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This study investigated the possibility of incorporating a-tocopherol (vitamin E) into
poly(3hydroxybutyrate) (P(3HB))/Bioglass composites, which are being developed for bone
tissue engineering matrices. P(3HB) films with 20 wt% Bioglass and 10 wt% vitamin E were
prepared using the solvent casting technique. Addition of vitamin E significantly improved
the hydrophilicity of the composites along with increasing the total protein adsorption. The
presence of protein adsorbed on the composite surface was further confirmed using X-ray
photoelectron spectroscopy analysis. Preliminary cell culture studies using MG-63 human
osteoblasts showed that the addition of vitamin E in the P(3HB)/20 wt% Bioglass films
significantly increased cell proliferation. The results achieved in this study confirmed the
possibility of incorporating vitamin E as a suitable additive in P(3HB)/Bioglass composites
to engineer the surface of the composites by promoting higher protein adsorption and
increasing the hydrophilicity.

Keywords: poly(3hydroxybutyrate); Bioglass; a-tocopherol; MG-63 osteoblasts;
composites, tissue engineering
1. INTRODUCTION

Tissue engineering strategies using scaffolds as matrices
for cell support, which effectively act as extracellular
matrix (ECM), have become a promising approach
towards hard tissue repair and regeneration (Baksh et al.
1998; Chaikof et al. 2002). Although, in general,
polymeric scaffolds can be used on their own for tissue
engineering (Seal et al. 2001), for bone tissue regen-
eration polymers lack the required properties, in
particular mechanical strength and osteoconductivity.
The use of bioactive ceramics and glasses (e.g. hydroxy-
apatite, calcium phosphates, Bioglass) in combination
with biodegradable polymers has therefore been pro-
posed to develop composite scaffolds with enhanced
mechanical and structural properties (Hutmacher 2001;
pplementary material is available at http://dx.doi.org/
008.0278 or via http://journals.royalsociety.org.
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Rezwan et al. 2006). Various combinations of materials
have been considered to prepare composite scaffolds,
such as poly DL-lactic acid (PDLLA)/Bioglass, collagen/
hydroxyapatite, poly(hydroxybutyrate-co-hydroxy-
valerate)/wollastonite, poly(lactic-co-glycolic acid)/
HA, polycaprolactone/calcium phosphate, and others
as reviewed elsewhere (Rezwan et al. 2006; Yefang et al.
2007). In addition to providing a structural support
while new tissue regenerates, scaffolds must also provide
the biological signals and they are therefore usually
loaded with growth factors, antibiotics and bone
morphogenic proteins or they can even be used as
delivery vehicles for the release of drugs/proteins or
genes (Gittens & Uludag 2001).

It has been found that, in cases of bone tissue
applications, the presence of oxygen-derived free
radicals can lead to a gradual decrease in bone
formation (Garette et al. 1990). The decrease in the
number and activity of osteoblasts, responsible for
synthesizing new bone matrix, is an important factor
J. R. Soc. Interface (2009) 6, 401–409
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Table 1. Samples prepared in this study with the appropriate
concentration of Bioglass and vitamin E (wt%).

samples Bioglass vitamin E

sample 1 0 0
sample 2 0 10
sample 3 20 0
sample 4 20 10
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in the development of osteoporosis. Such cases have
usually been linked with the increased presence of
oxygen radicals and decreased levels of antioxidants
(Arjmandi et al. 2002). Accumulation of such free radi-
cals is associated with the bone resorption activity
of osteoclasts and has been shown to be toxic towards
osteoblasts (Garette et al. 1990). It is thus of consi-
derable interest to introduce antioxidants within
biological systems through tissue engineering scaffolds
as carriers for these compounds, as proposed in this
study. The incorporation of such antioxidant factors
will allow a suitable substrate to enhance the growth of
osteoblasts and simultaneously diminish the activity
of osteoclasts.

Vitamin E is a well-documented lipid-soluble anti-
oxidant within biological systems that protects struc-
tures and functions of cell membranes from free radical
damage (Lucy & Dingle 1964; Brigelius et al. 2002).
In vivo and in vitro results have shown that the
presence of vitamin E can act as a free radical scaven-
ger and suppress bone resorption while stimulating
bone formation (Xu et al. 1995). Moreover, vitamin E
deficiency has been shown to cause a decrease in
the mechanical strength of bone (Melhus et al. 1999;
Arjmandi et al. 2002). Vitamin E, being a natural pro-
duct, has tested positive for the biocompatibility of its
degradation products and has hence been approved by
the Food and Drug Administration to be used in food
and contact applications. Apart from being a strong
antioxidant, vitamin E also aids the optimal develop-
ment and maintenance of the human nervous system
and skeletal muscle, acts as an anti-inflammatory
agent (Devraj et al. 1996) and is reported to help in
preventing heart diseases (Pryor 2000). The use of
vitamin E has been explored extensively in biomaterial
science to increase the in vivo biostability of polymers
(poly(etherurethane) and ultra high molecular weight
polyethylene), by inhibiting oxidation and cross-
linking of the polyether soft segments (Reno & Cannas
2006). In addition, vitamin E, when added to a
biodegradable polymeric phase such as PDLLA, has
been shown to produce a more hydrophilic surface
(Reno et al. 2005).

The polymeric substrate chosen for this study is
poly(3hydroxybutyrate) (P(3HB)), which is a com-
mon polymer from the biodegradable polyhydroxy-
alkanoate family, and it has shown favourable
responses for various biomedical applications (Chen &
Wu 2005; Valappil et al. 2006). Moreover, the com-
bination of P(3HB) with bioactive ceramics has been
shown to exhibit favourable properties for hard-tissue
engineering applications (Misra et al. 2006) (see the
electronic supplementary material). Recently, a new
member in the P(3HB)/bioceramic composite family, i.e.
P(3HB)/Bioglass, has been reported to have highly
bioactive and biocompatible properties as well as
exhibiting mechanical competence (Misra et al. 2007,
2008).Owing to the provenpositive effects of vitaminE in
the treatment of bone-related diseases, this antioxidant
was used in this study as an additive in the P(3HB)/
Bioglass composite system to investigate its effect on the
surface properties as well as on growth and attachment
of osteoblast cells. This study thus represents the
J. R. Soc. Interface (2009)
preliminary step for assessing the viability of optimized
biodegradable and bioactive scaffolds for bone tissue
engineering with an added antioxidant compound.
2. EXPERIMENTAL METHODS

2.1. Materials

All chemicals for polymer production and composite
preparation were obtained from Sigma-Aldrich Com-
pany Ltd (Poole, UK). P(3HB) was produced and
extracted from the Bacillus spp. (Valappil et al. 2007).
Vitamin E (D-a-tocopherol), foetal bovine serum (FBS)
and phosphate-buffered saline (PBS) were obtained
from Sigma-Aldrich Company Ltd. A melt-derived
bioactive glass powder (Bioglass grade 45S5) was used
in this study with mean particle size less than 5 mm, and
with a composition of the following: 45 wt% SiO2;
24.5 wt% Na2O; 24.5 wt% CaO; and 6 wt% P2O5.
Details about the properties of this bioactive glass
and its applications in tissue engineering have been
reported in the literature (Hench 1998).
2.2. Polymer and composite film preparation

Polymeric films containing Bioglass particles and
vitamin E were prepared using the solvent casting
approach. Chloroform was used to dissolve P(3HB)
using an initial polymer weight to solvent ratio of 3 per
cent (wt/vol). Four different samples with a fixed
concentration of Bioglass particles (20 wt%) and
vitamin E (10 wt%) were prepared, as described in
table 1. Vitamin E was purchased and used in the liquid
form. It was incorporated within the microstructure of
the film at the point of film synthesis by mixing the
vitamin E liquid solution with the polymer solution.
The wt% of added vitamin E was calculated using
the density of vitamin E (0.950 g/ml) and the mea-
sured volume of suspension. The composite samples
incorporating vitamin E and Bioglass (particle size
less than 5 mm) were prepared by adding them (in
their respective concentrations as outlined in table 1)
to the polymer solution and sonicating (Ultrasonic
Homogenizers US200, Philip Harris Scientific, Leices-
tershire, UK) the suspension for 1–2 min to ensure a
homogeneous distribution of vitamin E and Bioglass
particles in the polymer solution. The films were
then cast on glass Petri dishes and allowed to dry at
room temperature in a dark room. The dried films
were stored at 48C for not more than 7 days, for
further analysis.

http://rsif.royalsocietypublishing.org/
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2.3. Physical characterization
2.3.1. Scanning electron microscopy (SEM ). Micro-
structural observations of the samples were performed
using a JEOL 5610LV instrument (JEOL, Peabody,
MA, USA). The composite samples were gold coated
using a gold sputtering device (EMITECH-K550),
operating at a pressure of 7!10K2 bar and deposition
current of 20 mA for 2 min. SEM images were taken at
various magnifications.

2.3.2. Protein adsorption study. A protein adsorption
assay was carried out on the samples using FBS (Sigma
Aldrich). Analysis was performed in triplicate. The
samples (1 cm2) were incubated with 200 ml of undiluted
FBS in 1.5 ml Eppendorf tubes and incubated at 378C for
24 h. The serum was then removed and the samples
washed thrice with PBS. The proteins adsorbed on the
samples were further collected by incubating the samples
with 1 ml of 2 per cent sodium dodecyl sulphate (SDS) in
PBS for 24 h at room temperature and under vigorous
shaking. The amount of total protein adsorbed by the
samples was measured by using a commercial protein
quantificationkit (Pierce,Rockford, IL,USA).Theoptical
density of the samples was measured spectrophotometri-
cally at 562 nm against a calibration curve using
bovine serum albumin as per the manufacturer’s protocol.

2.3.3. X-ray photoelectron spectroscopy. Chemical
composition of the surface was measured using X-ray
photoelectron spectroscopy (XPS) (Thermo Escalab
220iXL). Measurements were performed using an Al Ka
monochromated X-ray source and quantified using
CASAXPS (Casa Software Ltd, Teignmouth, UK). In
the evaluation, a Shirley background type was used.
For all the samples, both survey and high-resolution
spectra were recorded. In the first instance, samples
that were not incubated in FBS were measured. In the
next step, the same set of samples was incubated with
FBS and the XPS measurements were performed to
detect the differences in chemical composition with
special attention to the nitrogen concentration. Owing
to the charging character of the samples, silver mask
and charge compensation were used.

2.3.4. Contact angle study. Contact angle measure-
ments using sessile drop methods were carried out in
order to evaluate the wettability of the composite
samples. The experiment was carried out on a KSV
Cam 200 optical contact angle meter (KSV Instruments
Ltd, Helsinki, Finland). An equal volume of water
(less than 14 ml) was placed on every sample by means
of a gas-tight microsyringe forming a drop. Photographs
(frame interval, 1 s; number of frames, 100) were taken
to record the shape of the drops. Thewater contact angles
on the specimens were measured by analysing the
recorded drop images (four or five repeats for each
sample) using the CAM200 software (KSV).
2.4. In vitro cell culture studies

In vitro cell culture studies were performed on the
samples using the MG-63 osteoblast-like, human osteo-
sarcoma cell line. The cells were cultured in growth
J. R. Soc. Interface (2009)
medium (Dulbecco’s modified Eagle’s medium
(DMEM), PAA, Coelbe, Germany), supplemented
with 10 per cent (v/v) foetal calf serum, 1 per cent
(v/v) penicillin streptomycin solution and incubated at
378C in a humidified atmosphere (5% CO2 in 95% air).
The medium in the flasks was changed every 2 days. The
samples (1 cm2) were UV sterilized for 30 min and
passivated in DMEM culture medium for 12 h, prior to
seeding the cells. A seeding density of 20 000 cells cmK2

was used and cells were seeded using 1 ml (20 000 cells)
of DMEM medium. The plates were incubated in a
humidified environment for a period of up to 7 days and
the medium changed every second day. At specific time
intervals, samples were analysed for cell proliferation
and SEM observation. Analyses were carried out in
triplicate and standard tissue culture plastic was used as
the control.
2.4.1. Cell proliferation study. The cell proliferation
study was carried out using the AlamarBlue assay
(Abou Neel et al. 2007). AlamarBlue is an indicator dye
that incorporates an oxidation–reduction indicator
that both fluoresces and changes colour in response to
the chemical reduction of growth medium, resulting
from cell growth. The AlamarBlue assay kit offers a
simple, rapid, reliable, sensitive, safe and cost-effective
measurement of cell viability of the same population of
cells maintained over a period of time in culture, which
other conventional DNA (proliferation) tests do not
accomplish. AlamarBlue is a metabolic assay, which is
intimately linked and directly proportional to the
number of cells present at a given time point. Thus,
the fluorescent and colorimetric signals generated from
the assay are proportional to the number of living cells
in the sample. AlamarBlue (AbD Serotec, Kidlington,
UK) was added to the samples (10% v/v of medium)
and incubated at 378C (with 5% CO2) for 4 h. Aliquots
of 200 ml from each sample well were transferred to a
black 96-well plate and the fluorescence of the samples
was measured using a fluorescence plate reader
(Fluoroskan, Lab Systems) at 560 (A560) and 590
(A590) nm.
2.4.2. SEM preparation for cells. Films were examined
under SEM after days 4 and 7 to assess the cell
spreading and attachment on the surface of the
samples. Details of sample preparation are mentioned
elsewhere (Misra et al. 2008). Briefly, specimens were
fixed overnight in 3 per cent glutaraldehyde in
cacodylate buffer, followed by dehydration in graded
alcohols, and were critical point dried using hexamethyl-
disilazane for 1 min. Dried samples were gold coated and
examined under SEM (JEOL 5610LV).
2.5. Statistical analysis

All data are expressed as meanGs.d. The data were
compared using Student’s t -test and differences were
considered significant when �p!0.05, very significant
when ��p!0.01 and highly significant when ���p!0.001.
A p-value higher than 0.05 (pO0.05) was taken as
indicating no significant difference.

http://rsif.royalsocietypublishing.org/
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Figure 1. Scanning electron micrographs of the film’s surface for (a) P(3HB), (b) P(3HB)/10 wt% vitamin E, (c) P(3HB)/20 wt%
Bioglass and (d ) P(3HB)/20 wt% Bioglass/10 wt% vitamin E.
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Figure 2. Comparison of the water contact angle measure-
ments for vitamin E-loaded and -unloaded P(3HB)/Bioglass
composites. The data (nZ4; error barsZGs.d.) were
compared using Student’s t -test and differences were
considered significant when ��p!0.01. Grey bars, no vitamin
E; black bars, 10 wt% vitamin E.
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3. RESULTS AND DISCUSSION

3.1. Microstructural analysis

It has been shown that adding an optimal quantity of
vitamin E (10 wt%) to a polymeric matrix (e.g.
PDLLA) does have a significant impact on the
hydrophilicity and protein adsorption of the samples,
when compared with a low quantity (1–5 wt%) of
vitamin E addition (Reno et al. 2005). Hence, for this
investigation, only one fixed concentration of vitamin E
(i.e. 10 wt%) was added to test the efficacy of vitamin E
addition on surface properties and biocompatibility of
the P(3HB)/Bioglass composite system. The addition
of vitamin E had no visible impact on the micro-
structure of the films when examined under SEM, as
shown in figure 1. No measurement was carried out to
monitor the possible release of vitamin E in this study.
However, it is suggested that vitamin E is bound to the
composite structure throughout the matrix owing to
the good dispersion achieved in the polymer solution
stage. The effect of adding vitamin E was highlighted
through the wettability and protein adsorption experi-
ments performed on the samples. Addition of vitamin
E showed a significant increase in the wettability of
the composites by lowering the water contact angle
J. R. Soc. Interface (2009)
(figure 2). The water contact angle of the P(3HB) film
reduced from 86G48 to 63G28 (decrease of 27%; nZ5,
��p!0.01) as a result of adding 10 wt% vitamin E to the
polymer matrix. A similar trend was recorded for the
P(3HB)/20 wt% Bioglass films, wherein the contact
angle decreased from 68G68 to 63G38 (nZ4, pO0.05).
It can thus be concluded that the vitamin E-enriched

http://rsif.royalsocietypublishing.org/
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P(3HB) and P(3HB)/20 wt% Bioglass composite films
were more easily wetted than the non-enriched films of
the same kind. However, the extent of decrease in the
hydrophobicity due to the addition of vitamin E was
more evident for samples without Bioglass particles.
The decrease in the hydrophobicity of the polymer in
turn significantly affected protein adsorption and cell
proliferation behaviour as will be discussed in the
subsequent sections.
P(3HB)/20 wt% BioglassP(3HB)

pr
ot

e

100

0

Figure 3. Total protein adsorption on the surface of the films,
highlighting the significant differences induced by the
addition of vitamin E on both P(3HB) and composite
(P(3HB)/20 wt% Bioglass) films. The data (nZ4; error
barsZGs.d.) were compared using Student’s t -test and
the differences were considered significant when �p!0.05,
��p!0.01 and ���p!0.001. Grey bars, no vitamin E; black
bars, 10 wt% vitamin E.
3.2. Protein adsorption studies

Protein adsorption studies using the commercial kit
showed that the total amount of protein adsorbed on the
surface was statistically higher for the samples contain-
ing vitamin E than for the non-vitamin E-enriched
surfaces, as evident from the results shown in figure 3.
For example, the amount of total protein adsorbed on
the P(3HB) and P(3HB)/20 wt% Bioglass samples was
171G20 and 182G20 mg cmK2, respectively. Whereas,
on addition of 10 wt% vitamin E, the total protein
adsorption on the surface increased to 693G50 mg cmK2

(increase of 300%; nZ3, ���p!0.001) and 485G
70 mg cmK2 (increase of 165%; nZ3, ���p!0.001) for
P(3HB) and P(3HB)/20 wt%Bioglass, respectively. The
SDS-PAGE profile for adsorbed proteins showed the
presence of a main band at approximately 80 kDa,
representing serum albumin (data not shown). A similar
experiment conducted on PDLLA/vitamin E films by
Reno et al. (2005) demonstrated the adsorbed protein to
be albumin, which is also the most abundant plasma
protein known to be responsible for the transport of a
wide variety of metabolites, drugs, anionic ligands and
cations. The increase in the protein adsorption may
result from the nano/microstructural changes in the
surface morphology as well as an increase in the
hydrophilicity of the surface (Misra et al. 2008). There
is increasing understanding of cell–material interface
relationships, particularly related to protein adsorption.
Culture media contain a large variety of different
components, many of which are proteins intimately
associated with cell attachment, spreading and prolifer-
ation. Moreover, the selective adsorption of specific
protein components will determine the desired cell
functions on biomaterials. Protein adsorption is of
importance in the evaluation of the potential of a bio-
material for use as a tissue engineering scaffold, as most
mammalian cells are anchorage dependent and need a
biocompatible, protein-rich surface for attachment,
differentiation and migration to form new tissue
(Webster et al. 1999). It has been shown that cell
adhesion takes place in two different stages. The first
stage consists of the adsorption of water and a layer of
proteins that selectively adhere to the biomaterial
surface, mediated by the surface properties of the
substrate (Navarro et al. 2006). The second stage
involves cell adhesion onto the layer of proteins, which
is a more complex process mediated by ECM, cell
membrane and cytoskeletal proteins (Luthen et al.
2005). In our case, a combination of microstructural
changes induced by the addition of Bioglass particles
(figure 1) and the wettability change (figure 2) due to the
incorporation of vitamin E seem to be the main cause
J. R. Soc. Interface (2009)
leading to the increase in protein adsorption. This result
is in agreement with the observation made by Collier
et al. (1997) that albumin adsorbs preferably to
hydrophilic surfaces, which seems to correlate with the
wettability results of our samples (figure2).Adirect effect
of the presence of vitamin E on the total albumin
adsorption cannot be excluded, as it has been shown
previously that afamin (one of the four constituents of the
albumin gene family) is a specific binding protein to
vitamin E (Voegele et al. 2002; Jerkovic et al. 2005). As a
follow-up study, it is of vital importance to characterize
the surface energy of the composites and to identify
whether or not there is an affinity of certain specific
proteins to bind with the composite’s surface. This will
further allow the use of the composites as a delivery
vehicle for certain proteins to trigger specific cell
responses when used as a tissue engineering scaffold.
3.3. XPS evaluation of protein adsorption

Assessment of the protein adsorption was done on the
basis of nitrogen content in the samples before and after
incubation with FBS. The presence of nitrogen can be
related to protein, and thus allows for an indirect
evaluation of protein adsorption onto the top surface
layer. The chemical compositions of all tested samples
are shown in table 2. For two of the sample types,
P(3HB) and P(3HB)/10 wt% vitamin E, a trace of
nitrogen was observed before incubation with FBS.
The binding energy of nitrogen—N1 s (EbZ399.5 eV)—
corresponded to single bonded nitrogen to carbon. This
form is commonly seen on the sample surface and is
associated with contamination.

A significant increase in nitrogen content was
observed for all the samples post incubation with
FBS. The greatest amount of nitrogen, i.e. 10 wt% was
observed for vitamin E-containing P(3HB)/Bioglass
composites (figure 4). For the same type of sample
without vitamin E, the nitrogen concentration was
approximately 6 wt%. However, no significant
differences were observed for the samples without
Bioglass additives and the concentration was 8 and

http://rsif.royalsocietypublishing.org/
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Figure 5. Cell proliferation study for 1, 4 and 7 days, using
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(b) all tested samples relative to the control (control set to
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Table 2. Chemical composition (at%) of surfaces before and after incubation with FBS as determined by XPS analysis.

sample nos. C Ca Cl N Na Si

before incubation with FBS
sample 1 69.6G0.1 0.4G0.1 0.2G0.2 0.5G0.1 3.5G0.1 1.2G0.1
sample 2 68.9G5.1 — 0.5G0.1 0.4G0.3 0.6G0.1 2.6G0.1
sample 3 68.5G0.8 0.3G0.2 — — 4.5G0.2 1.1G0.2
sample 4 68.6G6.4 — 0.5G0.1 — 0.8G0.1 2.3G0.5

after incubation with FBS and washing with PBS
sample 1 59.2G0.3 0.3G0.1 1.1G0.1 8.1G0.6 3.1G0.5 3.5G0.1
sample 2 64.5G0.4 — 2.9G0.03 7.2G0.1 3G0.4 2.0G0.1
sample 3 65.3G0.3 — 2.2G0.2 6.1G0.1 3.3G0.4 1.5G0.2
sample 4 60.6G0.7 — 1.3G0.04 10G0.1 2.7G0.5 0.8G0.3
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7 wt% for P(3HB) and P(3HB)/10 wt% vitamin E,
respectively. The binding energy for all the samples
after incubation was very similar, EbZ400.2 eV, and
corresponded to NdH, NdO and CdN. The XPS
results are partly in agreement with the protein
adsorption study. It can be deduced from the XPS
analysis that the vitamin E-enriched P(3HB)/Bioglass
composites adsorbed a greater amount of protein than
all the other samples. However, XPS measurement
(without sputtering) is a surface analysis technique
with a depth of a few nanometres and hence does not
give the total protein adsorbed by the surface. In
addition, for all samples incubated with FBS, an
increase in chlorine was observed, which resulted from
the washing step performed with PBS. The binding
energy (EbZ199.9 eV) of chloride is associated with
poly(vinyl chloride). No additional changes in chemical
composition were observed for both groups of samples.
3.4. Cell culture studies

Cell proliferation studies using MG-63 human osteo-
sarcoma cells established the biocompatibility of the
P(3HB)/Bioglass/vitamin E substrates (figure 5). The
trend of the MG-63 cell proliferation over the 7-day
period of study is shown in figure 5a. The growth of
MG-63 cells on all substrates increased over the observed
duration. In figure 5b, a relative cell proliferation
J. R. Soc. Interface (2009)
(comparison made with the control surface that was
normalized to 100%) of all samples is shown. The cell
proliferation results indicate the following main
features. (i) There is no significant difference between
the control and P(3HB) surfaces, thus suggesting the
suitability of the polymer for hard tissue applications.
(ii) Addition of 20 wt% Bioglass significantly (nZ3,
��p!0.01) reduces the cell proliferation when compared
with the control surface. This behaviour could be
attributed to the high alkalinity in the surrounding
medium induced by the initial dissolution products of
the Bioglass particles. (iii) Incorporation of vitamin E
in the polymeric matrix does not have a significant
effect on cell proliferation, except for day 4 where
P(3HB)/10 wt% vitamin E samples induced a higher
cell growth than the control surface (nZ3, ��p!0.01).
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(iv) The presence of vitamin E in P(3HB)/20 wt%
Bioglass had a positive effect on cell proliferation when
compared with the P(3HB)/20 wt% Bioglass composite
system (nZ3, �p!0.05), for the entire observed period.
While AlamarBlue is a well-established method for
estimating cell proliferation in two-dimensional cul-
tures, it is more frequently used to estimate the
effectiveness in three-dimensional culture systems. It
has been highlighted that such assays do not necessarily
reflect the linear correlation with increasing cell
densities in such in vitro systems and must be con-
sidered as estimates/approximations for quantifying
cell numbers in vitro (Ng et al. 2005). The quantitative
cell proliferation results were further validated
by microscopic examination of the samples for
possible cell attachment. A possible explanation for
the increase in cell proliferation in sample 4 compared
with sample 3 is the increased protein adsorption
induced by the presence of vitamin E (figure 3) and the
possible effect of pH on the presence of vitamin E on the
surface of the Bioglass particles/composite. This aspect
remains however to be quantitatively confirmed. The
quantitative cell proliferation results were further
validated by microscopic examination of the samples
for possible cell attachment. In figure 6, SEM micro-
graphs of MG-63 cells grown on all the substrates
investigated after days 4 and 7 are shown. The
differences in cell morphology, shape and degree of
attachment to the substrates are distinct for all the
samples between days 4 and 7. The cell density on all
substrates at day 4 is lower than that at day 7 and also
the cells have a more outspread morphology at day 7.
The attachment of cells on composite samples and
the intracellular communication of cells with one
another were evident on all examined samples. There
were no significant qualitative differences observed
in cell attachment between the vitamin E-loaded
and -unloaded samples. The cell proliferation results
obtained thus suggest that the significant increase
in protein adsorption due to the incorporation of
vitamin E translates to the cytocompatibility/prolifer-
ation of the MG-63 cells. This is an expected obser-
vation, as protein adsorption is of importance in the
evaluation of the potential of a biomaterial for use as a
tissue engineering scaffold since most mammalian cells
are anchorage dependent and need a biocompatible,
protein-rich surface for attachment, differentiation and
migration to form new tissue (Webster et al. 1999), as
discussed in §3.2. It can thus be concluded that the
addition of vitamin E rendered an improved biocom-
patible surface for cell attachment and proliferation,
with significant improvement for P(3HB)/Bioglass
composite samples compared with P(3HB) samples.
4. CONCLUSIONS

Successful results obtained by using vitamin E in
orthopaedic applications have prompted the present
experimental study.We have looked for the first time at
the efficacy of using vitamin E in a P(3HB)/Bioglass
composite system, aimed towards developing scaffolds
(electronic supplementary material) for bone tissue
engineering applications. The results from the static
J. R. Soc. Interface (2009)
contact angle measurements suggested that the incor-
poration of vitamin E improves the wettability of the
samples and thus vitamin E-containing composites are
more hydrophilic. This increase in wettability was
further complemented by the total protein adsorption
study on the materials. Inclusion of vitamin E in both
the P(3HB) and P(3HB)/20 wt% Bioglass samples
significantly increased the total protein adsorption
as shown in the protein adsorption and XPS study.
A future investigation should establish the quantitative
correlation between the water contact angle measured
on these materials and the quantity of protein adsorbed
in the presence or absence of vitamin E. Albumin was
reported to be the major protein adsorbed; the ability of
the sample to adsorb proteins in a selective manner is
presently being investigated. The conducive MG-63 cell
proliferation results on composite samples further
reinforces the proposed approach of using vitamin E
in tissue engineering scaffolds for bone regeneration.
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