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Abstract: Sodium calcium silicate (Na,CaSiO,) is a bio-
active silicate with Na,0, CaO and SiO, as its basic com-
ponents, which is similar to that of the composition of
bioactive glasses. In the present study, pure sodium cal-
cium silicate was synthesized by rapid combustion tech-
nique, and the synthesized sample was characterized by
powder X-ray diffraction to check the phase purity. The
scaffolds were prepared by varying the ratio of sodium
calcium silicate and polyvinyl alcohol, and the apatite-for-
mation ability of the scaffolds was examined by soaking
them in a simulated body fluid. The results revealed the
formation of hydroxyapatite on the surface of the scaffold
after 5 days, which is found to be rapid when compared
with the bioactivity of the calcium silicates and calcium
magnesium silicates. The scaffolds were also loaded with
ciprofloxacin as a model drug and analyzed for its drug
release profile using UV spectrophotometer. The release
profile did not vary with the change in bioceramic-to-
biopolymer ratio, and 60% of the drug was released in 10
days, which is within the appreciable range for a targeted
drug delivery system. Moreover, the experimental and
simulated values of the release kinetics were compared by
applying the existing mathematical model.
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1 Introduction

The human bone is a composite of inorganic and organic
materials, 70% of which consists of inorganic materi-
als with hydroxyapatite as a major constituent and the
remaining 30% constitutes the organic materials in which
collagen is the chief component. Bioceramics can be pre-
pared with the same chemical composition similar to
that of the human bone [1, 2]. Bioceramics are commonly
used in the medical fields as dental and bone implants
because they have the ability to form a direct bond with
the living bone in the presence of human physiologi-
cal environment and because they have the potency to
produce biomimetic hydroxyapatite apatite layer on the
bone surface [3]. Joint replacements are commonly coated
with bioceramic materials to reduce wear and inflamma-
tory response [4-10].

Two types of ceramic implants have been designed
based on their biological activity for bone tissue regen-
eration technologies. Materials such as alumina, zirco-
nia, and carbon fall in the category of bioinert materials
because they do not influence any biological response on
their surfaces. In contrast, materials categorized as bioac-
tive ceramics will interact with the physiological environ-
ment, leading to their integration into the living tissues
of organisms [11]. Different bioceramics have been devel-
oped for various biomedical applications, among which
silicate ceramics and phosphate ceramics are the most
significant materials owing to their biocompatibility and
bioactivity. Between these two materials, silicate ceramics
have a higher rate of apatite deposition on their surface
than phosphate ceramics [12].

Silicate-based bioactive glasses and glass ceramics
and alkali and alkaline earth-containing silicate ceram-
ics, such as akermanite (Ca,MgSi,0.), merwinite (Ca,Mg-
Si,0,), bredigite (Ca MgSi,0,,), diopside (CaMgSi,0,), and
combeite (Na,Ca,Si,0,), have attracted much attention in
recent years because of their biocompatibility and bioac-
tivity. Bioactive ceramics have attractive features for bone
repair, such as direct bone-bonding ability with existing
hard tissues [13].
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Rapid combustion synthesis (RCS) is a rapid and
energy-saving technique used by many researchers for
the preparation of various metal oxides. During combus-
tion reaction, the nitrate ions behave like conventional
oxidants and the organic compounds function as a fuel.
It is an exothermic redox reaction associated with nitrate
decomposition and fuel oxidation, which releases an enor-
mous amount of heat energy. The nature of the fuel and
the ratio of oxidizer to fuel control the exothermic nature
of the combustion. Organic substances used as fuel in RCS
play a dual role in the synthesis because they function not
only as a chelating agent, but also avoid the precipitation
of ions by forming a complex with metal ions. The vigor-
ous redox reaction between fuel and oxidant mixture gives
rise to a very high local temperature with the evolution of
large volume of gases. A large amount of heat is released
during the combustion, which produces an intense local
heating that induces the phase formation [14, 15].

Drug delivery is the process of administering a phar-
maceutical compound to achieve a therapeutic effect in
humans or animals. Owing to the biological properties of
ceramic materials, bioceramics and its composites with
synthetic biopolymers are suitable candidates for antibi-
otic drug delivery in cases of bone infection and its pre-
vention, enabling the provision of a necessary supply of
a large amount of antibiotics to reach the adequate ther-
apeutic level in the affected region [16, 17]. Staphylococ-
cus aureus, a gram-positive bacterium, is one of the main
causes of bone infection in both the adults and children.
Other bacteria, such as Groups A and B Streptococcus,
Hemophilus influenzae, Enterobacteriaceae, Escherichia
coli and Salmonellae, also cause bone infection [18]. In
this study, the drug ciprofloxacin, which belongs to the
fluoroquinolone class of antibiotics used to treat bacterial
infections, was used as the model drug.

In the present study, sodium calcium silicate was syn-
thesized by the combustion method using citric acid as
fuel. This is the first study performed to test the bioactivity
and drug delivery applications of sodium calcium silicate.
The results showed that sodium calcium silicate can be
used as a ceramic drug delivery system.

2 Materials and methods

2.1 Preparation of sodium calcium silicate

Onemolar stock solution of calcium nitrate [Ca(NO,),-4H,0;
99%, AR, Rankem, India], sodium silicate (Na,SiO,-xH,0;
99%, AR, Merck, India) and citric acid (C,H,0,; 99.7%, AR,
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SRL, India) was prepared by dissolving the salts in dem-
ineralised water at room temperature. Equal volumes of
sodium silicate, calcium nitrate and citric acid solutions
were pipetted into a glass beaker, and the pH of the solu-
tion was adjusted to 1 by adding concentrated nitric acid.
The clear solution was kept in the pre-heated muffle
furnace at 300°C. Within few minutes, the solution under-
went combustion by self-propagating auto-ignition and
formed a black, fine precursor. Given that the reaction is
highly exothermic, the reaction was performed inside a
closed furnace with a suitable exhaust system to remove
the evolved gases. The precursor was kept for heat treat-
ment at 900°C for 6 h.

2.2 Formulation and drug loading

To mimic the composition of the human bone, the scaf-
folds were prepared by replacing hydroxyapatite with
sodium calcium silicate and collagen with polyvinyl
alcohol. Scaffolds with different ratios of sodium calcium
silicate and PVA were made to optimize the ratio of bioce-
ramics and biopolymers. Ciprofloxacin was used as the
model drug to investigate the drug release kinetics of
sodium calcium silicate.

A total of 100 mg of ciprofloxacin was dissolved in
100 ml of water, and 1 g of PVA was dissolved in hot water.
The resultant solution was allowed to cool and then made
up to 100 ml for use as a stock solution for further experi-
ments. To achieve thorough distributions of the drug in
both the ceramic and polymer matrix, the volume of the
solution containing 5 mg of the drug solution was added
to the sodium calcium silicate powder and made into
slurry. Different ratios of the polymer solution were added
to the slurry and thoroughly mixed using mortar and
pestle. The resultant slurry was dried at 60°C for 6 h in
a hot-air oven. Four slurries with 5%, 10%, 15% and 20%
weight ratio of the polymer and 5 mg of the drug content
were prepared and pelletized in a hydraulic press. By fol-
lowing this procedure, 5 mg of ciprofloxacin was loaded
uniformly throughout the matrix in all four scaffolds.

2.3 Drug delivery studies

Scaffolds with different concentrations of the polymer
were placed in 50 ml of the simulated body fluid (SBF)
taken in four different conical flasks and incubated at
37.5°C for 10 days. Every 24 h, 2 ml of the sample was col-
lected from the flask and replaced with the fresh SBF of
the same volume. The collected sample was analyzed
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using a UV-visible spectrometer at 278 nm to determine
the release kinetics of the drug from the scaffolds. Using
the absorbance values, the amount of drug released was
determined for 10 days [19-23].

3 Results and discussion

3.1 Synthesis of bioceramic

Sodium calcium silicate was synthesized by the rapid
combustion method using citric acid as fuel. Citric acid
plays a dual role in the synthesis because it does not only
function as a reducing agent, but also avoids the precipi-
tation of ions by complexing with metal ions. The vigor-
ous redox reaction between fuel and oxidant mixture at
the time of combustion gives rise to a very high local tem-
perature with the evolution of large volume of gases. In
the present study, although the furnace temperature was
maintained at 300°C, the particles could have attained
higher local temperatures (approximately 1500°C) during
auto-ignition. A large amount of heat was released during
the combustion, which produced an intense local heating
that enhanced the phase formation. The volume of gas
generated and the increase in the local temperature due to
combustion depend on various factors, such as the nature
of the fuel, temperature, water content and the ratio of fuel
to oxidizer, because the thermochemistry of combustion
is different for different fuels. This was evident from the
sudden increase in temperature inside the furnace from
the set temperature of 300 to 500°C during combustion.
The precursor formed after combustion was calcined
at 500°C to eliminate the remaining organic constituents
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present in the product, which results in the formation of
sodium oxide, calcium carbonate and amorphous silica.
Subsequently, the sample was calcined at 900°C for 6 h to
aid the phase formation of sodium calcium silicate from
the products of intermittent calcination.

3.2 Characterization of the bioceramic

The phase purity of the synthesized sodium calcium
silicate was confirmed by the powder X-ray diffraction
(XRD) patterns (Figure 1). The XRD pattern of the sodium
calcium silicate was matched with that of the standard
JCPDS file (24-1069). The major phase formed was sodium
calcium silicate, and trace amount of larnite was present
as an impure phase.

3.3 Bioactivity of the scaffolds

The scaffolds were made with different concentrations
of polymer and sodium calcium silicate (Table 1). In all
the scaffolds, the concentration of ciprofloxacin was
uniform and only the concentration of polyvinyl alcohol
was varied. The scaffolds were placed separately in 50 ml
SBF, and the samples’ absorbance was analyzed at 278 nm
every 24 h. The concentration was calculated by plotting a
graph between time vs.% release.

Hydroxylapatite was the major constituent deposited
on the scaffold in the physiological environment. Conse-
quently, the deposition of hydroxyapatite on the surface of
the sodium calcium silicate/PVA scaffolds was analyzed
periodically After incubation in SBF for about 10 days, the
scaffolds were analyzed by XRD to check for the formation

; (440)

Figure1 XRD pattern of the sodium calcium silicate synthesized by rapid combustion method.
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Table1 Formulations of sodium calcium silicate.

Scaffold Weight of PVA Ciprofloxacin

Na,CaSio, (mg) (mg) (mg)
BCP20 160 40 5
BCP15 170 30 5
BCP10 180 20 5
BCP5 190 10 5

of hydroxyapatite on their surfaces. Formation of apatite
on the surface of bioceramics in SBF depends on various
factors, such as super-saturation of the solution, surface
energy of the substrate and interfacial energy of the sub-
strate. An important issue that should be mentioned here
is the formation of calcite accompanying the formation
of apatite. Interaction between bioactive materials and
physiological solutions in vitro is known to occur in two
steps: dissolution and back precipitation. In the disso-
lution step, ions are released from the material into the
surrounding solution, which will change the local pH and
ionic concentration at the material solution interface and
then promote the back precipitation of a bone-like apatite
layer onto the surface of bioactive materials. The compos-
ite BCP20 has a ratio of 80:20 of sodium calcium silicate
and polymer, which is close to that of the human bone
[70% hydroxyapatite (bioceramic phase) and 30% colla-
gen (organic phase)].

The XRD pattern shows the formation of calcium
apatite phases on the surface of all the scaffolds, confirm-
ing its bioactivity (Figure 2). However, the relative inten-
sity of sodium calcium silicate peaks compared with that
of hydroxyapatite peaks indicates the effectiveness of the
scaffold as its composition varies. Compared with the
other formulations, BCP20 shows more calcium apatite
deposition as the composition comes closer to that of the
natural bone. BCP15 exhibits less calcium apatite deposi-
tion, indicating that it has lesser bioactivity, which may
be due to the deviation in concentration of the polymer
from that of the natural bone. BCP10 has a moderate
calcium apatite formation on its surface, whereas BCP5
shows broad peak in the XRD pattern. This trend observed
in these two scaffolds might probably be similar to that
found in BCP15.

3.4 Drug delivery kinetics of the scaffolds

The release of drug from the ceramic matrix will follow
the dissolution pathway, whereas that from the polymer
matrix will follow the diffusion pathway. In the present
system, the matrix contains both the constituents so the
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Figure 2 XRD pattern showing the bioactivity of different formula-
tions of sodium calcium silicate.

release kinetics may get altered depending on the ratio
of ceramic to polymer. The drug release profile of all the
compositions shows almost a similar kind of release, but
the scaffold BCP20 shows the least release compared
with the other scaffolds (Figure 3). This observation may
be attributed to the high polymer concentration in the
scaffold, which led to the diffusion of the drug from the
matrix, resulting in the sustained release of the drug.
The scaffold BCP5 shows the highest release because its
polymer concentration was low. Consequently, the dis-
solution pathway predominates, resulting in maximum
drug release. Moreover, there was a burst in the release
of ciproflaxocin from all the compositions at the onset of
the experiment, as 18% of the drug was released within
24 h in all compositions. The release pattern of the drug
from the different scaffolds shows similar trend with very
small variation. Therefore, the drug release kinetics is
independent of composition.

3.5 Simulation studies of drug delivery
kinetics

A mathematical model is a description of a system using
mathematical language, and the process of developing a
mathematical model is termed mathematical modeling.
Mathematical modeling of drug delivery and predictabil-
ity of drug release is a field of steadily increasing aca-
demic and industrial importance with an enormous future
potential. Due to the significant advances in information
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Figure 3 Drug release kinetics of different formulations of sodium calcium silicate.

technology, the in-silicon optimization of novel drug deliv-
ery systems can be expected to significantly improve its
accuracy and easiness of application. Analogous to other
scientific disciplines (e.g., aviation and aerospace), com-
puter simulations are likely to become an integral part of
future research and development in pharmaceutical tech-
nology. It is only a question of time when mathematical
programs will be routinely used to help in optimizing the
design of novel dosage forms. Considering the desired
type of administration, drug dose to be incorporated and
targeted drug release profile, mathematical predictions
will allow for good estimates of the required composition.
There is no mathematical model available that con-
siders the nature of two different (polymer and ceramic)
constituents of the composite, porosity of the matrix, par-
ticle size of bioceramics and diffusion of drug in compos-
ite matrix. The major problem in designing a model for
the delivery system of ceramic drug arises because of the
bioactivity of the system: as the deposition of apatite layer
takes place on the surface it will affect the diffusion of
drug and porosity of the system, hence the model cannot
be employed for the data obtained for the entire period.
The mathematical modeling employed here is based
on the hypothesis proposed for thin films [24-26], and
most of the criteria defined for this model are satisfied by
the present system. Accordingly, the model expression is

given by
M,=A\D(2C,-C,)C t @)

where M, is the amount of drug released until the time ¢, A
is the release area, D is the drug diffusion coefficient, C is
the initial drug concentration in the matrix, and C_ is the
drug solubility.

This model expression is semi-empirical as it uses
both the theoretical and practical data in predicting the
values using this model. A particularly fruitful, but also
very challenging aspect is to combine the mathematical
theories with models quantifying drug transport in the
living organism, including drug distribution in the various
organs and even within the different cell compartments.
Ideally, theoretical calculations should allow for a quan-
titative prediction of the effects of formulation and pro-
cessing parameters not only on the resulting drug release
kinetics, but also on the resulting drug concentration time
profiles at the site of action in the human body and on
the pharmaco-dynamic effects in the patients under the
disease conditions. This type of mathematical modeling is
much more complex, but in the very long run it could help
to allow for customized drug delivery to the patient.

In this study, mathematical modeling was performed
for all the formulations (Figure 4). The model shows that the
real-time and the theoretical values are well correlated for all
the samples, proving that the model is valid for this system.

4 Conclusion

Sodium calcium silicate was successfully synthesized by
a rapid combustion method, an energy-saving technique.
Sodium calcium silicate has a high apatite-inducing ability,
which is a promising candidate material for bone tissue
engineering. The drug release ability of the scaffolds was
investigated for various formulations in the SBF medium
with ciprofloxacin as the model drug. Based on the release
profile, the bioceramic composite demonstrated sustained
drug release ability. The entire drug delivery kinetics was
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Figure 4 Simulated drug release profile of different formulations of sodium calcium silicate.

mathematically modeled using the Higuchi model. Mathe-
matical modeling of drug delivery shows significant poten-
tial in facilitating product development in the future and
in understanding complex pharmaceutical dosage forms.
Modeling of drug delivery systems provides the opportu-
nity to correlate the experimental and theoretical data,
thereby validating the studies.
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