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ARTICLE INFO ABSTRACT

Keywords: Utilizing eggshells to synthesize a value added product like nanocrystalline hydroxyapatite (HA) has received a
Microwave reactor lot of attention from researchers since they are composed of CaCO3 with biologically essential trace elements
Eggshell such as Mg, Si, etc. Different biomedical applications need HA with appropriate nanoscale characteristics like
Organic modifiers . . . . .

Mesoporous crystallinity, particle size, morphology, surface area, mesoporous nature, etc. The same can be achieved by tuning

the reaction parameters, choosing a suitable mode of preparation and utilizing organic modifiers. Here, we report
the rapid synthesis of eggshell derived HA in the presence different organic modifiers using a custom built
microwave reactor employing the previously optimized parameters. The synthesis process is relatively rapid and
gets completed in 5 min. The absence of an organic modifier yielded inhomogeneous size nanorods in the range
of 40 — 600 nm. Ethylenediaminetetraacetic acid (EDTA) assisted synthesis resulted in a flower like 1.67 + 0.12
pm sized HA. Whereas polyethylene glycol 6000 (PEG) and cetyltrimethylammonium bromide (CTAB) assisted
synthesis produced aggregated nanorods of length 31 + 8 and 68 + 20 nm, respectively. While the synthesis with
trisodium citrate dihydrate (TSC) resulted in needles of HA with typical length of 32 + 8 nm. Presence of Na, Mg
and Si trace elements are confirmed from the composition analysis. All the samples are found to be mesoporous
in nature. The in vitro cell culture experiment carried out using fibroblast NIH 3T3 cell line clearly revealed equal
or higher cell viability for the samples synthesized in presence of organic modifiers as compared to sample
produced without organic modifier. Thus, from the present study we find that the synthesis of eggshell derived
HA using different organic modifiers via a custom built microwave reactor can be a potential approach for the
rapid preparation of precursor materials with suitable nanoscale characteristics for developing bone fillers, drug/
protein delivery carriers, tissue engineering scaffolds, etc.

Carbonated hydroxyapatite

1. Introduction

Hydroxyapatite [HA, Ca;o(PO4)s(OH)s] is the dominant mineral
phase in the human skeletal system [1,2]. Synthetic HA has been widely
used in bone tissue engineering and other biomedical applications in
dentistry and orthopaedics owing to its compositional and structural
similarity with the mineral phase of bone and teeth [3,4], consequently
its excellent bioactive and cytocompatible nature [5]. In addition, the
usage of HA is not only limited to the biomedical field, but also used as
an adsorbent for organic dyes and heavy metal ions, catalyst, electret

* Corresponding author.
E-mail address: girijacaswaradas@gmail.com (E.K. Girija).

https://doi.org/10.1016/j.ceramint.2021.09.217

and proton conductor [6-8]. Current scenario is the development of HA
based materials with enhanced properties through nanotechnology by
utilizing novel physical/chemical processes [6,9]. Nanoscale charac-
teristics of HA should be optimized to achieve better performance for
different biomedical applications [10]. Particularly, the physicochem-
ical and biological properties of mesoporous HA nanostructure is
different from bulk materials [9,11]. Moreover, factors such as crystal-
linity, particle size, morphology and surface area of mesoporous HA
nanostructures play a vital role in biomedical applications [12]. Hence,
significant efforts are being made to control the size and shape of HA
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Fig. 1. XRD patterns of the samples prepared without organic modifier (EHA),
with organic modifiers (EHA-1, EHA-2, EHA-3 and EHA-4) and simulated data
for HA (standard JCPDS no: 09-0432)

Table 1
Lattice parameters, crystallite size, crystallinity and c/a values of prepared
samples.

Sample Lattice parameters @A) Average Average c/a
code 2 b_0.4180  c—6.8840 c.rystalhte crystallinity ratio
size (nm) X

EHA 9.4160 6.8769 54+3 3.61 £ 0.6 0.7304
EHA-1 9.4389 6.9147 42+ 2 1.73 £ 0.5 0.7325
EHA-2 9.3961 6.9748 23+5 0.29 £ 0.1 0.7423
EHA-3 9.4301 6.9137 28 £ 2 0.31 £0.1 0.7331
EHA-4 9.4074 6.8865 21+3 0.20 £0.1 0.7320
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Fig. 2. FTIR spectra of samples prepared without the organic modifier (EHA)
and with organic modifiers (EHA-1, EHA-2, EHA-3 and EHA-4)

nanoparticles.

It was found that the preparation method dramatically influences the
characteristics of the HA produced. The reaction parameters such as
temperature, pH, ageing time, etc. are also important to synthesize HA
with superior nanoscale characteristics [13]. Moreover, different
organic modifiers and surfactants were also effectively used to control
the characteristics of nano HA since calcium and phosphate ions can
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easily interact with organic species during the synthesis [14]. Several
methods such as chemical precipitation [15], sol-gel [16], micro-
emulsion [17], hydrothermal [11], electrochemical [18], microwave
[19] and solid state method [20] were reported for the synthesis of nano
HA. Among the different synthesis methods, the microwave technique is
an efficient and straightforward method to prepare HA nanoparticles
rapidly. In the past few decades, many research papers haves been
published on the synthesis of HA using the conventional domestic mi-
crowave oven [19].

Several researchers have utilized various biogenic sources such as
corals, eggshells, fish scales, seashells, animal bones, etc., as a calcium
source to synthesize nanocrystalline HA [15]. Among them, eggshells
are a highly preferred calcium source since they are mainly composed of
94% calcium carbonate (CaCO3) with trace elements such as magnesium
(Mg), silica (Si), etc., [21]. Annually worldwide large quantities of
eggshells are discarded as landfills from restaurants, hatcheries, etc.,
[22]. Moreover, when compared to HA derived from commercial re-
agents, eggshell derived HA exhibited superior bioactivity, excellent
osteoconductivity, osteoinductivity and cell proliferation and is often
attributed to the presence of trace elements that originated from the
eggshell source [23]. Egg white and eggshell based hydrogel composite
scaffold fabricated by Huang et al. exhibited better bioactivity [24].
Bone cement and 3D scaffold prepared from eggshell derived calcium
phosphates were reported to be suitable for hard tissue regeneration, as
it has a good cement setting behaviour, compressive strength, biocom-
patibility and better osteogenic differentiation as compared to synthetic
bone cement/scaffold [25,26]. Also, eggshell derived nano HA rein-
forced with the polymer to fabricate composite membrane or scaffolds
revealed enhanced thermal, mechanical and biological properties
compared to pure polymer membrane/scaffold [27-29]. Protein de-
livery, drug delivery and waste water remediation have also been
studied using eggshell derived HA [7,30,31].

Although several reports are available on the synthesis of nano HA
from eggshell through different techniques, microwave assisted chemi-
cal precipitation is highly preferred by several researchers due to its
advantages like simplicity, economical, rapid process, reproducibility,
high yield, etc., [19]. Also, recent research suggested that microwave
technique directly results in mesoporous HA nanostructures even
without employing hard templates or surfactants [32,33]. Nanoscale HA
with mesoporous characteristics have received significant attention in
developing drug/protein carriers, implants and tissue engineering
scaffolds. Even though mesoporous HA can be obtained via microwave
technique, we can control the size, morphology and mesoporous char-
acteristics of HA using different organic reactive molecules. Recently,
we reported the impact of various reaction parameters for HA synthesis
from eggshell waste using lab scale and a custom built pilot scale mi-
crowave reactor made using four magnetrons (1.1 kW per magnetron)
[34]. The custom built pilot scale microwave reactor significantly
reduced the microwave irradiation time as compared to the domestic
microwave oven used as a lab scale reactor. The objective of the present
work is to study the formation of eggshell derived HA using the above
mentioned custom built pilot scale microwave reactor in the presence of
reactive organic compounds such as EDTA, PEG, TSC and CTAB
employing the necessary parameters optimized in the previous work.

2. Experimental

All the chemicals, namely nitric acid (HNO3), disodium hydrogen
phosphate  (NagHPO4), sodium hydroxide (NaOH), ethyl-
enediaminetetraacetic acid (C;9H16N20g), polyethylene glycol 6000 (H
(OCH2CH2)nOH), trisodium citrate dihydrate (C¢HgNagOg) and cetyl-
trimethylammonium bromide (C;9H42BrN) were analytical reagent
grade acquired from Merck, India. All reagents were used without
further purification and double distilled water was employed as the
solvent. Broiler eggshells were utilized as the calcium source in the
present study due to its abundant availability in India.
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Fig. 3. HRTEM images and SAED pattern of EHA and EHA-1. Inset in Fig. 3(c) is the SEM image of EHA-1.

2.1. Custom built pilot scale microwave reactor

The pilot scale microwave reactor used in this study was developed
by modifying conventional microwave furnace (supplied by VB ceramic
consultants, Chennai, India). The reaction vessel used for the reactor
replaced the susceptor of the microwave furnace. The reactions were
conducted in water as the dielectric medium. The reaction vessel was
designed in such a way with the lid having the provisions for inlet and
outlets. A suction pump is connected to the reaction vessel for releasing
the pressure. There are four magnetrons (1.1 kW/magnetron, 2.45 GHz)
of which two operate at a time, one on both side to allow homogeneous
radiation inside the reactor. Hence, microwave power during the oper-
ation is 2.2 kW. After completing the reaction, the instrument is
manually switched off as the sensing unit of microwave furnace that
allows automatic power cut-off cannot be used when the instrument is
operating in reactor mode.

Eggshells were collected, cleaned manually and then placed in a
furnace at 900 °C for 1 h. At this temperature, eggshells transform into
calcium oxide (CaO) by evolving carbon dioxide (CO3) according to the
following equation (1).

CaCO; 5 Ca0 + COy €h)

The eggshell derived CaO (0.1 M) was dissolved in nitric acid (0.2 M)
to form calcium nitrate solution (eqn. (2))

CaO + 2 HNO; — Ca(NOs), + H,O )
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0.06 M disodium hydrogen phosphate solution was prepared by
dissolving an appropriate amount of NasHPO4 in double distilled water.
Obtained calcium nitrate solution was stirred vigorously at room tem-
perature to which NayHPO4 solution was added dropwise while main-
taining the pH of the reaction mixture above 10 using NaOH and was
stirred for 30 min at room temperature. The expected chemical reaction
is given in equation (3),

10Ca(NOy),+6Na, HPO, +8NaOH— Cayy (POs),(OH), +20NaNO; + 6 H,O
3

The obtained reaction mixture (100 ml) was transferred into the
microwave reactor chamber followed by microwave irradiation at 2.2
kW for 5 min. The resulting white precipitate acquired was centrifuged
(6000 rpm) and washed 6 times with double distilled water to remove
the by-products, followed by drying at 110 °C for 5 h in a hot air oven.
Finally, dried cakes were crushed using mortar and pestle to get white
powder which is named as EHA. Experiments were also carried out in
presence of EDTA (0.2 M) [34], PEG (1 wt.%) [35], TSC (0.0333 M) [36]
and CTAB (0.06 M) [37] in which the former three organic modifiers
were added along with the calcium reagent while the latter one was
mixed with phosphate reagent. The individual organic modifier con-
centration mentioned above was chosen based on the optimized con-
centration available in the literature. The samples prepared using EDTA,
PEG, TSC and CTAB were named EHA-1, EHA-2, EHA-3 and EHA-4
respectively.
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Fig. 4. (a, b) HRTEM images (c) SAED pattern of EHA-2 sample

2.2. Characterization

Phase purity, crystalline nature and lattice parameters of the syn-
thesized samples were analysed by powder X-ray diffraction (XRD)
technique (Rigaku MiniFlex-II) using monochromatic Cu-ka radiation
(1.5406 A). The powder XRD patterns were recorded in the range be-
tween 20° < 26 < 60° with a scan speed of 10°/minute and step size of
0.02°. In addition, the full width at half maximum (FWHM) was calcu-
lated from the XRD pattern to measure the average crystallite size by the
Scherrer method [38].

The functional groups present in the prepared samples were exam-
ined using Fourier transform infrared spectroscopy (FTIR). Powder
samples were ground with KBr and pressed into a disc using a pelletizer.
The FTIR spectra were recorded from 4000 to 400 cm ™! using a Perkin
Elmer RX1. Particle size, morphology and crystalline nature of the
prepared samples were analysed using high resolution transmission
electron microscopy (HRTEM- JEOL/JEM 2100) and selected area
electron diffraction (SAED). For HRTEM analysis, small amount of
sample was dispersed in ethanol under sonication for 30 min and 1 pl of
the dispersed sample was placed on the carbon coated copper grid. The
elemental composition of the samples was analysed using energy
dispersive X-ray analyser (EDAX) by INCA, Oxford instruments. Scan-
ning electron microscopy (SEM, Carl Zeiss - EVO 18) was used to analyse
the surface morphology of the prepared samples.

The pore size, pore volume and surface area of the samples were
determined using the N, adsorption-desorption isotherm method

1329

(Micromeritics ASAP 2020). In addition, thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC) of synthesized
products was carried out from 34 to 1200 °C with heating rate of 10 °C/
minute using Jupiter (NETZSCH STA F3) instrument.

2.3. Cytocompatibility assay

The cytocompatibility of samples was tested with fibroblast NIH 3T3
cell lines (purchased from National Centre for Cell Science (NCCS),
Pune, India) by MTT assay. The fibroblast NIH 3T3 cells were cultured
with 10% of fetal bovine serum (FBS) and 1% of penicillin-streptomycin
followed by incubation at 37 °C with the humidified atmosphere in 5%
of CO,. The cultured fibroblast cells were sowed at a density of 1 x 10°
cells/ml in 96 well tissue culture plate and incubated at standard culture
settings (37 °C, 5% of CO5 and 95% air) for 24 h. After incubation,
synthesized powder samples were added into tissue culture plate at
various concentrations such as 50, 100, 250 and 500 pg/ml and then
incubated at 37 °C for 24 h in CO incubator. Thereafter, 15 pl of MTT
and phosphate buffered saline (PBS) was added to 96 well plate and then
incubated at 37 °C for 4 h in a CO5 incubator. After this, the supernatant
of MTT solutions was discarded and the obtained formazan crystals were
dissolved in 100 pl of dimethyl sulfoxide (DMSO) and the optical density
(OD) was measured at 570 nm using a microplate reader. The percent-
age of viable cells was calculated from the following equation (4)

Dmm e
Percentage of cell viability = (gD—pl 100 @

) X

control
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Fig. 5. HRTEM images (a & c) SAED pattern (b & d) of EHA-3 and EHA-4 sample

Table 2
Elemental composition of the prepared samples.

Sample code Elements (at.%) Ca/P
Ca P Na Mg Si

EHA 11.50 07.64 0.41 0.23 0.16 1.51

EHA-1 10.61 07.48 0.74 0.18 0.18 1.42

EHA-2 15.03 10.29 2.81 0.57 0.27 1.46

EHA-3 12.47 08.37 0.23 0.03 0.18 1.49

EHA-4 06.47 04.72 0.22 0.05 0.13 1.37

where, ODgample is the optical density of cells with powder sample and
ODcontrol is the optical density of cells without sample.

2.4. Invitro cell attachment study

300 mg of prepared powder sample was made into a disc of about 13
mm diameter and 1 mm height using pelletizer by applying pressure at
20 MPa. The prepared disc samples were transferred to 6 well tissue
culture plate. Fibroblast NIH 3T3 cells were cultured in 96 well plate at a
density of 1 x 10° cells per well in Dulbecco’s modified eagle medium
(10% of FBS and 1% of penicillin-streptomycin) under incubation at 37
°C for 24 h in CO; incubator. 200 pl of the above cultured cells were
seeded on the surface of the disc and incubated at 37 °C for 24 hiin a CO,
incubator. Then, the culture media was removed and the samples were
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washed with PBS and the discs were fixed with 4% of glutaraldehyde
solution for 30 min followed by slow dehydration in ethanol of con-
centration 70%, 80%, 90% and 100% and dried at room temperature.
Then, the dried samples were sputter coated with gold for 10 min to
observe cell attachment on the surface using field emission scanning
electron microscopy (FESEM, JEOL JSM-6390L).

3. Results and discussion
3.1. XRD

Fig. 1 shows the powder XRD patterns of samples prepared without
and with the organic modifier. From the obtained XRD patterns we have
seen that all five samples exhibited the characteristic diffraction peaks of
HA (JCPDS file no: 09-0432 with hexagonal structure) without any
other calcium phosphate phases. Pristine EHA (sample prepared without
organic modifier) sample exhibit resolved peaks in between 30 and 35°.
However, a significant decrease in the intensity of the diffraction peaks
was observed for samples prepared with organic modifier EHA-1, EHA-
2, EHA-3 and EHA-4. Moreover, the broadness of the diffraction peaks
was found to increase for EHA-1, EHA-2, EHA-3 and EHA-4. These re-
sults clearly indicate that the presence of an organic modifier during the
sample preparation plays a crucial role in modulating crystallization and
control the growth of HA under microwave irradiation. The calculated
average crystallite size and crystallinity of EHA, EHA-1, EHA-2, EHA-3
and EHA-4 are given in Table 1. It is interesting to note that PEG, TSC
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Fig. 6. TGA/DSC curves of the prepared samples

Table 3
Weight loss percentage of the prepared samples.

Sample Weight loss (%) Total weight loss
d %) (34-1200 °C

code Step-I Step-II Step-III (%) ¢ )

(34-180°C)  (180-900 °C)  (900-1200 °C)

EHA 4.26 3.58 2.38 10.22

EHA-1 11.03 28.07 1.36 40.46

EHA-2 2.51 1.33 2.41 6.25

EHA-3 5.04 9.42 1.36 15.82

EHA-4 7.43 8.56 1.93 17.92

and CTAB highly inhibited the crystallization of HA when compared
with EDTA. Lattice parameters and lattice distortion of prepared sam-
ples were calculated and listed in Table 1. Significant difference in the
crystallite size and crystallinity were found in between the prepared
samples, which also confirm that organic modifiers can play a vital role
in crystallization of HA by making interaction with calcium/phosphate
precursor [13].

3.2. FTIR

FTIR spectra of samples prepared without and with organic modifiers
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are shown in Fig. 2. In the FTIR spectra the doublet peak observed at 604
and 566 cm ™! corresponds to the characteristic bending mode of phos-
phate (PO4>7) group of HA. Also, other phosphate peaks of symmetric
and antisymmetric stretching vibrations appeared at 962 and 1030-
1120 cm™! respectively. The small peak detected for all the samples at
475 cm™! is assigned to the bending mode of PO4>~ group. The peaks
that are present at 631 and 3572 cm ! are ascribed to the characteristic
OH™ group of HA and they are very sensitive to the crystallinity of HA
[38]. Importantly, these peaks are not clearly visible in the FTIR spec-
trum of EHA-1, EHA-2, EHA-3 and EHA-4 due to their relatively poor
crystalline nature which agrees with XRD results. Broad absorption band
centred at 3420 cm ! and a small band in between 1600 and 1645 cm ™
are ascribed to the stretching and flexural modes of adsorbed H,O
molecules and they are observed for all samples. The band at 1420 cm ™!
and a small peak at 879 cm ™! are assigned to carbonate (CO32™) group,
which is acquired from the atmosphere during sample preparation
(alkaline condition). The observed positions of carbonate peaks indicate
that it is substituted for phosphate group in HA and formed as B-type
carbonated HA [39].

3.3. HRTEM

Fig. 3(a) and (b) shows the HRTEM images and selected area electron
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Fig. 7. (a) N, adsorption/desorption isotherm (inset BET surface area plot), (b) BJH pore size distribution of prepared samples
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diffraction (SAED) pattern of EHA. HRTEM images of EHA clearly
indicate that it consists of inhomogeneous rod like particles with clear
boundaries. The average length and width of particles was calculated as
40 - 600 nm and 34 + 10 nm respectively (Image J). SAED pattern of the
EHA sample (Fig. 3(b)) reveals bright spots arranged in continuous ring
which is owing to its polycrystalline nature and it is indexed with
Miller’s planes observed in XRD.

HRTEM, SEM images and SAED pattern of EHA-1 are shown in Fig. 3
(c) and (d). The SEM (inset in Fig. 3(c)) morphology of obtained EHA-1
sample shows the flower like structure with size of about 1.67 + 0.12
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pm. SEM observation of the sample synthesized using EDTA exhibited a
flower like structure as reported in our previous work [34] which is
shown in the inset of Fig. 3(c). A more close observation of an individual
flake of the flower using HRTEM is shown in Fig. 3(c). Fig. 3(d) shows
the SAED pattern of EHA-1 sample which is exhibiting continuous ring
of diffused spots that represents the polycrystalline nature of EHA-1.
Moreover it shows clear reflections from (402), (202), (102), (111),
(002), (211), (310), (004), (321) and (222) Miller’s planes of HA.

HRTEM pictures in Fig. 4(a) and (b) display the PEG assisted syn-
thesized EHA sample (EHA-2). It exhibited rod shape with aggregates
containing less number of nanoparticles of length and width 31 + 8 nm
and 8 + 1 nm respectively. Remarkably, individual particles of EHA-2
sample contained pores of ~5 nm as can be seen from Fig. 4(b) (inset
at top right corner). A magnified image of EHA-2 in Fig. 4(b) shows that
the obtained nanoparticles are almost homogeneously sized. The SAED
pattern of EHA-2 is made up of continuous rings with lucid spots
revealing the formation of polycrystalline material.

From the HRTEM images of EHA-3 it is observed that the sample
consists of highly agglomerated needle like nanoparticles having a
length of about 32 + 8 nm and width 3 + 1 nm (Fig. 5(a)). EHA-3 ex-
hibits polycrystalline nature which was confirmed from the lucid ring
observed in the SAED pattern (Fig. 5(b)). HRTEM image (Fig. 5(c)) of
EHA-4 exhibits highly aggregated nanorods of 68 + 20 nm length and
10 + 3 nm width. Fig. 5(d) shows the SAED pattern of EHA-4 containing
bright spots arranged in ring pattern indicating the polycrystalline na-
ture of the sample.

3.4. EDAX

The compositional analysis on the as synthesized powders was
studied using EDAX. The prepared samples are composed of elements
such as calcium (Ca), phosphorus (P), sodium (Na), magnesium (Mg),
silicon (Si), carbon (C) and oxygen (O). The elemental composition of
the synthesized samples examined by EDAX is given in Table 2. The Ca/
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P ratio obtained for the samples is 1.51, 1.42, 1.46, 1.49 and 1.37
respectively for EHA, EHA-1, EHA-2, EHA-3 and EHA-4. The obtained
Ca/P ratio of the powder samples are less than 1.67 confirming that the
synthesized samples are indeed non-stoichiometric HA.

Analysis of the elemental composition of chemically untreated
eggshell was done by EDAX. The eggshell studied was found to be
composed of elements such as calcium (13.8 at.%), phosphorus (0.3 at.
%), sodium (0.9 at.%), magnesium (0.7 at.%), silicon (0.2 at.%), carbon
(27.2 at.%), oxygen (55.9 at.%), fluorine (0.8 at.%) and iron (0.2 at.%).
The eggshell was chemically processed to obtain HA, which contains
trace elements such as magnesium, silicon and sodium. Trace elements
in the prepared HA nanoparticles might be mostly contributed by the
eggshell.

3.5. TG/DSC

TGA and DSC plots of the EHA, EHA-1, EHA-2, EHA-3 and EHA-4
samples are presented in Fig. 6. TGA plots of all the prepared samples
revealed gradual weight loss due to the liberation of surface adsorbed
water and carbonate molecules. All the samples showed three steps of
weight loss, first exothermic weight loss observed in between ~34 and
180 °C for all samples is ascribed to the dehydration of the prepared
samples and evaporation of physically/surface adsorbed water mole-
cules. The second weight loss observed between ~180 and 900 °C is due
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to the removal of chemisorbed water and gradual elimination of car-
bonate molecules. The final weight loss of all the samples observed in
the temperature range of ~900-1200 °C corresponds to the decompo-
sition of the HA phase into § - tricalcium phosphate ($-TCP) due to
removal of the structural OH™ group. Table 3 shows the temperature and
its corresponding weight loss percentage of the prepared samples. It is
noted that EHA-1 showed high weight loss in first and second steps
which clearly indicates it contains a large amount of water molecules
and carbonate content.

3.6. BET

Fig. 7 shows the plots of Ny adsorption-desorption isotherm, Bru-
nauer-Emmett-Teller (BET) surface area (inset in Fig. 7(a)) and pore
size distribution of the prepared samples. Herein, the BET surface area
plot of all the samples showed a linear variation which pointed out the
accuracy in the quantitative measurement of surface area. The BET
surface area of the EHA, EHA-1, EHA-2, EHA-3 and EHA-4 samples was
observed as 54.74, 5.97, 33.57, 87.96 and 30.38 mz/g, respectively. In
general, the surface area of a material mainly depends upon the particle
shape and size [40]. The obtained results clearly state that HA prepared
in the presence of organic modifiers can change the surface area by
controlling the shape and size of HA nanoparticles. Herein, Fig. 7(a)
shows adsorption isotherm of all the samples which revealed type IV
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Fig. 10. Schematic representation of the formation of HA under microwave irradiation (2.2 kW) in the presence of different organic modifiers

physisorption isotherm according to the IUPAC classification [41]. This
result clearly represents that the prepared samples are mesoporous
materials. Fig. 7(b) shows the pore volume and pore diameter of the
prepared samples. The Barrett-Joyner-Halenda (BJH) method was used
to calculate the pore volume of samples. The pore volume of EHA,
EHA-1, EHA-2, EHA-3 and EHA-4 were found to be 0.47, 0.03, 0.35, 0.58
and 0.24 respectively. Average pore diameter was found to be 221.04,
079.87, 262.69, 279.83 and 181.36 A for EHA, EHA-1, EHA-2, EHA-3
and EHA-4 samples, respectively. According to IUPAC classification,
the observed hysteresis loop clearly shows that the EHA contains cy-
lindrical pore channels whereas other samples have slit shaped pore
channels [41,42].

3.7. Cytocompatibility

Fig. 8 displays the cell viability of fibroblast NIH 3T3 cells cultured
with different dosages of prepared samples. It is obvious that the pre-
pared samples exhibited good cell viability for the different dosages of
the samples. All the examined samples exhibited cell viability of above
82%. Cell viability of the samples (EHA to EHA-3) decreased with
increasing concentration of the samples but EHA-4 sample maintained
cell viability above 98% for all concentrations. However, slight variation
in the cell viability is observed between the samples which may be
attributed to their internal characteristics.
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3.8. Cell adhesion

Cell attachment on the disc surface of EHA is a vital prerequisite
stage for the growth of cells, migration and other functions. Fig. 9 shows
the FESEM micrographs of the cells cultured on prepared disc samples
for 24 h. All the samples exhibit suitable cell attachment on the disc
surface. However, the EHA-4 sample showed less cell attachment than
the other four samples. The presence of trace ions (Mg, Si, Na and
CO3%7) inherited from the eggshell is believed to significantly enhance
the biomineralization, cell proliferation and osteogenic properties of HA
[43,44].

In recent years, material scientists are interested in the microwave
method of material synthesis since it is an efficient and quick way to
synthesize inorganic nanoparticles. Recently, our research group has
designed and fabricated a microwave reactor capable of operating at 2.2
kW. In the present study, we have conducted the synthesis of meso-
porous HA nanoparticles with different sizes and shape using some
organic modifiers (Fig. 10) employing the above mentioned custom built
microwave reactor in 5 min.

During synthesis size and shape of the HA, particles can be controlled
using organic modifiers. The organic modifiers such as EDTA, PEG and
TSC interact with calcium ions to make complex forms. The polyamino
carboxylic acid of EDTA (hexadentate unit) reacts with Ca®" to form a
Ca-EDTA complex [45], PEG is a weak chelating and non-ionic organic
modifier and chelate the Ca" ions in the form of PEG-O-Ca%*-O-PEG
[46], while citrate ion reacts with Ca" ions to form calcium citrate
complex [36]. These complexes reduce the availability of free Ca®" ions
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and inhibit the formation of HA at ambient temperature. The anionic
organic modifier CTAB belongs to the soft template category; it, in-
teracts with water to form positive charge micelles which react with the
negatively charged PO4>~ ions to form CTA*-PO,4> due to strong elec-
trostatic interaction [14,47]. Under microwave irradiation or thermal
impact, the reaction mixture containing calcium complex releases Ca2*
ions which immediately react with phosphate and phosphate complex
releases PO4>~ ions which abruptly react with calcium to form HA
crystal with controlled size and shape. The mechanism of formation of
flower like HA in presence of EDTA was previously reported by several
researchers [45,48,49]. Jung Sang Cho et al., reported the spherical, rod
and fibre like HA nanoparticles formed in presence of different con-
centration of PEG organic modifiers [50]. Xiaoying Jin et al., studied the
formation of HA nanorods with various aspect ratio through the hy-
drothermal method in the presence of sodium citrate organic modifier
[36]. YingJun Wang et al., explained the formation mechanism of HA
nanorods in the presence of CTAB surfactant [51].

HA nanoparticles with different sizes and shapes find wide applica-
tion in hard tissue replacement, drug/protein/DNA carrier, etc. Xin-Yu
Zhao and co-workers reported that flower like nanostructured HA has
high adsorption capacity of proteins like bovine serum albumin-165 mg/
g, hemoglobin-164 mg/g and DNA (fish sperm DNA-112 mg/g) [52].
Further, it has exhibited pH dependent protein release behaviour,
revealing that the flower like morphology is suitable for
physio-pathological pH responsive drug carrier application. Rod like HA
nanoparticles are reported to enhance the cell attachment and migration
leading to osteogenic efficacy. For example, osteogenic bioactivity of the
rod shaped HA nanoparticle studied by Yulin Li et al. showed that stem
cells could efficiently adsorb on less crystalline nanorods that mimic the
natural HA. Ca®* and PO,>~ ions released by the partial dissolution of
the HA nanorods at an acidic lysosomal condition regulate the osteo-
genic activity of stem cells [53]. HA nanorods are reinforced as an
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inorganic material in the composite scaffold to make bone substitutes for
bone regeneration. In fact, HA nanorod addition in a polymeric material
can increase mechanical properties and stimulate new bone formation
[12]. Zandi et al. studied the biological and mechanical properties of HA
nanorod reinforced gelatin composite scaffold fabricated using the
freeze drying method. The obtained HA-gelatin composite scaffold
increased the cell attachment and migration as compared to a pure
gelatin scaffold [54].

Yubei Qiu et al. prepared bone morphogenetic protein-2 (BMP-2)
loaded mesoporous HA nanorods mixed with silk fibroin/chitosan sus-
pension and it was used to fabricate composite scaffold by freeze drying
method. The presence of mesoporous HA nanorods induced in vitro
osteogenic differentiation and promoted in vivo osteogenic efficacy.
Furthermore, the mesoporous HA composite scaffold revealed the sus-
tained release of BMP-2 and the concentration of BMP-2 release
contributed to the desired bioactivity and improved osteogenic efficacy
[55]. Li et al. reported the PEG surfactant assisted synthesis of HA
nanorods where they introduced HA nanorods into polyurethane based
injectable bone cement which showed enhanced bioactivity and me-
chanical properties towards osteoporosis management [56]. Also, Che
et al. prepared composite bone cement using poly methyl methacrylate
and rod like HA nanoparticles, which revealed an improved degree of
bone mineralization and proliferation of bone progenitor cells [57].

On the other hand, nano HA is widely used in environmental appli-
cations because it reveals excellent adsorption, surface reactive and
ionic exchange properties. For example, removal of Pb(Il) ions from
waste water by the sphere and rod shaped HA nanoparticles reported by
Bharath et al. clearly indicated that HA nanoparticle of rod shape
adsorbed more Pb(II) ions from waste water as compared to spherical
one [58]. Varaprasad and co-workers studied the acidic blue 113 dye
removal from waste water using rod like HA based hydrogel nano-
composite [59]. Inhibition ability of breast cancer cell growth by HA
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Table 4
Size and shape of HA particles synthesized in presence of various organic modifiers by different methods.
Starting materials Method of synthesis and conditions Particle shape & size Ref.
Chemical formula Organic modifier Method pH Time Shape Size
Ca(NO3),-4H0 EDTA Microwave 13 30 leaf-like flake L: 1-2 pm [62]
Na,HPO4 700 W min W:150-200 nm
Ca(NO3)5-4H0 EDTA Microwave 10 19 Rod D: ~5 nm [49]
NayHPO4 600 W min L: ~15 nm
Elliptical 15-17 nm x 25-28 nm
Ca(NO3),-4H,0 EDTA Microwave between 9 and 30 Rod D: ~200 nm [63]
Na,HPO, 750 W 14 min
Eggshell EDTA Microwave 13 10 Flower L:0.5-1 pm [48]
Na,HPO4 600 W min W:100-200 nm
Ca(NO3)5-4H0 TSC Microwave 10 25 Rod L:26 + 3 nm [64]
(NH4),HPO4 600 W min W:9 + 2 nm
NH4F
Eggshell EDTA Microwave reactor 13 5 min Flower 2 pm-3 pm [34]
Na,HPO, (Previous 2.2 kW
work)
Ca(NO3)2-4H,0 EDTA Hydrothermal 5and 12 12h Needle and rod ~50-200 nm [65]
Na,HPO4 120 °C
Ca(NO3), PEG-400 Hydrothermal 11 40 h Rod (PEG-400) L: ~30-130 nm [66]
(NH4)2HPO4 PEG-6000 150 °C D: ~15-35 nm
PEG-20000 Rod (PEG-6000) L: ~30-120 nm
D: ~20-30 nm
Rod (PEG-20000) L: ~30-170 nm
D: ~15-35 nm
Ca(NO3)2-4H,0 TSC Hydrothermal Not stated 24h Rod (Ct/Ca:1/3) L: 49 nm [36]
NazP04-12H,0 150 °C D: 13 nm
Rod (Ct/Ca:4/3) L: 44 nm
D: 9 nm
Ca(NO3), CTAB Hydrothermal Not stated 10h Rod L: 150 nm [46]
NazPO4 150 °C
CaCl,-2H,0 CTAB and PEG-6000 Hydrothermal 10.5 24 h Rod (CTAB) L: 250 nm D: 30 nm [58]
(NH4),HPO4 180 °C Chain (PEG-6000) L: 180 nm
D: 20 nm
CaCly-2H,0 CTAB Hydrothermal 12 12h Rod 5-50 nm [67]1
(NH,),HPO, 180 °C
CaCl, CTAB Hydrothermal 9 12h Rod L: 1125 nm [51]
H3POy4 150 °C D: 60 nm
Ca(NO3),-4H,0 CTAB Hydrothermal 8 12h Nanowire L: 600 nm [68]
(NH4)>HPO4 150 °C D: 33 nm
Eggshell CTAB Hydrothermal Between 9 and 12h Rod L: 161 &+ 44 nm [43]
HClL 180 °C 12 D: 52+ 8 nm
Nap,HPO4
NayHPO4-2H,0 CTAB Hydrothermal Between 9.5 18 h Rod L: 136 nm [69]
CaCly 180 °C and 11 D: 29 nm
Eggshell CTAB Hydrothermal 12 10h Rod 100-300 nm [371
H3PO4 160 °C
Ca(NO3)5-4H,0 CTAB/PEG 600 Hydrothermal 11 22h Rod (CTAB) D: 50-120 nm [70]
(NH4),HPO4 120 °C Dandelion (CTAB D: 80-150 nm
&PEG 600)
Ca(NO3)2-4H,0 EDTA/monoethanolamine Hydrothermal 10 7h Bundles of rod L: ~10 pm [71]
(NH,),HPO, 200 °C W: ~1 pm
Ca(NO3)2-4H,0 Trisodiun citrate dihydrate Hydrothermal 5 24h Micro flake [Ct/CTAB ~ 2 pm [72]
(NH4)2HPO4 (Ct)/CTAB 180 °C /11
Ca(NO3),-4H,0 CTAB Microwave 10 30 Rod L: 136.52 nm [73]
(NH,4),HPO,4 hydrothermal min, D: 43.17 nm
200 °C
Ca(NO3)2-4H,0 CTAB/Sodium salicylate Reflux 11.5 2h Rod L:100-500 nm [74]
NayHPO4 100 °C D: ~ 50 nm
CaCl, CTAB Reflux 12 24 h Rod L: 22 nm [14]
KoHPO,4-3H,0 120 °C D: 68.9 nm
CaCl,-2H,0 EDTA Reflux 9 120 h Elongated crystal D: 0.1 m [75]
K>HPO4 140 °C L: 1.5 pm
CaCl,-2H,0 CTAB Reflux 12 24 h Rod L: 500 nm-2 pm [76]
KyHPO4 83+2°C D:20-50 nm
CaCl, CTAB Reflux 12 24 h Rod L: 500-1000 nm [771
KoHPO4-3H20 120 °C T: 50-100 nm
CaCl,-2H,0 TSC Precipitation 8.5 96 h Platy crystal 1:38.9 + 8.0 nm W:28.7 [78]
Na,HPO, 80 °C +4.2nm
T: 6.1 = 2.2 nm
Ca(NO3),-4H,0 TSC Precipitation 10 24 h Rod 30 nm [79]
(NH4),HPO4 Room temperature
NH,F, Fe30,
Ca(NO3),-4H,0 CTAB Precipitation 12 24 h Rod L: 75-150 nm [80]
(NH,),HPO, 80 °C D: 10-25 nm

(continued on next page)
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Starting materials Method of synthesis and conditions Particle shape & size Ref.
Chemical formula Organic modifier Method pH Time Shape Size
Ca(NO3)y TSC Precipitation Between 7 and 54 Needle L: 100-150 nm [81]
(NH4)3PO4 90 °C 8.5 min D: 10-20 nm
CaCly CTAB Wet precipitation 9.5+ 0.5 24 h Spherical D: 80 + 12 nm [82]
NayHPO4 20°C
Ca(H,P04)»-H,0 PEG-20000 One step calcination Not stated 30 Not stated 50-80 nm [83]
Ca(OH), 900 °C min
Eggshell derived CaO EDTA (%) Microwave reactor <10 5 min Rod (Without organic L: 40 - 600 nm Present
HNO3 PEG (#) 2.2 kW modifier) W: 34 4+ 10 nm work
Na,HPO,4 TSC (@) Flower () 1.67 £ 0.12 pm
CTAB (®) Rod (#) L: 31 £ 8 nm
W:8 +£1nm
Needle (@) L:32+8nmW:3+1nm
Rod (@) L:68 + 20 nm
W:10 £+ 3 nm
L: Length, D: Diameter, W: Width, T: Thickness
nanoparticles of three different morphologies under in vitro conditions Acknowledgement

revealed that needle HA nanoparticles reduced the growth and prolif-
eration of breast cancer cell lines by more than 73% [60]. Moreover,
needle like HA nanoparticles has high surface charge, roughness and
adhesion strength which significantly enable the growth of osteoblast (in
vitro) and in vivo osteointegration efficacy of scaffold in rabbit model
[61]. Thus, research community is showing more focus on obtaining HA
nanoparticles with various size and shape to prepare bone substitutes
with suitable properties for biomedical applications. The schematic
shown in Fig. 11 clearly reveal the significant role of size and shape of
HA nanoparticles for various applications.

The size and shape of HA particles synthesized in the presence of the
organic modifiers employed in the present study by different methods
reported in the literature is listed in Table 4. As observed from the table,
the time consumed for the synthesis is from few hours to several hours
when the method adopted was hydrothermal, reflux, precipitation, etc.
The microwave reactor we utilized consumed just 5 min for the synthesis
process. Therefore, eggshell derived HA nanoparticles with suitable
characteristics for various biomedical applications can be rapidly syn-
thesized by choosing appropriate organic modifier and our custom built
microwave reactor.

4. Conclusion

In summary, we have synthesized mesoporous carbonated HA using
eggshell biowaste as the calcium source via a custom built pilot scale
microwave reactor in 5 min in the presence and absence of organic
modifiers, employing the optimized parameters from our previous work.
HA synthesized without organic modifier resulted in inhomogeneous
sized rods of HA. While the presence of organic modifier controlled the
physicochemical properties like particle size, surface area, morphology,
mesoporous nature, etc. Micron sized flower like HA formed with EDTA
as the modifier. However, the other organic modifiers produced rods or
needles of typical size less than 100 nm. The in vitro cytotoxicity ex-
periments of the prepared HA samples on fibroblast NIH 3T3 cell line
clearly evidenced their excellent biocompatibility and revealed good
cell attachment. Thus the custom built pilot scale microwave reactor is
capable of producing eggshell derived HA rapidly with favourable
characteristics in the presence of a suitable organic modifier for devel-
oping bone fillers, drug/protein delivery carriers, and tissue engineering
scaffolds.
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