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Abstract

Nanostructured calcium phosphate carriers are emerging as a bisphosphonate delivery system that has demonstrat-
ed inhibitory effects in preventing bone metastasis, thereby improving the treatment of breast cancer. In this research,
theinhibitory effect of loaded zoledronic acid (ZA) in tricalcium phosphate nanostructures (TCPNs) synthesized with
the co-precipitation method was investigated. The results of microstructural analysis indicated that the sintering tem-
perature has a slight influence on the synthesized crystallite size. The sintered crystallite size of tricalcium phosphate
(TCP) at 800 °C (B-TCP) and 1450 °C (x-TCP) was calculated to be in the nanoscale range. The inhibitory effect of
TCPNs (with different phases) on cancer cell lines including MCF-7 (breast cancer) and G-292 (osteosarcoma cancer)
was investigated. In vitro results confirmed that the TCPNs were able to inhibit the proliferation of breast cancer cells.
Experimental results of MCF-7 cell culture after two days proved that the growth of the cancer cells was inhibited
by about 61 % and 83 % after treatment with B-TCP and «-TCP, respectively. Bisphosphonate-loaded TCPNs had no
toxicity according to MTT assay results, but did have an inhibitory effect on MCF-7 cancer cells. The time dependence
of ZA drug release from « and g-TCP and its effect on MCF-7 and G-292 cell treatment was investigated. The results
suggested that TCPNs are promising materials that could be developed for treating local bone and breast cancers.
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I. Introduction

It is known that bone is the primary site for breast can-
cer metastasis, a disease that can progress to fracture,
spinal cord compression, hypercalcemia, pain, and a dev-
astating decrease in the quality of life 1. The aptitude of
breast cancer metastasis to bone presumably represents
some complicated communication between the metastatic
bone, cancer cells, and the intermediary positional mi-
croenvironment 2. Loaded bisphosphonate carriers have
greatly ameliorated the systemic treatment of advanced
breast cancer by decreasing the frequency and morbidi-
ty of skeletal-related events 3. In recent years, many re-
searchers have approved synthetic TCPNss in orthopedic
applications owing to their biocompatibility, excellent
bioactivity, adequate biodegradability, high affinity to
polymers, biomacromolecules and high osteogenic poten-
tial 4-8. Peng et al. reported that TCPNs could enhance
the growth of bone cells based on an osteoconduction
mechanism without causing any local or systemic toxi-
city, inflammation or foreign body response 9. Also, in
comparison with microscale TCP, nanostructured TCP
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has unique characteristics such as improved hardness and
fracture, rectified bone bonding properties, promoted
drug loading capacity and enhanced solubility 1°.

In previous reports, ZA was known as a potent nitro-
gen-containing bisphosphonate that inhibited osteoclas-
tic bone resorption and was permitted for the treatment
of bone metastasis 1. It was proven that the ZA antitumor
effect comes fromitsinhibition of tumor cell proliferation,
apoptosis induction, angiogenesis inhibition and diminu-
tion of tumor cell adhesion, invasion, and migration. The
evidence of clinical trials indicated that ZA ameliorated
long-term survival of cancer patients with and without
bone metastasis 12. Among the various synthetic bioma-
terials used for reconstruction of the target site in bone tis-
sue, it is clear that calcium phosphate ceramics containing
hydroxyapatite (HA) and TCP are considered as the most
biocompatible and osteoconductive drug carriers for clini-
cal bone drug delivery 13. Forasmuch as the chemical com-
position of calcium phosphate ceramics is intimately sim-
ilar to bone, such biomaterials could be resorbed again in
vivo by cells and eventually promote bone formation 14.
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In recent decades, different researchers have demonstrat-
ed the inhibitory effect of ZA on breast cancer cells 15 16,

The inhibitory effect of nanostructured hydroxyapatite
(nHAP) on cancer cell proliferation was first proposed in
the 1990s and led to great interest in nanotechnology and
applied medicine fields, opening a new window for future
researchers. Meena et al. 17 observed that nHAP inhibited
the proliferation of breast cancer cell line MCF-7, he also
found that these nanoparticles had a stronger anti-cancer-
ous effect than macro or micro ones. The cell proliferation
inhibition rate was dramatically increased in a concentra-
tion-dependent behavior of nHAP. This study showed a
large increase in reactive oxygen species (ROS) in nHAP-
treated cancer cells as well as that nHAP could induce p53
activities, which may be responsible for DNA damage and
cell apoptosis 18. In other similar research, Han et al. 18
proposed that nHAP possessed excellent ability in inhibit-
ing some cancer cell proliferation such as MGC-803, Os-
732, and Bel-7402 in vitro and in vivo. In vitro investiga-
tions of dose-dependent nHAP-treatment demonstrated
thathuman cancer cell proliferation was inhibited by more
than 65 % followed by less than 30 % for human normal
cells. Moreover, iz vivo studies exhibited that nHAP in-
jection in a transplanted tumor led to a considerable re-
duction in tumor size (about 50 %). These results clearly
showed that nHAP as a calcium phosphate could inhibit
cancer cell proliferation and has high potential for biomed-
ical application in cancer treatment. Inhibitory effects of
other components of calcium phosphate can be interesting
for future research owing to their biological characteristics
and anticancer properties.

In this research, for the first time, the anticancer effects
of TCPNis in different phases, as a new material which can
be loaded with and without ZA drug was investigated in
vitro on the growth of some cancer cells. The main struc-
tural characteristics of TCPNs were determined in XRD,
FTIR, and SEM analysis. The different inhibitory effects
of TCPNs on the proliferation rate of MCF-7 and G-292
cancer cell lines with consideration of the influence of the
TCPN concentration (in eight doses from 50 to 600 mg/L)
were studied iz vitro in order to find an optimized state for
the best treatment. This manuscript can be regarded as a
primer on theintroduction of TCPNsloaded withZA into
the treatment of different cancer cells so as to encourage re-
searcherstoundertake more work in this field in the future.

II. Materials and Methods

(1) Materials

Calcium nitrate tetrahydrate (Ca(NO;),-4H,0, 99.95 %),
diammonium hydrogen phosphate ((NH4),HPOy,
99 %), sodium hydroxide (NaOH, 99 %), and ammonia
solution (NH3;) were purchased from Merck Co. (Ger-
many). Materials handling, storage, use, and disposal were
performed according to the 29CFR 1926.250 standard.

(2) Synthesis of Nanostructured p-TCP and a-TCP pow-
der

The co-precipitation method for producing «-TCP 19
and B-TCP 20 was described in previous works. In this
research, o and B-TCP nanopowders were synthesized
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with this method. To obtain a homogenous solution,
0.4 mol (NH,4),HPO, solution with pH 11 was stirred
at room temperature, and 0.6 mol (Ca(NOs3),-4H,0)
with the same pH was dropped approximately with a rate
of 15-20 mL/min to achieve a white precipitate. The am-
monia solution was used to keep the pH of the system
in the range of 10— 12 and obtain a white precipitate with
high homogeneity. It was recommended that the ammonia
solution should be stirred at room temperature for 15 h.
After the precipitate had been washed with distilled water,
itwas dried at 80 °C for 24 h and then calcined at 800 °C for
2h to obtain 3-TCP and the same process with calcining
at 1450 °C for 5 h was applied to synthesize «-TCP.

(3) Materials characterization

To determine the type of the TCPNs and their chemi-
cal bonds, FTIR (Shimadzu, 8400S, Japan) was utilized at
the wavelength range of 300 — 4500 cm-1. Formation of the
TCP phase was evaluated based on the XRD pattern using
a Siemens-Bruker D5000 system (Germany). The XRD
diagrams were obtained for 4°<26<70° angles with Cu Ka
radiation (1.540 A). In order to investigate the morphol-
ogy and structural evolution of TCP nanopowders, SEM
observations were performed with the VEGA-TESCAN
system, USA. The SEM samples were prepared by adding
0.5 g of TCP nanopowders to 30 mL ethanol and apply-
ing ultrasound for 2 min. Then, for final preparation, one
drop of the solution was placed on glass and dried at room
temperature for 24 h.

(4) Preparation of TCP/ZA NPs complex

The TCPNs were dispersed and mixed in an aqueous
solution like phosphate buffer solution at pH 9.5 with ZA
concentration of 0.08 g/L to achieve TCP/ZA complex.

(5) UV-Visspectra analysis

The in vitro release of bisphosphonate from the nanos-
tructures was carried outinaclosed 15-mL polypropylene
flask. The weighed nanostructures were keptin 10 mL PBS
(pH7.4). The flasks were shaken at 37 °C in a precision re-
ciprocal shaking water bath at 80 rpm. For further evalu-
ation, 10 mL of the release medium was collected at regu-
lar time intervals (1, 12,24 h, 2 and 7 d) and replaced with
10 mL fresh buffer. In vitro release studies were performed
three times for each specimen. Finally, the bisphosphonate
contentin the release medium was determined by means of
UV spectroscopy.

(6) Cell culture

MCF-7 and G-292 cells were cultured ina 25-cm? flask in
a medium containing Dulbecco’s Modified Eagle’s Medi-
um (DMEM/Gibco), 10 % FBS, 100 U/mL penicillin, and
100 pg/mL streptomycin at 37 °C with 5 % CO,, 95 % air,
and complete humidity. Once they reached ~90 % con-
fluency, they were detached using 0.05 % trypsin/EDTA
and counted by means of trypan blue and hemocytome-
ter. These cells were then resuspended at a concentration
of 1 x 103 cells and added onto a 96-well plate. After 24 h,
when the cells were adjacent to the plate bottom, the cul-
ture media were replaced with treatment media. All treat-
ment media contained 90 % culture medium, 10 % FBS,
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and different amounts of TCPNis at the final concentra-
tions, which were 50, 100, 150, 200, 300, 400, 500 and
600 mg/mL, respectively. The proliferation of human can-
cer cell lines in the presence or absence of ZA loaded by
TCPNs was determined by means of MTT assay.

(7) MTT assay for evaluating cell viability

In order to evaluate the cell viability, after 48 h, the MTT
solution was prepared at 1 mg/mL concentration in PBS
and passed through a 0.2-um filter. Then, 22 uL. MTT plus
200 uL DMEM were added to each well, except for the
cell-free blank wells. The cells were incubated for 4 h at
37 °C with 5% CO,, 95 % air, and complete humidity.
After 4h, the MTT solution was removed and replaced
with 100 uL DMSO. The plate was further incubated for
15 minutes at room temperature, and the optical densi-
ty (OD) of the wells was determined with a plate reader
(Biotek) at 570 nm wavelength, the reference wavelength
was, however, 630 nm.

III. Results

Nowadays, itis clear that evaluating the morphology and
microstructures of materials and biospecies with biologi-
cal properties is a key concept in the characterization of
biomaterials. In this regard, the morphology of the de-
posited TCPN powder is shown in Fig. 1(a) and (b) for
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« and B-TCP, respectively. Fig. 1(c) shows the FTIR spec-
trums of the TCP polymorphs powders formed at 800 °C
for 2h (3-TCP) and 1450 °C for 5 h («-TCP).

The inhibitory influences of TCPNs on the MCF-7 can-
cer cell line proliferation were evaluated at different con-
centrations in the range of 50 to 600 mg/L. The results
are shown in Fig.2, which shows that TCPNs can in-
hibit the proliferation of human breast cancer cells. Over
the last decade, TCPNs have been widely used as a bio-
compatible material for bone replacement and tissue engi-
neering owing to their specific properties like non-toxic-
ity, biodegradability and increased bone tissue growth 21.
The inhibitory effects of nHA as a calcium phosphate have
been well documented in various cancer cells, such as liv-
er 22, colon 23, gastric 24 and other 25 cancer cells. All the
previous studies demonstrated that there were serious dis-
agreements in inhibition degree of nHA on different types
of cancer cell lines. As the structure of nHA and TCPNs
are similar, the intrinsic anticancer characteristics of TCP-
Ns are expected. Therefore, in this research, an in vitro
model was developed to evaluate the inhibitory effects of
TCPNs on MCF-7 breast carcinoma and G-292 osteosar-
coma cell line response, as these had not been investigated
before. In other words, for the first time, the inhibitory ef-
fect of TCPNs on breast cancer cells was studied (Fig. 2).
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Fig. 1: SEM micrograph of TCP powders a) «-TCP, b) 8-TCP, ¢) FT-IR spectra of the synthesized TCPNs after heat treatment, d) XRD
patterns of the synthesized TCPNs after heat treatment at 800 °C and 1450 °C.
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Fig. 2: The concentration effects of TCPNs on the proliferation of a) MCF-7 breast cancer cell, b) G-292 cells. c), d) and e) are cellular images
of the control, 10mg/L «-TCP and 200 mg/L B-TCP before 24-h cell culture (MCF-7) and f), g) and h) are cellular images of the control,

10 mg/L «-TCP and 200 mg/L B-TCP after 24 h cell culture (MCF-7).

It was reported that the new generation bisphosphonate
ZA has demonstrated activity in the prevention of bone
metastases 26. It was known that a robust strategy to am-
plify the anti-cancer properties of TCPNs was ZA load-
ing into TCP nanocarriers. In vitro release of ZA from
both nanostructures (« and B-TCP) is depicted in Fig. 3.
The properties of individual ZA depended on the two co-
valently bond side chains, named R1 and R2, attached to
the central carbon atom as shown in Fig. 4 (a) 27. It was
proven that the third-generation bisphosphonates such as
ZA had a direct antitumor effect, especially on osteoblast
cells. Huang 28 ez al. reported that ZA at the uM level af-
fected osteoblast survival and migration, with no effect on
the differentiation. It was found that ZA has direct effects
on the proliferation and survival of osteoblast cells 772 vit-
ro. For futher investigations about this drug delivery sys-
tem, the effect of the bisphosphonate released from « and
B-TCPNss on the growth inhibition of MCF-7, a breast
cancer cell, is shown in Fig. 5. As expected, the time in ZA
release system had affected the MCF-7 cell lines survival.
Fig. 6 shows the influence of the drug released from TCP
on the bone cell line.

IV. Discussion

The scanning electron micrographs show that both syn-
thesized TCPNs have a nanoscale and dense structure
with well-dispersed particles. Fig. 1(a) in comparison with
Fig. 1(b) indicates that the size of «-TCPNs calcined at
higher temperature and for a longer time is larger than
the B-TCP ones. The evaluations with more zoom in both
structures demonstrated that the size of a-TCPNs was

about 100 nm and its shape mostly spherical, the 3-TCP
particle size was nearly 70 nm. A similar ratio between the
nanostructural size of « and 8-TCP could be found in sim-
ilar recent work 29.

In FTIR the additional broad bands at 1640cm-! and
3430 cm~! formed owing to water adsorption. The bands at
568,603 cm™! were obtained from the bending vibration of
P-O mode; however, when the calcination temperature in
«-TCP increased, the peaks merged. The 88 cm-1 band was
eventuated from the symmetric P-O stretching vibration
in the HPO,42 group that existed in non-stoichiometric
HA. It was reported that the C-O vibration in the CO32
group could chip in this absorption band 2. The strong
bands at 1043 and 1093 cm™! were also related to the P-
O stretching vibration of the PO-3group. According to
the FTIR figure, in the 3-TCP and «-CP samples treated at
800 °C and 1450 °C, respectively, the OH absorption band
disappeared and eventually the TCP spectrum formed. Fi-
nally, it could be said that the FT-IR spectrum of the 8-
TCP and «-TCP powders are similar, which was support-
ed by further XRD results.

The phase evolution and grain size of the precipitated
TCP precursors were evaluated with the XRD method.
Fig. 1(d) shows the XRD analyses of the different syn-
thesized TCP powders prepared with the precipitation
method and sintered in air atmosphere at different temper-
atures of 800 °C and 1450 °C. According to the XRD re-
sults, as shown in Fig. 1(d), there are three distinct diffrac-
tion main peaks corresponding to the reflections of TCP
polymorphs. The (0210), (220) and (214) peaks of the 8-
TCP related to the rhombohedral crystal system (JCPDS



December 2017 Tricalcium Phosphate Nanostructures Loaded with Bisphosphonate as Potential Anticancer Agents 509

Card File No. 09-0169) and (434), (083), (332) peaks
of the «-TCP related to the monoclinic crystal system
(JCPDS Card File No. 01 -070-0364). It should be noted
that this crystal system change could prove the phase evo-
lution during B to o transformation during heat treatment.
In other words, intense o- TCP peaks were perceived along
with weak 3-TCP peaks in the powder calcined at 1450 °C.
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Fig. 3: Release profile of ZA (optimal dose, 0.08g/L) loaded in
TCPNs specimens.

For more information about the structure, the average
nanocrystallite size was estimated from the half-width of
three diffraction peaks, with the highest intensity, with the
use of Debye Scherrer’s equation as follows:

D=k\B cos 6 (1)
where D is the grain diameter, k is the shape factor (about
0.9), ris the X-ray wavelength (1.5405 A), B is the full width
at half maximum (FWHM) of the diffraction line, and 6 is
the X-ray diffraction angle. Estimates obtained from the
above equation indicated that the synthesized 3-TCP and
a-TCP crystallite sizes were nearly 25 and 38 nm, respec-
tively. It was emphasized in previous works 30, 31 that De-
bye Scherrer’s equation only gives an estimate of the crys-
tallite average size. It should be noted that structural dis-
orders and strain phenomena could lead to a peak broad-
ening, which affects crystallite size evaluation. Therefore,
it seems that the calculated values from XRD should be
used mainly for comparison among the specimens. On the
other hand, Choi et al. 31 justified the difference between

the XRD and SEM results with reference to the highly ag-
glomerated nature of the TCP nano-crystallites. He also
reported that the heat treatment at higher temperatures in-
dicated a slight growth of the clusters. Furthermore, the
entire XRD and SEM results agreed that the powder size
of the B-TCP was smaller than that of the «-TCP.

From Fig. 2, it is clear that the inhibitory effects of TCP-
Nis on breast cancer cell proliferation were more effective
than the control. The results showed that the differences
in the inhibition effects of cancer cell proliferation among
different concentrations were between 31 % to 90 % de-
pending on the applied dosage. Morphology, particle size,
and the dosage-dependent inhibitory effects of some cal-
cium phosphates on cancer cells had also been proven pre-
viously in certain literature 22, 32-34 Tt was reported that
the sizes, morphologies, and concentrations of nano-HAP
had significant effects on the apoptotic level.
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Fig.4: Schematic representation of a) molecular structure of ZA,
and b) the mechanism of chemical bonding between TCPNs and
ZA.
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According to the MTT results, at the concentration of
200 mg/L, the inhibitory effect of a-TCP particles on
MCEF-7 cells was significantly increased to about 83 %
and further dosage enhancement was useless (Fig. 2(g)).
Fig. 2(a) also showed that the inhibitory effects of «-TCP
particles were independent of dosage. On the other hand,
the inhibitory effect of 3-TCPNs was reduced from 61 %
(Fig.2(a) and (h)) to about 25 % with dosage enhancement
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(from 50 to 300 mg/L) and further increase up to 600 mg/1
had no significant effect on results. These interesting re-
sults should be assessed in more detail in future work. An
MTT assay was also performed to investigate the effect of
B-TCPNs and a-TCPNs on bone cell line (G292) prolifer-
ation. According to the results shown in Fig. 2(b), 3-TCP-
Ns and «-TCPNs were biocompatible and increased cell
proliferation; however, the results were independent of
dosage for both materials. Therefore, these results demon-
strated that 3-TCPNs and «-TCPNs exhibit anticancer ac-
tivity on breast cancer tumor cells and a non-toxic effect on
normal cells. It should be mentioned that nanostructures
like TCPNs could internalize into cancer cells through en-
docytic pathways 35 and reach the cytoplasm and differ-
ent organelles that depend on their different characteris-
tics and the final results of this work might be affected by
this phenomenon.

Fast release of the drug in both nanocarriers could be
perceived after 24 h, which indicated that the 80 %W of
ZA was released from TCP nanocarriers after one day.
It is clear that diffusion phenomena should be consid-
ered in drug release investigations. In this respect, it seems
that the hydrophobic nature of nanostructures resulted in
slow penetration of the sustained release into the medium
and consequently, the slow release of the drug from both
nanostructures. It should be mentioned here is that these
nanostructures had a strong bond with the drug based on
covalent bonds. To scrutinize this more closely, Fig. 4(a)
shows the chemical structure of ZA. The two phospho-
nate groups are both essential for bonding to the bone min-
eral phase as well as cell-mediated antiresorptive activi-
ty. R1 substituents have prepared an additional capabili-
ty in coordinating calcium, for example, hydroxyl (OH)
or amino (NH,) groups have provided a strong chemi-
cal bond with mineral materials, most likely via triden-
tate bonding to calcium. The R2 side group predominant-
ly determines the antiresorptive potency of the bisphos-
phonates. In simple words, the presence of nitrogen atoms
in the R2 side group is associated with the ability of an
individual bisphosphonate to inhibit cell growth. More-
over, this point could affect bone affinity, as a function of
the nitrogen moiety ability, in bonding with the surface of
the bone mineral. It is shown in Fig. 4(b) that the chemi-
cal bonding between the TCPNs and ZA comprises three
major steps described as follows: (1) A critical complex re-
action between Ca2* ions of TCPNs and the OH group of
the ZA. (2) The complex of Ca?* ions and ZA molecules
assembled with PO,3- ions. (3) P-O and O-H groups of
TCPNs form chemical bonds with the -OH and -NH,
groupsinthe ZA molecule, resultingin ZA druglayers that
were strongly attached to the surface of TCPNs as shown
schematically in Fig. 4(b). Therefore, according to the ini-
tial results, it seems expedient to design an implantable bis-
phosphonate delivery system for ZA based on these « and
B-TCP nanostructures.

The main results of Fig.5 showed that cell survival de-
creased after 1 h, demonstrating that the cells were suffer-
ing from drug overdose (Fig. 4). According to Fig. 6, there
was an equivalent pointin survival after 12 h and addition-
al time had no effect on G292 cell viability. However, in
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comparison with Fig. 5 for MCF-7 cells, the viability de-
pendence on the time for the MCF-7 cells was more vis-
ible than for G292 cells in both « and g-TCP nanostruc-
tures. The results in Fig. 6 indicate that the treatment of
MCEF-7 breast cancer cells with the ZA reduced cell via-
bility during different times, to put it simply, these drug
delivery systems could be used in breast cancer treatment.
Also, as showninFigs. 5 and 6, the combination of « and 8-
TCP with ZA did not significantly augment apoptosis in
any of the G292 or MCF-7 cell lines. These observations
suggest that loaded ZA in TCPNss like « and B-TCP could
be used in bone and breast cancer treatment. However, it
is suggested that further investigations into this drug de-
livery system should be undertaken.
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Fig. 6: Time-dependent ZA released from TCP carriers on G-292
cell proliferation.
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V. Conclusions

In brief, structures, chemical properties and the inhibito-
ry effect of TCPNss as a carrier for the release of the ZA on
MCEF-7 breast cancer and G-292 osteosarcoma cell lines
were investigated. The main results are summarized as fol-
lows:

1. The structural characterization of the both o and
B-TCP in nanoscale was investigated by means of
SEM and XRD analysis. The SEM analysis of the mi-
crostructure indicated a dense structure with well-dis-
persed particles for all specimens. The SEM and XRD
results supported that particle size of the synthesized
« and B-TCP were below 100 nm with spherical shapes
and the B-TCP particle size was smaller than that of «-
TCP.

2. The FT-IR spectrum comparison between 3-TCP and
«-TCP powders besides the crystal system change in
XRD peaks confirmed the phase evolution during 8 to
« transformation in heat treatment.

3. Inhibitory effects of TCPNs on the growth and pro-
liferation of MCF-7 breast cancer and G-292 osteosar-
coma cell lines were investigated iz vitro tests. From
the results obtained, it could be concluded that TCP-
N induced oxidative stress to the breast cancer cells
whichled to apoptotic-like conditions. In other words,
TCPNs could inhibit the proliferation of human can-
cer cells.
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According to the MTT assay, B-TCPNs and «-TCPNs
were biocompatible and the inhibitory effects of 3-TCPNs
and «-TCPNs on both MCF-7 and G-292 cells were
independent of their dosage. The best inhibitory effect
(83 %) was assigned to a- TCPN's with a concentration
of 200 mg/L on MCF-7 cells.

. A fast release was seen in both nanocarriers, which

indicated that 80 %W of ZA was released from TCP
carriers after one day. However, these nanostructures
had strong covalent bonds with the drug.

The time in the ZA release system affected the G292 or
MCEF-7 cell line survival and the viability dependence
on time for the MCF-7 cells was more visible than for
G292 cells in both « and 8-TCP nanostructures.

TCPNs as carriers could regulate the release of ZA to in-
hibit cancer cell proliferation. Therefore, in consideration
of these satisfactory results, it is hoped that these drug de-
livery systems (loaded ZA in TCPNs) could be used in fu-
ture bone and breast cancer treatments.
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