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Abstract: Hydroxyapatite (HAp) is often used as a bone-

implant material because it is biocompatible and osteocon-

ductive. However, HAp possesses poor rheological properties

and it is inactive against disease-causing microbes. To

improve these properties, we developed a green method to

synthesize multifunctional composites containing: (1) cellu-

lose (CEL) to impart mechanical strength; (2) chitosan (CS) to

induce antibacterial activity thereby maintaining a microbe-

free wound site; and (3) HAp. In this method, CS and CEL

were co-dissolved in an ionic liquid (IL) and then regenerated

from water. HAp was subsequently formed in situ by alter-

nately soaking [CELþCS] composites in aqueous solutions of

CaCl2 and Na2HPO4. At least 88% of IL used was recovered

for reuse by distilling the aqueous washings of [CELþCS].

The composites were characterized using FTIR, XRD, and

SEM. These composites retained the desirable properties of

their constituents. For example, the tensile strength of the

composites was enhanced 1.9 times by increasing CEL load-

ing from 20% to 80%. Incorporating CS in the composites

resulted in composites which inhibited the growth of both

Gram positive (MRSA, S. aureus and VRE) and Gram nega-

tive (E. coli and P. aeruginosa) bacteria. These findings high-

light the potential use of [CELþCSþHAp] composites as

scaffolds in bone tissue engineering. VC 2013 Wiley Periodicals,

Inc. J Biomed Mater Res Part A: 101A: 3266–3277, 2013.
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INTRODUCTION

Hydroxyapatite (HAp), the main component of teeth and
bones has received considerable attention as suitable mate-
rial for bone tissue engineering because it is both biocom-
patible and osteoconductive.1,2 Despite these excellent prop-
erties, its rheological strength is far less than those required
for bone tissue engineering materials.3,4 Moreover, HAp
powder tends to migrate from implant sites and it possesses
no antimicrobial activity. These limitations can be overcome
by blending HAp with organic components thereby mimick-
ing the extracellular matrix of the natural bone.5 The or-
ganic matrix acts as a binder to keep HAp at the implant
site. The ideal composite materials for bone tissue engineer-
ing should be biodegradable, biocompatible, porous, possess
high mechanical strength, and antimicrobial.6–14

Implant-associated infections often limit the use of bio-
materials in humans.15 Bacteria adhere to biomaterial surfa-
ces and evade the host’s immune defense by forming a
protective biofilm.16 Once the implant has been infected, the
only remedy would be to remove the implant and perform

another costly and painful surgery. Thus, novel biomaterials
possessing antimicrobial activity provide the best option to
ensure a bacteria-free implant site. In this regard, chitosan
(CS)-based materials have received considerable attention in
bone tissue engineering.17–19 CS is a linear polysaccharide
obtained by deacetylation of naturally abundant chitin, a
polysaccharide found in exoskeletons of crustaceans such as
crabs and shrimp and cell walls of fungi.20 CS is biocompati-
ble, biodegradable, and antibacterial.21 In view of these
properties, it is expected that a composite containing both
CS and HAp may have properties of both materials, namely,
antimicrobial activity (from CS) and osteoconductive (from
HAp). However, in spite of its potential use as scaffolds in
bone tissue engineering, [CSþHAp] composite is known to
have rather poor rheological properties. This is because CS
undergoes extensive swelling in water. This undesirable
property impedes the use of CS–HAp composites in load
bearing applications.

To increase the structural strength of CS products,
attempts have been made to covalently bind or graft CS

Additional Supporting Information may be found in the online version of this article.

Correspondence to: C. D. Tran; e-mail: chieu.tran@marquette.edu

Contract grant sponsors: National Institute of General Medical Sciences of the National Institutes of Health; contract grant number: R15GM099033

3266 VC 2013 WILEY PERIODICALS, INC.



onto man-made polymers or clays to strengthen its struc-
ture.21–41 Such modification is not desirable because it may
inadvertently alter CS properties, making it not biocompati-
ble and toxic and lessening or removing its unique proper-
ties.42 In view of these problems, blending CS with other
polymers has emerged as a convenient and effective option
to improve the mechanical properties of the resultant com-
posite. Cellulose (CEL), the most abundant biopolymer on
earth, has been explored in fabricating strong CS-CEL blend
films.43–45 Cellulose is a linear polymer consisting of
b-(1!4)-linked D-glucopyranose units. Due to its high
mechanical strength, CEL has also been blended with HAp
to yield composites possessing desirable properties derived
from both CEL and HAp.6,10,12 Similarly to CS, CEL has an
extensive network of intra- and inter-molecular hydrogen
bonds which makes it insoluble in water or in common or-
ganic solvents.46,47 This lack of solubility makes it difficult
to process and functionalize CS and CEL. Until recently,
N-methyl morpholine N-oxide (NMMO)/water system23 was
widely used to dissolve CEL while acetic acid was used to
dissolve chitosan. However, NMMO/H2O system may lead to
the degradation of cellulose and worse still, the solvent is
costly. In addition, none of these two solvent systems
(NMMO/H2O and acetic acid) can dissolve both CEL and CS.
Thus, there is need for a solvent system which can co-
dissolve CEL and CS. It has been reported that trifluoroace-
tic acid (TFA) can be used to co-dissolve and cast films of
chitosan–cellulose.43 The acid was subsequently neutralized
using a base. Such a procedure is not only costly and time
consuming but may also lead to acid induced changes in the
structure of CS. These structural changes may render the
composites toxic and therefore unsuitable for biomedical
applications. For example, it has been reported that TFA
forms salts with chitosan, and if the TFA is not completely
removed, the residual TFA in the resultant composite will
render the composite toxic.48 Also CS films made by dissolv-
ing CS in acetic acid and neutralizing with NaOH have been
reported to inhibit the growth of keratinocytes.49

Ionic liquids (ILs) have recently emerged as potential
green solvents for biopolymers.50,51–54 For example, 1-butyl-
3-methylimidazolium chloride ([BMImþCl�]), an IL, has
been reported to dissolve up to 10% (w/w) of CEL.50 Inter-
estingly, it was found that [BMImþCl�] can also dissolve
other polysaccharides such as CS.51 The fact that the same
solvent can effectively dissolve various polysaccharides is of
extreme importance as it offers the possibility to develop
novel and green method, in one step, to synthesize compos-
ite materials containing two or more of these polysaccha-
rides. In fact, recently, we have successfully developed a
novel and totally recyclable method based on the use of
[BMImþCl�] as a solvent to synthesize polysaccharide com-
posite materials from CEL and CS.55 As expected, the
[CELþCS] composite materials obtained have combined
advantages of their components, namely superior mechani-
cal and thermal stability (from CEL) and excellent adsorbent
for pollutants and toxins (from CS).55

The information presented is indeed provocative and
clearly indicate that it is possible to use this simple process,

without any chemical modification to synthesize novel three-
component composite materials from CS, CEL, and HAp for
bone tissue engineering. It is expected that the composite
material not only is biocompatible but also will possess all
features which are needed for bone tissue material, namely
mechanical strength (from CEL), excellent antimicrobial acti-
vity, and ability to deliver growth factors and drugs (from
CS) and bone material (from HAp). Such considerations
prompted us to initiate this study which aims to hasten the
breakthrough by combining our method with biomineraliza-
tion process to synthesize novel three-component scaffold
composite materials from CS, CEL, and HAp for bone tissue
engineering. Results on the synthesis, spectroscopic charac-
terization, and antibacterial activity of these composite mate-
rials are reported in the following sections.

MATERIALS AND METHODS

Materials
Cellulose (microcrystalline powder or Avicel, DP � 300), chi-
tosan (MW � 310–375 kDa, 75% degree of deacetylation),
ammonium persulfate and potassium antimonyl tartrate
were obtained from Sigma–Aldrich, and used as received.
Ammonium molybdate tetrahydrate was supplied by J.T.
Baker. [BMImþCl�] was synthesized from freshly distilled
1-chlorobutane and 1-methylimidazole (both from Alfa
Aesar) using a method developed previously by our group.56

Instrumentation
X-ray photoelectron spectra were taken on a HP 5950A
ESCA spectrometer with Al monochromatic source and a
flood gun was used for charge suppression. X-ray diffraction
(XRD) measurements were conducted on a Rigaku MiniFlex
II diffractometer using the Ni filtered Cu Ka radiation (k ¼
1.54059Å). The voltage and current of the X-ray tube were
30 kV and 15 mA, respectively. The samples were measured
within the 2y angle range from 2.0� to 40.0� . The scan rate
was 5� min�1. Data processing procedures were performed
with the Jade 8 program package.57 Near-infrared (NIR)
spectra of the dried films and [BMImþCl�], in transmission
mode, were collected on a home-built NIR spectrometer.58,59

Normally, each spectrum was an average of 30 spectra taken
at 1-nm intervals from 1300 to 2350 nm. FTIR spectra were
measured on a PerkinElmer 100 spectrometer at 2 cm�1 re-
solution with either KBr or by a ZnSe single reflection ATR
accessory (Pike Miracle ATR). Each spectrum was an average
of 64 spectra. UV–visible absorption spectra were taken on a
Cary 5000 UV–Vis–NIR spectrophotometer. The surface mor-
phologies of the composite films were examined using a
scanning electron microscope (SEM; JSM-35, JEOL). The films
were made conductive by sputter-coating with palladium
prior to SEM analysis. Tensile strength measurements were
carried out on a Universal Tensile Tester (Instron 5500R)
using 1 kN load cell and crosshead speed 5 mm min�1.

Methods
Preparation of CEL, CS, and [CELþCS] composite
materials. [CELþCS] composite materials were synthesized
using the same procedure that was previously developed in
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our laboratory.55 Essentially, in Scheme 1, an ionic liquid,
[BMImþCl�], was used as a solvent to dissolve CEL, CS, and
to facilitate regeneration of composite materials containing
CEL and CS with different compositions. [BMImþCl�], used
in the dissolution process, was removed from the films by
washing the films in deionized water for 3 days. Specifically,
a composite film of about 10 cm � 10 cm was washed with
2.0 L of distilled water. The washing water was replaced
with fresh water after every 24 h for 72 h. Subsequent dis-
tillation of the washing water rendered recovery of the IL
for reuse.

Mineralization of polysaccharide films. Calcium phosphate
was deposited in situ on the CEL, CS, and [CELþCS] com-
posite films by the alternate soaking procedure described
elsewhere.60 Typically, in Scheme 1, the film (7.0 cm �
3.5 cm L � W) was dipped in 50.0 mL of 200.0 mM CaCl2
for 60 s during which time the cations were diffusing into
the film matrix. The film was then rinsed twice in doubly
distilled water (18 MX) to remove unbound Ca2þ. A solu-
tion of 50.0 mL of 120.0 mM Na2HPO4 was substituted for
the calcium solution. The film with bound Ca2þ was then
dipped in the phosphate solution for 60 s. It was rinsed

SCHEME 1. Procedure used to prepare the cellulose–chitosan–hydroxyapatite composite materials. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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twice with doubly distilled water as before. This constituted
one cycle. The whole series of operations was repeated 20
times. The wet film was then air dried at room temperature
in a home-designed drier.

Procedure used to determine molar ratio of calcium and
phosphate in [CELþHAp] [CSþHAp] and [CELþCSþHAp]
composite films. The amount of calcium (Ca) and phospho-
rus (P) in the [CELþHAp] [CSþHAp] and [CELþCSþHAp]
composite films were determined by flame atomic absorp-
tion spectrometry61 and colorimetry via ascorbic acid
method62, respectively. The film samples were digested by
suspending 50.0 mg of sample in 50.0 mL of double dis-
tilled water. One milliliter of 11.0 N sulfuric acid and 0.400
g ammonium persulfate were added successively. The mix-
ture was boiled gently on a hot plate until the final volume
reached 10 mL. This took about 11=2 h. [CSþHAp] composite
film dissolved completely during this digestion process. The
solution was allowed to cool before being adjusted to 30.0
mL with double distilled water. One drop of phenolphthalein
was added after which the acid was neutralized to a faint
pink color using 1.0 N NaOH. The solution was transferred
quantitatively to a 100 mL volumetric flask and the volume
adjusted to the mark using double distilled water. This
sample solution was then used for the determination of
P and Ca.

For P determination, the following protocol was fol-
lowed. One milliliter of the sample solution was further
diluted to 100 mL with double distilled water. Ten milliliters
of this dilute sample were measured into each of the six
25 mL volumetric flasks. Different volumes (0.0–10.0 mL) of
2.50 ppm P were added into each flask before the volume
was adjusted to the mark with double distilled water. These
solutions were transferred to six Erlenmeyer flasks before
4.0 mL of the combined reagent was added to each solution.
The combined reagent was prepared by mixing 50.0 mL 5 N
H2SO4, 5.0 mL 8.2M potassium antimonyl tartrate, 15.0 mL
32.4 mM ammonium molybdate, and 30.0 mL 0.1M ascorbic
acid solutions. A blue colored complex was formed within a
minute of addition of the combined reagent. After 10 min,
absorbance of each sample was measured at 880 nm using
a Perkin Elmer Lambda 35 UV/Vis spectrometer. Using the
standard addition calibration curve, the percentage phos-
phorus content in the original film sample was calculated.

Calcium was determined by the widely used flame
atomic absorption spectrometry. Ten milliliters of the sam-
ple solution was diluted to 100 mL with double distilled
water. To each of six 25 mL volumetric flasks, 10 mL of this
dilute sample solution were added. Varying amounts (0.0–
5.0 mL) of 10 ppm Ca2þ were added to these flasks. Three
milliliters of 0.18M La2O3were added to each flask. The vol-
umes were adjusted to the marks using 0.2M HNO3. The ab-
sorbance of each solution, using 422.7 nm excitation wave-
length was measured on a flame atomic absorption
spectrometer (Perkin Elmer AAnalyst 100). Air and acety-
lene were used as oxidant and fuel respectively. A standard
addition calibration curve was constructed and used to cal-
culate the percentage of calcium content in the film sample.

The Ca/P mole ratio in each composite film was then calcu-
lated from the determined Ca and P percentages.

In vitro antibacterial assays. Bacterial killing assays were
performed in the presence and absence of HAp-based com-
posite materials. The model bacterial strains used in this
protocol included Escherichia coli (ATCC 8739), Staphylococ-
cus aureus (ATCC 25923), methicillin resistant S. aureus
(ATCC 33591), and vancomycin resistant Enterococcus faeca-
lis (ATCC 51299). The strains were maintained on blood
agar at 4�C. By following a modified protocol,63 bacterial
cells were grown overnight in nutrient broth for 18–20 h at
37�C with gentle agitation. The cells were diluted in fresh
medium and incubated for 24 h at 37�C in the presence of
the membrane composites. Serial dilutions of the bacteria
were plated onto nutrient agar and incubated for 24 h. Bac-
terial colony forming units (CFUs) were quantified and com-
pared to bacteria grown in the absence of composites
materials.

RESULTS AND DISCUSSION

Synthesis and characterization
In Figure 1(A) are XRD patterns of starting materials
(microcrystalline CEL and CS powder), regenerated CEL, CS,
and CS50CEL50 films. As illustrated, microcrystalline CEL
exhibits diffraction peaks at 2y ¼ 14.9� , 22.6�, and 34.6� for
(101), (002), and (040) planes, respectively. Diffraction
peaks of regenerated polysaccharides were found to be dif-
ferent from those of corresponding starting polysaccharides,
for example, for CEL film, the diffraction peaks were not
just shifted from 2y ¼ 14.9� and 22.7� (for microcrystalline
CEL) to �10.9� and 20.0�, respectively, but also have much
lower intensity than those of microcrystalline CEL. These
results suggest that the degree of crystallinity of regener-
ated CEL is relatively lower than that of corresponding
starting microcrystalline CEL. While diffraction bands of
regenerated CS film also had lower intensity and shifted
compared to those of starting material (i.e., CS powder), the
shift in this case is relatively less than that in CEL, for exam-
ple, the diffraction peaks for the (101) and (002) were
shifted just from 11.2� and 20.1� to �10.9� and 18.8�,
respectively. This may be due to the fact that compared to
CS; CEL has relatively highly ordered structure. Specifically,
an extensive network of intra- and inter-hydrogen bonds by
–OH groups in CEL enables it to adopt a highly ordered
structure, whereas hydrogen bond network is much less
extensive in CS because a majority of O–H groups are
replaced by –NH2 groups. Consequently, loss of crystallinity
was much higher in CEL than in CS when the polysaccha-
rides were dissolved and regenerated from the ionic liquid
[BMImþ Cl�]. Figure 1(A) also shows XRD spectrum of
CS50CEL50 composite material. As expected, the spectrum
of this composite is a combination of that of 100% CEL and
100% CS. Duri et al.55 provide information, in detail, on
spectroscopic characterization of regenerated CEL, CS, and
[CELþCS] composite materials.

When calcium and phosphate were deposited onto these
composite materials the XRD of the materials underwent
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substantial changes [Fig. 1(B)]. As illustrated, in addition to
bands corresponding to CEL and CS, the composite materi-
als also exhibit additional sharp bands at �25� and 31� .
Apparently, the calcium and phosphate ions arranged them-
selves into HAp structure because according to literature,64

these bands can be attributed to diffraction bands for the
(002) and (211) planes of the hydroxyl apatite. In addition
to XRD spectra, results from FTIR, elemental analysis, and
SEM also provide further confirmation that hydroxyl apatite
was successfully deposited onto these composite materials
as follows.

Recently, there have been some reports on toxicity of
ILs. However, the IL used in this work, [BMImþCl�], is rela-
tively nontoxic compared to other ILs (its EC-50 and LD50

values are 897.47 ppm and 550 mg/kg, respectively).65,66

Nevertheless, it is desirable to completely remove the IL
from regenerated polysaccharide materials to ensure the
materials are biocompatible. Since [BMImþCl�] is totally
miscible with water (the logP, its octanol-water partition
coefficient, is -2.4 [42]),67 it was removed from the compos-
ite materials by washing the materials with water. Washing
water (2 L for a composite film of about 10 cm � 10 cm)
was repeatedly replaced with fresh water every 24 h until it

was confirmed that IL was not detected in the washed
water (by monitoring UV absorption of the IL at 290 nm). It
was found that after washing for 72 h, no IL was detected
in the washing water by UV measurements. Since the limit
of detection of the spectrophotometer used in this work
was estimated to be about 3 � 10�5 AU, and the molar
absorptivity of [BMImþCl�] at 290 nm is 2.6 M�1cm�1, it is
estimated that if any [BMImþCl�] remains, its concentration
would be smaller than 2 lg mL�1 of the washed water and
2 lg g�1 of the composite film. Since this concentration is
two orders of magnitude lower than the LD50 value of the
[BMImþCl�], if any IL remains in the composite films, it
would not pose any harmful effect. UV–vis, FTIR, and NIR
techniques were used to: (1) confirm that when the com-
posite films were washed with water, [BMImþCl�] was
removed from the films to a level not detectable by these
techniques; and (2) determine chemical composition of
composite materials. The spectrum of [BMImþCl�] is as
shown in Figure 2. As illustrated, overtone and combination
bands of aliphatic C–H groups of the [BMImþCl�] can be
clearly observed at 1388 nm and 1720 nm.68 Since these
bands are specific for [BMImþCl�], they can be used as indi-
cators to determine if the IL is present. Also shown in
Figure 2 are NIR spectra of regenerated 100%CEL, 100%CS
as well as 40:60 CS:CEL and 50:50 CS:CEL. NIR spectra of
these regenerated materials exhibit none of the indicator
bands specific for [BMImþCl�]. Thus, it is clear that washing
with water effectively and completely removed the IL from
the composite materials. Further confirmation of removal of
the ionic liquid from the films can also be seen in FTIR
spectra of the same materials shown in Figure 2, namely,
[BMImþCl�] and regenerated 100%CEL, 100%CS as well as
40:60 CS:CEL and 50:50 CS:CEL (Supporting Information
Fig. SI-1). Again, none of the FTIR bands due to [BMImþCl�]
were present in the spectra of the regenerated materials.

The IL used was recovered by distilling the washed
aqueous solution (the IL remained because it is not vola-
tile). The recovered [BMImþCl�] was dried under vacuum at

FIGURE 1. X-ray diffraction spectra of (A) microcrystalline cellulose,

chitosan powder, regenerated CEL, and chitosan film and CEL50CS50

composite material; and (B) CEL100HAp, CS100HAp, CEL50CS50Hap,

and CEL60CS40HAp. See text for detailed information. [Color figure

can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

FIGURE 2. NIR spectra of regenerated CEL100, CEL60CS40,

CEL50CS50, and CS100 films and [BMImþCl�]. See text for detailed in-

formation. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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70�C overnight before reuse. It was found that at least 88%
of [BMImþCl�] was recovered for reuse. As such, the
method developed here is not only green but recyclable
because [BMImþCl�] is the only solvent used in the prepa-
ration and it is fully recovered for reuse.

Chemically, the regeneration of both CEL and CS was
confirmed by FTIR spectroscopy. In Figure 3, the FT-IR spec-
trum of regenerated CEL film (blue spectrum) exhibits three
pronounced bands at around 3400 cm�1, 2850–2900 cm�1,
and 890–1150 cm�1. These bands can be tentatively
assigned to stretching vibrations of O–H, C–H, and –O–
groups, respectively.64,69,70 The fact that the starting mate-
rial (microcrystalline CEL; spectrum not shown) also exhib-
its these three bands and is very similar to those of the
regenerated CEL clearly indicates that CEL was completely
regenerated, by this synthetic method. Similarly, the FTIR
spectrum of regenerated CS film (black curve in Fig. 3) is
similar to the FTIR spectrum of the CS powder (spectrum
not shown) from which it was made. These spectra display
characteristic CS bands around 3400 cm�1 (O–H stretching
vibrations), 3250–3350 cm�1 (symmetric and asymmetric

N–H stretching), 2850–2900 cm�1 (C–H stretching), 1657
cm�1 (C¼O, amide 1), �1580 cm�1 (N–H deformation),
1380 cm�1 (CH3 symmetrical deformation), 1319 cm�1 (C–
N stretching, amide III) and 890–1150 cm�1 (ether bond-
ing)8,9,71 (Left inset figure shows detailed absorption in
region from 1500 to 1800 cm�1 where amide and amide
groups of chitosan absorb). These results indicate that both
CEL and CS were successfully regenerated by the synthetic
method developed here without any chemical transforma-
tion. Also shown in the figure are spectra of composite
materials containing both CEL and CS (CS50CEL50,
CS40CEL60). As expected, spectra of these composite mate-
rials contain bands corresponding to both CEL and CS.

Substantial changes in the FTIR spectra were observed
when calcium and phosphate were deposited onto the CEL,
CS, and [CELþCS] materials. Perhaps the most pronounced
one are two new bands at 563 and 604 cm�1 (right inset
figure shows detailed absorption in the region from 520 to
650 cm�1). According to literature,8,9,71,72 the m4 or bending
vibrational mode of O¼P¼O group is responsible for the
bands at 604 and 563 cm�1. In addition to these bands,

FIGURE 3. FTIR spectra of CEL100, CS50CEL50, CEL60CS40, CS100HAp, CEL50CS50HAp, and CEL60CS40HAp. See text for detailed information.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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other smaller bands including the band at around 960 cm�1

band can be tentatively attributed to m1 (symmetric P¼O
stretching mode), band in the region around 1037–
1095 cm�1 attributable to the antisymmetric P¼O stretch-
ing mode, and several bands at around 1400 cm�1 which
are probably due to vibration of CO3

� group were also
observed.8,9,71,72 Again, the presence of these bands further
confirms that hydroxyl apatite was successfully deposited
onto the composite materials.

Analysis of the film materials by SEM reveals some
interesting features about the texture and morphology of
these materials. As expected, CEL100 and CS100 materials
(Fig. 4, top left and top right, respectively) are homogene-
ous. Chemically, the only difference between CS and CEL is
the –NH2 groups in the former. However, their structures, as
recorded by the SEM, are substantially different. Specifically,
while CS seems to exhibit smooth structure, CEL arranges
itself into fibrous structure with fibers having diameter of
about �0.5–1.0 micron. This may be due to the fact that, as
described in previous section, CEL has relatively higher
ordered structure than CS because of the extensive network
of inter- and intra-hydrogen bond network in the former.
Interestingly, a CS50CEL50 composite material (Fig. 4 top
center) is not only homogeneous but it is more similar to
structure of CS than that of CEL, namely, it has a rather
smooth structure without any fibrous forms.

SEM images of corresponding polysaccharide-hydroxyap-
atite film are shown in the lower row of Figure 4. As illus-

trated, hydroxyapatite formed layers of densely and homo-
geneously distributed spherical particles on these
polysaccharide films when calcium and phosphate were
deposited onto these films. This is expected as it was also
reported by other groups that hydroxyapatite formed spher-
ical particles on different biopolymers.8,9,71,72 Of particular
interest is the fact that hydroxyapatite particles are not of
the same size on these polysaccharide films. Rather, it seems
that the particles on the CEL100 film are largest with the
smallest being on the CEL50CS50 film with those on the
CS100 being of the intermediate size.

It is well recognized that the formation of HAp involves
initial nucleation and subsequent growth.60,71 The soaking
in the CaCl2 solution is believed to provide the supersatura-
tion of Ca2þ ions around CEL and/or CS through ionic inter-
action between calcium ions and the negatively charged OH
groups available on the polysaccharides and/or physical
entrapment due to the 3-D network structure of the poly-
saccharides with tiny hollow spaces.60,71 Then the incorpo-
rated calcium ions can bind phosphate ions to form the
initial nuclei. Once the apatite nuclei are formed, they grow
by uptake of calcium and phosphate ions from the sur-
roundings. As described above, while CS seems to exhibit
smooth structure, CEL arranges itself into fibrous structure.
Because of its structure, there would be more tiny hollow
spaces in CEL films. As a consequence, nucleation is rela-
tively easier on CEL with its fibrous surface and tiny hollow
spaces than on smooth surface of CS. This, in turn, will

FIGURE 4. Scanning electron microscope images of CEL100, CS100, CS50CEL50, and their corresponding hydroxyapatite composites.
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enable hydroxyapatite to grow more and to form relatively
larger size crystals on CEL than on CS. Nucleation and crys-
tal growth are probably the most difficult on the
CEL50CS50 composite film because of the presence of two
different polysaccharides with different structures. This will
lead to formation of hydroxyapatite crystals with smallest
size.

The exact structure of Ca and P in the composite materi-
als can also be reliably predicted on the basis of the ratio of
calcium and phosphorous in the materials. Initially, concen-
tration of calcium and phosphorous in the composite mate-
rials were determined by flame atomic absorption and spec-
trophotometric method, respectively. Molar ratios of Ca/P in
different composite materials were then calculated from
concentrations of Ca and P in the materials. Each measure-
ment was performed in triplicate, and averaged values to-
gether with standard deviation are listed in Table I. In Table
I, Ca/P values for all four composite materials (CS100HAp,
CEL100HAp, CEL50CS50HAp and CEL60CS40HAp) meas-
ured, are, within experimental error, in agreement with hy-
droxyapatite stoichiometric value of 1.67.

X-ray photoelectron spectroscopy (XPS) was also used to
determine the elemental composition and the chemical
structure of the composite materials. XPS spectra of
CEL100HAp and CS100HAp composites are as shown in
Figure 5. Both composites contain Ca2þ and P5þ as evi-
denced by the presence of Ca bands at 350 eV (Ca2p) and
439 eV (Ca2s) and P bands at 133 eV (P2p) and 191 eV
(P2s) in their spectra (Table II for band assignments). Bands
correspond to P2p (133 eV) and O1s (532 eV) were further
deconvoluted in order to determine bond structure of the
phosphate. As shown in insert B of Figure 5 and listed in
Table II, the O1s bands for both CEL100HAp and CS100HAp
can be resolved into two bands. The band at 532.4 eV for
CEL100HAp (and 532.2 eV for CS100HAp) was tentatively
assigned to the C–O bond.73 The band at 531.1 eV for
CEL100HAp (and 531.0 eV for CS100HAp) could be
assigned to PO4

3�. These results confirm that PO4
3� is the

structure of oxygen and phosphorous in the composites.
Additional confirmation can also be gained when the P2p
band at 133 eV was resolved into two components one
assigned to PO4

3� (132.9 and 132.8 eV for CEL100HAp and
CS100HAp) and the other assigned to HPO4

2� (133.6 and
133.8 eV for CEL100HAp and CS100HAp).

Ratio of calcium and phosphorous in the composites can
also be determined from XPS spectra. In Table I, Ca/P val-
ues were found to be 1.28 6 0.09 and 1.4 6 0.1 for
CS100HAp and CEL100HAp, respectively. These values are
relatively smaller than values determined by AA technique
for the same composites. The discrepancy stems from struc-
ture of the HAp composites and the nature of the AA and
XPS measurements. Specifically, it was reported that when
HAp materials prepared by alternatively depositing layers of

TABLE I. Ca/P Values of Composite Materials Determined by

Atomic Absorption (AA) and X-ray Photoelectron

Spectroscopy (XPS)

Composite Material Ca/P by AA Ca/P by XPS

CS100Hap 1.60 6 0.03 1.28 6 0.09
CEL100Hap 1.7 6 0.2 1.4 6 0.1
CEL50CS50Hap 1.7 6 0.2
CEL60CS40HAp 1.5 6 0.2

FIGURE 5. X-ray photoelectron spectra of CEL100HAp and CS100HAp. Inserts: Deconvolution of (A): O1s band at 532eV and (B) P2p band at

133eV. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Ca and P, the surface layers are compositionally different
from the bulk material.74,75 This could be due to the initial
formation of octacalcium phosphate (Ca/P ¼ 1.33) which is
later transformed to the more thermodynamically stable
form, HAp. Since the precipitation would occur on the sur-
face, the layers beneath the surface would transform to HAp
before the layers at the top. XPS measurements are only on
the surface top few angstroms of the composites whereas
AA was measured on digested samples, namely, it measured
Ca and P contents, not on outermost layers but rather on
the entire body of the composites. As a consequence, Ca/P
values obtained by XPS method are relatively smaller than
those by the AA method.

The mechanical strength of CS is so poor that, practi-
cally, it cannot be used by itself for any applications. Adding
cellulose to CS-based material is expected to increase
mechanical strength to the materials. To confirm this possi-
bility, measurements were made to determine the tensile
strength of [CELþCSþHAp] composite films with different
CEL concentrations. Results obtained, in Figure 6, clearly
indicate that adding CEL into [CSþHAp] substantially
increase its tensile strength. For example, tensile strength of
the [CELþCSþHAp] composite with 80% CEL is 1.9 times
higher than that of the [CELþCSþHAp] composite with 20%
cellulose and that the tensile strength of the composite
material can be adjusted by adding judicious amount of CEL.
Thus, it is evidently clear that the [CELþCSþHAp] composite
materials developed here have overcome the main limitation
currently imposed on utilizations of the materials, namely,
they have superior mechanical strength and still are able to
retain their biocompatible and unique properties.

In vitro antibacterial assays
Antimicrobial infections often limit the success of implants.
Therefore, it is plausible to design a composite that pos-
sesses intrinsic antibacterial activity. Chitosan is known to
possess innate antimicrobial properties.21,76,77 The material
has been used in the food and agricultural industries and in
wound dressings because of its characteristic antibacterial
activity toward both Gram positive and Gram negative
organisms.76 Figure 7 shows the bactericidal effects of the
novel CS100, [CELþHAp], [CSþHAp], and [CELþCSþHAp]

composites synthesized using method reported in this study.
The activities were largely dependent on the presence of
chitosan within the composite and it is noted that the pres-
ence of HAp did not hinder the ability to reduce bacterial
growth. The composite made solely of CS and HAp (CS100
HAp) exhibited much more efficiency and substantial bacte-
rial killing ability than the other composites and CS alone
for all strains of bacteria tested. While VRE and MRSA were
also affected by the composite CEL50CS50HAp, only VRE
growth was inhibited by CEL60CS40HAp. The composite
materials with the greater amounts of cellulose also showed
at least one log reduction in growth of S. aureus. It should
be noted that except CS100HAp, all other composites were
nearly ineffective against P. aeruginosa. This organism is
well-known for its resistance to antimicrobials and antibac-
terial substances. The fact that CS100 HAp did show antimi-
crobial action against P. aeruginosa is particularly promising.

Modified chitosan material, such as quarternized or
those supplemented with silver nanoparticles have more of
an effect against microorganisms than chitosan alone.63,78

Generally, the presence of HAp alone does not lead to anti-
microbial effects. HAp is utilized because of the bioactivity
of the material, especially in the field of orthopedics. Exist-
ing methods based on chemical modifications of chitosan to
synthesize HAp composite materials can be expensive,
potentially toxic, and complicated. The method developed
here is simple, nontoxic, and inexpensive as it is based on
dissolution of CEL and CS with an ionic liquid, a green sol-
vent, followed by depositing HAp onto the CEL and/or CS
materials. This method enables the use chitosan and HAp in
their natural states in wound dressings. As such, it will be
beneficial in regards to biodegradability, innate antimicro-
bial activity, and scaffolding for tissue regeneration. The
antimicrobial properties of the composites synthesized using
the method reported here showed the inhibition of growth
of both Gram positive (MRSA, S. aureus and VRE) and Gram
negative (E. coli and P. aeruginosa) bacteria by the CS, CEL,
and HAp composites over 24 h. Previous antibacterial
studies have shown different effects based on the type of
bacteria tested. In one study, a chitosan-based composite,
specifically chitosan-silk fibroin composite, inhibited the

FIGURE 6. Plot of tensile strength as a function of cellulose con-

centration in [CELþCSþHAp] composite materials. [Color figure

can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

TABLE II. Assignments of XPS Bands of CEL100HAp and

CS100HAp

Element

Binding Energy (eV)

AssignmentsCEL100HAp CS100HAp

P2p
3/2 132.9 132.8 PO4

3�

133.6 133.8 HPO4
2�

O1s 531.1 531.0 PO4
3�

532.4 532.2 HPO4
2� / ACAOA

Ca2p
3/2 347.2 347.0 Ca2þ

Ca2p
1/2 350.7 350.5

C1s 284.9 284.8 ACACA
286.3 286.2 CAO (CEL or CS

backbone)
287.9 287.8 AOACAOA
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growth of Gram negative bacteria but not Gram positive79

whereas in a different study, using chitosan–dextran com-
posite, only Gram positive bacteria were inhibited.80 We
have shown an inhibition effect on multiple organisms, both
Gram positive and Gram negative with the composite
CS100HAp. Only a single study with HAp was reported
which shows that it exhibited antimicrobial results against
E. coli and Staphylococcus epidermidis within a 4-h time pe-
riod. The bacteria began to lose their integrity when
exposed to a membrane composed of HAp and silver par-
ticles.81 Compared to these studies which show that
[CELþCS] and HAp composites exhibit antimicrobial activity
to only a few organisms, the [CELþCSþHAp] composites
prepared using method reported here are superior as they
showed inhibition of growth of a wide range of Gram posi-
tive and Gram negative. Bacteriostatic and bactericidal prop-
erties are important for wound healing applications in pre-
venting infection and even possible sepsis. These effects of
the chitosan and HAp composites reported here on the
wound pathogens illustrate their great potential as compo-
nents in wound dressings to provide both antibacterial pro-
tection and scaffolding for tissue and bone growth.

CONCLUSIONS

In this study, [BMImþCl�] was used as a powerful, non-deri-
vatizing solvent to fabricate [CELþCS] composite materials
which were subsequently mineralized by a modified alter-
nate soaking method. Unlike the methods reported in litera-
ture, the method developed in this study is simple, environ-
mentally and inexpensive. It enables, for the first time, to
use CEL, CS and HAp in their natural states. The recovery of
the solvent, [BMImþCl�], by distillation adds economic
potential to the whole process. Interestingly, the tri-compo-
nent composite material, [CELþCSþHAp] produced had de-

sirable properties derived from its individual components.
As expected, adding CEL to [CSþHAp] increased the tensile
strength of resultant composites, [CELþCSþHAp]. In addi-
tion, the composite materials exhibited antibacterial activity
(presumably due to CS) against a wide range of both Gram
positive (MRSA, S. aureus and VRE) and Gram negative
(E. coli and P. aeruginosa) bacteria over 24 h than existing
HAp composites. Specifically, the composite made solely
from CS and HAp (CS100 HAp) exhibited the highest effi-
ciency and substantial bacterial killing ability than the other
composites for all strains of bacteria tested. VRE and MRSA
were also affected by the composite CEL50CS50HAp and
VRE with CEL60CS50HAp. Interestingly, except CS100HAp,
all other composites were nearly ineffective with P. aerugi-
nosa. This organism is well-known for its resistance to anti-
microbials and antibacterial substances. The fact that
CS100HAp did show antimicrobial action against P. aerugi-
nosa is of particular significance. Taken together, the results
presented are very encouraging and indicate that the
[CELþCSþHAp] composite material may be able to success-
fully serve as scaffold for tissue engineering.
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