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Abstract Titanium dioxide (TiO2) nanoparticles were

investigated for bone tissue engineering applications

with regard to bioactivity and particle cytotoxicity.

Composite films on the basis of poly(D,L lactid acid)

(PDLLA) filled with 0, 5 and 30 wt% TiO2 nanopar-

ticles were processed by solvent casting. Bioactivity,

characterised by formation of hydroxyapatite (HA) on

the materials surface, was investigated for both the free

TiO2 nanoparticles and PDLLA/TiO2 composite films

upon immersion in supersaturated simulated body fluid

(1.5 SBF) for up to 3 weeks. Non-stoichiometric HA

nanocrystals (ns-HA) with an average diameter of

40 nm were formed on the high content (30 wt% TiO2)

composite films after 2 weeks of immersion in 1.5 SBF.

For the pure PDLLA film and the low content

composite films (5 wt% TiO2) trace amounts of ns-

HA nanocrystals were apparent after 3 weeks. The

TiO2 nanopowder alone showed no bioactivity. The

effect of TiO2 nanoparticles (0.5–10,000 lg/mL) on

MG-63 osteoblast-like cell metabolic activity was

assessed by the MTT assay. TiO2 particle concentra-

tions of up to 100 lg/mL had no significant effect on

MG-63 cell viability.

1 Introduction

Scaffolds for bone tissue-engineering and bone ana-

logue materials should be processed to mimic the

biological and mechanical properties of bone [1].

Composites made of biodegradable polymers contain-

ing bioinert or bioactive ceramic phases attract

increasing interest because the mixed material compo-

sition can exhibit favourable mechanical properties

and can eliminate elastic modulus mismatch and stress

shielding effects when used as bone replacement

material or as scaffold for bone regeneration [2–5].

Biomimetics, i.e., mimicking the structure and surface

of living tissues in artificial materials, is considered a

promising method for designing improved biomaterials

by helping to prevent fibrous encapsulation and pro-

moting osseointegration [6]. Insufficient bond to bone

tissue is considered a major cause of aseptic implant

failure and it is often associated with implant deteri-

oration and generation of wear particles [7, 8]. Partic-

ulate wear induces a local inflammatory response that

leads to periprosthetic osteolysis and aseptic implant

loosening [9–11].

Hydroxyapatite (HA), alumina or TiO2 nanocrystals

(i.e., crystals with grain sizes <100 nm [12]) possess the

ability to simulate the nanometre surface topography

and roughness found in osseous tissue [13–15]. In

several investigations, ceramic nanoparticles used in

bone replacement materials have been shown to
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influence positively the cellular behaviour compared to

conventional particles in micrometer dimensions [13–

20]. Thus, ceramic nanoparticles may have greater

efficacy for bone tissue engineering applications, than

micro-sized particles, e.g., TiO2 nanoparticles are being

considered in implant or scaffold design strategies to

induce differences in cellular behaviour [16–20]. TiO2

nanoparticles may affect the cellular behaviour differ-

ently to micro-sized particles and these properties may

be utilized to improve osseointegration.

In this study, PDLLA-based composite films filled

with different TiO2 nanoparticles concentrations

(5, 30 wt%) were exposed to supersaturated simulated

body fluid (1.5 SBF) to assess bioactivity, i.e., to

examine the ability of the polymer-ceramic composites

to nucleate and deposit HA crystals on the materials

surface in vitro. This process is known in literature as

the ‘‘biomimetic process’’ [6, 21–24]. Since preliminary

experiments in our laboratory have shown no evidence

of bioactivity by soaking the composites in standard

SBF [25], a tailored, modified simulated body fluid with

ion concentrations 1.5 times those of SBF was used.

Bone tissue engineering scaffolds and bone prosthe-

ses designed with ceramic nanoparticles (TiO2, Al2O3,

HA) may release wear debris nanoparticles. Subse-

quently, bone cells would come into direct contact with

the particles leading to nanoparticle-cell interactions.

For this reason, the cytotoxic effects of TiO2 nanopar-

ticles on cellular functions of osteoblast-like MG-63

cells were investigated.

2 Experimental

2.1 Materials

Polymer granules of amorphous poly(D,L lactid acid)

(PDLLA) with an inherent viscosity of 1.62 dL/g were

obtained from Purac (Purasorb PDL, Purac biochem,

Gorinchem, The Netherlands) and used to produce the

film matrix.

As filler material for the composite films as well as

particles for the cell culture experiment, commercially

available TiO2 nanopowder (Aeroxide� P25, Degussa,

Frankfurt a. M., Germany) with an average size of

21 nm and a specific surface area of 50 m2/g was

employed. Crystallographically, the nanoparticles con-

sist of approximately 80% anatase and 20% rutile [26].

2.2 Sample preparation

A polymer stock suspension was prepared in three

separated centrifuge tubes. The PDLLA pellets were

dissolved in dimethyl carbonate (DMC, Sigma-Al-

drich, Steinheim, Germany) to produce an initial

polymer weight to solvent ratio of 5% (w/v) by

interspersing 600 mg of PDLLA in 12.0 mL of DMC.

The polymer stock suspension was then magnetically

stirred for at least 12 h to obtain a homogeneous

polymer solution. For the composites, TiO2 nanopar-

ticles were added to a final concentration of 5 and

30 wt% with respect to the polymer.

Subsequently, the mixture was sonicated for 30 min

at 250 W (Ultrawave JP200, Ultrawave, Cardiff, UK)

to improve the dispersion of TiO2 particles in the

polymer solution and to destroy possible titanium

dioxide agglomerations. Glass slides (Microscope

Glass Slides, BDH, Dorset, UK) were pre-treated with

sugar acid etchant for improved adhesion of the

PDLLA-based films to avoid peeling off effects during

film immersion in 1.5 SBF.

Prior to solvent casting, the glass slides used as

substrate for the films were degreased and washed by

soaking in HCl (1N), acetone and finally DMC. Then,

an aliquot (1 mL) of the polymer-ceramic solution was

cast and spread onto the glass slides (76 mm · 26 mm)

using a pipette.

The slides were carefully covered with Petri dishes

for 24 h to ensure slow DMC solvent evaporation.

Altogether, three different series of PDLLA films

containing 0, 5 or 30 wt% TiO2 nanoparticles were

fabricated and exposed to 1.5 SBF. The nominal

thickness of the films was in the range 10–15 lm.

2.3 Immersion procedure in 1.5 mM simulated

body fluid (1.5 SBF)

In vitro bioactivity studies were carried out using

supersaturated SBF (1.5 SBF). 1.5 SBF was prepared

on the basic formulation of conventional SBF [27], which

contains ion concentrations nearly equal to those of

human blood plasma. Supersaturated SBF was prepared

by dissolving respective amounts of NaCl, NaHCO3,

KCl, K2HPO4�3H2O, MgCl2�6H2O, CaCl2�2H2O, and

Na2SO4 (Sigma-Aldrich, Steinheim, Germany) into

ultra-pure water (Ultrapure water system, Nanopure

Diamond, Barnstead Thermolyne, Dubuque, USA).

The 1.5 SBF solution was buffered by 75 mM tris(hy-

droxyl-methyl) aminomethane and adjusted at 37 �C to

a physiological pH 7.25 by approximately 67.5 mM

hydrochloric acid (HCl) [27].

After solvent evaporation overnight, the films were

carefully rinsed with 70% ethanol and twice with

ultrapure water. Then, each film attached to the glass

slides was vertically positioned in a separate centrifuge

tube, and subsequently 35 mL of supersaturated SBF
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(37 �C) was added. The ratio of film mass to SBF

solution volume was ~0.7 g/L. The films were then

transferred to an orbital shaker (C24 Incubator Shaker,

New Brunswick Scientific, Edison, USA), which

rotated at 175 rpm at a controlled temperature of

37 �C. The SBF was refreshed every 5 days after the

start of the experiment. The films were collected after

4, 7, 14 and 21 days of incubation, followed by rinsing

in ultrapure water. The samples were then stored in a

desiccator prior to analysis.

For the assessment of the bioactive characteristics of

the particles themselves, an amount of 100 mg of TiO2

powder was placed in a centrifuge tube. Then, 30 mL

of 1.5 SBF was added. The nanoparticle-SBF mixture

was incubated for 3 weeks using the orbital shaker that

maintained a constant temperature of 37 �C and

rotated at 175 rpm. At the point of extracting the

powder from supersaturated SBF, a thin spoon was

used and the wet powder was placed in a glass Petri

dish. The powder was gently rinsed using acetone with

subsequent solvent evaporation overnight under a

fume hood.

2.4 Composite film characterisation

All the films were inspected with a field emission gun

scanning electron microscope (FEG-SEM LEO 1525,

Carl Zeiss SMT, Cambridgeshire, UK) to obtain high-

resolution low voltage surface images with minimal

damage to the polymer. Surface morphology, film

homogeneity and uniformity of the dispersion of TiO2

nanoparticles in the PDLLA matrix as well as possible

particle agglomeration within the composites were

qualitatively characterised. Small pieces of the films

were mounted on metallic stubs using double-sided

adhesive carbon tapes and sputtered for 2 min with

gold. Accelerating voltages in the range of 5–15 kV

were used for the examination of microstructures on

cross-sections and to observe surface topography.

Secondary electron images (SEI) were usually taken

since the topography of the composite films was of

major interest.

To quantitatively characterise the surface topogra-

phy of the as-prepared composite films, scanning white

light interferometry was carried out using a ZygoTM

metrology system (NewView 200, Zygo, Middlefield,

CT, USA) equipped with the MetroProTM software.

As-prepared and degraded films after immersion in

1.5 SBF were also characterised by Raman spectros-

copy (RM 2000, Renishaw, Gloucestershire, UK)

connected to a Leica microscope (objective magnifica-

tion · 20, NA = 0.4). The samples were illuminated

with a 785 nm diode laser (~300 mW) and the

subsequent spectra were recorded for 20 s in the

wavenumber interval of 250–1900 cm–1. Five different

locations within a sample area of approximately 1 cm2

were examined for each film since non-homogeneous

formation of HA on their surfaces was expected. Three

spectra per location were recorded.

Selected films were analysed using a powder dif-

fraction system (Philips PW1710, Eindhoven, The

Netherlands), in order to confirm the crystallinity of

possible HA formation. The films were exposed to high

energetic (Cu–Ka, k = 1.5406 Å) X-rays and the 2h
angles were recorded using a scintillation counter in

the 2h interval between 5� and 65� at scan steps sizes of

0.04� and a detection time of 1.5 s per scan.

2.5 Cells and culture conditions

The human bone-like osteosarcoma cell line MG-63

was obtained from the European Collection of Cell

Cultures (ECCAC, Salisbury, UK). All cell culture

reagents were purchased from Gibco, Paisley, UK, if

not otherwise stated. The cells were cultured in

Dulbecco’s Modified Eagles Medium (DMEM) sup-

plemented with 10% foetal bovine serum, 1% non-

essential amino acids, 1% L-glutamine (0.2 M) and

1% of antibiotic and antimycotic (10,000 Units/mL

penicillin, 10 mg/mL streptomycin and 25 lg/mL

amphotericin B). The osteoblast-like cells were incu-

bated at 37 �C and 5% CO2. Prior to the experiments,

MG-63 cells were trypsinised using trypsin/EDTA for

5 min, centrifuged at 200 · g for 5 min, and resus-

pended in the medium.

2.6 Particle preparation, cell seeding and treatment

of cells with TiO2

Titanium dioxide nanoparticles were sterilised by

prolonged (4 cycles) steam treatment in an autoclave

at 134 �C and 2.05 bar. Prior to a final nanoparticle

dilution, a 10 mg/mL stock solution (mixture of 100 mg

TiO2 in 10 mL DMEM) was sonicated in an ultrasonic

bath (Ultrawave JP200, Ultrawave, Cardiff, UK) for

20 min at 250 W and vortexed (Clifton Cyclone Vortex

Mixer CM-1, Nickel-Electro, North Somerset, UK) for

30 s at full power in order to disseminate possible TiO2

particle agglomerations.

Cells were seeded at a concentration of 10,000 cells/

well in a 96-well plate. After a 24 h incubation period

the cells were observed under an inverse phase

microscope to assess cell morphology. Cell culture

medium was then aspirated and 0.2 mL of fresh

medium supplemented with TiO2 nanoparticle concen-

trations between 0.5 lg/mL and 10,000 lg/mL added.
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Control groups included untreated MG-63 cells (no

inoculation with TiO2) and cells treated with 250 lM

Triton X-100 (VWR, Dorset, UK).

MTT assays were performed as previously reported

[28]. Briefly, MTT salt solution (5 mg/mL) was added

5 h prior to the end of the 24 h TiO2 nanoparticle

incubation to allow cellular tetrazolium metabolism.

After 5 h DMSO (Sigma-Aldrich, Steinheim, Ger-

many) was added to solubilise formazan crystals, and

absorption was measured using a microplate reader

(Anthos 2020, Anthos Labtec, Wals/Salzburg, Austria)

at a wavelength of 570 nm with a reference wavelength

of 620 nm.

2.7 Statistical analysis

MTT experiments were repeated three times. The

percentage mitochondrial respiratory activity (viability

of MG-63 osteoblast-like cells) was expressed as

average values ± standard deviation for each group

of cells (untreated cells, cells treated with TiO2

nanoparticles, cells treated with Triton X). Differences

between the treated groups and the untreated cells

(control) were assessed by one-way variance analysis

(ANOVA) followed by Dunnett test. Statistical signif-

icance was measured at a probability p<0.05.

3 Results

3.1 Morphology of the as-prepared composite films

SEM micrographs of the PDLLA film containing no

titanium dioxide nanoparticles (Fig. 1a) had a smooth

surface with no evidence of surface topography. The

composite of PDLLA film incorporated with 5 wt%

TiO2 (Fig. 1b) shows an evenly distribution of TiO2

nanoparticles with few agglomerates. Similarly, the

PDLLA composite filled with 30 wt% TiO2 (Fig. 1c)

has an even distribution of nanoparticles but there are

also some large agglomerates of titanium dioxide

present. The SEM micrographs of the composite films

also indicate that the titanium dioxide nanoparticles

are not directly exposed on the composite surface but

rather embedded in the PDLLA matrix.

It can be qualitatively noted that an increasing

percentage of TiO2 nanoparticles present in the com-

posites results in rougher surfaces as well as greater

fracture surface areas. This observation was corrobo-

rated by surface characterisation via white light inter-

ferometry (ZygoTM). There is a notable increase in the

average surface roughness, characterised by the param-

eter Ra, with Ra = 3.51 for the composite film with

30 wt% TiO2 nanoparticles compared to Ra = 0.86 for

films with 5 wt% TiO2 (Fig. 2) and Ra = 0.63 for the

pure PDLLA sample. In other words, the PDLLA

films containing 30 wt% TiO2 possess 4 times and 5.6

times higher roughness value, compared to the low

content (5 wt% TiO2) and pure PDLLA films, respec-

tively.

Fracture surfaces of composite films containing

either 5 or 30 wt% TiO2 showed relatively well

distributed titanium dioxide nanoparticles throughout

the approximately 10–15 lm thick PDLLA film matrix,

Fig. 1 SEM micrographs of as-prepared PDLLA films: (a)
without TiO2 nanoparticles, (b) containing 5 wt% TiO2 nano-
particles, and (c) containing 30 wt% TiO2 nanoparticles.
A smooth surface can be observed in (a). Film roughness
increases with increasing concentration of TiO2 nanoparticles
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as shown in Fig. 3 for the composite film with 30 wt%

TiO2. The fracture surfaces also exhibited a rough

appearance due to the nanoparticles being debonded

from and pulled out of the matrix. This shows that the

method of incorporating titanium dioxide into the

PDLLA matrix was successful and confirmed that

nanoparticles were fully embedded in the polymer. It

also demonstrates that the interfaces between TiO2

nanoparticles and PDLLA matrix are relatively weak.

This should have implications on the mechanical

properties of the composites. For example, particle

debonding due to weak particle/matrix interface can

activate toughening mechanisms required to increase

fracture toughness [29].

3.2 Possible bioactivity of PDLLA/TiO2

composites and TiO2 nanoparticles

The bioactive behaviour of the films was assessed by

immersion in 1.5 SBF for different periods of time. The

composite films were characterised after immersion in

1.5 SBF for 4, 7, 14 and 21 days. Possible formation of

stoichiometric or non-stoichiometric HA was assessed

and monitored by observing the Raman peak at

wavenumber 960–963 cm–1 as a function of immersion

time. Results of the Raman spectroscopy investigations

are shown in Figs. 4 and 5.

Raman spectroscopy revealed no clear evidence of

HA crystal formation following short-term immersion

periods, i.e., after 4 and 7 days, in samples exposed to

1.5 SBF. Some trace amounts of non-stoichiometric

HA may be present after 7 days on the PDLLA film

containing 30 wt% TiO2 nanoparticles as a small peak

at 961 cm–1 was occasionally observed. Thus, nucle-

ation of HA crystals has possibly taken place after

7 days of immersion in 1.5 SBF in composite films

containing 30 wt% TiO2. There was clear evidence of

Fig. 3 SEM micrograph showing the fracture surface of a
PDLLA composite film with 30 wt% TiO2. The fracture surface
exhibits TiO2 particle debonding
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Fig. 4 Raman spectra of different films investigated. (a)
As-prepared PDLLA film, (b) as-prepared PDLLA film con-
taining 5 wt% TiO2, (c) as-prepared PDLLA film containing
30 wt% TiO2, (d) PDLLA film after 3 weeks in 1.5 SBF, (e)
PDLLA film containing 5 wt% TiO2 and (f) PDLLA film
containing 30 wt% TiO2 after 3 weeks in 1.5 SBF. Only in the
latter spectrum (f) there is evidence of ns-HA due to a distinctive
peak at 961 cm–1 [30, 31]. For all other samples the apparent
characteristic peaks of PDLLA can be observed at 875 and
1452 cm–1 [32, 33]. The spectra are average spectra obtained
from five different locations on the films

Fig. 2 Surface profile of a PDLLA composite film containing
5 wt% TiO2. The profile exemplarily shows the interferometric
roughness measurement (Ra = 0.86) obtained from a surface area
of 0.29 mm · 0.22 mm
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Fig. 5 Time dependent formation of HA on PDLLA films
containing 30 wt% TiO2: (a) as-prepared, (b) after 4 days, (c)
after 7 days, (d) after 14 days, (e) after 21 days of incubation in
supersaturated SBF. The greatest change occurs between 7 days
and 14 days where formation of ns-HA was triggered
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apatite structure after 14 days and 21 days for the

PDLLA film containing 30 wt% TiO2 as shown in

Fig. 5, whilst no HA formation was observed for the

entire incubation period when pure PDLLA samples

were studied in the same conditions. Moreover, some

trace amounts of HA were detected even for the low

content TiO2 composite film (5 wt%), after immersion

periods of 14 and 21 days (results not shown).

As mentioned above, characteristic HA Raman

peaks were observed at 961 cm–1; which indicates that

non-stoichiometric HA (ns-HA) crystals have been

formed on the surfaces of the PDLLA-based films.

Stoichiometric HA has a distinctive peak at 963 cm–1

whereas non-stoichiometric HA mineral (e.g., in bone)

exhibits a vibrational Raman peak at 961 cm–1 [30, 31].

The stretching of the phosphate (PO4) band at 960 cm–1

shifts slightly from the respective band of stoichiometric

HA (963 cm–1) possibly due to carbonate (CO3)–

substitution or other ions/substitutes (e.g., Mg, Cl–)

coming from the SBF solution. This happens also often

in normal bone where the channel site, i.e., the hydroxy

group (OH)– of Ca10(PO4)6(OH)2, can be occupied by

several ions leading to non-stoichiometry. Substitu-

tional sites in the HA structure (Ca10(PO4)2(OH)2 can

be occupied not only by OH–, but also by other ions

(e.g., Cl–, Mg2+) leading to non-stoichiometry. Char-

acteristic peaks of PDLLA can be observed at 875 and

1452 cm–1 [32, 33]. The 875 cm–1 peak corresponds

to –C–C stretching [32, 33], and the 1452 cm–1 is

related to antisymmetric bending of the –CH3 (methyl)

band. A time dependant formation of HA on the

surface of the PDLLA films containing 30 wt% TiO2

was observed (Fig. 5). The distinct ns-HA peak [30]

(wavenumber 961 cm–1) increased with time. There

was a progressive HA formation from day 14 to day 21

of incubation, as shown in Fig. 5.

The XRD pattern for the composite film containing

30 wt% TiO2 after 14 and 21 days of incubation in 1.5

SBF showed a broad peak at the 2h diffraction angle of

32�, which is typical for poorly crystalline HA (Fig. 6)

[34]. This finding differs from results on the film

containing 5 wt% for which no crystalline peaks of HA

were observed after 14 and 21 days of immersion in 1.5

SBF.

SEM examination of all tested samples (0, 5 and

30 wt% TiO2) indicated changes in the appearance and

morphology (microstructure) of the films after 14 and

21 days of incubation in 1.5 SBF. SEM images revealed

some small HA crystals on the surface of the pure

PDLLA film and of the low content (5 wt% TiO2)

PDLLA film after 21 days of immersion in 1.5 SBF

(Fig. 7), which had not been detected by Raman

spectroscopy. This discrepancy is probably due to the

Raman spectroscopy sampling method and the heter-

ogeneous distribution HA crystals on the film surface.

SEM examination of 30 wt% TiO2 containing sam-

ples after immersion in 1.5 SBF clearly indicated

formation of HA crystals after 14 and 21 days

(Fig. 8), as detected by Raman spectroscopy and

XRD analysis. The comparison of Fig. 8a and b

qualitatively indicates a trend of increasing HA forma-

tion from day 14 to day 21 of incubation. Although HA

formation is more dispersed on the image in Fig. 8b, the

overall amount of HA in both images does not

apparently seem significantly distinct. However,
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Fig. 6 XRD patterns of PDLLA films containing 5 wt% and
30 wt% TiO2 nanoparticles after immersion in 1.5 SBF for
14 days (a, b) and 21 days (c, d), respectively. There is no
evidence of HA formation after 14 days when comparing the
patterns with the reference spectrum of HA (also shown in the
figure). The only peaks observed are those corresponding to the
phases of the starting TiO2 material (anatase and rutile).
However, for the films containing 30 wt% TiO2 nanoparticles,
after immersion in 1.5 SBF for 14 and 21 days, there is a broad
HA peak at the 2h diffraction angle of 32� [34]. The broad bumps
between 2h diffraction angles of 10 and 25� are due to the
amorphous PDLLA matrix

Fig. 7 SEM micrograph of a film containing 5 wt% TiO2

nanoparticles after 21 days immersion in 1.5 SBF. The film
exhibits some trace amounts of HA crystals (small white spots),
attached and irregularly distributed on the film surface. The
cracks visible within the polymer matrix are artefacts due to the
electron beam. The arrows indicate the small HA crystals. A
similar surface topography was observed for pure PDLLA films
after 21 days immersion in 1.5 SBF
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Raman spectra obtained on five different locations

have indicated a progressive formation of HA between

14 and 21 days incubation, as reported in Fig. 5.

Moreover, a homogeneous distribution of HA crys-

tals with an average particle size of approximately

40 nm was observed on the 30 wt% TiO2 containing

film after 14 days incubation as Fig. 9 shows. The

formed crystals seem to be well bonded to the film

surface and somewhat embedded into the polymer

matrix. The surface in Fig. 9 appears considerably

rougher compared to the untreated film with the same

percentage (30 wt%) of TiO2 (as shown in Fig. 1c),

due to the presence of HA nanocrystals. This local

nanotopography should have a positive effect regard-

ing adhesion of osteoblast cells, according to the

literature [14, 15].

The chemical composition of the observed crystals

was assessed by an Energy Dispersive Spectrometer

(EDS) (INCA EDS system 430, Oxford Instruments,

Santa Clara, California, USA). EDS was performed to

analyze the composition of the crystals formed on the

30 wt% TiO2 containing sample which are clearly

visible in the SEM micrograph (Fig. 9). Figure 10

shows the EDS spectrum of the crystals, which have

the typical morphology of HA. The results confirmed a

considerable amount of calcium (Ca) present. How-

ever, due to the gold coating used for the preparation

of the samples for SEM–EDS analysis, the character-

istic phosphorus peak at X-ray energy of 2.05 keV is

overlapped by the strong gold signal in this energy

region.

The bioactivity of as-received TiO2 nanoparticles

was investigated by immersing the powder in 1.5 SBF

for 21 days. Possible HA formation was examined by

Raman spectroscopy. The Raman spectra (results not

presented here) showed no evidence of the character-

istic HA peaks at the Raman spectrum shift 961–

963 cm–1 for the complete duration of the experiment

Fig. 8 Progressive formation of HA on the surface of PDLLA
films containing 30 wt% TiO2 nanoparticles after exposure to 1.5
SBF, qualitatively assessed by visual inspection. (a) A large
agglomeration as well as small HA crystals are apparent after
14 days. (b) A homogeneous formation of HA crystals covers the
film surface after 21 days. The visible cracks are artefacts due to
damage to the films during SEM observation

Fig. 9 SEM micrograph showing well distributed HA nanocrys-
tals with an estimated average diameter of 40 nm after 14 days of
incubation in 1.5 SBF on a 30 wt% TiO2 containing film. The
crystals seem to be well-bonded to and partially embedded in the
matrix due to the shadow surrounding the crystals

Fig. 10 EDS spectrum recorded on the region considered to be
HA crystals in Fig. 9. There is evidence of considerable amount
of calcium (Ca), one of the elements in HA. The strong signals of
titanium (Ti) and gold (Au) come from the TiO2 particles and
the gold coating used for sample preparation, respectively. The
characteristic phosphorus peak of HA occurs at X-ray energy of
2.05 keV and it is overlapped by the strong gold signal in this
energy region
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(21 days). A possible reason could be that the particles

have sedimented on the bottom of the tube and

provided only a small surface area for HA nucleation.

To optimise the setup for testing particle bioactivity in

SBF or other relevant fluids it is recommended to

circulate the nanoparticles in a closed circuit which

should lead to a considerably larger surface area for

contact with SBF [35].

3.3 Cell morphology and MTT assay

MG-63 cells incubated with TiO2 nanoparticles (5 lg/

mL) had a similar morphology and confluence level to

control cell after 24 h (Fig. 11). TiO2 particle agglom-

erations were also visible in treated MG-63 cells due to

clumping in the cell culture medium.

MTT assays revealed decreasing cell viability with

increasing TiO2 concentration (Fig. 12). Low concen-

trations of TiO2 nanoparticles (0.5–10 lg/mL) had no
significant effect on cell viability. At high TiO2

nanoparticle concentrations the nanoparticles induced

a considerable cytotoxic effect with viabilities of

49% ± 4% and 38% ± 3% observed for particle con-

centrations of 5000 and 10,000 lg/mL, respectively.

4 Discussion

The osteoconductivity and mechanical integrity of

bone analogue materials and bone tissue engineering

scaffolds can potentially be enhanced by the growth of

non-stoichiometric, bone-like HA crystals on their

surfaces [36]. The formation of HA crystals on the

material surface is considered a measure of the

bioactivity of the scaffolds, such as investigated in this

study for PDLLA/TiO2 composite films. Moreover, the

addition of ceramic nanoparticles to polymer matrices

has been previously shown to enhance osteoblast cell

adhesion [16, 18–20].

PDLLA/TiO2 composites exhibited increasing sur-

face roughness with increasing titanium dioxide nano-

particle content. Compared to the pure PDLLA films

(containing no TiO2 nanoparticles), there is a 557%

greater surface roughness for the PDLLA films with

30 wt% TiO2, as measured by the average surface

roughness parameter Ra (Fig. 2). It has been reported

that bulk TiO2 substrates processed with nanoparticles

have approximately 35% more surface area compared

to the respective conventional materials (made with

TiO2 particles of size >100 nm), leading to a 30%

greater osteoblast adhesion [13, 14]. The present study

provides evidence of the formation of non-stoichiom-

etric HA (ns-HA) crystals in nanometre dimensions

Fig. 11 MG-63 osteoblast-like cells after 24 h seeded in a 96-
well with a density of 10,000 cells/well; (a) untreated cells,
flattened and well spread cells can be observed, (b) cells treated
with TiO2 nanoparticles (5 lg/mL), a similar cell morphology is
apparent as well as a few areas with large TiO2 agglomerations
indicated by arrows
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Fig. 12 The effect of 24 h TiO2 nanoparticle challenge on MG-
63 metabolic activity as measured by MTT assay. The data
represent average values from three different and independent
tests. Asterisks (*) indicate the significant difference from the
control (untreated cells) at p < 0.01
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(~40 nm) on surfaces of PDLLA films containing

30 wt% TiO2 upon immersion in 1.5 SBF after 7 days.

A large density of crystals with a homogeneous crystal

distribution was achieved after 14 and 21 days of

immersion in 1.5 SBF. HA nanocrystals with grain sizes

<100 nm possess the ability to simulate the nanometre

surface roughness found in osseous tissue [6] leading to

enhanced scaffold and implant performance, i.e.,

improved material/tissue interaction and adhesion

[21–23]. Even if the initial polymer weight to solvent

ratio in this study was slightly higher than in the

previous study (5% vs. 4% (w/v) [25]), the main

difference between both investigations was the use of

different solutions (concentrated 1.5 SBF vs. SBF),

which led to the different bioactivity results.

In this investigation, HA formation on PDLLA/

TiO2 composites was triggered and accelerated by

using supersaturated SBF with ion concentrations 1.5

times those of SBF, a process known in literature as the

‘‘biomimetic process’’ [21–24]. The combination of

PDLLA and TiO2 allows two possible reactions lead-

ing to surface nucleation and subsequent mineral

(apatite) growth. HA formation on the composite

surfaces can be triggered by the surface condition of

both the PDLLA polymer and the titanium dioxide

particles. Therefore two different routes or mecha-

nisms of HA formation can be suggested, as discussed

next.

Firstly it could be expected that PDLLA surfaces

are hydrolysed by water molecules in 1.5 SBF, which

convert ester linkages into surface carboxylic groups

(COOH). At physiological pH 7.25 the COOH groups

should dissociate into carboxylate anions (COO–),

which provide a negatively charged surface for binding

of calcium ions (Ca2+). The affiliation and binding of

these ions stimulates surface nucleation with subse-

quent HA crystal growth, similar to the mechanism

proposed by Murphy et al. [36].

Secondly a similar reaction path is conceivable due

to the presence of titanium dioxide nanoparticles

within the polymer matrix. TiO2 is able to absorb

water at the surface, resulting in titanium hydroxide

(Ti–OH) groups [37]. In the buffered and neutral

supersaturated SBF solution (pH 7.25), the Ti–OH

groups dissociate leading to a negatively charged TiO2

surface that provides sites for calcium phosphate

nucleation [38, 39]. This mechanism has been proposed

for sol-gel derived TiO2 gels and films [38–40], however

it has not been proven in TiO2 nanoparticles. Further-

more, it has been reported that Ti–OH groups in TiO2

gels are particularly effective in inducing apatite

formation if TiO2 is present in its anatase modification

[40]. The TiO2 powder used in this study consists of

approximately 80% anatase modification, this consid-

erable amount of anatase may thus have promoted and

contributed to the progressive HA formation on the

PDLLA film containing 30 wt% TiO2, as documented

in Figs. 8 and 9.

We suggest that both reaction paths are conceivable

in our composites, and evidence is given by the fact

that some HA (ns-HA) crystals have been found on

the pure PDLLA films after 21 days of immersion in

1.5 SBF. In a previous investigation using similar

composites but immersion in standard simulated body

fluid, no evidence of HA formation was detected upon

21 days immersion in SBF [25]. By using supersatu-

rated SBF in this study, it can be assumed that

nucleation and growth of ns-HA nanocrystals was

accelerated due to the higher concentration of the

relevant ions in contrast to standard SBF. As described

above, the formed ns-HA nanocrystals seem to bind

strongly to the composite films surface and are some-

what embedded into the PDLLA/TiO2 substrate. This

behaviour is beneficial compared to HA coatings

deposited from an external source, for example by

spraying or sputtering techniques, as the quality of

these coatings frequently varies because of poor

adhesion between the coating and the substrate [41].

The hypothesis that crystals observed on surfaces of

PDLLA/TiO2 films are composed of non-stoichiome-

tric HA as suggested here might be supported by the

recent investigation by Pasteris et al. [42]. In their

investigation several biological apatites as well as

synthetic HA were characterised by Raman spectros-

copy and it was shown that OH-incorporation into the

apatite crystal lattice is reduced for nanocrystallite

biological apatites, such as those found in bone and

dentin. It is believed that the lack of OH– in bone

apatite has a physiological purpose: e.g., non-stoichi-

ometric bone apatite (Ca/P ratio <1.67) contains

additional substitutes, such as magnesium, carbonate

or chloride ions, leading to a higher apatite solubility

which facilitates metabolism and the bone remodelling

process [42].

In our study the ‘‘biomimetic process’’ (immersion

of samples in 1.5 SBF) was utilised to trigger and

accelerate apatite formation on PDLLA/TiO2 com-

posites. Formation of HA nanocrystals on the

PDDLA/TiO2 composites was confirmed by Raman

spectroscopy and XRD measurements. The degree of

crystallinity and how close the observed HA crystals

are to stoichiometric HA is still to be investigated by

assessing the Ca/P ratio in the crystals formed. The

exact mechanism of HA formation on surfaces is still

not fully understood. Besides well-known effects of the

chemistry of PDLLA and TiO2 nanoparticles as well as
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the higher concentrations of relevant ions in 1.5 SBF

(in particular Ca2+, HPO4
2–) more factors should

contribute to apatite formation, such as: surface area,

topographic features, microcracks, and porosity of the

films. Indeed the more than 5 times greater surface

area of the 30 wt% TiO2 films should have promoted

increased apatite formation and thus surface area is

considered a key factor in the HA formation process.

Moreover, the surface microstructure of the PDLLA-

based films might also change during the soaking

period in supersaturated SBF. In fact the macroscopic

appearance of the pure PDLLA film and the 5 wt%

TiO2 film after immersion in 1.5 SBF showed a rougher

surface with small bubbles and pits. This is in contrast

to the film containing 30 wt% TiO2 which looked very

similar (under SEM) to the as-prepared composite film

even after a degradation period of 21 days.

Nanostructured composites on the basis of biore-

sorbable polymers and ceramic nanoparticles may

possess the ability to simulate surface and/or chemical

properties of bone, allowing for exciting alternatives in

the design of prosthesis as well as scaffolds with greater

efficacy and performance [15–20]. Advantages and

benefits of nanophase ceramics in bone tissue engineer-

ing applications have been documented in literature

[13–20]. Greater osteoblast adhesion, greater alkaline

phosphatase (ALP) synthesis (biochemical marker for

bone metabolism), as well as enhanced concentration of

calcium in the extracellular matrix were observed

compared to conventional (micrometer) ceramics when

using nanoparticles either as bulk material or as filler for

polymer matrices. However, it must be emphasised that

enhanced in vitro performance (e.g., cell adhesion) does

not necessarily mean better in vivo performance of

biomaterials. Therefore, prolonged in vitro and in vivo

degradation studies are suggested to be performed in

future in order to investigate how the degradation of the

polymer affects the local nanoparticle concentration,

which should have an effect on the behaviour of the

adjacent cells and tissues.

In this investigation, composite films were devel-

oped using amorphous PDLLA. There are some

remarkable and beneficial properties associated with

PDLLA as composite matrix material. It has been

reported that PDLLA implants have been completely

resorbed from the extracellular space in animal studies

with a maximum drop in pH of 0.1 units in the

immediate implant environment [43]. Furthermore,

PDLLA degraded without any crystalline remnants.

Crystalline remnants of PLLA bone plates and screws

have been considered to be responsible for late

inflammation (swelling) and foreign body reactions at

the site of implantation [44].

The findings in this work imply that TiO2 nanopar-

ticles embedded into a PDLLA matrix could represent

a potential improved substitution for micrometer size

ceramic particles which are currently used as fillers in

bioresorbable polymer scaffolds [4, 5, 45]. However, a

potential negative effect of nanoparticle-containing

scaffolds is the possibility of migration of nanoparticles

within the body and their distribution via blood stream,

leading to pathologies of unknown origin (nanopathol-

ogies) [46]. For example, pro-inflammatory effects on

endothelial cells [47] as well as the enhanced free

radical activity of nanoparticle surfaces which is able to

cause DNA strand breakage [48] must be carefully

taken into consideration.

As indicated above, ceramic nanoparticles have

been shown in previous studies to have different

effects on cellular behaviour than larger (conventional)

particles of micrometer dimensions [13–20, 49]. In the

present study, to understand how free TiO2 nanopar-

ticles (released from the PDLLA matrix) might mod-

ulate osteoblast activity, the response of MG-63

osteoblast-like cells to nanoparticles was examined. It

has been recently shown in a simulated wear debris

study that osteoblasts exhibit a more well-spread

morphology and increased viable cell density in the

presence of TiO2 and Al2O3 nanoparticles compared to

micrometer sized particles [20]. In the present study,

low concentrations of TiO2 nanoparticles (0.5–10 lg/

mL) had no significant effect on MG-63 cell mitochon-

drial respiratory rates. Stepwise decreasing viability

can be observed with increasing particle concentrations

greater than 50 and 250 lg/mL to a final viability of

38% ± 3% for a TiO2 nanoparticle concentration of

10,000 lg/mL (Fig. 12). However, concentrations

greater than 100 lg/mL may be not considered phys-

iologically relevant by comparing for example wear

debris rates from aseptic loosened ceramic on ceramic

bearings. In prolonged degradation studies, research

should also be carried out to characterise release

profiles of the TiO2 nanoparticles generated following

the polymer matrix degradation. It must be assured

and proven that local TiO2 nanoparticle concentrations

in tissues do not exceed a safe level, which should be of

the order of 100 lg/mL for the used titania nanopar-

ticles, as found in this study.

On the basis of data on volumetric annual wear of

1 mm3 [50], ceramic exposure of tissues and cells in

rates of approximately 10 lg per day (i.e., 5.7 · 1011

particles per day) can be considered as physiologically

relevant, and this was taken as an indication for the

present cell culture experiments with TiO2 nanoparti-

cles. The amount of ceramic debris was calculated by

assuming spherical TiO
2

particles and taking into

123

1296 J Mater Sci: Mater Med (2007) 18:1287–1298



account the density of TiO2 as well as primary particle

diameter.

For high particle concentrations (5000 and 10,000 lg/

mL) the present osteoblast viabilities differ consider-

ably from literature values. Gutwein and Webster have

reported bone-derived osteoblast viabilities of about

15% and 8% after treatment with TiO2 nanoparticles in

concentrations of 5500 and 10,000 lg/mL, respectively

for 6 h [20]. For the same concentrations, the present

results showed a viability of 49% ± 4% and 38% ± 3%

after 24 h of inoculation of MG-63 cells with TiO2

nanoparticles. These differences could be explained by

cell type, seeding densities and viability test method.

On the other hand, the present MG-63 viability study

following nanoparticle exposure is in accordance with

recent studies where human osteoblasts challenged

with Al2O3 and UHMWPE micrometer particles were

found to be unaffected by debris concentrations at 1–

10 lg/mL [51].

To the authors’ knowledge there are only a few

investigations dealing with the assessment of cytotoxic

effects of ceramic nanoparticles during simulated in

vivo wear [17, 20, 52]. There is evidence that particles

with smaller diameters have less detrimental effects on

cells [17]. Moreover, it has previously been reported

that for phagocytosable particles (i.e., particles <3 lm

in diameter which can be internalised by cells via

phagocytosis [53]) increasing the size of particle

correlates with increasing cytotoxicity [17]. However,

the cellular responses to ceramic nanoparticles depend

on several factors including particle shape, chemical

stability as well as mechanical stimulation, which

influence the cellular behaviour and the particle

cytotoxicity. This study conclusively showed that

TiO2 nanoparticle concentrations of up to 10 lg/mL

do not affect cell osteoblast viability, which may have

important implications for the use of titanium dioxide

nanoparticles for designing novel resorbable matrix

composite scaffolds. However TiO2 nanoparticles may

also cause phenotypic changes in the cells (e.g., the

release of cytokines and proteases), which may effect

osteoblast differentiation, osteoblast recruitment and

matrix formation possibly resulting in decreased bone

forming ability [15, 54].

As a final note, we would like to point out that steam

sterelisation, as used in this study, might have been a

significant factor affecting the results. Possible effects of

steam sterilisation on the nanoparticles, which are not

known, must be taken into account in any future related

study. TiO2 nanoparticles might react with steam to

form Ti–OH groups on the surface. As a result, steam

sterilisation may modify the composition, surface

structure and properties of the TiO2 nanoparticles.

5 Conclusions

Poly(D,L lactid acid) composite films were successfully

manufactured by solvent casting with different per-

centages of titanium dioxide nanoparticles (5 and

30 wt%) and a relatively homogeneous distribution

of TiO2 nanoparticles in the PDLLA matrix was

achieved. The increase in nanoparticles content in-

creased the surface roughness of the films, which may

improve adhesion of osteoblast cells. It was found that

homogeneously distributed non-stoichiometric HA

nanocrystals formed on the high content (30 wt%

TiO2) composite film after 14 and 21 days of immer-

sion in 1.5 SBF. For the pure PDLLA films and the low

content composite films (5 wt% TiO2) trace amounts

of non-stochiometric HA are apparent after 21 days

immersion according to SEM micrographs. The tita-

nium dioxide nanopowder itself showed no bioactivity.

The formation of HA was confirmed by SEM–EDS,

Raman spectroscopy and XRD analyses. This study

also showed that TiO2 nanoparticles in physiological

relevant range (£100 lg/mL) had no significant effect

on MG-63 osteoblast-like cell viability. Taken the main

findings of this work in consideration, titanium dioxide

nanoparticles emerge as promising filler material to be

used for designing tissue engineered constructs (com-

posite scaffolds) based on degradable polymer matri-

ces. A major challenge for the future is to create three

dimensional structures with interconnective pores to

use these composites as scaffolds in bone tissue

engineering for regenerating diseased or damaged

bone tissue such as trauma, congential defects, cancer

or other bone diseases.
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