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New bismuth-substituted hydroxyapatite [Caio_,Bi (PO4)s(OH); where
x = 0-2.5] nanoparticles were synthesized by the co-precipitation method from
aqueous solutions. The structural properties of the samples were analyzed by
scanning electron microscopy coupled with x-ray analysis, x-ray powder
diffraction, x-ray photoelectron spectroscopy, Fourier transform infrared
spectroscopy and Brunauer—-Emmett-Teller surface area analysis. The results
confirm that bismuth ions have been incorporated into the hydroxyapatite
lattice. The prepared nanocrystalline powders consisted of hydroxyapatite as
single phase with hexagonal structure, crystal sizes smaller than 60 nm and
(Bi + Ca)/P atomic ratio of around 1.67. The hydroxyapatite samples doped
with Bi have mesoporous textures with pores size of around 2 nm and specific
surface area in the range of 12-25 m?g. The Bi-substituted hydroxyapatite
powders are more effective against Gram-negative Escherichia coli bacteria
than Gram-positive Staphylococcus aureus bacteria.

INTRODUCTION

Hydroxyapatite [HAp, Cao(PO4)s(OH),] is a cal-
cium phosphate ceramic with important applica-
tions in the medicine and chemistry fields and is a
main mineral constituent of hard tissues such as
bones and teeth.! Hydroxyapatite has remarkable
properties including biocompatibility, bioactivity
and ability to form a direct chemical bond with
human hard tissues.>™

The hydroxyapatite structure allows the incorpo-
ration of wide range of different ionic substitutions.’
Numerous monovalent (Na*, K*), divalent (Sr*",
Pb?*, Ba?*, Mn?*, Cd?*, Mg?*, etc.), trivalent (Cr3*,
A1+, Fe?*, rare earths ions REE?*, etc.), tetravalent
(Ti**, Th**, U*) and even hexavalent (U%") cations
have been reported to substitute into the Ca sites in
the hydroxyapatite structure. Such ionic substi-
tutions influence the properties (morphology, lat-
tice parameters, surface characteristic, solubility,
mechanical and biological properties) and applica-
tions of these doped hydroxyapatite materials as
biomaterials, catalysts, ion exchangers, etc.'%!!
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For more than a century, the bismuth salts have
been used as a remedy for some maladies such as gas-
trointestinal disorders, syphilis and hypertension.?
Today, the two major medicinal uses of bismuth are as
an antimicrobial agent and N anticancer agent.'® Bis-
muth compounds, due to their radio-opacity, are also
added to various bone and dental implants, catheters
and surgical instruments in order to make them
detectable by x-rays and computed tomography.'*'°

In the available literature, only a few studies are
devoted to calcium phosphates (as dicalcium or
tetracalcium phosphates) doped with bismuth
ions,'® while the Ca?* substitution with Bi®** ions in
a hydroxyapatite lattice has not previously been
studied in detail. Therefore, in this paper, we pre-
sent the preparation of new bismuth-substituted
hydroxyapatite nanopowders by means of the wet
chemical method, by co-precipitation reactions. The
effects of the bismuth substitution for calcium on
the morphology, purity, crystallinity, crystallite size
and antibacterial activity of the resulting bismuth-
substituted hydroxyapatite powders were investi-
gated and discussed.

(Published online June 3, 2015)


http://crossmark.crossref.org/dialog/?doi=10.1007/s11837-015-1467-8&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11837-015-1467-8&amp;domain=pdf

New Bismuth-Substituted Hydroxyapatite Nanoparticles for Bone Tissue Engineering

EXPERIMENTAL
Materials and Synthesizing Methods

Calcium hydroxide Ca(OH),, orthophosphoric
acid H3PO, (85%), bismuth nitrate pentahydrate
Bi(NO3)3-56H50, ethanol CH3-CHs-OH and sodium
hydroxide NaOH were purchased from Sigma-
Aldrich (Germany). All chemicals were of analytical
grade.

Hydroxyapatite and bismuth-substituted hydrox-
yapatite nanoparticles with various Bi content
(0-25%) were synthesized by the wet chemical
precipitation method from Ca(OH),, H3PO, and
Bi(NO3)3:-6H,0 as calcium, phosphorous and bis-
muth sources, respectively.

Pure hydroxyapatite powder was prepared by
adding drop-wise 250 mL of Ca(OH), (0.1 M) aque-
ous solution to an appropriate amount of H3PO,
(0.1 M) aqueous solution to achieve the predeter-
mined Ca/P atomic ratio of 1.67, under magnetic
stirring for 1 h. The pH was continuously monitored
and adjusted to 11 £+ 0.5 by adding NaOH (1 M).
The suspension was aged for 3 h and then filtered
and washed with ethanol and triply distilled water.
The obtained powder was calcined 1 h at 800°C in
an electrically heated furnace in order to increase
its crystallinity.

The bismuth-substituted hydroxyapatite powders
of different compositions were prepared similarly to
the pure hydroxyapatite powder, as described
above. The Ca(OH); (0.1 M) aqueous solution
was dispersed into an mixed aqueous solution of
Bi(NOj3)3:56H,0 and H3POy4 (0.1 M). The (Bi + Ca)/P
atomic ratio was kept at 1.67, while the Bi/(Bi + Ca)
atomic ratio (denoted as Xg;) in the solution varied
between 0.01 and 0.25, as shown in Table I. The
following procedure stages were the same as
described above for the preparation of pure
hydroxyapatite powder.

Characterization of Samples

Calcium hydroxide Ca(OH),, orthophosphoric acid
H3;PO, (85%), bismuth nitrate pentahydrate
Bi(NO3)5:-5H50, ethanol CH3-CH,-OH and sodium
hydroxide NaOH were purchased from Sigma-Aldrich
(Germany). All chemicals were of analytical grade.
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The phase composition, degree of crystallinity and
size of crystallites of the calcined samples were
estimated by x-ray diffraction analysis (XRD) with a
X’PERT PRO MRD diffractometer using Cu Ku
radiation (4 = 0.15418 nm). The data were collected
in the 20 range of 20°-70°, with a step size of 0.04°
20 and a counting time of 80 s per data point. The
lattice parameters a and ¢ (nm) for the hexagonal
hydroxyapatite structure, were calculated from
peaks (002) and (211), respectively, using the fol-
lowing equation:
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where d is the distance (nm) between adjacent
planes in the set of Miller indices (hkl).

The volume V (nm?) of the hexagonal unit cell was
calculated using relationship:

V =2589-a% ¢ (2)

The average crystallite size D (nm) of the powders
was calculated from XRD data using the Scherrer
equation:

k-2

D=———
Bz - cos
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where 1 is the wavelength of Cu Ko radiation
(A = 0.15418 nm), By, is the full width at the half-
maximum intensity value for the diffraction peak
under consideration (rad), 0 is the diffraction angle
of the corresponding reflection (°), and % is the
broadening constant varying with crystal habit and
chosen as 0.9 for the hydroxyapatite crystallites.
For quantitative determinations, the peak at
20 = 25.9° for (002) reflection was used to evaluate
the crystallite size of hydroxyapatite powders. It is
due to the fact that this peak is well resolved and
shows no interferences.

The crystallinity degree X (%) corresponding to
the fraction of crystalline phase of the hydrox-
yapatite powders was evaluated by the equation:

~ I300 — V112/300

Xc 100

i (4)
300
where I3qg is the intensity of (300) diffraction peak

Table I. Atomic ratios in the synthesis solution and in the final products

In synthesis solution

In final product

Sample Bi/(Bi + Ca) (Bi + Ca)/P
HA-Bi-0 0 1.677
HA-Bi-5 0.05 1.677
HA-Bi-10 0.10 1.677
HA-Bi-15 0.15 1.677
HA-Bi-25 0.25 1.677

Bi (%) Bi/(Bi + Ca) Bi + Ca)/P Bi (%)
0 0 1.673 0

5 0.0498 1.666 4.98

10 0.0933 1.660 9.33

15 0.1449 1.671 14.49

25 0.2443 1.683 24.43
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and Vi19/300 the intensity of the hollow between the
(112) and (300) diffraction peaks of hydroxyapatite.

The morphology of the calcined samples was stud-
ied by scanning electron microscopy (SEM) coupled
with energy dispersive x-ray spectroscopy (EDX)
with QUANTA 200 3D microscope. Gold sputtering
was used to make the coating surfaces conductive for
the SEM investigations. The bismuth chemical va-
lence on the hydroxyapatite structure was evaluated
by x-ray photoelectron spectroscopy (XPS) using a
PHI-5000 VersaProbe photoelectron spectrometer (®
ULVAC-PHI) with a hemispherical energy analyzer
(0.85 eV binding energy resolution). A monochro-
matic Al Ko x-ray radiation (hv = 1486.7 eV) was
used as the excitation source. The surface chemical
composition of each sample was analyzed using a
combination of XPS and SEM/EDX. With these
methods, the contents of Ca, P and Bi in the samples
have been determined, from which the Ca/P or
Bi + Ca/P atomic ratios values were calculated. The
FTIR spectra of all samples were taken by the KBr
method using a DIGILAB SCIMITAR-SERIES spec-
trophotometer. The specific surface areas were
evaluated by fitting the Brunauer—-Emmett-Teller
(BET) equation to the N, adsorption isotherms
recorded by a Quantachrome Nova 2200e Win2
apparatus. The pore size distribution was obtained by
Barrett—-Joiner-Halenda (BJH) method from the
desorption curve of the isotherm.

Antibacterial Activity

The disc diffusion test method (commonly known
as the Kirby—Bauer disc diffusion method) was used
to investigate the antibacterial activity of the sam-
ples against Gram-positive Staphylococcus aureus
and Gram-negative Escherichia coli bacteria.'” The
bacterial strains were provided by the microbiology
laboratory of the “Gheorghe Asachi” Technical
University of Iasi, Romania. Mueller—-Hinton agar
was cast into the Petri plates and the plates con-
taining the nutrient medium were separately
inoculated with the test organisms of Escherichia
coli and Staphylococcus aureus. The samples were
planted onto the agar plates and then incubated at
37°C for 24 h. The bacterial resistance of the sam-
ples was examined for a zone of inhibition and the
total diameter (in mm) of the inhibition zone was
measured. The microbial inhibition (%) was calcu-
lated taking into account the microbial mass of
substance which was reported for a 0.5 g sample
and inhibition zone diameter. The antibacterial
assessment was performed in duplicate and the
average results were reported.

RESULTS AND DISCUSSION
Substitution Mechanism

The replacement of Ca®* with other cations in the
hydroxyapatite crystalline lattice induces changes in
the hydroxyapatite properties which may be related to
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theionic radius, electronegativity and effective charge
of the substltutlng cation compared to those of Ca**
Suzuki'® studied hydroxyapatite as an 1norgan1c
cation exchangers and drawn the conclusion that the
cations are more likely to be removed by hydrox-
yapatite when they have high electronegativity values
and radii within the 0.9-1.3 A range.

The crystallographic structure of hydroxyapatite
plays a major role in the substitution of foreign ions in
the apatite lattice. The crystal structure of hydrox-
yapatite is hexagonal with the P63/m space group and
the lattice parameters of @ =b=9424 A and
¢ =6.879 A.” The hydroxyapatite lattice comprises
two calcium atoms with different crystal configura-
tions, denoted Ca(1) and Ca(2). The Ca(l) atoms are
nine-fold coordinated and they occupy the columnar
sites. The Ca(2) atoms are seven-fold coordinated and
arelocated in the channels that pass through the three-
dimensional network of the PO, tetrahedra. The hy-
droxyapatite structure comprises about 40% of calcium
atoms 1n Ca(l) position and about 60% in the Ca(2)
position.?° The two Ca positions in apatite offer quite
different stereochemical environments and are able to
accommodate a variety of cations as substituents.
Theoretically, it could be thought that the foreign ions
larger than Ca®* would substitute primarily in the
Ca(1) sites while smaller ones would preferentially
substitute for Ca(2). Some investigations on substitu-
tions in calcium hydroxyapatite have also shown that
the site preference of the substituent cation depends on
its effective charge. It was found that the ion with a
charge smaller than a charge of calcium mostly occu-
pies the larger Ca(l) site, whereas the ion with 2
greater charge occupies the more compact Ca(2) site.?

The incorporation of Bi** ions in the hydrox-
yapatite structure is favorable when the difference
between the ionic radii is small, close to the ionic
radius of Ca2+ ion. According to Shannon,?? the
effective Ca®* ionic radii for seven- and nine-coor-
dinations are of 1.06 A and 1.18 A respectively. For
Bi*, the ionic radii are of 1.03 A and 1.17 A in six-
and elght -coordinations, res ectlvely Having com-
parable dimensions, the Bi°" ions can substitute
Ca®* jons during the synthes1zmg process.

Likewise, because the Bi®* ion has greater positive
charge than Ca?*, a coupled substitution is necessary
to maintain charge balance. Several studies have
indicated that trivalent cations can substitute for Ca
via a Ca-deficiency mechanism such as vacancies.?®
The calcium vacancies formation is the most likely
mechanism for compensatlon of excess positive
charge of Bi®** ions in the Ca sites. So, the local charge
compensation in the Bi-doped hydroxyapatite may be
maintained by the following coupled substitution (CJ
represents calcium vacancy):

3Ca%t « 2Bt + O (5)

Considering the above, the present study is aimed
at obtaining and characterizing the hydroxyapatite
substituted with bismuth. By performing XRD,
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SEM-EDX and XPS analysis, we wanted to
demonstrate that Bi®** jons are present in the
apatite lattice.

Chemical Composition

The SEM-EDX analysis was performed in order to
determine the surface elemental composition of the
hydroxyapatite and Bi-substituted hydroxyapatite
powders. Figure 1 shows the EDX spectra of HA-
Bi-0 and HA-Bi-25 samples, and for the latter the
characteristic peaks of bismuth are well evidenced.
All the samples contain calcium or/and bismuth,
phosphorous, oxygen and hydrogen in certain con-
tents. The mass fractions of different elements in
the hydroxyapatite and Bi-substituted hydrox-
yapatite samples were obtained and the atomic
ratios calculated as shown in Table 1.

The values of the Bi/(Bi + Ca) atomic ratio (des-
ignated Xg;) in the final products were very close to
the Xg; in the synthesis solution for all Bi-substi-
tuted hydroxyapatite samples, as shown in Table I.
The bismuth content in the Bi-substituted hydrox-
yapatite samples increases with the increasing bis-
muth concentrations in the precursor solutions.
These results indicate that bismuth ions added to
the synthesis solution are incorporated into the
hydroxyapatite lattice. Furthermore, the values of
the (Bi + Ca)/P atomic ratio in the final products
(Table I) were very close to the theoretical value of
1.677 for the stoichiometric hydroxyapatite.?’ This
result indicates that the isomorphous substitution
Ca<—Bi does not significantly affect the stoichio-
metry of the Bi-substituted hydroxyapatite samples.

Crystal Morphology

All apatite samples exhibit nanosized spherical
shapes and agglomeration with intergranular
micropores, as shown in the SEM micrographs in
Fig. 2. The Bi content in apatite does not result in
strong changes in morphology but in greater
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agglomeration. A possible explanation of the
agglomeration behavior is the dominating surface
properties associated with nanosized crystallites,
which causes them to clump together, as observed in
Fig. 2. When samples are calcined at high tem-
perature (800°C) in order to increase their thermal
and chemical stability, the particles tend to sinter
into agglomerates.?* All the samples exhibit the
same morphology. The SEM images reveal a
decrease of the particles size from about 51 nm
(HA-Bi-0 sample) to 28 nm (HA-Bi-25 sample) with
increasing Bi content, in agreement with the XRD
data.

In terms of optical properties, the uncalcined
samples were white (Fig. 3). The color of the sam-
ples was affected by their calcination at 800°C.
Thus, the pure hydroxyapatite (HA-Bi-O sample)
appeared blue in color whereas a yellow color was
observed for Bi-substituted hydroxyapatite samples,
suggesting the presence of Bi®** cations (in the state
°, yellow) (Fig. 3). Their color intensities varied
proportionally with the doping concentrations.
These optical observations can be correlated with
the corresponding XPS results which revealed that
the Bi®** cations (in the state f°, yellow) exist at the
surface of the samples.

Crystal Structure

The phase composition, lattice parameters,
degree of crystallinity and size of crystallites of the
samples were determined by XRD analysis and the
obtained results are shown in Fig. 4 and Table II.
The XRD patterns in Fig. 4 are in good agreement
with the hexagonal (space group P63/m) hydrox-
yapatite phase (JCPDS Data Card 09-0432) and
none of the patterns displayed extra peaks, indi-
cating that all the samples were single phase
hydroxyapatite. Compared with pure hydrox-
yapatite, all the Bi-substituted hydroxyapatite
samples showed comparable peaks without sig-
nificant shifting of the peak positions, regardless of
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Fig. 1. EDX spectra of the HA-Bi-0 (a) and HA-Bi-25 (b) calcined samples.
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Fig. 2. SEM images of the HA-Bi-0 (a), HA-Bi-5 (b), HA-Bi-15 (c) and HA-Bi-25 (d) samples.

uncalcined samples

wA-8)-0 ABi-5

(une)

*

Fig. 3. Optical images of the uncalcined and calcined hydroxyapatite
samples.

the substitution concentrations. This suggested that
the ion exchange process did not greatly modify
the structure of the hydroxyapatite.

The XRD patterns of the Bi-substituted hydrox-
yapatite samples show the peaks to be broader and
less intense compared with the pure hydroxyapatite
(HA-Bi-0 sample). This indicates the decrease of
crystallinity with increasing bismuth contents
(Table II), which could be attributed to a different
charge compensation mechanism for isomorphous
substitution of Ca?* by Bi®* ions. The decreased
crystallinity of the Bi-substituted hydroxyapatite
samples might further lead to increased solubility,
thus contributing to the local release of bismuth
ions which may in turn improve the biodegrad-
ability and antibacterial properties.’

Also, the broad peaks indicated that the hydrox-
yapatite particles are of a nanometric size. The
average crystallite size of the pure hydroxyapatite
(HA-Bi-0 sample) estimated using the Scherrer
equation was 58.32 nm and for the Bi-substituted
hydroxyapatite powders was smaller than 51 nm
(Table II). For all the samples doped with Bi, a
decrease in crystallite size with increasing Bi con-



New Bismuth-Substituted Hydroxyapatite Nanoparticles for Bone Tissue Engineering 2539

tent was observed, in agreement with the SEM
images.

The lattice parameters a and ¢ were obtained from
the XRD peaks corresponding to the (002) and (211)
planes, which are well resolved and show no inter-
ferences. In the case of the substitution of Bi®* into
the apatite structure, due to the similarities between
the ionic radii of Ca®* and Bi®* no changes in the
lattice are expected, although the difference in
valence caused by this substitution requires an
increase in anionic charge to maintain charge bal-
ance. This is achieved through the formation of cal-
cium vacancies on the cation sites. As can be seen in
Table II, the lattice parameters and crystal volume of
the Bi-substituted hydroxyapatite samples are very
close to those of pure hydroxyapatite. However, a
slow increase in lattice parameters and crystal
volume with increasing Bi content was observed.

XPS Analysis

The XPS analysis was applied to study the surface
chemical state of undoped and Bi-substituted
hydroxyapatite and the results present the evidence
for the successful doping of Bi ions in the hydrox-
yapatite lattice. Thus, Fig.5 shows the XPS
spectrum of the HA-Bi-25 sample for the binding
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Fig. 4. XRD patterns of the hydroxyapatite and Bi-substituted
hydroxyapatite samples.

energy range of 0—1200 eV. It can be seen that the
binding energy of Bi (4f region, 150-170 eV; peaks
at 156.70 eV and 162 eV), Ca (2p, 345 eV), O (1 s,
529 eV) and P (2p, 131 eV) were detected. The P 2p
core level peak located at 131 eV is attributed to P-O
bonds in the PO,®~ chemical environment.?’ The C
1 s (282.7 eV) signal is due to the carbon used as an
internal reference. No other impurities were evident
in the samples, in good agreement with the XRD
data. Therefore, the XPS data demonstrate that the
HAp lattice contains Bi®* ions.

Textural Characterization and Surface Prop-
erties

The surface properties of the Bi-substituted
hydroxyapatite samples were determined by fitting
the BET equation to the Ny adsorption isotherms.
Figure 6 shows the nitrogen adsorption isotherms
and pore size distribution (inset) of the HA-Bi-0 as
well as HA-Bi-25 nanopowders calcined at 800°C.
Similar results were obtained for all the samples,
and the textural parameters of the corresponding
materials are summarized in Table III.

According to the ITUPAC classification, all the
samples show similar VI isotherms and typical
H1-hysteresis loops, demonstrating properties of
mesoporous materials. The BJH pore size distribution
indicates a micro- (pore diameter < 2 nm) and me-
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Fig. 5. XPS spectrum of the HA-Bi-25 sample.

Table II. Crystallites size (D), degree of crystallinity (X¢), unit cell volume (V) and lattice parameters (a and
c) of the hydroxyapatite and Bi-substituted hydroxyapatite samples

Sample D (nm) Xc (%)
HA-Bi-0 58.32 99.78
HA-Bi-5 51.01 92.75
HA-Bi-10 44.19 90.97
HA-Bi-15 42.60 88.95

HA-Bi-25 36.02 84.16

V (A3 a @A) c Q)

1605.77 9.5271 6.8333
1616.90 9.5297 6.8769
1627.17 9.5514 6.8892
1629.46 9.5597 6.8869
1632.34 9.5623 6.8953
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soporous (pore of 2—-12 nm) texture for all samples.
The results reveal that the doping of Bi ions has not
altered the basic pore structure of the mesoporous
hydroxyapatite. The BET surface area correlates well
with Xg; atomic ratios of the doped samples. A
decrease in the surface area of the Bi-substituted
hydroxyapatite powders with increasing Bi content
was noticed.

FTIR

The FTIR spectra obtained for pure hydrox-
yapatite and Bi-substituted hydroxyapatite powders
are given in Fig. 7. These spectra provide a number
of spectral details demonstrating the formation of
hydroxyapatite phase.?%?® The spectrum of the pure
hydroxyapatite (HA-Bi-0) sample shows bands at
1093 cm !, 1028 cm ! and 962 cm ! due to the
stretching mode of P-O, whereas the bands at
601 cm ™Y, 567 cm ! and 472 cm ™! are due to the
bending mode of O-P-O. The bands at 2146-
1996 cm ™! are attributable to the PO, ions. A
significant concentration of OH™ groups exists in
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the apatite structure as observed from the intensity
of the bands at 3572 cm ! and 632 cm . Molecular
and adsorbed water bands are also present at
1654 cm™! and 3446 cm ™! (as a broader band).

The Bi-substituted hydroxyapatite samples show
structures similar to pure hydroxyapatite. However,
it may be noticed that the peak strengths of the O-H
and P-O bonds decrease gradually with the
increasing Bi amount in the apatite lattice. Thus, it
can be seen that the intensity of the 3572 ¢cm ! band
assigned to the OH™ groups decreases without
changes in the wavenumber. Therefore, the acidity
of the surface P-OH groups was lowered by replac-
ing Ca®* with Bi®* ions. The weakening of the OH~
bands might be caused by the breakage of the elec-
tric charge balance in the apatite lattice due to the
substitution of Ca®" with Bi®** ions. In order to
compensate these gositive charges, OH™ might be
transformed into 0%, as suggested by Serret.?’

From the FTIR and SEM-EDX, XPS, XRD results,
the conclusion can be drawn that the Bi®* ions are
actually doped into the hydroxyapatite lattice. The
experimental results reveal that Bi doping slowly

~
<]
~
®
S

20

0.05
—~ 0.04
A
= 60 Joo3
=]
o0 0.02
(]
& 0.01
2 0
E 401 1 3 5 7 9
-g Pore diameter (nm)
=
(%]
=1
[
o
|72}
=
<

0 0.1 0.2 03 04

05 06 07 08 0.9 1

Relative pressure, p/p,,

~

=2

~
N
o

0.05

0.04
20

15

10

o

To.03| |

To.02 /\//\.__.;——-—'
13 5 7 9 1

Pore diameter (nm)

Adsorbed volume (cc/g STP)

0 0.1 0.2 0.3 0.4

0.5 0.6 0.7 0.8 0.9 1

Relative pressure, p/p,
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Table III. Surface properties of the hydroxyapatite and Bi-substituted hydroxyapatite samples
Specific External Total Average
surface surface pore pore
Sample area (m?%/g) area (m?%/g) volume (cm?®/g) size (nm)
HA-Bi-0 139.365 45.454 0.098 1.181
HA-Bi-5 24.866 17.533 0.048 1.645
HA-Bi-10 21.698 14.967 0.041 2.064
HA-Bi-15 20.008 14.423 0.033 1.542
HA-Bi-25 12.030 8.580 0.021 2.180
100 - Staphylococcus aureus 96.67
;\? 81.48 - Escherichia coli
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Fig. 7. FTIR spectra of the hydroxyapatite and Bi-substituted
hydroxyapatite samples.

affects the hydroxyapatite crystallinity, crystal size,
textural and surface properties.

Antibacterial Activity

In our study, the antibacterial properties of
hydroxyapatite and Bi-substituted hydroxyapatite
nanopowders were performed through the inhibi-
tion zone method against Escherichia coli (Gram-
negative bacteria) and Staphylococcus aureus
(Gram-positive bacteria). As revealed in Fig. 8, the
level of microbial growth of both bacteria varies
differently with increasing Bi amounts in the
Bi-doped samples compared to the pure hydrox-
yapatite sample. The Escherichia coli bacterium has
a high sensitivity to the samples substituted with Bi
while the Staphylococcus aureus bacterium has a
higher sensitivity to pure hydroxyapatite. After
24 h of incubation, the antibacterial inhibition
activity against Escherichia coli increases with
increasing Bi concentration in hydroxyapatite, and
the maximum antibacterial activity is observed for
the HA-Bi-25 sample. On the other hand, an

HA-Bi-0

HA-Bi-5 HA-Bi-10

Samples

HA-Bi-15  HA-Bi-25

Fig. 8. Microbial inhibition of the hydroxyapatite and Bi-substituted
hydroxyapatite samples against Escherichia coli (a) and Staphylo-
coccus aureus (b) bacteria (Color figure online).

increase in antibacterial activity for the Bi-substi-
tuted hydroxyapatite nanopowders is noticed for
Staphylococcus aureus, but not as strong as for
Escherichia coli. These results demonstrate that the
Bi-substituted hydroxyapatite powders are more
effective against Gram-negative bacteria than
Gram-positive bacteria. The antibacterial property
against Escherichia coli is improved after Ca®*
substitution with Bi®** in the hydroxyapatite struc-
ture. This may be due to the greater solubility of
Bi-substituted hydroxyapatite than that of pure
hydroxyapatite, and more Bi ions are released to
inhibit the existence of the tested bacteria as Bi
increases in the hydroxyapatite. Also, the higher
antibacterial inhibition activity against Gram-ne-
gative bacterial strains for Bi-substituted hydrox-
yapatite samples reveals that the increase in the Bi
concentration may induce the positive surface
charge for the apatite nanoparticles.

Taking into account the results obtained, it can be
said that Bi-substituted hydroxyapatite nanopow-
ders can be a promising antimicrobial agent due to
their bioactive properties especially against Gram-
negative bacteria.

Finally, the full characterization of these bioma-
terials would require the assessment of the bioac-
tivity (by estimating their ability to stimulate the
deposition of hydroxyapatite on their surface) and
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biocompatibility (by testing cell proliferation and
survival).

CONCLUSION
The experimental results revealed that the
Bi-substituted hydroxyapatite nanopowders,

Cay9_,Bi (PO4)e(OH)y where x = 0-2.5, were pro-
duced by the co-precipitation method using Ca(OH),,
HsPO, and Bi(NO3)3'5H,0O raw materials, as calci-
um, phosphorous and bismuth sources. The Bi con-
tent ranged between 5 and 25%. The XPS analysis of
the doped samples indicated the presence of Bi in the
apatite lattice as Bi**. The XRD results indicate that
the Bi substitution did not change the crystal struc-
tures. The Bi-substituted hydroxyapatite particles
have mesoporous textures with pore size in the range
of 1.54-2.18 nm and specific surface area in the range
of 12-24.86 m?%/g. The typical yellow color wasob-
tained after samples were calcined to 800°C. The final
products were composed of spherical aggregates
formed by nanoparticles with a size of about
30-55 nm. Due to the increase in the Bi content, the
crystallites become smaller and form agglomerates
owing to the size effect. In addition, their crystallinity
decreases. The FTIR spectra show that Bi ions
incorporated into the hydroxyapatite lattice reduce
the acidity of the surface P-OH groups. The Bi-sub-
stituted hydroxyapatite powders are more effective
against Escherichia coli Gram-negative bacterium
than against Staphylococcus aureus Gram-positive
bacterium.
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