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Formation of several materials, denoted as bisphosphonate-based coordination complexes (BPCCs),
resulted from the reaction between clinically employed bisphosphonate, zoledronate (ZOLE) and
bioactive metals (M®" = Ca?*, Mg®* and Zn®"). Six ZOLE-based BPCCs were synthesized using different
variables (M2*:ZOLE molar ratio, temperature, pH, and anion) and their structures were elucidated by
single crystal X-ray diffraction (ZOLE-Ca forms | and Il, ZOLE-Mg forms | and Il, and ZOLE-Zn forms |
and I). The dissolution of the ZOLE-based BPCCs was compared to that of ZOLE (Reclast™). Most of the
ZOLE-based BPCCs (60-85%, in 18-24 h) present a lower dissolution and equilibrium solubility than
ZOLE (~100%, 30 min) in phosphate buffered saline (PBS), while a significantly higher dissolution is
observed in acidic media (88% in 1 h). This suggests the ability to release the ZOLE content in a pH-
dependent manner. Moreover, a phase inversion temperature (PIT)-nano-emulsion synthesis was
performed, which demonstrated the ability to significantly decrease the crystal size of ZOLE-Ca form Il
from a micron-range (~200 pm) to a nano-range (~150 d nm), resulting in nano-Ca@ZOLE.
Furthermore, low aggregation of nano-Ca@ZOLE in 10% fetal bovine serum (FBS):PBS after 0, 24 and
48 h was demonstrated. Additionally, nano-Ca@ZOLE showed an ~2.5x more binding to hydroxyapatite
(HA, 36%) than ZOLE (15%) in 1 d. The cytotoxicity of nano-Ca@ZOLE against MDA-MB-231 (cancer cell
model) and hFOB 1.19 (normal osteoblast-like cell model) cell lines was investigated. The results
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demonstrated significant cell growth inhibition for nano-Ca@ZOLE against MDA-MB-231, specifically at
a low concentration of 3.8 uM (%RCL = 55 + 1%, 72 h). Under the same conditions, the nanocrystals did
not present cytotoxicity against hFOB 1.19 (%RCL = 100 + 2%). These results evidence that nano-ZOLE-
based BPCCs possess viable properties in terms of structure, dissolution, stability, binding, and
cytotoxicity, which render them suitable for osteolytic metastasis therapy.
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Introduction

Cancer remains a major public health concern, being one of the
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leading causes of death worldwide." Among all the new cancer
cases recently diagnosed (18.1 M), the three most common
cancers in women are breast, lung and colorectal, of which
breast cancer alone accounts for 30% of all the estimates."?
The highest mortality rate observed in women is primarily due
to breast cancer, because of its high potential to metastasize
once in an advanced stage.® Over 80% of patients with
advanced breast cancer develop osteolytic metastases (OM),
representing a debilitating stage of the disease with very low
prognosis.? Clinically, OM is challenging due to the rapid
microarchitectural deterioration of affected sites at the bone
marrow, based on the altered coupling between osteoblasts and
osteoclasts, all mediated by tumor-driven dysregulation.*
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Therefore, progression of the disease is mainly caused by the
dysregulation promoted by metastatic cells at the bone micro-
environment. As a consequence, these tumor cells are the
prominent therapeutic targets when treating OM.

Antiresorptive medications, such as bisphosphonates (BPs),
are commonly prescribed to treat and delay the progression of
breast-cancer-induced OM.*” These compounds resist enzy-
matic hydrolysis due to the presence of a P-C-P bond, in
contrast to pyrophosphates (P-O-P bond).”® Once the BPs
reach their target, their binding to the bone is strong because
they exhibit high affinity to calcium ions.® Preclinical research
has demonstrated that BPs promote anti-tumor effects via
direct (tumor-cell apoptosis) and indirect (angiogenesis, v
T cells) mechanisms.'® However, due to the several pharmaco-
logical deficiencies presented by BPs (poor bioavailability and
low intestinal adsorption <10%), their direct anti-tumor
effects remain unclear at the high doses required to provide
the desired therapeutic effect."*™*

Among clinically utilized BPs, alendronate, risedronate and
ibandronate present a lower therapeutic efficacy compared to
zoledronate (ZOLE, Fig. 1), a last generation BP which exhibits
the most potent and prolonged osteoclast antiresorptive
activity.">"™ At present, an optimal regimen for ZOLE against
bone-related diseases and OM is not known."*'®"” It has been
established that most of the drug undergoes renal clearance
due to its significantly low bioavailability (<1%) and gastro-
intestinal permeation."®?° These attributes result in a max-
imum plasma concentration of 1 pM for the drug, which
represents a 10-100x lower concentration than that needed
to kill cancer cells in vitro.>® However, recent studies have
demonstrated that ZOLE exhibits direct cytotoxicity effects
against human cancer cell models, recommending its use as
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a chemotherapeutic agent.”>> Several attempts have been
made by employing ZOLE to design effective therapies against
bone-related diseases, such as coordination complexes for drug
delivery,>*®?” and radiopharmaceuticals as a bone pain ther-
apy for oncological diseases.'>***° However, these approaches
focused mainly on the labeling efficiency of ZOLE to beta
emitters, adsorption to hydroxyapatite (HA), biodistribution,
and cytotoxicity of the proposed systems through in vitro assays
employing prostate, lung, and liver cancerous cells,'>?"2673°
Here, we propose to develop novel ZOLE-based coordination
complex nanocrystals and assess their potential to treat speci-
fically breast-cancer-induced OM.

In a previous study, the design of nanocrystals compris-
ing bisphosphonate-based coordination complexes (BPCCs)
with the potential to treat breast-cancer-induced OM was
described.? The reported alendronate-based BPCCs presented
several promising properties such as high thermal and struc-
tural stability, selective degradation under different physiolo-
gical conditions, and significant cytotoxicity against human
breast cancer cells at low concentrations.®’ Moreover, metal
ions such as Ca**, Co®>", Mg®", Mn**, Ni”* and Zn** have been
employed to form coordination complexes (CCs) with
ZOLE.**7*® However, these reports focus mainly on the struc-
tural properties of these materials.

In this work, ZOLE was employed as a ligand for reaction
with three different bioactive metals (M>" = Ca**, Mg>* and
Zn") to design ZOLE-based BPCCs (Fig. 1) with the potential to
treat OM. From the resulting materials, the structural and
thermal stability as well as degradation in different physiologi-
cal media were assessed to provide insights into their ability
to be employed for biomedical applications. Furthermore,
efficient crystal size reduction through a phase inversion

ZOLE-Ca form II

1) H,0,pH=123
2) CaCl,, (1:1), 85°C
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3) 25°C

Fig. 1 Schematic diagram of the synthesis conditions leading to six crystalline phases of ZOLE-based BPCCs. As products, the coordination of
zoledronate (ZOLE) with three different bioactive metals (M2* = Ca?*, Mg?*, and Zn?*) under several synthesis conditions. Unit cell and polarized optical
micrographs of each ZOLE-based BPCC are shown in the product side of each reaction. The variables explored were pH, metal salt anion (NOs™ vs. Cl7),

and addition of etidronic acid (HEDP) as an auxiliary ligand.
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temperature (PIT)-nano-emulsion synthesis allowed the formation
of nano-Ca@ZOLE, a ZOLE-based BPCC in the nano-range, for
which other biomedical relevant properties were determined.
These included the aggregation behavior of the nanomaterial in
biologically relevant media, its binding affinity to HA, and cyto-
toxicity against both triple-negative breast cancer cells that metas-
tasize to the bone (MDA-MB-231) and normal osteoblast cells
(hFOB 1.19). This study is intended to assess BPCCs, specifically
nano-Ca@ZOLE, and potentiate them as an alternative aimed at
treating and preventing breast-cancer-induced OM.

Experimental section

Materials

Calcium nitrate tetrahydrate [Ca(NO;),-4H,0, 99% pure], cal-
cium chloride dihydrate [CaCl,-2H,0, USP grade], zinc nitrate
hexahydrate [Zn(NO;),-6H,0, 98% pure], zinc chloride anhy-
drous [ZnCl,, >98% pure], magnesium nitrate hexahydrate
[Mg(NO3),-6H,0, 99% pure], magnesium chloride anhydrous
[MgCl,, >98% pure], and etidronic acid 60% aqueous solution
(HEDP) were purchased from Sigma-Aldrich (St. Louis, MO).
Zoledronic acid monohydrate (CsH;oN,O0,P,-H,0, >98% pure)
was acquired from TCI America (St. Portland, OR). The pH
adjustments were made using a stock solution of sodium
hydroxide (NaOH, USP grade, 0.3 M). Nanopure water was used
as the solvent in all syntheses. Phosphate buffered saline (PBS)
tablets, from Sigma Aldrich (St. Louis, MO), were used to
prepare PBS solutions (pH = 7.40). Hydrochloric acid (HCI,
37%) and sodium chloride (NaCl, ACS reagent >99.0% pure)
from Sigma-Aldrich (St. Louis, MO) were used to prepare fasted-
state simulated gastric fluid (FaSSGF) buffered solutions (pH =
1.60). Heptane [CH3(CH,);CH;, anhydrous 99%] and Brij® L4
[(C0H4205)n, average M, ~ 362 g mol '] from Sigma-Aldrich
(St. Louis, MO) were used to prepare the emulsion for phase
inversion temperature (PIT) determination and nano-emulsion
synthesis of nano-Ca@ZOLE. Fetal bovine serum (FBS, mam-
malian and insect cell culture tested) from Sigma-Aldrich (St.
Louis, MO) was used for the particle size distribution and
aggregation measurements of nano-Ca@ZOLE. Hydroxyapatite
(Cas(OH)(PO,)s, synthetic powder) from Sigma-Aldrich (Mil-
waukee, WI) was utilized to carry out the binding assays of
nano-Ca@ZOLE. Human breast cancer MDA-MB-231 cell line
(ATCC‘R' HTB-26™, Manassas, VA), normal osteoblast-like hFOB
1.19 cell line (ATCC® CRL-11372™, Manassas, VA), Dulbecco’s
Modified Eagle’s Medium (DMEM) from Sigma-Aldrich (Milwau-
kee, WI), 1:1 mixture of Ham’s F-12 Medium/Dulbecco’s Mod-
ified Eagle’s Medium (1:1 DMEM:F-12) and geneticin (G418)
from Bioanalytical Instruments (San Juan, PR), penicillin-strepto-
mycin (Pen-Strep) from Sigma-Aldrich (St. Louis, MO), and Ala-
marBlue® from Bio-Rad (Kidlington, Oxford) were employed to
investigate the cell proliferation of ZOLE and nano-Ca@ZOLE.

General hydrothermal synthesis of ZOLE-based BPCCs

The hydrothermal syntheses of ZOLE-based BPCCs were carried
out by preparing separate solutions of the ligand (ZOLE) and

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

the metal salt in nanopure water at room temperature. If
required, 0.3 M NaOH was added to the ligand solution to
adjust the pH above several of the ZOLE principal pK,’s (pH =
1.23-4.40). HEDP was added in some cases as an auxiliary
ligand to decrease the pH below of the pK,’s of the ligand
(ZOLE). The metal salt solution was added to the ligand
solution with a syringe and mixed thoroughly. The formation
of metal hydroxides was avoided by adjusting the pH of the
resulting solution below the pH that led to M(OH),, precipita-
tion. Heat was applied to the resulting mixture until crystals
appeared (between minutes to hours). Once the crystals were
visually detected, the vials were removed from heat and left
undisturbed to let them grow. The product was collected after
vacuum filtration and air-drying. Details of the synthesis con-
ditions leading to each of the BPCCs (ZOLE-Ca forms I and II,
ZOLE-Mg forms I and II, and ZOLE-Zn forms I and II) are
available in the ESIL. ¥

Raman microscopy

Raman spectra were recorded using a Thermo Scientific DXR
Raman microscope, equipped with a 780 nm laser, 400 lines per
nm grating, and 50 pm slit. The spectra were collected at room
temperature over the range of 3400 and 100 cm™ ' by averaging
32 scans with exposures of 5 s. The OMNIC for Dispersive
Raman software version 9.2.0 was employed for data collection
and analysis.

Scanning electron microscopy-energy dispersive spectroscopy
(SEM-EDS)

X-ray microanalysis was conducted using a JEOL JSM-6480LV
scanning electron microscope with an energy dispersive X-ray
analysis (EDAX) Genesis 2000 detector. Micrographs were
recorded using the same instrument, employing an Evenhart
Thomley secondary electron imaging (SEI) detector. SEM sam-
ples were coated with a 5-10 nm Au layer with a sputtering
target (10 s), employing a PELCO®™ SC-7 auto sputter coater
coupled with a PELCO™ FTM-2 film thickness monitor. Images
were taken under high vacuum mode with an acceleration
voltage of 20 kV, electron beam of 11 mm width, with a spot
size value of 36, and SEI signals.

Powder X-ray diffraction (PXRD)

Powder diffractograms were collected in transmission mode
(100 K) using a Rigaku XtaLAB SuperNova X-ray diffractometer
with a micro-focus Cu-K,, radiation (A = 1.5417 A) source and
equipped with a HyPix3000 X-ray detector (50 kV, 0.8 maA).
Powdered samples were mounted in MiTeGen micro loops
using paratone oil. Powder diffractograms were collected
between 6 and 60° with a step of 0.01° using the Gandalfi move
experiment with an exposure time of 300 s. Data were analyzed
using the CrystAllis*™® software v. 1.171.3920a.

Single crystal X-ray diffraction (SCXRD)

The crystals were observed under polarized light to assess their
quality. Optical micrographs were recorded with a Nikon Eclipse
Microscope LV100NPOL, equipped with a Nikon DS-Fi2 camera

Mater. Adv,, 2022, 3, 3251-3266 | 3253
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and NIS Elements BR software version 4.30.01. Suitable single
crystals were mounted using paraton oil onto MiTeGen micro
loops for structure elucidation. Structural elucidation was per-
formed in either of the two instruments.

The crystal structure for the ZOLE-Zn form I was deter-
mined from the diffraction data collected using a Bruker AXS
SMART APEX-II single crystal diffractometer equipped with a
Monocap collimator and APEX-II CCD detector with a Mo-K,,
(4 =10.71073 A) radiation source operating at 50 kV and 40 mA.
The data collection was carried out at 100 K using an Oxford
Cryosystems Cryostream 700 cooler.

The crystal structures of ZOLE-Ca forms I and 1I, ZOLE-Mg
forms I and II, and ZOLE-Zn form II were determined from the
diffraction data collected with a Rigaku XtaLAB SuperNova
single micro-focus Cu-K, radiation (1 = 1.5417 A) source
equipped with a HyPix3000 X-ray detector in transmission
mode operating at 50 kV and 1 mA within the CrystAllis"*°
software v. 1.171.3920a. Data collection was carried out at 100 K
using an Oxford Cryosystems Cryostream 800 cooler. All crystal
structures were solved by direct methods. The refinement was
performed using full-matrix least squares on F> within the
Olex2 software v1.2. All non-hydrogen atoms were anisotropi-
cally refined.

Thermogravimetric analysis (TGA)

TGA patterns of the ligand and all BPCCs were recorded using a
Q500 instrument (TA Instruments Inc.). The profile involved
the temperature range of 10-700 °C at 5 °C min~ " under a N,
gas purge (60 mL min~"). For all measurements, ~10 mg of
powdered sample was thermally treated. Data were processed
with TA Universal Analysis software version 4.3A.

Dissolution rate measurements

Dissolution profiles were obtained via direct quantification by
measuring absorbance at 208 nm. Rate measurements were
recorded for the reagent grade ZOLE, ZOLE-Ca forms I and II,
ZOLE-Mg forms I and II, ZOLE-Zn forms I and II in PBS,
against a reagent blank. For ZOLE and ZOLE-Ca form II,
dissolution measurements were also performed in FaSSGF.
Dissolution tests were performed in 100 mL of PBS (pH =
7.40) or FaSSGF (pH = 1.60) buffers at 37 °C under constant
stirring at 150 rpm, for 48 h (PBS) or 36 h (FaSSGF). Absorbance
measurements were performed using an Agilent Technologies
Cary Series UV-Vis Spectrophotometer, Cary 100 UV-Vis model,
using the UV Cary Scan software version v.20.0.470. All mea-
surements were performed with a 400-200 nm scan.

Determination of the phase inversion temperature (PIT) and
PIT-nano-emulsion synthesis of nano-Ca@ZOLE

To reduce the particle size, a PIT-nano-emulsion method was
employed during the synthesis of a selected BPCC, specifically
ZOLE-Ca form II. The PIT temperature was determined by
measuring the conductivity of an aqueous emulsion containing
ZOLE in heptane (oil phase) and Brij® L4 (surfactant) in the
temperature range of 2-40 °C at 1 °C min~". After homogeniz-
ing the emulsions, conductivity measurements started at 2 °C
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with an O/W micro-emulsion (~ 840 uS). As the temperature is
increased (1 °C min~ "), a phase inversion (O/W to W/O) occurs.
The phase inversion starts at 9 °C and ends at 15 °C, where
the conductivity measurements reduce to an average value of
~8.58 uS. This leads to the conversion of the emulsion into a
water-in-oil (W/O) nano-emulsion.

The nano-emulsion synthesis of nano-Ca@ZOLE was con-
ducted in a Crystalline™ (Technobis, Crystallization Systems,
Alkmaar, Netherlands). The pre-homogenized emulsions
(ZOLE, heptane, Brij® L4) prepared for PIT determination were
used to perform the nano-Ca@ZOLE synthesis. The emulsion
was homogenized before being transferred to the reaction vial
and placed in the first reactor at a temperature of 5 °C and
1250 rpm for 30 min. After 30 min, the reaction vial was
transferred to a second reactor at 45 °C and 1250 rpm. The
emulsion was stirred for 30 min before heating to a reaction
temperature of 85 °C. Subsequently, the metal salt solution was
added using a syringe and left undisturbed for 30 min. Once
completed, the reaction vial was left undisturbed for 30 min
before analyzing the supernatant from the aqueous phase using
dynamic light scattering (DLS).

Dynamic light scattering (DLS) and aggregation tendency
measurements

Samples resulting from the synthesis of nano-Ca@ZOLE were
analyzed using a Malvern Panalytical Zetasizer NanoZS
equipped with a He-Ne orange laser (633 nm, max 4 mW)
(Spectris PLC, Surrey, England). Data were analyzed with Mal-
vern software version 7.12. Aliquots of 50 pL of the supernatant
from the aqueous phase were diluted (1:20) with 10% FBS in
PBS and transferred to disposable polystyrol/polystyrene cuv-
ettes (REF: 67.754 10 x 10 x 45 mm, Sarsted, Germany). The
refractive index of ZOLE in water is 1.333. This value was
determined by measuring an aliquot of 2.5 mg mL~' ZOLE
stock solution with a Mettler Toledo Refracto 30GS (Mettler
Toledo, Columbus, OH).

For the aggregation measurements, the same procedure was
followed for sample preparation. The prepared sample
remained undisturbed near the zetasizer for 30 min prior to
measurements. Size measurements were performed in the
dispersant after 0, 24 and 48 h of sample preparation. Sample
equilibration inside the instrument at room temperature
(25 °C) was performed for 2 min before measurements.

Hydroxyapatite (HA) binding assay

For the binding assay of nano-Ca@ZOLE, 20 mg of HA was
exposed to 3 mL of a nano-Ca@ZOLE in PBS solution (0.5 mg
mL ™), for 0-11 d at 37 °C. As control groups, nano-Ca@ZOLE
and HA, both in PBS, were employed. As a comparative method,
the binding assay for “as received” ZOLE was performed
employing the same parameters as for the nanocrystals. For
the experimental groups (HA-nano-Ca@ZOLE and HA-ZOLE),
collection was performed in duplicate. Supernatants of the
control and experimental groups were collected every day for
11 consecutive days. After each time point, the supernatant
was collected and centrifuged (1500 rpm, 8 min). Absorbance

© 2022 The Author(s). Published by the Royal Society of Chemistry
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measurements were performed at 208 nm (Aax) to determine
the percentage of ZOLE and nano-Ca@ZOLE bound to HA. Solid
samples of HA, HA-ZOLE, and HA-nano-Ca@ZOLE were char-
acterized by EDS.

Cell culture methods

The MDA-MB-231 cell line was incubated with DMEM, 1% Pen-
Strep, and 10% FBS at 37 °C in 5% CO,. The hFOB 1.19 cell line was
incubated with 1:1 DMEM : F-12, 0.3 mg mL ™" G418, and 10% FBS
at 34 °C in 5% CO,. Cell passages were observed weekly at 80% of
cell confluency, and media were exchanged twice a week.

Cell treatments

Both cell lines were treated with ZOLE (control) and nano-
Ca@ZOLE (experimental). First, to determine the half-
maximal inhibitory concentration (ICs,) two-fold serial dilu-
tions of ZOLE (0-200 pM) were prepared. Both cell lines (MDA-
MB-231 and hFOB 1.19) were seeded in 96 well plates at
2.5 x 10° cell per mL. The cells were incubated for 24 h at
37 °C (MDA-MB-231) and 34 °C (hFOB 1.19), respectively. After
the initial incubation period, both cell lines were treated with
100 pL of the ZOLE solutions previously prepared and incu-
bated for 24, 48, and 72 h at the respective incubation tem-
peratures. For both cell lines, the corresponding culture
media (DMEM, Pen-Strep:MDA-MB-231) and (DMEM, F-12,
G418:hFOB 1.19) was used as negative control for treatments.
AlamarBlue® assay was utilized to determine cell proliferation;
for this, 10% of AlamarBlue®™ solution in PBS was prepared.
Finally, the media were removed from the 96 well plates, 100 pL
of 10% AlamarBlue® solution was added, and the cells were
incubated for 4 h under the same previously mentioned conditions.
After the AlamarBlue®™ assay, the fluorescence (Zexe = 560 NM, Aem, =
590 nm) was evaluated using an Infinite M200 PRO Tecan Micro-
plate Reader. The live cells were assessed comparing the viability of
the control group (100%) with the cells treated with the ZOLE
solutions. The nonlinear regression method using Graph Pad
Prism, version 9.1.2, was applied to fit the dose-response curves
(% cell live vs. concentration) to the ICs, values.

The percentage of relative cell live (%RCL) for ZOLE (control)
and nano-Ca@ZOLE (experimental) was investigated at selected
concentrations (1.9, 3.8, 7.5, and 15 uM) in both cell lines.
Treatments at these concentrations were carried out at 24, 48,
and 72 h for ZOLE and nano-Ca@ZOLE. The cell seeding and
AlamarBlue®™ assay were completed as described above for the
ICs, determination in both cell lines. Graph Pad Prism, version
9.1.2, was utilized to plot %RCL found at concentrations of 1.9,
3.8, 7.5, and 15 uM after 24, 48, and 72 h of treatment. All
experiments were performed in triplicates and the data were
statistically treated using mean, standard deviation, and the
coefficient of variation percentage (%CV).

Results and discussion

After exploring the design space for synthesizing ZOLE-based
BPCCs, it was found that most of the crystalline materials

© 2022 The Author(s). Published by the Royal Society of Chemistry
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formed while employing a 1:1 M>'/BP molar ratio at 85 °C
and under acidic conditions (pH < 4.40). Concomitant poly-
morphism was observed in all the hydrothermal reactions
between ZOLE and the metals. Phase selection was achieved
by varying the anion of the metal salt (NO;~ vs. Cl7), adding
etidronate (HEDP) as an auxiliary ligand to decrease the pH
(pH = 0.93) below the pK,’s of the ligand (pH = 1.23-4.40), or
applying cooling crystallization once the reaction at 85 °C was
complete. A scheme for the hydrothermal syntheses of the
ZOLE-based BPCCs is presented in Fig. 1.

Six coordination complexes were obtained with high crystal
quality for structural elucidation, as seen under polarized light
(Fig. 1). For these ZOLE-based BPCCs, their solid-state char-
acterization, stability in physiological media, particle size and
aggregation tendency were assessed to potentiate their biome-
dical applications as a nanocrystal-based therapy against OM.

Raman spectroscopy analysis

The representative Raman spectra of the isolated ZOLE-based
BPCCs were collected from 3400 to 100 cm™ ' (Fig. 2). This
analysis confirmed that six distinctive crystalline phases were
produced by the presence and absence of different Raman
shifts among the ligand (ZOLE) and the ZOLE-based BPCCs
spectra. Two different intense characteristic signals can be
observed in the 3200-2900 cm ' region of the ZOLE-based
BPCCs spectra compared to ZOLE. These bands correspond to
the hydrogen phosphate H-OPO,C moieties (3000-2900 cm ™)
and the stretching vibrations vO-H/H,O (3200-3100 cm ™ ') due
to coordinated and lattice water molecules in the crystal
structure of the resulting complexes. Compared to ZOLE, the
increased intensity of the signal at ~3,000 cm ' for the
coordination complexes corroborates the presence of various
strong hydrogen bonds within each lattice. This suggests that
extensive hydrogen bonding is present within the crystal struc-
tures of the ZOLE-based BPCCs. Moreover, the band at 1290
ecm~ ' observed in the ZOLE-based BPCC spectra can be attrib-
uted to the P—0O deformation vibration due to coordination
with the metal center. The signal at around 1190 cm™ ' is
characteristic of P—O/0"POH stretching vibrations. The

100 600 1,100 1,600 2,100 2,600 3,100
Raman shift (cm™)

Fig. 2 Raman spectra overlay of (a) zoledronate (ZOLE) and ZOLE-based
BPCCs; (b) ZOLE-Ca form |, (c) ZOLE-Ca form Il, (d) ZOLE-Mg form |, (e)
ZOLE-Mg form I, (f) ZOLE-Zn form |, and (g) ZOLE-Zn form II.
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incorporation of ZOLE in the coordination sphere of the
resulting materials is confirmed by two bands at 1100 cm™*
(strong) and 1020 cm ' (medium), respectively. This strong
signal is characteristic of the v**P-O(H) asymmetric stretching
vibrations, while the medium signal corresponds to the 6PO-H
bending of the phosphonate P-O; groups. These signals are
scarcely observed for ZOLE. Similarly to the asymmetric stretching
vibration of the P-O bonds, the strong bands at the 950-900 cm "
region of the ZOLE-based BPCCs spectra are attributed to the
symmetric *'P-O(H) stretching vibrations. For ZOLE, these bands
are weak in intensity. Different vibrational modes of coordination
of the divalent metal ions (M>") with phosphorus bonded oxygen
atoms induce changes in the P-O bond order, generating
the differences observed in the symmetric and asymmetric
P-O(H) stretching vibrations among the BPCCs and the ligand.
Some Raman shifts can be observed at a lower wavenumber
(<1000 ecm™"), which are assigned to vibrational mode character-
istics of the CH,, C-C, C-P, C-OH and M**-O groups present in
the ZOLE-based BPCCs.

Scanning electron microscopy-energy dispersive spectroscopy
(SEM-EDS)

The representative SEM images collected for the isolated ZOLE-
based BPCCs show crystals with well-defined morphologies
(Fig. 3). As observed in Fig. 3, ZOLE-based BPCC form I crystal-
lizes in a prismatic crystal habit, while the ZOLE-based BPCC
form II is characterized by the acicular crystal habit. Interest-
ingly, SEM analysis revealed that ZOLE-Zn form II crystallizes
in a hollowed acicular crystal habit, which can be observed in
Fig. 3f. The diameter of the BPCCs obtained in this study
ranges between 10 and 200 um.

Representative EDS spectra of these materials present the
characteristic signals of the metal and other elements, which
are present in the molecular structure of ZOLE (carbon,
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nitrogen, phosphorous, and oxygen atoms), and had been
employed for hydrothermal synthesis (Fig. 3). Thus far, the
synthesis of six crystalline phases distinct from the starting
materials is supported with these results, along with the Raman
spectra analysis.

Powder X-ray diffraction (PXRD) analysis

The representative PXRD diffractograms of the six ZOLE-based
BPCCs are shown in Fig. 4. Each X-ray diffractogram reveals a
high degree of crystallinity for the isolated materials due to the
low amorphous background. Additionally, it was noticed that
each phase presents a unique crystal structure compared to the
starting materials employed during the syntheses, thus discard-
ing the possibility of concomitant recrystallization of the ligand
(ZOLE) and the metal salt. Interestingly, the crystal phases that
presented a prismatic crystal habit (all form I of the ZOLE-
based BPCCs), resulted in the formation of three isostructural
materials, that are distinct to the other polymorphs described
within this work. In contrast, the diffractogram of other ZOLE-
based BPCCs (forms II) are structurally distinct, despite pre-
senting the same acicular crystal habit. The presence of high
angle peaks (>5° in 20) suggests that these materials are
composed of 2D layers instead of 3D porous networks.
Previously reported structures of coordination complexes
containing ZOLE were compared to the ones described within
this work.>*® ZOLE-Ca forms I and II resulted in unique
materials compared to a previously reported phase containing
the same metal as demonstrated by the overlay of their simu-
lated PXRDs (ESIt).** Although known, the structures of ZOLE-
Mg form I and ZOLE-Zn form I were re-determined to increase
the quality of structural refinement (ESIt).>*** Moreover, both
ZOLE-Mg form I and ZOLE-Zn form I resulted in an isostruc-
tural to those presented by ZOLE-Co, ZOLE-Mn and ZOLE-Ni
which have been reported in literature (ESIT).>**® In addition to

zn

|

200 400 600 800 10.00 1200 14.00 1600 1800 keV

Fig. 3 Representative scanning electron micrographs and energy dispersive spectra of single crystals of ZOLE-based BPCCs; (a) ZOLE—-Ca form |, blue;
(b) ZOLE-Ca form Il, red; (c) ZOLE-Mg form |, green; (d) ZOLE-Mg form Il, purple; (e) ZOLE-Zn form |, orange; and (f) ZOLE-Zn form I, pink.
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Fig. 4 PXRD overlay of (a) zoledronate (ZOLE) and ZOLE-based BPCCs;
(b) ZOLE-Ca form |, (c) ZOLE—-Ca form Il, (d) ZOLE-Mg form |, (e) ZOLE—
Mg form Il, (f) ZOLE-Zn form |, and (g) ZOLE-Zn form II.

ZOLE-Zn forms I and II reported here, another ZOLE-Zn
coordination complex has been previously described.**> Addi-
tionally, ZOLE-Zn form II and ZOLE-Mg form II resulted in
unique materials that have not been previously described.

Single crystal X-ray diffraction (SCXRD) analysis

Crystal structure elucidation performed by SCXRD provided
unambiguous evidence of the formation of the six ZOLE-based
BPCCs. Crystal structures were collected at a low temperature
(100 K) and solved using direct methods. The crystallographic
parameters of the structure refinement for each crystalline
phase are summarized in Table 1, and their respective packing
motifs are shown in Fig. 5.

Additional unit cell packings, asymmetric units and Oak
Ridge Thermal Ellipsoid Plots (ORTEPs) can be accessed in the
ESI.¥ PXRD overlays of the simulated and experimental powder
patterns for each ZOLE-based BPCC corroborate that a repre-
sentative solution has been obtained (ESIt). Crystallographic
data have been submitted to the Cambridge Crystallographic
Data Center (CCDC) for ZOLE-Ca form I (2120919), ZOLE-Ca
form II (2120918), ZOLE-Mg form I (2120917), ZOLE-Mg form
II (2120916), ZOLE-Zn form I (2120920), and ZOLE-Zn form II
(2120915).1

Structural description of ZOLE-Ca form I

The compound [Ca(C;oH;gN4014P4)(H,0),] crystallizes in the
space group P1, containing a half molecule in the asymmetric
unit with a calcium atom located in an inversion center. A
distorted CaOg4 octahedron (supplementary angles: 01-Ca1-07,
83.29°, 01-Ca1-08, 94.50°, and O8-Cal-0O7, 80.71°) is bonded
to four phosphonate oxygen atoms from two distinct bidentate
ZOLE ligands. Water molecules occupy the remaining two axial
sites. The phosphonate oxygen atoms are coordinated to the
equatorial positions of the octahedral Ca®* center forming two
identical six-membered chelate rings. The Ca-O bond distances
are 2.322 A (Ca1---O1) and 2.286 A (Ca- - -07). The conformation
of the ligand is reinforced by intramolecular hydrogen bonds
(06- --08, 2.899 A and O2- - -06, 2.960 A). The ZOLE molecules are
linked into molecular chains that propagate tilted along the b-axis
through strong intermolecular hydrogen bonds (06- - -05, 2.539 A)

© 2022 The Author(s). Published by the Royal Society of Chemistry

Form II

ZOLE-Zn
Form I

ZOLE-Mg
Form II

Form I

Form II

ZOLE-Ca
Form I

Table1 Summary of the crystallographic parameters for the structure refinement of the isolated ZOLE-based BPCCs; ZOLE—-Ca form |, ZOLE-Ca form I, ZOLE—-Mg form |, ZOLE—Mg form Il, ZOLE-Zn

form |, and ZOLE-Zn form Il

Compound

679.60
P2,/n

643.59
P1

638.54

P2y/n

602.51

Pi

636.29
Phca

P1

Empirical formula [Ca(C;0H15N4014P,)(H20),] [Ca(C1oH1sN4014P4)]-3H,0  [Mg(C10H1gN4O14P4)(H20)5] [Mg(C1oH1sN4014P4)]-4H,0  [Zn(CyoH1sN,014P4)(H20)5] [Zn(Cy0H1sN4014P,)]-2H,0
618.27

FW (g mol ")

Space group

101 (1)
1.54184

100 (0)

100 (10)
1.54184

100 (4)

100 (10)
1.54184

100 (10)
1.54184

perature (K)

Tem

4.96680(10)
16.4043(3)
14.4177(4)

90
1172.58(5)

93.452(2)
2

90
0.1321
0.0511

1.925

0.71073
7.3868(5)
8.4456(5)
9.7191(6)
105.3330(10)
111.2460(10)
97.4060(10)
527.70(6)

2

2.025

0.0787
0.0304

4.96400(10)
16.3671(3)
14.4253(3)

90
1170.13(4)

93.241(2)
2

90
1.812
0.3380
0.1210

8.40350(10)
9.7306(2)
105.249(2)
111.368(2)
97.085(2)
527.74(2)

7.4070(2)
2

1.54184
1.896
0.0732
0.0272

10.2301(2)
20.8833(5)
22.4723(5)

90
4801.0(2)

8
1.761
0.1211
0.0448

90
90

7.3520(2)
8.9793(2)
9.5484(2)
105.677(2)
108.739(2)
97.937(2)
556.97(2)
1

1.843
0.0609
0.0224

o o o
2
g

Pcale (g Cm43)

O B >N
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Abbreviations: /. (X-ray source wavelength, A), a/b/c (unit cell lengths, A), o/f/y (unit cell angle, °), V (unit cell volume, A%), Z (number of formula units per unit cell), peqc (unit cell calculated

density, g cm™3), R, (weighted R-factor, %), and R, (R-factor, %).
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Fig. 5 Packing motifs of (a) ZOLE—Ca form | along the b-axis, (b) ZOLE—Ca form Il along the a-axis, (c) ZOLE—Mg form | along the b-axis, (d) ZOLE-Mg
form Il along the a-axis, (€) ZOLE—-Zn form | along the b-axis, and (f) ZOLE—-Zn form Il along the a-axis.

between the oxygen atoms from the phosphonate moieties. The
ZOLE molecules are linked into molecular chains that propagate
tilted along the a-axis through intermolecular hydrogen bonds
(08---05, 2.677 A), between the coordinated water molecule and
the oxygen atom from the phosphonate moiety. Adjacent chains
are linked by a single intermolecular hydrogen bond (N2---O1,
2.710 A) that propagates these chains along the hc-plane. This
represents a unique packing mode when compared to the other
ZOLE-Ca metal complexes previously reported in the literature
(ESIT).®

Structural description of ZOLE-Ca from II

The compound [Ca(C;,H;5N4014P,)]-3H,0 crystallizes in the
Phca space group, and it is completely distinct from any other
ZOLE-Ca metal complexes previously reported.’> The asym-
metric unit has two ZOLE molecules coordinated to a Ca**
center, surrounded by three uncoordinated water molecules.
The Ca®* center is in a distorted octahedral environment
(supplementary angles: 01-Cal-0O4, 80.88°, 0O1-Cal-03,
86.29°, and 04-Cal-03, 80.42°), with four ZOLE ligands coor-
dinated. Two different binding modes are observed for the
ZOLE molecules. One ZOLE ligand is coordinated to the Ca**
cation in a bidentate mode alternating oxygen from the bispho-
sphonate group. The Ca-O bond distances range between 2.296
and 2.375 A. The metal cluster is linked by a single ligand
coordinated to form a chain (Ca1-O4-P2-05-Cal) that propa-
gates slightly tilted along the a-axis. This chain is reinforced by
intermolecular hydrogen bonds (04---09, 2.586 A; 05...013,
2.636 A; and O5---O11, 3.020 A). Adjacent chains are linked by
uncoordinated water molecules forming hydrogen bonds along
the b-axis (O16---012, 2.643 A and 017---010, 2.643 A). An
additional intermolecular hydrogen bond is formed through
the b-axis, which involves the nitrogen from an imidazole group

3258 | Mater. Adv, 2022, 3, 3251-3266

and the oxygen from an adjacent phosphonate moiety
(N1---011, 2.743 A). An extensive network of intermolecular
hydrogen bonds facilitated by the uncoordinated water mole-
cules, serves to propagate the chain along the c-axis (014- - -0O15,
2.890 A; O15- - -016, 2.702 A; O16- - -07, 2.812 A; and N3---010,
2.657 A).

Structural description of ZOLE-Mg form I

The structure of the compound [Mg(C;oH;5N,014P4)(H,0),],
which crystallizes in the P1 space group, has been previously
reported at 294 K.** The crystal structure was re-determined at
100 K, and the R-factor was improved (5.23% vs. 2.72%).** Two
bidentate ZOLE ligands and two water molecules are coordi-
nated to a Mg”" atom in an inversion center. The octahedral
Mg>* center equatorial positions are occupied by two bidentate
ZOLE ligands, forming two identical six-membered chelate
rings. In the remaining axial positions, water molecules are
coordinated. A rather regular octahedral environment is
observed for the metal cation (supplementary angles: O1-
Mgl-05, 89.66°, 05-Mgl-08, 88.21°, and 01-Mg1-08,
94.14°). The equatorial Mg-O bond distances are 2.033 A
(Mg1-01) and 2.078 A (Mg1-05), while the axial Mg-O bond
distance is 2.097 A (Mg1-08). The compound is reinforced by a
single intramolecular hydrogen bond (03 --07, 2.974 A). The
ZOLE ligands are linked by several intermolecular hydrogen
bonds, the strongest of which (03- - -02, 2.583 A) propagates the
metal cluster laterally along the b-axis forming chains rein-
forced by additional hydrogen bonds (O4---06, 2.868 A; and
07---06, 2.660 A). A single intermolecular hydrogen bond
(N2---05, 2.724 A) links adjacent chains and propagates these
along the c-axis. Additional chains are linked by intermolecular
hydrogen bonds along the g-axis (O8---02, 2.726 A). Interest-
ingly, ZOLE-Mg form I did not incorporate the auxiliary ligand

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(HEDP) into its crystal lattice. This material is isostructural to
other ZOLE metal complexes containing divalent metals such
as Co(m),*® Mn(u), Ni(u),*® and Zn(u).>*

Structural description of ZOLE-Mg form II

The compound [Mg(C;0H;3N,014P4)]-4H,0 crystallizes in the
P2,/n space group. The asymmetric unit has one ZOLE mole-
cule coordinated to a Mg>" center, surrounded by two uncoor-
dinated water molecules. A regular octahedral environment is
observed for the Mg>* cation (supplementary angles: O1-Mg1-
05, 90.55°, 01-Mg1-06, 90.58°, and 05-Mg1-06, 94.76°), with
Mg-O bond distances ranging from 2.037 to 2.122 A. Intra-
molecular hydrogen bonds reinforce the metal cluster
(05---01, 2.873 A; 04---06, 2.634 A; O1---06, 2.932 A; and
05---06, 2.577 A). The ligand is coordinated to the metal center
in a bidentate mode (01-Mg1-05), forming a six-membered
chelate ring. The same ligand is coordinated to the Mg>" center
in a monodentate mode (Mg1-06). Coordination between the
Mg>* cation and 06 and O5 from the ZOLE molecule results in
the formation of an eight-membered chelate ring that fuses
adjacent metal centers, resulting in the propagation of mole-
cular chains through the a-axis. An extensive hydrogen bond
network reinforces the chains along the b-axis connecting
adjacent chains through the imidazole groups of the ligand
and the uncoordinated lattice water (N2- - -05, 2.770 A;N2.-.01,
2.985 A; 02---08, 2.760 A; 08---04, 2.927 A; and 08-.--07,
2.713 A). Propagation of the metal cluster though the c-axis
can be described by the presence of a ¢ glide plane symmetry
element, which is perpendicular to » [0, 1, 0] with a glide
component [1/2, 0, 1/2]. Intermolecular hydrogen bonds
between the two uncoordinated lattice waters, link the chains
through the c-axis (08---09, 2.862 A and 09---09, 2.810 and
2.845 A). ZOLE-Mg form II presents a unique packing arrange-
ment when compared to other ZOLE-Mg metal complexes that
have been previously described.*

Structural description of ZOLE-Zn form I

The structure [Zn(C;oH;gN,014P4)(H,0),] was reported by E.
Freire et al. at 293 K, but was re-determined at 100 K with an
improvement in the R-factor (5.24% vs. 3.04%).>* The ZOLE-Zn
form I BPCC is isostructural to ZOLE-Mg form I** also re-
determined within this work and to other reported ZOLE metal
complexes with divalent metals such as Co(u),*®* Mn(u),*> and
Ni(m).>® The compound crystallizes in the P space group. The
Zn** center is coordinated by two bidentate ZOLE ligands
and two water molecules in a regular octahedral environment
(supplementary angles: 01-Zn1-05, 90.82°, 05-Zn1-08,
93.09°, and O1-Zn-08, 85.45°). There is one half-molecule in
the asymmetric unit with the zinc atom located in an inversion
center. The phosphonate oxygen atoms are bound to the
equatorial positions of the octahedral Zn>" center forming
two identical six-membered chelate rings. Water molecules
occupy the remaining two sites of the octahedra (axial posi-
tions). The equatorial Zn-O bond distances are 2.042 A (Zn1-
01) and 2.093 A (Zn1-05), while the bond distance of the axial
position is 2.130 A (Zn1-08). The metal clusters are linked into

© 2022 The Author(s). Published by the Royal Society of Chemistry
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a chain that propagates laterally through intermolecular hydro-
gen bonds (03---02, 2.580 A; 04---06, 2.866 A; and O7---06,
2.653 A) expanding along the b-axis. Adjacent chains are linked
by intermolecular hydrogen bonds along the g-axis (08 --02,
2.719 A). The coordinated water present in ZOLE-Zn form I is
responsible for reinforcing this packing through a unique
intermolecular hydrogen bond with an adjacent phosphonate
moiety along the g-axis (08 - -03, 3.009 A). Adjacent chains are
linked by another unique hydrogen bond (N2:--05, 2.708 A)
that expands this chain along the c-axis. The packing is
reinforced by an intramolecular hydrogen bond between oxy-
gens of different phosphonate moieties of the same ZOLE
molecule (03 --07, 2.974 A) along the c-axis.

Structural description of ZOLE-Zn form II

The compound [Zn(C;oH;5N,014P,)]-2H,0 crystallizes in the
P24/n space group. The asymmetric unit has one ZOLE mole-
cule coordinated to a Zn®" center, surrounded by two uncoor-
dinated water molecules. The Zn®* center is in a rather regular
octahedral environment (supplementary angles: 01-Zn1-04,
91.06°, 04-Zn1-03, 89.40°, and 01-Zn1-03, 85.72°) with Zn-
O bond distances ranging from 2.062 to 2.152 A. The metal
centers coordinate the ligand in a bidentate mode (O1-Zn1-04)
forming a six-membered chelate ring. The same metal center
coordinates to the ligand in a monodentate mode (Zn1-03).
The coordination between the Zn** cation and O1 and O3 from
the ZOLE molecule results in the formation of an eight-
membered chelate ring that fuses adjacent metal centers,
forming a chain that propagates through the ag-axis. This chain
is additionally reinforced by intramolecular hydrogen bonds
(O1---03, 2.867 A; and 03---04, 2.966 A). These chains propa-
gate along the b-axis through an extensive network of hydrogen
bonds that form either with the imidazole group or the unco-
ordinated water molecules (N2 --04, 2.972 A;N2--.01, 2.780 A;
06---08, 2.764 A; 02---08, 2.721 A; and 08---07, 2.943 A).
Propagation of the metal cluster though the c-axis can be
described by the presence of a ¢ glide plane symmetry element,
which is perpendicular to b [0, 1, 0] with a glide component
[1/2, 0, 1/2]. Chains that propagate through the c-axis are linked
by extensive intermolecular hydrogen bonds between two unco-
ordinated water molecules (O8:--09, 2.868 A and 09---09,
2.819 and 2.845 A). Moreover, the metal cluster is reinforced
by intramolecular hydrogen bonds (O1---04, 2.890 A; and
07---03, 2.633 A) also through the c-axis. ZOLE-Zn form II
presents a unique packing arrangement when compared to
other ZOLE-Zn metal complexes that have been previously
described.**?**

Thermogravimetric analysis (TGA)

TGA thermographs of the BPCCs were compared to those of the
ligand (ZOLE). Based on the resulting thermographs, all ZOLE-
based BPCCs presented higher thermal stability than the ligand
(ESIt). ZOLE-Ca form I, ZOLE-Mg form I, and ZOLE-Zn form I
present higher thermal stability than ZOLE-Ca form II, ZOLE-
Mg form II, and ZOLE-Zn form II maybe due to the presence of
coordinated water molecules. In ZOLE-Ca form II, ZOLE-Mg

Mater. Adv,, 2022, 3, 3251-3266 | 3259


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ma01127h

Open Access Article. Published on 23 February 2022. Downloaded on 7/19/2025 11:23:10 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

form II, and ZOLE-Zn form II, lattice water molecules require
minimal thermal energy for their desolvation to be observed.
Most of the ZOLE-based BPCCs are stable up to 100-200 °C,
where a minor loss of coordinated and lattice water molecules
can be observed. Above 250-300 °C a major decomposition of
the ligand was observed for each BPCC and ZOLE. As expected,
a minor weight loss was observed at higher temperatures
(>400 °C), which accounted for the thermal degradation of
the metal/metal oxide.

Dissolution profile measurements

The ZOLE (active ingredient of Reclast™) content released from
the ZOLE-based BPCCs was quantified in neutral (PBS, pH = 7.40)
and acidic (FaSSGF, pH = 1.60) physiological media, via direct UV-
Vis spectroscopy quantification (4max = 208 nm). The dissolution
assays employed a maximum concentration of 0.05 mg mL ™" of
ZOLE (ESIY), which corresponds to the clinically utilized dosage of
this BP.™ Results from dissolution assays in PBS demonstrate that
commercial ZOLE has a higher dissolution (100% in 30 min) than
the ZOLE-based BPCCs. Most of the ZOLE-based BPCCs presented
a lower dissolution and equilibrium solubility (60-85% in
18-24 h) than ZOLE in this media (Fig. 6a). Particularly, ZOLE-
Zn form I presented a significant lower dissolution in PBS, reaching
the maximum concentration of ZOLE (~74%) after 6 d (ESIT).

To further investigate if the ZOLE-based BPCCs present a
pH-dependent degradation, dissolution of ZOLE-Ca form II in
FaSSGF was performed. From the dissolution assays in FaSSGF,
the results demonstrate that commercial ZOLE (Reclast®) has a
relatively similar dissolution in PBS (100%), but at a lower pH it
reaches its maximum equilibrium solubility in 3 h (FaSSGF)
rather than in 30 min (PBS). ZOLE-Ca form II presented higher
dissolution and equilibrium solubility in acidic media (88% in
1 h), compared to its dissolution in PBS (83% in 24 h, Fig. 6b).
The observed pH-dependent dissolution is desirable because it
may allow ZOLE-Ca form II nanoparticles to circulate longer
allowing them to maintain blood plasma concentrations for ZOLE
and reach the target site. Once there, this material might
undergo degradation due to the increased acidic microenviron-
ment at the metastatic site.>” > These results provide evidence of
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the structural stability of the ZOLE-based BPCCs in physiological
media, and hint at their ability to degrade releasing the drug
content (ZOLE) in a controlled and pH-dependent manner.
Because these materials are not able to encapsulate drugs within
their 2D structure, the degradation of the BPCC itself could
provide the release of BPs at the metastatic site.

Phase inversion temperature (PIT)-nano-emulsion synthesis of
nano-Ca@ZOLE

Particle size reduction of ZOLE-Ca form II was performed
employing the PIT-nano-emulsion method. Selection of this
particular BPCC was based on its favorable conditions for
crystallization (i.e., absence of concomitant polymorphism),
high thermal stability, and selective degradation in physiologi-
cal media compared to other ZOLE-based BPCCs. After con-
ductivity measurements were performed in triplicate, the
average PIT was observed at ~12 °C for this system. The
hydrothermal synthesis of ZOLE-Ca form II was coupled to
the PIT method, to decrease the particle size of this material to
the nano-range (Fig. 7a).

The presumed formation of nano-Ca@ZOLE occurred after
performing the PIT-nano-emulsion synthesis. Once the reac-
tion completed, the aqueous supernatant was analyzed by DLS
to determine the particle size distribution of the resulting
material. The DLS results demonstrate average particle size
distribution and polydispersity index (PDI) values of 144.4 d nm
(0.202), 146.3 d nm (0.202), and 155.2 d nm (0.206), respec-
tively, for three replicate syntheses (Fig. 7b). PXRD analysis was
carried out on a micron-sized agglomerate (ESIt) of the nano-
crystals resulting from the PIT-nano-emulsion synthesis, to
verify this crystal phase against the bulk material (ZOLE-Ca
form II). PXRD analysis confirms that the crystal phase of the
nano-Ca@ZOLE nanoparticles is isostructural to that of ZOLE-
Ca form II bulk crystals (Fig. 7c). Therefore, the application of
the PIT nano-emulsion method successfully decreases the
crystal size from a micron-range (~200 pm, Fig. 3b) to a
nano-range (~150 d nm, Fig. 7b), while maintaining the crystal
phase of ZOLE-Ca form II.
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(purple), ZOLE-Zn form | (orange), and ZOLE—-Zn form Il (pink) in PBS for 48 h (dashed line). The extended dissolution profile for ZOLE—-Zn form | (orange)
up to 192 h, showing the complete release of the ZOLE content. (b) Comparison of the complete dissolution profiles in two different physiological media
for ZOLE in PBS (black) and FaSSGF (grey), as well for ZOLE—-Ca form Il in PBS (dark red) and FaSSGF (bright red), for 36 h (dashed line).
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Fig. 7

(a) Schematic diagram of the PIT-nano-emulsion synthesis of nano-Ca@ZOLE, showing phase inversion at a temperature of approximately

~12 °C (dashed line). Phase inversion starts at ~9 °C and ends at ~ 15 °C (light orange region). (b) Dynamic light scattering (DLS) spectra showing average
size distribution (~150 d nm) of nano-Ca@ZOLE particles for the three replicate syntheses, and (c) PXRD overlay of ZOLE (black), ZOLE-Ca form I
simulated powder pattern (navy blue), ZOLE—-Ca form Il bulk crystals (red), and agglomerated nanocrystals of nano-Ca@ZOLE (light blue).

Aggregation measurements of nano-Ca@ZOLE in the
biorelevant dispersant

Aggregation measurements were performed under biologically
relevant conditions (10% FBS:PBS), after 0, 24 and 48 h. This
analysis can provide insights into the potential of nano-
Ca@ZOLE to maintain its particle size (<500 nm) and the
ability to deliver the ZOLE content when suspended in physio-
logical media.*® The results demonstrate a homogeneous par-
ticle size distribution in 10% FBS:PBS after 0, 24 and 48 h of
being synthesized. After being suspended in the media, nano-
Ca@ZOLE presented particle size distribution values of 137.4,
175.5, and 176.9 d nm after 0, 24 and 48 h, respectively (ESIT).
Furthermore, nano-Ca@ZOLE particles remained highly mono-
dispersed along the three-time points, showing PDI values of
0.122 (0 h), 0.154 (24 h), and 0.159 (48 h) (ESIt). These results
confirmed that nano-Ca@ZOLE has a low aggregation tendency
under biologically relevant conditions (10% FBS:PBS), demon-
strating that the nanomaterial can maintain its particle size
without forming larger aggregates.

Binding assays of nano-Ca@ZOLE to HA

The ability of nano-Ca@ZOLE to bind under simulated physio-
logical conditions to the main constituent of the bone micro-
environment, HA, was probed. The binding to HA was
determined by monitoring the decrease in the ZOLE

© 2022 The Author(s). Published by the Royal Society of Chemistry

concentration of the supernatant using absorption measure-
ments (Amax = 208 nm). Binding curves (Fig. 8a) demonstrate
that 15% of ZOLE (control) binds to HA in 1 d and a maximum
binding of 82% is reached in 8 d under simulated physiological
conditions (PBS, pH = 7.40, and 37 °C). The binding curve
results of nano-Ca@ZOLE demonstrate that the nanomaterial
reaches its maximum binding of 36% to HA in 1 d which
remains constant up to 11 d under the same conditions. These
results provide evidence of the higher binding (~ 2.5x) for nano-
Ca@ZOLE compared to ZOLE within a relevant time frame.
Here, it is suspected that the uncoordinated phosphate groups
at the surface of the nanocrystals are responsible for binding to
HA.

Further characterization was performed to corroborate the
binding of nano-Ca@ZOLE to HA. After the binding assay was
completed, an elemental analysis performed by EDS confirmed
the effective binding of ZOLE and nano-Ca@ZOLE to HA
(Fig. 8b-d). The surface composition of HA (control) was
compared with that of HA-ZOLE and HA-nano-Ca@ZOLE and
contrasted with their respective weight percent (wt%, Table 2).

EDS analysis of HA [Cas(OH)(PO,)s;, control] corroborated
the elemental composition of this mineral (Fig. 8a). To support
the effective binding of both ZOLE (CsH;,N,0,P,, control) and
nano-Ca@ZOLE [Ca(C;0H13N,014P4)]-3H,0, experimental] to
HA, it is expected to observe a significant difference in the
relative concentration of calcium. For HA-ZOLE (34.17 wt%),

Mater. Adv., 2022, 3, 3251-3266 | 3261
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Fig. 8 (a) Binding curves of ZOLE (control, black) and nano-Ca@ZOLE (experimental, light blue) to HA in PBS, showing their maximum binding of 82%
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of (b) HA (control), (c) HA-ZOLE (control), and (d) HA—-nano-Ca@ZOLE (experimental) after the binding assay. EDS spectra include the insertion of a

schematic for the proposed binding of this material to the HA.

Table 2 Elemental analysis performed by EDS for HA (control), HA-ZOLE
(control), and HA-nano-Ca@ZOLE (experimental) after the binding assay.
The magnification used for elemental composition analysis was 10 000x in
all surface measurements

Element HA? (wt%) HA-ZOLE” (wt%) HA-nano-Ca@ZOLE’ (wt%)
Calcium 42.73 34.17 41.54
Carbon 7.14 11.73 8.37
Oxygen 29.37 35.11 30.38
Phosphorous 20.76 18.99 19.80

“ [Cas(OH)(PO,);]. ? (CsH;oN,0,P,). € [Ca(C1oH;gN401,4P,)]-3H,0.

the calcium concentration decreased significantly when com-
pared to that for HA (42.73 wt%). This might be because ZOLE
(CsH;oN,0,P,) has been incorporated as a monolayer onto the
surface of HA shielding detection (Fig. 8b). For HA-nano-
Ca@ZOLE, the relative concentration of calcium (41.54 wt%)
was higher than that for HA-ZOLE (34.17 wt%) but lower than
that for HA (42.73 wt%). This can be attributed to the proposed
binding of nano-Ca@ZOLE, which suggests the formation of

3262 | Mater. Adv, 2022, 3, 3251-3266

layers of the nanocrystals on the HA surface that shield the
detection of calcium ions (Fig. 8c). The difference in the relative
concentration of calcium for HA-ZOLE and HA-nano-
Ca@ZOLE is based on the molecular proportion of this metal
in ZOLE (0 calcium atoms per formula unit) and nano-
Ca@ZOLE (1 calcium atom per formula unit), resulting in a
slight increase in the detection of calcium for the nanomaterial.
A small increase in the phosphorous signals between the
controls and the experimental groups was observed as a con-
sequence of the similar composition of this element in these
materials. The relative concentration of oxygen increased for
both experimental (HA-nano-Ca@ZOLE) and control group
(HA-ZOLE) compared to HA, suggesting the presence of ZOLE
or nano-Ca@ZOLE bound to the surface of HA. A higher
concentration of oxygen was observed for HA-ZOLE (35.11 wt%)
when compared to HA-nano-Ca@ZOLE (30.38 wt%), because
the ligand (82%) achieves a higher maximum binding when
compared to the nanomaterial (36%) after 11 d. HA presents a
carbon signal (7.14 wt%) that can be attributed to the con-
ductive tape used for mounting the solid samples. The relative

© 2022 The Author(s). Published by the Royal Society of Chemistry
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concentration of carbon for HA-ZOLE (11.73 wt%) and HA-
nano-Ca@ZOLE (8.37 wt%) slightly increased due to the
presence of this element in both materials.

Cytotoxicity assays of nano-Ca@ZOLE.

Here, human breast cancer MDA-MB-231 and the osteoblast-
like hFOB 1.19 cell lines were selected to assess the cytotoxicity
of nano-Ca@ZOLE. The MDA-MB-231 cell line represents a
model of breast-cancer-induced OM as it possess micro-RNAs
involved in the development of bone metastasis.>*" While, the
immortalized human fetal hFOB 1.19 cell line is a homoge-
neous model that allows the study of osteoblast differentiation;
in this study, these cells were employed to imitate the normal
human bone microenvironment.*> To determine the ICs,
values against MDA-MB-231 and hFOB 1.19 cell lines, concen-
trations of 0-200 pM of ZOLE were employed. While the ICs, for
the MDA-MB-231 cell line treated with ZOLE for 72 h was found
to be 35 + 4 uM, treatments at 24 and 48 h produced ICs,
values > 200 puM (ESIt). These results demonstrate that ZOLE
(0-200 puM) shows cytotoxicity after 72 h of treatment against
the MDA-MB-231 cell line. The IC5, for the hFOB 1.19 cell line
was >200 UM at 24 h. For treatments at 48 and 72 h, the ICs,
values were determined to be 86 + 3 and 49 + 4 pM, respec-
tively, indicating that ZOLE (0-200 pM) can cause cell death
after 48 h of treatment in the osteoblast cells (ESIt).

Furthermore, for both cell lines, the %RCL was investigated
at concentrations of 1.9, 3.8, 7.5, and 15 uM for ZOLE (control)
and nano-Ca@ZOLE (experimental) at 24, 48, and 72 h.

At a concentration of 1.9 puM, the cell viability decreased
minimally for the MDA-MB-231 cell line when treated with the
nanocrystals, in contrast to ZOLE where the cell viability was

View Article Online

Paper

~100% (Fig. 9a). The %RCL values for MDA-MB-231 treated
with nano-Ca@ZOLE at 3.8 uM decreased significantly to 83 +
5% and 55 + 1%, after 48 and 72 h, respectively (Fig. 9b). At this
concentration, ZOLE did not cause cell death (%RCL ~ 100%)
against MDA-MB-231. In addition, higher cell growth inhibition
of the cancerous model was observed with nano-Ca@ZOLE
treatment at 7.5 pM, resulting in %RCL values of 57 £ 1 and
24 + 2% after 48 and 72 h, respectively (Fig. 9c). Moreover, at
15 puM, nano-Ca@ZOLE presented a much higher cytotoxicity
effect against MDA-MB-231 [%RCL: 50 & 1 (48 h) and 18 + 2%
(72 h)], compared to the one observed for ZOLE at this concen-
tration [%RCL: 80 + 2 (48 h) and 58 + 2% (72 h)] (Fig. 9d).
These results demonstrate the potential of nano-Ca@ZOLE to
induce significant cytotoxicity even at low concentrations (3.8-
7.5 pM) against cells that are prone to metastasize to the bone.
Surprisingly, nano-Ca@ZOLE is able to achieve significant
cytotoxicity effects in vitro against the MDA-MB-231 cell line
at concentrations ~10-100x lower to the ones reported employ-
ing ZOLE.*" Additionally, compared to the commercial dosage
of ZOLE (Reclast™, 0.05 mg mL '), the concentrations
employed for the nanocrystals are significantly lower."*
Treatments were conducted with nano-Ca@ZOLE (experi-
mental) and ZOLE (control) employing the hFOB 1.19 cell line,
at the same concentrations used for the MDA-MB-231 assays.
The cell viability results demonstrate that no significant cell
death was observed after both ZOLE and nano-Ca@ZOLE treat-
ments were performed in the concentration range of 3.8-15 uM
after 24, 48, and 72 h. After 72 h of treating the osteoblast-like
cells with the nanocrystals, the resulting %RCL values were
97 + 2% at 1.9 uM (Fig. 9e), 100 + 2% at 3.8 uM (Fig. 9f),
99 + 3% at 7.5 pM (Fig. 9g), and 97 + 2% at 15 pM (Fig. 9h).

MDA-MB-231
(a) 1.9 pM (b) 3.8 pM (¢) 7.5 pM (d) 15 pM
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g E E !
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Fig. 9 Percentage of relative cell live (%RCL) for the human breast cancer MDA-MB-231 and normal osteoblast-like hFOB 1.19 cell lines, in green
controls, ZOLE (black), and nano-Ca@ZOLE (red) at concentrations of (aand e) 1.9, (b and f) 3.8, (c and g) 7.5, and (d and h) 15 uM after 24, 48, and 72 h of

treatment.
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These results demonstrate that nano-Ca@ZOLE presents significant
cytotoxicity against triple-negative breast cancer cells that metasta-
size to the bone (MDA-MB-231), without affecting negatively normal
osteoblast cells (hFOB 1.19) at the metastatic site.

Conclusions

Herein, the hydrothermal syntheses of a series of ZOLE-based
BPCCs were reported. These crystalline materials were synthe-
sized by employing clinically utilized BP, ZOLE, as the ligand
and three biologically relevant metals (Ca*>*, Mg>*, and Zn>").
Six different ZOLE-based BPCCs were obtained as single phases
and structurally characterized to provide further insights into
the structural motifs observed in these types of materials. All
ZOLE-based BPCCs presented higher thermal stability com-
pared to ZOLE, as a result of the presence of coordination
bonds and extensive intermolecular hydrogen bonding within
their crystal lattices. The dissolution of the ZOLE-based BPCCs
was compared to that of ZOLE, to assess the structural stability
of these materials in two different simulated physiological
media (PBS and FaSSGF). All ZOLE-based BPCCs presented
lower dissolution and equilibrium solubility than ZOLE (60-
85%, in 18-24 h) in PBS, thus remaining coordinated for a
longer period under neutral physiological conditions. Mean-
while, the dissolution profile of the selected BPCC model
ZOLE-Ca form II in FaSSGF revealed a higher dissolution and
equilibrium solubility (88% in 1 h) in acidic physiological
media when compared to PBS (83% in 24 h). These results
suggest the ability of this material to release the drug content
(ZOLE) in a controlled and pH-dependent manner. The PIT-
nano-emulsion method decreased the crystal size of ZOLE-Ca
form II significantly, from a micron-range (~200 pm) to a
nano-range (~150 d nm), thus resulting in nano-Ca@ZOLE.
The particle size decrease of nano-Ca@ZOLE presents several
advantages towards the therapeutic applications of this BPCC,
potentiating its use as a nanocrystal-based therapy. Further-
more, the aggregation behavior of nano-Ca@ZOLE in 10%
FBS:PBS was investigated, which provided a further assessment
of the potential of this nanomaterial to be employed for drug
delivery. Nano-Ca@ZOLE presents a low aggregation behavior
under biologically relevant conditions, after 0, 24 and 48 h.
These results provide insights into the potential of the nano-
crystals to maintain their particle size when in contact with
different biological serum-like components without forming
larger aggregates, possibly avoiding excretion through phago-
cytosis mechanisms during cellular uptake. Moreover, the
binding affinity of this nanomaterial to HA was addressed to
provide insights into its potential to bind at the bone, thus
possibly enabling localized therapeutic effects at the metastatic
site. The results showed that nano-Ca@ZOLE binds ~2.5x
more (36%) to HA than ZOLE (15%) in 1 d, demonstrating that
it could bind to the main constituent of the bone microenvir-
onment with higher affinity. This, along with the dissolution
results, could suggest the possibility of the nanocrystals to
maintain higher blood plasma concentrations of ZOLE and to

3264 | Mater. Adv, 2022, 3, 3251-3266
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degrade selectively at the metastatic site. Furthermore, the
cytotoxicity of nano-Ca@ZOLE was compared to that of ZOLE
against the human breast cancer MDA-MB-231 and normal
osteoblast-like hFOB 1.19 cell lines. The results demonstrated
significant cell growth inhibition for nano-Ca@ZOLE against
the cancerous model after 72 h of treatment, specifically at a
concentration of 3.8 pM (%RCL = 55 £+ 1%). At this concen-
tration, the nanocrystals did not present cytotoxicity against the
normal osteoblastic cells (%RCL = 100 + 2%). These results
suggest the potential of this nanomaterial to treat cancerous
cells that are prone to metastasize with minimal cell death in a
model representing a healthy bone microenvironment. These
important outcomes provide evidence that nano-ZOLE-based
BPCCs possess viable characteristics in terms of structure,
dissolution, stability, binding, and cytotoxicity, that render
them suitable for OM therapy.
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