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ABSTRACT

The nano-hydroxyapatite (NHAp), NHAp/PEG and NHAp/PVP have been derived from Clam
shell by precipitation method. The presence of characteristic FTIR peaks and XRD planes
indicates the formation of NHAp. Surface morphology of NHAp, NHAp/PEG and NHAp/PVP
appeared to be flake, majorly hexagonal and rod clusters like structure, respectively. Sizes of
the NHAp are in nanometer scale and size of NHAp/PVP is the lowest. The poor crystalline
nature and high carbonate content presence in NHAp/PVP are assessed through crystallinity
index, C/P ratio and CHNS analysis. EDX analysis shows the presence of HAp composition in
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NHAp. The calculated structural parameters expose that the NHAp/PVP shows favorable
mechanical property. Good antibacterial activity is observed in NHAp/PVP against two bacteria
strains. Hemolysis study also indicates that NHAp/PVP is non-hemolytic. Formation of complete
apatite is found when NHAp/PVP immersed in SBF for 14 days. Thus, the NHAp/PVP derived

from Clam shell may be useful for bone-related applications.

1. Introduction

Bone is the second mainly implanted tissue after blood
in the human body system. The biomechanical proper-
ties of bone result from its complex structural arrange-
ment of organic (20-30%) (collagen, noncollagenous
proteins and lipids), inorganic components (60-70%)
and 5% water [1]. Bone inorganic matrix is mainly
composed of hydroxyapatite (HAp; Caqo(PO.)s(OH),)
with 3% to 8% of carbonate content [2]. Mechanical
properties of the bone are characterized by HAp com-
positions, its crystalline structure, morphology, particle
size and orientation. The crystals are nanometer-sized
needle like or rod-like shapes (average length — 50 nm,
width — 25 nm and thicknesses 2-5 nm) scattered in
the organic matrix and composed of OH™, Ca** and
PO,*~ groups (closely packed in hexagonal arrange-
ment; space group — P63/m) [3]. Special behavior and
bioactivity of biological apatites could vary with HAp
dimensions, low crystallinity and presence of carbo-
nate ions in the lattice [3]. Hence, hydroxyapatite has
fascinated interest of several researchers from past few
decades.

Hydroxyapatite with required carbonate content
has much closer compositional similarity to natural
bone minerals. It shows a better bioactivity and
is biodegradable [4]. It is widely used as coating
for metal prosthesis, orthopedic applications, bone

graft, drug and antibiotics carrier in bone-implant
interface without showing any cytotoxic effect [5].
Generally, CO5* ion can reside in OH™ site (A-type)
as well as in PO,* sites (B-type) in the apatite
lattice [6], and in synthetic powders, some fractions
of PO,> as well as OH™ groups are replaced by
CO;* (type AB). Biological apatites are principally
type B [7].

In general, the process of getting nano-hydroxya-
patite (NHAp) from chemical sources is biologically
unsafe and complex. However, naturally derived
NHAp has some essential properties such as pore
structure, bone-cavity breeding and suitable chemical
composition [8] for the formation of bone
apatite. Therefore, researchers revolve to the more
socio-economically engaging alternative targets
such as bio-wastes which include shells, fish bones,
bovine bones, teeth and bones of pig for preparing
valuable NHAp [9]. Especially, in biomaterials
research, biogenic calcium carbonates derived from
exoskeletons of arthropods, egg shells, mollusc shells,
corals and nacre are attracted a special interest during
the last decades [10]. Specifically, bivalves (clamshell)
belong to Mollusca (second largest phylum among
the invertebrates; 80,000 species). The annual harvest
of bivalves for human consumption represents about
5% by weight of the total world harvest. In India, clam
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production is about 57,000 tones (73.8%) annually.
Hence, the conversion of clamshells into NHAp can
be beneficial since they are cheap and abundant in
nature [11-13].

Over the past decades, a number of synthetic
routes had been adopted which include hydrother-
mal, sol-gel, precipitation, mechano-chemical,
mechanical activation and other methods for produ-
cing HAp from biowastes. However, some limitations
of these methods are expensive precursors, compli-
cated procedures, severe aggregation of the particle
and restricted yield. Chemical precipitation method is
most promising method to synthesize NHAp and it
has more practical advantages which include simple
experimental stages, high yield and purity, low
energy consumption, low temperature synthesis,
homogenous mixing, microstructure property, por-
ous size control, nanophase particle size control,
large-scale production and meager amount of harm-
less by-products [4,14,15].

Unfortunately, low toughness and weak bending
strength are the main drawbacks of its uses in load-
bearing sites applications [16]. To overcome these
mechanical limitations, NHAps were synthesized by
adding polymers [16]. Polymer addition during the
synthesis is modifying the exterior of nanoparticles
and therefore improving the stability and mechan-
ical properties of the materials. Though numbers of
polymers are available, polymers like polyvinyl pyr-
rolidone (PVP) and polyethylene glycol (PEG) (polar
polymers) are water-soluble polymers which are
used as a capping agent to control the nucleation
growth of HAp crystal [17,18].

The present study has intended to extract the
NHAp from clamshells via chemical precipitation
method. The polymers such as PVP and PEG are
used to control the nucleation growth of NHAp to
get required mechanical properties and carbonate
content. The compounds such as NHAp, NHAp/PEG
(synthesized using PEG), NHAp/PVP (synthesized
using PVP) were characterized by Fourier transform
infrared, XRD, SEM-EDX, carbon-hydrogen-nitrogen-
sulfur  (CHNS) elemental analyzer, TEM-SAED
(selected area electron diffraction), antibacterial,
hemolytic activity and SBF analysis. Mechanical
property, crystalline nature and amount of carbo-
nate contents (CO32') are assessed using FTIR and
XRD analyses. A suitable mechanism is proposed for
crystallite size change, morphology variations, CO;*
substitution, crystalline nature variation and SBF
interaction. Successful synthesis of the material
shows reserve properties such as enough carbonate
content, suitable mechanical properties, apatite
forming ability and favorable antibacterial activity
and will find many bone-related applications.
To the best of our knowledge, this is the first report
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for the synthesis of NHAp from clamshells using PVP
and PEG polymer by chemical precipitation method.

2. Materials and methods
2.1. Materials

The biowaste clamshells (species: Venerupis philippi-
narum) were collected from different sites of Vellar
Estuary situated at Parangipet (Lat: 11°20" 25.55"N,
Long: 79°45’ 38.62"E), Tamilnadu, South India. Other
importance of the sampling site was reported in our
previous article [19]. The shells were thoroughly
cleaned with running water several times and soaked
in hot water for 30 min to remove meat and algae. The
shells were further washed with distilled water and
dried at 100°C in hot air oven for 3 h. Diammonium
hydrogen phosphate ((NH,), HPOy,), nitric acid (HNO3),
acetone, sodium hydroxide (NaOH), polyethylene gly-
col (PEG, Mw: 6000), polyvinyl pyrrolidone (PVP, Mw:
40,000) and deionized water were purchased from
Merck. All the chemicals were analytical reagent grades
and used as such without any purification.

2.2. Synthesis of hydroxyapatite (NHAp)

Ca0 phase was achieved from the dried shells as per
the procedure reported by Dhanaraj and Suresh [19]
which was used for preparing NHAp by the precipita-
tion method. It was dissolved in concentrated HNO;
(25% of nitric acid) completely and then diluted with
deionized water to get 0.1 M of Ca(NO3), solution. To
this solution, 0.06 M of (NH,),HPO, solution was slowly
added; finally, the obtained amount of Ca/P ratio was
1.67. The pH of the above reaction mixture was
adjusted to 9 by adding 1T M NaOH solution. The
obtained bright milky precipitate was centrifuged for
15 h and filtered through Whatmann40 filter paper. It
was washed several times with deionized water to
remove possible residuals such as NaOH and NH4NOs.
Finally, it was dried at 100°C for 3 h in a hot air oven to
obtain NHAp followed by calcination at 900°C for 3 h to
obtain crystalline NHAp. The related chemical reac-
tions are given as follows:

Ca0o + 2HNO3 — Ca (NO3)2 + H20 T (1)

10Ca (NO3)2 + 6 (NH4)2HPO4 — Ca1o(PO4)6(OH2) + 6 NH;NO;
()

900°C/3 h
Caio(PO4)g(OH;) + 6NH4NO3 — Cang(POs)s(OH,) + 6NHNO; 1
(Hydroxyapatite) 3)

2.3. Synthesis of NHAp/PEG and NHAp/PVP

A total of T mM of PEG was separately prepared in
25 mL of deionized water. Prepared PEG solution was
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added drop by drop to the pure NHAp while the
mixture is continuously stirred. The precipitate was
washed, dried and calcined to get NHAp and the pro-
duct is named as NHAp/PEG. For the preparation of
NHAp/PVP, the same procedure was followed.
Characterization techniques such as FTIR (Perkin
Elmer Spectrum One, USA), XRD (X’PERT PRO,
Netherlands), SEM-EDX (JEOL-6610, Japan), CHNS
(Perkin Elmer series — Il 2400 Elemental Analyzer,
USA), TEM-SAED (JEOL/JEM 2100, Japan), antibacterial
activity, hemolytic activity and SBF analysis were used
for analyzing the synthesized samples.

2.4. Antibacterial activity test

The in vitro antibacterial activity of the calcined NHAp,
NHAp/PEG and NHAp/PVP samples has been studied
against Escherichia coli and Staphylococcus aureus by the
agar well diffusion method as reported in Dhanaraj and
Suresh [19]. Using micropipette and plates, negative con-
trol and present samples (NHAp, NHAp/PEG and NHAp/
PVP) were loaded on marked wells and incubated at 37°C
for 24 h. With the help of HiAntibiotic Zonescale in
Himedia, the zone of growth inhibition was measured
(in mm). All experiments were executed in triplicate
under aseptic conditions.

2.5. Hemolysis assay

Hemolysis assay was performed as per the procedure
given in Tank et al. [20]. Briefly, 0.8 mL of NHAp/PVP

(1 mg mL™" in phosphate buffer saline (PBS) solution)
was added to 0.2 mL of red blood cell (RBC) suspen-
sions. Thereafter, sample was incubated at room tem-
perature for 2 h and shaken to resuspend the RBCs and
NHAp/PVP every 30 min. The absorbance of the super-
natant was measured by Optical Density (OD) at
560 nm after the sample is centrifuged at 3000 rpm.
The hemolysis ratio (H) was calculated by the following
formula:

As — An

p n

H= 100%

Where, H is hemolysis ratio, A, A, and A, are aver-
age absorbance of sample, negative control (1X PBS)
and positive control (Deionized water) respectively.

2.6. SBF analysis

The bioactivity of the prepared samples was studied
using simulated body fluid (SBF). The solution was
prepared by dissolving appropriate quantities of che-
micals in distilled water and reagents were added one
by one in 1000 ml of water as per the procedure given
by Tank et al. [20].

3. Results and discussion
3.1. FTIR spectroscopic analysis

The FTIR spectra of the raw Clam shell, NHAp, NHAp/
PEG and NHAp/PVP calcined at 900°C are shown in
Figure 1(a—d) respectively. Figure 1(a) shows an intense
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Figure 1. FTIR spectra of the raw Clam shell (a), NHAp (b), NHAp/PEG (c) and NHAp/PVP (d) calcined at 900°C.



sharp peak appeared at 3641 cm™' due to the OH~
stretching and characteristic peaks of calcite are
observed with less intensity. Formation of CaO at
900°C is assessed by the small characteristic peak at
576 cm™'. Other small changes in the spectra are
clearly explained in our earlier study [19]. The same
observation was reported in the literature [19,21,22].

According to Youness et al. [23], chemical groups in
the FTIR were PO,>~, OH™, CO5*~ as well as HPO,*™ to
characterize the NHAp. PO,*"group had four charac-
teristic peaks appear in broad spectrum that repre-
sents vibration modes, namely v; (weak peak at
963 cm™'; stretching vibration of the O-P-O bond), v,
(weak band at 473 cm™"; asymmetric stretching vibra-
tion of PO,), vs (sharp and strong ill-defined peaks at
1052 and 1094 cm™") and v, (double sharp strong
peaks at 603 and 569 cm™'; triply degenerated bend-
ing mode of the O-P-O) [23]. The peak at 2001 cm™
was assigned to POy (vs, v4) [10]. The above mentioned
characteristic vibration modes are clearly presented in
Figure 1(b) and thus prepared sample is HAp. The
presence of medium peaks at 634 (libration mode)
and 3572 cm™' (stretching vibration) is due to the
hydroxyl (OH") group [24]. According to Nunez et al.
[25], CO5> bands observed between 1365-1565 cm™
(v3, asymmetric stretching) and 875 cm™' (v, out of
plane bend) were accounted for the presence of car-
bonate content in HAp. In the present case, same
observation is made (Figure 1(b)) and thus carbonate
content is presented in the NHAp.

Interestingly, when adding the polymers (PEG and
PVP) with NHAp (Figure 1(c,d)), intensities of CO32'
peaks are high. While adding the PEG (Figure 1(c)),
the above mentioned characteristic vibration modes
of phosphate (v4, v,, vz and v,) are observed with slight
deviations. Intensity and broadness of the v, (603 and
569 cm™') are decreased and v; doublet is changed
into singlet at 1046 cm™'. Weak peaks at 634 and
3572 cm™" are disappeared. New minor sharp peak at
712 cm™" and small minor peaks are observed at 1792
and 1991 cm™' (presence of amides), 2517, 2924, 3434
and 3535 cm™' (due to the adsorbed water). As stated
by Bang et al. [7], sintering of carbonated HAp at high
temperatures (=900°C) produces HAp and CaO. In the
CO,-rich atmosphere, meager amount of CaCOs is
obtained due to the reaction of CaO and CO.. It is
expected that mixture of carbonated HAp and CaCOs;
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is observed after heat-treatment in CO, atmosphere.
The formation of CaCOjs is assessed by the presence of
a small peak at 712 cm™'. Some literature [7,26] had
reported the same information about this peak. The
sharp intense peak at 3644 cm™' suggests the pre-
sence of Ca(OH), [27].

Fascinatingly, sharp peak at 874 cm™" and doublet
at 1443 and 1466 cm™' are strongly registered.
Generally, type B carbonate was characterized by
1465, 1412 and 875 cm™' [28,29]. Even some deviations
in v3 carbonate bands, the band at 874 cm™! assigned
to bending (v,) mode undoubtedly confirms carbonate
substituted for PO,>~ group (B-type substitution) [27].
In the present study, the presence of B-type carbonate
is assessed in NHAp/PEG. Similar observations were
reported in the following literature [16,23,27-29].
Decreases in the intensities of the phosphate bands
at 963 and 1094 cm™' in NHAp/PEG could be due to
the substitution of COs% in PO,> ~ [29] and thus carbo-
nate content is increased.

Figure 1(d) shows the FTIR spectrum of NHAp/PVP.
Here also all the characteristic vibrational modes of
phosphate, carbonate and hydroxyl bands are
observed with slight deviations. When compared with
Figure 1(c), intensity of v, doublet (600 and 572 cm™)
is decreased, whereas the carbonate and Ca(OH), peak
intensities are increased. The presence of well-defined
strong doublet (vs; asymmetric stretching) at 1443 and
1466 cm™ ' indicates the strong presence of carbonate
in NHAp. These changes also confirm the increased
carbonate content in NHAp/PVP. Since nanoparticles
can form strong coordination with N-C = O groups of
PVP, it would lead to strong adherence of PVP on the
surface of particle than PEG and thus high carbonate
content is observed in NHAp/PVP [30,31]. FTIR analysis
reveals the increasing order of carbonate contents in
the NHAp<NHAp/PEG<NHAp/PVP. These observations
are further confirmed by calculating carbonate to
phosphate ratio (Table 1).

According to Youness et al. [23], the presence of
sharp and splitting peaks at 565/605 and 1055/
1100 cm™" indicates the high degree of crystallinity.
In the present case, the above mentioned splitting
peaks are clearly visible, the intensity of splitting is
decreased and still decreases (Figure 1(b—-d)) in NHAp,
NHAp/PEG and NHAp/PVP, respectively. This dictates
that NHAp has a high degree of crystallinity, it is

1

Table 1. Structural parameters, crystallinity index and C/P ratio of NHAp, NHAp/PEG and NHAp/PVP.

Lattice parameters Average Average Average
Volume of  crystalline  microstrain Dislocation den-
Unit cell size (€) sity (6) Average Stacking cl Cl
Sample ID a=b(A) c(A) ca V (A°) D (nm) x10 73 x10 ™ fault (SF)x 10 ™ (FTIR) ((XRD) C/P
NHAp 9.4618 6.8204 0.7201 528.79 51.86 0.5363 3.7182 0.1740 2.8909 1.8040 0.395
NHAp/PEG 9.4481 6.8340 0.7233 52830 48.14 1.7031° 4.3150 0.5102 2.2654 1.7874 0.411
NHAp/PVP 9.3931 6.8939 0.7339 526.74 32.12 2.0151 9.6927 0.6128 22269 1.4640 0.456
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decreased for NHAp/PEG and further decreases for
NHAp/PVP. These observations are confirmed in the
crystallinity index calculations (Table 1).

3.2. Calculation of crystallinity index and
carbonate to phosphate ratio

FTIR helps to understand bone quality and fracture risk
in osteoporotic patients by calculating parameters
related to bone quality such as crystallinity index and
carbonate to phosphate ratios. Variation in carbonate-
to-phosphate and crystallinity leads to make frac-
ture [2].

3.2.1. Crystallinity index (Cl)

The crystallinity index (Cl) is a measure of the perfec-
tion and degree of ordering in a sample. It correlates
linearly with NHAp crystal size and perfection in the c-
axis direction, and has obvious influences on hardness
and density of the material [2,32,33]. Cl is calculated
(Table 1) from both FTIR (height method) and XRD
(height method) according to the method and formu-
lae used by the researchers [32,34-36]. It is briefly as
follows; according to Reyes-Gasga et al. [32], for the
FTIR (height method), heights of the bands at 603
(Aso3), 569 (Asgo) and 595 (Asgs) cm™' (lowest point
between 603 and 569 cm™') are measured by forming
baseline and value of crystallinity index (Cl)gpg is cal-
culated through the following relation;

Aseg + Aoz

d =
(CDeme Asos

For (Cl) xrp, heights of the reflections such as (202),
(300), (211) and (112) are measured by forming base-
line and (Cl)xgp Vvalue is calculated by the given for-
mula [32];

a(112) + b(300) + ¢(202)
h(211)

(Cl)XRD =

It is clear that the (CI)XRD values cannot be directly
compared with those of (CI)FTIR. The XRD method uses
an average volume while the FTIR method uses aver-
age heights. Both methods should be considered qua-
litatively complementary and not quantitatively the
same [32]. It is known that the high and low Cl values
are connected with more ordered and poorly crystal-
lized crystals [34].

In FTIR, the double sharp symmetrical bending
strong peaks at 603/600 and 569/572 cm™’ (v4) and in
the case of XRD, reflections such as (202), (300), (211)
and (112) located between 30° and 35° of the 20 angle
are taken for calculations. From Table 1, both Cl values
are high for NHAp, values are decreased for NHAp/PEG
and low for NHAp/PVP. This dictates that degree of
crystallinity is high for NHAp, it is decreasing while
adding polymers, especially for NHAp/PVP has low
degree of crystallinity as discussed elsewhere

(presence of triplet in FTIR, broadness of XRD peaks
and result of SAED pattern). High substitution of CO5* ~
in NHAp/PVP reduces its crystallinity considerably [37].
NHAp with reduced crystallinity has high solubility and
protein absorption capacity [33].

The present Cl values are compared with different
samples such as HAp prepared by precipitation
method ((CI)FTIR = 3.67 to 6.07; (CI)XRD = 0 to 1.18)
[32], fresh bone ((Cl) FTIR = 2.8) [32], marine apatites
((CI) FTIR = 3.0 to 3.6) [35], HAp with different tempera-
tures ((CFTIR = 4.63 to 7.80) [33] and modern bones
((CDFTIR = 2.69 to 3.37) [34]. The present (CI)FTIR values
are matched with Cl values of fresh bone, while pre-
sent (CI)XRD values are higher than HAp prepared by
precipitation method [32].

3.2.2. Carbonate to phosphate (C/P) ratio
Carbonate to phosphate (C/P) ratio (Table 1) indicates
the extent of carbonate incorporation (amount of car-
bonate) into the hydroxyapatite lattice. For the calcu-
lation, intensity of vibrational peak at 1443 cm™!
(@amount of carbonate) is divided by the peak at
1048/1052 cm™' (amount of phosphate) [34,38-42].
C/P value is low for NHAp (0.395), value is increases
for NHAp/PEG (0.411) and high for NHAp/PVP (0.456).
This dictates that the amount of carbonate content is
high in NHAp/PVP, decreased in NHAp/PEG and low in
NHAp as already discussed. The present ratio is com-
pared with different samples such as CHAp prepared
by chemical precipitation technique (0.185-0.231) [7],
modern bone (0.31-0.65) [34] and fresh bone (~0.23)
[40]. The present C/P values are comparable with mod-
ern bone and higher than other samples.

3.3. XRD analysis

Figure 2 demonstrates the X-ray diffraction patterns of
NHAp (a), NHAp/PEG (b) and NHAp/PVP (c). In Figure 2
(a), identified reflections such as (111), (002), (210),
(211), (112), (300), (202), (310), (222), (123) and (004)
indicate the formation of hexagonal hydroxyapatite
crystalline phase (JCPDS#09-0432) [3] in NHAp. The
characteristic  diffraction peaks are broadened,
resolved and intensity decreases while adding the
polymers when compared with Figure 2(a). These are
high for NHAp/PVP. This dictates that the ratio
between hexagonal lattice and primitive lattice is
changed [15], crystallite size and crystalline nature are
decreased when adding the polymers. The (210) peak
is related to carbonate content, the intensity of the
peak is increased when adding the polymers, espe-
cially, the intensity is so high in NHAp/PVP, these indi-
cate the presence of B-type content in NHAp/PEG and
NHAp/PVP [43-46]. According to Landi et al. [47], the
presence of B-carbonate in the apatite lattice may
decrease in crystallinity, increase in solubility in both
in vitro and in vivo tests and higher affinity for the
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Figure 2. XRD patterns of the NHAp (a), NHAp/PEG (b) and NHAp/PVP (c) calcined at 900°C.

human trabecular osteoblastic cell. Whenever carbo-
nate content is more, it mostly occupies the B sites [48].
Increased solubility in polymer composites may be due
to the formation of Ca,HPO,CO5 and Ca,P0,CO5 [49].
HAp particles exhibit much higher tendency to grow
along c-axis leads to increase the possibility of nanor-
ods formations than particles [50]. This could be con-
firmed by the presence of (002) face. In the present
case, the intensity of (002) is visible and high for
NHAp/PVP.

3.3.1. Calculation of structural parameters
Crystallographic structural parameters of the NHAp are
important because CO5? substitution affects their phy-
sical parameters including lattice constants, crystallite
size, crystalline nature, microstrain, dislocation density
and stacking fault [37]. Since the stability, chemical
reactivity, opacity, efficacy of delivery, flowability, tex-
ture, packing density, viscosity, porosity and strength
of materials are affected by the above mentioned phy-
sical parameters [18], it is essential to calculate for the
present samples (Table 1) based on the literature
[32,51]. Dislocation density (8) and stacking fault (SF)
of the products are increased; plastic deformation and
hardness of the products are also increased [51].
Calculated lattice constants are well matched with
the above mentioned JCPDS (Table 1). When adding
the polymers, values of lattice constant “a” and “c” are
decreased and increased, respectively. For NHAp/PVP,
low “a” and high “c” values are observed (Table 1).

These indicate that “a” axis is contracted and “c” axis

expanded when carbonate content is more [52], and
the c-lattice parameters increase could be due to the
slight lengthening of T-Os. Thus, the vacancies created
at some of the Qs sites effect in an enlargement of the
channel radius, thereby increasing of solubility of the
material [37]. These changes in the lattice constants
and c/a ratio increased from 0.720 (NHAp) to 0.734
(NHAp/PVP) (Table 1) also indicate the presence of
type B carbonate in NHAp [2,47].

The average crystallite sizes of NHAp, NHAp/PEG
and NHAp/PVP are also calculated (Table 1) using
well-known Debye-Scherrer formula [51]. From Table
1, the calculated crystallite size is lowered for NHAp/
PEG and NHAp/PVP. Amongst, NHAp/PVP shows low
crystallite size. Here in both cases, nucleation rate
dominates the growth rate that decreases the crystal-
lite size. PEG and PVP polymer with more functional
groups cover large surface area of the nanoparticles
with higher additional steric hindrance causing on
negative effect on the growth of the crystal parti-
cle [15].

Especially, PVP is the surface-regulating polymer to
regulate the nucleation and growth of NHAp. PVP
stabilizes the nanoparticles through higher additional
steric hindrance [15]. When PVP coated in NHAp, due
to its severe physical action on the particles, high
growth-blocking action occurs [18]. Even though
both PEG and PVP are nonionic surfactants, they are
charged partially. However, due to the more polar
activity in PVP than PEG, it is more strongly adhere to
the surface of NHAp [30].
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While adding the polymers, values of all the struc-
tural parameters (g, & and SF) are increased (Table 1),
especially NHAp/PVP shows high values. Thus, NHAp/
PVP exhibits good plastic deformation and hardness.
Grain size decreases with increasing strain lead to
increases in the dislocation density and strength of
materials. The same observations were achieved in
the following literature [53]. The increases in structural
parameters (g, & and SF) confirm the decrease in the
crystalline nature (Table 1). According to de Carvalho
Almanca Lopes et al. [2], the presence of CO32' in the
HAp structure could be highly important because it
could be the main source of distortion of the crystalline
network, creating micro-stresses and defects in its vici-
nity, greatly influencing its solubility. This is achieved in
the present study and hence NHAp/PVP has favorable
mechanical property and solubility for biomedical
applications.

3.4. Surface Morphology - SEM

SEM images of NHAp, NHAp/PEG and NHAp/PVP
(Figure 3(a,c,d)) show flake, aggregated hexagonal par-
ticles and rod-like structures, respectively. Some of
them are bonded together as aggregates (mostly hex-
agonal like) when adding PEG. The smaller size of the
grains and aggregates could provide a higher specific
surface area [54]. Generally, coordination bonds or
strong interactions of the functional head groups of
the polymers have the strong ability to interact with

SEM HV: 25.0 kV
SEM MAG: 10.0 kx Det: SE S pm
View fleld: 20.7 pm  Date{m/dly): 0311318

WD: 4.94 mm
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SEM HV: 25.0 kV WD: 4.94
SEM MAG: 30.2 kx Dat: SE 2 pm

View field: .87 jm | Date{midiy): 0314118 CoE-BMS Collage of Enginesring

nanoparticles and thus kinetically control the growth
rates of various faces of crystals, which could control
the morphology. The structure of the PEG consists of
hydrophilic - O — and hydrophobic - CH2-CH2 - in the
long chain. The oxygen atom in PEG has coordination
abilities and negative charge which can bind more
strongly with positively charged NHAp ions due to
the electrostatic forces of attraction [55]. Thus, PEG
acted as an inhibitor and confined the hexagonal mor-
phology based on the degree of adsorption, the elec-
trostatic force of attraction and interaction between
the PEG molecules and Ca®* ionic group [56].

When adding PVP on NHAp, the nanoparticles are
formed as clusters of nanorods with defined bound-
aries (Figure 3(d)). PVP greatly facilitates the formation
of NHAP nanorods which is already assessed by c-axis
increase and presence of (002) peak in XRD. For the
formation of nanorod, large driving force could be
acted to maximize the contact area and minimize the
surface energy. PVP restricts growth along the side
faces and activates growth along the end direction
(c-axis), resulting in NHAp nanorods [57]. Many litera-
ture show that HAp prepared by precipitation method
could be rod-like nanostructures preferably.

As in the case of biomineralization process, here
also the similar effect could be happened for getting
the rod like morphology. Two effects such as (i) spatial
effect and (ii) electrostatic and hydrogen bond effects
are important roles of PVP. The N-C = O group in PVP
maybe preferentially adsorbed on the faces parallel to
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Figure 3. SEM images of NHAp (a), NHAp/PEG (c) and NHAp/PVP (d); EDX spectra of NHAp (b).



the (001) axis direction of NHAp as PVP has a polyvinyl
skeleton with polar group, leads to preferential growth
along the (001) direction, which support the direc-
tional growth of nanorods. The hydrogen bond is
formed between PVP and NHAp through the abundant
O-H groups located on the surface of NHAp, which
restricts the nanorods aggregation and the growth of
vertical to the c-axis direction [58].

In the present case, the formation of rod-like NHAp
includes nucleation, surface-regulation, growth,
oriented attachment and Ostwald ripening. Small-
sized NHAp could be grown to the large rod-like
NHAp due to the oriented attachment and Ostwald
ripening process. By the strong effect of Vander Waals
attraction, rod-like NHAp could aggregate together
and form rod-like structure [58]. This is the possible
mechanism for NHAp nanorod. The mechanism for
the formation of HAp nanorod while adding PVP is
clearly explained in the literature [18,57-59]. The pre-
sent study also strongly believed that the above men-
tioned same mechanism could be involved in the
present NHAp. These rod-like shapes are highly pre-
ferred morphology in various applications which
include constructing the microstructure of teeth
[50,60], bone tissue engineering [61,62], drug delivery
systems [63] and other biomedical applications
[61,63].

Figure 3(b) represents the EDX spectra of the NHAp.
From the result, the presence of elements such as Ca, P,
C and O is observed and the calculated Ca/P ratio is
1.68 which is well in accordance with theoretical ratio.
For NHAp/PEG and NHAp/PVP, the ratios are 1.69 and
1.73, respectively. Deviation in the NHAp/PVP from the
theoretical ratio also indicates the high presence of
carbonate in the lattice. The presence of carbonate is
also assessed by CHNS analyzer. The results show that
percentage of carbonate in NHAp, NHAp/PEG and
NHAp/PVP is 1.82%, 4.23% and 6.24% respectively.

3.5. TEM analysis

TEM images of NHAp, NHAp/PEG and NHAp/PVP are
shown in Figure 4(a—c) respectively. Figure 4(a) shows
NHAp morphology which indicates the particles with
slight agglomeration. The hexagonal shape with
slight agglomeration is observed when PEG is added
in NHAp (NHAp/PEG) (Figure 4(b)). The formation of
rod shape is visualized while adding PVP in the NHAp
crystal structure during the synthesis process, which
can have an effect on the nucleation of particles
and can confine to particle agglomeration. The sizes
of the nanorods are around diameter 76-134 nm and
length 210-476 nm. These observations are well
matched with the surface morphology of SEM analy-
sis (Figure 3(a,c,d)).

The selected area electron diffraction (SAED) results
of NHAp, NHAp/PEG and NHAp/PVP are shown in
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Figure 4(d-f), respectively. The orderly spots confirm
that the NHAp has crystalline nature (Figure 4(d)),
when adding of polymer (PEG), the crystalline nature
is slightly decreasing (Figure 4(e)). Figure 4(f) shows
the further decrease in crystalline nature in NHAp/PVP
as already discussed.

3.6. Antibacterial activity

The antibacterial activities of the sintered NHAp,
NHAp/PEG and NHAp/PVP calcined at 900°C were
assessed against the E. coli and S. aureus (Figure 5),
and the zone of inhibition of the samples is shown in
Figure 6. The zone of inhibition increases when adding
the polymers and it is high for NHAp/PVP (Figure 6).
From the above result, it is found that the NHAp/PVP
has good sensible antibacterial activity against the
bacteria strains. According to Jadalannagari et al. [64],
HAp with low crystalline nature has better rate of dis-
solution and better antibacterial activity as indicated
by the larger zone of inhibition. It is matched with the
present study. The electrostatic interaction between
positively charged divalent ions and negatively
charged ions from polymers could enhance the bacter-
icidal effect. Negative ions may attract the ions causing
stability (Ca*") to the cell wall of bacteria and are
replaced by H* ions. Due to the high negativity in
PVP, more ion exchange can be possible in NHAp/
PVP. This may lead to cell membrane integrity loss,
DNA rupture and cell death which appeared as inhibi-
tion zone [65]. Recently, Metha and Kaith [64] reported
about the sensible antibacterial property of HAp
against the same bacterial strains and got comparable
zone of inhibition values.

It is interesting to note that NHAp/PVP exhibits less
crystalline nature, low crystallite size, high carbonate
content, suitable mechanical property, rod-like mor-
phology and high antibacterial effect which are mainly
necessary for biomedical applications, especially for
bone-related applications. Thus, the NHAp/PVP is
taken for further applications.

3.7. Hemolytic assay

Hemocompatibility is an important parameter of the
materials which are used as implants or in direct
contact with blood [65]. It was checked for NHAp/
PVP (500 pg/mL) by hemolytic study [20] and the
hemolytic ratio is 1.04 which is <2. As per ASTM
756-00 standard, samples with H value < 2 can be
classified as non-hemolytic. Thus, NHAp/PVP is clas-
sified as non-hemolytic and exceedingly hemocom-
patible in nature with human blood. Crystalline
behavior of NHAp/PVP favors for the non-hemolytic
nature [64]. Photograph of hemolytic results is
shown in Figure 7.
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Agglomention
e BB

Figure 5. The antibacterial activity of the samples against E. coli (i) and S. aureus (ii). Note: (a), (b) and (c) respectively, represent
NHAp, NHAp/PEG and NHAp/PVP.
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Figure 6. Zone of inhibition of the NHAp, NHAp/PEG and NHAp/PVP against E. coli and S. aureus with error bar.

3.8. SBF analysis - morphological observation

The present study intended to examine the apatite
forming ability of NHAp/PVP nanoparticles for various
days (3, 7 and 14 days) at 37 + 0.5°C. Figure 8(a-c)
shows the surface morphology of the NHAp/PVP nano-
particles after being soaked in SBF for 3, 7 and 14 days,
respectively. The surface of all the NHAp/PVP (3, 7 and
14 days) nanoparticles shows the apatite formation,
but the amount of apatite formed and the surface
coverage varied specifically. At 3 days after immersion
in SBF solution (Figure 8(a)), the surface is not comple-
tely covered with apatite growth. Figure 8(b) shows
irreqular apatite growth of NHAp/PVP at 7 days after

immersion in SBF solution. At 15 days after immersion
in SBF solution (Figure 8(c)), the surface of NHAp/PVP is
completely covered by more apatite growth. The pre-
sence of pores and the formation of a dense apatite
layer are observed on NHAp/PVP nanoparticles. These
apatite structures on the sample can improve the
osteoconduction and osteointegration properties
[66]. Hence, apatite forming ability is favorable for
NHAp/PVP nanoparticles at 14 days of immersion in
SBF solution, whereas for 3 and 7 days of immersion,
apatite growth is poor and incomplete.

The calcium and phosphate ions from the SBF could
be consumed to grow the apatite on the surface of

(c) (d) (¢)

il

Hemolytic  Non Hemolytic

Figure 7. Photographic images of hemolysis assay: RBCs and blood plasma (a), RBCs (b), PBS (c), RBCs with PBS (d) and RBCs with

sample NHAp/PVP (e).



426 e C. SURESH KUMAR ET AL.

SEM HV: 25.0 kW
SEM MAG: 35.0 kx

WD: 5.20 mm
Det: SE

SEM HV: 25.0 kW
SEM MAG: 40.0 kx

WD: 5.04 mm
Dat: SE

(c)

SEM HV: 25.0 kV
SEM MAG: 40.0 kx

WD: 521 mm
Det: SE

1 pm

VEGA3 TESCAN

VEGA3 TESCAN

VEGAJ TESCAN

Figure 8. Surface morphology of the NHAp/PVP nanorods soaked in SBF for 3 (a), 7 (b) and 14 (c) days.

NHAp/PVP. It has been suggested that surface chem-
istry plays an important role in this process even the
functional groups of materials have a large effect on
the bone bonding property [67]. Negative groups
(OH™and PO,*") are important for the apatite forma-
tion [68]. During soaking period, the positive ions
include Ca**, Mg** and Na®* from SBF are attracted
by the surface PO,>” ions presented in the sample. The
ion exchange between NHAp/PVP and SBF solution is
influenced to form the apatite crystal. More CO;* pre-
sence in the NHAp/PVP is also favorable for apatite
formation. At the end of the precipitation, formed big
salt chunks were properly washed and thus the surface
gains positive charge and attracts the negatively
charged OH™ and PO,>™ ions from the SBF. This leads

to the formation of the apatite layer on mineralized
bioceramic nanomaterial.

4. Conclusion

NHAp, NHAp/PEG and NHAp/PVP have been success-
fully prepared by the chemical precipitation method
from clam shell and are characterized. Formations of
NHAp in the products are assessed by the presence of
functional groups and characteristic planes of XRD.
More carbonate presence in NHAp/PVP reveals the
reduction of crystallite size and crystalline nature,
increases in the c-axis, decreases in the a-axis, favor-
able mechanical property, deviation in the Ca/P ratio,
high zone of inhibition, non-hemolytic activity and



good SBF interaction. The above mentioned properties
are required for bone-related applications and forming
apatite. Both SEM and TEM analyses show the same
morphology. From the proposed mechanism, higher
additional steric hindrance could play for reduction of
crystallite size due to the growth blocking action, and
for hexagonal morphology, oxygen atom in PEG could
role by electrostatic forces of attraction between the
negatively charged ions and positively charged NHAp
ions. NHAp/PVP nanorods fashioned through the
hydrogen bond formed between PVP and NHAp
through the abundant O-H groups located on the
surface of NHAp, and also Ostwald ripening and
Oriented attachment could strongly play for nanorods
growth. Crystalline nature and amount of carbonate
content of the products are assessed through different
ways and they are positively correlated with each
other. The antibacterial activities of synthesized pro-
ducts demonstrated that high antibacterial activity is
observed in NHAp/PVP due to the high negativity in
PVP and low crystallite size. Good results are achieved
in all analyses for NHAp/PVP. It is exceedingly hemo-
compatible in nature with human blood due to the
poor crystalline behavior. Finally, NHAp/PVP is applied
in SBF analysis at three different times, apatite forming
ability is favorable at 14 days of immersion due to the
ion exchange between NHAp/PVP and SBF solution,
here also, presence of more CO32' is favorable for
apatite formation. Thus, as obtained properties of the
NHAp/PVP derived from clam shell are similar to those
of the hydroxyapatite mineral existing in the human
bones, it has prospective for bone-related applications.
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