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a Department of Mechanical Engineering, Catholic University of Peru, Lima 32, Peru
b Departament de Quı́mica Fı́sica and Institut de Ciencia dels Materials, Universitat de València, E-46100 Burjassot, Spain
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Abstract

In the present work, a nanocomposite material formed by bacterial cellulose (BC) networks and calcium-deficient hydroxyapatite
(HAp) powders was synthesized and characterized. The HAp nanoparticles were previously prepared by a wet chemical precipitation
method, starting from aqueous solutions of calcium nitrate and di-ammonium phosphate salts. Energy-dispersive spectroscopy reveals
that the prepared HAp corresponds to calcium-deficient hydroxyapatite. BC-HAp nanocomposites were prepared by introducing car-
boxymethylcellulose (CMC) into the bacteria culture media. HAp nanoparticles were then introduced and remained suspended in the
culture medium during the formation of cellulose nanofibrils. The maximum gel thickness was obtained after 21 days of bacteria culti-
vation. X-ray diffractograms showed the difference of crystallinity among the materials involved in the formation of nanocomposites.
The inorganic and organic bonds that corresponded to hydroxyapatite and bacterial cellulose respectively, were depicted by attenuated
total reflectance Fourier transform infrared spectra. Scanning electron microscopy and atomic force microscopy measurements con-
firmed the formation of networks and fibres with smaller diameter corresponding to BC synthesized in the presence of CMC. Image anal-
ysis was also used to assess the orientation distributions and Feret diameters for networks of BC and BC-CMC. Thermogravimetric
analysis showed that the amount of the mineral phase is 23.7% of the total weight of the nanocomposite. Moreover, HEK cells were
cultivated and the biocompatibility of the materials and the cell viability was demonstrated.
� 2009 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Bacterial cellulose (BC) is a polysaccharide used tradi-
tionally in the food industry [1,2], later in the fabrication
of reinforced paper [3] and recently it was investigated as
a material for medical applications. Studies carried out
in vitro and in vivo have demonstrated its biocompatibility
[4,5]. Due to its good mechanical properties, water sorption
capacity, porosity, stability and conformability, BC has
been used in tissue engineering of cartilage [6], replacement
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of blood vessels in rats [7] and in the wound healing process
[8,9].

BC is pure cellulose with no other components [1].
Nanocomposites based on BC can be fabricated statically
either by using the synthesized BC gel or modifying the cel-
lulose biosynthesis. For instance, BC nanocomposites for
biomedical applications with improved mechanical proper-
ties were created by soaking BC on polyacrilamide and gel-
atin solutions [10,11]. BC-hydroxyapatite scaffolds for
bone regeneration have been developed by immersing the
BC gel in simulated body fluid (SBF) or in both calcium
and phosphate solutions [12–16]. Furthermore, BC-polyes-
ter and BC-PVA nanocomposites were developed for
potential applications as vascular implants [17,18].
vier Ltd. All rights reserved.

mailto:fgtorres@pucp.edu.pe


1606 C.J. Grande et al. / Acta Biomaterialia 5 (2009) 1605–1615
Some researchers have introduced different materials
into the culture media of BC. BC synthesized in the pres-
ence of collagen [19] and chitosan [20] has improved prop-
erties as wound dressing and for other biomedical
applications. It has been reported that BC membranes pro-
duced in the presence of carboxymethylcellulose (CMC)
have better adsorption capacity of metal ions than mem-
branes of pure BC [21–23].

However, the addition of some polymers can modify
drastically the cellulose biosynthesis. The addition of
CMC into the culture medium alters the crystallization
and assembly of the cellulose fibrils [24]. A similar effect
occurred when polyethylene oxide is added to the medium
in the process for obtaining BC based nanocomposites [25].

In agitated cultures, it has been demonstrated that BC
can be produced in the presence of solid particles (i.e. glass
beads, paper fibres and CaCO3) without affecting the rate
of formation of the hydrogel [26]. Recent studies report
the inclusion of silica particles of 10–20 nm and multi-
walled carbon nanotubes (20–40 nm outer diameter, 10–
50 lm length) into the culture medium to produce BC-
nanocomposites in static cultures [27,28]. Hydroxyapatite
(HAp) has been used in bone regeneration and as a substi-
tute of bone and teeth because it is a biocompatible, bioac-
tive, non-inflammatory, non-toxic and non-immunogenic
material [29,30].

The aim of this study was to fabricate BC-HAp nano-
composites by the formation of cellulose nanofibrils in
the presence of a mineral phase in a static culture. In order
to suspend the HAp nanoparticles, the bacteria culture
media were modified by the addition of CMC. Nanocom-
posites were characterized by means of X-ray diffraction
(XRD), Fourier transform infrared spectroscopy (ATR-
FTIR), scanning electron microscopy (SEM), atomic force
microscopy (AFM), thermogravimetric analysis (TGA)
and image analysis. In vitro biocompatibility and viability
was assessed using HEK cells.
2. Materials and methods

2.1. Preparation of HAp powders

Hydroxyapatite (HAp) powders were prepared in vitro
using a wet chemical precipitation method. Ca(NO3).4H2O
and (NH4)2HPO4 were used as Ca and P precursors respec-
tively, following the next basic reaction:

5CaðNO3Þ:4H2Oþ 3ðNH4Þ2HPO4

! Ca5ðPO4Þ3OHþ 6NH4NO3 þ 19H2Oþ 4HNO3

Initially, 0.6 M (NH4)2HPO4 and 1.0 M Ca(NO3).4H2O
solutions were adjusted at pH 10.2 by the addition of con-
centrated NH4OH. The phosphate solution was added in
drops into the stirring calcium solution at 70 �C. Stirring
at this temperature was carried out for 24 h and this pro-
cess was followed by further stirring for 48 h at room tem-
perature. The resultant milky solution was filtered-washed
four times with distilled water. The precipitate was dried in
a vacuum oven at 60 �C for 24 h. The resultant HAp pow-
ders were milled in an agate mortar.

2.2. Preparation of BC and BC-HAp nanocomposite gels

The original culture medium for the growth of BC con-
sisted of 1.0% (w/v) D-glucose, 1.5% (w/v) peptone, 0.8%
(w/v) yeast extract and 0.3% (v/v) glacial acetic acid. The
pH of the solution was adjusted to 3.5 with hydrochloric
acid. In order to maintain the medium free of the action
of microorganisms, it was autoclaved at 121 �C for
20 min. After the medium had cooled down, 0.01% (w/v)
cycloheximide and 0.5% (w/v) absolute ethanol were
added. Cycloheximide was used in order to avoid the pres-
ence of filaments while ethanol acts as an additional energy
source for ATP generation enhancing thus the BC produc-
tion in stationary cultures [31]. The described culture med-
ium was used by Lisdiyanti et al. [32] and Yamada et al.
[33] for the identification of acetic acid bacteria.

The strain Gluconacetobacter saccharivorans (LMG
1582) isolated from a Kombucha tea mat [34] was inocu-
lated and cultivated at 30 �C for 21 days. After this period,
BC gels were removed and washed with deionized water. In
order to remove bacteria and eliminate the remaining cul-
ture medium, the cellulose pellicles were boiled in 1.0 M
NaOH at 70 �C for 90 min followed by repetitive rinsing
in deionized water.

For the formation of the new nanocomposite, HAp
nanoparticles were suspended in the culture medium. In
order to avoid the settling of HAp nanoparticles, the vis-
cosity of the solution was controlled using carboxymethyl-
cellulose sodium salt (CMC) from Acros Organics (average
MW 25,0000, DS = 1.2). CMC was added to the medium
in concentrations of 1.0 and 2.0% (w/v) and stirring was
carried out until CMC dissolved. HAp powders were
added in each vessel in concentrations of 1 and 2% (w/v)
and the solutions remained under agitation overnight at
room temperature. The pH was adjusted to 3.5. Both cyclo-
heximide and ethanol were added after the sterilization
process to prevent ethanol from reaching the boiling point
as well as the melting of cycloheximide. Finally, an inocu-
lum of a previously cultivated BC was introduced in the
cultures. The culture conditions and washing process were
the same as described above.

2.3. Samples preparation

In order to characterize the nanocomposite structures,
water was removed from gels by either freeze drying, sol-
vent exchange or hot pressing.

Pure BC, BC synthesized in the presence of 1% w/v
CMC in the culture medium (BC-CMC), and nanocompos-
ites of BC-CMC with HAp added to the culture medium in
concentration of 1% w/v (BC-CMC-HAp) were frozen in
liquid nitrogen (�196 �C) and freeze-dried in a Telstar
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Cryodos 80 at a subliming temperature of �58 �C and a
pressure of 0.18 mbar.

The solvent exchange drying method (water-ethanol-
t-butyl alcohol) is suitable for preserving the original struc-
ture of BC networks [35]. BC and CMC modified BC
samples were prepared using solvent exchange drying of
the gels. Briefly, samples were introduced in ethanol for
45 min and then in t-butyl alcohol for 45 min. After solvent
exchange, the samples were vacuum dried.

Gels of pure BC, BC-CMC (1% w/v) and nanocompos-
ites of BC-CMC-HAp were dehydrated by hot pressing
(0.015 MPa) at 105 �C during 5 min in order to obtain
sheets for analysing their crystallinity and cell viability.

2.4. Characterization

A few milligrams of the freeze-dried samples and pure
HAp powders were evaluated separately with a FTIR-
ATR, Nicolet Nexus 470 equipped with a diamond probe.
64 scans were used in the reflectance mode at a resolution
of 8 cm�1 in the range from 4000 to 400 cm�1. The data
were analysed with Omnic software.

In order to analyse the microstructure of the freeze-dried
samples, scanning electron microscopy (SEM) was used.
BC-based samples and HAp powders were previously sput-
ter coated with Au-Pd. Energy-dispersive spectroscopy
(EDS) was used to determine the relation Ca/P of the
HAp powders. RÖNTEC-Shell and RÖNTEC-Tool sys-
tems were used to acquire and process the microanalysis,
respectively. SEM and EDS were carried out using a field
emission SEM Hitachi S4100 at 15 and 20 kV, respectively.

Image analysis of the SEM micrographs was performed
by using the ImageJ software (Research Services Branch,
National Institute of Mental Health, National Institutes
of Health, NHI, USA). The diameter of the fibrils, their
orientation and the pore size of the BC surface in contact
with the culture medium [36] were assessed. In order to
determine the orientation of the fibrils, the fibrils were
replaced by segments connecting the junction points and
the angles between the segments and the x axis were
recorded. The Feret diameter (i.e. the maximum distance
between two parallel tangents) was taken as the measure
of the pore size.

Freeze-dried samples were analysed by thermogravimet-
ric analysis (TGA) in order to determine the composition of
HAp in the BC-HAp nanocomposites and the rate of
change in weight of BC based materials and HAp powders.
Also, washed gels were analysed by TGA in order to deter-
mine the amount of water. A Setaram Setsys 92-12 was used
in the range 50–900 �C with a heating rate of 10 �C min�1.

Measurements of the surfaces of BC and BC-CMC sam-
ples in contact with the culture medium and obtained by
the solvent exchange drying method were carried out using
AFM (easyScan 2, Nanosurf AG, Switzerland) in the
dynamic mode. A cantilever with a nominal spring con-
stant of 42 N m�1, resonance frequency of 179 kHz and a
tip radius lower than 10 nm was used.
For X-ray diffraction (XRD) and cell seeding studies,
hot pressed BC, BC-CMC and BC-CMC-HAp samples
were prepared. Using a Seifert XRD 3003 TT diffractome-
ter, Ni-filtered CuKa radiation (k = 0.1542 nm) was pro-
duced at 40 kV and 40 mA. Scattered radiation was
detected in the angular range of 2.5–70�(2h) in steps of
0.08�(2h). The data were analysed using Analyse and DRX-
Win softwares.

2.5. Cell culture

HEK cells were used to assess the biocompatibility and
viability of the materials of the nanocomposites. Previous
to cell seeding, samples were UV sterilized overnight. The
cells were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM, Gibco) supplemented with 10% fetal bovine
serum (FBS, Gibco), 1% penicillin-streptomicyn (P/S)
and 0.1% fungizone in a humidified atmosphere at 37 �C
and 5% CO2. Medium was removed and cells were washed
with phosphate buffered saline (PBS, Gibco). Cells were
trypsnized in 0.2% trypsin solution and 5 ml of culture
medium was added. The cell suspension was centrifuged
at 1500 rpm for 3 min and the medium was removed. Cells
were re-suspended with 6 ml of culture media. 1 ml of cell
suspension was seeded directly onto the materials inside
the tissue culture plate (TCP). Furthermore, 3 ml of fresh
culture medium was added covering all parts of the mate-
rial. A TCP was used as a control.

After 1 day of culture, images were taken for analysing
biocompatibility. Furthermore, materials were removed
from TCP and put into new ones with fresh culture med-
ium for analysing if cells are stacked on the surfaces. For
the viability analysis, cells of the original TCP were trypsin-
ized with 300 ll trypsin solution. Also, 700 ll of fresh cul-
ture medium were used to stop the reaction. 100 ll was put
into eppendorf tubes with the same volume of trypan blue.
These solutions were put into a Neubauer camera and ana-
lysed by optical microscopy.

3. Results and discussion

Morphological characterization was used in order to
further understand the effect of the HAp phase on the for-
mation of the BC network. Fig. 1a shows the morphology
of the HAp powders obtained by the described wet chem-
ical process. Powders appeared free of other substances
and agglomerated in micrometric particles. Also, micro-
metric particles are composed of particles at the nano level
[37].

Fig. 1b shows a typical bacterial cellulose network of the
surface exposed to the culture medium. In the presence of
CMC at 1% w/v in the culture media, bacteria form cellu-
lose fibrils with smaller diameters than those occurring in
pure BC (Fig. 2). The average diameter of BC fibres was
determined in 117.76 nm ± 29.58 nm; and the average
diameter of BC fibres produced in the presence of CMC
(1% w/v) was 60.90 nm ± 12.63 nm.



Fig. 1. SEM micrographs of: (a) surface of precipitated HAp powders; (b) original cellulose network; (c) HAp powders inside the cellulose network; (d)
distribution of HAp powders in cellulose network.
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The water extraction method influences the morphology
of BC networks. A previous study carried out in our labo-
ratory indicates that the fibre diameter of pure BC com-
pressed sheets is in the range 100–200 nm [34]. The
solvent exchange drying method (water-ethanol-t-butyl
alcohol) was carried out in order to maintain the cellulose
fibre structure [35]. AFM measurements of these samples
(Fig. 3) confirmed SEM measurements. The average diam-
eter of BC and BC-CMC (1% w/v) were 119.90 nm ±
49.97 nm and 70.44 ± 30.04, respectively. Thus, unmodi-
fied BC fibres are larger than BC-CMC fibres.

It should be noted that these results differ from other
reported in the literature where BC-CMC fibres are larger
than the unmodified BC ones due to the aggregation of
bundles produced by the presence of a compatible polymer
[38,39]. The differences reported here could be attributed to
the effect of CMC on the strain of bacteria used in our
experiments; however, further work would be needed to
confirm this.

Other BC network properties assessed were the pore size
and the orientation of the fibres (angle between the x-axis
and the fibre). The distribution of the angles found is
depicted in Fig. 4a. The average value of the angle is similar
for both BC and BC-CMC network and is equal to 84.30�
and 84.73�, respectively. In contrast, the pore size distribu-
tion (Fig. 4b) and the average pore size are different. The
average pore size in BC and BC-CMC (1% w/v) networks
are 0.5230 lm ± 0.2733 lm and 0.7733 lm ± 0.5238 lm,
respectively. These results are in agreement with data for
the water holding capacity of BC and BC-CMC reported
previously by other authors [22,23,40].

The Ca/P ratio for the stoichiometric HAp is 1.67. Cal-
cium-deficient HAp is of greater biological interest because
this is the type of HAp almost always present in physiological
media [41]. An EDS (energy-dispersive spectroscopy) spec-
trum of the HAp produced is shown in Fig. 5. The Ca/P ratio
determined by the RONTEC software was 1.60, indicating
that the mineral phase is calcium-deficient HAp.

The diameter of the HAp particles present in the nano-
composites was compared with the diameter of the synthe-
sized HAp particles added to the culture medium (Fig. 6).
The average diameter of the particles in the nanocompos-
ites (2.59 lm ± 1.25 lm) was lower than the average diam-
eter of the HAp particles added to the medium
(3.34 lm ± 2.25 lm). This difference should be due to the
fact that the larger HAp particles in the culture medium
sank to the bottom of the vessel in accordance with the
Stoke’s settling theory.



Fig. 2. Distribution of diameter of fibrils corresponding to pure (a) BC
and (b) BC–CMC (1% w/v).
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CMC increases the viscosity of the culture medium [42]
and improves the capability of the solution to retain the
HAp particles in suspension. Without CMC, the HAp par-
ticles would fall to the bottom of the vessel where the BC
gel is produced. The Stokes settling theory has been used
to estimate the settling velocity of the HAp particles in
the culture medium. The settling velocity is directly propor-
tional to the particle size and reduces with the viscosity of
the medium. Thus, the settling velocity of HAp in the cul-
ture medium containing CMC (v2) can be related to the set-
Fig. 3. AFM images of: (a) BC; (b) BC pro
tling velocity of HAp in the culture medium without CMC
(v1) by the Eq. (1):

v1

v2

¼ l2

l1

; ð1Þ

where l2 is the dynamic viscosity of the culture medium
containing CMC and l1 is the dynamic viscosity of the cul-
ture medium without CMC. According to the technical
specifications of the CMC provided, l2/l1 is around
1500–3000 in a 2% solution at 25 �C. Thus, the settling
velocity of HAp in the culture medium containing CMC
is around 3.5 � 10�9 m s�1 (i.e. HAp particles would fall
0.3 mm day�1). Thus, HAp powders can be trapped in
the cellulose network (Fig. 1c and d).

The addition of CMC at concentrations of 2% (w/v)
produces BC-HAp nanocomposites of very thin thickness
(0.5 mm). These gels were not integral structures and could
not be removed without suffering damage. This structure is
similar to other ones based on CMC reported by Brown
[40]. On the other hand, studies indicate that strains in
the presence of different amounts of CMC with different
degree of substitution have increased yields, due probably
to the presence of the additional carbon sources in CMC.
In this study, gels of about 8 mm and 99.15% of water con-
tent were obtained. Since the volume of the gels is about a
fourth of the volume of the vessel containing the culture
medium and assuming that CMC was uniformly solubi-
lized in the culture medium, it was estimated that about
0.25% of the initial CMC was incorporated into the final
nanocomposites.

The ATR-FTIR spectra of the HAp powders, CMC-
HAp, BC, BC-CMC, and nanocomposites of BC-CMC-
HAp are depicted in Fig. 7. A usual characteristic of the
modification of cellulose networks by the addition of
CMC is the decreasing intensity of the band corresponding
to the cellulose type Ia (750 cm�1) [43].

In the analysed CMC-HAp freeze-dried suspension, the
typical band of CMC corresponding to (m COONa)
appears at 1599 cm�1. In this spectrum there is a predom-
inance of the chemical groups corresponding to HAp at
1032, 602 and 563 cm�1. The interaction between CMC
and HAp is confirmed by the fact that the peak at
duced in the presence of 1% w/v CMC.



Fig. 4. Orientation and diameter distribution of (a) pure BC and (b) BC produced in the presence of 1% w/v CMC.
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1024 cm�1 in the spectrum of pure HAp shifted to 1032 cm
�1 in the spectrum of CMC-HAp. Furthermore, in the BC-
CMC-HAp nanocomposites the bands at 1032 and 963 cm
�1 that correspond to asymmetric and symmetric modes of
the P–O bonds for the phosphate groups were present.
Intensities at 602 and 563 cm�1 were attributed to the
bending mode of the O–P–O bonds of the phosphate
groups [44,45]. In the nanocomposites there are reduced
intensities at 1160 and 1050 cm�1 that correspond to C–
O–C asymmetric stretching and C–O bond stretching
modes of BC, respectively [46,47]. Thus, the presence of
well bonded chemical groups of BC and HAp improves
the stabilization of the nanocomposites.

As with CMC-HAp, in the nanocomposites IR spectra a
predominance of the HAp spectra with regard to BC and
BC-CMC can be observed. Furthermore, typical HAp
peaks detected in the nanocomposites have lower intensi-
ties than those corresponding to pure HAp. This could
be due to a reduction of crystallinity with respect to pure
HAp. This information is confirmed by XRD, since the
crystallinity of the mineral phase in the final nanocompos-
ites is reduced with respect to pure HAp (Fig. 8).
XRD peaks observed at 25.8�, 31.8�, 32.9�, 34.0� 39.7�,
46.6�, 49.4� and 53.1� correspond to pure HAp (Fig. 8)
[48]. On the other hand, BC present intensities at 14.5�
and 22.6�. The broad diffraction peaks indicate that BC is
not totally a crystalline material [49]. Furthermore, BC
modified with CMC at 1% w/v present diffraction planes
at the same values of pure BC. However, there is a reduction
in the values of the crystallite size of BC because the half
width of each peak is broadened. Yamamoto et al. [43]
claimed that a decrease in crystallite size is in good agree-
ment with the decrease in average microfibril size deter-
mined by TEM. This is in accordance with our results in
which the average diameter of BC-CMC fibrils is almost
50% smaller than the same value corresponding to pure BC.

The nanocomposites of BC-CMC-HAp have the two
typical peaks of BC-CMC. Also, the broad intensities
attributed to the crystals of the HAp powders in the nano-
composites indicate low values of crystallinity of HAp
present in BC. These XRD data are in accordance to those
of BC-HAp nanocomposites obtained by the immersion of
BC pellicles in SBF and calcium-phosphate solutions [12–
14,16].



Fig. 5. EDS spectrum of prepared hydroxyapatite.

Fig. 6. Distribution of diameter for (a) synthesized HAp powders and (b)
HAp present in the nanocomposites.
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The TG thermograms for the prepared materials are
shown in Fig. 9. The first thermogram (Fig. 9) indicates
that up to 900 �C, HAp loss 7.2% of its initial weight. Also,
in this thermogram there was no phase transformation,
indicating the stability of this mineral at high temperatures.
Fig. 9 shows that the total weight loss of the BC-HAp
nanocomposites was 76.3% due to dehydroxylation and
decomposition of organic macromolecules. Furthermore,
it can be seen that after 675 �C there was no more weight
loss. This indicates that all the organic components were
decomposed under this temperature. In this manner, the
material remains stable up to 900 �C due to the presence
only of HAp. Thus, the mineral phase in the nanocompos-
ites constitutes 23.7% of the total weight.

Fig. 10 shows optical microscopy images for cultures of
one day of HEK cells in the presence of thin sheets of BC
(Fig. 10a), BC synthesized with 1% w/v CMC (Fig. 10b),
nanocomposite of BC-HAp (Fig. 10c) and control
(Fig. 10d). Cells proliferated in all cases. Confluence was
achieved after two days of culture.

Fig. 11 shows the same materials removed from their
original culture media and placed into a new TCP in the
presence of fresh culture media. From these pictures it
can be inferred that the most part of living cells were
not in the thin sheets but in the TCP surfaces. On the
other hand, the viability analysis shows 86.8%, 95.1%
and 97.2% for media in which were present BC, BC pro-
duced with 1% w/v CMC and BC-HAp nanocomposites,
respectively. The pore size, pore orientation, fibre struc-
ture and fibre diameter of scaffolds have an influence on
cell behaviour and development of artificial skin and other
type of tissues [50]. The increased cell viability of HEK
cells in BC-CMC with respect to BC can be attributed



Fig. 7. ATR-FTIR spectra of HAp, CMC at 1% w/v–HAp at 1% w/v, BC-HAp nanocomposites, BC modified with 1% w/v CMC and BC.

Fig. 8. X-ray diffractograms of wet chemical synthesized HAp; BC-HAp
nanocomposites; BC modified with 1% w/v CMC and BC.

Fig. 9. TG thermograms for HAp; BC-HAp nanocomposite; BC and BC
modified with 1% w/v CMC.
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to the smaller diameters and increased pore sizes obtained
in BC produced in the presence of CMC. Also, HAp has
the ability to form a direct chemical bond with surround-
ing tissues [29]. The increased cell viability in BC-HAp
composites is attributed to this property. Though living
cells were not present on the surface of synthesized mate-
rials, these can be considered as biocompatible due to the
presence of cells in the same culture media. Further stud-
ies in surface modification [4] for improving the adhesion
of living cells to these materials are necessary for charac-
terizing these materials as potential scaffolds for tissue
engineering.

4. Conclusions

Nanocomposites of BC-HAp were produced by intro-
ducing the mineral phase into the bacteria culture medium
during the formation of cellulose fibrils. For this purpose,
CMC (1% w/v) was used in order to suspend the HAp
nanoparticles by controlling the viscosity of the culture
medium. By using CMC, the average diameter of cellulose
fibres is almost 50% lower than the average diameter of the
unmodified BC fibres. This result was attributed to the
effect that some polysaccharides cause in the fibre assembly
during the cellulose biosynthesis. The fibre orientation dis-
tributions of BC and BC-CMC images demonstrated that
freeze-dried BC consists of randomly assembled nanofibres
forming a network. Also, the pore size of BC increases
47.8% when CMC is added to the culture media. Image
analysis of the HAp particles before and after the synthesis
of the nanocomposites suggest that an amount of HAp
powders (22%) did not get included in the final
nanocomposites.

FTIR analysis demonstrates the interactions between
functional groups of HAp and BC in the final nanocom-
posites. In addition, XRD tests proved that the nanocom-
posites have reduced crystallinity compared to pure HAp.
Thus, chemical bonds between the components improve
the chemical stabilization of this nanocomposite for bio-
medical applications. Furthermore, TGA analysis demon-
strated that the inorganic phase represents 23.7% of the
total weight of the nanocomposite.

The biocompatibility and cell viability of the nano-
composites prepared was confirmed by HEK cell seeding.
The pore size and fibre diameter of BC networks are



Fig. 10. Optical micrographs of HEK cells for one day of culture in (a) BC; (b) BC modified with CMC (1% w/v); (c) nanocomposite of BC-Hap; and (d)
control plate.

Fig. 11. Optical micrographs of sheets of (a) BC; (b) BC modified with CMC (1% w/v) and (c) nanocomposite of BC-HAp removed from culture media
with some cells stacked to their surfaces.
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influenced by the water extraction method. Studies
reported by Bhattarai et al. [50] and Yang et al. [51]
indicate that the pore size and fibre diameter of scaffolds
influence the cell growth; however further studies are
needed in order to analyse the influence of the network
geometry in cellular response of the BC scaffolds dehy-
drated by freeze drying and solvent exchange.
Different type of micro/nano particles can be suspended
by varying the viscosity of the culture media. Thus, different
types of solid particles can be added to the medium for the
formation of nanocomposites with BC. Furthermore, the
biocompatibility of the materials and the bioactivity of
HAp are factors that make this nanocomposite a material
with potential biomedical applications.
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