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Abstract. This article presents the preparation and antibacterial activity of larnite bioceramics, an active calcium
silicate ceramic material having the molecular formula Ca2SiO4. A stepwise sol–gel combustion approach was used to
prepare the single phasic larnite. The synthesis of larnite was carried out with calcium nitrate tetrahydrate as a source of
calcium which acts as an oxidizing agent and tetraethyl orthosilicate as a source of silicate which acts as a reducing agent
(fuel). The powders thus prepared were calcined at temperatures ranging from 400 to 800°C. X-ray diffraction analysis
was used to study the phase formation and determine the hydroxyapatite (HAP) formation during the bioactivity studies.
The synthesized materials were also characterized by Fourier-transform infrared, scanning electron microscopy and
energy dispersive X-ray techniques. Elemental ionic concentration of the Ca, P and Si in stimulated body fluid (SBF)
solution was analysed by inductively coupled plasma-optical emission spectroscopy. The bone-like apatite formation
ability of larnite scaffolds was investigated by immersing it in SBF. It was observed that larnite has the capability to
deposit HAP within the early stage of immersion. The antimicrobial activity of the larnite was screened against nine
clinical pathogens. The fabricated larnite compound was tested against both Gram-positive bacteria (Staphylococcus
aureus and Enterococcus sp.) and Gram-negative bacteria (Escherichia coli, Pseudomonas aeruginosa, Serratia marcescens, Shigella sp., Proteus mirabilis, Salmonella sp. and Klebsiella pneumoniae) via the agar diffusion method. The
obtained results suggested that the prepared larnite has a high antibacterial property against Gram-negative bacteria
because of its thin peptidoglycan layer. From the overall results it is concluded that larnite could be a promising candidate
for biomedical applications.
Keywords. Sol–gel combustion; larnite; X-ray diffraction; scanning electron microscope; phase evolution; antibacterial
activity.

1.

Introduction

Bone is a highly essential supporting shell of the body,
due to its hardness, toughness and capability of repair and
regeneration [1]. A number of patients with bone-related
diseases and fractures, ageing population and individuals
involved in high-risk sports need surge fracture fixation
treatments [2]. As a result, the development of biomaterials has attracted much attention. Furthermore, the search
for potential solutions to bone tissue problems generates
interest to develop biomaterials equipped for bone substitution, repair and regeneration. The artificially synthesized bioceramic material must exhibit a capability of
regenerating the damaged and diseased bones [3].
Bioceramics are prepared mainly from alumina, zirconia, calcium silicates and calcium phosphates, as well as

a few other inorganic compounds [4]. Because of its
excellent biocompatibility and bioactivity they have been
widely used in the treatment and replacement of teeth,
hip, knees, heart valves, breast, ligaments and tendons,
blood vessels, tissues, contact lenses and periodontal
repair including maxillofacial reconstruction, augmentation and stabilization of the jaw bone, spinal fusion and
bone fillers after tumour surgery etc. [5].
Silicate ceramics is a class of bioceramics used in the
reconstruction and repair of diseased or damaged parts of
the musculo-skeletal system [6]. Recently, calcium silicates
have gradually gained the attention of researchers and some
of them are now accepted as a viable biomaterial for hard
tissue substitution. CaO and SiO2 can promote bonding
between an implant and the tissue [7,8]. The advantage of
silicate biomaterials is that the Si present in it is directly
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involved in bone mineralization [9]. Moreover, silicon
enhances the bioactivity when it is incorporated into calcium phosphate bioceramics [10].
Ideally, the bone graft composites and the bioceramic
implants for fracture fixation screws, plates, etc., should
possess both excellent mechanical and osteogenic properties
for fast healing under load bearing environments. Nevertheless, it is worth noting that the bacterial infections are a
serious complication that often leads to removal of the
implant material. The use of biomaterial implants in the
human body is associated with the risk of bacterial infections. The well-accepted compliment for the treatment of an
entrenched infection is the use of antibiotic loaded materials; its role is to prevent infection which remains contentious because of issues like bacterial drug resistance, cost
and efficacy. Selecting a bone implant with high antibacterial activity, helps to limit or decrease the growth of any
other remaining bacteria, even after the treatment of
infected bone defects [11].
So far several conventional methods have been attempted
for the synthesis of bioceramics. Among them, the sol–gel
combustion method is preferred due to its fascinating
properties like low temperature synthesis, low processing
cost, energy preservation and high production rate [12]. The
sol–gel combustion method is a combination of two methods (1) sol–gel method and (2) combustion method which
supports the nucleation and crystallization of the product
[12]. In the present study, we prepared a single phasic
nanocrystalline larnite powder by sol–gel combustion
method using sucrose as a fuel. To the best of our knowledge, so far no attempts have been made using sucrose as a
fuel in the synthesis of larnite by the combustion assisted
sol–gel method and the obtained results are discussed
elaborately in the paper.

2.
2.1

Experimental
Materials and methods

Reagent grade calcium nitrate tetrahydrate (Ca(NO3)2
4H2O; SD Fine AR, 98.0%), tetraethyl orthosilicate (TEOS)
((C2H5O)4Si; Acros Organics AR, 98%), sucrose
(C12H22O11; SD Fine AR), concentrated nitric acid LR
(69–72%, SDFCL), sodium chloride AR (99.9%, SDFCL),
sodium bicarbonate AR (99%, Nice Chemicals), potassium
chloride AR (99.5%, SDFCL), di-potassium hydrogen
orthophosphate AR (99.0%, SDFCL), magnesium chloride
AR (99.0%, SDFCL), concentrated hydrochloric acid LR
(35–38%, SDFCL), calcium chloride AR (98%, Qualigen
Fine Chemicals), sodium sulphate anhydrous AR (99.5%,
SDFCL) and tris(hydroxylmethyl)aminomethane AR
(99.8% SDFCL) were used in the present study.
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Synthesis of larnite

Larnite was prepared chemically by the sol–gel combustion method using sucrose, calcium nitrate tetrahydrate,
TEOS, sucrose and concentrated nitric acid. Calcium
nitrate and sucrose were weighed according to the stoichiometric ratios and were dissolved using deionized
water and mixed thoroughly. Then the aqueous solution
of TEOS was added to the solution mixture and stirred
vigorously at room temperature until the disappearance of
the transparent layer. The pH of the reaction mixture was
adjusted to 1 by dropwise addition of concentrated nitric
acid in order to carry out the rapid hydrolysis of TEOS.
The reaction mixture was stirred at 40°C for 12 h to form
a transparent gel. The beaker containing gel was left
undisturbed for 2–3 days to intensify and strengthen the
gel network. Further the gel was dried at 100°C in a hot
air oven for 5 h to obtain a dried compact solid mass.
The solid mass was decomposed at 300°C for 1 h in a
preheated muffle furnace.
Decomposition takes place in the presence of atmospheric oxygen to induce the exothermic reaction between
the oxidizing agent (nitrates) and the reducing agent (fuel).
The precursor thus obtained contains nitrates and carbon
impurities. In order to remove these impurities the precursor
formed was ground using agate mortar and pestle and was
calcined at 800°C for 12 h resulting in the formation of a
pure phase of larnite.

2.3

Material characterization

Phase identification of the synthesized powder was studied by X-ray diffractometer on a Bruker D8 Advance
Germany using CuKa, Ni filtered radiation (k = 1.5406
Å). The presence of functional group and chemical nature
of the combusted and calcined larnite sample was
examined by Fourier-transform infrared (FT-IR) spectroscopy (IR Affinity-1, Shimadzu FT-IR spectrophotometer) by using the KBr method. The FT-IR spectrum
was recorded from 4000 to 400 cm-1 region with 4 cm-1
resolution. Scanning electron microscopy (SEM-Carl
Zeiss) was used to study the morphological characterization and energy dispersive X-ray spectroscopy (EDXOxford Inc.) for elemental analysis of larnite. Inductively
coupled plasma-optical emission spectroscopy (ICP-OES)
(Perkin Elmer Optima 5300 DV ICP-OES) was used to
determine the concentration of ions present in the fresh
stimulated body fluid (SBF) and SBF collected after the
bioactivity studies. The instrument was calibrated with
the standard solution for each ion analysis and the
wavelengths used are as follows: Ca: 317.933 nm, P:
213.617 nm and Si: 251.611 nm.
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In-vitro bioactivity assay

The apatite forming ability of the larnite was studied in the
SBF medium. The larnite powder was ground for 15 min in
agate mortar to retrieve fine powder for the preparation of
scaffolds. The resultant powders were subsequently pelletized into a compact spherical shaped disk of 13 mm
diameter and 3 mm thickness with the support of hydraulic
pellet press under a pressure of 20 MPa and compressed for
at least 2–3 min. The resultant scaffolds were carefully
removed from the pellet press instrument and were dried in
a hot air oven at 100°C for 2 h in order to remove the
atmospheric moisture from the surroundings. The dried
scaffolds were introduced into the SBF solution in a conical
flask, incubated at 37°C for 28 days and placed in the
incubator to study the hydroxyapatite (HAP) deposition on
the surface of the larnite scaffolds.
The SBF solution has the ionic concentration and composition similar to that of the human blood plasma. Briefly,
the reagents of analytical grade were dissolved in the order
as proposed by Chang, Kokubo and Takadama with continuous stirring using double distilled water. The pH of the
SBF solution was adjusted to 7.40 by the addition of HCl
solution. The larnite scaffold was immersed in SBF solution
which was continuously refreshed every 24 h in order to
stimulate HAP nucleation by maintaining ample supply of
phosphorus and calcium ions for exchange on the scaffold
surface at the interface of the SBF solution. The scaffolds
were removed after every 7th day from the SBF solution
and washed with double distilled water and dried at room
temperature. The HAP layer deposition on the surface of the
scaffold was characterized by XRD, FT-IR, SEM and EDX
techniques. The SBF solution which was removed after
every 7th day was stored in a refrigerator and analysed to
find out the ionic concentration of calcium, phosphorous
and silicon by ICP-OES.

2.5
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Wiegand et al [13]. The bacterial suspension devoid of
larnite was used as a control sample to compare the growth
of the bacteria and calculate the percentage of bacterial
inhibition due to the presence of larnite.

3.

Results and discussion

In the synthesis of nanocrystalline larnite, sucrose was
chosen as a fuel because of its ability to produce large
amount of gas during combustion reaction. The nitrate ion
present in the calcium nitrate and nitric acid helps in the
vigorous redox reaction. The addition of nitric acid leads to
the hydrolysis of sucrose to fructose and glucose, it also
hydrolyses the TEOS to silanol and forms a complex with
calcium ions. Ethyl alcohol formed in the hydrolysis of
TEOS reacts with the sucrose to undergo polycondensation
reaction which leads to the formation of a thick viscous
polymeric gel network. The vigorous exothermic reaction
during the combustion reaction between the oxidizing agent
(nitrate) and the reducing agent (fuel) results in the formation of the desired product or the precursor in a finely
divided form with the evolution of ammonia, water, carbon
dioxide, NO2 and heat.

3.1

Characterization of larnite

3.1a FT-IR analysis: The presence of functional groups
affiliated with larnite was identified by FT-IR spectroscopy
(figure 1). The FT-IR spectra of larnite were obtained in the
range of 400–4000 cm-1. The spectrum of the precursor shows
bands corresponding to CO32– at 1429 cm-1 which indicates

Antibacterial activity

The activity of larnite against nine clinical pathogens was
scrutinized by broth dilution technique. The pathogenic
bacterial strains, Escherichia coli, Pseudomonas aeruginosa, Serratia marcescens, Shigella sp., Proteus mirabilis,
Salmonella sp., Klebsiella pneumoniae, Staphylococcus
aureus and Enterococcus sp. were acquired from Microbial
Biotechnology Laboratory, Vellore Institute of Technology,
Vellore. The broth dilution technique was preferred over
agar diffusion method as the larnite compound was found to
be insoluble in almost all organic solvents. The clinical
pathogens were suspended in Luria Bertani broth spiked
with larnite at varying concentration and maintained under
shaking culture conditions for 24 h. The inhibition of bacterial growth was monitored by optical density using ELISA
reader (Biotek-elx800). The bacterial growth was calculated
at a wavelength of 600 nm which was already reported by

Figure 1. FT-IR spectrum of larnite calcined at (a) 400 and
(b) 800°C.
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the presence of CaCO3. The singlet peak at 1213 cm-1 symbolizes symmetric stretching of Si–O bond and the peak linkage at 869 cm-1 confirms the presence of O–Si–O group. The
bending vibrational mode of Si–O–Si was observed at 505
cm-1. The presence of the carbonate group is mainly due to the
dissolution of carbon dioxide of silicate bioceramics and the
carbon dioxide absorbed may be due to the grinding process
[14,15]. The presence of Si–O and Si–O–Si bands indicates the
formation at the time of combustion itself.
As the temperature was increased to 800°C (figure 1b),
the broad bands observed in the precursor got partitioned
into characteristic peaks and represent the presence of all
characteristic functional groups of larnite. The sharp and
intense peak at 503 and 991 cm-1 symbolized to Si–O–Si
bending vibration mode and Si–O–Si asymmetric stretching
vibrations respectively. The O–Si–O stretching mode was
observed at 715 cm-1. The dual peak at 869–844 cm-1
indicates symmetric stretching modes of Si–O band. The
non-bridging oxygen of stretching vibration Si–O–Ca was
observed at 869 cm-1.
3.1b X-ray diffraction (XRD) analysis: The powder XRD
analysis was used to study the conversion of the precursor
into pure single phasic larnite. The XRD pattern (figure 2)
of larnite calcined between 300 and 800°C shows the formation of amorphous larnite phase at 300°C. The decomposed precursor was further calcined at different
temperatures to obtain pure larnite. Thus the calcination for
the crystalline larnite prepared by using sucrose as a fuel
was optimized at 800°C which is found to be very low when
compared with the earlier reports. The result concedes that
the phase formation of larnite was initiated at 300°C itself.
The phase formation of larnite was mainly due to the
thermo-chemistry involved during the combustion of the
fuel. As the temperature was further increased to 800°C, a
sharp intense peak corresponding to the formation of larnite

Figure 2.
800°C.
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was observed (figure 2). The XRD pattern of larnite (figure 2) was matched with the standard JCPDS data card 96901-2792. The synthesized larnite was found to have a
crystal structure of monoclinic and the lattice parameter
values are a = 5.507 Å, b = 6.754 Å and c = 9.317 Å. The
crystallite size was calculated by Debye–Scherrer equation
from the full width at half maximum values obtained from
the corresponding XRD patterns (figure 2). The major
intense diffraction peak (2h = 32.24) was selected to
determine the crystallite size of the larnite. The crystallite
size was calculated by using the following equation:
D ¼ Kk=b cos h;
where b is the width of the intense peak (32.31) at half of its
height, k is the wavelength (0.15406 nm) of the X-ray, h is
the Bragg angle and K is the constant (0.9). The average
crystallite size of the larnite calcined at 800°C was found to
be in the range of 40 nm.
3.1c Surface and elemental analysis: The SEM images of
larnite ceramic prepared by the sol–gel combustion method
with various magnifications are shown in figure 3. The
morphological expansion of the sample was performed by
using software named ‘ImageJ program’. The surface
morphology of larnite powder shows highly agglomerated
particles having tiny pores covering the entire surface. The
SEM image also shows irregular morphology and the particles are formed by several hundred small crystalline
aggregates. The surface porosity of larnite was micron
sized. The formation of hollow voids and pores on the
surface of the larnite was mainly due to the expulsion of a
large volume of volatile materials during the combustion
process. Furthermore, the porous material has the advantage
of maintaining the ionic equilibrium of SBF solution and
also improves the deposition of HAP, when the scaffold is
immersed in the SBF solution [16,17].

XRD pattern of (a) larnite precursor, (b) calcined at 500°C, (c) calcined at 700°C and (d) calcined at
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SEM/EDX micrographs of larnite (A–D).

The elements present in the prepared sample were
calibrated by using EDX spectroscopy. Figure 3D represents the graph of a selected portion of the prepared sample
from the SEM image. The EDX spectra of the larnite
calcined at 800°C shows the presence of essential elements
such as calcium, silicon and oxygen in the stoichiometric
ratios. The data from this analysis reinforces the result
obtained from XRD analysis that the pure larnite was
achieved at 800°C.

3.2
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In-vitro bioactivity assay

In-vitro bioactivity can be predicted by the apatite formation ability of a material in the SBF solution. The surface
area with the presence of pores plays a major aspect in the
deposition of apatite layer on the surface of the scaffold.
The SBF solution contains Ca and P ions that are already
saturated with respect to HAP. However, these solutions do
not deposit HAP under normal conditions. This is because
the HAP nucleation has a very high activation energy barrier. Therefore the ability of the material surface to induce

nucleation of HAP and the degree of supersaturation of SBF
with respect to HAP are important for the HAP formation
on the material in the body fluid and SBF.
Initially, the formation of HAP triggered by the release of
Ca2? ion from the larnite material with H3O? from the SBF
solution leads to the subsequent deposition of huge quantity
of Si–OH groups on its surface. The release of Ca2? ions
from the material surface increases the degree of supersaturation with respect to HAP, so that the Si–OH groups
activate the nucleation rate of HAP on the surface of the
larnite material. The transport of Ca2? and HPO42– to the
silicon rich layer results in the formation of a calcium
phosphate layer. Once the HAP nuclei form on the surface
of the larnite, the crystals of the apatite layer grow spontaneously by consuming the calcium and phosphorous ions
from the SBF solution. As a result, the carbonated apatite
layer mimics naturally occurring HAP and invites the
nearby tissues to bond with the material surface.
3.2a XRD after bioactivity studies: The bioceramic
material expected to be bioactive can be analysed by
immersing it in the SBF solution and its surface can be
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systematically evaluated for the biomineralization process.
The essential aspect required for the bioactive material is
that when it is immersed in SBF solution in order to
nucleate the apatite layer on its surface it should also have
the chemical composition related to that of the human
bone’s inorganic constituent.
Figure 4 represents the XRD pattern of larnite soaked in
SBF solution for different time intervals with refreshment
of SBF every 24 h. It is clear that the peaks of larnite
disappeared and the characteristic peaks of HAP appeared
as the time period extends. The XRD pattern also reveals
that after 7 days the intensity of the HAP peaks became
higher (figure 4a–c) and the scaffold was entirely covered
by amorphous HAP. The HAP peak present in the XRD
pattern exactly matches with the standard JCPDS data card
96-110-0067.
3.2b SEM and EDX analysis of larnite after bioactivity
studies: The surface morphology of the implant material
plays a major role in determining the biological activity.
The apatite formation on larnite scaffold was clearly
observed by SEM (figure 5). The SEM images of larnite
were compared with before and after immersion and found
that there are changes in the surface morphology due to the
deposition of apatite. The surface of the larnite scaffold was
noticed to form an uneven globule-like structure embedded
on the surface at the end of the 28 days of immersion in the
SBF solution. The SEM image of larnite clearly reveals that
the surface was entirely covered by the amorphous apatite
layer. The combination of SEM and EDX techniques gives
additional information about this newly formed layer. The
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EDX profile of larnite surface before and after soaking in
SBF indicates the presence of Ca, Si and O in relative
concentration at first, while the profile taken after 28 days of
soaking in SBF reveals the presence of P, Ca and Si. The
EDX pattern of larnite showed that the apatite deposition on
the surface of the scaffold reduces the silicon concentration;
it is evident from the EDX analysis of larnite before
bioactivity studies. This result confirms the growth of the
layer which is similar to that of biological apatite.
3.2c Dissolution study of larnite after immersion in SBF
solution: The concentration of Ca, P and Si ions in the
SBF solution was analysed by ICP-OES. The changes in the
ionic concentration of these ions in SBF are depicted in
figure 6. The variation in the ionic concentration is mainly
due to the leaching of calcium ion from the sample into the
SBF solution. The enriched Ca, Si ions induces the formation of an apatite layer on the sample surface. Due to the
formation of Ca3(PO4)2 layer on the sample surface there is
a decrease in Ca, P concentration in the SBF medium. As
the time increased, the immersed scaffold starts utilizing the
Ca, P ions from the SBF solution. Figure 6 clearly shows
that Ca ion concentration increased rapidly during the initial
stage of immersion and decreased after 7 days, so that the
SBF solution is enriched with the Ca ions. The phosphorous
ion which is required for the bone-like apatite formation on
the scaffold surface is supplied from the SBF solution. The
SBF solution is refreshed every 24 h, the scaffold consumes
the phosphorous content from the SBF solution, and as a
result the phosphorous concentration keeps decreasing
throughout the immersion period.

3.3

Figure 4.
solution.

XRD pattern of larnite after immersion in SBF
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Antibacterial activity

The antibacterial activity on larnite scaffold plotted is
shown in figure 7. The efficacy of larnite was observed
against both Gram-positive (S. aureus and Enterococcus
sp.) and Gram-negative (E. coli, P. aeruginosa, S. marcescens, Shigella sp., P. mirabilis, Salmonella sp. and K.
pneumoniae) bacterial strains. The growth curves of the
bacterial strains are shown in figure 8. The antibacterial
activity was highest against E. coli. This can be attributed to
the germicidal effect of calcium ions present in larnite,
which might cause a significant role in inhibition of E. coli
[18]. The inhibition of bacterial cells was observed to be
dosage dependent; at 2000 mg l-1 concentration of larnite,
79.17% of E. coli followed by Salmonella sp. and P.
aeruginosa growth were inhibited. The percentage inhibition of Enterococcus sp. and S. aureus was 65.088 and
63.28% respectively. The release of calcium ions in alkaline
pH creates a hostile condition for the survival of Enterococcus [19]. The biomineralization activity caused by calcium silicates result in antimicrobial activity of the
compound. The release of calcium and silicate ions and the
increase in pH of the broth (shown in figure 9) arrests the
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SEM/EDX micrographs of larnite after 28 days of immersion in SBF solution.

Figure 6. Ionic concentration of Ca, P, Si ions in SBF after
soaking at various time intervals.

Figure 7. Percentage of inhibition of pathogenic bacterial
growth by larnite.
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Figure 8.

Growth curves of the bacterial strains.

Figure 9.

Change in pH of the broth during determination of antibacterial activity.
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enzymes present in cell membranes of bacterial cell which
further kills the cell [20]. The amount of calcium ions
released through dissolution from the calcium silicate
measured by ICP-OES technique during bioactivity studies
is in accordance with the increase in pH value due to the
change in calcium ion concentration observed during
antibacterial activity analysis. However, when compared
between Gram-positive and Gram-negative bacteria, the
larnite compound was found to be more effective on Gramnegative bacteria. The cell wall of Gram-positive bacterial
cells have a thick peptidoglycan layer and thus, prevents the
larnite particles from entering the cell whereas the Gramnegative bacterial cells consist of a thin peptidoglycan layer
surrounded by an outer phospholipid layer with numerous
protein channels which allows the particles to transverse the
cell and destroy the cellular mechanism [21]. Despite larnite
being highly active against all the Gram-negative bacterial
cells, P. mirabilis showed resistance towards it. The
inhibitory percentage of P. mirabilis was 38.51% at
2000 mg l-1 of larnite. P. mirabilis has a tendency to precipitate ions like, calcium and magnesium and form carbonate HAP crystals. This Gram-negative bacterium has the
ability to produce mannose resistant Proteus like pili which
enhances the formation of biofilm by the bacterial cells.
P. mirabilis is known to produce two toxic proteins which are
heamolysin and Proteus toxic agglutinin. Haemolysin is
known for its activity of destabilization of host cells by a
calcium dependent procedure. The toxin depends on calcium
ions to form pores on the host cell membrane to cause sodium
efflux [22]. Thus, the release of calcium ions might not affect
the growth of P. mirabilis and hence, may be the reason for the
susceptibility of the bacterium against larnite.
4.

Conclusions

The novel silicate bioceramic larnite was synthesized by
using sucrose as a fuel for the first time by sol–gel combustion
method and calcined at low temperature without any secondary phase. Its in-vitro bioactivity and anti-bacterial studies were examined. An in-vitro bioactivity study shows that
larnite induced the HAP formation on its surface within 7
days of immersion in SBF solution. As the immersion time
increases, the apatite layer also increases. The antibacterial
studies were carried out with nine different pathogens and the
result implies larnite shows good activity against Gramnegative than Gram-positive bacteria. Our results clearly
show that larnite exhibits good in-vitro bioactivity, dissolution and anti-bacterial activity and may be used as a bioactive
bone-like mimic material. However, further studies are
required to prove the applicability of this bioceramic as an
implant material.
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