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Hydroxyapatite growth on cotton fibers modified chemically
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We have prepared carboxymethyl cellulose fibers (CMC) by chemically modifying cotton cellulose with monochloroacetic
acid and calcium chloride solution. This modification favored the growth of hydroxyapatite (HAP) on the surface of the CMC
fibers in contact with simulated body fluid solutions (SBF). After soaking in SBF for periods of 7, 14 and 21 days, formation
of HAP was observed. Analysis by scanning electron microscopy and X-ray diffraction showed that crystallinity, crystallite
size, and growth of HAP increased with the soaking time. The amount of HAP deposited on CMC fibers increased greatly after
21 days of immersion in the SBF, while the substrate surface was totally covered with hemispherical aggregates with the size
of the order of 2 microns. Elemental analysis showed the presence of calcium and phosphate, with calcium/phosphate atomic
ratio of 1.54. Fourier transform infrared spectroscopy bands confirmed the presence of HAP. The results suggest that cotton
modified by calcium treatment has a nucleating ability and can accelerate the nucleation of HAP crystals.
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1. Introduction

Hydroxyapatite (HAP), due to similar compo-
sition to the mineral component of bones, is the
most commonly used calcium phosphate in implant
production. Moreover, it exhibits valuable prop-
erties as a biomaterial, such as biocompatibility,
bioactivity, osteoconductivity, direct bonding with
bones, etc. However, its mechanical properties are
poor. Basically, its fracture toughness is very low,
severely restricting its field of application in or-
thopaedics [1–3]. For this reason many efforts have
been made to develop composite materials based
on HAP on polymers such as polylactic acid, colla-
gen, chitosan, polyethylene, etc. [4–6].

In recent years, the synthesis of organic-
inorganic composite materials using biomimetic
processes for the application to artificial bones or
scaffolds for tissue engineering has been develop-
ing rapidly [4]. As the crystallochemical specificity
of inorganic solids simulates biological processes
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like self-assembly and formation of peculiar crys-
tal morphology, the elucidation of biomineraliza-
tion processes would offer valuable insights, espe-
cially into biomimetic materials chemistry.

The deposition of HAP on polymeric substrates
is important not only for fundamental research con-
cerning biomineralization but also for practical ap-
plications such as the design and development of
biomaterials [7–9].

Studies in the area of biomimetic chemistry
have contributed significantly towards the basic un-
derstanding on some of the physical and chemical
characteristics of various material surfaces, which
can also give rise to, or stimulate, phosphate nucle-
ation under in-vitro and in-vivo conditions [10, 11].
In this subject, functionalized polymers with high
polar terminal groups, such as carboxyl and hy-
droxyl, immersed in SBF environment, were found
to initiate epitaxial growth of HAP over their sur-
faces owing to their functional and stereochemical
properties [12].

Cellulose has attracted considerable attention
for bone tissue scaffold application, as one of
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the most abundant biodegradable and biocompat-
ible natural polymers [13–15]. A large amount of
hydroxyl groups on the surface of cellulose has
been proved to effectively promote the synthesis of
nanoparticles [16]. However, a great amount of hy-
droxyl groups of cellulose results in a weak apatite
nucleation ability in SBF [17, 18]. In this regard,
COOH functional group present in CMC, has been
proven to effectively induce the formation of ap-
atite crystal [19]. Based on this, CMC was selected
as supporting scaffolds due to following reasons:
it degrades in the body to non-harmful and non-
toxic compounds; negligible foreign body and in-
flammatory response reactions in vitro and in vivo
applications [20–23]; stable and good mechani-
cal properties in physiological environments during
in vitro and in vivo aging; abundant reactive hy-
droxyl groups on the macromolecular chains. Fur-
thermore, it has been used in various fields such as
nutrition.

The CMC scaffolds have been investigated by
various researchers for possible medical applica-
tions [24], HAP has grown on phosphorylated
cellulose [25, 26], functionalized bacterial cellu-
lose [27], functionalized cotton [28, 29] and com-
posites based on CMC [30]. Although the prepara-
tion of CMC scaffolds has been well reported, there
are only few studies in the literature related to the
preparation of HAP-CMC composites scaffolds us-
ing natural cotton fibers, chemically modified with
COOH groups and calcified.

In the present study cotton fibers were chosen as
the substrate material, as it is abundant and an eco-
nomic material for mass production, CMC fibers
were prepared by chemical reaction of cotton cellu-
lose fibers with monochloroacetic acid. The fibers
were soaked in saturated calcium chloride (CaCl2)
solution, which led to the enrichment of calcium on
the surface, after that the fibers were used as a scaf-
fold for the nucleation and growth of HAP using a
modification of an established biomimetic method.
The chemical modification technique employed in
this experiment will be discussed with regard to the
effect it has on the cotton fibers that leads to a cal-
cium phosphate phase deposition.

2. Experimental
2.1. CMC preparation by chemical modi-
fication of cotton fibers

All chemicals used in this study were supplied
by Sigma-Aldrich and used without further pu-
rification. Chemical modification of cotton fibers
was carried out as follows: cotton fibers (5 g), iso-
propanol (500 ml) and 30 wt.% sodium hydrox-
ide solution (70 ml), were added into a round bot-
tom flask equipped with a thermometer, mechani-
cal stirrer, condenser, and all the ingredients were
heated to the boiling temperature for 1 h, then
2.8 ml of monochloroacetic acid (78 wt.%) dis-
solved in isopropanol was added to the reaction
mixture dropwise. The reaction was allowed to re-
flux for 4 h. The CMC fibers obtained were washed
repeatedly in distilled water and dried in an oven
at 80 °C.

2.2. CaCl2 treatment

The CMC fibers obtained in the above step were
soaked in a saturated solution of CaCl2 and the re-
action was allowed to reflux at the boiling tempera-
ture for 2 h. After completion of the soaking period,
the fibers obtained in this step were washed repeat-
edly in distilled water and dried in an oven at 80 °C.
This material was named CMC-Ca.

2.3. Calcium phosphate deposition

SBF was prepared by dissolving NaCl
(0.143 M), K2HPO4 (0.9 mM) and CaCl2
(0.0015 mM) in distilled water. The solution was
buffered at pH 7.4 with tris (hydroxymethyl)
aminomethane (CH2OH)3CNH2 and 1M hy-
drochloric acid (HCl) at 60 °C. Samples of
pre-treated cotton were soaked in SBF solution at
60 °C for 7, 14 and 21 days. The SBF solution was
renewed every day to maintain both pH = 7.4 and
ionic concentrations. Upon completion of soaking
period, the samples were washed with distilled
water and dried at 60 °C. The samples were
examined using a JEOL JSM59000-LV scanning
electron microscopy (SEM) with an OXFORD
X-ray microanalyzer attached. All samples were
sputter-coated with gold before SEM observation.
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Fourier transform infrared spectroscopy (FT-IR)
spectra were recorded using samples encased in
a transparent KBr matrix on a Nexus 670. The
solid phases were analyzed by X-ray diffraction
(SIEMENS D-5000).

3. Results and discussion
Fig. 1a shows a SEM image of cotton fibers

before the test. Approximately 20 µm in diame-
ter, smooth and circular fibers are randomly dis-
tributed. An energy dispersive X-ray spectroscopy
(EDS) spectrum of the fibers surface demonstrates
that they contain C and O (Fig. 1b). After treatment
with CaCl2, the CMC-Ca fibers are compact and
circular, their surface displays particles (Fig. 1c);
the EDS spectrum of the fibers surface demon-
strates that they contain C, O and Ca (Fig. 1d).

Fig. 1. SEM images of fibers: (a) SEM image of cot-
ton fibers, (b) EDS of cotton, (c) SEM image of
CMC-Ca fibers, (d) EDS of CMC-Ca fibers.

The CMC-Ca fibers were cultured in SBF to test
the HAP growth on them. After 7 days in SBF,
only few particles were found on their surfaces
(Fig. 2a). More bigger particles were found on the
fibers after 14 days, so that the fibers were par-
tially covered (Fig. 2b). The particle size increased
further on the 21st day (Fig. 2c) and displayed a
special morphology, i.e. the fiber was wrapped by
HAP. An EDS spectrum of these particles demon-
strates that they contain calcium and phosphorous

elements (Fig. 2d). EDS analyses of the samples
after 21 days of immersion in SBF were made at
different areas of the samples and were averaged.
The EDS averaged results of the analysis are as
follows: carbon 25.86 %, oxygen 30.32 %, sodium
1.49 %, phosphorus 13.62 %, chlorine 1.62 %, cal-
cium 27.09 %, with a calcium/phosphate atomic ra-
tio of 1.54, which is very close to the ratio of 1.67
expected for stoichiometric HAP.

Fig. 2. SEM micrographs of CMC-Ca fibers after soak-
ing in SBF at different times: (a) 7 days, (b)
14 days, (c) 21 days, (d) EDS of CMC-Ca fibers
after soaking for 21 days in SBF.

Fig. 3 shows magnified images of the mi-
crostructure of the material after 14 days in SBF,
where it is possible to observe the substrate and
the presence of uniformly distributed hemispheri-
cal structures (Fig. 3a). This image indicates the ex-
istence of favorable nucleation sites, with a low sur-
face energy, which allows calcium phosphate min-
eralization. SEM micrographs with higher magnifi-
cation reveal that the hemispherical structures have
a size of the order of 2 micron (Fig. 3b) and are
composed of platelike structures (Fig. 3c).

In order to illustrate the further growth of hy-
droxyapatite and the chemical interaction between
HAP and CMC-Ca fibers, FT-IR spectroscopy
measurements were carried out on cotton fibers.
The CMC-Ca fibers before and after soaking in
SBF solution and commercial HAP are shown in
Fig. 4.
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Fig. 3. SEM micrographs of the CMC-Ca fibers soaked
in SBF solution for 14 days: (a) microstructure
of the deposited material on the fiber, (b) magni-
fied image of hemispherical structures, (c) mag-
nified image of platelike structures.

The infrared spectrum of the cotton fibers
(Fig. 4a) shows the basic vibration modes of cel-
lulose: the broad peak at 3500 – 3100 cm−1 cor-
responding to stretching vibrations of hydroxyl
groups, the peaks at 2900 – 2850 cm−1 indi-
cating the absorption region of the symmetri-
cal stretching C–H of polysaccharides, and the
peaks at 1136 – 1070 cm−1 corresponding to
C–O bond. Fig. 4b shows the spectrum of CMC-
Ca fibers. Compared with the spectrum of cot-
ton fibers, the peak at 3337 cm−1, correspond-
ing to stretching vibrations of hydroxyl group of
cellulose, is shifted to low wavenumbers and be-
comes the strong broad adsorption band. It indi-
cates that the hydroxyl groups had a strong in-
teraction with C–H of monochloroacetic acid. At
the same time, the symmetrical and asymmetrical
stretching mode of (COO)− ions were detected at
1587 and 1421 cm−1, respectively. After the nu-
cleation of HAP crystals on the CMC-Ca fibers
(Fig. 4c), the symmetrical stretching modes of
(COO)− ion appeared at 1604 cm−1 and the shift
was 17 cm−1. It suggests that there were chemi-
cal interactions between the (COO)− groups in the
CMC-Ca molecules and the nucleated HAP crys-
tals. The 3570 cm−1 absorption band corresponds
to the stretching vibration of the OH− groups that
are present in the HAP structure and the absorp-
tion bands at 1036 and 962 cm−1 are attributed to
the stretching mode of (PO4)

3− ion. A weak peak,
which denotes the stretching mode of the (CO3)

2−

ion, is also observed at 866 cm−1. These observa-
tions mean that the HAP crystals were formed on
the surface of CMC-Ca fibers. Finally, the spec-
trum presented in Fig. 4d corresponds to commer-
cial HAP, showing absorption bands at 1036, 962,
605 and 565 cm−1 related to vibrational modes of
(PO4)3−. It is possible to observe a great correspon-
dence between the spectra (c) and (d).

Fig. 4. FT-IR spectra of (a) cotton fibers; (b) CMC-Ca
fibers; (c) CMC-Ca fibers, after soaking in SBF
solution for 21 days; (d) commercial HAP.

Fig. 5. X-ray diffraction patterns of the sample after
soaking in SBF solution: 14 days, 21 days.

The X-ray diffraction (XRD) patterns of the
CMC fibers after soaking in SBF are presented
in Fig. 5. The pattern shows characteristic peaks
at 2θ of 12.1, 21.5, and 23.5° for the crystallo-
graphic planes (101), (110) and (002) of cellulose
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diffraction, respectively. The sharp peak shape in-
dicates that the crystallinity of cellulose is high.
The XRD patterns of the fibers after 14 and 21 days
of immersion in SBF show crystalline characteris-
tics (Fig. 5a and 5b). However, after 14 days, not all
diffraction planes in the 2 theta range can be clearly
identified. Approximate values at 34°, 46.7°, 49.5°,
and 53.14° correspond to diffraction planes (202),
(222), (213) and (004) of the HAP, respectively,
due to the low intensity of the diffraction lines. Bet-
ter defined peaks with higher intensity on XRD pat-
terns were found after 21 days. We attribute this
result to a higher amount of material deposited on
the fibers. The samples show a positive correlation
with the HAP card of the JCPDS (9-432).

The HAP was grown on cotton fibers using a
modification of the method described by Kokubo et
al. [8, 31], in which CMC-Ca fibers obtained from
cotton fibers were immersed in a plasma-like SBF.
The morphological characteristics of the apatite de-
posited during 7, 14 and 21 days were determined
by SEM analysis and it could be observed that
the main differences between the obtained sam-
ples were the particle size and the amount of ma-
terial grown on the substrate surface. It was ob-
served that the largest amount of HAP was obtained
after 21 days of immersion in SBF. Previous re-
ports [31–33] indicated that this kind of morpho-
logical conformation in the HAP coating was com-
patible with the hard tissue human ensemble, which
indicates that the material obtained can be used as a
biomaterial.

4. Conclusions

This research has shown that hydroxyapatite
nucleation in SBF solution can be made on cot-
ton fibers chemically modified by calcium chloride
pretreatment. The results therefore suggest that the
cotton modified by the calcium treatment has a nu-
cleating ability and can accelerate the nucleation of
HAP crystals. The deduction was confirmed by FT-
IR and XRD.

Finally, using a modified biomimetic processes,
a direct nucleation of HAP on CMC-Ca fibers was
performed to set up a CMC-hydroxyapatite crystals

composite as a potential new particularly attractive
material for bone repair and reconstruction.
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