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ABSTRACT: Nanosize hydroxyapatite (nHAp) doped with varying levels of
Fe’* (Fe-nHAp of average size 75 nm) was synthesized by hydrothermal and

microwave techniques. The samples were characterized for physiochemical

properties by X-ray diffraction (XRD), Fourier transform infrared spectroscopy

(FT-IR), inductively coupled plasma optical emission spectrometer (ICP-OES),

transmission electron microscopy (TEM), vibrating sample magnetometer

(VSM), mechanical and dielectric properties. The biological properties like
hemocompatibility, antibacterial efficacy, in vitro bioactivity and the cell
proliferation of the samples were determined. XRD pattern of the samples were
of single phase hydroxyapatite. As the content of Fe’" increased, the crystallite
size as well as crystallinity decreased along with a morphological change from
spherulites to rods. The dielectric constants and Vickers hardness were
enhanced on Fe®* doping. The VSM studies revealed that the saturation

Dimensional and morphological changes in n-HAp with increase in Fe?* incorporation

magnetization (M) and retentivity (M,) were found to increase for Fe-nHAp. nHAp impregnated with an antibiotic as a new
system for drug delivery in the treatment of chronic osteomyelitis was also attempted. The in vitro drug release with an antibiotic
amoxicillin and anticancer drug S-fluorouracil showed sustained release for the lowest concentration of Fe*, while with an
increase in the content; there was a rapid release of the drug. The hemolytic assay of Fe** doped samples revealed high blood
compatibility (<5% hemolysis). The antibacterial activities of the antibiotic impregnated materials were tested against a culture of
E. coli, S. epidermidis and S. aureus by agar diffusion test. The in vitro bioactivity test using simulated body fluid (SBF) showed
better bone bonding ability by the formation of an apatite layer on the doped samples. The growth of the apatite layer on the
samples surface has been confirmed by EDS analysis. The proliferative potential of MG63 cells by MTT assay confirmed the

noncytotoxicity of the samples.
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1. INTRODUCTION

Hydroxyapatite (HAp, Ca;4(PO,)s(OH),) is the main
inorganic component of hard tissues like bone and dental
reparation and also for the applications in drug delivery
systems."”> HAp exhibits excellent properties, like high osteo-
conductivity and osteoinduction when implanted in the human
body.®> HAp is an elective material because it is biocompatible,
nontoxic in nature, and has been developed as a drug carrier for
treating bone infections at specific sites. HAp-loaded with
therapeutic concentrations of antibiotics like cephalexin or
norfloxacin, amoxicillin, ciprofloxacin, gentamycin has been
tested for the treatment of osteomyelitis and hence HAp can be
a useful drug delivery system (DDS).*”” Recently, HAp has
been shown to accelerate the healing of bone fractures upon
electrical stimulation.® This response to electrical stimulation
has been attributed to the porosity and microstructure of HAp.
Such approaches have been documented in the treatment of
osteoarthritis and osteonecrosis.”'® The main drawback of this
material is the lack of mechanical properties which lead to
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implant failures. To improve these mechanical properties,
several groups, including ours, have investigated numerous
approaches.'’ Among these methods, formation of HAp
composites by doping with different ions and through sintering
has been shown to enhance the mechanical properties of
HAp.'>"? Jadalannagari et al reported the synthesis of hydro-
xyapatite nanorods modified by sol—gel at low temperature
having the average diameter of 25 nm.'* Recent developments
on nanophase HAp bioceramics and its applications in the
biomedical field have been reviewed by Zhou and Lee." It was
reported that nHAp, increased the cell viability and cell
proliferation.'®'” Huang et al found that the incorporation of
Ti into nHAp decreased the grain size with increase in Ti.
Further, Ti-HAp demonstrated better in vitro bioactivity and
HOB cells proliferation.'®
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HAp doped with divalent (i.e., Mg*’, Zn*") and trivalent (i.e.,
La*, Y**, In*, Bi®*) cations showed higher rates of osteoblast
adhesion when compared to the undoped HAp.'” HAp
specimens with calcium ions (Ca®") substituted by different
metal ions, such as Ni**, Co**, AI**, and La®* were reported to
have different surface configurations, morphologies, and crystal
architectures depending on the amounts of metal ions
present.”® Recently, our group has reported that Sr’*-doped
HAp exhibit prolonged drug release 2profiles, effective against
microbes involved in bone infections.”' We have also reported
that La**-doped nHAp have enhanced mechanical properties
and behave as a sustained drug release system.'' The bio-
magnetic nanoparticles of HAp incorporating some magnetic
ions, exhibit strong ferromagnetic properties, play an important
role in medicine for example, iron (Fe), cobalt (Co), nickel
(Ni), etc, by substituting Ca’* in HAp could be useful for
biological applications such as magnetic resonance imaging
(MRI), cell separation, drug delivery and heat mediator for the
hyperthermia treatment of cancers.”” It has been shown that
HAp containing 40 wt % iron oxide-HAp is not detrimental
to the osteoblast cell activity and has high X-ray opacity
compared to the lower percentage of iron oxide HAp.>® In
the human body, high concentrations of iron is present in
soft organs where it is readily exchanged, whereas it is pre-
sent in low concentration in hard tissues without disturbing the
apatite structure. It has been shown that as Fe (II) con-
centration increases in the Fe-HAp then the crystallinity is
lowered.** Magnetic-Hydroxyapatite (Fe-HAp) nanoparticles
when tested on mouse embryonic fibroblast cell line (3T3)
elicited no cytotoxicity.>® Iron is a micronutrient essential for
various biological processes and is an important component of
several metalloproteins. Iron represents approximately 35 and
4S5 mg/kg of body weight in adult women and men. In the
intestinal lumen, iron exists in the forms of ferrous and ferric
salts. However, most dietary inorganic iron is in the form of
ferric salts.*®

There are various techniques reported to date for the
synthesis of ion incorporated nHAp, which includes, wet
chemical,”’ gel,28 sol—gel,29 hydrothermal,30 microwave>’
methods. Among this hydrothermal method has a unique
property of generating materials of high crystallinity with a
better control over its particle size and shape.32 Similarly,
HAp synthesis has also been attempted using the microwave
method, which is a convenient, rapid and efficient method for
the preparation of nanostructured inorganic materials.>*>*
Microwave and hydrothermal techniques were applied
together by Han et al to synthesize needles and spherulites
of nHAp.»

In this paper, we report the synthesis of nHAp and Fe*'-
doped nHAp (Fe-nHAp) by hydrothermal and microwave
treatment. The synthesized samples were characterized by
XRD, FT-IR, ICP-OES, TEM, VSM, mechanical and dielectric
analysis. The in vitro blood compatibility, drug release using an
antibiotic and an anticancer drug, bioactivity test through SBF
and the antibacterial efficacy against E. coli, S. epidermidis, and S.
aureus by agar diffusion test was studied.

2. EXPERIMENTAL PROCEDURE

a. Preparation of Undoped and Fe**-Doped nHAp. The
undoped and Fe®* doped nHAp powder was synthesized using calcium
nitrate tetrahydrate (Ca(NOj;),-4H,0, Merck), diammonium hydrogen
phosphate ((NH,),HPO,, Merck), ferric chloride (FeCl;, Qualigens), and
ammonia solution (analar grade).
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1.0 M of Ca(NO;),-4H,0 solution was prepared along with the
various concentration of FeCl; (0.01 M, 0.05 and 0.1 M). This
solution was added dropwise into 0.6 M of (NH,),HPO, solution with
vigorous stirring for 2 h at room temperature. During the reaction,
the pH of the solution was maintained at 10 using ammonia solution.
After mixing, the precipitated solution was subjected to hydrothermal
treatment at 150 °C for 3 h (pressure developed inside the Teflon
lined chamber was 120 psi). After the hydrothermal treatment, the
precipitated solution was further subjected to microwave irradiation
(house-hold microwave oven, 900 W and 2.45 GHz) for about
30 min. Then the samples were washed with deionized water and
dried at 70 °C in a hot air oven. The undoped sample was prepared
by the same experimental procedure without FeCl;. Hereafter, the
samples doped with 0 M FeCl; 0.01 M FeCl;, 0.05 M FeCl,, and
0.1 M FeCl; were labeled as OFe, 0.01Fe, 0.05Fe, and 0.1Fe, respec-
tively. The physicochemical and biological properties of the prepared
samples were characterized by different techniques. The powder
samples were prepared as pellets of 8 mm diameter and 1 mm
thickness by applying a pressure of 2 tons using hydraulic press and
used for further studies.

b. In vitro Drug Release. To investigate the drug release, we
determined the maximum absorbance wavelength (4,,,,) of amoxicillin
and S-Fluorouracil as 230 and 265 nm, respectively, using UV—vis
spectrophotometer.

The in vitro release profile of amoxicillin and S-fluorouracil were
conducted in phosphate buffer saline (PBS, pH 7.4) using incubated
shaker. 100 mg of OFe, 0.01Fe, 0.05Fe, and 0.1Fe powder samples
were mixed with S0 mg of amoxicillin or 5-fluorouracil are made into
pellets. These pellets were immersed into 200 mL of PBS was main-
tained at 37 °C with shaking speed of 100 rpm. At various time
intervals, 1 mL of PBS was withdrawn and replaced with fresh medium.
The concentration of the released amoxicillin or S-fluorouracil was
estimated from the calibration graph. The experiments were performed
in triplicate.

c. In vitro Blood Compatibility Assay. Acid citrate dextrose
(ACD) human blood was used for the hemolytic assay. ACD solution
was prepared by mixing 0.544 g of anhydrous citric acid, 1.65 g of
trisodium citrate dihydrate, and 1.84 g of dextrose monohydrate. ACD
blood was prepared by adding 1 mL of ACD solution to 9 mL of fresh
human blood. Initially, the pellets of OFe, 0.01Fe, 0.05Fe, and 0.1Fe
were sterilized under UV for 1 h. The sterilized pellets were equi-
librated with 1 mL of saline for about 24 h in sterile centrifuge tubes
at 37 °C in an incubator subsequently the saline was removed and
0.25 mL of ACD blood was added and incubated for 20 min. After-
ward, 2 mL of sterile saline was added to stop hemolysis and were
incubated for 1 h then the pellets were spun at 750G for 5 min.
Human blood with deionized water served as the positive control and
sterile saline served as the negative control. The supernatants were
transferred into a sterile 96 well culture plate and the absorbance in the
assay was measured using THERMO ELECTRON CORPORATION
spectrophotometer Multiskan Spectrum at 545 nm.>®

Percentage of hemolysis is calculated using the formula®”

% hemolysis

OD for the test sample — OD for the negative control

"~ ODforthe positive control — OD for the negative control

The calculated percentages of hemolysis for all the samples were
compared with ASTM standard*®

highly hemocompatible (<5% hemolysis)
hemocompatible (within 10% hemolysis) and

non-hemocompatible(>20% hemolysis)

d. In vitro Bioactivity through SBF. The apatite growth on the
OFe, 0.01Fe, 0.05Fe, and 0.1Fe pellet samples and its bonding ability
with bone were studied by in vitro bioactivity test. One hundred
milligrams of the powdered samples was weighed and pressed into
pellets of about 8 mm diameter and 1 mm thickness and subsequently
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the pellet was weighed (W,). Then the pellet was immersed in 20 mL
of SBF in an airtight plastic container. The SBF solution was prepared
by dissolving the reagent grade chemicals of NaCl, NaHCO;, KC],
K,HPO,-3H,0, MgCl,-6H,0, 1 M HCI, CaCl,-2H,0, Na,SO,, and
((HOCH,);CNH,) (TRIS) in deionized water and buffered to pH 7.4
at 37 + 0.1 °C with HCL*® The solution was renewed once in every
two days for a period of three weeks. After 3 weeks, the pellets were
taken out from the SBF solution and allowed to air-dry at 37 + 0.1 °C.
Then the pellets were reweighed (W,). Therefore, the percentage of
weight gain of the sample was calculated by (W, — W)/ W,)100.*
The surface morphology of undoped and doped samples was then
observed by scanning electron microscope (SEM, LEO 440 STEREO-
SCAN, Leica).

e. Agar Diffusion Test. Three hundred microliter volumes of
bacterial suspensions of S. aureus, E. coli, and S. epidermidis were spread
uniformly on the agar plate. OFe, 0.01Fe, 0.05Fe, and 0.1Fe pellets and
amoxicillin-impregnated OFe, 0.01Fe, 0.05Fe, and 0.1Fe pellets were
then placed on the agar. The plates were incubated at 37 °C for 24 h
and the zone of inhibition was recorded.

f. Cell Proliferation Assay. Human osteoblast-like MG-63 cells
(derived from human osteosarcoma) was obtained from NCCS-Pune
and cultured in 25 cm?® cell culture flask at 37 °C in Dulbecco’s
Modified Eagles Medium (DMEM) (Invitrogen, USA) supplemented
with 10% fetal bovine serum (FBS) (Invitrogen, USA) and 1% penicillin
and streptomycin in a 5% CO, incubator. When the cells attained
confluency, they were detached using 0.25% Trypsin/EDTA
(Invitrogen, USA) and seeded onto 48-well plates (Axygen,
California) at a cell density of 5§ X 10° cells per well. The seeded
cells were incubated overnight to allow cell adherence at 37 °C in 5%
CO, atmosphere and was further used for cell proliferation study on
the undoped and Fe**-doped samples. The samples (in pellet form
with 8 mm diameter and 1 mm thickness) were placed on the attached
MG-63 cells and the percentage of viable cells was assessed by MTT
assay on days 1 and 3 with three trials each and compared with
controls (nontreated cells and Triton-X-100). All the samples were
sterilized before starting the study. At the end of the time period,
50 uL of MTT reagent (S pug/mL) was added to each well and in-
cubated for 2—4 h at 37 °C. The water-insoluble formazan product
was dissolved by adding 500 uL of dimethylsulfoxide (DMSO) (Sigma-
Aldrich) and absorbance was measured at 570 nm in an ELISA
(Thermo Scientific) reader.

g. Characterization. Powder XRD was carried out on undoped
and doped nHAp samples (Fe-nHAp) using Rigaku Ultima(III),
CuKa radiation (4 = 0.154 nm), two theta range of 20—65° with scan
speed 2°/min and step rate 0.02 per second in order to determine the
crystal structure. The Scherrer equation was used to calculate the
crystallite size, D = K A/ f3 cos 0, where K is the shape factor (0.9), # is
the broadening of the full width at half-maximum (fwhm) of the
diffraction peak measured in radians, 1 is the wavelength of the X-rays
and 6 is the Bragg’s diffraction angle. The crystallinity (X.) was
determined by an empirical relation between X, and /J’(OOZ)“, ie, Brooz) X
3\/XC = K, where, foy) is fwhm of (002) in degrees and K, is a
constant (0.24). The lattice parameters and the volume were
determined by XRDA software.**

FT-IR spectroscopy was adopted to identify the functional groups
of undoped and doped samples using PERKIN ELMER Spectrum
RX1 by KBr pellet technique. The spectra were recorded from 4000 to
400 cm™ in transmission mode.

The elemental compositions of Ca, P and Fe content were
determined with ICP-OES using an Optima 5300 DV (Perkin-Elmer)
instrument. The doped and undoped powder sample of about 0.1 g
were dissolved in 1 mL of concentrated HCI and then made up to 50
mL of triple distilled water and analyzed.

The size and shape of undoped nHAp and Fe-nHAp are viewed
under TEM. The samples were dispersed in acetone followed by ultra-
centrifugation for 5 min. A small drop from the supernatant was
dispersed and dried on a carbon-coated copper grids for TEM analysis
(Philips-CM200 analytical transmission electron microscope at an
operating voltage of 200 kV).
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The magnetic measurements were carried out by VSM at room
temperature using Lakeshore VSM 7410 instrument in an applied
magnetic field of +2 T.

The microhardness measurement was carried out using a Reichert
MD 4000E ultra microhardness tester with a pyramidal diamond
indenter. The indentation dwell time was S s fixed with loads of
different magnitudes 5 to 45 g was applied on the undoped and Fe*'-
doped hydroxyapatite. The microhardness was calculated for each load
marking by three indentations for each sample. The average diagonal
length of the indentation mark was estimated. The Vickers” hardness
(H,) was calculated using the relation.

H, = 1.8544P/d* kg/mm>

Where P is the applied load in kg and d is the diagonal length in ym.

The dielectric constant was measured using HIOKI 3532—50 LCR
HI TESTER in the frequency range between 1 X 10° and 1 X 10° Hz.
The dielectric analyses were performed at room temperature on the
pellets of undoped and doped samples (8 mm diameter and 1 mm
thickness). The dielectric constant (¢,) were determined by using the
formula®

Cp = epe A/t
Cpt

e, = 2
eoA

in which C, is the capacitance of the samples, &, the dielectric constant
of the free space (8.854 X 1072 F/m), A is the area of the dielectric,
and t is its thickness.

3. RESULTS AND DISCUSSION

The XRD patterns of the undoped and Fe**-doped samples
synthesized by hydrothermal and microwave techniques are
as shown in Figure la—d. The XRD patterns were in good
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Figure 1. XRD patterns of Fe** doped and undoped HAp samples (a)
OFe, (b) 0.01Fe, (c) 0.05Fe, and (d) 0.1Fe.

agreement with the standard JCPDS value of HAp (09—0432).
The samples revealed no secondary phases other than that of
nHAp. The average crystallite size and degree of crystallinity
for the doped and undoped samples were calculated for all
the planes. With an increase in Fe*" concentration, the peak
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intensities were found to decrease with an increase in peak
broadening, indicating a decrease in average crystallite size and
crystallinity (Table 1). XRD pattern of Fe-nHAp does not show

Table 1. Crystallite Size and Crystallinity of Fe**-Doped and
Undoped HAp Samples (a) OFe, (b) 0.01Fe, (c) 0.05Fe, and
(d) 0.1Fe

crystallite size crystallinity (%)

samples (1 nm) (+0.01)
OFe 33.84 98.8
0.01Fe 28.12 56.7
0.0SFe 27.46 52.8
0.1Fe 26.83 49.2

any additional peak corresponding to other phases indicating
the absence of any ion exchange process which keeps the HAp
structure intact.® The variation in lattice parameters (a and c) of
the undoped and doped nHAp samples are shown in Figure 2.
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Figure 2. Lattice parameters a and c-axis of the system with increase in
Fe®* concentration.

The lattice parameters for both a and c slightly decreased when
Ca ions are incorporated by Fe®* in the nHAp. The change in
lattice parameters reveals that Fe’* might have entered the
lattice of HAp. However, small amount of Fe** (<90 ppm)
present in the samples may not be sufficient to replace Ca**
from the crystal lattice of HAp. Hence, there may be a
possibility of the adsorption of Fe** ions on the surface of HAp.
The ionic radius of Fe (0.645 A) is lesser than the Ca (0.99 A),
which is in agreement (a = 9.418 A and ¢ = 6.884 A) (standard
values) with the observed decrease in the lattice parameters and
unit-cell volume.

The FTIR spectra of the undoped and doped nHAp samples
are as shown in Figure 3(a-d). The absorption bands at 633
and 3573 cm™ can be ascribed to OH stretching. The peak at
1630 cm ™" may be attributed to the water molecules present in
the HAp lattice. The peak at 1384 cm™ could be assigned to
the vibrational mode of carbonate ions which might have been
incorporated from the atmosphere during preparation.”> The
bands at 1052 and 1094 cm™" belong to the triple degenerate
vy asymmetric P—O stretching mode. The peak observed at
962 cm™' corresponds to »; mode of nondegenerate P—O
symmetric stretching.** The band at 475 cm™ is attributed to
the doubly degenerate of v, bending of O—P—O mode. The
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Figure 3. FT-IR spectrum for the Fe**-doped and undoped HAp
samples (a) OFe, (b) 0.01Fe, (c) 0.05Fe, and (d) 0.1Fe.

peak at 566 and 602 cm™" are assigned to the triply degene-
rate v, bending of O—P—O mode. Similar characteristic
peaks were observed for all the samples and are listed in Table 2.

Table 2. FT-IR Assignments of Functional Groups of Fe**-
Doped and Undoped HAp Samples (a) OFe, (b) 0.01Fe, (c)
0.05Fe, and (d) 0.1Fe

IR frequency (cm™)
3573, 1630, 633
1384
962, vy; 475, vy; 1052 and1094, vy 566 and 602, v,

assignments
OH stretching
CO,*" stretching
PO,

Incorporation of Fe** with high Lewis acid strength results in
enhanced adsorption of water and CO,.

The elemental composition of the synthesized nHAp and
Fe-nHAp determined by ICP-OES was as shown in Table 3.

Table 3. Elemental Analysis for the Fe**-Doped and
Undoped HAp Samples of (a) OFe, (b) 0.01Fe, (c) 0.05Fe,
and (d) 0.1Fe

sample Ca P Fe

code (ppm) (ppm)  (ppm) Ca/P Fe/Ca % (Ca+Fe)/P
OFe 3958.5 220.7 0 1.79 1.79
0.01Fe 352.0 179.8 7.550 1.958 2.145 2.000
0.05Fe 330.3 173.0 40.96 1.909 12.401 2.146
0.1Fe 321.0 170.2 89.99 1.886 28.034 2414

An increase in Fe® concentration enhances the (Ca+Fe)/P
ratio. As the Fe®* concentration increases, there is a gradual
decrease in the Ca® content in the sample. Incorporation of
Fe®" is found to increase with the increase in quantity of Fe** in
the mother liquor (Table 4).

The TEM images of the undoped and doped nHAp
samples are shown in Figure 4. The undoped sample was
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Table 4. Comparison of Elemental Analysis of Fe**-Doped
HAp Samples during and after Synthesis

concentration of Fe** (ppm)

samples mother solution final product
0.01 M Fe 35 7.550
0.05 M Fe 175 40.96
0.1 M Fe 349 89.99

monodispersed with spherical nHAp particles having an
average size of about 200 + S nm (Figure 4a), whereas
0.01Fe and 0.0SFe samples were a mixture of spheres and
rods (Figure 4b, c). The 0.1Fe sample was converted fully to
rodlike morphology with a drastic reduction in average
particle size of about 7S nm (Figure 4d). Incorporation of
about 90 ppm of Fe’* into nHAp converts all the spheres
into rods. The increase in Fe’' incorporation seems to
transform spheres into rods with a significant size reduction.
The decline in size as the dopant concentration increases
could probably be an advantage for the nHAp synthesized as
a drug delivery vehicle.*®

The diamagnetic property of the nHAp was revealed by VSM
analysis (Figure Sa). The Fe** doped sample showed a small
hysteresis loop indicating superparamagnetic behavior as shown
in Figure Sb—d. As the Fe®" concentration increases in HAp the
maximum magnetization (M) and retentivity (M,) were respec-
tively found to be 0.2836 emu ¢! and 11.52 X 107 emu ¢!
(Table S). In the case of 0.01Fe and 0.05Fe, the distribution of
Fe®* might not be uniform, leading to nonsymmetric hysteresis
loop (Figure Sb, c). Low molar concentration of Fe** might
have caused such variation. The distribution of Fe’* ions in

0.1Fe might be uniform as the hysteresis loop is symmetrical.
The magnetization values mainly depend on the charge state of
the doped magnetic element. Hence Fe-nHAp attached with
drugs (antibiotic or anticancer) may be delivered at the targeted
site because of its magnetic proper’cy.z"zs”%’47

The microhardness value of the samples with respect to load
was plotted in Figure 6. The hardness value increases with an
increase in the incorporation of Fe3" ions. The OFe, 0.01Fe,
0.05Fe and 0.1Fe withstood the amount of load in the order of
25, 30, 35, and 40 g and subsequent hardness was found to be
16.5, 25.7, 32.6, and 38 GPa, respectively. The enhancement in
hardness values was found to increase by 40% for 0.1Fe
compared to nHAP. These results were consistent with the
reports available in the literature, that the hardness value (H,)
increases with decrease in the grain size.**

Electrical properties of the synthesized nHAp were studied to
have an insight into its utility as a matrix for bone growth.
Because studies have shown that bone porosity and its
interaction with electric field improves fracture healing,” we
have also investigated the dielectric constant of the samples.
The dielectric constant for the OFe, 0.01Fe, 0.05Fe, and 0.1Fe
shows 150—96, 184—14, 215—15, and 395—19, respectively, at
1 X 10° Hz to 1 X 10° Hz (Figure 7). A gradual increase in
dielectric constant was observed with an increase in Fe®"
content. This behavior implies an increase in ionic polarizability
of the material and could definitely be attributed to the
presence of Fe** in the nHAp. We anticipate that Fe**-doped
nHAp could support bone growth and promote fracture
healing.®

The drug release profile of an amoxicillin-incorporated nHAp
and Fe’*-doped nHAp pellets was as shown in Figure 8. The
0.01Fe showed prolonged 100% release at 93 h. This may be

Figure 4. TEM images for Fe**-doped and undoped HAp samples (a) OFe, (b) 0.01Fe, (c) 0.05Fe, and (d) 0.1Fe.
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Figure 5. Magnetization curves for undoped and Fe** doped samples in an applied magnetic field of + 2 tesla (a) OFe, (b) 0.01Fe, (c) 0.05Fe, and (d) 0.1Fe.

Table 5. M, and M, of Fe**-Doped HAp Samples

sample code  magnetization (M) (emu g') retentivity (M,) (emu g™')

0.01Fe 0.0036 0.69 x 1073
0.05Fe 0.0174 4,09 x 1073
0.1Fe 0.2836 11.52 x 1073

due to high binding affinity with Fe’* ions to amoxicillin in
phosphate buffer saline solution. The release profile for the
0.1Fe is very fast which released 100% of the drug within 4S5 h,
whereas OFe- and 0.05Fe-doped nHAp showed 100% release of
the drug at 69 and 57 h, respectively.

The drug release profile of an antineoplastic chemotherapy
drug S-fluorouracil incorporated in the undoped and Fe®'-
doped nHAp pellets is as shown in Figure 9. Initially, there
was a burst release of about 80% for the OFe sample at 1.5 h.
The samples 0.01Fe, 0.05Fe, and 0.1Fe displayed 50% drug
release at 1.5 h. The complete drug release of about 100% for
OFe sample then occurred at 6 h. The 0.01Fe, 0.05Fe, and 0.1Fe
attained 100% release at 18, 12, and 9 h, respectively. Although
OFe showed rapid release, the 0.01Fe doping leads to a
significant decrease in drug release. This implies that Fe** might
be in a covalent bonding with the drug moiety and there by
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Figure 6. Vickers’ hardness (H,) vs load (g) for the Fe**-doped and
undoped HAp samples (a) OFe, (b) 0.01Fe, (c) 0.05Fe, and (d) 0.1Fe.

delaying the release of the latter. But with increase in Fe** (0.05
and 0.1) the drug release becomes rapid. At 0.0S and 0.1 molar
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Figure 7. Dielectric constant of Fe®*-doped and undoped HAp
samples (a) OFe, (b) 0.01Fe, (c) 0.05Fe, and (d) 0.1Fe.
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Figure 8. Drug release kinetics for the Fe**-doped and undoped HAp
samples with an antibiotic drug (Amoxicillin) (a) OFe, (b) 0.01Fe,
(c) 0.0SFe, and (d) 0.1Fe.

doping of Fe*', drug might have more accessibility bond to Fe**
rather than both Fe** and nHAp. These results indicate that
Fe®" doping delayed S-fluorouracil release. Hence it is proved
that bonding of both nHAp and Fe®* with the drug could be
important to ensure delayed release. Thus, Fe**-doped nHAp
could serve as a sustained release depot (a depot injection is an
injection, usually subcutaneous or intramuscular, of a
pharmacological agent that releases its active compound in a
consistent way over a long period of time) for S-fluorouracil;
sustained drug release for cancer chemotherapy could probably
circumvent drug resistance an important impediment in cancer
therapy. These results correlate with the previous reports,
where metal-ion-incorporated nHAp displayed better drug
delivery.' >+

In vitro Biocompatibility Studies. The hemocompati-
bility of the various concentrations of the Fe**-doped nHAp
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Figure 9. Drug release kinetics for the Fe**-doped and undoped HAp
Samples with an anticancer drug (S-Fluorouracil) (a) OFe, (b) 0.01Fe,
(c) 0.05Fe, and (d) 0.1Fe.
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Figure 10. Hemolytic assay for the HAp and Fe-HAp samples (a) OFe,
(b) 0.01Fe, (c) 0.05Fe, and (d) 0.1Fe.

was tested through hemolytic activity. The results showed
that both the undoped and doped samples did not cause
hemolysis. The recorded OD values are plotted in the graph
(Figure 10). The values obtained were found to be well
within the acceptable limits of hemocompatibility for a
biomaterial.*°

The in vitro bioactivity test of the material showed the
deposition of the apatite layers on the samples, however there
was better apatite layer deposition on the Fe**-doped nHAp
(Figure 11). The increase in apatite layer deposited on the
surface of Fe’*-doped nHAp may be due to the drastic
reduction in particle size. Nanoscale distinction in the local
interface potential is certain to affect the adsorption process of
ions and biomolecules in the formation of calcium phosphate
(apatite) layers.’' Apatite layer deposition was further
confirmed by the weight gain of the samples before and after
soaking in the SBF (Figure 12).*° The deposition of the apatite
layer on the samples surface has also been confirmed by the
EDS (Figure 11, insets). From EDS analysis, the Ca/P ratio was
calculated to be 1.71, 1.70, 1.89, and 1.77, respectively, for OFe,
0.01Fe, 0.05Fe, and 0.1Fe (Figure 1la—d, insets). This con-
firms Ca rich apatite formation on surface of the SBF soaked
samples. In addition, the HAp surface reveal negative surface
charges due to the presence of phosphate (PO,’™) and
hydroxyl (OH") groups on its surface. These negative ions
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Figure 11. SEM photographs with low and high magnification and EDAX spectra of the SBF soaked samples for 3 weeks (a) OFe, (b) 0.01Fe, (c)

0.05Fe, and (d) 0.1Fe (insets, EDAX spectra with Ca/P ratio).

% of Weight gain
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Figure 12. Percentage of weight gain during SBF immersion for 3
weeks (a) OFe, (b) 0.01Fe, (c) 0.05Fe, and (d) 0.1Fe.

interact with the positive calcium ions in the SBF to form the
Ca-rich ACP (amorphous calcium phosphate), which gain
positive surface charge. The Ca-rich ACP interacts with the
negative phosphate ions in the SBF to form the Ca-poor
ACP, which stabilizes by being crystallized into bonelike
apatite in the SBF.>>
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The antibacterial efficacy of the amoxicillin impregnated
undoped and doped nHAp against E. coli, S. epidermidis, and
S. aureus was as shown in Figure 13. The zones of inhibi-
tion observed for the various pellets used were measured
(Table 6). The efficacy against E. coli showed the highest
zone of inhibition when compared to the other species
tested. The 0.01Fe drug loaded samples show highest zone
of inhibition against the microorganisms such as E. coli, S.
epidermidis, and S. aureus. Therefore, the drug release profile
with an antibiotic shows similar results in the antibacterial
efficacy against microorganisms. 0.01Fe exhibits controlled
and extended drug release profile and highest zone of
inhibition due to high binding affinity of nHAp with the
drug. Thus, 0.01Fe nHAp impregnated with antibiotic
showed efficacy against the common pathogens E. coli, S.
epidermidis, and S. aureus implicated for the long-term treat-
ment in osteomyelitis.

The proliferation of MG-63 cells in the presence of un-
doped and doped HAp samples examined was as illustrated
in Figure 14. It is evident from the results that the undoped
samples show better cell proliferation with more than 90% of
viable cells, whereas the doped 0.01Fe, 0.05Fe and 0.1Fe

dx.doi.org/10.1021/am300140q | ACS Appl. Mater. Interfaces 2012, 4, 1200—1210
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Figure 13. Agar diffusion test for the Fe** doped and undoped HAp samples with E. coli, S. epidermidis, and S. aureus (a) OFe, (b) 0.01Fe, (c) 0.05Fe,
and (d) 0.1Fe.

Table 6. Zone of Inhibition of the Antibacterial Efficacy show a significant increase in the cell proliferation on day 3
Against E. coli, S. epidermidis, and S. aureus compared to day 1 with the percentage of cell viability
ranging between 65% and 80% of viable cells. The results

diameter of inhibition zone (+0.5 mm) indicate that the doped and undoped samples support the

bacterial strain OFe 0.01Fe 0.05Fe 0.1Fe proliferation of MG-63 cells. The studies on hemocompatibility,
E. coli 57 59 5.6 5.8 antimicrobial efficacy, and MTT assay reveal that Fe-nHAp is
S. epidermidis 34 35 33 32 noncytotoxic and biocompatible. Li et al. reported the non-
S. aureus 38 4.0 37 38 cytotoxic nature of the Fe-nHAp ceramics.®
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Figure 14. Percentage of viable cells with MG63 cells treated on HAp
and Fe-HAp samples for day 1 and day 3 (a) OFe, (b) 0.01Fe, (c)
0.05Fe, and (d) 0.1Fe.

4. CONCLUSIONS

In summary, undoped and Fe**-doped nHAp were synthesized
by a combination of hydrothermal and microwave techniques.
The crystallite size and the crystallinity decreased with an
increase in Fe®" content. The functional groups of nHAp were
characterized by FT-IR. The spherical nHAp (200 + S nm) is
modified on Fe** doping, into rodlike structures, with a
considerable reduction in average size (75 + S nm). The
maximum hardness of 0.1Fe showed 38 GPa with a particle size
of 75 + 5 nm, whereas OFe showed 16.5 GPa with a particle
size of 200 + S nm. These results suggest that the Fe** doping
decreases the particle size along with a significant increase in
hardness. The Fe**-doped samples showed hysteresis loop
indicating superparamagnetic behavior, whereas nHAp was
diamagnetic. The increasing trend in dielectric constant values
on Fe**-doped nHAp shows remarkable polarizability of this
material. The hemolytic assay proved that Fe**-doped nHAp is a
blood compatible biomaterial. The drug release studies performed
with the antibiotic (amoxicillin) and anticancer (S-Fluorouracil)
drugs showed that Fe** doping at a low concentration of about
8 ppm leads to highly prolonged drug release. In addition, the
Fe®" doping led to an increase in the bioactivity when tested in
SBF. The growth of the apatite layer on the samples surface has
been confirmed by EDS analysis of the deposited layer. The
antibacterial efficacy as determined against E. coli, S. aureus, and
S. epidermidis by the agar diffusion test showed that this bio-
material will be useful in treatment of bone and joint infections.
Hence, the proliferative potential for undoped and doped
samples showed noncytotoxic by MTT assay in MG63 osteo-
sarcoma cells. Further in vivo studies will be performed in mice
model. Sustained drug release systems developed in the present
study would be a useful approach to treat malignant tumors,
because it overcomes the impediments of treatment-induced
drug resistance and nonspecific systemic toxicity.
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