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Hydroxyapatite formation on oxidized cellulose
nanofibers in a solution mimicking body fluid

Seira Morimune-Moriya1,2, Sakina Kondo1, Ayae Sugawara-Narutaki1, Tatsuya Nishimura3,
Takashi Kato3 and Chikara Ohtsuki1

Biomimetic processing using a solution mimicking the inorganic composition of the body fluid of humans (simulated body fluid

(SBF)) may be one of the more promising routes for the construction of polymer/hydroxyapatite composites by an environmental-

friendly method. In this process, hydroxyapatite nucleation on an organic polymer is an important event, yet the optimal surface

characteristics of the organic polymer have not been determined. In the present study, a series of oxidized cellulose nanofibers

with different contents of the carboxy groups (0–27% per glucose units of cellulose) were prepared. Their capability of forming

hydroxyapatite in 1.5SBF (a solution in which the concentration of the inorganic ions was 1.5 times higher than that in SBF)

was systematically investigated. It was found that hydroxyapatite formation on the nanofibers was the most enhanced with a

nanofiber containing a carboxy group content of 9.9%, indicating that there was an optimum amount of carboxy groups that

was required for the effective induction of hydroxyapatite nucleation. Carboxy groups are considered to be involved in the

electrostatic interactions between the fibers and the calcium ions in solution and they induce heterogeneous nucleation of

hydroxyapatite. Higher contents of carboxy groups, however, reduced the activity of the calcium ions for the nucleation of

hydroxyapatite by forming complexes with the calcium ions.

Polymer Journal (2015) 47, 158–163; doi:10.1038/pj.2014.127; published online 17 December 2014

INTRODUCTION

Recently, a huge variety in the combinations of organic and inorganic
materials have been investigated to develop novel materials with
unique performance capabilities, such as with their mechanical and
optical properties.1 These composites are expected to exploit the
advantages derived from both the organic polymers and the inorganic
materials.2–5 In the organic/inorganic composites, problems regarding
the mechanical performances have sometimes arisen due to poor
interfacial adhesion between the organic and inorganic components.
Poor interactions at the interface can easily cause an initial crack under
the stress, which then fails to transfer the stress. Therefore, these
composites often possess properties that are inferior to what was
expected. To overcome this issue, many efforts have been made to
increase the adhesive strength between the components.3,6,7 Biomi-
metic processing is one such approach to fabricate novel organic/
inorganic composites with highly organized structures with controlled
interfacial properties.
Biominerals have attracted a great deal of attention as excellent

organic/inorganic composites because of their highly organized
structures.8–12 These structures are constructed by a sophisticated
process called biomineralization. Human bone tissue is a representa-
tive biomineral that consists of collagen and hydroxyapatite (HAp,
stoichiometric composition of Ca10(PO4)6(OH)2), which contains
carbonate.11 Nacre of shell is composed of organic polymers, such

as chitin and silk-fibroin-like proteins and calcium carbonate.12 The
organized structures of the biominerals comprised of organic and
inorganic substances create unique properties, that is, the combination
of the rigidity derived from the inorganic materials with the flexibility
that is derived from the organic molecules. In addition, biominer-
alization occurs under ambient and mild conditions. Due to the
superior properties of the biominerals combined with the
environmental-friendly process of biomineralization, an enormous
amount of effort regarding the bio-inspired composites have been
made.8,10,13–18

Among the biomimetic processes, the technique for the coating of
HAp onto organic substrates has been developed using an acellular
aqueous solution. Kokubo et al.19,20 developed an acellular aqueous
solution that mimics the composition of the inorganic ions in human
blood plasma for simulating HAp formation on bioactive glasses and
glass-ceramics after implantation in bony defects. The solution is
called simulated body fluid (SBF). SBF is evaluated to be super-
saturated with respect to HAp.21 SBF has been modified to create
1.5SBF, which is a solution with an increase in the inorganic
concentrations of 1.5 times of the regular SBF, to increase the degree
of supersaturation with respect to HAp for the coating of HAp on
various substrates.22 In the 1.5SBF solutions, functional groups on the
surface of the substrate play important roles in the nucleation of HAp.
Carboxy groups have been reported to effectively induce HAp
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nucleation on the surfaces of polyamide films that release calcium ions
from the substrates.23 The amount of carboxy groups in the polymer
substrates affects the induction of the heterogeneous nucleation of
HAp in 1.5SBF.23 However, a systematic investigation on the effects of
the carboxy groups in the system without the diffusion of calcium ions
from the substrate has not yet been conducted.
Saito et al.24 prepared composite films composed of calcium

carbonate and cellulose nanofiber (CeNF), which was oxidized with
carboxy groups. Based on their research for the designed CeNF,
CeNFs with various amounts of carboxy groups could be fabricated to
evaluate their roles and capabilities in the formation of HAp. Cellulose
is the most abundant compound on earth and it is well known as an
environmental-friendly material. CeNF would be a suitable compo-
nent for nanocomposite materials as a potential reinforcement.25–28 In
this study, relationships between the amounts of carboxy groups
formed on CeNFs and their capability of HAp formation in 1.5SBF
were investigated.

MATERIALS AND METHODS

Materials
An aqueous suspension of CeNF (BiNFi-s cellulose, 2 wt%) was purchased
from Sugino Machine, Uozu City, Japan. 2,2,6,6-Tetramethylpiperidine-1-oxyl
radical (TEMPO) was purchased from Sigma-Aldrich (St. Louis, MO, USA).
NaBr, NaClO and HCl were purchased from Wako Pure Chemical Industries,
Ltd (Tokyo, Japan). NaOH, ethanol, NaCl, NaHCO3, KCl, K2HPO4, MgCl2,
CaCl2, Na2SO4 and tris(hydroxymethyl)aminomethane ((CH2OH)3CNH2)
were obtained from Nacalai Tesque, Inc (Kyoto, Japan). All of the reagents
were used as received.

Oxidation of CeNF
An aqueous suspension of CeNF was diluted to 1 wt% and then the suspension
(100 g) was stirred at room temperature for 1 day to obtain a homogeneous
suspension. NaBr (0.2 g) and TEMPO (0.02 g) were dissolved into the
suspension. NaClO (12%, x ml) was subsequently added to the suspension.
The pH of the suspension was maintained at a value of 10 for 4 h by the drop-
wise addition of NaOH (0.5 M). After the oxidation reaction was allowed to
occur for the designed period, ethanol was added to quench the oxidation. The
suspension was then neutralized and washed with ultrapure water. The content
of the carboxy groups introduced in the CeNF was controlled by the volume of
NaClO (x= 0, 0.36, 2.16, 3.6, 7.2ml).

Characterization of the oxidized CeNF
The presence of carboxy groups in the oxidized CeNF was confirmed by
Fourier transform infrared (FT-IR) spectroscopy using a FT/IR-6100 (JASCO
Co, Tokyo, Japan). The sample pellets were prepared using KBr. The
concentration of the carboxy groups in the oxidized CeNF was determined

by the electric conductivity titration method.29 NaCl (0.01 M, 5 ml) was added
to the suspension of the oxidized CeNF (0.5 wt%, 55ml) and stirred to obtain a
well-dispersed suspension. The pH of the suspension was adjusted to a value of
2.5–3.0 by adding HCl (0.1 M). Subsequently, a NaOH (0.04 M) solution was
added at a rate of 0.1 mlmin− 1 to increase the pH to a value of 11. The content
of the carboxy groups was determined from the conductivity and pH curves.
An X-ray generator (RINT PC2100, Rigaku Co, Tokyo, Japan) was operated at
40 kV 20mA− 1. X-ray diffraction profiles were obtained by irradiating the
samples with CuKα radiation at a scanning speed of 1.0°·min− 1. The
morphology of oxidized CeNF was observed using a field-emission scanning
electron microscope (JSM-7500FA, JEOL Ltd, Tokyo, Japan). The samples were
prepared by casting the diluted suspensions onto silicon wafers. Prior to the
observations, the samples were coated with osmium.

Preparation of the oxidized CeNF film
The oxidized CeNF films were prepared by vacuum filtration. The suspension
of oxidized CeNF (0.2 wt%, 150 g) was filtered using a polytetrafluoroethylene
filter membrane (Advantec Toyo, Tokyo, Japan) with a 1.0 μm pore size. The
obtained wet film was held between filter papers and glass plates and dried at
40 °C for 48 h. The film thickness was ~ 55 μm, and the film density was
~ 1.29 g cm−3.

Preparation of 1.5SBF
The 1.5SBF was prepared by the method reported by Kokubo and co-
workers.22 NaCl, NaHCO3, KCl, K2HPO4, MgCl2, CaCl2, Na2SO4, tris(hydro-
xymethyl)aminomethane ((CH2OH)3CNH2) and HCl were added to ultrapure
water (700ml) in the order listed in Table 1. Each reagent was completely
dissolved by stirring before the addition of the next reagent. The pH of the
solution was buffered at 7.25 (36.5 °C) by (CH2OH)3CNH2 and HCl. After
cooling the solution to room temperature, the total volume of the solution was
adjusted to 1000ml by adding ultrapure water.

Evaluation of HAp formation
The oxidized CeNF film was cut into 1× 1 cm squares and soaked in 1.5SBF
(30ml) at 36.5 °C for 1, 3, 5 and 7 days. The films were then removed from the
1.5SBF, rinsed with ultrapure water and dried at 40 °C for 24 h. The film
surface was observed with a field-emission scanning electron microscope
(JSM5600, JEOL Ltd). The samples were coated with a conductive layer of
gold before observation. Concentrations of the calcium and phosphate in
1.5SBF before and after the soaking of the films were measured using
inductively coupled plasma atomic emission spectroscopy (ICP-AES; Optima
2000DV, PerkinElmer Japan, Yokohama, Japan). To isolate only the precipi-
tates, the soaked films were heated at 750 °C for 20min to thermally
decompose the cellulose. The residuals were characterized by X-ray diffraction
within the range of 20–40°. All of the samples were scanned 12 times and the
integrated intensities were obtained.

RESULTS

TEMPO-mediated oxidation of CeNF
The CeNF was oxidized by the TEMPO-mediated system to introduce
carboxy groups onto the surface of the CeNF. The presence of the
carboxy groups in the oxidized CeNF was confirmed by adsorption at
1660 cm− 1 in the FT-IR spectra (Supplementary Figure S1). The
content of the carboxy groups in the oxidized CeNF was controlled by
the amount of NaClO used in the reaction. Table 2 shows the content
of the carboxy groups in the oxidized CeNF as a function of the
amount of NaClO (x). The content of the carboxy groups in the neat
CeNF was revealed to be ~ 0, while for the oxidized CeNF the carboxy
group content increased with a corresponding increase in the value of
x. Hereafter, according to the content of the carboxy groups, the
oxidized CeNF was termed as TyCeNF (y= 1.3, 9.9, 16, 27).
X-ray diffraction profiles of the TyCeNF are shown in Figure 1.

The intensity peaks at 2θ= 15°, 16.4° and 22.6° were derived from the
(1–10), (110) and (200) planes of cellulose I, respectively.30

Table 1 Reagents for preparation of 1.5SBF

Order Reagents 1.5SBF

1 NaCl 11.994 g

2 NaHCO3 0.525 g

3 KCl 0.336 g

4 K2HPO4·3H2O 0.342 g

5 MgCl2·6H2O 0.458 g

6 HCl (1mol l−1) 60ml

7 CaCl2 0.417 g

8 Na2SO4 0.107 g

9 (CH2OH)3CNH2 9.086 g

10 HCl (1mol l−1) Appropriate amount for adjusting pH

Abbreviation: SBF, simulated body fluid.
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The crystallinity of the cellulose was calculated as previously described
in the literature and as follows:31

Xc ¼ Ac= Aa þ Acð Þ ð1Þ
where, Ac is the crystalline area and Aa is the amorphous area. The Xc

of CeNF decreased with an increase in the content of the carboxy
group, and it decreased from 93% with neat CeNF to 84% with
T27CeNF.
Figure 2 shows the field emission scanning electron microscope

images of (a) CeNF, (b) T9.9CeNF, (c) T16CeNF and (d) T27CeNF.
The dense network of the fibers was observed. It was found that the
fiber morphology was maintained even after oxidation.

HAp formation in 1.5SBF
Figure 3a shows the scanning electron microscope images of CeNF
and TyCeNF films before and after they were soaked in 1.5SBF.
Spherical deposition was observed within 7 days for all of the TyCeNF
films, while it was not observed for the CeNF film (0). As shown in
Figure 3b, the deposition was composed of scale-like crystals. The
morphology of the deposition is similar to that of HAp formed on
substrates in 1.5SBF.23,32,33 In previous reports, the deposition was
assigned to bone-like HAp that was characterized as a carbonate-
containing HAp comprised of small crystallites and defective struc-
tures. The deposition was formed within 1 day on the T9.9CeNF film,
which was the fastest formation among the TyCeNF films. The
induction period for the formation of deposition was shortened with
an increase in the content of the carboxy groups up to 9.9%. However,
the induction period was again prolonged with a continued increase in
the content of the carboxy groups.
The concentration changes of the calcium and phosphorus in

1.5SBF that was measured by ICP-AES are shown in Figures 4a and b,
respectively. The decrease in the concentration of calcium as well as

Figure 1 X-ray diffraction profiles of cellulose nanofiber (CeNF) and
oxidized CeNFs.

Table 2 Carboxy group contents in CeNF and oxidized CeNF

NaClO x (ml) Carboxy group content (mmol g−1) Carboxy group content a y (%)

0 0 0

0.36 0.07 1.3

2.16 0.55 9.9

3.6 0.90 16

7.2 1.48 27

Abbreviation: CeNF, cellulose nanofiber.
aCarboxy group content per glucose unit.

Figure 2 Field emission scanning electron microscope images of (a) cellulose nanofiber (CeNF), (b) T9.9CeNF, (c) T16CeNF and (d) T27CeNF.
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that of phosphorous was observed for the solutions where a deposition
was formed. The deposition was determined to be calcium phosphate.
X-ray diffraction profiles of the TyCeNF soaked in 1.5SBF showed

no distinct peaks of calcium phosphates; this can be attributed to the
fact that the amount of inorganic deposits was so small compared with
that of the TyCeNF substrates. Meanwhile, after the samples were
heated to 750 °C, distinct peaks were observed in the X-ray diffraction
profiles of the deposition on the T9.9CeNF films 3, 5 and 7 days after
soaking in 1.5SBF, as shown in Figure 5. The diffraction peaks were
assigned to a mixture of HAp and β-tricalcium phosphate (Ca3(PO4)2).
Since the samples were heated at 750 °C to thermally decompose the
CeNF, the crystallinity of HAp can be higher than what was deposited
in the 1.5SBF. Previously, Raynaud et al.34 reported the thermal
stability of HAp with a variable Ca/P atomic ratio. In their report,
HAp with a Ca/P atomic ratioo1.5 was transformed into a mixture of
HAp and β-tricalcium phosphate after heating at 700 °C, and was
followed by a disappearance of HAp after heating at 750 °C. HAp with
a Ca/P atomic ratio= 1.535 (typical compositions possess a Ca/P
atomic ratio between 1.5 and 1.67) dissociated into a mixture of
HAp and β-tricalcium phosphate after heating at 700 and 750 °C. HAp
powder with a Ca/P atomic ratio= 1.67 was stable even after heating at

1000 °C. These findings on the thermal stability suggest that the heat-
treated samples consisting of HAp and β-tricalcium phosphate were
formed from HAp with a calcium-deficient composition (Ca/Po1.67)
during the heating. Taking the aforementioned facts into considera-
tion, the deposition formed on the T9.9CeNF in 1.5SBF was assigned
to HAp.

DISCUSSION

Oxidation of CeNF
From the titration of TyCeNF, it was revealed that a series of oxidized
CeNF with different contents of carboxy groups was successfully
prepared. After the oxidation of CeNF, the Xc was found to decrease.
It was suggested that the molecular weight of cellulose was slightly
decreased due to the acid hydrolysis of the cellulose during the
reaction.35,36

Capability of HAp formation in 1.5SBF
Regarding the HAp formation on the negatively charged surface in the
series of SBF solutions, it has been reported that calcium ions initiate a
heterogeneous nucleation of HAp.33,37 Tanahashi et al.37 investigated
the effect of functional groups on the substrate surface on the
formation of HAp in SBF. They prepared the substrates with methyl,
phosphate, carboxy, amide, hydroxy and amino groups on the surfaces

Figure 3 Scanning electron microscope images of (a) Cellulose nanofiber
(CeNF) (0) and oxidized CeNF (Ty) after soaking in 1.5SBF for 0–7 days and
(b) T9.9CeNF after soaking in 1.5SBF for 7 days. Ty indicates the oxidized
film of CeNF with a carboxy group content of y.

Figure 4 Concentrations of (a) calcium and (b) phosphorus as a function of
the soaking period in 1.5SBF.
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by using various alkanethiols on gold surfaces. The apatite growth rate
was revealed to decrease in the following order: phosphate4
carboxy≫ amide≃hydroxy4 amino≫methyl≃ 0. This observation
suggests that the adsorption of calcium ions on the negatively charged
surface, rather than the adsorption of phosphate ions on the positively
charged surface, dominates the first step of HAp formation. Due to
this assumption, modification of a material surface to be a negatively
charged surface has often been conducted to impart HAp formation
capability in SBF.
Rhee et al.33 used citric acid to promote HAp formation on a

collagen membrane. The as-cast collagen membrane and the citric
acid-treated collagen membrane were soaked in 1.5SBF. HAp crystals
were observed on the treated membrane within 14 days, while they
were not observed on the as-cast membrane. It was mentioned that
negatively charged citric acid induced the HAp formation by initially
binding the calcium ions. HAp formation was also induced on a
cellulose cloth with the aid of citric acid in 1.5SBF.38

The neat cellulose showed a very low ability to form HAp, as seen
by the fact that the deposition was not observed within 14 days. This
shows that the hydroxy groups in the cellulose structure did not have
the capability to form HAp in 1.5SBF during this period. However,
deposition was observed for the oxidized CeNF. For the oxidized
CeNF with a carboxy group content up to 9.9%, the induction period
for HAp formation was shortened with an increase in the content of
the carboxy groups. It was revealed that the carboxy groups in the
oxidized CeNF had an important role in inducing the nucleation of
HAp. Interestingly, the induction period was prolonged with a
continued increase in the content of the carboxy groups past a
content of 9.9%. The oxidized CeNF with the highest degree of
oxidation at 27% was found to take 5 days for a deposition to form in
the 1.5SBF solution while the deposition was observed within 1 day for
the T9.9CeNF. The HAp formation on TyCeNF was not simply
enhanced by an increase in the content of the carboxy groups,
although some properties, such as the hydrophilicity and the swelling
behavior of TyCeNF, would simply increase depending upon the
content of the carboxy groups. This means that the ability of the fibers
to form HAp was not significantly influenced by the hydrophilicity
and swelling behavior of the samples.
Although the presence of optimum content of carboxy groups for

HAp formation in 1.5SBF has been determined for the first time, the

inhibitory effect of the carboxy groups on the formation of calcium
phosphate has been known for the experimental system, where the
degree of supersaturation of the solution to HAp was much higher
than that in the 1.5SBF. Yokoi et al.39 investigated the relationship
between the carboxy groups in a polymer hydrogel and the formation
of calcium phosphate. The copolymer hydrogels with different
contents of carboxy groups were prepared by changing the molar
ratios of acrylamide and acrylic acid; acrylamide/acrylic acid ratios
were 100:0, 75:25, 50:50, 25:75 and 0:100. The mineralization of
calcium phosphate was conducted by soaking the gel in a solution
composed of calcium nitrate tetrahydrate and tris(hydroxymethyl)
aminomethane. It was revealed that the increase in the content of the
carboxy groups in the gel caused a decrease in the amount of the
deposition. They explained that the activity of the calcium ions was
decreased because the calcium ions were chelated by the carboxy
groups, which were present in a high concentration in the gel. The
diffusion of the calcium ions, as well as the nucleation, was inhibited
by the chelation, reducing the HAp formation capability of the gel.
Chi et al.40 also reported the inhibitory effect of the carboxy groups

on the nucleation of calcium phosphate. They prepared calcium
phosphate by mixing polyaspartic acids, sodium dihydrogen phos-
phate and calcium acetate solutions. To control the electrostatic
interactions with the calcium ions, a series of polyaspartic acids with
different contents of the carboxy groups were prepared by adjusting
the hydroxylation degree of the polyaspartic acids. The formation of
calcium phosphate was found to depend upon the degree of
hydroxylation. The induction period for the calcium phosphate
formation was prolonged with an increase in the carboxy group
content from 0 to 85%. This indicates that the calcium ions were
trapped at the surface of polyaspartic acid that was rich in the carboxy
groups. A complex was formed by the negatively charged groups in the
polyaspartic acid with the calcium ions, which greatly inhibited the
nucleation of the calcium phosphate.
In our system, two competitive reactions were considered to have

predominantly taken place in the 1.5SBF—the formation of a
complex, including a chelate complex, and the nucleation of HAp.
From the ICP-AES results, the calcium/phosphorus ratio was calcu-
lated using the concentration loss in 1.5SBF where the formation of
HAp was observed. According to the stoichiometric ratios of HAp, the
calcium/phosphorus ratio was expected to be ~ 1.67. However, the
calcium/phosphorus ratio of 1.5SBF, where T27CeNF was soaked, was
found to be 410. The decrease in calcium was observed for 1.5SBF
where T27CeNF was soaked for 3 days, despite the fact that a
deposition was not observed. Calcium ions may be more tightly bound
to the surface of the T27CeNF by forming a 1:2 complex of the
calcium ions with the carboxy groups in addition to the 1:1 complex
because of the higher density of the carboxy groups in T27CeNF. This
strong chelation results in the decrease of the activity of the calcium
ions for nucleation. In contrast, the 1:1 complex formation may be
dominant for TyCeNF with lower carboxy group contents (y= 1.3 and
9.9); calcium ions were more loosely bound to TyCeNF and thus were
more active for nucleation. HAp formation was the most enhanced on
T9.9CeNF because the calcium ions were effectively concentrated onto
the surface in active states.
The Xc of TyCeNF may also affect HAp formation. Zhang et al.41

mentioned that an increase in the Xc of a polymer substrate can
facilitate the HAp formation in 1.5SBF. The degree and the size of the
HAp deposition on poly(L-lactide) (semi crystalline polymer) and poly
(D,L-lactide-co-glycolide) (amorphous polymer) were investigated.
It was found that the HAp formation capability of poly(L-lactide)
was slightly higher than that of poly(D,L-lactide-co-glycolide). In our

Figure 5 X-ray diffraction profiles of the deposits on the T9.9CeNF films 3,
5 and 7 days after soaking in 1.5SBF. The samples were heated at 750 °C
for 20min to thermally decompose the cellulose.
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case, the Xc decreased from 93 to 84% with an increase in the carboxy
group content from 0 to 27%, while the HAp formation was the most
enhanced with T9.9CeNF having a moderate degree of crystallinity.
Therefore, it was assumed that the differences in Xc may be a minor
factor in the HAp formation in 1.5SBF.

CONCLUSION

In this work, we focused on determining the effects of the content of
the carboxy groups in the oxidized CeNF on the HAp formation
capability in 1.5SBF. CeNF was successfully oxidized by TEMPO-
mediated oxidation and fibers with various contents of carboxy groups
were prepared. The deposition of HAp was observed within 5 days,
1 day, 3 days and 5 days for the oxidized CeNF with carboxy group
contents of 1.3%, 9.9%, 16% and 27%, respectively, which indicates
that there is an optimal content of carboxy groups (9.9%) that
effectively induces HAp formation. The lack of electrostatic interac-
tions and also the excess electrostatic interactions between the carboxy
groups of the oxidized CeNF and the calcium ions in 1.5SBF may
cause the delay in the HAp formation. A thorough understanding of
the effects of the carboxy groups, including the position and the
distance on the substrate,42 in addition to the present findings will lead
to the development of fusion materials with highly organized CeNF/
HAp composite structures.
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