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Abstract.

The hydrothermal reaction between bioactive metals (Ca®*, Zn?*, and Mg?") salts and clinically
utilized bisphosphonate, alendronate (ALEN), promotes the formation of several materials
denominated as bisphosphonate-based coordination complexes (BPCCs). The systematic
exploration of the effect of three variables M?>*/ALEN molar ratio, temperature, and pH on the
reaction yielded an unprecedented number of materials of enough crystal quality for structural
elucidation. Five crystal structures were unveiled by X-ray diffraction (ALEN-Ca forms I and II,
ALEN-Zn forms I and II, and ALEN-Mg) and their solid-state properties revealed in tandem with
other techniques. The dissolution of these BPCCs was tested and contrasted to that of the
commercially employed generic form of Fosamax® Alendronate Sodium, using fasted-state
simulated gastric fluid and phosphate-buffered saline solution. Quantification of ALEN content
was performed by derivatization with Cu?*, which produced a soluble complex suitable for
quantification. Results show that these materials present a pH-dependent degradation. Moreover,
a phase inversion temperature (PIT) nano-emulsion method was applied to the synthesis of ALEN-
Ca form II. Size distribution analysis demonstrated the efficiency of the PIT-nano-emulsion
method to decrease the particle size of this BPCC from ~60 um to ~438 d.nm. The cytotoxicity of
ALEN, ALEN-Ca form II (bulk crystals), and nano-Ca@ALEN (nanocrystals) against the MDA-
MB-231 cell line was investigated. Nano-Ca@ALEN form II presents higher cytotoxicity effects
than ALEN and ALEN-Ca form II (bulk crystals), showing inhibition of cell proliferation at 7.5
uM. These results provide evidence of the structure, stability, dissolution and cytotoxicity
properties of ALEN-based BPCCs and pave the way for better formulation strategies for this drug
through the design of nano-sized BPCCs for the treatment of bone-related diseases.
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Introduction.

Over 18.1 M new cancer cases and 9.6 M cancer deaths occurred worldwide in 2018.!
Cancer can spread to any part of the body, though certain types spread preferentially. Patients with
breast, prostate and lung cancer are more prone to develop bone metastases.? Of the total annual
cases of breast cancer, the majority are invasive with high potential for metastases.? The resulting
carcinomas are highly heterogeneous and distinct subtypes have been identified based on
histopathology, putative cell of origin, genetic profiling and clinical outcomes. Estrogen receptor
alpha positive (ER+) and progesterone receptor positive (PR+) breast cancers account for 60-70%
of the breast cancers diagnosed in humans.?> While less common, basal-like tumors which are
triple-negative (ER-, PR-, HER2-) are generally more aggressive and tend to metastasize.?

About 70% of patients with metastatic breast cancer develop osteolytic metastases (OM)
over the course of their disease leading to severe bone pain, fractures, hypercalcaemia and nerve
compression syndrome.>* Breast and lung cancers lead mainly to bone osteolytic lesions
characterized by bone destruction that results from enhanced osteoclast activity, altering bone
remodeling at the bone marrow.> Tumor cells that metastasize to the bone marrow use bone-
derived growth factors involved in the coupling between osteoclasts and osteoblasts to promote
their own development. Osteoclast mediated bone resorption plays a critical role in the progression

of metastatic bone disease; hence, osteoclasts are prominent therapeutic targets for bone metastases.

Although lung and prostate cancers are statistically relevant, this study focuses on the
development of pharmaceutical coordination complexes geared towards the treatment and
prevention of breast-cancer-induced bone metastases as it affects men, women and the elderly.
Models for metastatic disease includes the MDA-MB-231 cell line, which is ER, PR and E-
cadherin negative, and expresses mutated p53.> MDA-MB-231 microarray profiling matches with
the basal subtype of breast cancer, and since the cells also lack growth factor receptor HER2, they
represent a good model of triple-negative breast cancer.? In this work, MDA-MB-231 cell line was
chosen as a model to study breast-cancer-induced OM, as it present specific micro-RNAs that are
involved in the metastatic cascade that lead to bone metastasis formation.?

Bisphosphonates (BPs), a general group of bone-resorption inhibitors, are commonly
prescribed to treat OM and for the management of breast-cancer-induced bone metastases.>%’ BPs
are characterized by the presence of P-C-P bonds, which resist enzymatic hydrolysis, in contrast
to pyrophosphates (P-O-P bonds).”® These compounds exhibit high affinity to calcium ions, thus,
BPs present strong binding to bone.? There is accumulating evidence that BPs induce tumor-cell
apoptosis contributing to the decrease in tumor burden at the metastatic site.>!%!1.12 BPs have
demonstrated anti-tumor effects via direct (tumor cell adhesion and invasion, apoptosis) and
indirect (angiogenesis, y0 T cells) mechanisms in preclinical research.!> However, their direct anti-
tumor effect remains inconsistent in in vivo clinical research.!# This might be due to the high doses
required to achieve clinically meaningful anti-tumor effects.!# BPs suffer from pharmacological
deficiencies such as poor bioavailability and intestinal adsorption (<10%), leading to low blood
plasma concentrations.®!>15.16 What does get absorbed is distributed to the bone (40-60% of the
dose) and the excess is excreted in the urine.!>15.16

Metal complexes containing bioactive ligands provide new avenues for drug development
were the release of the biomolecule is achieved through the degradation of the structure under
biological conditions. When compared to polymeric drug delivery systems, coordination
complexes (CCs) present well-defined crystalline structures, properties and stability, which can
facilitate characterization and decrease result variability. Already metal ions such as Ni*", Cu?",
Co?*, Cd?", Mn3', Cr3*, Mo®", Li* have been used to coordinate with BPs to form
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CCs.17:18,19.2021,22,23,2425 Y et, the biocompatibility of these metals used to construct CCs containing
BPs remains a concern, hindering their success in biomedical applications.

In this work, alendronate (ALEN, Figure 1), a second-generation BP used for the treatment
of osteoporosis, Paget's disease and hypercalcemia, is employed for its coordination with bioactive
metals to form a series of CCs denominated as bisphosphonate-based coordination complexes
(BPCCs). BPs are ideal ligands for constructing BPCCs because these (1) possess multiple binding
modes, which pave the way for a variety of structures able to reach the targeted site through
uncoordinated BPs at the BPCC surface, (2) present low cytotoxicity, and (3) do not significantly
metabolize. In terms of the metal, three bioactive metals (M?'= Ca?', Zn?*" and Mg?"), with LDs,
of 0.35, 1.0 and 8.1 g/kg, respectively, were chosen because for their essential roles in promoting
osteoblastic bone formation and mineralization.?¢-27-28

HoN

OH
O\\P P’”o
HO"1 1 OH
OH OH

ALEN
(Fosamax®)

Figure 1. Molecular structure of alendronic acid (ALEN), a bisphosphonate (BP) with clinical
relevance, utilized in the design of bisphosphonate-based coordination complexes (BPCCs).

This study is intended to address the shortcomings of currently known ALEN-based CCs in
terms of particle size and cytotoxicity of the metal cluster required for drug delivery
applications.!7-18.19.20.22.23 The systematic exploration of the effect of three variables M?>*/ALEN
molar ratio, temperature, and pH on the reaction outcomes yielded an unprecedented number of
crystalline materials of enough crystal quality for structural elucidation. For five of these materials
(Figure 2), the crystal structure was unveiled by single crystal X-ray diffraction and their solid-
state properties revealed in tandem with other characterization techniques. In this work, we employ
a phase inversion temperature (PIT)-nano-emulsion method to confine the reaction of ALEN with
biocompatible metals into the nano-range, limit crystal nucleation and reduce crystal size.
Ultimately, studies addressing structural stability under physiological conditions and cytotoxicity
of the ALEN-based BPCCs may lead to expand and integrate molecular design principles for nano-
BPCCs and to apply these to unveil the biomedical applications of these materials in the treatment
and prevention of OM; a disease that affects a significant portion of cancer patients.
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Figure 2. Schematic diagram of the design space explored leading to five crystalline phases when
alendronate (ALEN) coordinated with three bioactive metals (Ca?*, Zn?*, and Mg?*) and in some
cases an auxiliary ligand, etidronate (HEDP). The variables explored were; M?"/ALEN molar ratio,
reaction temperature, and pH.

Experimental section.

Materials: Calcium nitrate tetrahydrate [Ca(NO;),"4H,0, 99% pure], calcium chloride
hexahydrate [CaCl,-6H,0, USP grade], zinc nitrate hexahydrate [Zn(NOj),-6H,0, 98% pure],
zinc chloride anhydrous [ZnCl,, >98%], magnesium nitrate hexahydrate [Mg(NOs),-6H,0, 99%
pure], and etidronic acid 60% aqueous solution (HEDP) were purchased from Sigma-Aldrich (St.
Louis, MO). Alendronate sodium trihydrate (ALEN), 97% pure was purchased from TCI America
(St. Portland, OR). A stock solution of sodium hydroxide (NaOH, USP grade, 1.5 M) was used for
pH adjustments. Distilled water was used as solvent in all syntheses.

MDA-MB-231 (ATCC® HTB-26™, Manassas, VA) cell line, fetal bovine serum (FBS),
and penicillin-streptomycin (Pen-Strip) were purchased from Sigma-Aldrich (St. Louis, MO),
whereas Dulbecco’s Modified Eagle’s Medium (DMEM) was purchased from Sigma-Aldrich
(Milwaukee, WI). AlamarBlue® was purchased from Bio-Rad (Kidlington, Oxford) and used to
determine cell proliferation.

General hydrothermal synthesis for ALEN-based BPCCs. The hydrothermal synthesis of
ALEN-based BPCCs was performed by preparing ALEN solutions and the metal salt separately
in distilled water at room temperature. If required, the pH of the ligand solution was adjusted with
1.5 M NaOH above several of the pK,’s of the ligand (pH = 1.61 — 4.42), where a partially
deprotonated phosphonate is the main species present in solution. In some instances, HEDP was
added as an auxiliary ligand to decrease the pH below of the pK,’s of the principal ligand (ALEN).
Using a syringe, the metal salt solution was added drop wise to the ligand solution and mixed
thoroughly. The pH of the resulting solution was adjusted below the pH leading to the formation
of the metal hydroxide. The resulting mixture was heated until crystals appeared, here, the
nucleation induction times varied between minutes to hours. After the crystals were visually
detected, the vials were removed from heat and left undisturbed to aid the growth of the crystals.
The product was collected by vacuum filtration and air-dried. Detailed information for the
conditions leading to each of the BPCC (ALEN-Ca forms I and II, ALEN-Zn forms I and II, and
ALEN-Mg) presented is available in the Supporting Information.

Raman microscopy. Raman spectra were recorded in a Thermo Scientific DXR Raman
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microscope, equipped with a 532 nm laser, 400 lines/nm grating, and 50 um slit. The spectra were
collected at room temperature over the range of 3,400 and 100 cm™! by averaging 32 scans with
exposures of 5 sec. 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). Micrographs and
X-ray microanalysis were recorded with a JEOL JSM-6480LV scanning electron microscope with
an Evenhart Thomley secondary electron imagining (SEI) detector and an energy dispersive X-ray
analysis (EDAX) Genesis 2000 detector. Images were taken with an acceleration voltage of 20 kV,
an electron beam of 11 mm width, with a spot size value of 36, SEI signal and high vacuum mode.
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-Ka
radiation (A = 1.5417 A) source and equipped with a HyPix3000 X-ray detector (50 kV, 1 mA).
Powder samples were mounted in MiTeGen micro loops. Powder diffractograms were collected
between 6 — 60° with a step of 0.01° using the Gandalfi move experiment. Data was analyzed
within the CrystAllisPRO software v. 1.171.3920a.

Single crystal X-ray diffraction (SCXRD). The crystals were observed under the microscope
using polarized light to assess their quality. Optical micrographs were recorded with a Nikon
Eclipse Microscope LV100NPOL, equipped with a Nikon DS-Fi2 camera and NIS Elements BR
software version 4.30.01. Suitable single crystals were mounted in MiTeGen micro loops for
structure elucidation. Structural elucidation was performed in either of two instruments; crystal
structure for ALEN-Zn form I was collected in a Bruker AXS SMART APEX-II single crystal
diffractometer equipped with a Monocap collimator and APEX-IT CCD detector with a Mo-Ka (A
=0.71073 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.

Other crystal structures (ALEN-Ca forms I and II, ALEN-Zn form II and ALEN-Mg) were
collected with a Rigaku XtaLAB SuperNova single micro-focus Cu-Ka radiation (A = 1.5417 A)
source equipped with a HyPix3000 X-ray detector in transmission mode operating at 50 kV and 1
mA within the CrystAllisPRO software v. 1.171.3920a. The 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 anisotropically refined.

Thermogravimetric analysis (TGA). TGA of ALEN and the ALEN-based BPCCs were recorded
in a Q500 (TA Instruments Inc.) between 30 — 700°C at 5 °C/min under a N, gas purge (60
mL/min). In all cases, ~10 mg of powder sample was thermally treated. Data was analyzed with
TA Universal Analysis software version 4.3A.

Dissolution rate measurements. Dissolution profiles were performed via complexation of ALEN
with Cu (II) and quantified by measuring absorbance through UV-Vis spectroscopy. Dissolution
profiles were recorded for ALEN sodium reagent, ALEN Sodium Tablets-USP (generic form of
Fosamax®), ALEN-Ca forms I and II, and ALEN-Zn forms I and II, and ALEN-Mg. Dissolution
tests were performed in 100 mL of PBS buffer (pH = 7.40) and FaSSGF (pH = 1.60), at 37°C
under constant stirring at 150 rpm. The absorbance of the soluble ALEN-Cu complex was
measured at 231 nm in PBS and 225 nm in FaSSGF, against a reagent blank. Absorbance
measurements were performed on 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 measurements were performed with a 400-200 nm scan.

Determination of the phase inversion temperature (PIT) and PIT-nano-emulsion synthesis
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of nano-Ca@ALEN form II. To reduce the particle size, a PIT-nano-emulsion method was
employed during the synthesis of a selected BPCC, specifically ALEN-Ca form II. The PIT
temperature was determined by measuring the conductivity of an aqueous emulsion containing
ALEN in heptane (oil phase) and Brij L4® (surfactant) during a temperature profile (2-60°C at
1°C/min). After homogenizing the emulsions, conductivity measurements started at 2°C with an
O/W micro-emulsion. As the emulsion is heated, a phase inversion occurs from oil in water (O/W,
conductive) micro-emulsion to water in oil (W/O, not conductive) nano-emulsion.

The nano-emulsion synthesis of nano-Ca@ALEN form II was conducted in a Crystalline
(Technobis, Crystallization Systems, Alkmaar, Netherlands). The pre-homogenized emulsions
(ALEN, heptane, Brij L4®) prepared for the PIT determination were used to perform the nano-
Ca@ALEN form II nano-emulsion synthesis. The emulsion was homogenized before being
transferred to the reaction vial and placed in the first reactor at a temperature 7°C and 1,250 rpm
for 30 min. After the 30 min elapsed, the reaction vial was transferred to a second reactor at 45°C
and 1,250 rpm. The emulsion was stirred for 30 min before heating to the reaction temperature
85°C. Subsequently, the metal salt solution was added with a syringe and left undisturbed for 30
min. Once completed, the reaction vial was left undisturbed for 1 h before analyzing the
supernatant from the aqueous phase using dynamic light scattering (DLS).

Samples resulting from the nano-emulsion synthesis of nano-Ca@ALEN form II were
analyzed in a Malvern Panalytical Zetasizer NanoZS equipped with a He-Ne orange laser (633nm,
max 4 mW) (Spectris PLC, Surrey, England). Data was analyzed with Malvern software version
7.12. Aliquots of 50 uL of the supernatant from the aqueous phase were transferred to disposable
polystyrol/polystyrene cuvettes (REF: 67.754 10 x 10 x 45 mm) (Sarsted, Germany), in a 1:20
dilution ratio with nanopure water. The refractive index of ALEN in water is 1.334. This value
was determined by measuring an aliquot of ALEN stock solution with a Mettler Toledo Refracto
30GS (Mettler Toledo, Columbus, OH).

Cell culture conditions. MDA-MB-231 were maintained in DMEM supplemented with 10% FBS
and 1.0 % of Pen-Strep. Cells were cultured at 37°C in a humidified atmosphere of 5.0 % CO, and
harvested from sub confluent (< 80%) cultures using a 0.05% trypsin-EDTA solution.
Cytotoxicity assay. Cell viability was determined with a resazurin-based assay (AlamarBlue®).
MDA-MB-231 cells were seeded (2.5x10* cell/well) in DMEM with 10% FBS in a 96-well plate.
After 24 h, cells were treated with 2-fold serial dilutions (0-145 uM) of ALEN, ALEN-Ca form II
(bulk crystals) or nano-Ca@ALEN form II (nanocrystals), and incubated for 24, 48 and 72 h. The
medium was then fully replaced with fresh serum-free DMEM containing 10% AlamarBlue®. The
cells were incubated for 4 h at 37°C, and fluorescence signal (Aexe = 570 nm, Aep, = 590 nm) was
measured in an Infinite M200 PRO Tecan Microplate Reader. After baseline correction, the
measured signal was normalized to the non-treated cells designated to be 100% viable. Nonlinear
regression in Graph Pad Prism 8 was utilized to fit the growth curve over the various drug
concentrations to determine the half-maximal inhibitory concentration (ICs).

Concentration of 7.5, 15 and 30 uM of ALEN, ALEN-Ca form II (bulk crystals), and nano-
Ca@ALEN form II (nanocrystals) were prepared and used to determine the percentage of cell
viability (% RCV) after 24, 48 and 72 h. Graph Pad Prism 8 was employed to plot the % RCV in
the different concentrations and time points. All data was statistically treated taking in
consideration mean, standard deviation, and coefficient of variation percentage (%CV).

Results and Discussion.

Page 6 of 23



Page 7 of 23

Journal of Materials Chemistry B

The majority of the successful ALEN-based BPCCs formed while employing a 1:1
M?*/ALEN molar ratio at 85 °C, and in acidic media (pH < 7.0). Many of the hydrothermal
synthesis spontaneously formed microcrystalline powders, interestingly; in most of these cases
Mg?* was employed as the bioactive metal. A schematic diagram for the syntheses of selected
ALEN-based BPCCs is presented in Figure 2. In some cases, an auxiliary ligand, etidronate
(HEDP) was added to the hydrothermal reaction to promote the formation of high quality single
crystals. Five ALEN-based BPCCs were produced as single crystals with enough quality for
structural elucidation by single X-ray diffraction (Figure 3). For these coordination complexes,
their solid-state, stability in physiological media, particle size and cytotoxicity were assessed
and/or optimized to potentiate their biomedical applications in the treatment and prevention of OM.

Figure 3. Polarized optical micrographs of ALEN-based BPCCs presenting the highest quality
single crystals; (a) ALEN-Ca form I, (b) ALEN-Ca form II, (c) ALEN-Zn form I, (d) ALEN-Zn
form II, and (¢) ALEN-Mg.

Raman spectroscopy analysis.

Representative Raman spectra for the isolated ALEN-based BPCCs were collected
between 3,400 and 100 cm’!, and are shown in Figure 4. The presence and absence of
characteristic Raman shifts in the spectra of ALEN and the ALEN-based BPCCs indicates that a
distinctive solid-form had been produced (Supporting Information). Moreover, among the five
phases, significant differences are observed. These differences occurred particularly in the 2,650
— 2,800 cm™! region, where characteristic bands can be assigned to the presence of hydrogen
phosphate, H-OPO,C moieties.?” Raman shifts between 3,200 — 3,600 cm™! are assigned to the
vO-H/H,O0 stretching vibrations of different moieties: hydroxyl groups in ALEN, coordinated and
lattice water molecules (Figure 4).2° These suggest that extensive hydrogen bonding might be
present in the ALEN-based BPCCs. The broadening and splitting of these bands indicate the
presence of several types of strong hydrogen bonds (~ 3200 cm™") within each lattice. The presence
of ALEN in the molecular structure of the product is confirmed by two bands at 1,100 cm!
(medium) and 1,046 cm™! (strong), respectively, which are characteristic bands for both the v#P-
O(H) asymmetric stretching vibrations and the dPO-H bending of the phosphonate P—O;
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groups.??3%31 The band at around 1,140 — 1,160 cm'! is characteristic of vP=0/6"POH stretching
vibrations.??3% The band at 1,260 cm™! may be attributed to the P=O deformation vibration.
Similarly, to the asymmetric stretching vibration of the P-O bonds, Raman shifts between 930 —
1,000 cm! correspond to the symmetric v*P-O(H) stretching vibrations.?%-3%3! 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.?® Other bands located
at lower wavenumbers (< 1,000 cm™!) correspond to vibrational modes characteristics of the CH,,
C-C, C-P, C-OH and M—O groups and are also present in the Raman spectra of the isolated ALEN-
based BPCCs.?

50 550 1,050 1,550 2,050 2,550 3,050

Wavenumber (cm™)

Figure 4. Raman spectra overlay of (a) alendronate (ALEN) and ALEN-based BPCCs; (b) ALEN-
Ca form I, (c) ALEN-Ca form Il, (d) ALEN-Zn form I, (¢) ALEN-Zn form II, and (f) ALEN-Mg.

Scanning electron microscopy-energy dispersive X-ray spectroscopy (SEM-EDS).

To assess the morphology and basic composition of the yielded crystalline materials,
analysis with SEM-EDS was performed. Representative SEM images collected for the isolated
crystalline phases show crystals with well-defined morphologies (Figure 5). SEM images indicate
that the diameter of the resulting crystals range between 40 — 200 um.
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Figure 5. Representative scanning electron micrographs for the ALEN-based BPCCs; (a) ALEN-
Ca form I, (b) ALEN-Ca form II, (¢) ALEN-Zn form I, (d) ALEN-Zn form II, and (¢) ALEN-Mg.

The EDS spectra of these materials exhibit the characteristic signals of the metal and other
elements, which are present in the molecular structure of ALEN (carbon, nitrogen, phosphorous,
and oxygen atoms), and had been employed in the hydrothermal reactions (Figure 6). These results
along with the Raman spectra analysis support, thus far, that the hydrothermal reactions have

produced five crystalline phases that are distinct from the starting materials employed.
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Figure 6. Representative energy dispersive spectra for the ALEN-based BPCCs; (a) ALEN-Ca
form I, (b) ALEN-Ca form II, (c¢) ALEN-Zn form I, (d) ALEN-Zn form II, and (¢) ALEN-Mg.

Powder X-ray diffraction (PXRD) analysis.
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To assess the crystallinity of the products for the hydrothermal syntheses between ALEN
(Figure 1) and bioactive metals (Ca?*, Zn?*, and Mg?"), PXRD was performed. Here, we focus on
the PXRD of five phases that presented the highest crystal quality as suggested by polarized optical
microscopy (Figure 3). The observation of low amorphous background in each of the
diffractograms of the isolated phases confirms a high degree of crystallinity (Figure 7). Moreover,
PXRD analysis was utilized to confirm that these phases were not produced by the concomitant
recrystallization of the metal salt or ALEN employed in each of the hydrothermal reactions
(Supporting Information). Based on the differences in the diffractograms when the starting
materials and the products of the hydrothermal syntheses were compared, the formation of
distinctive crystalline phases can be sustained. The absence of low angle peaks (< 5 ° in 20)
suggests that these are dense or 2D layered materials and not 3D porous networks.

Previously reported crystal structures of ALEN-based CCs have been also examined and
compared to those reported here.!718:19.23-25,32.33 Al EN-based BPCCs comprised of ALEN and
calcium are structurally distinct from any other previously reported phases as demonstrated by the
overlay of their respective diffractograms (Supporting Information).3?33 ALEN-Zn form I is
isostructural to two reported structures formed by the same ligand with either manganese or cobalt
(Supporting Information).> ALEN-Zn form II and ALEN-Mg are isostructural to ALEN-Co,
ALEN-Cu and ALEN-Ni structures previously reported. %2423

(

(e)

(d)

(c)

(b)

(a)

56

26 (°)

Figure 7. PXRD overlay of (a) alendronate (ALEN) and the ALEN-based BPCCs; (b) ALEN-Ca
form I, (¢) ALEN-Ca form II, (d) ALEN-Zn form I, (¢) ALEN-Zn form II, and (f) ALEN-Mg.

Single crystal X-ray diffraction (SCXRD) analysis.
To provide unambiguous evidence for the formation of these five ALEN-based BPCCs,
elucidation of their crystal structure was performed using SCXRD. The crystal structures were

10
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collected at low temperature (100 K) and solved using direct methods. Summary of the
crystallographic parameters of the structure refinements of each crystalline phase analyzed are
summarized in Table 1. Further details can be found in the Supporting Information. PXRD
overlays of the calculated powder patterns against the experimental powder patterns (Supporting
Information) for each crystalline phase corroborates that a representative solution has been found,
and that these were obtained as pure phases. To our surprise, for all hydrothermal reactions in
which HEDP was employed as an auxiliary ligand (ALEN-Ca form II, ALEN-Zn form II and
ALEN-Mg), the resulting phases did not incorporate the ligand in their crystalline lattice.

Table 1. Summary of the crystallographic parameters of the structure refinements of the isolated
ALEN-based BPCCs; (a) ALEN-Ca form I, (b) ALEN-Ca form II, (c) ALEN-Zn form I, (d)
ALEN-Zn form II, and (¢) ALEN-Mg.

Compound ALEN-Ca form I ALEN-Ca form II ALEN-Zn form I ALEN-Zn form II ALEN-Mg
Empirical | c,cn Nnop) caCH NO Py |znc i N0y oy| it OnP) | IME(C My NOPY
formula 4 A TR e (H,0),]:2H.0 (H,0),]:2H.0
FW (g/mol) 305.17 536.25 330.46 1195.14 1111.01
Space group Pna21 12/a P 21/n P 21/n P 21/c
Tem‘(’f(r)at“re 100.15 100.01 (10) 100 (2) 100.00 (10) 100.00 (10)
) 1.54184 1.54184 0.71073 1.54184 1.54184
a (&) 13.5226 (2) 11.40590 (10) 5.4734 (7) 12.5428 (12) 125554 (2)
b &) 12.1976 (2) 12.38480 (10) 14.7092 (18) 13.4307 (2) 13.3948 (2)
c(A) 6.75490 (10) 13.46860 (10) 12.2579 (15) 20.3723 (19) 12.4249 (2)
a) 90 90 90 90 90
B () 90 101.3320 (10) 98.003 (2) 144.93 (2) 109.283 (2)
e 90 90 90 90 90
V(&Y 1114.18 (3) 1865.48 (3) 977.3 (2) 1971.9 (6) 1972.36 (6)
Z 4 4 4 2 2
P, (@em) 1.819 1.909 2.246 2.013 1.871
Rwp 0.1164 0.0861 0.0832 0.1559 0.1997
Rp 0.0422 0.0331 0.0381 0.0590 0.0703

Abbreviations: A (X-ray source wavelength, A), a/b/c (unit cell lengths, A), o/B/y (unit cell angle, °), V (unit cell
volume, A%), Z (number of formula units per unit cell), p.. (unit cell calculated density, g/cm?), Ry, (weighted R-
factor, %), and R;, (R-factor, %).

Structural description of ALEN-Ca form I, In the compound Ca(C4;H;3NOgP,), ALEN
coordinates to the calcium atom through four unique metal oxygen bonds; two in the equatorial
positions (Cal-O1 = 2.292 A and Cal-03 = 2.565 A) and two in the axial positions of the
octahedra (Cal-O5 =2.377 A and Cal-06 =2.337 A). A disordered water molecule coordinates
to the metal center (Cal-O8 =2.379 A) completing the octahedra. Even though the water molecule
acts as a terminal ligand, the ALEN ligand act as pillars linking neighboring calcium atoms
forming a 3D framework containing /D inorganic chains that stacked tilted along the c-axis. A
single intramolecular hydrogen bond between oxygen of the ligand and the terminal water
molecule (02--O8 = 2.946 A) reinforces the propagation of the /D chains motif. Adjacent chains
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are bound by a series of intermolecular hydrogen bonds; along b-axis by the amine nitrogen of one
ALEN and the oxygen atom of another ALEN ligand (O2--N1 = 3.020 A) and along the g-axis
several intermolecular hydrogen bonds (O5--N1=2.839 A and 06--N1=2.845 A, 02--07 = 2.464
A, O7--08 =2.670 A). The hydrogen bond network helps to expend the 3D framework along the
ab-plane. This crystal structure is unique from those previously reported.3233

Structural description of ALEN-Ca form II, The compound Ca(CgH,4NO4P,) crystallizes in
the I2/a space group with the asymmetric unit containing a single independent calcium atom. The
calcium atom has a strongly distorted octahedral environment with the O—Ca—O bond angles
ranging from 79.79 © to 105.30 °. The Ca-O bond distances range between 2.287 A and 2.343 A.
The calcium atom is coordinated by two symmetry related ALEN ligands. No coordinated water
or lattices waters are present in this structure unlike the previous structure solved for ALEN-Ca
form 1. The ALEN ligands act as pillars linking neighboring calcium atoms forming a 3D
framework containing /D inorganic chains that stacked tilted along the a-axis. An intramolecular
hydrogen bond between one of the coordinated phosphonate oxygen atom and hydroxyl group of
the ligand (O4--O7 = 2.837 A), stabilizes the metal cluster and helps propagates the /D chains.
Adjacent chains are reinforced by two distinct intermolecular hydrogen bonds one between the
amine nitrogen and hydroxyl group of the ligand (N1-- O7 = 3.008 A), and the other between the
amine nitrogen and one of the coordinated phosphonate oxygen atom (N1-- O5 = 2.689 A) on
either one side of the /D chains which propagate into a 3D framework along the bc-plane. This
crystal structure is unique from the previously discussed structure (ALEN-Ca form I) and those
previously reported in the literature (Supporting Information).3%33

Structural description of ALEN-Zn form I, The compound [Zn(C4H;{NO,P;)(H,0)] represents
an additional crystalline phase to that originally published for the ALEN-Zn coordination
complex.>* The present structure for ALEN-Zn is isostructural to two recently published metal-
phosphonate coordination complexes formed by the same ligand with either manganese or cobalt
(although only the structure of ALEN-Mn is available in the Cambridge Structural Database).?
The ALEN-Zn coordination complex is defined by the P2,/n space group and has one molecule in
the asymmetric unit. The zinc atom has a strongly distorted octahedral environment with the O—
Zn—0 bond angles ranging from 74.74 ° to 107.24 °. The Zn—O bond distances are between 1.972
and 2.353 A. The ligand, ALEN, bridges the Zn(II) ions into an infinite single chain through four
phosphonate oxygens and the hydroxyl oxygen. Inter-chain hydrogen bonds help form a 3D
network structure with channels generated along the a-axis. The protonated amine tails and the
lattice water dwell in the channels and are held in position by intricate systems of hydrogen bonds.

Structural description of ALEN-Zn form II, The compound [Zn,(C;sH4sN40,5Ps)(H,0),]-2H,0
represents an additional crystalline phase from the previously discussed phase ALEN-Zn form I.
ALEN-Zn form II is a redetermination of a published structure3* at lower temperature and present
a lower error in the refinement. ALEN-Zn form II is defined by the P2,/n space group, and it’s
isomorphic with the structure of it Co (II)?4, Cu (II)?°, and Ni (II)!° analogues that have been
previously reported. The unit cell is composed of a centrosymmetric dinuclear coordination
complex, where the metal atom coordination is octahedral. The O—Zn—O bond angles range from
82.38° to 178.59° and the Zn—O bond distances are between 2.013 and 2.156 A. Six oxygen atoms
surround the metal; two of them from a chelating BP, three are bridging the other Zn center (Zn-
O-P-O-Zn) and an oxygen from the terminal water, which completes the octahedral coordination
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sphere. Packing of molecules is reinforced by a rather intricate network of inter-chain hydrogen
bonds among the molecular units which includes both the coordinated and the lattice water
molecules.

Structural description of ALEN-Mg, The compound [Mg,(CsH4N4O25Ps(H,0),]-2H,0 1is
isostructural to ALEN-Zn form II described above and to other coordination complexes with
divalent metals such as Co(II)?*, Cu(II)?, and Ni(I)'°. The structure of ALEN-Mg is composed of
a centrosymmetric dinuclear coordination complex crystallizing in the space group P2,/c. The
magnesium atom coordination is close to octahedral with one terminal water molecule, one
terminal and two bridging ALEN ligands. The O-Mg—O bond angles range from 87.33° to 99.26°.
The Mg—O bond distances are between 2.007 and 2.162 A at the equatorial positions and between
2.007 and 2.162 A in the axial positions. All coordinated ALEN ligands are monoanionic. The
ligand, ALEN, bridges the Mg(Il) ions into an infinite single chain through four phosphonate
oxygens and the hydroxyl oxygen in a similar fashion as that displayed in the structure of ALEN-
Zn form II. A coordination complex system of inter-chain hydrogen bonds helps form a 3D
network structure with channels generated along the a-axis. The protonated amine tails and the
lattice water reside in the channels and are held in position by intricate systems of hydrogen bonds.

Figure 8. Packing motifs of (a) ALEN-Ca form I along the c-axis, (b) ALEN-Ca form II along the
c-axis, (¢) ALEN-Zn form I along the a-axis, (d) ALEN-Zn form II along the a-axis, and (e)
ALEN-Mg along the a-axis.

Thermogravimetric analysis (TGA).

Thermal stability under N, of the isolated ALEN-based BPCCs was investigated TGA and
the resulting thermographs for these materials are displayed in Figure 9. It was expected that the
thermograph of each ALEN-based BPCCs consists of at least two mayor decomposition events
one at lower temperature representing the loss of coordinated or lattice water molecules, and
another at higher temperature which accounts for the thermal combustion of the organic moiety,
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the BP ligand, in this case ALEN. A third decomposition event might be observed above 350 °C,
due to the thermal degradation of the metal/metal oxide.

100
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80
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——— (©
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60

50
30 90 150 210 270 330 390 450 510 570 630 690

Temperature (°C)

Figure 9. TGA thermographs of (a) ALEN-Ca form I, (b) ALEN-Zn form I, (¢) ALEN-Ca form
II, (d) ALEN-Zn form II, (¢) ALEN and (f) ALEN-Mg coordination complexes. All TGA were
collected with using the same temperature range between 30 — 700 °C at a heating rate of 5 °C/min
under N,.

According to the above-mentioned thermal analysis, the five ALEN-based BPCCs
investigated (ALEN-Ca forms I and II, ALEN-Zn forms I and II, and ALEN-Mg) present high
thermal stability than the BP (ALEN) alone. Generally, isolated ALEN-based BPCCs are stable to
~50 °C after which some of them quickly loose lattice water molecules up to 150 °C, followed by
the loss of coordinated water molecules. ALEN and the ALEN-based BPCCs significantly degrade
at temperatures >250 °C. Individual thermographs are available in the Supporting Information.

Dissolution profiles.

ALEN is a polyvalent strong acid with a high solubility in water.>> Once orally
administered, the dissolution of alendronate monosodium salt (Fosamax®) starts during
deglutition.?> This rapid dissolution affects the absorption process, lowering the dosage taken up
by the skeleton (~20-50 %) and causing adverse side effects, such as esophagitis.’ In this study,
the dissolution of ALEN-based BPCCs was analyzed and compared to that of the commercially
employed ALEN Sodium Tablets-USP (generic form of Fosamax®). Assessing the stability and
equilibrium solubility of the coordination complexes in both media provides insights into the
potential of ALEN-based BPCCs to sustain blood plasma concentrations for ALEN. Additionally,
tumor metastases and bone resorption are closely associated with an acidic
microenvironment,36-37-38 which may alter substantially the structure of these materials, promoting
their degradation at the metastatic site.

Direct quantification of ALEN was hampered by the lack of a detectable chromophore.
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Therefore, the formation of an ALEN-Cu complex was employed as a suitable method of
quantification for the released content from the ALEN-based BPCCs as previously employed for
ALEN and risedronic acid.?>3° Compared to the ALEN-based BPCCs, the ALEN-Cu complex and
other BP-Cu salts tend to have higher solubility at lower to neutral pH.?> In this study,
quantification of the drug release in acidic (FaSSGF, pH = 1.60) and neutral (PBS, pH = 7.40)
media was conducted, permitting the optimum conditions for promoting the formation of the UV
active ALEN-Cu complex and avoiding its precipitation.

The administered dosage of ALEN in tablets is 70 mg, which correspond to the initial
weight for the ALEN-based BPCCs and the commercial generic form of ALEN used for the
dissolution testing.3> To verify the maximum amount of ALEN released, a complete dissolution
profile was obtained in FaSSGF. The dissolution profile (Figure 10a) showed that ALEN reaches
the maximum release of the drug (100%) faster (10 sec) compared to the ALEN-based BPCCs.
The generic tablets achieved a 100% release in 25 sec. All ALEN-based BPCCs presented lower
equilibrium solubility and dissolution in FaSSGF.

For the simulated drug release in physiological pH conditions, dissolution was conducted
in PBS. After comparing the complete dissolution profile in this media for each coordination
complex (Figure 10b), results demonstrate that the generic tablets have a higher dissolution rate,
reaching the maximum release of the ALEN content (80%) in 25 sec. The dissolution of ALEN
showed a slower release but reached a similar amount of dissolved drug as the generic tablets (~80
%) in 10 min. The BPCCs also showed a lower dissolution and equilibrium solubility compared
to the tablets and the reagent in this media.

Based on these results, we decided to perform further studies with ALEN-Ca form II, which
presented lower dissolution and equilibrium solubility in PBS (pH = 7.40) but higher dissolution
and solubility in FaSSGF (pH = 1.60). These characteristics are desirable because it may allow
nanoparticles of this material to circulate longer allowing them to reach the target site (bone
microenvironment). Once there, the material might be able to degrade due to the increased acidic
microenvironment at the metastatic site.3%3738 These results provide insights of the potential of
these coordination complexes to release the BP content by their degradation in a selective manner.

120 100

(a) (b)
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80

60 |f

ALEN Percent Dissolved (%)
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0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400

Time (s) Time (s)

Figure 10. Complete dissolution profile for ALEN (black), Alendronate Sodium
(Fosamax®) generic tablets (pink), ALEN-Ca form I (blue), ALEN-Ca form II (red), ALEN-Zn
form I (green), ALEN-Zn form II (purple) and ALEN-Mg (orange) in (a) FaSSGF and (b) PBS.

Phase inversion temperature (PIT)-nano-emulsion synthesis of nano-Ca@ALEN form II.
In order to reduce the particle size, a PIT-nano-emulsion method was employed during the
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synthesis of a selected ALEN-based BPCC, specifically ALEN-Ca form II. Selection of ALEN-
Ca form II was based on its promising porous crystal structure, higher thermal stability, and
selective degradation (PBS versus FaSSGF). The PIT temperature was determined by measuring
the conductivity of an aqueous emulsion containing ALEN in heptane and a surfactant. After
homogenizing the emulsions, conductivity measurements started at 2°C with the oil-in-water
(O/W) system reporting an average value of 808 uS at the starting point. As the emulsion is heated
(1°C/min), a phase inversion occurs from O/W (conductive) micro-emulsion to water in oil (W/O,
not conductive) nano-emulsion. Once the temperature reached 24°C, the conductivity dropped,
reporting average values of ~0.019 uS.

Once the PIT was identified, it was used to perform the synthesis of nano-Ca@ALEN form
IT (Figure 11a). After having the ligand solution entrapped in the nanospheres suspended in the
oil phase of the emulsion, addition of the metal promoted the formation of the nano-Ca@ALEN
form II nanoparticles. Once the reaction was completed, the aqueous supernatant was analyzed
using DLS. Results demonstrate average particle size distribution values of 383.9, 482.5 and 495.3
nanometers for three replicate syntheses (Figure 11b and Supporting Information). Polydispersity
index (PDI) average values of 0.870, 0.631 and 0.645 were obtained. According to the PDI values,
the nano-Ca@ALEN form II nanoparticles measured were moderately monodispersive. Results
demonstrate that this method reduces the particle size of ALEN-Ca form II from a micron-range
(~60 um) to a nano-range (380-495 d.nm), possibly by reducing the volume available for the metal
complexation (precipitation) to occur. PXRD analysis was performed on a micron-sized
agglomerate (Supporting Information) of the nanocrystals resulting from the PIT-nanoemulsion.
PXRD analysis confirms that the crystal phase of the nano-Ca@ALEN form II nanoparticles is
isostructural to that of ALEN-Ca form II bulk crystals (Figure 11¢). The EDS spectra of nano-
Ca@ALEN form II nanoparticles exhibit characteristic signals of the metal and other elements,
which are present in this BPCC and resembles the EDS spectra of the bulk material (Figure 11d).
This data corroborates the composition of the nano-Ca@ALEN form II in the nanoparticles
synthesized by the proposed method based on the elemental analysis. It is worth mentioning that
no toxic organic solvents were required (heptane is Class 3) to develop these materials at both the
bulk and nanoscale, which means that the procedure could be well adapted for large-scale
biomedical manufacturing and applications.
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Figure 11. (a) Schematic diagram of the PIT-nano-emulsion synthesis of nano-Ca@ALEN form
II, showing the phase inversion at a temperature of approximately ~ 17°C (dashed line). Phase
inversion starts at a temperature of ~9°C and ends at a temperature of ~24°C (light orange region).
(b) Dynamic light scattering (DLS) spectra showing average size distribution (380-495 d.nm) of
nano-Ca@ALEN form II nanoparticles. (c) PXRD overlay of ALEN (black), ALEN-Ca form II
bulk crystals (red), and nano-Ca@ALEN form II agglomerated nanocrystals (light blue). (d)
Representative energy dispersive spectra (EDS) for the isolated product of the PIT-micro-emulsion
synthesis between ALEN and bioactive metal calcium (Ca2").

Cytotoxicity assay of ALEN, ALEN-Ca form II (bulk crystals) and nano-Ca@ALEN form
II (nanocrystals).

Dose response curves for ALEN and ALEN-Ca form II (bulk crystals) were performed in
breast cancer cell line MDA-MB-231. After 24, 48 and 72 h the potency of ALEN or ALEN-Ca
form II (bulk crystals) treatment was measured using AlamarBlue® cell viability assay. After 24
h both, ALEN and ALEN form II (bulk crystals), did not showed a significant cytotoxicity effect
in MDA-MB-231 with ICso> 100 uM (Supporting Information). However, after 48 h, an increased
in potency for both ALEN and ALEN-Ca form II (bulk crystals) was observed. The viability of
MDA-MB-231 cells treated with ALEN and ALEN-Ca form II (bulk crystals) decreased
approximately by 50.63 % and 57.94 %, with an IC5y > 100 uM, respectively (Supporting
Information). Finally, after 72 h of treatment an ICsyof 15.0 + 0.4 and 32 £ 1 uM for ALEN and
ALEN-Ca form II (bulk crystals) was obtained, respectively (Supporting Information). ALEN has
shown cytotoxicity effects through the inhibition of proliferation in other cancer cell lines in a dose
and time dependent manner. Results obtained within this study are in accordance with those
previously reported in literature. 4041
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Figure 12. Relative cell viability (%) of MDA-MD-231 cell line (control, black) treated with
ALEN, ALEN-Ca form II (bulk, red) and nano-Ca@ALEN form II (nanocrystals, blue) in
concentrations of (a) 7.5 uM (b) 15 uM, and (c) 30 uM at 24, 48 and 72 h of treatment.

The relative cell live viability was determined in the following concentrations; 7.5, 15 and
30 uM for ALEN, ALEN-Ca form II (bulk crystals), and nano-Ca@ALEN form II (nanocrystals)
after 24, 48, and 72 h of treatment (Figure 12a). The results showed that nano-Ca@ALEN form
II nanocrystals present cytotoxicity effects against the MDA-MB-231 cell line. Particularly, an
inhibition of cell growth was observed after 24 h of treatment, even at the lowest concentration
(7.5 uM). Figure 12a shows that at 72 h of treatment in a concentration of 7.5 uM, the cell viability
decreases from 100 % to 46 + 11 % for nano-Ca@ALEN form II nanocrystals, while for ALEN
and ALEN-Ca form II (bulk crystals) no significant cell death is observed.

Conclusions.

Herein, we have described the hydrothermal reaction and the structural characterization of
a series of ALEN-based BPCCs constructed by employing clinically utilized BP, ALEN, as ligand
and three biologically relevant metals (Ca?*, Zn>* and Mg?*). An unprecedented number of ALEN-
based BPCCs were obtained and structurally characterized to provide further insights into the
structural motifs observed in these types of materials. These compounds have been obtained as
single phases and exhibit high to moderate thermal stability. Dissolution test results provided
insights of their structural stability in simulated physiological conditions (FaSSGF and PBS). Most
of the studied ALEN-based BPCCs remained coordinated, thus presented higher stability and
lower equilibrium solubility in both media. This suggests that the incorporation of ALEN as a
constituent of the CC, lead to the formation of a system that can potentially promote higher blood
plasma concentrations of ALEN. The PIT-nano emulsion synthesis method provided a soft
confinement approach to reduce the particle size of one of the ALEN-based BPCCs, ALEN-Ca
form II significantly. PIT-nano emulsion synthesis could be easily translated to other BPCCs. A
size decrease in the particle size of the BPCCs presents several advantages towards advancing the
therapeutic applications of these coordination complexes, potentiating these materials for the
treatment and prevention of OM. Furthermore, the cytotoxicity of ALEN and ALEN-Ca form II
(bulk crystals) and nano-Ca@ALEN form II (nanocrystals) was investigated to determine if the
size and chemical nature of this BPCC could enhance the cytotoxicity of ALEN against the MDA-
MB-231 cell line. Results demonstrate that after 72 h of treatment, the cell viability decreases to
46 + 11 % for nano-Ca@ALEN form II nanocrystals, while for ALEN and ALEN-Ca form II (bulk
crystals) no significant cell death was observed. These important outcomes provide the integration
and expansion of the molecular design principles concerning drug delivery systems based on
BPCCs that can be used to treat and prevent OM and other bone-related diseases.

Supporting Information. Detailed experimental procedures for the hydrothermal synthesis,
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additional Raman spectra, powder X-ray diffractograms, SEM images, EDS spectra, TGA
thermographs, crystallographic parameters, CIF files, ORTEPs, calibration curves, absorption
spectra, dissolution profiles, DLS spectra can be obtained free of charge via the Internet at
http://pubs.rsc.org.
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The phase-inversion hydrothermal synthesis of alendronate and Ca(Il) promotes the
formation a coordination complex which solid-state, stability, particle size and cytotoxicity were
assessed and optimized to potentiate its biomedical applications.
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