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Cellulose nanocrystals (CNC) and 2,2,6,6-tetramethyl-1-piperidinyloxyl- (TEMPO-) oxidized cellulose nanocrystals (CNC-
TEMPO) were prepared from olive stones. The prepared nanocrystals were characterized using transmission electron microscopy
(TEM), Fourier transform infrared spectroscopy (FTIR), and carboxylic groups content determination.The prepared nanocrystals
were used as reinforcing elements in chitosan nanocomposites, which were characterized using X-ray diffraction (XRD) and tensile
strength properties. In addition, the bioactivity of the prepared chitosan nanocompositeswas studied in vitro in simulated body fluid
(SBF) using scanning electron microscopy (SEM) and electron diffraction X-ray spectroscopy (EDX). The results showed positive
effect of the nanocrystals on tensile strength properties of chitosan and noticeable reduction in its rate of dissolution in SBF due to
presence of cellulose nanocrystals. Chitosan nanocomposites containing CNC-TEMPO showed higher tensile strength properties
and higher rate of dissolution in SBF than those containing cellulose nanocrystals. Nanocomposites containing CNC or CNC-
TEMPO could not form significant amounts of hydroxyapatite (HAp) upon immersion in SBF for up to 4 weeks. Upon addition of
nanohydroxyapatite to chitosan/cellulose nanocrystals films, formation of new hydroxyapatite depositions was observed. Presence
of cellulose nanocrystals in chitosan/HAp resulted in formation and deposition of higher amounts of newHAp than in case of using
chitosan/HAp without cellulose nanocrystals.

1. Introduction

Cellulose is the most abundant natural polymer on earth
followed by chitosan. While cellulose is a polysaccha-
ride polymer consisting of D-anhydroglucose units joined
together by 1,4-𝛽 glycosidic linkages [1] chitosan is a polysac-
charide polymer composed of glucosamine and N-acetyl
glucosamine units joint by 1,4-𝛽 glycosidic linkages [2].
Both polymers have many advantages such as biodegrad-
ability, biocompatibility, nontoxicity, amenability for chem-
ical modification, reasonable strength properties, and wide

availability at the industrial level. In contrast to cellulose,
chitosan has an antimicrobial activity originating from the
presence of amines groups and quaternary amine groups
formed upon dissolving in dilute acids [3]. For that reason,
chitosan finds uses in biomedical applications that require
antimicrobial properties such as in drug delivery systems
and tissue engineering [4]. For bone tissue engineering
applications, chitosan is loadedwith hydroxyapatite to induce
precipitation and formation of new hydroxyapatite in the
presence of simulated body fluid [5]. Cellulose nanocrystals
are interesting nanomaterials having the inherent advantages
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of cellulose in addition to the unique properties of their
nanosize rod-like shape and high stiffness [6, 7]. Cellulose
nanocrystals are prepared by acid hydrolysis of cellulose
under controlled conditions. Acid hydrolysis is typically done
using either hydrochloric acid or sulfuric acid. The use of
sulfuric acid in the hydrolysis process leads to a more stable
dispersion due to the introducing of sulfate ester groups on
the surface of cellulose nanocrystals and thus prevent their
agglomeration by electrostatic repulsion [8]. Due to their
low density, high strength, transparency in composites, and
barrier properties, cellulose nanocrystals have been inves-
tigated during the last decade as reinforcing elements with
different polymer matrices for different applications [9–13].
The reinforcing effect of cellulose nanocrystals is attributed to
the formation of a network that connects the well dispersed
cellulose nanocrystals by hydrogen bonds at threshold ratio
in polymermatrix; that threshold depends on the aspect ratio
(length/width) of the nanocrystals [6]. In addition, there is a
recent interest in using cellulosic nanocrystals and nanofibers
in the area of tissue engineering as renewable, nanosized, low
toxicity materials [14].

Olive oil and olive table production are among the
important industries in the Mediterranean countries, which
serve as the major production area accounting for about
98% of the world’s olive cultivation [15]. The olive stones
comprise the majority and more commercial interest of the
waste produced in the olive industrial sector. The main use
of this biomass is for producing energy. Other uses such as
production of activated carbon, furfural production, plastic
filler, abrasive, cosmetic, biosorbent, animal feed, or resin
formation have been investigated [15, 16]. A previous study
showed that olive stones, after extraction of residual oil from
them, contain considerable amount of cellulose (∼54%) in
addition to hemicelluloses (∼25%) and lignin (∼26%); olive
stoneswere used for isolation of cellulose nanocrystals, which
had close length andwidth to that isolated in previous studies
from cotton, ramie, sisal, pine apple, wheat straw and rice
straw, coir fibers, kenaf core, sugar beet pulp, rice husk, corn
cobs, and some kinds of wood [17].

Due to compatibility between chitosan and cellulose
nanocrystals, they have been used together in nanocom-
posites; the main goal was to increase tensile strength and
moisture and gases barrier properties of chitosan [18–24].
Chitosan/cellulose nanocrystals nanocomposites have been
also prepared for use in drug delivery applications [25]. The
effect of cellulose nanocrystals on bioactivity of chitosan in
bone tissue engineering applications has not been studied
so far. In the current work, the effect of cellulose nanocrys-
tals and TEMPO-oxidized cellulose nanocrystals on tensile
strength properties and in vitro bioactivity and dissolution
of chitosan in SBF was studied. The bioactivity of chitosan
nanocomposites in SBF was investigated in the presence and
absence of nanohydroxyapatite.

2. Experimental

2.1. Raw Materials. Olive stones of Egazi olive cultivar were
collected from local market, washed with water, and pulped

using 17%NaOH at 160∘C for 2 hours.The produced pulp was
further bleached using sodium chlorite/acetic acid mixture
according to previously published method [26]. Chemical
analyses of the produced cellulose pulp was carried out
according to the previously standard methods [27]: hemicel-
luloses (as pentosans) 14.8% (w/w based on oven-dry sam-
ple), alpha-cellulose contents 61.2% (w/w based on oven-dry
sample), ash content 1.06% (w/w based on oven-dry sample),
and degree of polymerization (DP) 763. As recommended
by the various standards used, all the experiments were
duplicated and the difference between the two values was
within an experimental error of about 5%.

For preparation of simulated body fluid (SBF), reagent-
grade chemicals NaCl (16.07 g), NaHCO

3
(0.71 g), KCl

(0.45 g), K
2
HPO
4
⋅3H
2
O (0.462 g), MgCl

2
⋅6H
2
O (0.622 g),

Na
2
SO
4
(0.144 g), CaCl

2
⋅2H
2
O (0.76 g), and Tris(hydro-

xymethyl)aminomethane (12.236 g) in 1 Liter of deionized
water were used. The pH value was adjusted to 7.25 at 37∘C.

Chitosan powder (highmolecular weight grade, degree of
deacetylation: 84.7%; viscosity: 200mPa S. in 1% acetic acid;
relative molar mass: Mr 400,000) and nanohydroxyapatite
(particle size < 200 nm) was purchased from Sigma-Aldrich
and used as received.

2.2. Preparation and Characterization of Cellulose Nanocrys-
tals. Cellulose nanocrystals were isolated from olive stones
bleached pulp by acid hydrolysis using 65% sulfuric acid at
45∘C for 45 minutes as previously described [17]. Transmis-
sion electron microscopy (TEM) of the prepared cellulose
nanocrystals was carried out using a JEOL 1230 transmission
electronmicroscope (Japan) with acceleration voltage 100 kV.
A drop of cellulose nanocrystals suspension was used on a
copper grid bearing a carbon film.

2.3. TEMPO-Oxidation of Cellulose Nanocrystals. TEMPO-
oxidized CNC were prepared according to a previously
published method [28]: 1.94 g (4mmol of anhydroglu-
cose units) of cellulose nanocrystals was suspended in
water (150mL) containing 30mg of 2,2,6,6-tetramethyl-1-
piperidinyloxyl (TEMPO, 195mmol) and 0.6mg of sodium
bromide (5.7mmol) at room temperature for 30min. The
TEMPO-mediated oxidation of the cellulose nanocrystals
was initiated by slowly adding 14.7mL of 13% NaClO
(20.4mmol) over 20min at room temperature under gentle
agitation. The reaction pH was monitored using a pH meter
and maintained at 10 by incrementally adding 0.5M NaOH.
About 15mL of methanol was then added to react with and
quench the extra oxidant. After adjusting the pH to 7 by
adding 0.5MHCl, the TEMPO-oxidized product waswashed
with deionized water by centrifugation and further purified
by dialysis against deionized water for two days.

The carboxylic groups’ content of the oxidized CNCs was
determined by acid-base titration following the procedure
developed for the conductometric titrations [29]. In this
procedure, CNC-TEMPO samples (50mg) were suspended
into 0.01M hydrochloric acid (HCl) solutions (15mL) with
stirring. The resulting suspensions were then titrated with
0.01M sodium hydroxide (NaOH) solution.
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Figure 1: TEM of CNC and oxidized CNC (CNC-TEMPO).

2.4. Preparation and Characterization of Chitosan/Cellulose
Nanocrystals Nanocomposites. Chitosan was dissolved in 1%
acetic acid solution; the concentration of chitosan in the
solution was 1% (wt%). Different ratios of cellulose nanocrys-
tals (from 2.5 to 10% based on wt. of chitosan) were added
to chitosan solution and the mixtures were sonicated for 4
minutes using ultrasonic processor (Keshing Sonics Vibra-
cell, 500 Watts, Taiwan) and then stirred for 2 hours. Films
were casted from chitosan/cellulose nanocrystals mixtures
and dried in an oven with air circulation at 40∘C for about 18
hours. The films were conditioned at 50% relative humidity
at 25∘C for 48 hours before testing. Tensile tests were carried
outwith a Lloyd instrument (Lloyd Instruments,West Sussex,
United Kingdom) with a 100-N load cell. The measurements
were performed at a crosshead speed of 2mm/min at 25∘C.
Five replicates of each samples were measured and the results
averaged.

The crystallinity of the extracted materials was studied by
X-ray diffraction (XRD) using X-ray diffractometer (PANa-
lytical, Netherlands) at room temperature with a monochro-
matic CuK𝛼 radiation source (𝜆 = 0.154 nm) in step-scan
mode with a 2𝜃 angle ranging from 5∘ to 60∘ with a step of
0.04 and a scanning time of 5.0min.

Surfaces of chitosan nanocomposites films were exam-
ined by FE-SEM (FEI Quanta 200 scanning electron micro-
scope, FEI Company BV, Netherlands) with an acceleration
voltage of 20 kV.

Bioactivity of chitosan nanocomposites films was stud-
ied on films containing CNC and CNC-TEMPO with or
without nanohydroxyapatite; the ratio of nanohydroxyapatite
to chitosan was fixed at 0.5 : 1. Samples of about 0.5 g were
placed into SBF (50mL) in an incubator at 37.0∘C for up
to 4 weeks without change of the SBF [5]. For weight
measurement and FE-SEM observations of morphological
changes, the samples were gently rinsed with distilled water
to remove the surface SBF solution and left to dry in a des-
iccator. All the experiments were duplicated and the results
averaged. Energy-dispersive X-ray spectroscopy was carried
out using an INCA X-sight Oxford instrument attached to

FE-SEM (FEI Quanta 200 scanning electron microscope,
FEI Company BV, Netherlands) to examine the newly
formed hydroxyapatite (atomic and weight percent of Ca and
P).

3. Results and Discussion

Figure 1 shows TEM images of cellulose nanocrystals isolated
from olive stones. The width of isolated nanocrystals was
in the ranges from 4 to 7 nm while the length was in the
range from 120 to 200 nm [17]. Cellulose nanocrystals were
oxidized by using TEMPO-mediated chlorite oxidation; the
reaction selectively converts the primary hydroxyl groups
at the surfaces of cellulose nanocrystals to carboxylic acids
[28]. Carboxylic groups’ determination of the CNC-TEMPO
shows carboxylic content of 0.62mmole/g while carboxylate
content of CNCwas 0.015. TEM images showed no noticeable
change in width and length of CNC as a result of TEMPO-
oxidation; the width of CNC-TEMPO was in the range of
about 4–8 nmwhile that of CNCwas about 4–7 nm. No effect
of the oxidation on the length of the nanocrystals was noticed.
This is in accordance with previous findings of Habibi et al.
[28], who found that oxidation of tunicate nanocrystals by
TEMPO-mediated method did not affect the dimensions of
tunicate nanocrystals and their crystallinity too.

The presence of the carboxylic groups on the surface
of CNC-TEMPO was also proved using FTIR spectroscopy
(Figure 2).The spectra showed the known peaks for cellulose,
namely, a peak at 3400 cm−1 for the O-H stretching vibration,
a peak at 2900 cm−1 for the stretching vibration of CH
and CH

2
groups, a peak at 1640 cm−1 for the adsorbed

water, peaks at 1430 cm−1, 1372 cm−1, and 1330 cm−1 for
bending vibration of CH

2
andOHgroups, peaks at 1150 cm−1,

1100 cm−1, and 1050 cm−1 for the stretching vibration of C-O
for the glycosidic bonds, C-O of primary and secondary
hydroxyl groups, and a peak at 897 cm−1 for out-of-plane
deformational vibration of O-H groups [30]. As a result
of oxidation of cellulose, CNC-TEMPO showed a peak
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Figure 2: FTIR spectra of olive stones CNC and CNC-TEMPO.

at 1735 cm−1 due to the carbonyl group of the carboxylic
groups. In addition, a shift of the O-H stretching vibration
to 3430 cm−1 occurred due to the introduced carboxylic acid
hydroxyl groups.

3.1. Properties of Chitosan Nanocomposites Films. The iso-
lated olive stones CNC and CNC/TEMPO were used with
chitosan polymer to prepare nanocomposites films by cast-
ing/evaporation method. The prepared chitosan/cellulose
nanocrystals films containing 2.5–10% of cellulose nanocrys-
tals had good transparency due to the nanosize of cellulose
nanocrystals.The high transparency of nanocomposites con-
taining cellulose nanocrystals was reported before [9, 11, 12].
However, SEM images in Figure 3 showed aggregates of CNC
and CNC-TEMPO in the chitosan films containing high con-
tents of the nanocrystals. These aggregates were in the range
from about 100 to 200 nm in width; no noticeable difference
in diameter of these aggregates in case of using CNC or CNC-
TEMPO was noticed. This aggregation phenomenon can be
attributed to strong hydrogen bonding and van der Waals
forces between the nanocrystals [11].

The prepared nanocomposites films were characterized
regarding their crystallinity and tensile strength properties.
Figure 4 shows X-ray diffraction patterns of neat chitosan
and the prepared chitosan/cellulose nanocrystals nanocom-
posites. The as-casted chitosan showed diffraction pattern of
broad peak centered at about 2𝜃 angle of 22 and another broad
peak of lower intensity at about 2-𝜃 = 12. The peak at 2-𝜃
= 12 indicated a hydrated crystalline structure, whereas the
broad halo peak at 2-𝜃= 22 indicated an amorphous structure
of chitosan [31]. The broadening of the peaks indicates high
amorphous nature of neat chitosan film.

Addition of nanocrystals to chitosan matrix resulted in
diffraction patterns with two peaks at 2-𝜃 angles of 20 and 22,
which belong to both of cellulose nanocrystals and chitosan.
In addition, peaks with higher intensity appeared at 2𝜃 = 8
and 12, which belong to chitosanwere appeared.The intensity

of the peaks at 2-𝜃 of 8 and 12 increased with increasing the
ratio of cellulose nanocrystals in chitosan films. The appear-
ance of these peaks indicates that presence of the nanocrystals
increases the ordering of chitosan chains upon drying.This is
in accordance with previous findings, which concluded that
trans-crystallization of chitosan took place in the presence
of cellulose nanocrystals [31]. Trans-crystallization occurred
as a result of orientation of a semicrystalline polymer matrix
perpendicularly to the cellulose nanocrystals [31].

Comparing XRD pattern of chitosan nanocomposite
containing CNC to that containing CNC-TEMPO shows that
the intensity of the peaks at 2-𝜃 of 8 and 12 were higher in case
of nanocomposites containing CNC. This indicates higher
crystallinity for nanocomposites containing CNC than those
containing CNC-TEMPO.

Tensile strength properties of nanocomposites films were
tested and the results are shown in Figure 5. As the fig-
ure shows, addition of CNC or CNC-TEMPO to chitosan
resulted in remarkable increase of its tensile strength up
to nanocrystals loading of 5%, above which a decrease in
tensile strength took place. In case of CNC, the increase
in tensile strength ranged from 33% to 40% on using 2.5
and 5% of CNC, respectively, while the increase in tensile
strength ranged from 36% to 59% on using 2.5 and 5%
of CNC-TEMPO. The higher tensile strength properties
of nanocomposites containing CNC-TEMPO than those
containing CNC could be attributed to the stronger ionic
interaction between the negatively charged CNC-TEMPO
and the positively charged chitosan chains. The remarkable
effect of CNC and CNC-TEMPO on tensile strength at the
low ratios of cellulose nanocrystals is attributed to their high
aspect ratio and their very high surface area in addition
to their homogeneous distribution in chitosan films. The
high reinforcing effect of cellulose nanocrystals could be
assigned also as already reported to a mechanical percola-
tion phenomenon of cellulose nanocrystals which form a
stiff continuous network of cellulosic nanoparticles linked
through hydrogen bonding.The formation of this continuous
network is supposed to form above the percolation threshold
of the rod-like nanocrystals. The decrease in tensile strength
above 5% CNC could be due to the potential aggregation
of cellulose nanocrystals, as seen in SEM images (Figure 3).
It was noticed that the decrease in tensile strength due to
addition of the nanocrystals at loading above 5% was higher
in case of CNC-TEMPO than in case of CNC. This could be
due to stronger aggregation of CNC-TEMPO and stronger
hydrogen bonding than in case of CNC, that is, higher extent
of aggregation in case of CNC-TEMPO. Similarly, Young’s
modulus increased with increasing the nanocrystals ratios up
to 5% and then decreased. The increase in tensile modulus
was 11 and 34% on adding 2.5 and 5% of CNC-TEMPO
while the increase was 17 and 35% in case of using CNC.
The decrease of tensile modulus and tensile strength above
5% CNC-TEMPO loading could be due to aggregation of
cellulose nanocrystals at high ratios as mentioned above.
Addition of cellulose nanocrystals to chitosan film resulted
in decreasing its strain at maximum load. This could be
attributed to the higher stiffness of cellulose nanocrystals
than chitosan matrix. The decrease in strain at break ranged
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Figure 3: SEM of chitosan (a), chitosan containing 10% CNC (b), and chitosan containing 10% CNC-TEMPO (c).

from56% to 82%upon addition 2.5% to 10%ofCNC-TEMPO
while the decreasewas 66% to 75%upon addition 2.5% to 10%
of CNC.

3.2. In Vitro Bioactivity Tests in SBF. Bioactivity of the pre-
pared chitosan nanocomposites was investigated using soak-
ing in simulated body fluid (SBF) test.The test can determine
weight loss of biomaterials in SBF as well as formation of new
hydroxyapatite at the surface of biomaterial under test. The
rate of dissolution/degradation of biomaterials in SBF is an
important factor for materials used in tissue engineering. For
successful application of biomaterials in tissue engineering,
the rate of degradation should be comparable to the rate of
formation of new tissue in the body.The rate of formation and
amount of the newly formed hydroxyapatite is as important
as the rate of degradation of biomaterials in SBF.

Use of chitosan as a biomaterial in tissue engineering has
been widely investigated. Various treatments including glu-
taraldehyde cross-linking, phosphorylation, calcium hydrox-
ide, and calcium chloride treatment have been promoted
to enhance the in vitro biomineralization of chitosan [32–
35]. Chitosan could be also mixed with previously prepared

hydroxyapatite to nucleate and induce formation of new
hydroxyapatite [36]. The use of cellulosic nanomaterials in
tissue engineering is a fast-growing trend due to the inherent
properties of cellulose as a biodegradable and biocompatible
material and the nanosize advantages such as high surface
area and porosity.

In the current work, bioactivity and dissolution of chi-
tosan/cellulose nanocrystals nanocomposites were investi-
gated. Figure 6 shows dissolution of chitosan and chitosan
nanocomposites in SBF. As shown in the figure, chitosan
is characterized by fast dissolution in SBF; almost complete
dissolution of chitosan in SBF took place after two weeks of
immersion in SBF. Presence of cellulose nanocrystals with
chitosan, even at the lowest ratio, resulted in significant
decrease in rate of dissolution of chitosan nanocomposites.
The higher the ratio of cellulose nanocrystals the lower
the rate of degradation of chitosan nanocomposites. At
low cellulose nanocrystals loading (2.5%), the dissolution
of chitosan containing CNC-TEMPO in SBF was higher
than that containing CNC while at higher ratios of cellulose
nanocrystals no significant difference was found in amount
of dissolution. After four weeks of immersion in SBF, the
percentage of degraded chitosan nanocomposites was 45%
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Figure 4: XRD diffraction patterns of chitosan and chitosan nanocomposites containing 2.5 and 10% of CNC and CNC-TEMPO.

and 61% for nanocomposites containing 2.5% of CNC and
CNC-TEMPO, respectively, while it was about 24% for
nanocomposites containing 10% of CNC or CNC-TEMPO.

Regarding formation of hydroxyapatite, SEM images
(Figure 7) showed that both of chitosan and chi-
tosan/cellulose nanocrystals nanocomposites cannot induce
noticeable formation of new hydroxyapatite at their surfaces.
EDX analysis showed presence of very small amounts of

Ca and P at the surface of the different chitosan/cellulose
nanocrystals nanocomposites as well as neat chitosan. The
inability of carboxylate groups at the surface of the nanocrys-
tals in case of using CNC-TEMPO to induce nucleation and
formation of hydroxyapatite could be due the involvement
these groups in strong ionic interaction with chitosan.

In other sets of experiments chitosan containing nanohy-
droxyapatite (HAp) at a fixed ratio of 2 : 1 of chitosan
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Figure 6: Dissolution of chitosan nanocomposites by SBF at 37∘C at different intervals.

to hydroxyapatite was used with cellulose nanocrystals
to prepare chitosan/hydroxyapatite/cellulose nanocrystals
nanocomposites with different ratios of cellulose nanocrys-
tals (CNC or CNC-TEMPO). Figure 8 shows TEM image of
the nanohydroxyapatite used. The prepared nanocomposites
were characterized regarding their dissolution in SBF and

formation of hydroxyapatite. Figure 9 showed dissolution
of these nanocomposites in SBF with time. As shown in
the figure, nanocomposites containing chitosan and HAp
had higher rate of dissolution in SBF than those containing
chitosan, HAp, and cellulose nanocrystals. After two weeks
of immersion in SBF, most of chitosan/HAp sample was
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Figure 7: SEM images of chitosan (a) and chitosan/10% CNC (b) after immersion in SBF for 4 weeks at 37∘C.

Figure 8: TEM of nanohydroxyapatite used in chitosan/CNC nanocomposites.
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Figure 9: Dissolution of chitosan/cellulose nanocrystals nanocomposites containing nanohydroxyapatite by SBF at 37∘C at different intervals.

dissolved. On the other hand, nanocomposites containing
chitosan, HAp, and cellulose nanocrystals showed lower
rate of dissolution as well as different profile of weight loss
in SBF than chitosan. After two weeks, due to increas-
ing amounts of newly formed HAp at chitosan surface of

chitosan/HAp/cellulose nanocrystals nanocomposites, there
was weight gain and therefore the calculated dissolution in
SBF decreased. But the decrease in weight loss, that is, more
weight gain due to formationHAp, of chitosan/HAp/cellulose
nanocrystals nanocomposites containing CNC-TEMPO in
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Figure 10: SEM of (a) chitosan/HAp nanocomposites before immersion in SBF, (b) chitosan/HAp nanocomposites after immersion in SBF
for 2 weeks, (c) chitosan/HAp/10% CNC after immersion in SBF for 2 weeks, and (d) chitosan/HAp/10% CNC-TEMPO after immersion in
SBF for 2 weeks at 37∘C.

SBF was higher than those containing CNC. This indicates
higher amounts of HAp formation in case of using CNC
than using CNC-TEMPO. This could be attributed to the
higher rate of dissolution of the nanocomposites containing
CNC-TEMPO than those containing CNC as discussed
above. At longer time of immersion in SBF up to 4 weeks,
the dissolution of chitosan/HAp/cellulose nanocrystals nano-
composites in the SBF tended to increase again. This could
be due to increase in the rate of dissolution of chitosan
more than rate of formation of new hydroxyapatite. SEM
images in Figure 10 shows surfaces of the different chitosan
nanocomposites after immersion in SBF for 2 weeks. The
images showed presence of nucleated HAp at the surface of
chitosan/HAp nanocomposites as well as presence of residual
sodium chloride from SBF used. EDX analysis of depositions
at the surface of chitosan nanocomposites showed formation
of new HAp in addition to presence of sodium chloride,
which is the major component of SBF used (Figure 11).
Previous studies also showed the presence of Ca and P
along with other elements such as Na, K, Mg, C, O, and Cl
when observed by EDX after the immersion in SBF [37].

The Ca/P ratio of the newly formed HAp particles was
1.52, 1.48, and 1.55 for chitosan/HAp, chitosan/HAp/CNC,
and chitosan/HAp/CNC-TEMPO nanocomposites, respec-
tively. These values indicate formation of calcium-deficient
hydroxyapatite since the theoretical value of Ca/P of hydrox-
yapatite is 1.67 [32].

4. Conclusions

Cellulose nanocrystals and TEMPO-oxidized cellulose
nanocrystals from olive stones can be used to increase tensile
strength properties of chitosan. Due to the higher negative
charge of TEMPO-oxidized cellulose nanocrystals, they
resulted in higher tensile strength of chitosan at 2.5–5%
loading. Chitosan/cellulose nanocrystals nanocomposites
could not induce formation of noticeable amounts of
hydroxyapatite upon soaking in simulated body fluid.
However, cellulose nanocrystals (modified and unmodified)
can be used to control and remarkably decrease the rate of
dissolution of chitosan in simulated body fluid. Addition
of nanohydroxyapatite to chitosan/cellulose nanocrystals
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Figure 11: EDX spectra of (a) chitosan/HApnanocomposites after immersion in SBF for 2weeks, (b) chitosan/HAp/10%CNCafter immersion
in SBF for 2 weeks, and (c) chitosan/HAp/10% CNCTEMPO after immersion in SBF for 2 weeks at 37∘C.

composites could induce formation of hydroxyapatite upon
soaking the nanocomposites in simulated body fluid. Due
to higher rate of dissolution of chitosan/CNC-TEMPO in
SBF than chitosan-CNC, the later showed higher increase in
weight due to deposition of new hydroxyapatite.
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