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ABSTRACT: Chitosan grafted with poly(methyl-methacrylate) (PMMA) and adsorbed with kaolin functionalized as
bioadhesive was prepared via emulsion polymerization technique and physiochemically characterized as
a bone-graft substitute. The so prepared grafted bioactive bone cement (BBC) bionanocomposites (BNCs),
chitosan-g-PMMA /kaolin, was characterized by Fourier transform infrared (FTIR) spectroscopy, X-ray
diffraction (XRD) analysis, field-emission scanning electron microscopy (FESEM) and thermogravimetric
analysis (TGA). The water uptake, retention ability and the nanosize particle arrangement in the polymeric
BBC-BNCs were studied along with the mechanical and biodegradation properties. These preliminary
investigations of the BNCs will open the door for their use in bioadhesive bone-cement implants in the future.
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1 INTRODUCTION

Bone cements must possess proper injectability, a
quick setting time, suitable modulus bioactivity, a
low setting temperature, and radiopacity. Even if
small-scale bone fractures can be easily self-repaired,
large-scale bone defects (i.e., comminuted fracture,
osteoporotic and cartilaginous tissues) are difficult to
self-heal via regeneration and remodeling [1]. In this
case, repeated surgery is necessary to insert a bone
graft or artificial materials at the site of the defect [2].
According to reported information, there are more
than 2 million operations requiring bone substitutes
each year in the United States and other parts of the
world, and the demand continues to rise drastically.
The traditional bone repair procedure involves the
use of autografts (from the patient’s iliac crest) and
allografts (from the cadaver bone) [3]. Previously,
an autograft was considered the gold standard in
the reconstruction of bone defects because it has
structural stability and natural osteogenic ability
[4, 5].

Although the autograft and allograft procedures
have been fairly successful, there are serious limita-
tions such as limited supply of donor bone tissue,
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unpredictable rejection characteristics, and infection
[3, 6]. Large bone defects in particular are a major
clinical problem since autologous bone grafts are not
available in up to 40% of these patients [7]. Therefore,
there is a pressing need for more reliable and abun-
dant bone substitutes to replace or repair bone by
filling the defect with either PMMA or bioabsorbable
ceramic bone graft substitutes in cement defects in
clinics.

Individually, PMMA has not gained wide accep-
tance when used for fracture treatment in the extremi-
ties because of its inability to remodel and possibly
inhibit fracture healing [8].

Among the many potential bone cement materials,
PMMA or its derivatives has been used successfully
in orthopedic surgeries. PMMA was first introduced
as bone cement in the early 1960s by Charnley and
Smith [9]. It conforms to the shape of its surroundings,
allows even distribution of implant loads, and forms a
strong mechanical bond with implants. However, its
widespread use is limited by several complications.
For example, PMMA adheres insufficiently to bone
surfaces (no bioactivity) [10]. It is weaker than cortical
bone [11], has a high exothermic reaction temperature
[12, 13], and exhibits monomer toxicity [14].

To address concerns regarding PMMA and modi-
fied PMMA, several investigations of different bioac-
tive bone cements (BBCs) have been conducted with
the addition of hydroxyapatite (HA) powder [15].
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Other researchers have added bone particles and
growth hormones to PMMA cement [16, 17]. Another
potential additive is chitosan, which is biodegrad-
able, soluble in organic acid solutions and resistant to
alkali environments. Chitosan is a copolymer of glu-
cosamine and N-acetylglucosamine deacetylated from
the natural polymer chitin. Chitosan also has a high
resistance to heat due to its intramolecular hydrogen
bonds [18]. Chitosan-based PMMA composite exhib-
its biological properties such as biodegradability,
biocompatibility, and immunological and antibacte-
rial activities. Although improvements have been
realized, many fundamental problems with PMMA
remain unresolved. The purpose of this study was to
develop novel BBC, composed of kaolin and chitosan,
for use in orthopedic surgeries such as vertebroplasty
or as bone filler.

2 MATERIAL AND METHODS

2.1 Materials

The deacetylated chitosan and initiator, ammonium
persulfate, were purchased from HiMedia, Mumbeai,
India. The methyl methacrylate (MMA) and kaolin
were from SRL Ltd., India, and sorbitol from Qualigen,
India Ltd.

2.1.1 Deacetylation of Chitosan

To increase the amine content of chitosan, chitosan
with a 76% degree of deacetylation was further dea-
cetylated according to the modified procedure to
increase the degree of deacetylation to above 90%.
Degree of deacetylation or %NH, group is deter-
mined by potentiometric titration method as per the
report [19] described below. The degree of deacety-
lation (DD) of the chitosan sample was prepared by
adding 0.14 g chitosan into 35 mL NaCl solution (0.1
mol/L) and then adding 14 ml HCI (0.106 mol/L) of
the standard solution to achieve protonation, thus
increasing its solubility. The pH value was adjusted
to 6 by adding NaOH (0.01 mol/L) of the standard
solution and calculating the total volume of NaOH
solution consumed for the other replicates and then
adding 0.3 mL cellulase solution (160 U/mL). After
incubation for 6 h in a 40 °C water bath, the chitosan
solution was taken out and replenished with HCI
solution and the pH was adjusted back to about 2.5.
By adding NaCl the total volume was maintained
at about 50 ml. With the aid of the pH meter, chi-
tosan was titrated with NaOH and then after the two
immediate pH changes (pH > 10.5), retitrated with
HCI solution, bringing the pH back to < 3. This pro-
cess involves two abrupt pH changes and both the
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pH values and the consumption of NaOH (or HCI)
are recorded. The DD is calculated by using the fol-
lowing formula [19]:

_ 203.195xW(NH,) o
"~ 16.02262+0.42037 x W (NH, )
W(NH2)= V' xCx100x0.016
Wdry

where V, C and Wdry stand for volume of NaOH (or
HCI) consumption between two abrupt changes of
pH, concentration of NaOH (or HCI), and the dry
weight of chitosan sample (derived from the moisture
content) respectively. DD and W(NH,) are based on
the percentage.

2.1.2 Preparation of Chitosan-g-PMMA Graft
Copolymer and Chitosan-g-PMMA/
Kaolin Graft Composite

To make the grafted composite, i.e., chitosan-g-
PMMA (BBC1), chitosan (0.25 gm), monomer (MMA),
initiator amonium persulphate (APS) along with com-
plex catalyst CuSO, and glycine (1:1) and surfactant
sorbitol (0.05 gm) were added sequentially to the
reaction vessels. Then a different set of kaolin-based
graft copolymer samples were prepared, taking the
same quantity of monomer MMA and chitosan in the
reaction vessels followed by addition of kaolin (BBC2
= 0.25%, BBC3 = 0.5%, BBC4 = 0.75%, BBC5 = 1.0%
and BBC6 = 1.5%) to each vessel, as shown in Table 1.
The mixtures were stirred overnight for 14 h for com-
plete insertion of monomer into the chitosan at 25 °C.
Under N, atmosphere the desired quantity of initiator
APS, complex initiator CuSO, and glycine (1:1) along
with the surfactant were added at 55 °C. Then the
reaction was continued by stirring for 3 h and then
stopped by quenching the vessel in ice water. The
graft copolymer and the additive-based graft copol-
ymer were washed three times with hot water and
acetone and were oven dried at 70 °C for 3 h and kept
in the desiccators for 1 h to make them moisture-free
and then weighed. The material so prepared is shown
in Scheme 1.

2.1.3 Calculation of Grafting Parameters

For chitosan copolymers, the grafting parameter was
obtained by using the following expression:

Yield of grafting (%)

= [(wt of graft copolymer — wt of
chitosan)/wt of chitosan] x 100 (2)
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Table 1 Variation of MMA and (%) of grafting.

Sample code | Chitosan gm | MMA ml | APS gm | CuSO, gm | Glycine gm | Sorbitol gm | Kaolin gm | % of Grafting
BBC1 0.25 3 0.684 0.32 0.15 0.05 - 89.6
BBC2 0.25 1 0.684 0.32 0.15 0.05 0.25 -
BBC3 0.25 2 0.684 0.32 0.15 0.05 0.5 -
BBC4 0.25 3 0.684 0.32 0.15 0.05 0.75 -
BBC5 0.25 4 0.684 0.32 0.15 0.05 1.0 -
BBC6 0.25 5 0.684 0.32 0.15 0.05 1.5 -
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Scheme 1 Chitosan-g-PMMA /kaolin.

3 CHARACTERIZATION

The PMMA grafted chitosan sample and kaolin-based
bionanocomposite BBCs were characterized by FTIR,
XRD, FESEM and TGA. The insertion of PMMA into
the chitosan was confirmed by using an XRD monitor-
ing diffraction angle 26 from 10° to 90° on a Philips
PW-1847 X-ray crystallographic unit equipped with
a Guinier focusing camera with CuKa radiation (A =

J. Renew. Mater., Vol. 5, No. 5, October 2017

0.15059 nm) with a 0.02 26 step size and a 2 s count
time. Nanoscale structure of grafted samples was
investigated by means of a FESEM accelerating volt-
age of 5.00 kV. The ultrathin section (the edge of the
sample sheet perpendicular to the compression mold)
with a thickness of 1 pm and 200 nm was microtomed
at —80 °C on a Zeiss Mevlin SEM Instrument (FESEM).
Thermal properties were measured by using a
Shimadzu DTA-500 system. It was carried out in air
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from room temperature to 600 °C at a heating rate of
10 °C/min. The IR spectra of samples, in the form of
KBr pellets, were recorded with a PerkinElmer model
Paragon-500 FTIR spectrophotometer.

4 PROPERTIES

4.1 Testing of Mechanical Properties

The prepared BBCs were pressed between two glass
plates for 1 h. After the cement had hardened, it was
pulled out of the plates and stored at room tempera-
ture. Specimens of 75 x 5 x 3 mm dimension were pre-
pared for the tensile tests [20].

The tensile test and three-point bending test were
performed on an Instron universal materials testing
machine (Model 5544). The tensile test (according to
ASTM D638-03) was conducted at a crosshead speed
of 1 mm/min.

The BBCs were poured into the mold for the com-
pression and bending test, and fixed with PTFE end-
plates and C-shape fixture for 4 h. After the bone
cements were hardened, the endplate and C-shape
fixture were removed and then the cylindrical test
specimens were taken out for the compressive strength
test. The compressive strength of each specimen was
determined according to ISO 5883-2002 standard
using the same universal testing machine, operating at
a crosshead speed of 5 mm/min.

4.2 Equilibrium Water Content (EWC)

Equilibrium water content of BCC nanocomposite
with different kaolin content was studied to evalu-
ate the effect of kaolin content on the size stability of
material. The EWC Wa of BCC-BNCs at time t was cal-
culated using the following equation:

wt —wo
—X

Wa% = 100 3)

wo

where wt and wo are the weights of sample at time ¢
and the dry state at 23 °C, in that order.

4.3 Biodegradation by Activated Sludge

The activated sludge water was collected from domes-
tic wastewater. The sludge water contains many dif-
ferent types of microorganisms (bacteria, fungi, yeast,
etc.) which are accountable for the biodegradation of
waste materials. The sludge was collected in a poly-
propylene container, which was filled absolutely
and then fully closed [21]. Then, the wastewater was
brought to the lab immediately. After settling for
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about 1 h, the total solid concentration was increased
to around 5000 mg/L. The activated sludge water and
a polymer sample (0.2 g) were incubated together in
a sterilized vessel at room temperature (28 + 2 °C) for
15 days, 1 month, 3 months and 6 months. Duplicate
samples were removed at time intervals for biodegra-
dation study via weight loss. Vessels containing pol-
ymer samples without sludge water were treated as
controls.

5 RESULT AND DISCUSSION
5.1 FTIR Spectra of the BBC-BNCs

The grafting of PMMA onto chitosan was confirmed
by the FTIR spectral study, as shown in Figure 1.
Figure le of the BNC indicates the absorption peak
of the carbonyl group of chitosan-g-PMMA /kaolin
segments at 1700 cm™ and the Si-O at 1060 cm™ and
890 cm™. From Figure 1c it can be seen that the absorp-
tion peak of the PMMA segment in the copolymer
appears at 3100 cm™ due to C-H stretching frequency.
The typical spectra for amide bands of pure chi-
tosan are located at 1680 cm™, as shown in Figure 1b.
On the other hand, the carbonyl absorption band of
the chitosan-g-PMMA shifted to lower frequency at
1665 cm™, as shown in Figure 1d. The slight shifting
of the peak to lower frequency might be due to the
hydrogen bonding between the amino group of chi-
tosan and the carbonyl group of the pendant graft.

Transmittance, (%)

4000 3000 2000 1000 500

Wavenumber (cm™)

Figure 1 FTIR spectra of (a) kaolin, (b) chitosan, (c¢) PMMA,
(d) chitosan-g-PMMA and (e) chitosan-g-PMMA /kaolin
BNC.
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5.2 XRD of the BBC-BNCs

The crystallinity of samples like kaolin, chitosan-g-
PMMA (deacetylated) and chitosan-g-PMMA /kaolin
were investigated by X-ray diffraction study. In the
X-ray pattern in Figure 2a, the X-ray pattern of kaolin
is showing sharp peaks due to its partially crystal-
line nature. But in the chitosan-g-PMMA in Figure 2b,
the chitosan shows a broader pattern at around 26 =
20°, indicating lower degree of crystallinity [22, 23].
It has been reported that the crystalline structure of
chitin derivatives depends on the degree of deacety-
lation, i.e., the crystalline structure of shrimp chitosan
is retained up to 70% of the deacetylation degree. But,
upon further deacetylation, the crystalline regions of
chitosan are destroyed and become amorphous. In
Figure 2c, the chitosan-g-PMMA /kaolin sample con-
firms the insertion of polymer in the layered structure
of kaolin. In the layered silicate structure the d-spac-
ing of kaolin has been changed because the angle 26
was changed between 13.2° and 24.3° in Figure 2a and
12.79° and 23.89° in Figure 2c. This clearly reveals the
grafted polymer being introduced inside the layered
silicate matrix of the kaolin.

5.3 FESEM of the BBC-BNCs

The FESEM micrographs of the copolymers without
kaolin and with kaolin are shown in Figure 3 at dif-
ferent magnifications like 20 kX, 30 kX and 40 kX. The
micrographs confirmed the homogeneous insertion
of the graft copolymer into the matrix of the kaolin as
comparatively shown in Figures 3a—c and d—f respec-
tively. The surface morphology of chitosan-g-PMMA /

Intensity

Jo

Figure 2 XRD of (a) kaolin, (b) chitosan-g-PMMA and
(c) chitosan-g-PMMA /kaolin BNC.
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kaolin BNC before biodegradation and after biodegra-
dation (Figure 3g) was different, which indicated that
the decomposition or colony growth of microorgan-
isms in activated sludge has been confirmed on the
chitosan-g-PMMA /kaolin BNC, resulting in the rough
surface as compared to the surface prior to biodegra-
dation. Hence, the prepared novel nanocomposite is
eco-friendly in nature.

5.4 TGA of the BBC-BNCs

The thermal decomposition of chitosan-g-PMMA and
the first decomposition of chitosan-g-PMMA /kaolin
were studied by TGA analysis, as shown in Figure 4.
The initial decomposition of both the samples is due
to the presence of a little bit of moisture in the sam-
ples; however, more moisture content is found in
chitosan-g-PMMA /kaolin, showing the enhancement
of hydrophilicity. Later, the decomposition of the chi-
tosan-g-PMMA copolymer at temperature 155 °C and
that of chitosan-g-PMMA /kaolin BNC at 258 °C is
explained by the fact that the higher thermal decom-
position of the BNC chitosan-g-PMMA /kaolin might
be due to the insertion of the copolymer into the lay-
ered structures of the kaolin. This is an added advan-
tage for this nanocomposite as it can resist the higher
temperature.

5.5 Mechanical Properties of BBC-BNCs

The mechanical properties like tensile strength and
compressive strength of the BNC samples were stud-
ied in freeze-dried condition for 48 h.

5.6 Tensile Strength

From the test results it has been observed that the
tensile strength of the BBC-BNCs gradually increases
from BBC1 to BBC4 and then decreases till BBCé.
The increasing trend of the tensile strength might be
ascribed to the gradual enhancement of the crosslink-
ing of the PMMA with chitosan up to 44.3 MPa and
after that the BBC-BNCs might become brittle due
to higher crosslinking density; as a result, after 44.3
MPa there is a decreasing trend of tensile strength, as
shown in Figure 5 [24].

5.7 Compressive Strength

The compressive strength results shown in Figure 5
are similar to that of tensile strength and the highest
compressive strength found for BBC4 might be due
to optimum crosslinking density. Here, from BBC1 to
BBC4 there is an increase in compressive strength, i.e.,
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Figure 3 FESEM of (a) Chitosan-g-PMMA (a, ¢ & e); (b) Chitosan-g-PMMA /kaolin (b, d & f); and (c) after biodegradation of

Chitosan-g-PMMA /kaolin (g).

up to 54.9 Mpa; and after that it decreased up to sam-
ple BBC6, as shown in Figure 5 [25].

5.8 Equilibrium Water Content

The equilibrium water content depends on the
amount of kaolin present in the BNC. The maximum
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percentage of water content is found in BBC2 due to
getting more space in the composite matrix. After that,
the sudden decrease in water absorbency up to BBC6
might be due to the increase in rigidity and crosslink
density of the polymer inside the BNC. As a result,
penetration and retaining capacity of the water might
decrease.
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Figure 4 TGA thermograms of (a) chitosan-g-PMMA and
(b) chitosan-g-PMMA /kaolin.
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5.9 Biodegradation by Activated Sludge

From Figure 7 it is clear that from BBC1 to BBC4 there
is an increasing trend of biodegradation compared to
that of other BNCs. It might be ascribed to more water
retention capacity of the BBC4 BNC; as a result, it
might be giving microorganisms more of a chance to
grow. For other BNCs, due to lower equilibrium water
content, the biodegradation was found to be less.

6 CONCLUSION

The copolymer, chitosan-g-PMMA, and the BNC, chi-
tosan-g-PMMA /kaolin, were synthesized via emul-
sion technique using APS as an initiator under N,

BBC4 BBC5 BBC6

Figure 5 The tensile and compressive strengths of chitosan-g-PMMA /kaolin (BBC 1 to BBC 6).
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Figure 6 EWC study of chitosan-g-PMMA /kaolin (BBC1 to BBC6) BNCs.
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Figure 7 Biodegradation study of chitosan-g-PMMA /kaolin (BBC-1 to BBC-6) NCs.

atmosphere and were characterized by XRD, FTIR,
FESEM and TGA. The grafting of PMMA onto chi-
tosan was confirmed by FTIR as well as FESEM micro-
graphs and the homogeneous insertion of kaolin was
also confirmed from XRD and FESEM studies. The
mechanical properties like tensile strength and com-
pressive strength show similar results and the sample
BBC4 was found to be more suitable BNC. The EWC
was also in agreement with biodegradation results for
good water retention capacity of BBC4. Finally, BNCs
would be considered as an excellent material for bone
substitute.
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