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Abstract

We report the apatite forming ability, biocompatibility, drug adsorption/desorption behavior, antibacterial activity and photoluminescence
property of flower-like hydroxyapatite (HA) nanostructure which was obtained from eggshell biowaste via a simple and rapid microwave
conversion process. The obtained results from the above studies indicate that the prepared flower-like hydroxyapatite nanostructure can be a
potential material for the development of drug delivery carriers, bone substitutes and bioprobes.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Hydroxyapatite (Ca10(PO4)6(OH)2, HA) is the main min-
eral constituent of calcified tissues such as bones and teeth.
It has been widely used as a carrier for drug delivery, bone
substitute for filling bone defects, scaffold matrix for tissue
engineering and as a coating on biomedical implants owing
to its excellent biocompatibility and bioactivity [1–3]. Not
only the chemical composition of the HA phase but their
morphology and size also have strong impact on the above
biomedical applications [4–8]. Nanosized HA particles have
better bioactivity and bioresorbability due to their large
surface to volume ratio and unusual chemical/electronic
synergistic effects [1,9]. Moreover, size and shape plays an
important role on drug loading and releasing efficiency of
HA [10–12]. Thus morphology and size dependent proper-
ties have a great interest and have been the topic of research
interest for many years.

Over the past decades, a number of synthetic methods
have been developed to synthesize HA nanocrystals with
various sizes and morphologies [13–19]. Among the
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several routes, microwave irradiation is an efficient route,
which provides rapid and facile procedure for synthesis of
HA with variety of morphologies [17–20]. Organic modifiers
such as cetyltrimethylammonium bromide (CTAB), citric
acid and ethylene diammine tetra acetic acid (EDTA) which
enable a facile control over the final shape and size of HA
particles were often used in the microwave irradiation method
[18–20]. In particular, EDTA was well demonstrated as an
efficient crystal growth modifier for the synthesis of flower-
like HA nanostructure [18].
On the other hand, everyday million tons of eggshells are

being discarded as biowaste around the globe. Eggshell is a
natural composite material consisting of calcium carbonate
(94%), calcium phosphate (1%), organic matter (4%) and
magnesium carbonate (1%) [21]. Important issues are
minimization of this biowastes and recycling them into
useful products. Recently, we have reported a simple and
rapid microwave irradiation method for producing flower-
like HA nanostructure from eggshell biowaste using EDTA
as chelating agent [22]. In the present work, we have
evaluated the apatite forming ability, biocompatibility, drug
adsorption/desorption behavior, antibacterial activity and
photoluminescence property of the flower-like HA nanos-
tructure in order to check its applicability to different
ghts reserved.
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Fig. 1. Chemical structure of doxycycline hydrochloride.
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biomedical applications such as drug delivery, bone sub-
stitute and bioprobes.

2. Materials and methods

2.1. Preparation of flower-like HA nanostructure from
eggshell biowaste

All the chemicals such as EDTA, di-sodium hydrogen phos-
phate (Na2HPO4), sodium hypochlorite (NaOCl) and sodium
hydroxide (NaOH) were analytical grade obtained from Merck,
India. The flower-like HA nanostructure (nHA) was synthesized
from eggshell biowaste according to our previous report [22].
Briefly, eggshells were collected and immersed in boiling water to
remove the inner membrane and impurities. After drying, they
were ground into powder and immersed in sodium hypochlorite to
remove organic components. Then, they were extensively washed
with Millipore water and dried in vacuum oven for 5 h at 110 1C.
1 g of eggshell powder was then mixed with 0.1 M of EDTA
solution to form Ca-EDTA complex. Subsequently, 0.06 M of
Na2HPO4 solution was slowly added with obtained Ca-EDTA
complex and stirred for 30 min. After stirring, pH of the reaction
mixture was adjusted to 13 by using NaOH solution. Then, the
prepared reaction mixture was kept in a microwave oven
(2.45 GHz, 600 W, LG, India) and irradiated with microwave for
10 min. The obtained white precipitate was washed three times
using Millipore water and dried at 110 1C in hot air oven for 5 h.

2.2. In vitro apatite forming ability in simulated body fluid
(SBF)

The apatite forming ability of the nHA was studied by
immersing the nHA disk in SBF at 37 1C. The SBF was
prepared by dissolving appropriate amount of reagent grade
NaCl, NaHCO3, KCl, Na2HPO4, MgCl2 � 6H2O, Na2SO4,
(CH2OH)3CNH2 and CaCl2 � 2H2O in deionized water. 1 M
HCl was used to maintain pH of the solution at 7.4 to mimic
the concentration of human blood plasma [23]. The as-
synthesized nHA was pressed into disk by applying a pressure
of �24 MPa. Then, the disk was immersed in 30 ml of SBF in
plastic containers with airtight lids at 3770.5 1C in an
incubator. The SBF solution was renewed once in three days
for a period of 21 days. Finally, the formation of bone-like
apatite on the surface of nHA disk was analyzed by JEOL-
6390 scanning electron microscope (SEM) with Oxford INCA
energy dispersive X-ray fluorescence (EDX) microanalysis.

2.3. In vitro cell culture test

The biocompatibility of nHA with mouse fibroblast 3T3-L1
cells was determined by the MTT assay [24]. The mouse
fibroblast 3T3-L1 was purchased from National Center for Cell
Sciences (NCCS), Pune, India. For the MTT assay, the cells
were grown in 25 cm3 tissue culture flasks containing
RPMI1640 medium as culture medium supplemented with
10% fetal calf serum, 100 U/ml penicillin, 100 mg/ml strepto-
mycin and grown at 37 1C under a humidified atmosphere of
95% air and 5% CO2. When cell density in culture flask
reached 70–80% confluence, they were trypsinized and seeded
in 96-well plates in the density of 2500 cells per well/100 μL
and incubated for 24 h at CO2 incubator. Then the as-prepared
nHA at dosages 50, 100 and 200 μg ml−1 was dispersed in
Dulbecco's Modified Eagle Medium (DMEM) and added to
the cells. The plates were further incubated for 24, 48 and 72
hours in the CO2 incubator.
After incubation, 50 μl of 3-(4,5-dimethylthiazol-2-yl)-2,

5-diphenyl tetrazolium bromide (MTT) solution (5 mg/ml in
phosphate buffer saline (PBS)) was added into each well and
the plate was further incubated for 150 min in incubator. After
discarding the supernatants, the dark blue formazan crystals
were dissolved in 100 μL dimethyl sulfoxide (DMSO) and the
optical density was measured using Synergy H4 microplate
reader at 570 nm. The mean and the standard deviation were
obtained from sums of three different experiments.

2.4. In vitro drug adsorption and desorption study

Doxycycline hydrochloride (C22H24N2O8.HCl) was selected
as the model drug and its chemical structure is shown in Fig. 1
[25]. Millipore water was employed as the solvent to prepare
the drug solution.
In order to load the drug on nHA, 50 mg of as-prepared nHA

was immersed in 10 ml drug solution containing 1 mg/ml
doxycycline hydrochloride for a period of 24 h at room tempera-
ture. Then drug loaded nHA was separated by centrifugation
(5 min, 2000 rpm) and dried at 60 1C for 12 h. Percentage of drug
loading was calculated using the following equation: [26]

Percentage of drug loading η¼ C0−C
C0

� 100

where C0 and C represent the concentration of doxycycline
hydrochloride in the solution before and after loading, respectively.
To evaluate its in vitro release characteristics, drug loaded nHA
was placed in a plastic container with 50 ml PBS of pH 7.4 at
3770.5 1C. The release medium was collected at various time
intervals and the amount of drug released was determined using a
Perkin Elmer lambda 25 UV–vis spectrometer. The concentration
of doxycycline hydrochloride was calculated by employing a
calibration curve.

2.5. Antibacterial activity

Antibacterial activity of as-prepared nHA and doxycycline
hydrochloride loaded nHA was studied by standard disc diffusion
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method [17]. As-prepared nHA and doxycycline hydrochloride
loaded nHA were pressed at �24 MPa to form disk, each
nominally 13.5 mm diameter and 2 mm thick. The micro-
organisms such as Escherichia coli (Gram negative) and Bacillus
cereus (Gram positive) were cultured on nutrient agar plates.
After the culture, disks of pure nHA (control) and drug loaded
nHA were located on this plate and incubated for 24 h at
3770.5 1C. The microbial inhibition zone excluding pellet was
measured after the incubation period and its images were
documented.
2.6. Photoluminescence study

The photoluminescence (PL) spectrum of the as-pre-
pared nHA was obtained using Horiba Fluorolog FL3-22
Fig. 2. SEM images of the surface of nHA disk (a) before, (b) after soaking in SBF
apatite deposits and (e) EDX spectrum of the apatite layer formed on the surface.
before immersion in SBF.
spectrophotometer equipped with a 450 W xenon lamp as the
excitation source.
3. Results and discussions

The synthesized product was confirmed to be Mg containing
carbonated HA exhibiting flower-like morphology by XRD, FT-
IR, SEM and EDX analysis [22]. Mg and carbonate were inherited
from the eggshells, which were used as the calcium source for the
synthesis. Moreover Mg and carbonate contents present in the
synthesized nHA are similar to bone apatites [22,27,28].
Fig. 2(a) illustrates the SEM image of the surface of nHA

disk before soaking in SBF, which indicates the presence of
pores on the surface of nHA disk. Fig. 2(b–d) shows the SEM
images of the surface of nHA disk after soaking in SBF for 21
for 21 days, (c) magnified view of apatite layer, (d) magnified view of spherical
Arrows in Fig. 2(a) indicate the presence of pores on the surface of nHA disk
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days. SEM observation revealed the formation of apatite
layer with frequent aggregated spherical apatite deposits on
the surface after immersion in SBF (Fig. 2(b)). Magnified
views (Fig. 2(c) and (d)) depict flaky nanocrystals constituting
the apatite layer as well as spherical apatite deposits. EDX
spectrum (Fig. 2(e)) indicates the presence of Ca (23.93 wt.%),
Fig. 3. Growth activity of mouse fibroblast 3T3-L1 cells for different dosages
of nHA.

Fig. 4. Optical image of (a) mouse fibroblast 3T3-L1 cells (b) cells contained 50 mg
of nHA, after 72 h incubation.
P (13.93 wt.%), O (44.23 wt.%), C (16.06 wt.%) Na (0.61
wt.%), Cl (0.70 wt.%) and Mg (0.54 wt.%) in the formed
apatite nanocrystals. High level of bioactivity of the as-
prepared nHA may be due to the beneficial effects of Mg as
well as carbonates [29–33]. Carbonate is one of the most
abundant ions (4–8 wt%) present in bone apatite [27,28] and it
plays an essential role on bone resorption and formation [29–
33]. Carbonated HA have improved bioactivity than pure HA
because incorporation of carbonate into HA caused an increase
in solubility and increases the local concentration of calcium
and phosphate ions that are necessary for the formation of
bone-like apatite [29–33]. Also Mg is one of the important
trace elements present in calcified tissues and it plays a key
role in bone metabolism, in particular during the early stages
of osteogenesis [29,31]. Moreover, nano sized HA have better
bioactivity than coarser crystals [1,9]. Therefore, not only the
presence of Mg and carbonate in nHA but their morphology
and size are also responsible for higher bioactivity of nHA.
In vitro models based on cell cultures provide useful

information regarding material biocompatibility [34]. Fig. 3
shows the growth activity of mouse fibroblast 3T3-L1 cells
with different dosages of nHA after different incubation
periods. A significant increase in the growth of mouse
fibroblast 3T3-L1 cells with culture time was observed which
confirmed the excellent biocompatibility of the prepared nHA.
/ml of nHA (c) cells contained 100 mg/ml of nHA (d) cells contained 200 mg/ml
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However, growth rate of nHA added cells are low when
compared with the control. It is noted that up to 48 h, no
significant difference was observed between the growth rates
of nHA added cells. On further incubation, cell growth
decreased with increasing nHA dosage. Optical image of
mouse fibroblast 3T3-L1 cells and cells contained different
dosages of nHA for 72 h incubation is shown in Fig. 4.

HA can be ascribed to the category of non-swellable and
non-resorbable drug delivery matrix. Thus the drug molecules
can be adsorbed onto the surface of HA during the process of
drug loading [35–37]. The UV–vis analysis demonstrate that
the prepared nHA have the drug loading efficiency of about
28.3% for doxycycline hydrochloride. Since doxycycline
contains electron-donor groups likely to generate stable com-
plexes with Ca2+, thus presenting a strong affinity for its
adsorption on HA [25]. The cumulative drug release profiles of
doxycycline hydrochloride loaded nHA as a function of release
time in PBS medium is shown in Fig. 5. The profile of drug
release comprises an initial burst release (about 60% for 6 h)
followed by a slow release (about 8% for last 54 h). The initial
Fig. 5. Cumulative doxycycline hydrochloride release from drug loaded HA
nanocarrier as a function of release time in the release media of PBS.

Fig. 6. Antibacterial activity of nHA and doxycycline hydrochloride loaded H
burst release may be caused by desorption of weakly adsorbed
drug molecules on the surface of nHA whereas the slow
release of the remaining drug may be caused by desorption of
the strongly adsorbed drug molecules.
One of the major problems after surgery is bacterial

infection. Antibiotics are often used to fight against the
bacterial infection [38]. It is highly preferred that there is an
initial burst release of the antibiotics from the carrier imme-
diately after surgery for efficient inhibition of micro-organisms
and then a sustained release provides continuous delivery of
the drug at the site of infection for a long term treatment [17].
Generally, the profile of drug or protein release from HA
ceramics comprises an initial rapid burst followed by a plateau
at longer times and it is a great challenge to sustain the release
and decrease the initial burst release of drugs as well as
proteins from HA [10–12]. Polymer encapsulation on prepared
nHA nanostructure may control the rate of drug release and
extend the period of drug release [11,12,25]. Therefore, further
investigation is needed to reduce the burst release and increase
sustained release of drug molecules from the prepared nHA.
Doxycycline hydrochloride is a broad spectrum tetracycline

antibiotic, which is commonly used in the treatment of dental,
periodontal and bone related infections caused by bacteria
[39]. Antibacterial activity of nHA and doxycycline hydro-
chloride loaded nHA (DL-nHA) against E. coli and B. cereus
is shown in Fig. 6. There is no inhibition zone around the
nHA. Drug loaded nHA showed inhibition zone around the
pellet in which bacterial growth is inhibited with a diameter of
2070.5 mm and 0870.5 mm for E. coli and B. cereus,
respectively. Bacteria must synthesize proteins in order to
ensure their growth. Doxycycline hydrochloride penetrates the
bacterial cell and blocks the protein synthesis which inhibits
the growth of bacteria [40,41]. These results evidenced the
antibacterial activity of doxycycline hydrochloride against E.
coli and B. cereus and are of great interest either to prevent
infections produced surgical interventions, or in the treatment
of bone related infections.
PL emission spectrum of as-synthesized nHA is shown in

Fig. 7. It shows a strong emission consisting of a broad band
A (DL-nHA) against (a) Escherichia coli and (b) Bacillus cereus.



Fig. 7. PL emission spectrum of as-synthesized nHA (Excitation wavelength is
λex¼344 nm).
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between 360 nm and 550 nm with maximum around 430 nm.
Generally, pure HA does not show any luminescence proper-
ties whereas transition metal and rare earth ions substituted HA
showed very interesting luminescent properties which make
them useful for biological fluorescent labeling. However,
carbonate related impurities may also provide self-activated
luminescence property to HA [8,42–46]. Zhang et al. reported
that the self activated luminescence emission of HA might
result from the CO2

�− radicals as impurities which were formed
during the synthesis of HA in the presence of citric acid [44].
Also, Sepahvandi et al. reported that the carbonate related
impurities are responsible for the luminescence emission of
biomimetic apatite coatings formed on Ti substrate [42].
Whereas the prepared nHA in the present study is B-type
carbonated HA which showed an excellent luminescent blue
emission. B-type carbonate substitution in HA yields a sub-
stoichometry in calcium site, in order to achieve the charge
compensation. The charge imbalance associated with the two
CO3

2− ions substitution for phosphate can be compensated by a
single Ca vacancy as follows

Ca2++2PO4
3−↔VCa+2CO3

2−

where, VCa represents a Ca vacancy site [30]. Therefore,
observed luminescence may be due to some carbonate
impurities and/or defects present in the structure of nHA
which act as a luminescent center and resulted in blue emission
[42–46]. Consequently prepared nHA can be a potential
luminescent material for the development of novel biocompa-
tible probes.

4. Conclusions

In vitro studies and photoluminescence characterization
were carried out on flower-like HA nanostructure (nHA)
which was obtained from eggshell biowaste. The obtained
nHA exhibited good apatite forming ability in SBF and
excellent biocompatibility with mouse fibroblast 3T3-L1 cells.
Moreover, doxycycline hydrochloride loaded nHA showed
burst releasing feature and an excellent antibacterial activity
against E. coli and B. cereus. Besides, it exhibits inherent
luminescence property. In view of these interesting properties
the flower like nHA obtained from the eggshell waste may be a
potential candidate for the development of drug delivery
carriers, bone substitutes and bioprobes.
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