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1. Introduction

Abstract. Nanostructured copper-doped fluorapatite (Cu..Ca(19—z).(PO4)s.F2) having
crystallite sizes of 19, 29, and 34 nm at 2 = 0.9, 0.4, and 0.0, respectively, was synthesized
by planetary ball milling of CaO, P305, CaFs, and CuO powders. Specifications of
the products were determined by Fourier-transform infrared spectroscopy, field emission
scanning electron microscopy, transmission electron microscopy, and X-ray diffraction
analyses. In-vitro studies and Mossman’s Tetrazole Test (MTT) assays were also conducted
by incubating Cu,.Ca(10-2).(PO4)s.F2 powder into Kokubo’s Simulated Body Fluid (SBF)
and against BT-20 cell, respectively, to determine bioactivity and biocompatibility of the
materials. Antibacterial effects on Staphylococcus aureus were assessed by the disc diffusion
test method. Measurements showed that the rate of formation of fluorapatite was lowered
by Cu content. Besides, in-vitro experiments showed the same SBF interacted apatite
precipitation for all samples. In contrast, MTT assays revealed different behavior for pure
fluorapatite and apatite with 2 = 0.9 Cu against BT-20 cell after 24 h of incubation. This
highlights the increase of fluorapatite cytotoxicity when Cu ion is present in the apatite
structure. Copper-doped fluorapatite was, however, desirably antibacterial. This stemmed
from copper ions interactions with the bacterial metabolism which resulted in enzymes
neutralization and copper-doped fluorapatite antibacterial behavior.

(© 2017 Sharif University of Technology. All rights reserved.

implant failure considered to be a common clinical
complication [2]. Therefore, synthesis of the metal ion-

The well-known biocompatible Calcium Phosphate
(CP) fluorapatite (Cajo(PO4)6F2) has obtained a wide
reputation for its ample applications in clinical use [1].
However, infections associated with implanted surgi-
cal devices may cause significant problems, such as
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substituted bioceramics with antimicrobial properties
can be a good strategy to decrease the rate of bioma-
terials infections. Copper and its alloys have been reg-
istered in the U.S. Environmental Protection Agency
(EPA) as the first solid antimicrobial material capable
of deactivating microbes upon contact [3,4]. Copper-
doped fluorapatite (Cu,.Ca(19—s).(PO4)s. F2), known
as an effective, eco-friendly and heterogeneous catalyst
in recent studies [5,6], is an interesting example of
metal ion-substituted ceramic, which is to be discussed
in this paper.

Among various methods of fluorapatite produc-
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tion, the most common way of producing fine fluo-
rapatite (FA) particles is mechanochemical synthesis
method, which is considered as a subarea to Mechanical
Alloying (MA) [7,8]. It has the advantages of simplicity,
reproducibility, low cost, and ease of producing (even
in bulk quantities) of nanostructured materials [9,10].
The outstanding biological potentials of nanostruc-
tured biomaterials, which have not been observed in the
conventional polycrystalline coarse grained materials,
have been reported by previous studies [11-13].

In this study, the effect of doping copper in
nanostructured fluorapatite with substitution of Cu?*
for Ca?* on biological performances of fluorapatite
is discussed. To study the biological properties of
the material, both in-vitro and in-vivo conditions
were taken into account. In-vitro evaluation of the
samples produced under simulated physiological con-
ditions indicated the change of bioactivity due to the
incorporation of copper into the fluorapatite. MTT
assay was also used to determine biocompatibility of
the samples. The human breast cancer BT-20 cell
line was cultured and treated with prepared samples
at various concentrations. The antibacterial activities
of the apatite samples against the microorganism of
Staphylococcus aureus (as an aerobic Gram-positive
bacterium) were investigated via disc diffusion test.

2. Materials and methods

2.1. Powder preparation

The starting precursors included calcium oxide
(CaO, BDH, catalog no. 11021-462, min. 95% pu-
rity), phosphorous oxide (P»Oj5, BDH, catalog no.
21411, min. 98.5% purity), calcium fluoride (Ca
Fo . MERCK product no. 102840, precipitated pure, a
mean particle size of about 100 pm), and copper oxide
(CuO, MERCK, product no. 102671, > 96% purity,

particle size < 160 pm). The planned degree of
substitution of Ca?* by Cu?* in the general formula
Cu,.Ca(19—q)-(PO4)s.Fo was # = 0, 0.4, and 0.9 for
which the product was designated as FA, 4CuFA,
and 9CuFA, respectively. The overall reaction leading
to the formation of the nanostructured copper-doped
fluorapatite is as follows:

3P205(s) 4+ (9 — 2)CaO(s) + 2CuO(s) + CaFy(s)

— Cux.Ca(lo_QJ).(PO4)6.F2(S). (1)

Milling of the mixture was carried out at rotating speed
of 260 rpm in a planetary ball mill using stainless still
balls of 1 cm diameter and ball-to-powder ratio of 40:1.
Synthesis consisted of three stages. First, appropriate
amounts of CaO and CaFs were loaded into the vial
and mechanically activated for 3 h. The milled powder
was labeled CF3. Second, CF3 was mixed with P50Oj5
and milled for 3, 6, 12, 24, and 48 h. The products
were labeled CF3P3, CF3P6, CF3P12, CF3P24, and
CF3P48, respectively. Third, appropriate amounts
of CuO and P05 were added to CF3 and milled
long enough to form 4CuFA and 9CuFA. The detailed
sequences of the procedure used are illustrated in the
flowchart given in Figure 1, and the weight percent of
the starting materials is presented in Table 1.

2.2. Characterization

X-Ray Diffraction (XRD) by Philips Analytical X-Ray
B.V diffractometer with Ni-filtered Cu ka radiation
was used for phase analysis, size determination, and cell
parameter calculation. Diffraction patterns were taken
in 20 range of 10° to 60° at a step size of 0.02° with
a generating voltage of 40 kV and an electric current
of 40 mA. Identification of the apatite phase was
achieved by comparing the diffraction pattern of the
powders with JCPDS standard of card No: #02-1088

Preparing precursors

Milling CaO
and CaF, for 3 h

V

Adding appropriate amount of P2O5
to the powder mixture and milling
for 3, 6, 12, 24 and 48 h

N4

Nanostructured
Fluorapatite

Vv

Adding appropriate amount of P3Oy
and CuO to the powder mixture and
milling for 48 and 72 h

\

Nanostructured

4CuFA and 9CuFA

Figure 1. Flowchart indicating preparation procedure for FA, 4CuFA, and 9CuFA powders through mechanochemical

route.
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Table 1. Wt.% of the starting materials.

Product Degree of substitution Calculated Wt.% of the starting materials
of Ca?t by Cu?t chemical formula P>,0O; CaO CuO CaF3
FA X=0 Ca10(PO4)sF2 42.21  50.04 0 7.74
4CuFA X =04 Cug.4Cag.6(POus)sl2  41.82 4737  3.12 7.679
9CuFA X =09 Cug.9.Cag.1(PO4)6F2 41.35  44.11 6.92 7.58

for CaO, #35-0816 for CaFy, #85-1120 for P50y, #74-
1021 for CuO, #81-2040 for Ca(OH),, #85-0846 for
CaCOg3, #83-0688 for H3PO4, #03-0604 for CasP50y
and #15-0876 for FA. The peak broadening of the
XRD reflection was used to estimate the crystallite
size of the powder based on Williamson-Hall formula

(Eq. (2)) [14):

Beost =0.89(A\/d) + 4esin b, (2)

where d is crystallite size (nm), A is wavelength of the
X-rays, 8 is Full-Width at Half Maximum (FWHM) of
each peak (rad), and 6 is Bragg’s diffraction angle (°).
FWHM of (002), (222), and (213) reflections was taken
to measure the crystallite sizes of the apatite powder.

Apatite lattice parameters (¢ and ¢) were calcu-
lated using the XRD data of (002) and (222) planes and
the standard formula for the hexagonal (HCP) system

(Ba. (3)) [15)
)+

(

where d is the spacing between adjacent planes in the
set of Miller indices (hkl).

The functional groups of the powders were ana-
lyzed by using Fourier-transform infrared spectroscopy
(FT-IR, ABB Bomen, MB 100) in the frequency range
of 400-4000 cm ! with the resolution of 4.0 cm ! using
KBr pellet technique.

Field emission scanning electron microscopy (FE-
SEM, Hitachi, S-4160, Japan) operating at 15 kV
was utilized to study the morphology and parti-
cle/agglomerate size distribution of the powders before
and after soaking in the SBF solutions. Prior to this
analysis, the as-prepared samples were coated with gold
film using PVD method.

The powder morphology was studied via trans-
mission electron microscopy analysis (TEM, LEO 912
AB, Germany) operated at an accelerating voltage of
120 kV. Before TEM observations, the samples were

l2

c?’

1 p—

4
=3

3

h? + hk + k2
2

(3)

a

dispersed ultrasonically in ethanol and suspended on
holey-carbon film-coated copper grids and allowed to
air-dry.

Based on the results of Kokubo [16,17], the in-
vitro bioactivity of materials can be investigated by
the formation of bone-like apatite on the surface of
the biomaterials in simulated body fluid. In order to
evaluate the bioactivity of the prepared powders in the
physiological conditions, we used, therefore, Kokubo’s
SBF and ion concentrations to be nearly equal to
the human blood plasma, as shown in Table 2 [17].
The samples washed ultrasonically in acetone for 15
min were immersed into SBF and maintained there at
37.0°C for 14 days at a liquid/solid ratio of 1 ml/mg
without refreshing the soaking medium. After the
desired immersion time, the powders were filtered,
gently washed with deionized water to remove the SBF,
and dried at the room temperature. Variations in
Ca*? ions concentration and pH of SBF due to soaking
of the apatite powders were measured by Inductivity
Coupled Plasma-Optical Emission Spectroscopy (ICP-
OES, Model OES-730, Varian), and pH meter. Mor-
phology changes of the samples due to desolation and
precipitation of bone-like apatite during the immersion
were then determined by FE-SEM.

Biocompatibility of pure fluorapatite and fluo-
rapatite with relatively high amount of Cu (9CuFA)
on human breast cancer cell BT-20 was evaluated
by MTT assay. The colorimetric assay based on
the use of the tetrazolium salt MTT is relatively a
rapid method for the quantitative measurement of
surviving and proliferating cells. This method is based
on the capacity of mitochondrial enzymes of viable
cells to transform the yellow tetrazolium salt MTT
into an insoluble, blue formazan product, which is
measured spectrophotometrically. Since the reduction
of MTT can only occur in metabolically active cells,
the level of activity is a measure of the viability of the
cells. The degree of the living cells can be measured
through reading the results on a multi-well scanning

Table 2. Ionic concentrations of simulated body fluid [21].

Ionic concentration (mM)

Description S S
Nat K+ wMg?t a2t CI- HCO®~ HPO SO0;

Human plasma 142.0 5.0 1.5 2.5 103.0 27.0 1.0 0.5

SBF 142.0 5.0 1.5 2.5 147.8 4.2 1.0 0.5
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spectrophotometer (ELISA reader) [18,19]. For this
test, FA and 9CuFA concentrated elutes (not diluted)
were prepared by adding culture medium supplemented
with penicillin and streptomycin to FA and 9CuFA
powder (1 mL to 100 mg of powder), according to
the literature [20]. These elutes were then diluted by
culture medium to the test concentrations (100%, 75%,
50%, 25%, 10%, 5%, and 1%) of FA and 9CuFA. Then,
200 pl cell suspension containing 10* cell was added to
multi-well plate. After 24 h of incubation at 37°C, the
medium was replaced with the fresh medium containing
test concentration of elutes of FA and 9CuFA. Then,
cells were exposed to the test concentration of elutes
for 24 h. Four wells were used for each concentration.
Blank control wells contained an appropriate volume of
media, MTT and apatite powders without the presence
of cells. Fight separate wells were filled with cells
without the addition of elutes which acted as untreated
control.

After the incubation time, 50% of media was
removed, 10% V/V of MTT at 5 mg/ml was added
to the remaining media to all wells of assay, and plates
were further incubated at 37°C for 4 h. We carefully re-
moved the medium and added (for 24-well plate) 500 pl
DMSO to each well and mixed thoroughly to dissolve
the dark blue crystals of formazan. We measured the
absorbance by scanning multi-well spectrophotometer
(ELAISA reader, BioTek model ELx800) using 570 nm
test wavelength and 630 nm reference wavelength. The
tests were performed on three replicate samples.

The percentage of cell survival rate was calculated
using the following formula [19]:

. At — Ab
Survival rate (%) = T ap 100, (4)
where At is average absorbance of the test compound,
Ab is absorbance of blank, and Ac is average ab-
sorbance of the control material.

In order to evaluate the antibacterial effect of
the samples, the disk diffusion method of Kirby and
Bauer and the microorganism of Staphylococcus aureus
(PTTC No. 1431) were used. About 0.085 g of
each synthetic powder was pressed uniaxially to make
discs of 6 mm diameter. The compressed disks were
sterilized in an autoclave having temperature of 121°C
for 20 min. Muller-Hinton Agar (MHA) was used as
a growing nutrient medium for the microorganisms.
MHA was cast into a plate. Tetracycline and Clo-
ramphenicol was used as control material. The MHA
containing plate was incubated with the test organism
of 3x10® cells/ml. Three apatites and two antibiogram
discs were placed on the surface of the agar. The
plate was inverted and then placed in air incubator
of 37°C for 20 h and 45 h. After these periods, the
antimicrobial activities of the samples were examined
by measuring zone of the inhibition of the bacterial

growth around the discs. The results were then studied
by Interpretative Chart of Zone Sizes as the standard
guideline for the determination of the susceptibility
level of microorganism to the antibiotics used [21] and
to estimate the effect of copper ions on the bacterial
metabolism.

3. Results and discussion

3.1. X-ray diffraction
The XRD pattern of the CaO-CaFy mixture, mechan-
ically activated for 3 h (CF3), is shown in Figure 2(a).
In this pattern, in addition to peaks attributed to
CaF,, some sharp peaks, assigned to calcium hydroxide
(Ca(OH)sy), can also be detected. Since calcium oxide
is unstable, a majority of calcium oxides were trans-
formed into calcium hydroxide upon ambient water
vapor adsorption. On the other hand, the presence
of peak, which was assigned to calcium carbonate
(CaCOs3), shows that amount of CaO was transformed
to CaCOj3 during the milling process or originated from
the starting CaO.

XRD patterns of CaO-CaF5-P2O5 powder mix-
ture (CF3P) milled for various durations are shown in

:CRFQ
:Ca(OH)Q

1 CaCOg3
:CasP207

: Cayg(PO4)6F2
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Figure 2. XRD pattern of the mechanically treated
mixture of (a) CaO-CaF; and (b) CaO-CaF3-P505.
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Figure 2(b). As seen in the figure, sharp characteristic
peaks of CaFy are present in the X-ray diffraction
pattern of the 3 h milled samples (CF3P3). This
pattern shows one peak at 20 = 29° which can
correspond to CaCOg. This peak can also be attributed
to calcium phosphate (CapP307) while the formation
of this intermediate product is expectable when P5O5
is present. When mechanical activation extends to 12 h
(CF3P12), this peak disappears and those correspond-
ing to CaFy broaden. This confirms the continuation
of the mechanochemical process. By rising the milling
time up to 24 h (CF3P24), both broad and weak peaks
around 31.8° emerge. This indicates the formation
of poorly crystallized apatite phase. As milling time
increased up to 48 h (CF3P48), a further increase
in crystalline order of the apatite phase and further
sharpening of the principal diffraction peaks occurred.
Based on the XRD pattern, after 48 h milling, no peaks,
except those assigned to FA, can be observed, which
shows crystalline apatite phase achievement.

Figure 3 plots the XRD patterns of the FA
powders doped with different amounts of copper. All
peaks of the patterns correspond to the FA structure
(JCPDS file card #15-0876). Ounly apatite phases are
detected in the powder. This shows the complete
reaction between precursors and suggests the formation
of relatively well crystalline fluorapatite for all three
samples during milling operations. Based on Figure 3,
relatively well crystalline fluorapatite is synthesized
after 48 h milling 4CuFA, while at higher Cu content
(9CuFA), 72 h milling is required. Besides, this figure
shows that with higher Cu content in the FA structure,
less intensive apatite peaks form. Since the ionic radius
of Ca?t (0.99 A) is larger than that of Cut (0.72 A),
substitution of Cu?* into Ca?* position distorts the FA
structure. The result shows the decrease of stability of
the FA structure and subsequent lowering of the height
of the apatite peaks [22].

The XRD patterns of the 9CuFA sample milled

L2 Calo(PO.i)(;Fz

<®(112)

*(202) (300)

Intensity (a.u)

4CuFA, 48 h
9CuFA, 72 h
v 1 v T r r v T '
10 20 30 40 50 6

260 (degree)

Figure 3. XRD patterns of synthesized FA, 4CuFA, and
9CuFA powders.
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Figure 4. XRD patterns of mechanically treated mixture
of CaO-CaF3-P205-CuO (z = 0.9) after milling for

various durations.

for 48 h and 72 h are shown in Figure 4. Two identified
phases, including poorly crystallized apatite and CaFs,
are observed in the XRD patterns of the powder milled
for 48 h. This is due to the incomplete reaction
between the precursors. Prolonged milling up to 72 h
causes an increase in crystalline order of the apatite
phase, while the corresponding CaFs peaks completely
disappear. Based on these observations, the relatively
well-crystalline 9CuFA is synthesized after milling for
72 h. As a result, upon the addition of copper oxide to
the powder mixture, CuO plays as an obstacle between
the reactants to slow down the reaction at higher Cu
content.

From XRD data and Williamson-Hall formula,
the average crystallite size of FA and 4CuFA (after
48 h milling) and 9CuFA (after 72 h milling) are
calculated to be 34, 29, and 19 nm, respectively.
Measurements of the lattice parameters of the apatite
powders indicate: ¢ = 0.9385 nm and ¢ = 0.6870 nm
for FA, a = 0.9366 nm and ¢ = 0.6866 nm for 4CuFA,
and @ = 0.9361 nm and ¢ = 0.6847 nm for 9CuFA.
The observed decreasing sizes of @ and ¢ parameters by
increasing copper contents in the apatite structure refer
to the substitution of Ca?t by Cu?*. Since the ionic
radius of Cu is lower than Ca, incorporation of more
Cu into the FA structure lowers the lattice parameters
slightly. However, these values are close to the lattice
parameters of the standard FA powder.

3.2. FTIR

Figure 5 records the IR spectra of FA powders with
different copper concentrations. The FT-IR spectra for
all of the three synthesized powders indicate nearly the
same characteristic peaks for OH™, PO? ™, and F...OH
groups. These spectra show the existence of phosphate
groups (PO37) at 471 cm™! corresponding to asym-
metrical vy stretching vibration [23,24]. Besides, a
doublet appears at 568 and 599 cm~! corresponding
to vy bending vibrations [25,26]. As stated in the
literature [27], the presence of the band at 743 cm™!
is due to the increase of F~ content in the (OH™,
F~) apatite chain, while the configuration of OH...F is
predominant in F~ rich chains containing only a few
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Figure 5. The IR spectra of the synthesized powders: (a)
FA, (b) 4CuFA, and (c) 9CuFA.

(OH™) and almost pure fluorapatite obtained. The
band at 964 cm~! relates to v; bending vibrations
of the phosphate group [25], while the most intense
band in the spectra at 1050 cm™! corresponds to
asymmetrical v stretching vibration of the phosphate
group [23,25]. According to this graph, substitution of
Cu ion with shorter ionic radius than Ca brings about
an increase in the P-O bonding strength [28], which
shifts v; and vs vibrations to the higher frequencies.
The presence of a peak at 873 cm ™' can be related to
vy stretching vibrations of the carbonate group which
suggests substitution of CO%‘ groups into POZ_ sites

of apatite lattice (B-type substitution) [29]. By increas-
ing the milling time from 48 h to 72 h, the amount
of adsorbed carbonate group increases which enhances
the intensity of the assigned peak at 873 cm™!. Based
on the fact that carbonates are constituents of hard
tissue structures, the presence of low content of CO§_
groups in POif sites could be beneficial to improve
the bioactivity of FA and make it more similar to
biological appetites [15]. The sharp band at 1645 cm~!
and the broad band over 3800-2500 cm™! are mainly
originated from the vibrations of the hydroxyl (OH™!)
group attributed to the presence of the absorbed water
in the samples or the KBr pellet [23,24].

3.3. FE-SEM and TEM observations

Figure 6 shows microstructure and morphology of
nanopowders after 48 h milling. From FE-SEM micro-
graphs, it is revealed that both samples are composed
of agglomerates/particles of irregular shapes with wide
size distributions. No significant change in size distri-
bution and morphology of the agglomerates/particles
of samples can be inferred from these pictures. Also,
higher magnifications show that the surface of particles
is rather smooth before immersion. TEM micrographs
of nanopowders after milling are shown in Figure 7.
As illustrated, agglomerated particles are composed
of smaller nanoparticles averaging from 20 to 60 nm
mean diameter for FA and 4CuFa and 15 nm for
9CuFA. Prolonged milling of the latest sample results
in the formation of fine particles, which are uniform
in size and shape. Unlike 9CuFA, FA and 4CuFA are
composed of relatively larger and irregular particles;

< -
Figure 6. FE-SEM micrographs of (a) FA, (b) 4CuFA, and (c) 9CuFA powders at different magnifications.
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St
25 nm

Figure 7. TEM images of (a) FA, (b) 4CuFA, and (c) 9CuFA powders at different magnifications.

however, both are similar in shape and morphology,
typically semicircular crystals. These figures are in
agreement with the crystallite sizes measured by XRD
patterns through Williamson Hall equations.

3.4. In-vitro test

Variations of [Ca®*] and pH of SBF solutions as a func-
tion of soaking time are shown in Figures 8 and 9, re-
spectively. Figure 8 indicates that the calcium ions con-
centration of SBF decreases as the incubation time in-
creases. Besides, based on Figure 9, during this period,

140

- FA -# 4CuFA & 9CuFA

120,
100
80
e
"% 60
o
40

20

0

0 2 4 6 8 10 12 14 16

Incubation time (day)

Figure 8. [Ca™?] profile of SBF solution containing
prepared powders during the soaking time.

7.45

[+~ FA - 4CuFA 4+ 9CuFA -# Pure SBF

7.40l
7.35
7.30
7.25
7.20

pH

7.15
7.10
7.05
7.00
6.95
6.90
0

2 4 6 8 10 12 14 16
Incubation time (day)

Figure 9. pH profile of SBF solution containing prepared
powders during the soaking time.

the pH of pure SBF is relatively constant, whereas, in
the case of 9CuFA, 4CuFA, and FA, the pH curves show
a sudden drop during the first day. After that period,
the pH values decrease slightly throughout the incuba-
tion time while reaching a minimum at the 14th day.
The observed trend of [Ca?*] and pH can be
justified by the Kim’s theory [30], which reveals that
the process of bomne-like apatite formation on the
surface of biomaterials in the SBF is divided into the
following stages. First, dissolution of apatite powder
occurs, resulting in an increase in [Ca?*] and pH of
SBF and appearance of negative charge on the surface
of apatite particles. In the second step, the negative
surface charge attracts Ca?t ions to form the Ca-
rich Amorphous Calcium Phosphate (ACP) layer. The
resultant positive surface charge attracts the negative
phosphate ion in the fluid to form Ca-poor ACP layers.
[Ca?*] and pH of SBF decrease during this step.
Finally, this layer gradually stabilizes and crystalizes
into bone-like apatite in SBF. Indeed, when samples
are immersed in SBF, simultaneous dissolution of the
apatite particles and precipitation of the new apatite
layer both occur. When precipitation is dominant,
new apatite layers were formed, and tiny sediments
precipitate on the surface of the immersed samples [31].
However, in this research, since no pH and [Ca®T] data
are collected during the first hours of incubation, the
first steps of dissolution behavior are not observed. The
observed decrease in pH value and quantity of calcium
ions of the SBF solution is due to the consumption of
Ca?t and OH~ ions during the second stage of the
described theory and the formation of apatite layer.
Based on Figures 8 and 9, pH and [Ca2™] profiles
of SBF solutions have relatively different decreasing
rates. It can be seen that the reduction rate of pH
and [Ca®*] profiles of sample decreases as the copper
content increases. However, the concentrations of Ca?*
are relatively close in the case of FA and 4CuFA. As
pointed out earlier, the replacement of Ca?* by Cu?*
in FA causes a certain degree of disorder to the crystal
structure which makes the lattice more unstable. Be-
sides, with increasing of Cu content, the average grain
size of FA slightly decreases which causes an increase
in the volume of the grain boundaries. Therefore, by
incorporation of Cu into the apatite structure, Gibbs
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free energy increases and this may result in more
solubility of 9CuFA apatite in SBF than FA. The
observed higher amount of [Ca™?] in SBF for 9CuFA
may be due to the dissolution behavior of 9CuFA
during the first incubation hours and more calcium ion
distribution. Therefore, higher value of pH in the case
of 9CuFA than FA can be attributed to the higher
amount of calcium ion in SBF solution for 9CuFA.
However, a recent study has indicated that during
incubation of FA powder in the SBF, concentration of
different ions changes with time, which causes variation
in the pH value of SBF. This happens due to the
interaction between bioactive FA particles and the SBF
solution which leads to the nucleation and growth of an
apatite-like layer on the FA particles [23]. To interpret
the observed behavior of the pH variations, other ions’
concentrations should be considered in future studies.

In comparison with the samples before soaking in
SBF (Figure 6), the microstructures of the particles
soaked for 14 days (Figure 10) show the differences
in their surface morphology. It is obvious from these
micrographs that an interaction between the powders
and SBF has occurred, a new bone-like apatite layer
has been formed, and tiny sediments have precipitated
on the surface of the immersed samples.

3.5. Cellular response on apatite samples

Figure 11 illustrates the MTT results of 24 h incubation
of breast cancer cell in contact with FA and 9FA
test concentrations. It is seen that by increasing the
FA concentration, the proliferation response reaches a
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Figure 11. Viability of BT-20 cell in contact with apatite
powders as a result of three individual experiments, while
being compared with control wells containing only cell and
media.

maximum at 25% FA. However, above 25% concen-
tration, the viability decreases, yet it remains above
the starting cell quantity. For higher concentrations,
cell viability decreases steadily until it reaches the
lowest at 100%. The observed cytotoxicity of FA at
high concentrations is due to the presence of fluoride
in the structure of FA [20]; however, it is worth
mentioning that fluoride has high biological activity
and wide biomedical applications to stimulate bone
formation. For 9CuFA, for all concentrations, the
viability percentage is lower than the control sample,
which reveals that the presence of Cu ions in the apatite
structure results in an increase of the cytotoxicity effect

Figure 10. FE-SEM photographs of (a) FA, (b) 4CuFA, and (c) 9CuFA powders at different magnifications after soaking

in SBF.
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(b)

Figure 12. Results of disc diffusion test of the
synthetized samples after (a) 20 h and (b) 45 h of
incubation. Definitions of characters on the plates are: F
= pure FA, 4 = 0.4CulFA, 9 = 0.9CuFA, T = Tetracycline
antibiogram and C = Cloramphenicolantibiogram.

of fluorapatite against BT-20 cell line. However, at
10% CuFA, the cell viability tends to the maximum of
around 95% of the control sample, which is the lowest
cytotoxicity achievable.

3.6. Antibacterial assessment

Results of antibacterial tests are presented in Figure 12.
Both control disks and apatite samples of different
copper contents clearly show the zones of inhibition.
Recent studies have shown that fluoride can affect
bacterial metabolism (as an enzyme inhibitor) and act
as an antibacterial agent [32,33]. This leads to the
presence of the zone of inhabitation around the pure
FA disk. On the other hand, with an increase of the
dose of the copper ions in the apatite structure, a
growth in the zone of inhabitation is observed. This
shows antibacterial activity improvement. With regard
to the antibiotics used and the results derived from
the Interpretative Chart of Zone Sizes [21], FA sample
shows strong antibacterial property after doping with
copper ions, which shows the complete inhibition of the
growth of S.aureus bacteria. Indeed, Cu?* ions react
with bacteria and deactivate the S.aureus metabolism,
thus inhibiting its growth even after 45 h of incubation.
The mechanism of antibacterial activity of copper ions
is as follows: Cu ions eluted from the material’s surface
are absorbed onto the surface of bacteria cells. These
ions damage the cell membrane and penetrate into the
bacteria. Cu-ions that have the strong reduction can
extract the electrons from the bacteria, causing their
cytoplasm to run off and oxidizing their cell nucleus
and killing them [34,35].

We should consider that cell responses of bioma-
terials are various against different cultured cells. For
instance, fluoride has shown considerably higher cyto-
toxicity against tumor cell lines than normal cells [36].
Besides, in this study, just high concentration of the
prepared samples is investigated which may result in
different observation than concentrations lower than
1% of sample test. Considering that biomaterials

may have different potential risks to human safety,
they can be utilized for various applications with
respect to the extent of contact with patient’s tissue.
Therefore, to determine the exact biological response
of copper ions on apatite structure, more exhaustive
and comprehensive studies are required.

4. Conclusions

Nanostructured copper doped fluorapatites of different
copper contents were synthesized using CaO, CakFs,
P505, and CuO as the starting materials through
mechanochemical route. The results of Williamson-
Hall equation and TEM analysis showed that the syn-
thetic FA powders were not only nano-structured, but
consisted of nano-particles, too. XRD results demon-
strated that relatively pure FA and copper doped
fluorapatite with the substitution ratio of 0.4 could be
synthesized after milling for 48 h. Their respective
crystallite sizes were 34 and 29 nm. The synthesis
time mounted to 72 h, when the substitution ratio of
copper doped fluorapatite was 0.9 and crystallite size
became 19 nm. SEM micrographs along with in-vitro
analysis showed the sedimentation of apatite-like tiny
particles on the surface of all three samples. In-vitro
test revealed that cell viability significantly increased
following the treatment of BT-20 cell with FA from
1% to the high concentration of 50% and reached
the max proliferation response at 25%. However,
for 9CuFA, the presence of Cu ions showed signs of
toxicity, especially at higher concentration than 25%.
While high antibacterial activities were discerned for all
three samples containing different amounts of copper,
a positive correlation between copper content and the
antibacterial properties was indicated.
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