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ABSTRACT: Bioinspired by the aligned structure and building blocks of bone, this work mineralized the aligned bacterial
cellulose (BC) through in situ mineralization using CaCl2 and K2HPO4 solutions. The cellulose nanofibers were aligned by a
scalable stretching process. The aligned and mineralized bacterial cellulose (AMBC) homogeneously incorporated
hydroxyapatite (HAP) with a high mineral content and exhibited excellent mechanical strength. The ordered 3D structure
allowed the AMBC composite to achieve a high elastic modulus and hardness and the development of a nanostructure inspired
by natural bone. The AMBC composite exhibited an elastic modulus of 10.91 ± 3.26 GPa and hardness of 0.37 ± 0.18 GPa.
Compared with the nonaligned mineralized bacterial cellulose (NMBC) composite with mineralized crystals of HAP randomly
distributed into the BC scaffolds, the AMBC composite possessed a 210% higher elastic modulus and 95% higher hardness. The
obtained AMBC composite had excellent mechanical properties by mimicking the natural structure of bone, which indicated
that the organic BC aerogel with aligned nanofibers was a promising template for biomimetic mineralization.
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■ INTRODUCTION
The magnificent animal diversity humans enjoy today is likely
a result of biomineralization. Natural hard materials like bone,
teeth, and seashell are nanocomposites of organics and
minerals with superior mechanical performance.1−3 Specifi-
cally, bone is a hierarchically structured composite material
primarily composed of an organic matrix (mainly collagen
fibril) and an inorganic mineral phase (hydroxyapatite, HAP),
which has attracted increasing interest in three bio
(bioinspired, biofabrication, and biomaterial) fields.4,5 Previous
reports have indicated that crystal growth was guided by the
organic matrix, which acted as a template, and the aligned
organic phase improved the mechanical performance of the
mineralized composite.6 Although efforts have been made to
exploit synthetic bone substitutes,7 attempts at biomimetic
mineralization of an alternative aligned organic nanofiber
matrix have been scarce. Conventional methods to synthesize
HAP minerals on collagen matrices have been unable to mimic

the specific organic/inorganic aligned structure in bone, which
give rise to either weak mechanical strength or low mineral
content.8 Hence, the development of biomimetic materials that
resemble natural bone in alignment, excellent load-bearing
ability, and biocompatibility is significant, but it is still a
challenge because it involves the integration of two distinct
phases, and it is difficult to align the organic phase.
Bacterial cellulose (BC) exhibits many superior physico-

chemical properties, including high purity, high crystallinity, a
nanofibrillar reticulated structure, a soft elastomeric nature,
high water holding capacity, and good biocompatibility.9

Meanwhile, BC can be biosynthesized on a large scale by a
fermentation process via certain bacterial species.10 Thus BC is
an attractive organic biomaterial for broad applications in the
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food industry, energy storage, biomaterial fields, and so on.11

In particular, BC has found many potential applications in the
biomedical field for tissue engineering materials due to its good
biocompatibility.12 BC’s mechanical properties are also similar
to those of hard and soft tissues and can be easily fabricated
into a variety of shapes with adjustable hierarchical pores.13

Compared with other natural biodegradable polymers like
collagen, fibrin, and chitosan, BC possesses much higher
mechanical properties, which are required in most cases when
used as a tissue engineering scaffold.14 On the basis of the
aforementioned advantages, the BC hydrogel has been used in
biomedical fields such as wound dressings, artificial skin and
blood vessels, and antimicrobial materials.15 However, the BC
aerogel with aligned nanofibers has not yet been directly used
as the scaffolding biomaterial for bone tissue engineering.
It is desirable to search for a new generation of bone

substitutes that not only have good mechanical properties but
also are biodegradable. In recent decades, composites
consisting of mineralized fibrils and calcium phosphate
minerals have received much attention because they mimic
the basic constituents of bone.16 Despite their promising
bioactivity, the fibrils/calcium phosphate composites have
shown limited mechanical strength and are consequently
challenged when it comes to practical applications. Several
attempts have also been made to mineralize cellulose. In our
recent publication, we used the wood-derived cellulose
nanofibrils (CNFs) as the organic matrix for the biomimetic

mineralization.17 Although the mechanical properties of the
resultant hybrid material was good, the CNF extraction process
was typically associated with high energy and water
consumption,18 and the chemicals used to prepare CNF
were costly. In addition, the mineralization process is time-
consuming. Several other research experiments have also been
carried out for cellulose mineralization; however, the minerals
were deposited mainly on the surface and not throughout the
cellulose matrix.19,20 Meanwhile, the cellulose matrix was
randomly distributed with no orientation. BC has a 3D
network with finer fibers, which permits a high density of inter-
and intrafibrillar hydrogen bonds.21 Hydrogen bonding not
only enables the BC to hold water in its interstitial spaces but
also grants the composite high strength.
In this study, bioinspired by natural bone, the novel

composite material consisting of HAP mineral crystals
biomimetically deposited in the organic BC aerogel with
aligned nanofibers was synthesized. The aligned organic BC
nanofiber is an ideal biomaterial for biomimetic mineralization
due to its orderly arrangement of nanofibers, porous structure,
biocompatibility, and biodegradability. The objective of this
study is to initiate biomimetic apatite formation from
mineralization on the aligned BC nanofibers. The obtained
aligned and mineralized bacterial cellulose (AMBC) composite
exhibits a high elastic modulus and hardness of 10.91 ± 3.26
GPa and 0.37 ± 0.18 GPa, respectively, which are comparable
to those of mouse trabecular bone and to the best mineralized

Figure 1. Schematic illustration of the mineralization process. (a) Natural bone. (b) BC hydrogel. (c) BC aerogel. (d) Mineralized BC composite.
(e) Microstructure of the AMBC composite. Formation of the HAP mineral particles along the surface of aligned organic BC nanofibers.
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organic biomass materials previously reported.8,17 Meanwhile,
a high mineral content of as much as 89.53 wt % for the
AMBC composite is achieved. This aligned two-phase
structure has the following advantages: (i) the homogeneous
formation of HAP crystals throughout the aligned BC
nanofiber host, which leads to the construction of the aligned
organic BC matrix and inorganic HAP minerals, (ii) the
increased hydrogen bonding between the highly aligned
organic BC nanofibrils during the stretching process, and
(iii) a higher HAP mineral content on aligned BC nanofibers,
which benefits from the porous and high specific surface area
of the BC aerogel. The aligned organic BC nanofiber
mineralization in this study is more time-efficient, cost-
effective, affordable, and sustainable compared with our
previous study using CNF for biomineralization.17 The
AMBC is inspiring as a new class of biomaterials with high
mechanical performance, potentially good osteoconductivity,
as well as excellent biodegradability for bone engineering.

■ RESULTS AND DISCUSSION

Inspired by the aligned microstructure and basic constituents
of natural bone (Figure 1a), the AMBC composite was

artificially fabricated with a similar aligned structure and similar
basic building blocks as bone. Figure 1 illustrates the
mineralization process of organic BC aerogel and the proposed
mechanism responsible for the unique structure and good
mechanical properties. The aligned BC hydrogel membrane
was obtained by mechanical stretching of the original BC
hydrogel (Figure 1b). Next, the hydrogel was freeze-dried to
obtain the BC aerogel with aligned nanofibers (Figure 1c). The
AMBC composite was obtained via the alternating impregna-
tion cycles with CaCl2 and K2HPO4 solutions assisted by
sonication and freeze-drying (Figure 1d). The structure of the
obtained AMBC composite is illustrated in Figure 1e. The
mechanisms for forming HAP crystals are proposed as follows:
Abundant negatively charged hydroxyl groups (−OH) on the
surface of BC nanofibers strongly absorb Ca2+ cations by an
electrostatic interaction, and some Ca2+ ions are also trapped
between the organic BC nanofibers. Thus the accumulation of
Ca2+ ions can act as the nucleation sites and react with
phosphate anions for the deposition and growth of Ca−P
minerals. As a result, the organic BC aerogel with aligned
nanofibers provides a fine-tuned structure for the ordered
formation of HAP particles.

Figure 2. (a) BC pellicle is obtained via a fermentation process by Acetobacter xylinum under static cultivation condition. (b) Schematic illustration
shows that BC nanofibers are biosynthesized in culture media containing nutrients. The BC pellicle is formed on the upper surface of liquid media.
(c) Photograph of a large piece of purified BC hydrogel with water content of ∼99.5% (m/m), which can be produced on a large scale. (d)
Chemical structure of BC. (e) Rectangular-shaped BC hydrogel with dimensions of 120 cm × 3 cm × 20 cm (length × width × height). (f)
Photograph of the BC hydrogel stretching process. The original BC hydrogel is fixed between two grips and then moved up and down at a constant
speed until the stretch of the BC hydrogel reaches 20%. (g) Photograph of the stretched BC hydrogel.
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BC is abundant, and the mineralization process used here
toward obtaining the HAP@BC strong composite is facile and
scalable. The BC was biosynthesized by Acetobacter xylinum in
culture medium under static cultivation conditions, and the BC
pellicle formed on the upper surface of liquid media (Figure
2a,b). The as-prepared BC pellicles were purified by alkali
solution and deionized water; then, the large piece of BC
hydrogel was obtained (Figure 2c). As shown in Figure 2d, BC

nanofibrils are composed of a cellulose molecule, which is a
linear chain of ringed glucose molecules with the repeated unit
comprising two anhydroglucose rings (C6H10O5) linked
through a C−O−C covalent bond. Rich hydroxyl groups in
cellulose molecules enable the formation of intrachain and
interchain hydrogen bonds. Therefore, the chains are firmly
held together side-by-side with high tensile strength. It has
been demonstrated that the structure with well-aligned

Figure 3. (a) Schematic diagram showing an increased degree of BC nanofibril orientation in the stretching direction. The nanofiber surface is
negatively charged due to the high concentration of hydroxyl groups. (b) Photograph of the surface of BC film after stretching, showing its aligned
pattern. (c) SEM image of the surface of the stretched film, which exhibits well-aligned microfiber bundles. SEM image of the surface morphology
of BC nanofibers (d) without and (e) with stretching. SEM image of the cross-section of BC aerogel via a freeze-drying process from (f)
nonstretched and (g) stretched BC hydrogel.
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cellulose nanofibers is important for achieving better
mechanical properties.22 In our work, a rectangular-shaped
BC hydrogel of size 120 cm × 3 cm × 20 cm was obtained by
cutting (Figure 2e). In the stretching process, the original BC
hydrogel was fixed between two grips (Figure 2f) and then
moved up and down at a constant speed until the stretch of the
sample reached 20% to obtain the stretched BC hydrogel
(Figure 2g). The wide BC strip became narrower and longer
after stretching, which was an important step for aligning the
BC nanofibers.
Herein an ultralong organic BC with aligned nanofibers via a

simple and scalable wet-stretching method is reported, as
illustrated in Figure 3a. The surface of BC nanofibers is
negatively charged due to the existence of a large number of
hydroxyl groups.23 These groups are able to bind the Ca2+ ions
through an ionic−dipolar interaction; then, phosphate groups
become electrostatically attracted to the Ca2+ cations
concentrated on the BC nanofibers, and the Ca−PO4 clusters
transform to HAP crystals that grow embedded in the bundles
of the nanofibers. The bundles of BC fibers are clearly visible
and show a well-aligned structure in the film after stretching
(Figure 3b). The scanning electron microscopy (SEM) image
of stretched BC film surface clearly shows that individual BC
nanofibrils become densely packed to form nanofiber bundles
and are aligned parallel to the stretching direction. This leads
to the disappearance of the original random network structure
(Figure 3c). The formation of microfiber alignment is due to
the increased amount of hydrogen bonding between the highly
aligned nanofibrils during the wet-stretching process. The
original BC film contains randomly distributed nanofibrils with
a diameter of around 30−80 nm (Figure 3d), which is the
typical size of bundled elementary fibrils. The wet-stretched
BC film (Figure 3e) shows an increasing amount of aligned BC
nanofibrils in the orientation along the stretching direction.
The BC aerogel was obtained via a simple freeze-drying
process. The SEM image of the cross-section of BC aerogel
clearly shows that both nonstretched and stretched BC
aerogels are highly porous, which is good for the ion

immersion and the eventual formation and accommodation
of the HAP minerals inside the fibrillary structure. In addition,
the stretched BC aerogel has better nanofiber alignment as well
as a slightly reduced pore size.
BC hydrogel is an extremely soft biomaterial, which can be

easily transformed into a variety of shapes. To demonstrate the
excellent flexibility of the as-prepared BC hydrogel, samples are
made into different shapes (Figure S1). The soft and stiff BC
hydrogel can completely recover its original shape after
twisting, stretching, bending, and folding in arbitrary directions
without any fracture. Interestingly, the tough and strong
AMBC composite is obtained after the mineralization process
(Figure S2). The AMBC composite features the thorough
infiltration of mineral nanocrystals distributed with the aligned
organic BC nanofibers (Figure 4a). The thorough infiltration
of the minerals was further confirmed by the SEM cross-
sectional view (Figure 4b). A medium-magnification SEM
image of the cross-section of the AMBC composite shows
HAP particles entangled with aligned organic BC nanofibers
(Figure 4c). In a high-magnification SEM image (Figure 4d), it
is observed that several hundred microns of HAP clusters have
formed within the cellulose fibrils. The BC nanofiber surface
and the spaces among the fibers are fully covered with HAP
clusters. The HAP particles are composed of discrete
crystallites with plate-like morphology. This suggests the
homogeneous formation of HAP particles throughout the BC
host. Instead, the HAP crystals formed on the surface of
network-structured BC nanofibers of the nonaligned mineral-
ized bacterial cellulose (NMBC) composite (Figure S3) and
did not fully infiltrate the spaces between the nanofibers. The
BC aerogel with aligned nanofibers is a suitable organic
substrate for ordered apatite formation. The BC aerogel is
highly porous and allows ions to freely enter into the organic
matrix. In addition, the pores or tunnels between the fibrils of
the aligned BC aerogel matrix are relatively small, which can
confine the growth of the HAP crystals, so that thorough
mineralization is obtained, and thus the increase in the
mechanical properties of the mineralized composite is

Figure 4. (a) Side view of the AMBC composite, showing the alignment of mineral nanocrystals to the orientation of nanofibers. (b) Low-
magnification SEM image of the cross-section of the AMBC composite. (c) Medium-magnification SEM image of the cross-section of the AMBC
composite, showing HAP mineral particles entangled with aligned organic BC nanofibers. (d) High-magnification SEM image of the cross-section
of the AMBC composite, showing microstructured HAP crystals. (e) EDX of the AMBC composite from panel d.
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expected. Lastly, the highly aligned BC nanofibers have guided
and restricted the apatite growth of the discrete HAP minerals.
Similar nanoconstructions exist in natural organic−inorganic
hybrid composites with unique hierarchical structure, like bone
and dentin.24 The highly ordered structure of interfibrillar
mineralization on the nanoscale is considered the foundation
of the biomechanical properties of these naturally hard
tissues.25,26 The energy-dispersive X-ray (EDX) spectrum
showed that the main components of the obtained crystals
were Ca and P (Figure 4e). Furthermore, the Ca and P
elements uniformly distributed throughout the fiber with a
molar Ca/P ratio of 1.52. This ratio is lower than the value of

stoichiometric HAP (1.67) but close to that of calcium-
deficient, naturally occurring HAP.27 In nature, the crystal
lattice of calcium-deficient HAP includes small amounts of ions
such as sodium (Na+), potassium (K+), magnesium (Mg2+),
and carbonate (CO3

2−) as well as OH− deficiencies and
imperfections.28 The addition or absorption of species in our
mineralizing solution or the experimental environment, such as
K+ and CO3

2−, can be present in the lattice structure of the
obtained calcium-deficient HAP.
To assess the porosity and pore-size distribution of the BC

aerogel before mineralization, the N2 adsorption−desorption
isotherm was measured. The Brunauer−Emmett−Teller

Figure 5. (a) Representative N2 adsorption−desorption isotherm curves of BC and ABC aerogel. (b) Pore-size distributions of the BC and ABC
aerogel. (c) XRD patterns of NMBC and AMBC composites. (d) FTIR spectra of NMBC and AMBC composites. (e) Detailed mechanism of the
BC nanofibers interaction with calcium and phosphate ions.
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(BET) analysis of the data of the stretched BC aerogel affords
a high surface area of 363.86 m2 g−1, which is a slight decrease
in porosity relative to the nonstretched BC aerogel (410.72 m2

g−1) (Figure 5a). The pore-size distribution is further
delineated from Figure 5b, indicating the presence of
micropores (<2 nm), mesopores (2−50 nm), and macropores
(>50 nm) in the BC aerogels.29 The dominant mesopores in
both the BC and aligned BC (ABC) aerogels are clearly seen,
whereas the ABC aerogel has a narrower pore-size distribution
compared with the BC aerogel. The highly porous and well-
aligned structures of organic BC aerogels would facilitate the
ion (Ca2+, HPO4

2−, and PO4
3−) transportation and interaction

with cellulose nanofibers and eventually the formation of HAP
minerals.
The X-ray diffraction (XRD) patterns of NMBC and AMBC

composites are given in Figure 5c. In the case of the pure BC
aerogel (Figure S4), three broad peaks appear at 14.8, 16.9,
and 22.8°. The broadness of the three characteristic peaks
corresponds to the typical (11̅0), (110), and (020) planes of

cellulose I, respectively.30 The three peaks assigned to BC
become weak but are still observed in NMBC and AMBC
composites.31 The decrease in the intensity of the cellulose
peaks in the patterns shows that HAP minerals were the
dominating component of the composite. In addition, the
mineralized BC aerogel composites displayed mineral
diffraction peaks at 22.6, 25.7, 28.1, 31.4, 32.3, 33.6, 39.4,
40.4, 41.8, 43.7, 46.5, and 49.2°, corresponding to the (111),
(002), (210), (211), (300), (202), (212), (310), (311), (113),
(222), and (213) planes of HAP.19,31−34 This result clearly
indicated that HAP crystals were formed on the organic BC
fibril scaffold due to the cycle mineralization treatment.35 The
sharp peaks indicated that the mineralized BC aerogel
composites were highly crystalline.36 To further confirm the
chemical structure, the Fourier transform infrared (FTIR)
spectroscopy graphs were analyzed (Figure 5d). The FTIR
spectrum of the pure BC aerogel is typical, where the
absorption band assigned to −OH stretching and bending
vibrations was observed at 3200−3500 cm−1 (Figure S5).13

Figure 6. Mechanical tests of mineralized BC composites and BC films. (a) Schematic illustration of the nanoindentation test process and the
nanoindentation graph with displacement on the horizontal axis and load on the vertical axis. (b) Representative nanoindentation load−
displacement curves of the NMBC and AMBC composites. (c) Elastic modulus of NMBC and AMBC composites versus the penetration depth of
the indenter. (d) Hardness of NMBC and AMBC composites versus displacement. (e) Comparison of elastic modulus on the NMBC composite,
the AMBC composite, human trabecular bone,38 mouse trabecular bone,39 and rabbit trabecular bone40 samples under dry conditions. (f)
Comparison of hardness on the NMBC composite, the AMBC composite, human trabecular bone, mouse trabecular bone, and rabbit trabecular
bone samples under dry conditions. (g) Stress−strain behavior of the BC and ABC film. (h) Mass of the total HAP@BC composites and
hydroxyapatite components in NMBC and AMBC composites.
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Similarities were observed among the NMBC and AMBC
composite samples. Whereas the 3200−3500 cm−1 peak nearly
disappeared in the two spectra of the mineralized BC aerogel
composites, the vibrational modes of PO4

3− groups are seen at
1030, 962, 595, and 562 cm−1. In addition, the peak at 869
cm−1 occurs due to the stretching mode of the HPO4

2−

vibration.31 These characteristic phosphate peaks verify the
presence of HAP minerals.37

As confirmed, the hydroxyl groups and calcium and
phosphate ions exist in the mineralized BC composites. The
formation of the interaction bonds between the BC and HAP
stabilizes the composite, which can maintain the mechanical
integrity requirements for bone substitution. As indicated in
Figure 5e, the hydroxyl groups on the cellulose have a strong
negative dipole that chelates free Ca2+ cations from the CaCl2
solution. A coordinated bond is formed through the electro-
static interaction between the ion and cellulose. Phosphate
ions then form strong ionic bonds with the cellulose-trapped
calcium ions to form HAP crystals. The anionic hydroxyl
groups concentrate inorganic calcium ions, which proceed to
nucleate oriented HAP crystals. The AMBC composite has a
uniform distribution of HAP mineral crystals throughout the
aligned organic BC nanofibers. In such a way, the organic BC
matrix can transfer the stresses to the inorganic HAP mineral
component, which helps to bear the mechanical load.31

The mechanical properties of the mineralized BC
composites were measured experimentally by performing
nanoindentations under dry conditions. The nanomechanical
test of mineralized BC composites is shown in Figure 6a. A
Berkovich diamond tip was used to indent the surface of the
NMBC and AMBC samples. The load applied to the tip and
the depth of penetration were subsequently measured during
the process. Meanwhile, the unloading portion of the load−
depth data contains the information on the stiffness of NMBC
and AMBC composites, which was related to the contact area.
The test included a loading−holding−unloading process.
Figure 6b−d shows the representative nanoindentation
load−displacement curves and the dependency of the elastic
modulus versus the penetration depth of the indenter as well as
the hardness versus the displacement on the NMBC and
AMBC composites in the dry states. The elastic modulus and
hardness values of the NMBC and AMBC composite samples
are averaged in Table 1. The NMBC composite shows low

values of elastic modulus (3.52 ± 0.97 GPa) and hardness
(0.19 ± 0.09 GPa). After stretching, the AMBC composite has
an average elastic modulus value (10.91 ± 3.26 GPa) three
times greater than the NMBC composite elastic modulus and
higher than that of mouse trabecular bone (Figure 6e). The
hardness of the AMBC composite sample is 0.37 ± 0.18 GPa,
which is smaller than that of human trabecular bone but
comparable to that of mouse trabecular bone;38 however, it is
almost three times higher than that of rabbit trabecular bone
(Figure 6f).40 Overall, the AMBC composite possesses a 210%

higher elastic modulus and 95% higher hardness compared
with the NMBC composite. In addition, the tensile strengths of
the BC and ABC films are shown in Figure 6g. The aligned BC
film shows a significantly improved tensile strength (210.6
MPa), which is two times larger than that of the nonaligned
BC film. In the current study, the dry weight of the mineralized
composites and the mass of their respective HAP components
are measured based on the weighing method, as shown in
Figure 6h. A high mineral content as high as 89.53 wt % of the
AMBC composite is achieved, which is just slightly less than
that of the NMBC composite, with 91.86 wt % mineral. The
mean value of the elastic modulus (10.91 ± 3.26 GPa) in the
AMBC composite is higher than the value reported for
mineralized collagen films (with a cross-linking density of
82%), and the mean value of hardness (0.37 ± 0.18 GPa) is
comparable to that of the previously reported mineralized
collagen films (with a cross-linking density of 26%).8 This
significant increase in the modulus and hardness in the AMBC
composite is probably due to the highly packed mineralized
structure with the HAP minerals in close proximity to the
stretched organic BC nanofibers.

■ CONCLUSIONS

Bioinspired by the structure and composition of natural bone,
mineralization with the aligned organic BC nanofibers as a
template has been studied in this work. We demonstrated that
the organic BC aerogel with aligned nanofibers is an ideal
template for the ordered mineralization. Because of the unique
aligned organic cellulose nanofibers, porous channels, and high
specific surface area, the HAP mineral crystals were uniformly
distributed throughout the aligned organic BC nanofibers and
preferentially distributed along the fibers axes. The AMBC
composite exhibits a high elastic modulus and hardness of
10.91 ± 3.26 GPa and 0.37 ± 0.18 GPa, respectively, which are
a 210% higher elastic modulus and 95% higher hardness than
those of the counterpart NMBC composite. These values are
comparable to those of mouse trabecular bone and to the best
mineralized organic materials ever reported. The biomimetic
mineralization of aligned organic BC aerogel with a high
mineral content and excellent mechanical properties inspires a
sustainable strategy toward the development of bone
substitutes.

■ EXPERIMENTAL SECTION
Materials. Acetobacter xylinum ATCC 23767 was obtained from

Guangdong Microbial Culture Center. CaCl2·2H2O (≥99.0 wt %)
and K2HPO4 (≥98.0 wt %) were purchased from Sigma. All other
chemicals were analytical grade and used as received without further
purification. All aqueous solutions were prepared with ultrapure water
(>18.2 MΩ cm) from a Milli-Q Plus system (Millipore). All glassware
used in the following procedures were cleaned with ethanol and
rinsed thoroughly with ultrapure water prior to use.

Fabrication of Bacterial Cellulose Hydrogel. The BC hydrogel
with a fiber content of 0.5% (m/m) was generated by an Acetobacter
xylinum fermentation process.41 The Acetobacter xylinum (ATCC
23767) was inoculated into the liquid production media at 30 °C in a
bulk container.42 The inoculum contained 20.0 g L−1 glucose, 5.0 g
L−1 bacto-peptone, 5.0 g L−1 yeast extract, 15.0 g L−1 D-mannitol, 2.5
g L−1 Na2HPO4, 2.0 g L−1 citric acid, and 5.0 g L−1 anhydrous
ethanol. The liquid media were subjected to high-pressure sterilization
(121 °C for 20 min) before cultivation.9 A pellicle of BC hydrogel was
obtained after static culture fermentation at 30 °C for 7 days. The as-
prepared BC was soaked in 0.5 mol L−1 NaOH solution and then
rinsed with deionized water until the residues were neutralized.

Table 1. Elastic Modulus and Hardness Values

samples elastic modulus (GPa) hardness (GPa)

NMBC 3.52 ± 0.97 0.19 ± 0.07
AMBC 10.91 ± 1.26 0.37 ± 0.09
human trabecular bone 12.25 ± 1.01 0.68 ± 0.11
mouse trabecular bone 7.42 ± 1.34 0.39 ± 0.16
rabbit trabecular bone 16.60 ± 1.70 0.13 ± 0.04
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Stretching of Bacterial Cellulose Hydrogel. A piece of purified
BC pellicle was cut into a rectangular shape of size 30 mm × 20 mm ×
110 mm. The strip of BC pellicle was mounted between two custom-
made grips, where one grip was fixed and the other could be moved
up and down. Then, the pellicle was wet-drawn at a constant speed
until the stretch of the sample reached 20%.22 For comparison
purposes, the original BC hydrogel (nonstretched) was prepared in
the same manner by processing from a piece of the same BC pellicle.
Fabrication of BC Aerogel. The stretched and nonstretched BC

hydrogel samples were first frozen by liquid nitrogen and then were
freeze-dried for 72 h to obtain the aligned BC and original BC
aerogel.43

Mineralization of BC. For the synthesis of mineralized BC
aerogel nanocomposites, inorganic minerals were formed in the BC
aerogel by performing alternating impregnation cycles with CaCl2 and
K2HPO4 solutions.

31 An impregnation cycle is defined as suspending
the BC aerogel in 250 mmol/L CaCl2 under agitation in a shaker for
24 h, including sonication under ambient conditions with a high-
density ultrasonic probe for 30 min (10 min every time) to allow for
in-depth diffusion into the porous structure, and then degassing to
ensure full infiltration. The BC was then briefly rinsed in deionized
water. Then, the sample was transferred to 150 mmol/L K2HPO4
under agitation for another 24 h, including sonication under ambient
condition with a high-density ultrasonic probe for another 30 min
(the same procedure as above). At last, the product was washed with
deionized water. The NMBC and AMBC composites were
synthesized with four impregnation cycles.
Calculation of the Weight of Mineralized BC Composites.

First, the BC and ABC aerogel were weighed by the electronic
balance. NMBC and AMBC composites were dried in an oven at 80
°C for 48 h before their mass was weighed. Thus the HAP mineral
components in NMBC and AMBC composites were obtained by
subtracting the weight of BC from the NMBC composite and the
weight of ABC from the AMBC composite, respectively.
Scanning Electron Microscopy. SEM (S3700 Hitachi, Japan)

was used to examine the morphology of the BC films, BC aerogel, and
mineralized BC composite. The fixed samples were coated with a
layer of ∼30 Å thick gold. The accelerating voltage was 10 kV, and the
working distance was 11 mm. For the elemental analysis of
mineralized samples, an EDX spectroscopy analysis was performed
during the SEM examination.
Fourier Transform Infrared Spectroscopy. The mineralized

BC composites were deposited onto the KBr slice, and the FTIR
spectra of the composites were recorded using a Nicolet FTIR 5700
spectrophotometer (Bruker, Germany) in transmission mode over the
range of 500−4000 cm−1 with a 4 cm−1 resolution at 25 °C.
X-ray Diffraction. XRD tests were conducted on an X-ray

diffractometer (Ultima IV, Japan) using Cu Kα radiation at 40 kV and
30 mA. The scan is from 2θ of 20 to 50° at a step size of 0.05°.
Brunauer−Emmett−Teller Test. The surface area of the BC

aerogel was studied on a TriStar II 3020 surface area analyzer
(Micromeritics Instruments) by using N2 gas adsorption at 77 K. The
surface area was calculated according to the BET analysis method.
The pore-size distribution was calculated from the desorption branch
of the isotherm curve according to the Barrett−Joyner−Halenda
method.
Tensile Test. Tensile mechanical properties of dried BC films (5

mm width × 25 mm length × 1 mm thickness) were assessed by
applying incremental tensional forces with an Instron model 5567
machine with crosshead speed control of 100 mm/min at room
temperature (RT).
Nanoindentation. The mechanical properties of the BC aerogel

before and after mineralization were examined using an MTS
Nanoindenter XP apparatus equipped with a Berkovich tip at RT.
TestWorks 4 software was used to analyze the elastic modulus and
hardness. The dried NMBC and AMBC samples were embedded in
epoxy resin, sectioned to reveal an indentation surface, and polished
with polishing papers (SiC, 600, 800, and 1200) and alumina slurries
(1, 0.3, and 0.05 μm, respectively). A total of 20 indents were
performed on the sample surface. The maximum indentation depth

was set at 2000 nm. The Oliver−Pharr data analysis method was used
to analyze the elastic modulus and hardness at the depth of 2000 nm.

Statistical Analysis. The analysis of the statistically significant
differences of mechanical properties among groups was performed
with one-way ANOVA tables. The level of statistical significance was
set at p < 0.05.8,44
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