaffolds of PLA with
HA (BABI-HAP-N100, average particle size 50–150 nm, Ca:P
ratio 1.67, Berkeley Advanced Biomaterials, San Leandro, CA),
two concentrations of HA were added to the prepared PLA
solution before electrospinning. After addition of HA particles,
the suspension was intensively vortexed and sonicated for 2
min (Bandelin Sonorex, Heidolph) in order to minimize clus-
tering of the particles. The content of HA in the final dry
scaffolds was calculated to be 5 wt % or 15 wt % relative to
the polymer. Nanofibers were prepared by a needleless elec-
trospinning technology using a NanospiderTM unit (NS Lab
500, Elmarco, Liberec, Czech Republic). Process conditions
were: electrode distance: 180 mm; voltage: 60 kV, 210 kV;
spinning electrode rotation speed: 4 rpm; relative humidity:
25–30% and room temperature. The weight of the prepared
nanofibers per unit area was approximately 5 g/m2.

Characterization of the scaffolds
The PLA scaffolds were characterized by scanning electron
microscopy (SEM, Quanta 450 Microscope, FEI, USA) in high
vacuum mode. The fiber diameters were measured by image
analysis using NIS-Elements AR software, version 2.30 (Lab-
oratory Imaging, Czech Republic). The measurement of the
thickness of nanofibrous membranes was also performed
(Mitutoyo Absolute, Mitutoyo Measuring Instruments,
China). The nanofiber layer was immersed into liquid nitro-
gen and was quickly cut off with a razor blade. Images were
made using a Quanta 200 (FEI supplier, CZ). The fibril mor-
phology was evaluated by atomic force microscopy (AFM)
using an alpha 300 A, WITec (Germany), in AC mode with
phase imaging. In order to visualize HA nanoparticles, trans-
mission electron microscopy (TEM) was performed.6 The
presence of HA nanoparticles in PLA scaffolds was verified
by energy dispersive X-Ray spectroscopy (EDS). The concen-
trations of elemental Ca and P and the Ca/P molar ratio
were determined by inductively coupled plasma optical
emission spectroscopy (ICP-OES).15 The determination of
the real content of the HA incorporated into PLA scaffolds
was performed by thermal gravimetric analysis (TGA) con-
ducted on a Perkin Elmer TGA 7 Thermal Analyzer with
Pyris 1 software in a heating range from 40 to 800�C under
air (heating rate 10�C/min). The functional groups on the
PLA surface were studied by attenuated total reflection Fou-
rier transform infrared (ATR-FTIR) spectroscopy (Thermo
Nicolet 8700 spectrometer with a KBr beamsplitter and a
MCT detector cooled by liquid nitrogen).

For mechanical testing, rectangular strips with initial
length between 30 and 70 mm and width from 12 to 18
mm were prepared. The thickness was not monitored. The
mechanical behavior of PLA and PLA with HA (5 and 15 wt
%) in the dry and wet states was studied using a mTester
tensile instrument and the optical system. The mTester
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tensile instrument setup variability enables detection of
generated nominal force ranging from units to hundreds of
Newtons with sensitivities of 0.04 N, 0.1 N, respectively. The
optical system setup consists of the microscope Samsung
SZX 12, obj. DS PLFL 1.2x, which is connected to a high per-
formance digital 12 bit CCD camera (PCO Sensicam and
ImageJ). The rectangular strips of the samples were dis-
sected, the ends were sealed with adhesive tape, mounted
into the grips and two 0.5 mm notches were made in the
middle. The testing protocol consisted of an ultimate tensile
strength test of the samples (n512). In addition, each sam-
ple was marked with two dots and deformed at 1 mm/s.
Movement was recorded by the optical system at 7.82 fps.
At the end, the detected force, time and elongation were
analyzed to determine mechanical properties.

As the samples were relatively thin in comparison to
their length and width, the thickness of samples was consid-
ered constant, and therefore the material parameters were
set relative to the width and length of the samples. In an
effort to distinguish this parameter from commonly used
stiffness and stress, an equivalent stiffness and equivalent
stress (force) was utilized. The abovementioned approach is
legitimate because the method compares only samples from
the same fundamental material of the same thickness. The
detected creep was modeled as a “discontinuous function”
composed from two linear lines, increasing and constant.
The intersection of the lines defines the creep limit in terms
of elongation.

Cell culture conditions
Prior to cell seeding, the materials were washed in distilled
and deionized water for 3 days to avoid any possible effect
of the residue substances from the nanofiber preparation on
the cell behavior. These samples were subjected to addi-
tional analysis by SEM, EDS, ICP-OES, and TGA. The mem-
branes were fixed in CellCrown inserts (Scaffdex, diameter
1.1 cm), sterilized in 70% ethanol for 1 h, and rinsed in dis-
tilled water and in the relevant cell culture medium (see
below). Samples were inserted into polystyrene 12-well cell
culture plates (TPP, Trasadingen, Switzerland) and seeded
with human osteoblast-like MG 63 cells (European Collec-
tion of Cell Cultures, Salisbury, UK) in Dulbecco’s modified
Eagle’s minimum essential medium (DMEM; Sigma, USA,
Cat. No. D5648) or with mouse macrophage-like RAW 264.7
cells (American Type Culture Collection, Manassas, VA) in
RPMI-1640 Medium (Sigma, USA, Cat. No. R 6504), both
supplemented with 10% fetal bovine serum (Sebak GmbH,
Aidenbach, Germany) and gentamicin (40 mg/mL, LEK,
Ljubljana, Slovenia). Each well contained 60,000 cells and 2
mL medium. Cells were cultured in a humidified atmos-
phere containing 5% CO2 in the air. The polystyrene culture
dish was used as a reference material.

Evaluation of the cell growth and viability
On days 1, 3, and 7 after seeding the cells were rinsed with
phosphate-buffered saline (PBS; Sigma, USA), detached from
the materials by a trypsin-EDTA solution (Sigma, USA, Cat.
No. T4174) and counted in a B€urker haemocytometer. Cells

were also cultivated for 7 days under dynamic conditions
using a Mini orbital Shaker SSM1 (Stuart). Speed was set to
50 rpm during the first 24 h and increased to 110 rpm for
the rest of the cultivation period (6 days). Control cells
were cultured under static conditions. The cell proliferation
and viability was evaluated using cell proliferation kit II
(XTT, Roche, Cat. No. 11465015 001). Absorbances were
measured using ELISA Microplate Reader Versa Max (Molec-
ular Devices, Sunnyvale, CA). On day 7, the viability of the
cells was evaluated using a live/dead viability/cytotoxicity
kit for mammalian cells (Invitrogen, Molecular Probes, USA,
Cat. No. L3224).6

Evaluation of the osteogenic cell differentiation
On day 7 after seeding, the presence and spatial arrange-
ment of osteocalcin, that is, an important marker of osteo-
genic differentiation, were visualized in MG 63 cells using
immunocytochemical staining. The concentration of osteo-
calcin was measured per mg of protein in cell homogenates
using an enzyme-linked immunosorbent assay (ELISA).16

Evaluation of the potential cell immune activation
The concentration of TNF-a was measured in cell culture
media after cultivation of RAW 264.7 cells on the tested
materials and on control PS dishes for 7 days using Mouse
TNF-a ELISA Kit (Thermo Scientific, Rockford, IL, Cat. No.
1347.4 EMTNFA). As a positive control for TNF-a produc-
tion, lipopolysaccharide (LPS; Sigma, USA, Cat. No. L 2654,
concentration 0.5 ng/mL) stimulation of cells was used for
the last 24 h of cultivation. The concentrations of TNF-a
were expressed in pg per 100,000 cells.6

Statistical analysis
For fiber size measurement, the statistical analysis was car-
ried out using STATGRAPHICS Centurion XV, StatPoint, USA.
Due to the non-normality of assessed data and due to viola-
tion of the homoscedasticity assumption, the statistically sig-
nificant differences were finally checked by the Kruskal-Wallis
and the Mann-Whitney post hoc tests (p5 0.01, p5 0.05).
The mean values are presented as median6 interquartile
range (IQR). Biological results were expressed as mean-
s6 S.E.M (Standard Error of Mean). Multiple comparison pro-
cedures were performed by the one-way analysis of variance
(ANOVA), Student-Newman-Keuls Method. p values equal to
or less than 0.05 were considered significant. If only two
experimental groups were compared, the t-test was utilized.

RESULTS

Morphology of the scaffolds
The fiber diameter distribution is illustrated using a Box-
and-Whiskers plot (Fig. 1). In pure PLA nanofibrous layers,
the diameter of fibers was in the range of 160–340 nm. The
addition of 5 wt % of HA had a statistically significant influ-
ence (p� 0.01) on increase in fiber diameter, which was in
the range of 287–545 nm. Further statistically significant
differences (p� 0.01) were found when comparing pure
PLA fibers and PLA fibers with 15 wt % of HA (with diame-
ters in the range of 242–729 nm). Representative SEM
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photographs are shown in Figure 2. The 3-day incubation in
distilled and deionized water apparently did not affect the
morphology of the scaffolds (see Supporting Information).
The thickness of the nanofibrous membranes increased with
increasing HA content, being 18, 31, and 33 lm in PLA
membranes with 0, 5, and 15 wt % of HA, respectively. The
cross sectional images of nanofibers are presented in Figure
3. The phase AFM images show that fibers in the 15 wt %
HA group appear to be "rougher" than those in the pure
PLA, which may be caused by the presence of hard ceramic
nanoparticles or nanoparticle aggregates directly under or
on the surface (Fig. 4). TEM images (Fig. 5) confirmed that

HA particles were contained in the fibers (or attached to
the fibers) either as single particles or in clusters. The dis-
tribution of the HA particles was relatively inhomogeneous,
with some fibers containing a large amount of HA, while
others were almost HA-free.

Chemical composition of the scaffolds
EDS confirmed the presence of P and Ca, and thus HA. Sig-
nals for Ca and P were absent in 0 wt %, higher in 5 wt %
and higher still in 15 wt % of HA samples (Fig. 6). A similar
picture was obtained when the samples were washed in dis-
tilled and deionized water for 3 days. This washing led to a
decrease of Ca and P elemental fractions, but with the
exception of the Ca fraction in samples with 5 wt % of HA,
these differences were not statistically significant (see Sup-
porting Information). EDS-based elemental mapping of P, Ca,
C and O revealed that the most intense signals for Ca and P
were observed in spherical regions of diameter approxi-
mately 10 mm or less entangled in the nanofiber network of
5 wt % and 15 wt % of HA samples (Fig. 7). More spherical
regions are present in the 15 wt % than in the 5 wt % of
HA sample.

For each sample, one EDS spot analysis was performed
on three different spherical particles (Fig. 8). Atomic Ca/P
ratios of 1.1060.2 and 1.506 0.1 were obtained for 5 and
15 wt % of HA, respectively. After 3-day washing, these val-
ues amounted to 1.23 and 1.59, respectively. Stoichiometric
HA (Ca5(PO4)3OH) has a theoretical Ca/P ratio of 1.67.

ICP-OES results revealed absence of Ca and P in 0 wt %
samples and increasing amounts of Ca and P with

FIGURE 1. Box-and-Whiskers plot of fiber diameter (n 5 850). Boxes

indicate interquartile range (IQR), whiskers 10–90 percentile range,

outside dots indicate values more than 1.5 times the IQR above or

below the boxes and points more than three times the IQR above or

below the box are indicated by point symbols with superimposed

plus signs. A vertical line is drawn at the median. A plus sign inside

the box indicates the arithmetical average. The notches for median

show median confidence intervals at the 95% confidence level.

FIGURE 2. SEM micrographs of PLA fibers without HA (A,D), PLA fibers with 5 wt % of HA (B,E) and PLA fibers with 15 wt % of HA (C,F).

Bar 5 50 mm (A–C) and 4 mm (D–F). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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FIGURE 3. Cross sectional SEM images of nanofibers containing 0 wt % of HA (A), 5 wt % of HA (B), and 15 wt % of HA (C). Red circle shows a hydroxy-

apatite particle in the nanofibrous mat. Bar 5 100 mm. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

FIGURE 4. AFM images of nanofibers containing 0 wt % of HA (A,B), 5 wt % of HA (C,D) and 15 wt % of HA (E,F). Topographical images (A,C,E),

phase images (B,D,F), bar 5 0.4 mm. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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increasing HA content (Table I). The Ca/P ratios detected
for 5 and 15 wt % of HA samples were 1.28 and 1.52,
respectively. After washing, the Ca/P ratio was measured
only in 15 wt % of HA samples, and it was 1.62.

The real content of HA incorporated into PLA measured
by TGA was found to be lower than the input contents. In 5
and 15 wt % of HA samples, the real content of HA was 3.1
and 11.4 wt %, respectively. After 3-day washing, the con-
tent of HA decreased to 2.1 and 10.5 wt % in 5 and 15 wt
% of HA samples, respectively.

As revealed by ATR-FTIR spectroscopy, the most charac-
teristic bands of pure PLA [Fig. 9(A)] include a broad car-
boxyl O-H related band centered at 3500 cm21, weak bands
in the region 2800–3000 cm21 related to the stretching of
CH2 and CH3 groups, C5O stretching of ester groups at
1757 cm21, CH3 bending at 1455 cm21, wagging vibrations
of CH2 groups at 1366 and 1383 cm21, 5C–O stretching at
1265, 1130, 1089, and 1047 cm21, and CH bending vibra-
tions at 871 cm21. The spectra of PLA with HA [Fig. 9(B,C)]
show the increase of CH bands in intensity in comparison
with pure nanofibrous PLA.

Mechanical properties of the scaffolds
The mechanical tests showed that dry HA-free PLA samples
reached the creep limit rapidly, a small linear elastic region
with maximum 3.576 0.29% elongation and equivalent
stiffness 22.8260.69 mN/mm. Samples remained at this
limit of maximum resisted equivalent force (36.261.09
mN/mm) without any hardening, which covered a relatively
large region of plastic deformation, up to 35.5360.61%
elongation, until rupture occurred. On the other hand, wet
HA-free PLA samples approached the creep limit immedi-
ately, after 0.15% elongation with equivalent stiffness 21.13
mN/mm. The maximum resisted equivalent force was 6.75
mN/mm; however, the region of plastic deformation (35%
elongation) is similar to that of dry HA-free PLA samples.

The PLA samples with 5 and 15 wt % of HA exhibited
similar mechanical behavior. In the dry state, the response
was strictly linear, and represented by equivalent stiffness
15.666 0.53 mN/mm for 5 wt % of HA and 13.3161.19
mN/mm for 15 wt % of HA samples. The samples were rup-
tured at 3.1960.33% elongation (3.5760.21% for 15 wt %
of HA), maximum equivalent force 23.356 1.01 mN/mm

FIGURE 5. TEM images of nanofibers without HA (A), HA nanoparticles (B) and nanofibers with 5 wt % of HA (C) and with 15 wt % of HA (D).

The layers with elliptical openings are the amorphous carbon membranes of the grid used to fix the sample. Bar 5 2 mm (A) and 500 nm (B–D).
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(20.736 1.45 mN/mm for 15 wt % of HA). In contrast, the
wet samples of PLA with 5 wt % of HA and 15 wt % of HA
displayed creep behavior. The equivalent stiffness remained

at a similar level as for the dry samples (11.2760.64 mN/
mm) but the elastic region was dramatically shortened within
the elongation reached (0.6260.23%). The rupture occurred
at 11.36 3.26% elongation, maximum equivalent force
2.176 0.98 mN/mm.

Cell growth and viability
On days 1 and 7 after seeding, the number of MG 63 cells
was higher on control polystyrene (PS) than on PLA-based
samples. Among these samples, however, the cell number
was the highest on samples with 15 wt % of HA on day 7
[Fig. 10(A,B)]. The growth curve of cells cultured on the 0
wt % of HA samples had an ascending trend from day 1 to
day 3, but from day 3 to day 7 the growth of the cells was
more or less stagnant. On the other hand, the situation was
reversed on samples with 5 or 15 wt % of HA, where the
ascending growth trend was detected between day 3 and
day 7 [Fig. 10(C)]. In accordance with these results, XTT
test revealed significantly higher quantity of metabolically
active cells on the PLA with 15 wt % of HA after 7 days of
static cultivation. Similar results were found on samples cul-
tivated under the dynamic conditions. Also, under these
conditions, the cell metabolic activity was improved, which
was more apparent on nanofibrous samples than on PS (Fig.
11). Live/dead staining on day 7 revealed no considerable
cytotoxic effect caused by PLA scaffolds or by HA incorpo-
rated into the PLA. Cells created confluent layers on all
tested materials on day 7 (Fig. 12).

Osteogenic cell differentiation
The presence of osteocalcin in cells grown on the tested
materials was proved by immunofluorescence staining.
Osteocalcin was brightly stained, creating typical dot-like
structures in the cell cytoplasm (Fig. 13). ELISA revealed a
significantly higher concentration of osteocalcin in cells
grown on PLA with 15 wt % of HA than in cells on the pure
PLA [Fig. 14(A)]. However the concentrations of osteocalcin
in cells on the samples with 15 wt % of HA did not reach
the values on the control PS.

Potential cell immune activation
Potential immune activation of cells on the tested materials,
measured by the levels of TNF-a released into the cell cul-
ture media, was relatively low. For the PLA-based materials,
these levels ranged between 4.8 and 5.3 pg/100,000 cells,
while after LPS treatment of cells, these values amounted to
21 pg/100,000 cells [Fig. 14(B)].

DISCUSSION

It was found that loading the PLA nanofibers with HA
changed their morphology, chemical composition and mechan-
ical properties, and increased their ability to support cell colo-
nization and osteogenic cell differentiation.

Measuring the diameter of PLA fibers (Fig. 1) revealed
that with increasing HA content, the fibers became thicker
and more irregular in shape. Their diameter was, in fact, of
submicron size, because the size of nanostructures is defined
to be equal to or less than 100 nm.10 However, in a wide

FIGURE 6. EDS spectra and elemental composition of nanofibers con-

taining 0 wt % of HA (A), 5 wt % of HA (B), and 15 wt % of HA (C).

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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FIGURE 7. SEM and EDS-based elemental mapping images of nanofibers containing 0 wt % of HA (A–C), 5 wt % of HA (D–H) and 15 wt % of HA

(I–M). SEM image of area analyzed by EDS mapping (A,D,I), EDS-based elemental mapping images for carbon (B,E,J), oxygen (C,F,K), calcium

(G,L), and phosphorus (H,M). Bar 5 100 mm. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

FIGURE 8. SEM-EDS spot analysis of a spherical HA particle in a sample with 5 wt % of HA (A,C) and in a sample with 15 wt % of HA (B,D). EDS

spectra and elemental composition (A,B) corresponding to the marked spot on the secondary electron micrograph (C,D). Bar 5 20 mm. [Color fig-

ure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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range of studies, the submicron-scale fibers are commonly
referred to as nanofibres.1,11,12 Also, from the SEM photo-
graphs (Fig. 2), it is evident that the fibers with HA, particu-
larly those with 15 wt % of HA, are mostly thicker than the
pure PLA fibers. Similar results were obtained in PLGA with
0.5 to 15 wt % of HA, where a tendency for the fiber diame-
ter to increase with the HA content was observed.12 On the
other hand, some authors reported that the fiber diameter
decreased with increasing HA concentration, for example, in
PLA scaffolds with 5 or 20 wt % of HA11 or in composite
PCL/PLA/HA nanofibrous scaffolds.4 The decrease of the
fiber diameter was explained by a lower viscosity of the poly-
mer solution after addition of HA nanoparticles. The mea-
surement of the thickness of the nanofibrous membranes
also showed the enlargement of the fibers with HA incorpo-
ration (Fig. 3).

AFM and TEM analysis (Figs. 4 and 5) revealed that HA
was incorporated quite inhomogeneously throughout the
scaffolds and formed clusters. The EDS-based elemental
mapping also showed that the most intense signals for Ca
and P were observed in spherical regions (Fig. 7). Similar
results were also observed in our earlier study performed
on PLGA nanofibers loaded with nanodiamond particles.6

These findings indicate that vortexing and sonication, used
in our studies, was probably not fully sufficient to prevent
the clustering of nanoparticles. On the other hand, Jeong
et al. reported homogeneous distribution of HA nanopar-
ticles exclusively inside poly(L-lactide) (PLLA) fibers with-
out forming lumps on the fibers or between them. This
favorable result was attributed to proper adjustment of the
parameters during electrospinning, such as the solvent con-
centration, voltage and infusion speed.11

ICP-OES determination of elemental Ca and P contents
(Table I) was consistent with EDS results. Before washing,
4.1 and 3.4 times as much Ca and P, respectively, was pres-
ent in 15 wt % samples compared to 5 wt % samples, and
this trend remained similar after washing (see Supporting
Information). Three-day washing of the composite mem-
branes in distilled and deionized water generally resulted in
minor decreases in Ca and P content and a slight increase
in the Ca/P molar ratio. This ratio in the 15 wt % samples
(1.52 before and 1.62 after washing) was closer to that of
stoichiometric HA (1.67) than that in the 5 wt % of HA
group (comparable also with the EDS spot analysis; Fig. 8)
and was close to the value typical for so-called calcium-defi-
cient HA (CDHA) which is similar to biological bone apatite.
CDHA of Ca/P ratio 1.5 improved viability and alkaline
phosphatase activity in MG 63 cells and led to a faster deg-
radation time in comparison with HA of Ca/P ratio 1.67.8

TGA revealed that the final contents of HA in PLA were
lower than the initial ones. The loss could be due to the
sedimentation of HA during the nanofiber preparation.
From electrospinning practice, it is known that the incorpo-
ration of various bioactive substances, including nanopar-
ticles, into nanofibers is about 75–80% of the substance
added to the initial solution. Another explanation could be
dissolution of HA by acidic degradation products of PLA.
Further moderate loss of HA after 3-day washing of the
composite scaffolds in water could be due to dissolution or
release of HA particles not firmly attached to the fiber
surface.

Analysis of mechanical properties showed that wetting
of the samples promoted creep behavior. In the dry state,
only PLA without HA showed creep behavior. The PLA with
5 and 15 wt % of HA had only an elastic region and dis-
played a very fragile response. The increase of HA in the
materials caused a decrease of force that is needed for
material failure. The results also showed that the elastic
reversible region is generally very small, decreasing with
the percentage of HA and, with wetting, as much as five
times, mostly for HA-containing materials. These results are
in accordance with the generally known brittle nature of HA
and other ceramics, which limits the use of these materials
in load-bearing applications.11 On the other hand, HA is

TABLE I. Mass Percentage of Samples Attributable to

Elemental Ca and P Calculated from ICP-OES Data

Sample

Mass Percentage
Attributable to
Element (%)

Ca/P Molar
RatioCa P

0% HA 0.10 0.19 0.43
5% HA 1.17 0.71 1.28
15% HA 4.78 2.44 1.52

FIGURE 9. Infrared spectra of nanofibers containing 0 wt % of HA (A),

5 wt % of HA (B), and 15 wt % of HA (C). [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]
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commonly believed to reinforce the nanofibrous scaf-
folds,4,12 and its addition to PLA nanofibers stabilized their
tensile strength, elongation and Young’s modulus.11

The number of MG 63 cells was higher on control PS than
on PLA samples [Fig. 10(A,B)]. This was probably caused by a
limited cell–material contact on fibrous scaffolds compared to
planar (flat) substrates6,7 rather than by the material cytotox-
icity, because staining with a live/dead kit revealed similar
viability of cells on control PS dishes and all nanofibrous scaf-
folds (Fig. 12). These findings are compatible with a similar
study on PLA/HA composites with 5 and 20 wt % of HA,

which did not cause any cytotoxicity or considerable inhibition
of cell proliferation.11 Moreover, on day 7, the cell number on
our PLA samples was positively correlated with the HA con-
centration and was highest on samples with 15 wt % of HA
[Fig. 10(B)]. This result was further confirmed by results of
the XTT test performed under both static and dynamic condi-
tions (Fig. 11). Also in studies by other authors, the enrich-
ment of PLA-based or other polymeric nanofibrous scaffolds
with HA stimulated the proliferation of osteogenic cells,4,13

which can be explained by upregulated expression of genes
associated with cell proliferation by HA,17 direct mitogenic

FIGURE 10. Number of human osteoblast-like MG 63 cells on day 1 (A) and day 7 (B) after seeding and growth curves of these cells (C) in cultures

on control polystyrene (PS), PLA without hydroxyapatite (0% HA), PLA enriched with 5 wt % of HA (5% HA) and on PLA with 15 wt % of HA (15% HA).

Means 6 SEM from three samples, each measured two times. ANOVA, Student-Newman-Keuls method. Statistical significance (p�0.05) in compari-

son with other experimental groups is indicated by the names of these groups above the columns. The cell number is given per cm2 and this area is

representative of the surface area. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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effects of HA crystals,18 and also by the reinforcement of the
material and its functioning as a stronger support for cell col-
onization.11,13 The growth curves [Fig. 10(C)] suggest that cell
growth on HA-containing scaffolds was slightly delayed,
although the final cell population densities increased with
increasing HA concentration. Analogical results were found in
MC3T3-E1 cells on PLLA scaffolds loaded with 20 wt % of

HA. On day 7 after seeding, the cell number on these scaffolds
was lower than on pure PLLA scaffolds, but on day 21, on
average it became higher.11

Cultivation under the dynamic conditions improved over-
all proliferation of the cells, probably because of the better
access of the nutrients and oxygen to the cells, quicker waste
removal and also mechanical stimulation of cells. Circular
movement of the shaking plate induced flow of the culture
medium, and this type of mechanical stimulation has been
reported to promote the proliferation of cells.19

The osteocalcin analysis suggested that the 15 wt % of
incorporated HA had a positive impact on cell differentia-
tion. The amount of Ca and P released from these scaffolds
could be higher than from the scaffolds with 5% HA. It is
known that dissolution of various biomaterials containing
Ca and P, such as HA20 or silica-calcium phosphate compo-
sites21 increase the osteogenic cell differentiation. Also the
addition of Ca ions directly to the culture media stimulated
the production of osteocalcin.20 Another factor promoting
the osteogenic cell differentiation could be the hard areas
found in the 15 wt % of HA sample by AFM.

Even though no cytotoxicity of the tested scaffolds was
observed, there can be some negative impact on the cells,
such as cell immune activation, which is calculable for
example, by production of TNF-a. TNF-a is a cytokine asso-
ciated with inflammation and cancer development (for a
review, see Ref. 6). In our previous study,6 almost no
response of MG 63 cells to the LPS treatment was observed,
even when relatively high concentrations of LPS were

FIGURE 11. XTT assay (cell proliferation kit II) of MG 63 cells on day

7 after seeding on control polystyrene (PS), PLA without hydroxyapatite

(0% HA), PLA enriched with 5 wt % of HA (5% HA) or with 15 wt % of HA

(15% HA) cultured under static (s) or dynamic (d) conditions. Mean-

s 6 SEM from three samples, each measured three times. ANOVA,

Student-Newman-Keuls Method. Statistical significance (p� 0.05) in

comparison with other experimental groups is indicated by the names of

these groups above the columns. Student’s t-test applied for two experi-

mental groups comparisons. *There is a statistically significant difference

for the two (static vs. dynamic) input groups. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

FIGURE 12. Live/dead staining of MG 63 cells on day 7 after seeding on control PS (A), PLA with 0 wt % of HA (B), 5 wt % of HA (C), and with 15

wt % of HA (D). Fluorescence microscope Olympus IX 71, obj. 103, bar 5 500 mm. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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FIGURE 13. Immunofluorescence staining of osteocalcin in MG 63 cells on day 7 after seeding on control PS (A), PLA with 0 wt % of HA (B), 5 wt %

of HA (C), and with 15 wt % of HA (D). The cell nuclei were counterstained with propidium iodide. Confocal microscope Leica SP2 AOBS, bar 5 21 mm.

A: obj. 203; zoom 7.23; B–D: obj. 633; zoom 2.253. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

FIGURE 14. Concentration of osteocalcin in MG 63 cells on day 7 after seeding on PLA nanofibrous materials and on control PS. Measured by

ELISA per mg of protein, absorbance values were expressed in % of values obtained from cells grown on control PS. Mean 6 SEM from six

independent samples for each experimental group; each sample measured four times (A). Concentration of tumor necrosis factor-alpha (TNF-a)

in culture media taken from RAW 264.7 cells cultured on PLA nanofibrous materials and on control PS for 7 days. Positive control (LPS): Cells

after 24-h stimulation with bacterial lipopolysaccharide (0.5 ng/mL) (B). Mean 6 SEM from three independent samples for each experimental

group (each measured twice). ANOVA, Student-Newman-Keuls method. Statistical significance (p� 0.05) in comparison with other experimental

groups is indicated by the names of these groups above the columns. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]



applied (up to 10 lg/mL). Therefore, macrophage-like RAW
264.7 cells were used for the evaluation. A positive response
to the LPS stimulation was obtained, even when a low con-
centration of 0.5 ng/mL of LPS was applied to the cell cul-
ture media. No significant increase in TNF-a level was
detected in connection with HA incorporation into the PLA.

CONCLUSION

The nanofibrous PLA scaffolds enriched with 5 or 15 wt %
of HA provided a good support for the adhesion, growth, and
osteogenic differentiation of human osteoblast-like MG 63
cells. At the same time, no significant immune activation of
the macrophage-like RAW 264.7 cells cultivated on the tested
scaffolds was observed. Thus, these scaffolds are promising
as cell carriers for bone tissue engineering, particularly in
non-load-bearing applications.
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