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Abstract In this work, for the first time, in situ
formation and transformation process of embryo
calcium phosphate (Ca—P) minerals on three-dimen-
sional bacterial cellulose nanofibers was investigated.
Combined with XRD, X-ray absorption near-edge
structure results revealed that the embryo precursor
was amorphous calcium phosphate which was subse-
quently converted to B-tricalcium phosphate, octacal-
cium phosphate, and finally to the more
thermodynamically stable form of hydroxyapatite.
The methodology reported herein may be extended to
the studies of Ca—P and other minerals on various
substrates.
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Introduction

Nature has evolved efficient strategies to synthesize
complex mineralized structures that exhibit fascinat-
ing and precise architectures. Bone has long been
considered a prime example with a very complicated
hierarchical structure formed as a result of the oriented
nucleation and growth of calcium phosphate (Ca—P)
crystals on the type I collagen fibrils at nano scale
(Weaver et al. 2012; Dimas et al. 2013). The
fabrication of artificial bone-like biomaterials mim-
icking the natural bone has become a hot topic. As a
biomimetic strategy, various polymers have been used
as template to control the geometry and structure of
the Ca—P to mimic those found in bones (Stupp and
Braun 1997). Among them the polysaccharide cellu-
lose has been believed to be a promising candidate
template due to its biological and mechanical proper-
ties compatible to hard and soft tissue (Hofmann et al.
2006), abundance and renewability, and abundant
reactive hydroxyl groups on the macromolecular
chains, which allow various surface modifications to
favor Ca—P formation (Li et al. 2012). To date, various
cellulose and cellulose derivates in the form of
electrospun fibers (Hayashi et al. 2009), cloth (Rhee
and Tanaka 2000), fabrics (Higashi and Kondo 2012),
hydrogels (Hofmann et al. 2006; Granja et al. 2001;
Hutchens et al. 2006) have been used as templates for
Ca-P deposition. Unlike those plant-derived cellulose
materials, bacterial cellulose (BC), synthesized by
nonpathogenic  microbial  strains  such  as
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Gluconacetobacter, shows many unique characteris-
tics. BC exhibits higher water holding capacity, higher
crystallinity and polymerization, higher tensile
strength, and a finer web-like network. More impor-
tantly, it has a nano-sized fiber diameter, microscop-
ically similar to collagen nanofibers in natural tissues
(Bickdahl et al. 2006, 2008). All these unique
properties make it a promising collagen-mimicking
nano-component in tissue engineering (Bickdahl et al.
2008; Zimmermann et al. 2011). Although significant
advances have been made on mineralized nanofibers
(Hartgerink et al. 2001; Wan et al. 2007, 2009;
Hutchens et al. 2006; Zimmermann et al. 2011;
Grande et al. 2009; Cao and Mao 2007; Du et al.
2000), the growth mechanism of Ca—P on nano-sized
fibers has been elusive partly due to the difficulties in
in situ observation of the growth process (Onuma and
Ito 1998). Indeed, in situ observation of Ca-P
formation in solutions was reported by using numer-
ous techniques such as XRD, FTIR, XPS, time-of-
flight cluster static secondary ion mass spectra (ToF-
SSIMS), in situ TEM and in situ AFM (Chusuei et al.
1999; De Yoreo et al. 2013; Xin et al. 2006). Notably,
Gong et al. (2012) examined the formation of spicules
in embryos of Strongylocentrotus purpuratus sea
urchins using X-ray absorption near-edge structure
(XANES).

XANES spectroscopy is a useful technique to
determine the valence, oxidation state, coordination
number of individual elements as well as the chemical
structure of compounds (Demirldran et al. 2011). The
most significant advantage of XANES is that this
technique is specific to elements. The signals in a
XANES spectrum, like fingerprints, represent only
specific elements. Therefore, XANES has been used to
examine the phase transformation, such as the trans-
formation characteristics of biogenic Ca—P (Sato et al.
2005, 2009) and transformation of amorphous calcium
carbonate (Politi et al. 2008). Nevertheless, to our best
knowledge, there has been no report on using XANES
for the in situ characterization of Ca—P formation and
phase transformation on a three-dimensional (3D)
template at nano scale, in particular during its nascent
stage.

In nature, the biological apatite crystals are formed
from precursors such as amorphous calcium phosphate
(ACP) (Eanes et al. 1965) and calcium hydrogen
phosphate dihydrate (DCPD) (Dorozhkin and Epple
2002), which are subject to phase transformation to
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form hydroxyapatite (HAP) or calcium-deficient
hydroxyapatite (cdHAP) crystals (Hayashi et al.
2009). In order to understand the process of natural
biomineralization, studies on Ca—-P mineralization
process have been extensively conducted either in
solutions containing calcium and phosphate ions or on
templates. It has been well documented that, in most
cases, ACP is the first solid Ca—P phase which evolves
into the crystalline phases (Combes and Rey 2010;
Sugiura et al. 2011). For instance, Sugiura and co-
workers reported that the initial ACP first transformed
into B-tricalcium phosphate (TCP), and then into
octacalcium phosphate (OCP) (Sugiura et al. 2011).
ACP is said to convert directly into HAP by some
authors (Abbona and Baronnet 1996; Kim et al. 2005),
while others state that the transformation takes place
through an intermediate like OCP (Kibalczyc et al.
1990) and subsequent HAP crystallization [9]. In the
case of Ca—P deposition on BC nanofibers, previous
studies indicated that OCP was the precursor of HAP.
(Nge and Sugiyama 2007; Wan et al. 2009) However,
the formation of ACP on 3D BC nanofibers (with a
diameter of less than 100 nm, which is the lower limit
of collagen fibers in bones) has not been observed
(Nge and Sugiyama 2007; Wan et al. 2007). Thus,
further studies are required to clarify the formation
process.

The aim of this work was to determine the early
formation of Ca—P minerals and their phase transfor-
mation process by capturing embryo and intermediate
states of Ca—P minerals deposited on nanofibrous
templates so as to provide evidence for further studies
of transformation mechanisms.

Experimental
Sample preparation

The preparation and cleansing procedures of BC
pellicles were identical to those described in our
previous work (Wan et al. 2007). Briefly, the bacterial
strain, Acetobacter xylinum X-2, was grown in the
culture media containing 0.3 wt% green tea powder
(analytical grade) and 5 wt% sucrose (analytical
grade) for 7 days. The pH of the medium was adjusted
to 4.5 by acetic acid. BC pellicles were purified by
soaking in deionized water at 90 °C for 2 h followed
by boiling in a 0.5 M NaOH solution for 15 min. The
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pellicles were then washed with deionized water
several times and soaked in 1 wt% NaOH for 2 days.
After rinsing with deionized water until neutrality, the
BC samples were stored in distilled water until
required. The phosphorylation of BC was conducted
by the same procedure as reported earlier (Wan et al.
2007). Briefly, BC pellicles in the form of disc were
placed into a round-bottomed flask equipped with a
condenser, thermometer, and nitrogen gas inlet.
200 ml of dimethyl formamide (DMF) and 15 g of
urea were added to the flask. The flask was then heated
to 110 °C and immediately followed by adding a
solution of 19 ml of 98 % phosphoric acid (H3PO,) in
50 ml DMF. The suspension was further heated to
136 °C and left to reflux for an hour under gentle
stirring using a magnetic stirrer and a nitrogen stream.
The reaction mixture was then cooled under flowing
nitrogen gas. The resulting P-BC pellicles were
removed and thoroughly rinsed with deionized water
to wash out the excess H3;POj,.

In order to induce Ca-P formation, BC pellicles
were immersed in 1.5 SBF (simulated body fluid) at
37 °C for predetermined periods from as short as
2 min to 3 days. As reported previously (Rhee and
Tanaka 2000), the 1.5 SBF solution was prepared by
dissolving reagent grade NaCl, NaHCO;, KCl, K,.
HPO,4-3H,0, MgCl,-6H,0, CaCl,-H,O, and Na,SO,4
in deionized water. The solution was buffered to pH
7.4 with tristhydroxymethyl) aminomethane ((CH,.
OH)3;CNH,) and 1 M HCI at 37 °C. The supersatura-
tion conditions in the 1.5 SBF solutions were
maintained by periodic replacement with fresh solu-
tions. Upon completion of immersion, samples were
taken out from the solution at predetermined time
points, rinsed with deionized water, and finally air
dried for XANES and XRD measurements.

Characterizations

SEM was conducted to observe sample morphology
and microstructure. The lyophilized samples were
affixed to a copper flake with carbon adhesive and
sputter-coated with gold at 10 mA for 3 min. Samples
were examined using a Nano 430 FE-SEM (FEI, USA)
at 10 kV. The average fiber diameter of nanofibers was
determined by measuring the diameter of the nanof-
ibers at 100 different points on a SEM image, as
reported by Bhattarai et al. (2005). The diameters were
presented as the average + standard deviation.

The phosphorus (P) K-edge XANES measurements
of air-dried Ca—P-coated BC samples were performed
at the beamline 4B7A of Beijing Synchrotron Radi-
ation Facility (BSRF). P K-edge XANES spectra were
obtained on a double-crystal monochromator (DCM)
covering the energy range of 2,140-2,180 eV with an
energy resolution of about 0.2 eV and the spectra were
recorded in partial fluorescence yield (PFY) mode
using a solid state Si(Li) detector (PGT, USA). The
electron storage ring was operated at 2.5 GeV and the
current was 150-250 mA. The chamber pressure was
kept at 107° Torr during the measurement. Data
analysis of the experimental XANES spectra was
performed using the WinXAS3.1 and the reported
spectra were obtained after normalization. In addition,
four high-purity Ca—P minerals including ACP, TCP,
OCP, and HAP purchased from chemical suppliers
were used as P standards for comparison with the
sample spectra. The use of standard samples was
essential for the identification of the obtained XANES
spectra (Sato et al. 2005, 2009). This way allows the
interpretation of XANES spectra using the fingerprint
method in which the XANES of the material of interest
is compared with the XANES of materials of known
structures (Liou et al. 2004).

The crystalline structure was studied using a
Rigaku D/max 2500 X-ray diffractometer with a Cu
Ka radiation (A = 0.15405 nm) at a voltage of 40 kV
and a current of 200 mA. All samples were scanned
from 5° to 60° at a scan speed of 0.2°/s. The data were
obtained through a MDI/JADE6 software package
attached to the Rigaku XRD instrument.

Results and discussions

A representative digital camera photo, SEM image,
and fiber diameter distribution of BC nanofibrous
template are shown in Fig. 1. Note that the BC
pellicles were whitish and translucent. SEM images
clearly showed a 3D network structure. The average
fiber diameter of BC was 73 £+ 13 nm. As expected,
the surface of phosphorylated BC was negatively
charged due to the existence of large amount of —-OH
groups and phosphate groups (-PO4> 7).

Figure 2 shows the P K-edge XANES spectra
obtained with standard Ca—P samples of ACP, TCP,
OCP, and HAP. These spectral features were consis-
tent with those reported in literature (Eveborn et al.
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Fig. 1 Digital camera
photo (a) and SEM image
(b) of a representative BC
nanofibrous template (inset
showing diameter
distribution of BC
nanofibers)

Normalized absorbance (a.u.)

L

T T : T
2140 2150 2160 2170 2180
Energy (eV)

Fig. 2 Normalized P K-edge XANES spectra of various
standard Ca—P minerals

2009; Sato et al. 2009). In all spectra, a peak was found
at around 2,168.0 eV, which was due to oxygen
oscillation and was a characteristic feature for Ca—P
minerals (Sato et al. 2005, 2009). Each of the four
spectra showed a shoulder at around 2,153.5 eV,
which is an indication of Ca-P (Sato et al. 2009) and
was in agreement with the value reported by Eveborn
et al. (2009), but the shoulder seemed to be more
distinctive in the order of ACP<TCP<OCP<HAP. In
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addition, these Ca—P minerals could be distinguished
by the presence and absence of a peak at around
2,162.0 eV (Eveborn et al. 2009) [although a slight
shift of this peak was observed in TCP, consistent with
Sato et al. (2005)]. It should be mentioned that the
spectral differences between OCP and HAP were
subtle and practically it was impossible to distinguish
them with XANES technique alone due to a lack of
distinctive features to separate them (Eveborn et al.
2009).

The P K-edge XANES spectra of Ca—P minerals
deposited on the surface of BC nanofibers after
soaking in 1.5 SBF for different times are depicted
in Fig. 3. Note that, as expected, there was no shoulder
at 2,153.5 eV before immersion in 1.5 SBF. Interest-
ingly, the shoulder at 2,153.5 eV could be detected
after only 2 min soaking in 1.5 SBF, which confirms
(comparing with Fig. 2) the presence of ACP. In other
words, XANES results revealed that the precursor of
Ca—P formed on BC nanofiber was ACP. This finding
was consistent with the common notion of ACP being
the usual initial precursor of Ca—P as mentioned
above. In turn, the results confirm that the phosphor-
ylated BC nanofiber can be an effective template for
creating biomimetic materials. Furthermore, XANES
also revealed that the induction period for the forma-
tion of ACP was less than 2 min. Although rapid
formation of ACP in solution was reported by Sugiura
et al. (2011), this is the first time to observe such short
induction period in the formation of ACP on BC
nanofibers. The XANES spectra shown in Fig. 3
revealed that the structure of Ca-P remained
unchanged (ACP) until 3.5 h immersion in 1.5 SBF
when the peak at around 2,162.0 eV was observed,
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Fig. 3 P K-edge XANES spectra of Ca—P minerals deposited
on the surface of BC nanofibers after soaking in 1.5 SBF for
different times

which indicated the transition of ACP to TCP.
Furthermore, from 12 h to 3 days, the shoulder at
1,253.5 eV became more pronounced, which sug-
gested the transition from TCP to OCP and/or HAP
(comparing with Fig. 2). Nevertheless, as aforemen-
tioned, XANES was unable to tell OCP from HAP.
In order to distinguish HAP from OCP, XRD
technique was adopted and the results are presented in
Fig. 4. Figure 4 revealed that the mineral was OCP at
12 h immersion in 1.5 SBF and it converted to HAP
after 1 day deposition. Therefore, XANES results,
together with XRD findings, suggested that the
embryo phase of Ca—P was ACP, which then experi-
enced three consecutive transitions: ACP — TC-
P — OCP — HAP. However, to the best knowledge
of the authors, none of the previous studies on Ca—P
formation on BC nanofibers (Nge and Sugiyama 2007;
Tolmachev and Lukasheva 2012; Wan et al. 2007,
2009) observed the formation of ACP and TCP since
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Fig. 4 XRD patterns of Ca—P minerals deposited on the surface
of BC nanofibers after soaking in 1.5 SBF for different times

neither XRD nor SEM technique was able to capture
the information of nascent Ca—P minerals due to
various difficulties such as sample preparation and
signal collection. Therefore, the use of XANES has
updated our understanding on the formation of Ca—P
minerals on BC nanofibers. Although the exact
mechanisms of the formation of ACP precursor and
thermodynamics of these phase transformations are
beyond the scope of this work (which will be the focus
of our future work), the findings presented in this work
suggest that XANES is an effective tool to examine the
formation of Ca—P minerals, in particular in the
nascent stages. We believe that the use of XANES will
be helpful in understanding the mechanism of bio-
mineralization and will lead to a new strategy for
mimicking biological materials.

Conclusions

In summary, the formation of embryo Ca—P minerals
on 3D BC nanofibers and their transitions were studied
by using XANES technique. We have shown, for the
first time, that the embryo Ca—-P deposited on BC
nanofibers was ACP and that the transition process of
Ca—P minerals on BC nanofibers was as follows:
ACP — TCP — OCP — HAP. These findings have
updated our understanding on the Ca—P deposition on
BC. The methodology reported herein might be
helpful in the study of biomineralization on other
nano-sized templates.
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