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MDA-MB-231 cell line treated with ALEN (black) and nano-Ca@ALEN (red) in 

concentrations of  1.9, 3.8, 7.5, and 15 μM at 48 h of treatment. 

Figure 2.4.14.5. The percentage of relative cell live (%RCL) of human breast cancer 

MDA-MB-231 cell line treated with ALEN (black) and nano-Ca@ALEN (red) in 

concentrations of 1.9, 3.8, 7.5, and 15 μM at 72 h of treatment. 

Figure 2.4.14.6. The percentage of relative cell live (%RCL) of osteoblast hFOB 1.19 cell 

line treated with ALEN (black) and nano-Ca@ALEN (red) in concentrations of 1.9, 3.8, 

7.5, and 15 μM at 24 h of treatment. 
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Figure 2.4.14.7. The percentage of relative cell live (%RCL) of osteoblast hFOB 1.19 cell 

line treated with ALEN (black) and nano-Ca@ALEN (red) in concentrations of 1.9, 3.8, 

7.5, and 15 μM at 48 h of treatment. 

Figure 2.4.14.8. The percentage of relative cell live (%RCL) of osteoblast hFOB 1.19 cell 

line treated with ALEN (black) and nano-Ca@ALEN (red) in concentrations of 1.9, 3.8, 

7.5, and 15 μM at 72 h of treatment. 

Figure 3.1.1. Molecular structure of RISE (Actonel®, left), and acidic form of the pyridinyl 

BP (risedronic acid, right) employed for the design of RISE-based BPCCs. 

Figure 3.2.1. Schematic diagram of (right) the synthetic pathways leading to three 

crystalline phases of RISE-based BPCCs, showing coordination of risedronate (RISE) with 

three different bioactive metals (M2+ = Ca2+, Mg2+, and Zn2+) at several synthesis 

conditions, and (left) crystallization of the protonated form of the ligand (H-RISE). Unit 

cell and polarized optical micrographs of each RISE-based BPCC and H-RISE are shown 

in the product side of each reaction. The variables explored were pH, metal salt anion (NO3
- 

vs Cl-), and addition of HEDP as auxiliary ligand. 

Figure 3.2.1.1. Raman spectra overlay of (a) RISE, (b) H-RISE and the RISE-based 

BPCCs; (c) RISE-Ca, (d) RISE-Mg, and (e) RISE-Zn. 

Figure 3.2.2.1. Representative scanning electron micrographs and energy dispersive 

spectra for (a) H-RISE, blue; and the RISE-based BPCCs (b) RISE-Ca, red; (c) RISE-Mg, 

green; and (d) RISE-Zn, purple. 

Figure 3.2.3.1. PXRD overlay of (a) RISE, (b) H-RISE and the RISE-based BPCCs; (c) 

RISE-Ca, (d) RISE-Mg, and (e) RISE-Zn. 

Figure 3.2.4.1. Packing motifs of (a) H-RISE along the a-axis, (b) RISE-Ca along the a-

axis, (c) RISE-Mg along the b-axis, and (d) RISE-Zn along the a-axis. 

Figure 3.2.5.1. TGA thermographs of (a) H-RISE, (b) RISE and the RISE-based BPCCs; 

(c) RISE-Mg, (d) RISE-Ca, and (e) RISE-Zn. All thermographs were collected under the 

same temperature range (10–700°C) at a heating rate of 5°C/min under N2. 

Figure 3.2.6.1. Complete dissolution profile of RISE (black), H-RISE (blue), RISE-Ca 

(red), RISE- Mg (green) and RISE-Zn (purple) in (a) PBS and (b) FaSSGF for 48 h. 

Figure 3.2.7.1. Synthesis of nano-Ca@RISE. (a) Diagram of the nano-Ca@RISE PIT 

nano-emulsion synthesis. PIT starts at ~11°C and ends at ~20°C, with a resulting inversion 

of phases at ~16°C (dashed line). (b) Dynamic Light Scattering (DLS) analysis of the 

resulting nanocrystals showing an average particle size distribution of ~342 d.nm. (c) 

PXRD overlay of RISE (black), RISE-Ca simulated powder pattern (navy blue), RISE-Ca 

bulk crystals (red), and agglomerated nanocrystals of nano-Ca@RISE (light blue). 

Figure 3.2.8.1. DLS spectra showing the particle size distribution of nano-Ca@RISE after 

24 (blue), 48 (red), and 72 h (green) in 10% FBS:H2O. 
Figure 3.2.9.1. Binding curves of RISE (control, black) and nano-Ca@RISE 

(experimental, pink) to HA in PBS, showing their maximum binding of 76% (black dashed 

line) and 30% (pink dashed line), respectively. Error bars for duplicate measurements fall 

below five percent (<5%) error. 

Figure 3.2.10.1. 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, RISE 

(black), and nano-Ca@RISE (red) at concentrations of (a, e) 35, (b, f) 40, (c, g) 45, and (d, 

h) 50 µM after 24, 48, and 72 h of treatment. 
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Figure 3.4.4.1.  Ball-stick representation of the (left) asymmetric unit and (right) 

crystalline packing of H-RISE along a-axis. 

Figure 3.4.4.2. Ball-stick representation of the (left) asymmetric unit and (right) crystalline 

packing of RISE-Ca along a-axis. 

Figure 3.4.4.3. Ball-stick representation of the (left) asymmetric unit and (right) crystalline 

packing of RISE-Mg along b-axis. 

Figure 3.4.4.4. Ball-stick representation of the (left) asymmetric unit and (right) crystalline 

packing of RISE-Zn along a-axis. 

Figure 3.4.4.5. ORTEPs (atoms labeled) showing the spatial arrangement of the RISE 

molecules within the crystal lattice of H-RISE. 

Figure 3.4.4.6. ORTEPs (atoms labeled) showing the connectivity between Ca atom and 

RISE to form RISE-Ca. 

Figure 3.4.4.7. ORTEPs (atoms labeled) showing the connectivity between Mg atom and 

RISE to form RISE-Mg.  

Figure 3.4.4.8. ORTEPs (atoms labeled) showing the connectivity between Zn atom and 

RISE to form RISE-Zn. 

Figure 3.4.4.9. Simulated (bottom, blue) and experimental (top, red) powder pattern 

overlay of H-RISE BPCC. 

Figure 3.4.4.10. Simulated (bottom, blue) and experimental (top, red) powder pattern 

overlay of RISE-Ca BPCC. 

Figure 3.4.4.11. Simulated (bottom, blue) and experimental (top, red) powder pattern 

overlay of RISE-Mg BPCC. 

Figure 3.4.4.12. Simulated (bottom, blue) and experimental (top, red) powder pattern 

overlay of RISE-Zn BPCC. 

Figure 3.4.4.13. Simulated powder pattern overlay of the crystallized H-RISE within this 

work (blue), and previously reported H-RISE structure (MOFVOS, burgundy).1 

Figure 3.4.4.14. Simulated powder pattern overlay of the synthesized BPCCs from bottom 

to top; RISE-Ca (red), RISE-Mg (green), and RISE-Zn (purple), and previously reported 

RISE metal complexes: RISE-Cd form I (POLNEK, orange),2 RISE-Cd form II (POLNIO, 

pink),2 RISE-Cu (LUVMUL01, light blue),3 and RISE-Ni (LAKPOE, navy blue).3 

Figure 3.4.6.1. TGA analysis of H-RISE shows an initial thermal degradation event (exp: 

5.954 wt. %), attributed to the loss of water molecules from the complex (theo: 5.98 wt. 

%). Additionally, TGA analysis shows a low temperature (200-300°C) weight lost (57.46 

wt. %), which was attributed to the decomposition of RISE.   

Figure 3.4.6.2. TGA analysis of RISE-Ca BPCC shows a low temperature (100-200°C) 

weight lost (exp: 10.23 wt. %), which was attributed to the evaporation of water molecules 

(theo: 10.65 wt. %). Additionally, another low temperature (200-400°C) weight lost (8.199 

wt. %) was observed, which was attributed to the decomposition of RISE. Subsequently at 

higher temperature (400-700°C) a weight loss of 12.52 wt. % occurred, which was 

attributed to the degradation of calcium/calcium oxide. 

Figure 3.4.6.3. TGA analysis of RISE-Mg BPCC shows an initial thermal degradation 

event (exp: 10.36 wt. %), attributed to the loss of water molecules from the complex (theo: 

10.97 wt. %). Additionally, TGA analysis shows a low temperature (250-400°C) weight 

lost (17.22 wt. %), which was attributed to the decomposition of RISE. Subsequently at 

higher temperature (410-700°C) a weight lost (5.602 wt. %) occurred, which was attributed 

to the degradation of magnesium/magnesium oxide. 
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Figure 3.4.6.4. TGA analysis of RISE-Zn BPCC shows a low temperature (100-200°C) 

weight lost (exp: 9.796 wt. %), which was attributed to the evaporation of water molecules 

(theo: 10.30 wt. %). Another low temperature (210-420°C) weight lost (12.02 wt. %), 

which was attributed to the decomposition of RISE was observed. Subsequently, at higher 

temperature (430-700°C) a weight loss of 15.977 wt. % occurred, which was attributed to 

the degradation of zinc/zinc oxide. 

Figure 3.4.7.1.1. Absorbance spectra of RISE presenting a λmax at 260 nm in PBS in the 

concentration range (0.01-0.12 mg/mL) employed to construct a calibration curve. 

Figure 3.4.7.1.2. Calibration curve with a concentration range of 0.01-0.12 mg/mL for the 

quantification of RISE in PBS. 

Figure 3.4.7.2.1. Absorbance spectra of RISE presenting a λmax at 260 nm in FaSSGF in 

the concentration range (0.01-0.12 mg/mL) employed to construct a calibration curve. 

Figure 3.4.7.2.2. Calibration curve with a concentration range of 0.01-0.12 mg/mL for the 

quantification of RISE in FaSSGF. 

Figure 3.4.8.1. Nano-emulsion PIT determination of an aqueous RISE solution, showing 

the phase inversion occurs at approximately ~ 16 °C (dashed line). Depicted by the light 

orange region is the range for the phase inversion which starts at 11 °C and ends at 20 °C. 

Figure 3.4.12.1. Polarized optical micrograph of nano-Ca@RISE agglomerated 

nanocrystals mounted in a 20 μm MiTeGen micro loop, observed at 20x magnification. 

Figure 3.4.12.2. Powder X-ray diffractogram overlay of “as received” RISE (black), RISE-

Ca simulated powder pattern (navy blue), RISE-Ca bulk crystals (red), and nano-

Ca@RISE nanocrystals (light blue). 

Figure 3.4.13.1.1. Absorbance spectra of nano-Ca@RISE presenting a λmax at 206 nm in 

PBS in the concentration range (0.0005-0.006 mg/mL) employed to construct a calibration 

curve. 

Figure 3.4.13.1.2. Calibration curve with a concentration range of 0.0005 and 0.006 

mg/mL for nano-Ca@RISE for quantification in PBS.  

Figure 3.4.14.1. IC50 curves for RISE employing the human breast cancer MDA-MB-231 

cell line at (a) 24, (b) 48, (c) 72 h of treatment.   

Figure 3.4.14.2. IC50 curves for RISE employing the osteoblast-like hFOB 1.19 cell line 

at (a) 24, (b) 48, (c) 72 h of treatment. 

Figure 3.4.14.3. The relative cell live percentage (%RCL) of human breast cancer MDA-

MB-231 cell line treated with RISE (black) and nano-Ca@RISE (red) at concentrations of 

35, 40, 45, and 50 μM for 24 h. 

Figure 3.4.14.4. The relative cell live percentage (%RCL) of human breast cancer MDA-

MB-231 cell line treated with RISE (black) and nano-Ca@RISE (red) at concentrations of 

35, 40, 45, and 50 μM for 48 h. 

Figure 3.4.14.5. The relative cell live percentage (%RCL) of human breast cancer MDA-

MB-231 cell line treated with RISE (black) and nano-Ca@RISE (red) at concentrations of 

35, 40, 45, and 50 μM for 72 h. 

Figure 3.4.14.6. The relative cell live percentage (%RCL) of osteoblast hFOB 1.19 cell 

line treated with RISE (black) and nano-Ca@RISE (red) at concentrations of 35, 40, 45, 

and 50 μM for 24 h. 

Figure 3.4.14.7. The relative cell live percentage (%RCL) of osteoblast hFOB 1.19 cell 

line treated with RISE (black) and nano-Ca@RISE (red) at concentrations of 35, 40, 45, 

and 50μM for 48 h. 



xvi 
 

Figure 3.4.14.8. The relative cell live percentage (%RCL) of osteoblast hFOB 1.19 cell 

line treated with RISE (black) and nano-Ca@RISE (red) at concentrations of 35, 40, 45, 

and 50 μM for 72 h. 

Figure 4.1.1. Molecular structure of ZOLE (Reclast®), the imidazole-containing BP 

employed for the design of RISE-based BPCCs. 

Figure 4.2.1. 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+ = Ca2+, Mg2+, and Zn2+) at 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 (NO3
- vs Cl-), and addition of etidronic acid (HEDP) as auxiliary ligand.24 

Figure 4.2.1.1. Raman spectra overlay of (a) zoledronate (ZOLE) and ZOLE-based 

BPCCs; (b) ZOLE-Ca form I, (c) ZOLE-Ca form II, (d) ZOLE-Mg form I, (e) ZOLE-Mg 

form II, (f) ZOLE-Zn form I, and (g) ZOLE-Zn form II.24 

Figure 4.2.2.1. Representative scanning electron micrographs and energy dispersive 

spectra of single crystals for the ZOLE-based BPCCs; (a) ZOLE-Ca form I, blue; (b) 

ZOLE-Ca form II, red; (c) ZOLE-Mg form I, green; (d) ZOLE-Mg form II, purple; (e) 

ZOLE-Zn form I, orange; and (f) ZOLE-Zn form II, pink.24  

Figure 4.2.3.1. PXRD overlay of (a) zoledronate (ZOLE) and ZOLE-based BPCCs; (b) 

ZOLE-Ca form I, (c) ZOLE-Ca form II, (d) ZOLE-Mg form I, (e) ZOLE-Mg form II, (f) 

ZOLE-Zn form I, and (g) ZOLE-Zn form II.24 

Figure 4.2.4.1. Packing motifs of (a) ZOLE-Ca form I along the b-axis, (b) ZOLE-Ca form 

II along the a-axis, (c) ZOLE-Mg form I along the b-axis, (d) ZOLE-Mg form II along the 

a-axis, (e) ZOLE-Zn form I along the b-axis, and (f) ZOLE-Zn form II along the a-axis.24 

Figure 4.2.5.1. TGA thermographs of (a) ZOLE, black; (b) ZOLE-Zn form I, orange; (c) 

ZOLE-Zn form II , pink; (d) ZOLE-Ca form I, blue; (e) ZOLE-Mg form II, purple; (f) 

ZOLE-Mg form I, green; and (g) ZOLE-Ca form II, red; coordination complexes. All 

thermographs were collected under the same temperature range (10–700°C) at a heating 

rate of 5°C/min under N2. 

Figure 4.2.6.1. (a) Complete dissolution profile for ZOLE (black), ZOLE-Ca form I (blue), 

ZOLE-Ca form II (red), ZOLE-Mg form I (green), ZOLE-Mg form II (purple), ZOLE-Zn 

form I (orange), and ZOLE-Zn form II (pink) in PBS for 48 h (dashed line). The extended 

dissolution profile for ZOLE-Zn form I (orange) up to 192 h, showing 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 II in PBS (dark red) and FaSSGF (bright red), for 36 h (dashed line).24  

Figure 4.2.7.1. (a) Schematic diagram of the PIT-nano-emulsion synthesis of nano-

Ca@ZOLE, showing the 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 II simulated powder pattern (navy blue), ZOLE-Ca form II bulk 

crystals (red), and agglomerated nanocrystals of nano-Ca@ZOLE (light blue).24 

Figure 4.2.8.1. DLS spectra showing the particle size distribution of nano-Ca@ZOLE after 

0 (red), 24 (blue), and 48 h (green) in 10% FBS:PBS at 37°C.24 
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Figure 4.2.9.1. (a) Binding curves of ZOLE (control, black) and nano-Ca@ZOLE 

(experimental, light blue) to HA in PBS, showing their maximum binding of 82% (black 

dashed line) and 36% (light blue dashed line), respectively. Error bars for duplicate 

measurements fall below five percent (<5%) error. EDS analysis of (b) HA (control), (c) 

HA-ZOLE (control), and (d) HA-nano-Ca@ZOLE (experimental) after the binding assay. 

EDS spectra includes the insertion of a schematic for the proposed binding of this material 

to the HA.24 

Figure 4.2.10.1. 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 (a, e) 1.9, (b, f) 3.8, (c, g) 7.5, and 

(d, h) 15 µM after 24, 48, and 72 h of treatment.24 

Figure 4.4.4.1. Ball-stick representation of the (a) asymmetric unit and (b) crystalline 

packing of ZOLE-Ca form I along b-axis. 

Figure 4.4.4.2. Ball-stick representation of the (a) asymmetric unit and (b) crystalline 

packing of ZOLE-Ca form II along a-axis 

Figure 4.4.4.3. Ball-stick representation of the (a) asymmetric unit and (b) crystalline 

packing of ZOLE-Mg form I along b-axis 

Figure 4.4.4.4. Ball-stick representation of the (a) asymmetric unit and (b) crystalline 

packing of ZOLE-Mg form II along a-axis. 

Figure 4.4.4.5. Ball-stick representation of the (a) asymmetric unit and (b) crystalline 

packing of ZOLE-Zn form I along b-axis 

Figure 4.4.4.6. Ball-stick representation of the (a) asymmetric unit and (b) crystalline 

packing of ZOLE-Zn form II along a-axis 

Figure 4.4.4.7. ORTEPs (atoms labeled) showing the connectivity between Ca atom and 

ZOLE to form the ZOLE-Ca form I. 

Figure 4.4.4.8. ORTEPs (atoms labeled) showing the connectivity between Ca atom and 

ZOLE to form the ZOLE-Ca form II.           

Figure 4.4.4.9. ORTEPs (atoms labeled) showing the connectivity between Mg atom and 

ZOLE to form the ZOLE-Mg form I. 

Figure 4.4.4.10. ORTEPs (atoms labeled) showing the connectivity between Mg atom and 

ZOLE to form the ZOLE-Mg form II. 

Figure 4.4.4.11. ORTEPs (atoms labeled) showing the connectivity between Zn atom and 

ZOLE to form the ZOLE-Zn form I. 

Figure 4.4.4.12. ORTEPs (atoms labeled) showing the connectivity between Zn atom and 

ZOLE to form the ZOLE-Zn form II. 

Figure 4.4.4.13. Simulated (bottom, blue) and experimental (top, red) powder pattern 

overlay of ZOLE-Ca form I. 

Figure 4.4.4.14. Simulated (bottom, blue) and experimental (top, red) powder pattern 

overlay of ZOLE-Ca form II. 

Figure 4.4.4.15. Simulated (bottom, blue) and experimental (top, red) powder pattern 

overlay of ZOLE-Mg form I. 

Figure 4.4.4.16. Simulated (bottom, blue) and experimental (top, red) powder pattern 

overlay of ZOLE-Mg form II. 

Figure 4.4.4.17. Simulated (bottom, blue) and experimental (top, red) powder pattern 

overlay of ZOLE-Zn form I. 
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Figure 4.4.4.18. Simulated (bottom, blue) and experimental (top, red) powder pattern 

overlay of ZOLE-Zn form II. 

Figure 4.4.4.19. Simulated powder pattern overlay of BPCCs containing calcium (Ca2+) 

from bottom to top; ZOLE-Ca forms I (blue) and II (red) determined within this work and 

a previously reported metal complex ZOLE-Ca (TUVZEQ1, light grey). 

Figure 4.4.4.20. Simulated powder pattern overlay of redetermined structure for the 

synthesized BPCC from bottom to top; ZOLE-Mg form I (green), and the already reported 

metal complex ZOLE-Mg (TUVZAM, mahogany).1  

Figure 4.4.4.21. Simulated powder pattern overlay of redetermined structure for the 

synthesized BPCC from bottom to top; ZOLE-Zn form I (green), and the already reported 

metal complex ZOLE-Zn (PUFXUK, navy blue).4  

Figure 4.4.4.22. Simulated powder pattern overlay of isostructural synthesized BPCCs 

from bottom to top; ZOLE-Mg form I (green) and ZOLE-Zn form I (orange),  and 

previously reported isostructural forms of ZOLE metal complexes: ZOLE-Co (VIMXOF, 

light blue),2 ZOLE-Mg (TUVZAM, mahogany),1 ZOLE-Mn (RUPXAC, dark grey),3 

ZOLE-Ni (brown, VIMXUL),2 and ZOLE-Zn (PUFXUK, navy blue).4 

Figure 4.4.4.23. Simulated powder pattern overlay of BPCCs containing zinc (Zn2+) from 

bottom to top; ZOLE-Zn forms I (orange) and II (pink), and previously reported structures 

of ZOLE-Zn metal complexes: PUFXUK4 (navy blue) and PUFYAR5 (dark green). ZOLE-

Zn form I constitutes a redetermination of PUFXUK4 (navy blue). PUFYAR5 (dark green) 

presents a unique packing when compared to all other ZOLE-Zn metal complexes and 

those described within this work.  

Figure 4.4.6.1. TGA analysis of ZOLE-Ca form I BPCC shows an initial thermal 

degradation event (exp: 5.856 wt. %), attributed to the loss of water molecules from the 

complex (theo: 5.83 wt. %). Additionally, TGA analysis shows a low temperature (200-

300°C) weight lost (28.00 wt. %), which was attributed to the decomposition of ZOLE.  

Subsequently at higher temperature (300-700°C) a weight loss of 14.93 wt. % occurred, 

which was attributed to the degradation of calcium/calcium oxide. 

Figure 4.4.6.2. TGA analysis of ZOLE-Ca form II BPCC shows a low temperature (50-

150°C) weight lost (exp: 8.240 wt. %), which was attributed to the evaporation of water 

molecules (theo: 8.50 wt. %). Additionally, another low temperature (200-400°C) weight 

lost (22.16 wt. %) was observed, which was attributed to the decomposition of ZOLE. 

Subsequently at higher temperature (400-700°C) a weight loss of 9.936 wt. % occurred, 

which was attributed to the degradation of calcium/calcium oxide. 

Figure 4.4.6.3. TGA analysis of ZOLE-Mg form I BPCC shows an initial thermal 

degradation event (exp: 11.38 wt. %), attributed to the loss of water molecules from the 

complex (theo: 11.96 wt. %). Additionally, TGA analysis shows a low temperature (250-

350°C) weight lost (14.88 wt. %), which was attributed to the decomposition of ZOLE. 

Subsequently at higher temperature (400-700°C) a weight lost (15.60 wt. %) occurred, 

which was attributed to the degradation of magnesium/magnesium oxide. 

Figure 4.4.6.4. TGA analysis of ZOLE-Mg form II BPCC shows an initial thermal 

degradation event (exp: 10.78 wt. %), attributed to the water loss from the complex (theo: 

11.28 wt. %).  Additionally, analysis revealed a low temperature (250-350°C) weight lost 

(23.14 wt. %), which was attributed to the decomposition of ZOLE. Subsequently at higher 

temperature (350-700°C) a weight lost (8.930 wt. %) occurred, which was attributed to the 

degradation of magnesium/magnesium oxide. 
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Figure 4.4.6.5. TGA analysis of ZOLE-Zn form I BPCC shows a low temperature (190-

200°C) weight lost (exp: 5.356 wt. %), which was attributed to the evaporation of water 

molecules (theo: 5.60 wt. %). Another low temperature (250-450°C) weight lost (31.37 wt. 

%), which was attributed to the decomposition of ZOLE was observed. Subsequently, at 

higher temperature (400-700°C) a weight loss of 10.87 wt. % occurred, which was 

attributed to the degradation of zinc/zinc oxide. 

Figure 4.4.6.6. TGA analysis of ZOLE-Zn form II BPCC shows a low temperature (10-

250°C) weight lost (exp: 5.054 wt. %), which was attributed to the evaporation of water 

molecules (theo: 5.30 wt. %). Another low temperature (250-450°C) weight lost (29.63 wt. 

%) was observed, which was attributed to the decomposition of ZOLE. Subsequently, at 

higher temperature (450-700°C) a weight loss of 8.375 wt. % occurred, which was 

attributed to the degradation of zinc/zinc oxide. 

Figure 4.4.7.1.1. Absorbance spectra of ZOLE presenting a λmax at 208 nm in PBS in the 

concentration range of 0.001-0.06 mg/mL employed to construct a calibration curve. 

Figure 4.4.7.1.2. Calibration curve for ZOLE quantification for ZOLE-based BPCCs in 

PBS. 

Figure 4.4.7.1.3. Extended dissolution profile (192 h) in PBS for ZOLE-Zn form I 

(orange), reaching a plateau regarding its equilibrium solubility at 144 h. 

Figure 4.4.7.2.1. Absorbance spectra of ZOLE presenting a λmax at 208 nm in FaSSGF in 

the concentration range of 0.001-0.06 mg/mL employed to construct a calibration curve. 

Figure 4.4.7.2.2. Calibration curve for ZOLE quantification for ZOLE-based BPCCs in 

FaSSGF. 

Figure 4.4.8.1. Nano-emulsion PIT determination of an emulsion containing ZOLE in 

water, heptane and Brij L4®, showing that the phase inversion occurs at approximately ~ 

12°C (dashed line). Phase inversion starts at 9°C and ends at 15°C as depicted by the light 

orange region.  

Figure 4.4.12.1. Polarized optical micrographs of nano-Ca@ZOLE agglomerated 

nanocrystals mounted in a 30 μm MiTeGen micro loop, observed at (a, b) 25x 

magnification. 

Figure 4.4.12.2. Powder X-ray diffractogram overlay of “as received” ZOLE (black), 

ZOLE-Ca form II simulated powder pattern (navy blue), ZOLE-Ca form II bulk crystals 

(red), and nano-Ca@ZOLE nanocrystals (light blue). 

Figure 4.4.14.1. IC50 curves for ZOLE employing the human breast cancer MDA-MB-231 

cell line at (a) 24, (b) 48, (c) 72 h of treatment.   

Figure 4.4.14.2. IC50 curves for ZOLE employing the osteoblast-like hFOB 1.19 cell line 

at (a) 24, (b) 48, (c) 72 h of treatment. 

Figure 4.4.14.3. The relative cell live percentage (%RCL) of human breast cancer MDA-

MB-231 cell line treated with ZOLE (black) and nano-Ca@ZOLE (red) at concentrations 

of 1.9, 3.8, 7.5, and 15 μM for 24 h. 

Figure 4.4.14.4. The relative cell live percentage (%RCL) of human breast cancer MDA-

MB-231 cell line treated with ZOLE (black) and nano-Ca@ZOLE (red) at concentrations 

of 1.9, 3.8, 7.5, and 15 μM for 48 h. 

Figure 4.4.14.5. The relative cell live percentage (%RCL) of human breast cancer MDA-

MB-231 cell line treated with ZOLE (black) and nano-Ca@ZOLE (red) at concentrations 

of 1.9, 3.8, 7.5, and 15 μM for 72 h. 
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Figure 4.4.14.6. The relative cell live percentage (%RCL) of osteoblast hFOB 1.19 cell 

line treated with ZOLE (black) and nano-Ca@ZOLE (red) at concentrations of 1.9, 3.8, 

7.5, and 15 μM for 24 h. 

Figure 4.4.14.7. The relative cell live percentage (%RCL) of osteoblast hFOB 1.19 cell 

line treated with ZOLE (black) and nano-Ca@ZOLE (red) at concentrations of 1.9, 3.8, 

7.5, and 15 μM for 48 h. 

Figure 4.4.14.8. The relative cell live percentage (%RCL) of osteoblast hFOB 1.19 cell 

line treated with ZOLE (black) and nano-Ca@ZOLE (red) at concentrations of 1.9, 3.8, 

7.5, and 15 μM for 72 h. 

Figure 5.2.1.1. Schematic diagram of the PIT-nano-emulsion synthesis of (a) rutile, (b) 

anatase, and (c) brookite TiO2 highly-pure phase nanoparticles. The PIT determination 

graphs are inserted in each synthetic pathway, showing inversion of phases at ~11°C for 

moderately and strongly acidic conditions (dashed line, light orange region), and ~13°C 

for alkaline conditions (dashed line, light pink region).  

Figure 5.2.2.1. Dynamic light scattering (DLS) spectra of amorphous TiO2 nanoparticles 

synthesized employing (a) H2O:HNO3/Heptane, (b) H2O:NaOH/Heptane, and (c) 

H2O:IPA/Heptane emulsion system. 

Figure 5.2.4.1. (left) Raman spectra overlay of simulated rutile (navy blue)24, anatase (dark 

red)24, and brookite (dark green)24 phases, as well as the Raman spectra of the TiO2 

nanoparticles synthesized through the PIT-nano-emulsion method and thermally treated, 

employing H2O:HNO3/Heptane (blue), H2O:NaOH/Heptane (red), and H2O:IPA/Heptane 

(green) emulsion systems. (right) insert of the experimental Raman spectra for the TiO2 

nanoparticles under each condition with the prominent Raman modes identified. 

Figure 5.2.5.1. (left) PXRD overlay of simulated rutile (ICSD 165920, navy blue)37, 

anatase (ICSD 154601, dark red)38, and brookite (ICSD 154605, dark green)38 phases, with 

the diffractograms of the TiO2 nanoparticles synthesized through the PIT-nano-emulsion 

method and thermally treated, employing H2O:HNO3/Heptane (blue), H2O:NaOH/Heptane 

(red), and H2O:IPA/Heptane (green) emulsion systems. (right) PXRD overlay of the TiO2 

nanoparticles showing indexed Bragg reflections. 

Figure 5.2.6.1. Scanning electron micrographs of highly-pure (a) rutile, (b) anatase, and 

(c) brookite phase TiO2 nanoparticles after being synthesized through the PIT-nano-

emulsion syntheses and thermally treated. 

Figure 5.2.6.2. Energy dispersive spectra of highly-pure (a) rutile, (b) anatase, and (c) 

brookite phase TiO2 nanoparticles after being synthesized through the PIT-nano-emulsion 

syntheses and thermally treated. EDS spectra includes the insertion of the morphology 

observed for each respective nanoparticle (sphere or rod-like shaped). 

Figure 5.4.3.1. Nano-emulsion PIT determination of the H2O:HNO3/Heptane emulsion 

system, showing the phase inversion occurs at approximately ~11°C (dashed line). 

Depicted by the light orange region is the range for the phase inversion which starts at  5°C 

and ends at 17°C. 

Figure 5.4.3.2. Nano-emulsion PIT determination of the H2O:NaOH/Heptane emulsion 

system, showing the phase inversion occurs at approximately ~13°C (dashed line). 

Depicted by the light pink region is the range for the phase inversion which starts at  6°C 

and ends at 20°C. 

Figure 5.4.7.1. Raman spectra overlay of simulated rutile (navy blue)24, anatase (dark 

red)24, and brookite (dark green)24 phases, with the spectra of the TiO2 nanoparticles 
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synthesized through the PIT-nano-emulsion method before the thermal treatment, 

employing H2O:HNO3/Heptane (blue), H2O:NaOH/Heptane (red), and H2O:IPA/Heptane 

(green) emulsion systems. 

Figure 5.4.8.1.1. PXRD overlay of simulated rutile (ICSD 165920, navy blue)2, anatase 

(ICSD 154601, dark red)3, and brookite (ICSD 154605, dark green)3 phases, with the 

diffractograms of the TiO2 nanoparticles synthesized through the bulk syntheses without 

thermal treatment, employing H2O:HNO3 (light blue), H2O:NaOH (light red), and 

H2O:IPA (light green) conditions. 

Figure 5.4.8.1.2. PXRD overlay of simulated rutile (ICSD 165920, navy blue)2, anatase 

(ICSD 154601, dark red)3, and brookite (ICSD 154605, dark green)3 phases, with the 

diffractograms of the TiO2 nanoparticles synthesized through the bulk syntheses after 

thermal treatment, employing H2O:HNO3 (light blue), H2O:NaOH (light red), and 

H2O:IPA (light green) conditions. 

Figure 5.4.8.2.1. PXRD overlay of simulated rutile (ICSD 165920, navy blue)2, anatase 

(ICSD 154601, dark red)3, and brookite (ICSD 154605, dark green)3 phases, with the 

diffractograms of the TiO2 nanoparticles synthesized through the PIT-nano-emulsion 

method without thermal treatment, employing H2O:HNO3/Heptane (blue), 

H2O:NaOH/Heptane (red), and H2O:IPA/Heptane (green) emulsion systems. 

Figure 6.2.1. Schematic representation and proposed incorporation of  ZOLE-Ca form II 

in TiO2 nanoparticles by in situ surface crystallization, varying crystallization time to 

control growth of the BPCC shell. Reaction time was limited to 5 min to obtain TiO2-

core:nano-Ca@ZOLE-shell-† as first functionalized product and extended to 15 min to 

obtain TiO2-core:nano-Ca@ZOLE-shell-‡ as second functionalized product. 

Figure 6.2.1.1. Raman spectra overlay of (a) simulated rutile phase TiO2, (b) ZOLE-Ca 

form II bulk crystals,5 (c) experimental TiO2, (d) TiO2-core:nano-Ca@ZOLE-shell-†, and 

(e) TiO2-core:nano-Ca@ZOLE-shell-‡. 

Figure 6.2.2.1. PXRD overlay of (a) simulated rutile phase TiO2 (ICSD 165920),8 (b) 

ZOLE-Ca form II bulk crystals,5 (c) experimental TiO2, (d) TiO2-core:nano-Ca@ZOLE-

shell-†, and (e) TiO2-core:nano-Ca@ZOLE-shell-‡. 

Figure 6.2.3.1. Representative scanning electron micrographs of (a) experimental rutile 

phase TiO2 nanoparticles, (b) physical mixture composed of TiO2 nanoparticles and ZOLE-

Ca form II crystals, and two functionalized products (c) TiO2-core:nano-Ca@ZOLE-shell-

†, and (d) TiO2-core:nano-Ca@ZOLE-shell-‡ after reaction times of 5 min and 15 min, 

respectively.  

Figure 6.2.3.2. Representative energy dispersive spectra of (a) experimental rutile phase 

TiO2 nanoparticles, and two functionalized products (c) TiO2-core:nano-Ca@ZOLE-shell-

†, and (d) TiO2-core:nano-Ca@ZOLE-shell-‡ after reaction times of 5 min and 15 min, 

respectively. An insert of the respective area scanned in the electron micrograph is shown 

at the upper right corner of each EDS spectrum. 

Figure 6.2.4.1. Elemental mapping images of the control group (single TiO2 particle, core), 

where K-edge signals for carbon (red), oxygen (green) and titanium (blue) are displayed. 

An overlay of the colored elemental signals is shown. (a) Scanning electron micrograph of 

the TiO2 particle, and the area scanned (red square) for the X-ray microanalysis. (b) Energy 

dispersive spectra of the TiO2 particle showing elemental composition. (c) Overlay of the 

elemental mapping with magnifying insertion at the center of the particle, where 

homogeneous distribution of oxygen and titanium atoms can be observed. 
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Figure 6.2.4.2. EDS elemental mapping images of the experimental group, TiO2-

core:nano-Ca@ZOLE-shell-† nanoparticle, where K-edge signals for carbon (red), oxygen 

(green), calcium (yellow), titanium (blue), and phosphorous (purple) are displayed. An 

overlay of the colored elemental signals is shown. (a) Scanning electron micrograph of the 

TiO2-core:nano-Ca@ZOLE-shell-† particle, and the area scanned (red square) for the X-

ray microanalysis. (b) Energy dispersive spectra of the TiO2-core:nano-Ca@ZOLE-shell-

† particle showing elemental composition. (c) Overlay of the elemental mapping with 

magnifying insertion at the center of the particle, where homogeneous distribution of 

carbon, oxygen, calcium, phosphorous and titanium atoms can be observed. 

Figure 6.2.5.1. TGA thermographs of (a) ZOLE-Ca form II, (b) TiO2-core:nano-

Ca@ZOLE-shell-†, (c) TiO2+ZOLE-Ca form II physical mixture, and (d) experimental 

TiO2. All thermographs were collected under the same temperature range (10 – 700°C) at 

a heating rate of 5°C/min under a N2 atmosphere.  

Figure 6.2.6.1. Dynamic light scattering (DLS) spectra showing average particle size 

distribution values of TiO2 (166.0 d.nm, green), nano-Ca@ZOLE (146.3 d.nm, red), and 

TiO2-core:nano-Ca@ZOLE-shell-† (495.4 d.nm, purple).  

Figure 6.2.7.1. Percentage of relative cell live (%RCL) for the human breast cancer MDA-

MB-231 (top) and normal osteoblast-like hFOB 1.19 (bottom) cell lines, controls (green), 

ZOLE (black), nano-Ca@ZOLE (red), rutile-phase TiO2 nanoparticles (blue), and TiO2-

core:nano-Ca@ZOLE-shell-† nanoparticles (orange) at concentrations of (a, e) 1.9, (b, f) 

3.8, (c, g) 7.5, and (d, h) 15 µM after 24, 48, and 72 h of treatment. 

Figure 6.4.9.1. The relative cell live percentage (%RCL) of human breast cancer MDA-

MB-231 cell line treated with TiO2 (black) and TiO2-core:nano-Ca@ZOLE-shell-† (red) 

at concentrations of 1.9, 3.8, 7.5, and 15 μM for 24 h. 

Figure 6.4.9.2. The relative cell live percentage (%RCL) of human breast cancer MDA-

MB-231 cell line treated with TiO2 (black) and TiO2-core:nano-Ca@ZOLE-shell-† (red) 

at concentrations of 1.9, 3.8, 7.5, and 15 μM for 48 h. 

Figure 6.4.9.3. The relative cell live percentage (%RCL) of human breast cancer MDA-

MB-231 cell line treated with TiO2 (black) and TiO2-core:nano-Ca@ZOLE-shell-† (red) 

at concentrations of 1.9, 3.8, 7.5, and 15 μM for 72 h. 

Figure 6.4.9.4. The relative cell live percentage (%RCL) of osteoblast hFOB 1.19 cell line 

treated with TiO2 (black) and TiO2-core:nano-Ca@ZOLE-shell-† (red) at concentrations 

of 1.9, 3.8, 7.5, and 15 μM for 24 h. 

Figure 6.4.9.5. The relative cell live percentage (%RCL) of osteoblast hFOB 1.19 cell line 

treated with TiO2 (black) and TiO2-core:nano-Ca@ZOLE-shell-† (red) at concentrations 

of 1.9, 3.8, 7.5, and 15 μM for 48 h. 

Figure 6.4.9.6. The relative cell live percentage (%RCL) of osteoblast hFOB 1.19 cell line 

treated with TiO2 (black) and TiO2-core:nano-Ca@ZOLE-shell-† (red) at concentrations 

of 1.9, 3.8, 7.5, and 15 μM for 72 h. 
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ABBREVIATIONS, ACRONYMS AND SYMBOLS 

2θ   Angle Between Transmitted and Reflected X-ray Beam 

°   Degree 

%   Percent 

α   Alfa (Crystal Unit Cell Angle) 

a   Crystal Unit Cell Length in Armstrong 

Å   Armstrong 

ALEN   Alendronate 

β   Beta (Crystal Unit Cell Angle) 

b   Crystal Unit Cell Length in Armstrong 

BP   Bisphosphonate 

BPCC   Bisphosphonate-based Coordination Complex 

γ   Gamma (Crystal Unit Cell Angle) 

c   Crystal Unit Cell Length in Armstrong 

°C   Degree Celsius 

CC   Coordination Complex 

cm   Centimeter 

CV   Coefficient of Variance 

δ   Delta (Bending Vibration) 

d   Days 

ρcalc   Unit Cell Calculated Density 

DLS   Dynamic Light Scattering 

DMEM  Dubelcco’s Modified Eagle’s Medium 

d.nm   Distribution in Nanometers 

EDS   Energy Dispersive Spectroscopy 

EtOH   Ethanol 

FaSSGF  Fasted-state Simulated Gastric Fluid 

FBS   Fetal Bovine Serum 

FW   Formula Weight 
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g   Grams 

λ   Wavelength 

h   Hour 

H2O   Water 

HA   Hydroxyapatite 

HCl   Chlorohydric Acid 

HEDP   Etidronic Acid 

HNO3   Nitric Acid 

IC50   Half-maximal Inhibitory Concentration 

IPA   Isopropyl Alcohol 

K   Kelvin 

kV   Kilovolts 

μL   Microliter 

M   Molar 

M2+   Divalent Metal 

μM   Micromolar 

μm   Micrometer 

Mn   Molecular Weight 

mA   Milliampere 

mg   Milligram 

min   Minute 

mL   Milliliter 

mol   Mole 

mmol   Millimole 

NaCl   Sodium Chloride 

NaOH   Sodium Hydroxide 

NH4OH  Ammonium Hydroxide 

nm   Nanometer 

OM   Osteolytic Metastases 

ORTEP  Oak Ridge Thermal Ellipsoid Plot 
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PBS   Phosphate Buffered Saline 

PDI   Polydispersity Index 

PIT   Phase Inversion Temperature 

pKa   Acid Dissociation Constant 

PXRD   Powder X-ray Diffraction 

Rp   R-factor 

Rwp   Weighted R-factor 

RCL   Relative Cell Live 

RISE   Risedronate 

rpm   Revolutions per minute 

s   Second 

μS   Microsiemen 

SCXRD  Single Crystal X-ray Diffraction 

SEM   Scanning Electron Microscopy 

TEM   Transmission Electron Microscopy 

TGA   Thermogravimetric Analysis 

TiO2   Titanium Dioxide 

UV-Vis  Ultraviolet-Visible Spectroscopy 

V   Unit Cell Volume 

νas   Asymmetric Stretching Vibration 

νs   Symmetric Stretching Vibration 

x   Times more 

Z   Number of Formula Units per Unit Cell 

Z’   Number of Formula Units per Asymmetric Unit 

ZOLE   Zoledronate 
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ABSTRACT 

Coordination complexes (CCs), as well as inorganic nanoparticles, present several 

advantages towards nanotechnology-based cancer therapy applications. Both types of 

materials provide stability, specificity, low cytotoxicity, and the delivery of various 

therapeutic agents. In this thesis, a material denominated as bisphosphonate-based 

coordination complex (BPCC) was immobilized in high-purity rutile phase titanium 

dioxide (TiO2) nanoparticles to form a functionalized material with suggested potential 

against osteolytic metastases (OM). Clinically utilized nitrogen-containing 

bisphosphonates (BPs) named alendronate (ALEN), risedronate (RISE), and zoledronate 

(ZOLE) were employed, and reacted with three different bioactive metals (M2+= Ca2+, 

Mg2+, and Zn2+), varying synthesis conditions to obtain BPCCs. Assessment of the 

potential of the resulting materials for biomedical applications was initially performed by 

decreasing their crystal size to a nano-range employing a phase inversion temperature 

(PIT)-nano-emulsion method. Other biomedical properties were determined, such as 

structural stability and aggregation in simulated physiological media, binding affinity to 

hydroxyapatite (HA), and cytotoxicity against MDA-MB-231 (cancerous model) and 

hFOB 1.19 (non-cancerous model) cell lines. Polymorphic control of TiO2 was addressed 

prior to immobilization of BPCCs. Three novel distinct synthetic routes leading to the 

formation of TiO2 were designed employing the PIT-nano-emulsion method. The chemical 

nature (pH) of the emulsion system and thermal treatment were varied to selectively isolate 

each one of the three phases of this metal oxide, namely rutile, anatase and brookite. The 

synthetic route leading to highly-pure rutile (H2O:HNO3/Heptane, 850°C) was utilized to 

obtain TiO2 nanoparticles for their functionalization with BPCCs. The combination of a 



xxviii 
 

selected BPCC, ZOLE-Ca form II, with TiO2 was achieved through in situ surface 

crystallization. The hydrothermal reaction of this BPCC was carried out in presence of 

photoactivated TiO2 nanoparticles by ultraviolet (UV) irradiation. The reaction time was 

varied to control crystal growth of the BPCC around the TiO2 core, resulting in TiO2-

core:nano-Ca@ZOLE-shell nanoparticles. Crystal phase assessment, surface morphology 

and composition analysis, particle size measurements and cytotoxicity effects of the 

functionalized particles were performed. Results demonstrated that the designed 

immobilized system could provide a novel approach to potentiate the therapeutic effects 

observed for the BPCCs as a multi-drug therapy for treatment and prevention of OM and 

other bone-related diseases. 
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CHAPTER 1. INTRODUCTION 

1.1. Cancer and osteolytic metastases. 

It is well estimated that 19.3 M new cancer cases and 10.0 M cancer deaths occurred 

worldwide in 2020.1,2 In men, lung and prostate cancer were the most frequently diagnosed 

cancer (14.3% and 14.1% of total number of new cases, respectively) (Figure 1.1.1a).1,2 

In women, breast cancer has the highest incidence worldwide (24.5% of total number of 

new cases), and is the most frequent cause of death from cancer in 110 countries of the 

world (Figure 1.1.1b).1,2 The Americas, which includes Northern America, Latin America 

and the Caribbean, ranks third in terms of number of new cancer cases (20.9%) and in 

terms of cancer deaths (14.2%) among all regions of the world.1,2  

 

Figure 1.1.1. World Health Organization (WHO) 2020 cancer statistics of new cancer 

cases (incidence) in (a) men, and (b) women.1,2 

 

Cancer can spread to any part of the body, though certain types spread 

preferentially. Patients with breast, prostate and lung cancer are prone to develop bone 

metastases.3–6 Of the total annual cases of breast cancer, the majority are invasive with high 

potential for metastases.7 Ductal carcinoma is the most commonly diagnosed type of 
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human breast cancer (~85% of all breast cancers).7 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.7 While less common, basal-like tumors which are 

triple-negative (ER-, PR-, HER2-) are generally more aggressive and tend to metastasize.7 

About 70% of patients with metastatic breast cancer develop osteolytic metastases 

(OM) over the course of their disease leading to severe bone pain, fractures, hypercalcemia, 

and nerve compression syndrome.3,5,8 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 (Figure 1.1.2).3–5 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. They secrete 

factors (PTHrP, IL-1, IL-6, IL-8, IL-11, M-CSF) that act as in paracrine signaling to 

activate osteoclast-mediated bone resorption, as well other growth factors that can promote 

(endothelin 1, IGFs) or inhibit (Dickkopf 1, Noggin, sclerostin) osteoblast activity.3–5 

Osteoclast mediated bone resorption plays a critical role in the progression of metastatic 

bone disease; hence, osteoclasts are prominent therapeutic targets for bone metastases.  
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Figure 1.1.2. Schematic representation of the bone remodeling alteration at the bone 

marrow, induced by metastatic tumor cells.9 

 

 

1.2. Bisphosphonates. 

Bisphosphonates (BPs), a general group of bone-resorption inhibitors, are 

commonly prescribed to treat OM, for the management of breast-cancer-induced bone 

metastases, and other bone-related diseases (osteoporosis, hypocalcemia, Paget’s 

disease).10,11,12 BPs are chemically stable derivatives of the natural ocurring compound 

known as  pyrosphosphate. Structurally, BPs are characterized by the presence of P-C-P 

bonds, which resist enzymatic hydrolysis, in contrast to pyrophosphates (P-O-P bonds).12,13 

This resistance is given by the presence of a central non-hydrolysable carbon with the two 

phosphonate moieties bound to it (Figure 1.2.1).14  
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Figure 1.2.1. General molecular structure of (a) inorganic pyrophosphate, and (b) 

bisphosphonates (BPs). 

 

Additionally, the chemical structure of BPs differs from pyrophosphates because 

of the presence of two R groups attached to the central carbon (R1 and R2). One of this 

groups is a hydroxyl group (-OH). It has been demonstrated that this hydroxyl group 

increases the ability of BPs to bind to calcium ions from the hydroxyapatite (HA) crystals.14 

In conjunction, both the phosphonate and hydroxy groups favors the formation of a tertiary 

interaction between the BP and the bone tissue, giving their high specificity and remarkably 

binding affinity to HA.14 A final structural motif bound to the central carbon and termed at 

the other R position, is the primary determinant of the BPs therapeutic potential.14,15 This 

group is a side chain, which varies among these compounds, making them be classified 

into generations based on its chemical structure. First generation BPs are the weakest bone 

resorption inhibitors and are characterized by lacking a nitrogen-containing group in this 

R chain. Examples of first generation BPs includes etidronate and clodronate.14,16 

Moreover, second and third generation BPs are known by the presence of a nitrogen-

containing moiety either in an aliphatic side chain (alendronate, pamidronate, ibandronate) 

or within a heterocyclic ring structure (risedronate, zoledronate).16 It is well known that the 

presence of a nitrogen or amino group in the BPs structures, increases the antiresorptive 
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potency and other therapeutic efficacy by 10-10,000x than the non-nitrogen-containing 

BPs.14–16 Interestingly, there is accumulating evidence that nitrogen-containing BPs have 

demonstrated anti-tumor effects via direct (tumor cell adhesion and invasion, apoptosis) 

and indirect (angiogenesis, γδ T cells) mechanisms, thus contributing to decrease in tumor 

burden at the metastatic site.10,16–19 However, their direct anti-tumor effect remains 

inconsistent in in vivo clinical research.19 This might be due to the high doses required to 

achieve clinically meaningful anti-tumor effects.19 BPs suffer from pharmacological 

deficiencies such as poor bioavailability and intestinal adsorption (<1%), leading to low 

blood plasma concentrations.11,17,20,21 The portion of the BP that gets absorbed is distributed 

to the bone (40-60% of the dose) and the excess is excreted in the urine.17,20,21 In this thesis, 

and based on the promising anti-tumor effects that may possess, second and third 

generation nitrogen-containing BPs, named alendronate (ALEN), risedronate (RISE), and 

zoledronate (ZOLE), which will be evaluated  in terms of their therapeutic potential against 

OM by addressing their pharmacological disadvantages through implementation of 

nanotechnology-based drug delivery systems further discussed (Figure 1.2.2).  

 

Figure 1.2.2. Commonly prescribed nitrogen-containing BPs with suggested direct and 

indirect anti-tumor effects employed in this thesis to evaluate their potential to treat and 

prevent OM.  
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1.3. Nanotechnology-based drug delivery systems. 

The design of drug delivery systems (DDSs) has become the basis for addressing 

pharmaceutical disadvantages that many drugs present, as well promoting enhanced 

pharmaceutical properties such as stability, bioavailability, specificity and low 

cytotoxicity.22 Additionally, controlled release of the drug, as well the delivery of various 

therapeutic agents simultaneously can be achieved through this technology. DDSs are 

dedicated to the effective transport of active drugs to their target, with submicron size 

(typically <500nm), and characterized by a high surface area to volume ratio.23 There are 

two mains classes of DDSs, organic and inorganic DDSs. Organic DDSs employ polymeric 

biodegradable nanoparticles, liposomes, nano-emulsions, hydrogels, micelles or proteins, 

while inorganic DDSs uses inorganic nanoparticles, inorganic nanocrystals, metal 

complexes, and porous materials such as mesoporous silicon and zeolites.22 In this thesis, 

the design of metal complexes comprised of ALEN, RISE, and ZOLE will be assessed, as 

well determination of their potential to serve as an alternative approach aimed to treat and 

prevent OM. Employment of these BPs to form metal complexes could present an efficient 

strategy to overcome the pharmacological disadvantages that these drugs present in terms 

of structural stability and bioavailability. Additionally, the combination of the resulting 

metal complexes, with metal oxide nanoparticles, will be demonstrated as they are hardly 

degraded in physiological conditions and present promising advantages as nanotechnology 

for cancer therapy.22  

1.4. Coordination complexes nanocrystals. 

Metal complexes containing bioactive ligands provide new venues for drug 

development where the release of the biomolecule is achieved through the degradation of 
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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.24 In a CC, a central atom or ion is coordinated by one or more molecules or 

ions (ligands), forming coordination bonds (Figure 1.4.1a).24 The central atom or ion acts 

as a Lewis acid because it accepts electrons, while the ligands act as Lewis bases, which 

are the donor species.24 

 

Figure 1.4.1. (a) Schematic representation of the coordination sphere in a CC, where 

ligands (L) molecules are directly bonded through coordination bonds to the metal center 

(M). (b) Common binding modes of BPs through phosphate moieties in a coordination 

sphere. 

 

Already metal ions such as Ni2+, Cu2+, Co2+, Cd2+, Mn3+, Cr3+, Mo6+, Li+, have been 

used to coordinate with BPs to form CCs.25–33 Commonly, these BPs coordinate the metals 

trough the phosphate moieties in a monodentate or bidentate mode (Figure 1.4.1b). Yet, 

the biocompatibility of these metals used to construct CCs containing BPs remains a 

concern, hindering their success in biomedical applications. Biocompatibility issues of CCs 

containing BPs as constituents of the crystalline material can be addressed by selecting 
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bioactive metals as coordinating centers in the structures. BPs can be coordinated 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 as Lewis bases, 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, 

bioactive metals like Ca2+, Mg2+, and Zn2+ (LD50 of 0.35, 8.1, and 1.0 g/kg, respectively), 

represent great alternatives because of their essential roles in promoting osteoblastic bone 

formation and mineralization.34,35,36 In order to serve as a DDS, these CCs need be 

crystallized taking in consideration the recommended particle size for drug delivery 

applications (<500 nm).22 In Chapter 2, the initial assessment for crystallizing nano-

BPCCs employing ALEN as ligand will be discussed. In this chapter, the exploration and 

variation of different experimental parameters (pH, molar ratio, and temperature) during 

the reaction of ALEN with the proposed bioactive metals (M2+: Ca2+, Mg2+, and Zn2+) will 

promote well understanding of the synthetic pathways leading to crystalline phases of 

BPCCs. However, in Chapter 3, crystallization of nano-BPCCs employing RISE, a BP 

1,000x more potent than ALEN, will be discussed to improve other biomedical properties 

of the resulting crystalline materials such as binding affinity and cytotoxicity effects. 

Moreover, in Chapter 4, the already studied and other experimental parameters, such as 

metal salt anion variation during synthesis, will be explored to exhaustively control the 

synthetic pathways leading to more crystalline phase possibilities of BPCCs. In this 

chapter, the most potent BP (30,000x) named ZOLE, will be employed as ligand to expand 

the possibilities of obtaining nano-BPCCs, with maximized and even more enhanced 
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properties in terms of aggregation tendency, binding affinity, and cytotoxicity, rendering 

them suitable for OM therapy. 

1.5. Inorganic nanoparticles. 

The combination of BPCCs with inorganic nanoparticles could present an approach 

to potentiate the therapeutic effect of BPs as a prominent cancer therapy. The vast need of 

utilizing nanoparticles in cancer therapy is due to their excelled drug delivery, diagnosis, 

imaging and therapeutic nature of the nanomaterials.22 At present, some of the 

nanoparticles like liposomes, albumins, polymeric micelles and inorganic nanoparticles are 

already in use, which shows improved circulation and less toxicity in the clinical 

development of treatment against cancer cells.22 Inorganic nanoparticles include metals 

and metal oxides nanoparticles, such as silver (Ag), iron oxide (Fe3O4), titanium dioxide 

(TiO2), copper oxide (CuO) and zinc oxide (ZnO). These materials are preferred for cancer 

treatment because they are highly stable at high temperatures, avoid leakages of drugs from 

the carriers, resist oxidation, as well hydrolysis of the system.22 In this thesis, among all 

the metal oxides employed as inorganic nanoparticles, TiO2 will be utilized as it presents 

the most favorable therapeutic nature to be combined with BPCCs to treat and prevent OM.  

1.6. Physicochemical properties of TiO2. 

 Nowadays, titanium dioxide (TiO2) remains one of the most studied materials 

because of its promising physicochemical properties.37–41 Both the physical and chemical 

nature of this metal oxide has enabled it as a multifunctional material employed for a wide 

range of applications,37–41 such as for electrochromic devices,42–44 photocatalysis,45,46 

photovoltaics,47,48 pigments,49 sensing,50,51 and medicine.37–41 The versatility of TiO2 is 
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driven by its ability to crystallize as several polymorphs, being rutile, anatase and brookite 

the three most studied phases.38,40,41 The three polymorphs exhibit unique properties, 

making one preferred over another for certain applications, such as photocatalysis where 

anatase is the best candidate, while rutile being the preferred phase for biomedical 

applications.40 When comparing these phases, rutile is the thermodynamically stable form 

and most abundant polymorph of the metal oxide, while anatase and brookite being 

metastable.38,40,41,52–55 Commonly, the phase transformation of anatase to rutile is 

irreversible at moderate to elevated temperatures.52–55 This transformation usually leads to 

the observation of rutile when trying to isolate the anatase phase, thus affecting its purity. 

Moreover, brookite is the most difficult to synthesize TiO2 polymorph, thus only scarce 

studies regarding synthetic routes and properties have been reported for specific 

applications.40,41,56 Therefore, achieving phase selectivity of the metal oxide depends on 

the chemical properties of each polymorph. This need to be considered when trying to 

isolate a specific phase of TiO2.
40,56 In Chapter 5, the description of several synthetic 

pathways and thermal treatments leading for the isolation of highly-pure phase TiO2 

nanoparticles is discussed. Therefore, this thesis additionally incorporates a well 

understanding for gaining control over the polymorphic fate of this metal oxide. Previous 

to the immobilization attempts of BPCCs into the metal oxide surface, gaining control of 

the polymorphic fate of the metal oxide is essential. In this chapter, it is discussed how the 

phase inversion temperature (PIT)-nano-emulsion method is adapted for the first time to 

the hydrolysis-condensation reaction of TiO2 to control particle size and phase selectivity. 

The synthetic routes presented here will aid to obtain the starting material with high purity 

for carrying out the immobilization process presented in the next chapter. 
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1.7. TiO2 for biomedical applications. 

It is well known that metallic titanium has an amorphous native TiO2 thin layer on 

its surface, which is associated with the improved biocompatibility properties of titanium 

when compared to other metals.57 Due to the high dielectric constant, high hardness and 

chemical stability of nanostructured TiO2, it is used as surface modifier in different 

applications, such as anticancer drug transporters and biomedical implants.57 TiO2 

crystallinity, hydrophilicity, and surface chemistry are extremely important for the bone 

integration process, known as osteointegration.57 This metal oxide plays an important role 

when employed biomedically because it promotes well function of the bone 

microenvironment, providing better adhesion and proliferation of osteoblasts 

(osteoinduction).57  

The crystal phase of TiO2 need to be considered because each polymorph 

previously discussed has different surface chemistry and chemical properties, thus different 

applications.58 In 2018, Trino et al. analyze the physicochemical properties of 

functionalized TiO2 films, demonstrating that are directly related to the structural 

characteristics of the material, which can be tailored by the synthesis, deposition, or 

annealing methods.59 In the study, they analyzed rutile-phase functionalized TiO2 films 

because among all crystal phases, it is known to be the most inert and resistant to 

corrosion.59 Additionally, Alves et al. published their work focused on the corrosion 

behavior and osteoblast interactions of TiO2 films for dental applications. Interestingly, 

they demonstrated that the resistant to corrosion of the TiO2 films mediated by biological 

fluids and mechanical process was enhanced when having a metal oxide surface composed 

mainly by the rutile phase.58 When analyzing the effect of the crystal phase on the 
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osteoblast proliferation and adhesion to the TiO2 films, they concluded that the samples 

containing rutile phase revealed enhanced cell viability.58 For biomedical applications, the 

wear-corrosion performance, as well the stability of the TiO2 are key factors to take in 

consideration when administering biomaterials containing this metal oxide. Therefore, the 

rutile phase of TiO2 is the prominent crystal phase for the design of not only nanostructured 

biomaterials, but the suitable polymorph in this thesis for its functionalization with 

BPCCs.58,59 In Chapter 6, the immobilization of BPCCs in rutile phase TiO2 nanoparticles 

through in situ surface crystallization will be discussed. Taking advantage of the promising 

properties that both materials (metal oxide and coordination complexes) possess, their 

combination could lead to the formation of a functionalized particle as a multi-drug 

delivery system with maximized potential to treat OM. 

1.8. Immobilization by surface crystallization of BPCCs in TiO2 

Chemically, the TiO2 surface is mainly terminated by hydroxyl groups, which can 

dissociate into solution. This can generate positive, negative or neutral charges, depending 

on the pH of the media. The surface -OH groups and the charges formed by the dissociation, 

play an important role in the connection with polymers, proteins and immobilization of 

organic molecules.57 The presence of -OH groups on the TiO2 surface allows the formation 

of covalent bonds with bifunctional bioactive organic compounds through condensation 

reactions, forming self-assembled monolayers (SAMs) on the oxide surface (Figure 

1.8.1).57 The surface modification by covalent bonds provides the possibility of 

immobilization and specific orientation of molecules and compounds. The formation of 

SAMs can occur through specific adsorption conditions and reaction between one of the 

organic molecule functional groups with the hydroxyls from the substrate.57 The other 
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terminal group is free to bind with proteins, cells, or even induce the formation of calcium 

phosphate crystals, making the biological response faster and more specific.57  

 

Figure 1.8.1. Schematic representation for the procedure of functionalizing TiO2 surface 

by immobilizing bioactive molecules.57 

 

The designed BPCCs in this thesis were expected to contain BPs with available 

phosphonate moieties and free nitrogen-containing groups at the surface of their crystal 

structure. Therefore, this presents an advantage allowing the BPCCs to react with TiO2 

resulting in their immobilization. The combination of TiO2 nanoparticles with BPCCs 

could demonstrate the possibility of incorporating two therapeutic agents that can 

potentiate the anti-tumor effect against OM because together, they provide a positive effect 

towards the biofunction of osteoblasts (osteoinduction), the overexpressed activity of 

osteoclasts (bone resorption inhibition) and suggested direct and indirect antitumor effects 

at the metastatic site.16–18,57–59  

In 2018, Bronze-Uhle et al. studied the physicochemical properties, as well the 

biocompatibility of immobilized BPs (ALEN and RISE) in titanium surface containing 

hydroxylated TiO2 film by UV radiation for bone implants (orthopedics) and dentistry 

applications.57 The resulting materials were evaluated in terms of their surface properties 
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such as contact angle, surface free energy and topography. They demonstrated the 

successful immobilization of BPs by UV treatment method, which allowed an orderly and 

orientated attachment of the molecules on the TiO2 film surface, forming monolayers.57 

Biocompatibility and mineralization tests were performed with osteoblast-like cells. The 

BP functionalized surfaces exhibited high viability and mineralization of pre-osteoblast 

cells, which make them suitable for biological implants applications.57 Additionally, the 

functionalized materials showed the required hydrophilicity and contact angles that make 

them suitable for osteoinduction and osteointegration processes. Therefore, these 

compounds emerge as a potential treatment on implants surfaces.57 These findings 

demonstrate the possibility of incorporating one of the constituents of the BPCCs in the 

proposed metal oxide surface. 

The previous method can be adapted to design a multi-drug delivery system by 

functionalizing TiO2 nanoparticles instead of thin film surfaces. The biocompatibility and 

mineralization properties of functionalized TiO2 provide advantages towards the design of 

a drug carrier, because of the high selectivity, affinity and incorporation of the material to 

the bone matrix.57 The chemical approach to functionalize TiO2 nanoparticles with BPCCs 

is based on surface crystallization. This last term consists of immobilizing crystalline 

materials by the reaction of one of its components with the targeted surface under specific 

crystallization conditions. In this case, the reactive hydroxy groups from the metal oxide 

nanoparticles will be available to react with one of the molecular components of the BPCCs 

(M2+ or BP), to induce surface nucleation and promote their crystallization. Based on the 

high affinity of TiO2 to bind to calcium ions,60,61 it was expected that these atoms could 

form SAMs in the surface of the metal oxide and serve as a template to promote the 
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crystallization of BPCCs. In this manner, the coordination complexes will be anchored into 

the TiO2 nanoparticles via an interlayer of calcium ions (Figure 1.8.2) 

 

Figure 1.8.2. Schematic representation of the immobilization of BPCCs by surface 

crystallization in TiO2 nanoparticles, with the proposed binding mode of ZOLE and 

calcium ions from the metal complex on the metal oxide surface. 

 

In Chapter 6, the research efforts towards combining the design BPCCs with TiO2 

nanoparticles are described. The detailed experimental approach for carrying out in situ 

surface crystallization of a selected BPCC on TiO2 nanoparticles is presented for the first 

time. The complete characterization of the immobilized TiO2-core:nano-Ca@ZOLE-shell 

system is addressed, providing evidence of the successful functionalization of the metal 

oxide nanoparticles. Moreover, particle size determination, surface elemental analysis, and 

cytotoxicity of these novel materials are discussed to demonstrate its ability to serve as a 

complete multi-drug delivery system aimed to treat and prevent OM. 
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CHAPTER 2. ALENDRONATE-BASED COORDINATION COMPLEXES 

Reproduced from Ref. J. Mater. Chem. B, 2020, 8, 2155-2168 with permission from 

Royal Society of Chemistry 

 

 

2.1. Introduction. 

     As discussed in Chapter 1, BPs are classified in three generations, each one 

characterized by the chemical structure of the side chain in one of the R groups.1 Second-

generation BPs are distinguishable based on the presence of an alkylamine group in the  

respective R position.2 When compared to the first-generation class, these compounds 

exhibit a therapeutic potential 10-100x higher.1–4 From this group, alendronate (ALEN, 

Figure 2.1.1), is structurally characterized by the presence of a terminal primary amine as 

side chain group. This is the most common and clinical utilized second-generation BP 

prescribed for the treatment of osteoporosis, Paget’s disease, and hypercalcemia.3,4 

Commonly, ALEN is administered orally in its monosodium salt form, in a weekly dosage 

of 70 mg, commercially available as Fosamax®.3,4  
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Figure 2.1.1. Molecular structure of ALEN (Fosamax®, left), and acidic form of the 

amine-containing BP (alendronic acid, right) employed for the design of ALEN-based 

BPCCs. 

     Several studies have been carried out to address the pharmacokinetics and 

pharmacodynamics of ALEN, demonstrating that this drug present significant 

pharmacological disadvantages in terms of solubility, bioavailability (0.7%) and intestinal 

adsorption (<1%).4–6 Most of the drug undergoes renal clearance, thus achieving very low 

blood plasma concentrations and hindering its therapeutic effect at the bone matrix. 

Additionally, ALEN oral formulations present high solubility, being a potential risk for 

gastrointestinal side effects during oral administration.3–6 The rapid dissolution of ALEN 

tablets during the deglutition process leads to an increased risk for patients to experience 

esophagitis and other adverse effects.5,6 Consequently, these pharmacological drawbacks 

have questioned the possibility of the drug to induce direct or indirect antitumor effects at 

a metastatic site, in this case for OM therapy. 

     Recently, several research efforts have been carried out to coordinate ALEN with 

metal ions such as Ni2+, Cu2+, Co2+, Cd2+, Mn3+, Cr3+, Mo6+, Li+ to form CCs.7–13 

Nevertheless, the lack of biocompatibility of these metals ions hinder the possibility of the 

resulting materials to be studied for biomedical applications. In this chapter, ALEN will be 

employed as ligand for coordination with bioactive metals to form a series of CCs 
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denominated as ALEN-based 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.7–10,12  

The systematic exploration of the effect of three variables M2+/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 2.1.2), 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 chapter, it is discussed how the PIT-nano-emulsion method is applied 

for the first time 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 and aggregation under physiological conditions, binding affinity to HA, 

and cytotoxicity of the ALEN-based BPCCs leaded to assess the potential of nano-ALEN-

based BPCCs for the treatment and prevention of OM; a disease that affects a significant 

portion of cancer patients.14  

 
Figure 2.1.2. Schematic diagram of the design space explored leading to five crystalline 

phases when alendronate (ALEN) reacts to coordinate with three bioactive metals (Ca2+, 

Zn2+, and Mg2+). Unit cell and polarized optical micrographs of each ALEN-based BPCC 

are shown in the product side of each reaction. The variables explored were M2+/ALEN 

molar ratio, reaction temperature, pH, and addition of etidronate (HEDP) as auxiliary 

ligand.14  
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2.2. Results and Discussion. 

The majority of the successful ALEN-based BPCCs formed while employing a 1:1 

M2+/ALEN molar ratio at 85 oC, and in acidic media (pH < 7.0). Many of the hydrothermal 

synthesis spontaneously formed microcrystalline powders, interestingly; in most of these 

cases Mg2+ was employed as the bioactive metal. A schematic diagram for the syntheses 

of selected ALEN-based BPCCs is presented in Figure 2.1.2. 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 2.1.2). 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.  

2.2.1. Raman spectroscopy analysis. 

Representative Raman spectra for the isolated ALEN-based BPCCs were collected 

between 3,400 and 100 cm-1, and are shown in Figure 2.2.1.1. 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. Moreover, among the five 

phases, significant differences are observed. These distinct signals between 3,400 – 3,200 

cm-1, are assigned to the νO–H/H2O stretching vibrations of different moieties: hydroxyl 

groups in ALEN, coordinated and lattice water molecules.15 Other differences occurred 

particularly in the 2,800 – 2,650 cm-1 region, where characteristic bands can be assigned to 

the presence of hydrogen phosphate, H–OPO2C moieties.15 These suggest that extensive 

hydrogen bonding might be present in the ALEN-based BPCCs when compared to ALEN. 
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The broadening and splitting of these bands indicate the presence of several types of strong 

hydrogen bonds (~ 3200 cm-1) within each lattice. The presence of ALEN in the molecular 

structure of the product is confirmed by two bands at 1,100 cm-1 (medium) and 1,046 cm-

1 (strong), respectively, which are characteristic bands for both the νasP-O(H) asymmetric 

stretching  vibrations  and  the δPO-H bending of the phosphonate P–O3 groups.15,16,17 The 

band at around 1,140 – 1,160 cm-1 is characteristic of νP=O/δπPOH stretching 

vibrations.15,16 The band at 1,260 cm-1 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-1 correspond to the symmetric νsP-O(H) stretching vibrations.15,16,17 

Different vibrational modes of coordination of the divalent metal ions (M2+) 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.15 Other bands located at lower wavenumbers (< 1,000 cm-1) 

correspond to vibrational modes characteristics of the CH2, C–C, C-P, C-OH and M–O 

groups and are also present in the Raman spectra of the isolated ALEN-based BPCCs.15  
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Figure 2.2.1.1. Raman spectra overlay of (a) alendronate (ALEN) and ALEN-based 

BPCCs; (b) ALEN-Ca form I, (c) ALEN-Ca form II, (d) ALEN-Zn form I, (e) ALEN-Zn 

form II, and (f) ALEN-Mg.14 

 

2.2.2. Scanning electron microscopy-energy dispersive 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 

2.2.2.1). SEM images indicate that the diameter of the resulting crystals range between 40 

– 200 μm.  
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Figure 2.2.2.1. Representative scanning electron micrographs and energy dispersive 

spectra of single crystals for the ALEN-based BPCCs; (a) ALEN-Ca form I, blue; (b) 

ALEN-Ca form II, red; (c) ALEN-Zn form I, green; (d) ALEN-Zn form II, purple; and (e) 

ALEN-Mg, orange.14  

  

 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 2.2.2.1). 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. 

2.2.3. Powder X-ray diffraction (PXRD) analysis. 

To assess the crystallinity of the products for the hydrothermal syntheses between 

ALEN (Figure 2.1.2) and bioactive metals (Ca2+, Zn2+, and Mg2+), PXRD was performed. 

Here, we focus on the PXRD of five phases that presented the highest crystal quality as 

suggested by polarized optical microscopy. The observation of low amorphous background 
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in each of the diffractograms of the isolated phases confirms a high degree of crystallinity 

(Figure 2.2.3.1). 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. 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 2θ) 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.7,8,9,18-25,19,20 ALEN-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 (Section 

2.4.4).19,20 ALEN-Zn form I is isostructural to two reported structures formed by the same 

ligand with either manganese or cobalt (Section 2.4.4).18 ALEN-Zn form II and ALEN-Mg 

are isostructural to ALEN-Co, ALEN-Cu and ALEN-Ni structures previously 

reported.9,12,13
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Figure 2.2.3.1. PXRD overlay of (a) alendronate (ALEN) and the ALEN-based BPCCs; 

(b) ALEN-Ca form I, (c) ALEN-Ca form II, (d) ALEN-Zn form I, (e) ALEN-Zn form II, 

and (f) ALEN-Mg.14 

 

2.2.4. 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 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 2.2.4.1 and their respective packing motifs are 

shown in Figure 2.2.4.1. PXRD overlays of the calculated powder patterns against the 

experimental powder patterns (Section 2.4.4) 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 
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ligand (ALEN-Ca form II, ALEN-Zn form II and ALEN-Mg), the resulting phases did not 

incorporate the ligand into their crystalline lattice. 

Table 2.2.4.1. Summary of the crystallographic parameters from structure refinements for 

the isolated ALEN-based BPCCs; ALEN-Ca form I, ALEN-Ca form II, ALEN-Zn form I, 

ALEN-Zn form II, and ALEN-Mg.14  

 

Abbreviations: λ (X-ray source wavelength, Å), a/b/c (unit cell lengths, Å), α/β/γ (unit cell angle, 
o), V (unit cell volume, Å3), Z (number of formula units per unit cell), Z’ (number of formula units 

per asymmetric unit), ρcalc (unit cell calculated density, g/cm3), Rwp (weighted R-factor, %), and Rp 

(R-factor, %). 

 

Structural description of ALEN-Ca form I. In the compound Ca(C4H13NO8P2), ALEN 

coordinates to the calcium atom through four unique metal oxygen bonds; two in the 

equatorial positions (Ca1–O1 = 2.292 Å and Ca1–O3 = 2.565 Å) and two in the axial 

positions of the octahedra (Ca1–O5 = 2.377 Å and Ca1–O6 = 2.337 Å). A disordered water 

molecule coordinates to the metal center (Ca1–O8 = 2.379 Å) 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 1D inorganic 

chains that stacked tilted along the c-axis. A single intramolecular hydrogen bond between 
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oxygen of the ligand and the terminal water molecule (O2…O8 = 2.946 Å) reinforces the 

propagation of the 1D chains motif. Adjacent chains 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 Å) and along the a-axis several intermolecular 

hydrogen bonds (O5…N1 = 2.839 Å and O6…N1 = 2.845 Å, O2…O7 = 2.464 Å, O7…O8 = 

2.670 Å). The hydrogen bond network helps to expend the 3D framework along the ab-

plane. This crystal structure is unique from those previously reported.19,20  

Structural description of ALEN-Ca form II. The compound Ca(C8H24NO14P4) 

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 o to 105.30 o. The Ca–O 

bond distances range between 2.287 Å and 2.343 Å. 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 I. The ALEN 

ligands act as pillars linking neighboring calcium atoms forming a 3D framework 

containing 1D 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 Å), stabilizes the metal cluster and helps propagates 

the 1D 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 

Å), and the other between the amine nitrogen and one of the coordinated phosphonate 

oxygen atom (N1… O5 = 2.689 Å) on either one side of the 1D chains which propagate into 

a 3D framework along the bc-plane. This crystal structure is unique from the previously 
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discussed structure (ALEN-Ca form I) and those previously reported in the literature 

(Section 2.4.4).19,20  

Structural description of ALEN-Zn form I. The compound [Zn(C4H11NO7P2)(H2O)] 

represents an additional crystalline phase to that originally published for the ALEN-Zn  

coordination complex.21 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).18 The ALEN-Zn coordination complex is defined by the 

P21/n space group and has one molecule in the asymmetric unit. The zinc atom has a 

strongly distorted octahedral environment with the O–Zn–O bond angles ranging from 

74.74 o to 107.24 o. The Zn–O bond distances are between 1.972 and 2.353 Å. 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 

[Zn2(C16H48N4O28P8)(H2O)2]·2H2O represents an additional crystalline phase from the 

previously discussed phase ALEN-Zn form I. ALEN-Zn form II is a redetermination of a 

published structure21 at lower temperature and present a lower error in the refinement. 

ALEN-Zn form II is defined by the P21/n space group, and it’s isomorphic with the 

structure of it Co (II)12, Cu (II)13, and Ni (II)9 analogues that have been previously reported. 

The unit cell is composed of a centrosymmetric dinuclear coordination complex, where the 
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metal atom coordination is octahedral. The O–Zn–O bond angles range from 82.38o to 

178.59o and the Zn–O bond distances are between 2.013 and 2.156 Å. 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 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 [Mg2(C16H46N4O28P8(H2O)2]·2H2O 

is isostructural to ALEN-Zn form II described above and to other coordination complexes 

with divalent metals such as Co(II)12, Cu(II)13, and Ni(II)9. The structure of ALEN-Mg is 

composed of a centrosymmetric dinuclear coordination complex crystallizing in the space 

group P21/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 Å at 

the equatorial positions and between 2.007 and 2.162 Å in the axial positions. All 

coordinated ALEN ligands are monoanionic. The ligand, ALEN, bridges the Mg(II) 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. 
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Figure 2.2.4.1. Packing motifs of (a) ALEN-Ca form I along the c-axis, (b) ALEN-Ca form 

II along the c-axis, (c) 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.14 

 

2.2.5. Thermogravimetric analysis (TGA).  

     Thermal stability under N2 of the isolated ALEN-based BPCCs was investigated 

TGA and the resulting thermographs for these materials are displayed in Figure 2.2.5.1. 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, the BP ligand, in this case ALEN. A third 

decomposition event might be observed above 350oC, due to the thermal degradation of 

the metal/metal oxide.   
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Figure 2.2.5.1. TGA thermographs of (a) ALEN-Ca form I, (b) ALEN-Zn form I, (c) 

ALEN-Ca form II, (d) ALEN-Zn form II, (e) ALEN and (f) ALEN-Mg coordination 

complexes. All TGA thermographs were collected from 30 to 700 °C at a heating rate of 5 

°C/min under N2.
14 

 

     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 Section 2.4.6. 
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2.2.6. Dissolution profile measurements. 

     ALEN is a polyvalent strong acid with a high solubility in water.22 Once orally 

administered, the dissolution of alendronate monosodium salt (Fosamax®) starts during 

deglutition.22 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.22 

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,23,24,25 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. 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.11,26 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.11  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 (λmax = 231 

nm) 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 
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for the dissolution testing.22 To verify the maximum amount of ALEN released, a complete 

dissolution profile was obtained in FaSSGF. The dissolution profile (Figure 2.2.6.1a) 

showed that ALEN reaches the maximum release of the drug (100%) faster (10 s) 

compared to the ALEN-based BPCCs. The generic tablets achieved a 100% release in 25 

s. 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 2.2.6.1b), results demonstrate that the generic tablets have 

a higher dissolution rate, reaching the maximum release of the ALEN content (80%) in 25 

s. 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.23,24,25 These 

results provide insights of the potential of these coordination complexes to release the BP 

content by their degradation in a selective manner. 
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Figure 2.2.6.1. 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, at 37°C and 350 rpm.14 

 

2.2.7. Phase Inversion Temperature (PIT)-nano-emulsion synthesis of nano-

Ca@ALEN. 

 

     In order to reduce the particle size, a PIT-nano-emulsion method was employed 

during the 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 μS 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 μS. 
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      Once the PIT was identified, it was used to perform the synthesis of nano-

Ca@ALEN (Figure 2.2.7.1a). 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 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 2.2.7.1b and Section 2.4.10). Polydispersity index (PDI) average values of 0.870, 

0.631 and 0.645 were obtained. According to the PDI values, the nano-Ca@ALEN 

nanoparticles measured were moderately monodispersive. Results demonstrate that this 

method reduces the particle size of ALEN-Ca form II from a micron-range (~60 µm) 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 (Section 2.4.12) of the nanocrystals resulting from the PIT-nano-emulsion. 

PXRD analysis confirms that the crystal phase of the nano-Ca@ALEN nanoparticles is 

isostructural to that of ALEN-Ca form II bulk crystals (Figure 2.2.7.1c). The EDS spectra 

of nano-Ca@ALEN 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 2.2.7.1d). This data corroborates the composition of the nano-Ca@ALEN 

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 2.2.7.1. (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+).14 

 

2.2.8. Aggregation measurements of nano-Ca@ALEN in biorelevant dispersant. 

 

To determine if the resulting nano-Ca@ALEN maintains a suitable particle size to 

serve as drug delivery systems (< 500 nm) when suspended in physiological media,27,28 

aggregation measurements were performed in biorelevant physiological media after 0, 24 

and 48 h. Biologically relevant conditions were simulated employing a 10% FBS:PBS 

solution. The purpose of using this dispersant was to determine the particle size and 

aggregation behavior of the synthesized nanocrystals when in contact with different 

biological serum-like components from cell media at a pH of 7.40. DLS results demonstrate 
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a homogeneous particle size distribution in the physiological dispersant after 0, 24, and 48 

h. The nano-Ca@ALEN presented particle size distribution average values of 431.9, 378.7, 

and 359.7 d.nm at 0, 24, and 48 h, respectively under these biologically relevant conditions 

(Figure 2.2.8.1). Additionally, the samples remained highly monodisperse in this 

dispersant along the three-time points (average PDI value of 0.286). These results 

demonstrated a low tendency to aggregate in physiological conditions (10% FBS:PBS, 

pH=7.40) for the nano-Ca@ALEN, hinting at their ability to be administered for 

biomedical applications. These results were not part of the original publication.14 

 

Figure 2.2.8.1. DLS spectra showing the particle size distribution of nano-Ca@ALEN 

after 0 (red), 24 (blue), and 48 h (green) in (a) nanopure water and (b) 10% FBS:PBS. 
 

2.2.9. Binding assays of nano-Ca@ALEN to HA. 

 Another aspect to explore of the nano-Ca@ALEN nanoparticles was the potential 

of reaching their target and binding to promote the desired therapeutic effect. Binding to 

HA is essential for this nanomaterial, as it is the main constituent of the bone 

microenvironment at the metastatic site, which is the targeted area when treating OM. 

Synthetic HA was employed to determine the binding affinity of nano-Ca@ALEN to this 

mineral under simulated physiological conditions. After treating HA with a nano-

Ca@ALEN in PBS solution (0.5 mg/mL) for 0-12 days, the absorbance of the supernatant 
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of each sample at every time point was measured (λmax = 231 nm) to obtain a representative 

binding curve (Figure 2.2.9.1). A decrease in the ALEN concentration of the supernatant 

was indicative of an effective binding to HA. Binding curves demonstrate that 38% of 

ALEN binds to HA in 1 day, and up to 97% binds over a 12 day-period under simulated 

physiological conditions. The high capacity of ALEN that binds to HA was previously 

reported.29,30 Results from the binding curve of nano-Ca@ALEN demonstrate that 25% of 

these nanoparticles were bound to HA in 1 day, reaching a maximum binding of 74% at 10 

days of exposure to the mineral in PBS at 37°C. Thus, the coordination of ALEN to calcium 

does not significantly limit the binding affinity of nano-Ca@ALEN to the bone 

microenvironment simulated here with HA. It is suspected that uncoordinated phosphate 

groups at the surface of the nano-Ca@ALEN crystals are responsible for the binding to 

HA. 

 
Figure 2.2.9.1. Binding curves of ALEN (control) and nano-Ca@ALEN (experimental) to 

HA in PBS. HA was used to determine the affinity of ALEN and nano-Ca@ALEN to the 

bone microenvironment. Experiments were carried out in duplicates. In some instances, 

error bars might not be shown due to the small coefficient of variation (CV < 5 %). 

 Further characterization was performed to corroborate the ability to bind of nano-

Ca@ALEN to HA, which includes SEM-EDS analysis. After the binding assay was 
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completed, the elemental analysis performed by EDS confirmed the effective binding of 

ALEN and nano-Ca@ALEN to HA (Figure 2.2.9.2). The surface composition of HA 

(control) was compared with that of HA-ALEN and HA-nano-Ca@ALEN and contrasted 

with their respective weight percent (wt. %, Table 2.2.9.1).  

 

Figure 2.2.9.2. EDS analysis of (a) HA (control), (b) HA-ALEN (control), and (c) HA-

nano-Ca@ALEN (experimental) after the binding assay completed. EDS spectra includes 

the insertion of a schematic diagram for the proposed binding mechanism of these materials 

into the HA surface. The magnification used for elemental composition analysis was 3000x 

in all the surface measurements.  
 

 

Table 2.2.9.1. Elemental analysis performed by EDS for HA (control), HA-ALEN 

(control), and HA-nano-Ca@ALEN after the binding assay. The magnification used for 

elemental composition analysis was 3000x in all the surface measurements.  

Element HAa (wt.%) HA-ALENb (wt.%) HA-nano-Ca@ALENc (wt.%)  

Calcium 45.46 38.34 40.50 

Carbon 7.29 7.53 7.35 

Nitrogen - 0.30 0.20 

Oxygen 26.79 34.10 32.28 

Phosphorous 19.34 19.57 19.54 

a[Ca5(OH)(PO4)3], 
b(C4H13NO7P2), 

c[Ca(C8H24NO14P4)], not detected (-). 

 

EDS analysis of HA [Ca5(OH)(PO4)3, control] corroborated the elemental 

composition of this mineral (Figure 2.2.9.2a). One of the most convincing arguments that 
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support the effective binding of both ALEN (C4H13NO7P2, control) and nano-Ca@ALEN 

[Ca(C8H24NO14P4), experimental], is the presence of a small amount of nitrogen at the 

surface (0.30 and 0.20 wt. %, respectively), which is not detected in HA. Additionally, the 

relative concentration of calcium for HA-ALEN (38.34 wt. %) decreased when compared 

to HA (45.46 wt. %). This might be because ALEN (C4H13NO7P2), has been incorporated 

as a monolayer onto the surface of the mineral shielding the detection of calcium ions from 

HA (Figure 2.2.9.2b). For HA-nano-Ca@ALEN, the relative concentration of calcium 

(40.50 wt. %) resulted higher than HA-ALEN (38.34 wt. %) but lower than HA (45.46 

wt. %). This can be attributed to the proposed binding mechanism of nano-Ca@ALEN, 

which suggests the formation a monolayer on the HA surface that shields the detection of 

calcium ions (Figure 2.2.9.2c). The difference in the relative concentration of calcium for 

HA-ALEN and HA-nano-Ca@ALEN is based on the molecular proportion of this metal in 

ALEN (0 calcium atoms per formula unit) and nano-Ca@ALEN (1 calcium atom per 

formula unit), resulting in a slight increase on the detection of calcium for the nanomaterial. 

A small increment in the phosphorous signals between the controls and the experimental 

groups was observed as a consequence of the similar composition of this element in these 

materials. The relative concentration of oxygen increased for both experimental and control 

groups compared to HA, suggesting the presence of ALEN or nano-Ca@ALEN bound to 

the surface of HA. The higher concentration of oxygen was observed for HA-nano-

Ca@ALEN (34.10 wt. %), because this element is the main constituent of nano-

Ca@ALEN based on its molecular proportion (14 oxygen atoms per formula unit). HA 

presents a carbon signal (7.29 wt. %) that can be attributed to the carbon tape used for 

mounting the solid samples. The relative concentration of carbon for HA-ALEN (7.53 
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wt. %) and HA-nano-Ca@ALEN (7.35 wt. %) slightly increased due to the presence of 

this element in both materials. These results were not part of the original publication.14 

2.2.10. Cytotoxicity assays of nano-Ca@ALEN. 

 To investigate the cytotoxicity effects of the nano-Ca@ALEN nanocrystals, human 

breast cancer MDA-MB-231 and normal osteoblast-like hFOB 1.19 cell lines were 

employed. In this thesis, the MDA-MB-231 cell line was chosen as a model to study breast-

cancer-induced OM, as it presents specific micro-RNAs that are involved in the metastatic 

cascade that lead to bone metastasis formation.31,32 Meanwhile, the hFOB 1.19 is an 

immortalized human fetal cell line that provides a homogeneous model to investigate 

osteoblast differentiation, suitable for simulating normal human bone environment (non-

cancerous).33 Initially, IC50 values for MDA-MB-231 and hFOB 1.19 cell lines employing 

ALEN (control, 0-145 µM) were determined. Results indicated that the IC50 for MDA-MB-

231 employing ALEN was 15.0 ± 0.4 µM at 72 h. However, the IC50 for the hFOB 1.19 

cell line was >145 µM, in all-time points (24, 48, and 72 h). ALEN did not show any 

cytotoxicity against the hFOB 1.19 cell line in the concentration range employed (0-145 

µM). IC50 curves for the MDA-MB-231 and hFOB 1.19 cell lines treated with ALEN are 

shown in Section 2.4.14.               

Relative cell live viability was determined in the following concentrations: 1.9, 3.8, 

7.5, and 15 µM for ALEN and nano-Ca@ALEN after 24, 48, and 72 h of treatment in both 

cell lines. The control groups were treated only with media. Results demonstrate that nano-

Ca@ALEN presented significant cytotoxicity against the MDA-MB-231 cell line, 

compared to ALEN. Inhibition of cell growth was observed after 72 h of nano-Ca@ALEN 

treatment, even at the lowest concentration (1.9 µM). Figure 2.2.10.1a shows that after 72 
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h of treatment in a concentration of 1.9 µM, the cell viability decreases from 100% to 67 ± 

6 % for the nanocrystals, while for ALEN no significant cell death was observed. In 

addition, the %RCL for MDA-MB-231 treated with nano-Ca@ALEN at 3.8 µM decreased 

to 44 ± 2 % after 72 h (Figure 2.2.10.1b). However, relative cell viability results for the 

treatment at 7.5 µM (38 ± 2%, Figure 2.2.10.1c) and 15 µM (37 ± 3%, Section 2.4.14) 

demonstrate significant cell death at the concentrations employed. These results 

demonstrate the potential of the nano-Ca@ALEN for inducing significant cytotoxicity 

against cells that are prone to metastasize to the bone, leading to OM.   

 Furthermore, to investigate the cytotoxicity of nano-Ca@ALEN in normal 

osteoblast-like cells, treatments were conducted with the nanocrystals (experimental) and 

ALEN (control) using hFOB 1.19 at the same concentrations employed for the MDA-MB-

231 cell line. It was expected that nano-Ca@ALEN did not display significant cytotoxicity 

against the hFOB 1.19 cell line (%RCL = 100%), to avoid damage to the normal cell tissue. 

No significant cell death was observed for ALEN at any treatment. Cell viability results 

demonstrate that the nanocrystals did not present cytotoxicity against the cells at lower 

concentrations after each time point, resulting in a %RCL of 99 ± 2 % at 1.9 µM (Figure 

2.2.10.1d), and 97 ± 3 % at 3.8 µM (Figure 2.2.10.1e) after 72 h. A significant cell growth 

inhibition was observed for the nanocrystals at 7.5 µM after 72 h of treatment (%RCL = 

34 ± 5 %), demonstrating that the nano-Ca@ALEN cause cell death (% RCL < 50%) to 

the hFOB 1.19 cell line above this concentration (Figure 2.2.10.1f). These results suggest 

the possibility of designing a nano-Ca@ALEN formulation with a concentration between 

1.9–3.8 µM, which could present significant cytotoxicity against triple-negative breast 

cancer cells that metastasize to the bone (MDA-MB-231), without affecting negatively 
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normal osteoblast cells (hFOB 1.19) at the metastatic site. These results were not part of 

the original publication.14 

 

Figure 2.2.10.1. Percentage of relative cell live (%RCL) for the human breast cancer 

MDA-MB-231 and normal osteoblast-like hFOB 1.19 cell lines, in controls (green), ALEN 

(black), and nano-Ca@ALEN (red) at concentrations of (a, d) 1.9, (b, e) 3.8, and (c, f) 7.5 

µM after 24, 48, and 72 h of treatment.14 

 

2.3. Conclusions. 

     In this chapter, 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 (Ca2+, Zn2+ and Mg2+). 

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 
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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. The 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. Moreover, 

the aggregation behavior of nano-Ca@ALEN in 10% FBS:PBS was investigated, which 

provided a further assessment of the potential of this nanomaterial to be employed for drug 

delivery. DLS measurements evidence low aggregation of this material in the relevant 

physiological dispersant. This suggests that nano-Ca@ALEN can maintain its particle size 

when in contact with different biological serum-like components from cell media at a pH 

of 7.40, without forming larger aggregates that might lead to their removal by phagocytosis 

mechanism. Moreover, the binding affinity of this nanomaterial to the bone 

microenvironment was addressed to provide insights about its potential of binding to its 

target, thus possibly able to provide localized therapeutic effects at the metastatic site. 

Results showed that 73.9 ± 0.2 % of nano-Ca@ALEN binds to HA in 10 days, 

demonstrating that it could bind to the main constituent of the bone microenvironment at 

the metastatic site. Furthermore, the cytotoxicity of nano-Ca@ALEN was compared to that 
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of ALEN against the human breast cancer MDA-MB-231 and normal osteoblast-like hFOB 

1.19 cell lines. Results demonstrated significant cell growth inhibition for nano-

Ca@ALEN against the cancerous model after 72 h of treatment, specifically at a 

concentration of 3.8 µM (% RCL = 44 ± 2 %).  At this concentration, the nanocrystals did 

not present cytotoxicity (%RCL = 97 ± 3 %) against the normal osteoblastic cells (non-

cancerous model). This suggests the potential of this nanomaterial to treat cancerous cells 

that are prone to metastasize with minimal cell death in a model representing healthy tissue 

at the bone microenvironment. These important outcomes provide evidence of the 

capability of the ALEN-based BPCCs nanocrystals to serve as an alternative approach to 

treat and prevent OM and other bone-related diseases.  

2.4. Experimental Details.14 

Reproduced from Ref. J. Mater. Chem. B, 2020, 8, 2155-2168 with permission from Royal 

Society of Chemistry 

 

2.4.1. Hydrothermal syntheses of ALEN-based BPCCs.  

 

Note: HEDP was added as an auxiliary ligand to decrease the pH below of the pKa’s of the 

principal ligand in the reactions of ALEN with Ca2+, Mg2+ and Zn2+. These reactions 

yielded crystalline products with enough single crystal quality for structural elucidation 

that turn out to be new polymorphs, namely, ALEN-Ca form II, ALEN-Zn form II and 

ALEN-Mg. When HEDP was not added, the reaction between Ca2+ and Zn2+ yielded other 

distinct crystalline products, namely, ALEN-Ca form I and ALEN-Zn form I. For the 

reaction between ALEN and Mg2+ without HEDP, single crystals were not observed.  
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ALEN-Ca form I. A mixture of ALEN and CaCl2·6H2O with a molar ratio (1:1) was 

prepared in distilled water at room temperature as follows. The ligand solution was 

prepared in a 20 mL vial dissolving 1 mmol (0.2711 g) of solid ALEN in 10 mL of distilled 

water, and heated at 85.0 °C for 15 min. The metal salt solution was prepared dissolving 1 

mmol (0.2191 g) of CaCl2·6H2O in 2.5 mL of distilled water. Using a syringe, the metal 

salt solution was added to the ligand solution and mixed thoroughly. The resulting mixture 

was then heated at 85°C until crystals appeared (~30 min). After crystals were visually 

detected, the vial was removed from the heating plate and left undisturbed to allow the 

crystals to grow. The crystals were then collected by vacuum filtration and air-dried. 

ALEN-Ca form II. A mixture of ALEN, HEDP and Ca(NO3)2·4H2O with a molar ratio 

(1:1:1) was prepared in distilled water at room temperature as follows. The ligand solution 

was prepared in a 20 mL vial dissolving 1 mmol (0.2711 g) of solid ALEN and adding 1 

mmol (0.23 mL) of aqueous HEDP in 10 mL of distilled water, and heated at 85°C for 15 

min. The metal salt solution was prepared dissolving 1 mmol (0.2362 g) of Ca(NO3)2·4H2O 

in 2.5 mL of distilled water. Using a syringe, the metal salt solution was added to the ligand 

solution and mixed thoroughly. The resulting mixture was heated at 85°C until crystals 

appeared (~1 h). After crystals were visually detected, the vial was removed from the 

heating plate and left undisturbed to allow the crystals to grow. The crystals were then 

collected by vacuum filtration and air-dried. 

Note: Employing Ca(NO3)2 for the synthesis of ALEN-Ca form II promotes the formation 

of higher quality single crystals, compared to when CaCl2 is employed. Both metal salts 

can be employed for either synthesis, ALEN-Ca forms I or II under their respective 
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synthetic conditions. The only difference is the morphology and quality of the resulting 

crystals when employing Ca(NO3)2 for ALEN-Ca form II. 

ALEN-Zn form I. A mixture of ALEN and ZnCl2 with a molar ratio (1:1) was prepared in 

distilled water at room temperature as follows. The ligand solution was prepared in a 20 

mL vial dissolving 1 mmol (0.2711 g) of solid ALEN in 10 mL of distilled water, and 

heated at 85°C for 30 min. The metal salt solution was prepared dissolving 1 mmol (0.1363 

g) of ZnCl2 in 2.5 mL of distilled water. Using a syringe, the metal salt solution was added 

to the ligand solution and mixed thoroughly. The resulting mixture was heated at 85°C 

until crystals appeared (~1 h). After crystals were visually detected, the vial was removed 

from the heating plate and left undisturbed to allow the crystals to grow. The crystals were 

then collected by vacuum filtration and air-dried. 

ALEN-Zn form II. A mixture of ALEN, HEDP and ZnCl2 with a molar ratio (1:1:1) was 

prepared in distilled water at room temperature as follows. The ligand solution was 

prepared in a 20 mL vial dissolving 1 mmol (0.2711 g) of solid ALEN and adding 1 mmol 

(0.23 mL) of aqueous HEDP in 10 mL of distilled water, and heated at 85°C for 15 min. 

The metal salt solution was prepared dissolving 1 mmol (0.1363 g) of ZnCl2 in 2.5 mL of 

distilled water. Using a syringe, the metal salt solution was added to the ligand solution 

and mixed thoroughly. The resulting mixture was heated at 85°C until crystals appeared 

(20 min.). After crystals were visually detected, the vial was removed from the heating 

plate and left undisturbed to allow the crystals to grow. The crystals were then collected by 

vacuum filtration and air-dried. 

ALEN-Mg. A mixture of ALEN, HEDP and Mg(NO3)2·6H2O with a molar ratio (1:1:1) 

was prepared in distilled water at room temperature as follows. The ligand solution was 
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prepared in a 20 mL vial dissolving 1 mmol (0.2711 g) of solid ALEN and adding 1 mmol 

(0.23 mL) of aqueous HEDP in 10 mL of distilled water, and heated at 85°C for 15 min. 

The metal salt solution was prepared dissolving 1 mmol (0.2564 g) of Mg(NO3)2·6H2O in 

2.5 mL of distilled water. Using a syringe, the metal salt solution was added to the ligand 

solution and mixed thoroughly. The resulting mixture was heated at 85°C until crystals 

appeared (~ 1 h). After crystals were visually detected, the vial was removed from the 

heating plate and left undisturbed to allow the crystals to grow. The crystals were then 

collected by vacuum filtration and air-dried. 

2.4.2. Raman microscopy. Raman spectra were recorded in a Thermo Scientific DXR 

Raman microscope, equipped with a 532 nm laser, 400 lines/nm grating, and 50 μm slit. 

The spectra were collected at room temperature over the range of 3,400 and 100 cm-1 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. 

2.4.3. 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-Kα radiation (λ = 1.5417 Å) source and equipped with a HyPix3000 X-

ray detector (50 kV, 0.8 mA). Powder samples were mounted in MiTeGen micro loops. 

Powder diffractograms were collected between 6 – 60o with a step of 0.01o using the 

Gandalfi move experiment with 300 s of exposure time. Data was analyzed within the 

CrystAllisPRO software v. 1.171.3920a.  

2.4.4. 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 
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and NIS Elements BR software version 4.30.01. Suitable single crystals were mounted in 

paratone oil onto 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-II CCD detector with a Mo-Kα (λ = 0.71073 Å) 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-Kα radiation 

(λ = 1.5417 Å) source equipped with a HyPix3000 X-ray detector in transmission mode 

operating at 50 kV and 0.8 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 using the SHELXS program. The 

refinement was performed using full-matrix least squares on F2 within the SHELXL 

program from Olex2 software v1.2. All non-hydrogen atoms were anisotropically refined.  

Figures 2.4.4.1-2.4.4.5 display the ball-stick representation of the asymmetric unit 

and crystalline packing for the refined structures obtained from Mercury software v4.0.0. 

Figures 2.4.4.6-2.4.4.10 show the Oak Ridge Thermal Ellipsoid Plots (ORTEPs) for each 

crystal structure of the ALEN-based BPCCs. Figures 2.4.4.11-2.4.4.15 depict an overlay 

of the simulated and experimental powder patterns for all structures solved. Figures 

2.4.4.16-2.4.4.19 show distinct overlays of the simulated powder diffraction pattern 

overlay for other previously known structures of ALEN coordination complexes in 

comparison to the structures solved within this work.7–9,12,13,18–20 Simulated PXRDs were 
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extracted from the crystallographic information files (CIF files) obtained from the 

Cambridge Structural Database or obtained within this work. 

                 

 

Figure 2.4.4.1. Ball-stick representation of the (left) asymmetric unit and (right) crystalline 

packing of ALEN-Ca form I along c-axis. 

                 

Figure 2.4.4.2. Ball-stick representation of the (left) asymmetric unit and (right) crystalline 

packing of ALEN-Ca form II along c-axis. 

                 

Figure 2.4.4.3. Ball-stick representation of the (left) asymmetric unit and (right) crystalline 

packing of ALEN-Zn form I along a-axis. 



55 

 

                 

Figure 2.4.4.4. Ball-stick representation of the (left) asymmetric unit and (right) crystalline 

packing of ALEN-Zn form II along a-axis. 

 

                 

Figure 2.4.4.5. Ball-stick representation of the (left) asymmetric unit and (right) crystalline 

packing of ALEN-Mg along a-axis. 

 

 

Figure 2.4.4.6. ORTEPs (atoms labeled) showing the connectivity between Ca atom and 

ALEN to form ALEN-Ca form I. 
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Figure 2.4.4.7. ORTEPs (atoms labeled) showing the connectivity between Ca atom and 

ALEN to form ALEN-Ca form II. 

 

 

Figure 2.4.4.8. ORTEPs (atoms labeled) showing the connectivity between Zn atom and 

ALEN to form ALEN-Zn form I.    

     

 

Figure 2.4.4.9. ORTEPs (atoms labeled) showing the connectivity between Zn atom and 

ALEN to form ALEN-Zn form II. 
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Figure 2.4.4.10. ORTEPs (atoms labeled) showing the connectivity between Mg atom and 

ALEN to form ALEN-Mg 

 

Figure 2.4.4.11. Simulated (bottom, blue) and experimental (top, red) powder pattern 

overlay of ALEN-Ca form I. 

 

Figure 2.4.4.12. Simulated (bottom, blue) and experimental (top, red) powder pattern 

overlay of ALEN-Ca form II. 
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Figure 2.4.4.13. Simulated (bottom, blue) and experimental (top, red) powder pattern 

overlay of ALEN-Zn form I. 

 

Figure 2.4.4.14. Simulated (bottom, blue) and experimental (top, red) powder pattern 

overlay of ALEN-Zn form II. 

 

Figure 2.4.4.15. Simulated (bottom, blue) and experimental (top, red) powder pattern 

overlay of ALEN-Mg. 
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Figure 2.4.4.16. Simulated powder diffraction pattern overlay of synthesized BPCCs (from 

bottom to top); ALEN-Ca forms I and II (blue and orange), ALEN-Zn forms I and II (light 

grey and yellow), ALEN-Mg (light blue), contrasted with the reported structures of ALEN 

coordination complexes ALEN-Cr-Mo (light green, QOBKUP),7 ALEN-Li (navy blue, 

EJEZUP),8 ALEN-Zn (mahogany, ICUVAE),12 ALEN-Ni (dark grey, ICUTUW),12 

ALEN-Co (brown, ICUTOQ),12 ALEN-Mn (dark turquois, ICUVEI),12 and ALEN-Cd 

(dark green, ICUVIM).12 Synthesized BPCCs are not isostructural to any of these 

previously reported structures. 

 

Figure 2.4.4.17. Simulated powder diffraction pattern overlay of synthesized BPCCs 

containing calcium (Ca2+) (from bottom to top); ALEN-Ca forms I and II (blue and orange, 

respectively), contrasted with other reported structures of ALEN coordination complexes 

containing the same metal. Reported ALEN coordination complex EMIDIN19 (purple) is 

isomorphic to ALEN-Ca form II, while the reported complex LILQII20 (red) is different to 

any other BPCC.  
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Figure 2.4.4.18. Simulated powder diffraction pattern overlay of isostructural synthesized 

BPCCs (from bottom to top); ALEN-Zn form II and ALEN-Mg (yellow and light blue), 

contrasted with other isostructural reported structures of ALEN coordination complexes 

ALEN-Co (light purple, ICUVOS)12, ALEN-Cu (aqua, FAZVOT)13, and ALEN-Ni 

(fuchsia, ACOZUP)9. 

 

Figure 2.4.4.19. Simulated powder diffraction pattern overlay of synthesized BPCC (from 

bottom to top); ALEN-Zn form I (light grey), contrasted with other isostructural reported 

structure of ALEN coordination complex ALEN-Mn (olive green, GIKPEW)18. 

 

2.4.5. 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) 



61 

 

detector and an energy dispersive X-ray analysis (EDAX) Genesis 2000 detector. SEM 

samples 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 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.  

2.4.6. Thermogravimetric analysis (TGA). Figures 2.4.6.1-2.4.6.5 depict overlay 

thermographs of ALEN and the ALEN-based BPCCs, recorded in a Q500 (TA Instruments 

Inc.) from 30 to 700°C at 5°C/min under a N2 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. 

 

Figure 2.4.6.1. TGA analysis of ALEN-Ca form I BPCC shows an initial thermal 

degradation event (exp: 5.60 wt. %), attributed to the loss of water molecules from the 

complex (theo: 5.90 wt. %). Additionally, TGA analysis shows a low temperature (290-

320°C) weight lost (9.49 wt. %), which was attributed to the decomposition of ALEN. 

Subsequently at higher temperature (320-700°C) a weight loss of 8.40 wt. % occurred, 

which was attributed to the degradation of calcium/calcium oxide. 
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Figure 2.4.6.2. TGA analysis of ALEN-Ca form II show a low temperature (260-300°C) 

weight lost (12.14 %), which was attributed to the decomposition of ALEN, subsequently 

at higher temperature (300-700°C) weight loss of 26.39 % occurred, which was attributed 

to the degradation of calcium. 

 

 

Figure 2.4.6.3. TGA analysis of ALEN-Zn form I BPCC shows an initial thermal 

degradation event (exp: 5.56 wt. %), attributed to the loss of water molecules from the 

complex (theo: 5.45 wt. %). Additionally, TGA analysis shows a low temperature (300-

400°C) weight lost (9.88 wt. %), which was attributed to the decomposition of ALEN. 

Subsequently at higher temperature (400-700°C) a weight loss of 13.39 wt. % occurred, 

which was attributed to the degradation of zin/zinc oxide. 
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Figure 2.4.6.4. TGA analysis of ALEN-Zn form II BPCC shows an initial thermal 

degradation event (exp: 12.45 wt. %), attributed to the loss of water molecules from the 

complex (theo: 12.06 wt. %). Additionally, TGA analysis shows a low temperature (300-

400°C) weight lost (16.85 wt. %), which was attributed to the decomposition of ALEN. 

Subsequently at higher temperature (400-700°C) a weight loss of 10.02 wt. % occurred, 

which was attributed to the degradation of zin/zinc oxide. 

 

 

Figure 2.4.6.5. TGA analysis of ALEN-Mg BPCC shows an initial thermal degradation 

event (exp: 13.05 wt. %), attributed to the loss of water molecules from the complex (theo: 

12.98 wt. %). Additionally, TGA analysis shows a low temperature (350-400°C) weight 

lost (17.30 wt. %), which was attributed to the decomposition of ALEN. Subsequently at 

higher temperature (400-700°C) a weight loss of 10.33 wt. % occurred, which was 

attributed to the degradation of magnesium/magnesium oxide. 
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2.4.7. Dissolution profiles for ALEN-based BPCCs. Dissolution profiles were performed 

via complexation of ALEN with Cu (II) and quantified by measuring absorbance through 

UV-Vis spectroscopy (λmax = 231 nm).  

2.4.7.1. Dissolution profile in PBS 

Stock Solution: Standard stock solution of ALEN was prepared by dissolving 100 mg of 

the drug in a 100 mL volumetric flask with PBS. More dilute solutions were obtained by 

appropriate dilution from this stock solution (see Calibration Curve section). 

Calibration Curve: Accurately measured aliquots of the ALEN stock solution were 

transferred into a series of 25 mL volumetric flasks to achieve a concentration range 

between 0.05-0.7 mg/mL. Each solution was completed to the 25 mL mark with PBS. 

Generation of ALEN-Cu complex: To generate the ALEN-Cu complex, 4 mL of the diluted 

ALEN solutions were transferred into a series of 25 mL volumetric flasks to achieve an 

ALEN-Cu concentration range between 0.008-0.11 mg/mL. To each flask, 20 mL of 2.5 

mM CuSO4 solution was added, homogenized and completed to volume with nanopure 

water. The absorbance of the ALEN-Cu complex was measured at 231 nm against a reagent 

blank prepared by the addition of 4 mL PBS buffer and 20 mL of the CuSO4 solution in a 

25 mL volumetric flask and completed to volume with nanopure water.  

Figures 2.4.7.1.1-2.4.7.1.2 depict the absorption spectra with the respective 

calibration curve for the ALEN quantification in PBS.  
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Figure 2.4.7.1.1. Absorbance spectra of ALEN-Cu complex presenting a λmax at 231 nm 

in PBS in the concentration range (0.008-0.11 mg/mL) employed to construct a calibration 

curve. 

 

 

Figure 2.4.7.1.2. Calibration curve of ALEN-Cu complex for ALEN quantification for 

ALEN-based BPCCs in PBS. 

 

Dissolution Profile: Dissolution profiles were recorded for ALEN, Alendronate Sodium 

Tablets-USP (generic form of Fosamax®), ALEN-Ca form I, ALEN-Ca form II, ALEN-

Zn form I, ALEN-Zn form II, and ALEN-Mg. Dissolution tests were performed in 100 mL 
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of PBS buffer (pH = 7.40), controlling temperature at 37°C and stirring at 150 rpm. For the 

ALEN-based BPCCs, ALEN and tablets, 70 mg of the solid were grinded using a mortar 

and pestle. The powder was added to the PBS solution at the beginning of the dissolution 

under stirring. Samples of 1.6 mL were collected after 0, 5, 10, 15, 20 and 25 s to record 

the dissolution for the deglutition profile. For the complete dissolution profile, aliquots of 

the exact volume were collected from 1-6 min, in one-minute intervals. After the six-

minute period, aliquots for 10, 15 and 20 min time points were collected. After collection, 

the aliquots were filtrated using a PTFE filter. The filtered solutions were placed in 10 mL 

volumetric flasks. To produce the ALEN-Cu complex, 7.4 mL of the 2.5 mM CuSO4 

solution was added and completed to volume with nanopure water. The absorbance of the 

formed ALEN-Cu complex was measured at 231 nm against a reagent blank. The reagent 

blank was prepared by adding 1.6 mL PBS buffer, with 7.4 mL of the 2.5 mM CuSO4 

solution and completed to volume with nanopure water in a 10 mL volumetric flask. 

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.  

2.4.7.2. Dissolution profile in FaSSGF 

Stock Solution: Standard stock solution of ALEN was prepared by dissolving 100 mg of 

the drug in a 100 mL volumetric flask with FaSSGF. More dilute solutions were obtained 

by appropriate dilution from this stock solution (see Calibration Curve section). 

Calibration Curve: Accurately measured aliquots of the ALEN stock solution were 

transferred into a series of 25 mL volumetric flasks to achieve a concentration range 

between 0.05-0.7 mg/mL. Each solution was completed to the 25 mL mark with FaSSGF. 
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Generation of ALEN-Cu Complex: To generate the ALEN-Cu complex, 3 mL of the diluted 

ALEN solutions were transferred into a series of 25-mL volumetric flasks to achieve an 

ALEN-Cu concentration range between 0.006-0.084 mg/mL. To each flask, 15 mL of 2.5 

mM CuSO4 solution and 5 mL of PBS was added, homogenized and completed to volume 

with nanopure water. The absorbance of the formed ALEN-Cu complex was measured at 

225 nm against a reagent blank prepared by the addition of 3 mL FaSSGF, 5 mL of PBS 

buffer and 15 mL of the CuSO4 solution in a 25 mL volumetric flask and completed to 

volume with nanopure water.  

Figures 2.4.7.2.1-2.4.7.2.2 depict the absorption spectra with the respective 

calibration curve for the ALEN quantification in FaSSGF.  

 

Figure 2.4.7.2.1. Absorbance spectra of ALEN-Cu complex presenting a λmax at 225 nm 

in FaSSGF in the concentration range (0.006-0.084 mg/mL) to construct a calibration 

curve. 
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Figure 2.4.7.2.2. Calibration curve of ALEN-Cu complex for ALEN quantification for 

ALEN-based BPCCs in FaSSGF. 

 

Dissolution Profile: Dissolution profiles were recorded for ALEN, Alendronate Sodium 

Tablets-USP (generic form of Fosamax®), ALEN-Ca form I, ALEN-Ca form II, ALEN-

Zn form I, ALEN-Zn form II, and ALEN-Mg. Dissolution tests were performed in 100 mL 

of FaSSGF (pH = 1.60), controlling temperature at 37°C and stirring at 150 rpm. For the 

ALEN-based BPCCs, ALEN and tablets, 70 mg of the solid were grinded using a mortar 

and pestle. The powder was added to the FaSSGF solution at the beginning of the 

dissolution under stirring. Aliquots of 1.2 mL were collected after 0, 5, 10, 15, 20 and 25 s 

to record the early-state dissolution profile. For the complete dissolution profile, aliquots 

of the exact volume were collected from 1-6 min, in one-minute intervals. After the six-

minute period, aliquots for 10, 15 and 20 min time points were collected. After collection, 

the aliquots were filtrated using a PTFE filter. The filtered aliquots were placed in 10 mL 

volumetric flasks. To produce the ALEN-Cu complex, 2 mL of PBS and 6 mL of the 2.5 

mM CuSO4 solution was added and completed to volume with nanopure water. The 

absorbance of the formed ALEN-Cu complex was measured at 225 nm against a reagent 
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blank. The reagent blank was prepared adding 1.2 mL FaSSGF solution, with 2 mL PBS 

buffer and 6 mL of the 2.5 mM CuSO4 solution and completed to volume with nanopure 

water in a 10-mL volumetric flask. 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.  

2.4.8. Phase Inversion Temperature (PIT) determination. A solution of ALEN with a 

concentration of 10 mg/mL was prepared with nanopure water. In a 20 mL vial, 11 mL of 

the ALEN solution was added with 3 mL of heptane and 0.9 mL of Brij® L4. The mixture 

was homogenized with an IKA T10 Basic Ultra Turrax (IKA Works Inc., Wilmington, 

NC), for 30 sec at a speed of “4” (14,450 rpm equivalent). The experimental set up was 

assembled using a jacketed beaker with a 20.3 cm (8”) stainless steel RTD temperature 

probe (VWR®, VWR International). The conductivity of the content was measured with a 

Fisherbrand Accumet BasicAB30 conductivity meter (Fisher Scientific UK, 

Loughborough, UK). The bath temperature was controlled with a Julabo F32-ME 

Refrigerated/Heating Circulator (JULABO GmbH, Seelbach, Germany). Both the vial and 

the bath contained stir bars stirring at 300 rpm using a VWR® Professional Hot Plate 

Stirrer (97042-714, VWR®, VWR International). The internal temperature of the emulsion 

was allowed to reach 2.0°C in the bath before starting the measurements. A temperature 

profile started at 2°C and end at 62°C at a heating rate of 1°C/min.  The conductivity of the 

mixture was recorded in 1-degree intervals. Figure 2.4.8.1 depicts the PIT determination 

curve for an aqueous ALEN solution in heptane and Brij L4®. 
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Figure 2.4.8.1. Nano-emulsion PIT determination of aqueous ALEN solution, showing the 

phase inversion occurs at approximately ~ 17°C (dashed line). Phase inversion starts at 9°C 

and ends at 24°C as depicted by the light orange region.  

2.4.9. PIT-nano-emulsion synthesis of nano-Ca@ALEN. The nano-emulsion synthesis 

of nano-Ca@ALEN form II was conducted in a CrystallineTM (Technobis, Crystallization 

Systems, Alkmaar, Netherlands). The pre-homogenized emulsions prepared for the PIT 

determination were used to perform the nano-Ca@ALEN form II nanoemulsion synthesis. 

The emulsion was homogenized before being transferred to the reaction vial. From this 

mixture, 2.5 mL were transferred to a CrystallineTM reaction vial with a stir bar, sealed 

with a reflux cap. The vial was placed in the first reactor at 7°C for 30 min under 1,250 

rpm continuous stirring. The vial was transferred to the second reactor at 45°C, where the 

emulsion was stirred for 30 min at 1,250 rpm before heating to 85 °C. The metal salt 

solution was prepared dissolving 4 mmol (0.9448 g) of Ca(NO3)2·4H2O in 10 mL of 

nanopure water. A volume of 2.5 mL of the metal salt solution was added to the reaction 

vial via syringe after reaching 85°C. The solution was allowed to continue stirring at 1,250 
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rpm for 30 min at 85°C. Once the reaction completed, the reaction vial was left undisturbed 

for 1 h before analyzing the supernatant from the water phase. 

2.4.10. Particle size distribution of nano-Ca@ALEN nanoparticles (after synthesis). 

Samples resulting from the synthesis of nano-Ca@ALEN 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 μL of the supernatant from the aqueous phase were diluted (1:20) with 

nanopure water and transferred to disposable polystyrol/polystyrene cuvettes (REF: 67.754 

10 x 10 x 45 mm, Sarsted, Germany). The refractive index of ALEN in water is 1.334. This 

value was determined by measuring an aliquot of 2.5 mg/mL ALEN stock solution with a 

Mettler Toledo Refracto 30GS (Mettler Toledo, Columbus, OH). 

Tables 2.4.10.1-2.4.10.3 summarize the DLS parameters and values after analyzing 

three PIT-nano-emulsion synthesis products in nanopure water. 

Table 2.4.10.1. Dynamic light scattering parameters and values after analyzing the PIT-

nano-emulsion synthesis product. 

PIT-Nano-emulsion synthesis of nano-Ca@ALEN No. 1 

Run Size (d.nm) % Intensity St Dev (d.nm) PDI 

1 

414.7 92.2 42.88 

0.794 23 7.8 1.636 

0 0 0 

2 

383 92.7 46.73 

0.846 23.32 7.3 2.013 

0 0 0 

3 

353.2 90.1 48.45 

0.969 30.48 9.9 3.603 

0 0 0 

Average 

383.9 91.7 52.43 

0.87 26.04 8.3 4.47 

0 0 0 
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Table 2.4.10.2. Dynamic light scattering parameters and values after analyzing the PIT-

nano-emulsion synthesis product. 

PIT-Nano-emulsion synthesis of nano-Ca@ALEN No. 2 

Run Size (d.nm) % Intensity St Dev (d.nm) PDI 

1 

446.3 100 63.83 

0.538 0 0 0 

0 0 0 

2 

560.8 90.3 95.66 

0.745 49.97 9.7 6.131 

0 0 0 

3 

483 85.7 103.7 

0.651 60.66 14.3 10.81 

0 0 0 

Average 

495.3 92 100.7 

0.645 56.34 8 10.6 

0 0 0 

 

 

Table 2.4.10.3. Dynamic light scattering parameters and values after analyzing the PIT-

nano-emulsion synthesis product. 

PIT-Nano-emulsion synthesis of nano-Ca@ALEN No. 3 

Run Size (d.nm) % Intensity St Dev (d.nm) PDI 

1 

507.4 93.8 76.55 

0.599 33.45 6.2 3.533 

0 0 0 

2 

490.9 88.7 90.23 

0.618 53.7 11.3 7.822 

0 0 0 

3 

445.8 86.5 83.01 

0.675 60.78 13.5 9.328 

0 0 0 

Average 

482.2 89 87.26 

0.631 56.05 8.9 10.42 

33.61 2.1 3.565 
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2.4.11. Aggregation measurements of nano-Ca@ALEN in biorelevant dispersant. 

 

Aliquots of 50 μL of the supernatant from the water phase were transferred in 

disposable polystyrol/polystyrene cuvettes (REF: 67.754, 10 x 10 x 45 mm, Sarsted, 

Germany) in a 1:20 dilution ratio with 10% fetal bovine serum in PBS (10%FBS:PBS). 

The prepared samples remained undisturbed near the Zetasizer for 30 min prior to the 

measurements. Size measurements were performed in the biorelevant 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.  

Tables 2.4.11.1-2.4.11.3 summarize the DLS parameters and values after analyzing 

the nano-Ca@ALEN in 10% FBS:PBS, at 0, 24 and 48 h.  

Particle size distribution after 0 hours 

 

Table 2.4.11.1. Dynamic light scattering parameters and values after analyzing the nano-

Ca@ALEN in 10% FBS:PBS after 0 h.  

Particle size distribution: 10% FBS:PBS (0 h) 

Run Size (d.nm) % Intensity St Dev (d.nm) PDI 

1 

439.7 97.3 288.0 

0.378 4670 2.7 798.9 

0.000 0.0 0.000 

2 

438.8 98.8 278.1 

0.287 5030 1.2 595.0 

0.000 0.0 0.000 

3 

418.6 95.3 240.3 

0.283 56.97 2.5 13.30 

4672 2.2 798.4 

Average 

431.9 97.2 270.1 

0.316 4741 2.0 772.4 

52.95 0.7 10.28 
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Particle size distribution after 24 hours 

 

Table 2.4.11.2. Dynamic light scattering parameters and values after analyzing the nano-

Ca@ALEN in 10% FBS:PBS after 24 h.  

Particle size distribution: 10% FBS:PBS (24 h) 

Run Size (d.nm) % Intensity St Dev (d.nm) PDI 

1 

363.9 100.0 202.3 

0.249 0.000 0.0 0.000 

0.000 0.0 0.000 

2 

399.0 90.3 178.6 

0.270 83.66 9.7 22.04 

0.000 0.0 0.000 

3 

400.6 100.0 240.8 

0.280 0.000 0.0 0.000 

0.000 0.0 0.000 

Average 

378.7 100.0 213.6 

0.266 0.000 0.0 0.000 

0.000 0.0 0.000 

 

 

Particle size distribution after 48 hours 

 

Table 2.4.11.3. Dynamic light scattering parameters and values after analyzing the nano-

Ca@ALEN in 10% FBS:PBS after 48 h.  

Particle size distribution: 10% FBS:PBS (48 h) 

Run Size (d.nm) % Intensity St Dev (d.nm) PDI 

1 

371.5 98.4 241.5 

0.268 4499 1.6 863.3 

0.000 0.0 0.000 

2 

375.0 100.0 254.2 

0.274 0.000 0.0 0.000 

0.000 0.0 0.000 

3 

307.3 90.2 162.8 

0.285 3446 9.8 1217 

0.000 0.0 0.000 

Average 

359.7 96.5 248.4 

0.276 3760 3.5 1122 

0.000 0.0 0.000 
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2.4.12. Polarized optical microscopy/Powder X-ray diffraction (nano-Ca@ALEN). 

Agglomerated nanocrystals of nano-Ca@ALEN were mounted in 10 μm MiTeGen micro 

loop. 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. 

Powder X-ray diffraction analysis parameters were maintained the same as in Section 2.4.3. 

Figure 2.4.12.1 shows the representative sample mounted in the micro loop. Figure 2.4.12.2 

depicts the PXRD overlay of ALEN, ALEN-Ca form II bulk crystals and nano-Ca@ALEN 

nanocrystals.  

    

Figure 2.4.12.1. Polarized optical micrographs of nano-Ca@ALEN agglomerated 

nanocrystals mounted in a 10 μm MiTeGen micro loop, observed at (a) 10x magnification 

and (b) 20x magnification. 

 

Figure 2.4.12.2. Powder X-ray diffractogram overlay of “as received” ALEN (black), 

ALEN-Ca form II bulk crystals (red), and nano-Ca@ALEN nanocrystals (light blue).  

(a) (b) 
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2.4.13. Binding assays of nano-Ca@ALEN to HA 

Hydroxyapatite (HA) assay. For the nano-Ca@ALEN binding assay, 20 mg of 

hydroxyapatite (HA), were exposed to 5.00 mL of nano-Ca@ALEN (0.5 mg/mL) in PBS 

solution for 0-12 days at 300 rpm and 37°C. HA in PBS mixture, as well as the binding of 

ALEN to HA, were used as control groups. For the experimental groups (HA-nano-

Ca@ALEN and HA-ALEN), collection was performed in duplicate. The selected time 

points were: 1, 2, 3, 4, 7, 8, 9, 10, 11, and 12 days. After each time point, the supernatant 

was collected, centrifuged (1,500 rpm, 8 min), and absorbance measurements were 

performed at λmax = 231 nm to determine the percentage of ALEN from the nano-

Ca@ALEN bound to HA. Solid samples of HA, HA-ALEN, and HA-nano-Ca@ALEN 

were characterized by SEM-EDS.  

Energy dispersive spectroscopy (EDS). EDS elemental analysis of HA, HA-ALEN, and 

HA-nano-Ca@ALEN were recorded with a JEOL JSM-6480LV scanning electron 

microscope. The energy dispersive X-ray analysis (EDAX) Genesis 2000 detector was 

used to record the elemental composition of the samples.  

 

2.4.14. Cytotoxicity assays. 

Cell culture methods for MDA-MB-231 cell line.32 MDA-MB-231 cell line was grown in 

Dulbecco’s Modified Eagle’s Medium (DMEM), 10 % fetal bovine serum (FBS) and 1 % 

penicillin-streptomycin (Pen-Strep). Cells were incubated at 37 °C and 5 % CO2. Cell 

passages were carried out at 80 % of confluence. The media was exchanged twice a week.     

Cell culture methods for hFOB 1.19 cell line.33 The hFOB 1.19 cell line was growth in 1:1 

mixture of Ham's F12 Medium Dulbecco's Modified Eagle's Medium complemented with 
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10 % FBS and 0.3 mg/ml of geneticin (G418). Cells were incubated at 34 °C in 5 % CO2. 

Cell passages were carried out at 80 % of confluence. The media was exchanged twice a 

week.    

Cell seeding. Both cell lines were seeded in 96 well plates (density 2.5×105 cells/mL) and 

incubated for 24 h at 37 °C (MDA-MB-231) and 34 °C (osteoblast hFOB 1.19) in 5 % CO2. 

Three 96 well plates were prepared per period of time (24, 48, and 72 h) for each cell line.  

Cell treatment. Two-fold serial dilutions (0-145 µM) of ALEN were used to determine the 

IC50 curves in hFOB 1.19 cell line. Furthermore, two-fold serial dilutions (15, 7.5, 3.75, 

and 1.88 µM) of ALEN and nano-Ca@ALEN were prepared to determine the percentage 

of relative cell live (%RCL) in MDA-MB-231 and hFOB 1.19 cell lines. After 24 h of 

seeding, 100 µL of the ALEN and nano-Ca@ALEN were added to the cells. The medium 

(DMEM with 1 % Pen-Strep for MDA-MB-231 and DMEM: F12 with 0.3 mg/mL 

geneticin G418 for the osteoblast) for each respective cell line was employed as control. 

Both cell lines treated were incubated for 24, 48, and 72 h. Experiments were carried out 

in triplicate at each time point.  

AlamarBlue® assay. After treatment, the media was removed, 100 µL of AlamarBlue® 

solution was added, and the 96 well plates were incubated for 4 h. The fluorescence was 

measured at 560 nm (excitation) and 590 nm (emission). For both cell lines treated with 

ALEN, and the half-maximal effective concentration (IC50) value was determined to 

employ the dose-response curves (% cell live vs. concentration). Ultimately, considering 

the viability of the control group (just medium, 100 %) the percentage of relative cell live 

(%RCL) after treatment with ALEN or nano-Ca@ALEN was determined.  
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Figures 2.4.14.1-2.4.14.2 illustrates the IC50 curves for MDA-MB-23114 and hFOB 

1.19 using ALEN (0-145 µM). The percentage of relative cell live (%RCL) for MDA-MB-

231 and hFOB 1.19 cell lines using ALEN and nano-Ca@ALEN in concentrations of 1.9, 

3.8, 7.5, and 15 µM are shown is Figures 2.4.14.3-2.4.14.8.   

 

 

Figure 2.4.14.1. IC50 curves for ALEN (top) using MDA-MB-231 cell line at (a) 24, (b) 

48, (c) 72 h of treatment.14 

 

 
 

Figure 2.4.14.2. IC50 curves for ALEN (top) using osteoblast hFOB cell line at (a) 24, (b) 

48, (c) 72 h of treatment. 

 

 

Figure 4.2.14.3. The percentage of relative cell live (%RCL) of human breast cancer 

MDA-MB-231 cell line treated with ALEN (black) and nano-Ca@ALEN (red) in 

concentrations of 1.9, 3.8, 7.5, and 15 μM at 24 h of treatment. 
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Figure 4.2.14.4. The percentage of relative cell live (%RCL) of human breast cancer 

MDA-MB-231 cell line treated with ALEN (black) and nano-Ca@ALEN (red) in 

concentrations of 1.9, 3.8, 7.5, and 15 μM at 48 h of treatment. 

 

Figure 4.2.14.5. The percentage of relative cell live (%RCL) of human breast cancer 

MDA-MB-231 cell line treated with ALEN (black) and nano-Ca@ALEN (red) in 

concentrations of 1.9, 3.8, 7.5, and 15 μM at 72 h of treatment. 

 

Figure 4.2.14.6. The percentage of relative cell live (%RCL) of osteoblast hFOB 1.19 cell 

line treated with ALEN (black) and nano-Ca@ALEN (red) in concentrations of 1.9, 3.8, 

7.5, and 15 μM at 24 h of treatment. 

 

Figure 4.2.14.7. The percentage of relative cell live (%RCL) of osteoblast hFOB 1.19 cell 

line treated with ALEN (black) and nano-Ca@ALEN (red) in concentrations of 1.9, 3.8, 

7.5, and 15 μM at 48 h of treatment. 
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Figure 4.2.14.8. The percentage of relative cell live (%RCL) of osteoblast hFOB 1.19 cell 

line treated with ALEN (black) and nano-Ca@ALEN (red) in concentrations of 1.9, 3.8, 

7.5, and 15 μM at 72 h of treatment. 

Table 4.2.14.1. Relative cell viability (%) of MDA-MD-231 cell line treated with ALEN and nano-

Ca@ALEN at 1.9 μM, 3.8 μM, and 7.5 μM for 24, 48 and 72 h of treatment. 

Time Points 
1.9 μM  3.8 μM 7.5 μM 

ALEN 
Nano-

Ca@ALEN 
ALEN 

Nano-

Ca@ALEN 
ALEN 

Nano-

Ca@ALEN 

Control 100 100 100 100 100 100 
24 h 101 ± 1 100.3 ± 0.2 100.9 ± 0.2 99.3 ± 0.5 100 ± 2 98 ± 2 

48 h 97 ± 7 93± 4 97 ± 8 91 ± 6  97 ± 2 90 ± 4 

72 h 104 ± 1 67 ± 6 103 ± 3 44 ± 2 103 ± 3 38 ± 2 
 

Table 4.2.14.2. Relative cell viability (%) of hFOB 1.19 cell line treated with ALEN and nano-

Ca@ALEN at 1.9 μM, 3.8 μM, and 7.5 μM for 24, 48 and 72 h of treatment. 

Time Points 
1.9 μM  3.8 μM 7.5 μM 

ALEN 
Nano-

Ca@ALEN 
ALEN 

Nano-

Ca@ALEN 
ALEN 

Nano-

Ca@ALEN 

Control 100 100 100 100 100 100 

24 h 106 ± 8 105 ± 9 103 ± 8 105 ± 9 101 ± 10 102 ± 8 
48 h 100 ± 3 99 ± 4 100 ± 4 98 ± 4 100 ± 4 74 ± 2 
72 h 102 ± 4 99 ± 2 100 ± 2 97 ± 3 100 ± 2 34  5  
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CHAPTER 3: RISEDRONATE-BASED COORDINATION COMPLEXES 

 

3.1. Introduction. 

As discussed previously, first and second-generation BPs (etidronate, clodronate, 

alendronate, pamidronate) present significantly lower therapeutic potency compared to 

third-generation compounds of this class.1,2 Third-generation BPs (risedronate, 

zoledronate) are characterized by the presence of a nitrogen-containing heterocyclic ring 

as side chain, which has demonstrated to provide higher therapeutic efficacy against bone-

related diseases at greater magnitudes (1,000-10,000x more).2 Moreover, several studies 

have been conducted for zoledronate and suggests the potential of this third-generation BP 

for cancer therapy.1,3–6 However, at the present there is insufficient evidence regarding the 

anti-tumor effects of risedronate (RISE, Figure 3.1.1) and its therapeutic potential against 

OM and other metastatic cancers.1 This is because most of the drug undergoes renal 

clearance (87%), reaching a maximum absolute bioavailability of 0.62% (significantly low 

for a BP to kill cancer cells in vitro).4,7  
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Figure 3.1.1. Molecular structure of RISE (Actonel®, left), and acidic form of the pyridinyl 

BP (risedronic acid, right) employed for the design of RISE-based BPCCs. 

 

 In Chapter 2, ALEN has been employed to design nanocrystals comprised 

of bisphosphonate-based coordination complexes (BPCCs), and their biomedical 

properties that render them suitable as potential therapy against OM were assessed.9 The 

ALEN-based BPCCs, demonstrated favorable properties such as high thermal and 

structural stability, selective degradation in different physiological conditions, low 

aggregation in biorelevant media, high binding affinity to the bone, and significant 

cytotoxicity against human breast cancer cells at low concentrations.9   

Attempts have been carried out to employ RISE in the design of effective therapies 

against other diseases. This includes the design of coordination complexes as a novel 

approach for the treatment of American trypanosomiasis or Chagas disease, which is 

known as a parasitic disease.8 However, these studies are limited to this end and do not 

focus on treating or preventing metastatic cancers. Moreover, different metal ions such as 

Cd2+, Cu2+, Mg2+, Ni2+, Pb2+ and Zn2+ have been employed to form coordination complexes 

(CCs) with RISE.8,10,11 However, these reports focus mainly on structural properties of the 

materials, applications for sensing, electronics or are intended for other types of 

disease.8,10,11 
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 In this chapter, RISE was utilized as bioactive ligand for the reaction with three 

different bioactive metals (M2+ = Ca2+, Mg2+ and Zn2+) to form RISE-based BPCCs with 

the potential to treat OM. The ability of the resulting crystalline materials to be employed 

for biomedical applications was assessed through determination of their structural and 

thermal stability, as well their degradation in different physiological media. Moreover, a 

phase inversion temperature (PIT)-nano-emulsion synthesis allowed to efficiently reduced 

the crystal size of a selected RISE-based BPCC into the nano-range, thus resulting in the 

formation of nano-Ca@RISE. Several biomedical properties of this nanomaterial were 

determined, which included its aggregation behavior in biological relevant media, binding 

affinity to HA crystals, and cytotoxicity against both triple-negative breast cancer cells that 

metastasize to the bone (MDA-MB-231) and normal osteoblast cells (hFOB 1.19). This 

study is intended to expand the therapeutic potential of RISE through the design of RISE-

based BPCCs, specifically nano-Ca@RISE, and to provide evidence in support of this 

nanomaterial as a promising approach to treat and prevent breast-cancer-induced OM.  

3.2. Results and Discussion. 

Three crystalline products were obtained by employing a 1:1 M2+/BP molar ratio at 

85°C and in acidic conditions (pH = 4.12) in the proposed design space for the 

hydrothermal reaction syntheses (Figure 3.2.1, right). Moreover, addition of HEDP to the 

ligand solution was carried out to decrease the pH of the reaction (pH = 0.93) to explore 

synthetic pathways that could yield polymorphs for the RISE-based BPCCs synthesized at 

pH = 4.12. A crystalline product was observed after several minutes upon heating, but it 

was further demonstrated that this synthesis produced RISE (acidic form, H-RISE) in its 

protonated (Figure 3.2.1, left). Moreover, it was observed that the variation of the anion 
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of the metal salt (NO3
-
 vs. Cl-) influenced the crystal quality of the resulting RISE-based 

BPCCs. Employing the respective nitrate metal salt, three coordination complexes with 

crystal quality for structural elucidation by single crystal X-ray diffraction were obtained 

as observed under polarized light (Figure 3.2.1). Interestingly, the reaction of RISE with 

the selected metal ions yielded crystalline materials with the similar morphology, which 

corresponded to the acicular crystal habit.  

 

Figure 3.2.1. Schematic diagram of (right) the synthetic pathways leading to three 

crystalline phases of RISE-based BPCCs, showing coordination of risedronate (RISE) with 

three different bioactive metals (M2+ = Ca2+, Mg2+, and Zn2+) under different conditions, 

and (left) crystallization of the protonated form of the ligand (H-RISE). Unit cell and 

polarized optical micrographs of each RISE-based BPCC and H-RISE are shown in the 

product side of each reaction. The variables explored were pH, metal salt anion (NO3
- vs 

Cl-), and addition of HEDP as auxiliary ligand. 

 

Solid-state characterization, structural stability in physiological media, particle size 

and aggregation measurements of the obtained RISE-based BPCCs were assessed to 

determine their potential for biomedical applications as a nanocrystals-based therapy 

against OM and other bone-related diseases. 
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3.2.1. Raman spectroscopy analysis. 

Representative Raman spectra of the isolated RISE-based BPCCs were collected 

from 3,400 to 100 cm-1 and are shown in Figure 3.2.1.1. The presence and absence of 

different Raman shifts between H-RISE, RISE, and the RISE-based BPCCs spectra 

confirmed that distinctive crystalline phases were produced by each hydrothermal 

synthesis. Significant differences were observed among the three crystalline phases, 

compared to the ligand (RISE). Two different characteristic signals can be observed in the 

3,100 – 2,800 cm-1 region of the RISE-based BPCCs compared to RISE and H-RISE 

(Figure 3.2.1.1, right zoom-in). These bands correspond to the hydrogen phosphate H–

OPO2C moieties (3,000 – 2,800 cm-1) and the stretching vibrations νO–H/H2O (3,100 – 

3,000 cm-1) due to coordinated and lattice water molecules in the crystal structure of the 

resulting RISE-based BPCCs.9 Compared to RISE, the increased number of signals and 

intensities at ~3,000 and 3,100 cm-1 for the coordination complexes corroborates the 

presence of various strong hydrogen bonds within each lattice.9 This suggests that 

extensive hydrogen bonding is present within the crystal structure of the RISE-based 

BPCCs. H-RISE also presents additional signals around this region due to the presence of 

hydrogen bond interactions from the protonated phosphonate groups within its crystal 

lattice. The band observed at 1,320 cm-1 can be attributed to the P=O deformation 

vibration,9 while the differences observed in the signal at around 1,190 cm-1 are 

characteristic of νP=O/δπPOH stretching vibrations.9 The incorporation of RISE in the 

coordination sphere of these materials is confirmed by two bands at ~1,100 – 1,060 cm-1 

(strong) and ~1,020 cm-1 (medium), respectively (Figure 3.2.1.1, left zoom in). This strong 

signal is characteristic for the νasP-O(H) asymmetric stretching vibrations, while the 
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medium signal corresponds to the δPO-H bending of the phosphonate P–O3 groups.9 These 

signals are scarcely observed for RISE. Moreover, for H-RISE, the signal corresponding 

to the δPO-H bending of the phosphonate moieties is more intense due to the full 

protonation of these groups. Formation of a coordination sphere in the BPCCs was 

additionally corroborated by the absence of a strong signal at 960 cm-1, which is present in 

H-RISE. This signal corresponds to the symmetric νsP-O(H) stretching vibrations of the 

protonated sites from the phosphonate moieties in the ligand.9 This corroborates the 

protonation of the phosphonate groups after H-RISE being crystallized. Due to the 

interaction of phosphonate deprotonated sites with the metal ions within the RISE-based 

BPCCs structures, the absence of this signal at this region was expected. Moreover, this 

symmetric stretching was expected to occur at lower Raman shifts (950 – 800 cm-1) for the 

coordination complexes as observed from their Raman spectra. Different vibrational modes 

of coordination of the divalent metal ions (M2+) 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 lower wavenumber (<1,000 cm-1), which are 

assigned to vibrational modes characteristics of the CH2, C–C, C-P, C-OH and M2+–O 

groups present in the RISE-based BPCCs.9 
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Figure 3.2.1.1. Raman spectra overlay of (a) RISE, (b) H-RISE and the RISE-based 

BPCCs; (c) RISE-Ca, (d) RISE-Mg, and (e) RISE-Zn. 

 

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

To assess the morphology and elemental composition of the yielded crystalline 

materials, analysis with SEM-EDS was performed to H-RISE and the RISE-based BPCC 

crystals. Representative SEM images demonstrate a distinct morphology for H-RISE and 

similar well-defined morphologies for each of the RISE-based BPCCs (Figure 3.2.2.1). 

All three coordination complexes crystallize in an acicular crystal habit, with needles in a 
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size range of 100-450 μm, while H-RISE crystallized in a cubic crystal habit, with a 

diameter of the crystals between 200-300 μm. 

The EDS spectra of these coordination complexes exhibit characteristic signals of 

the metal (calcium, magnesium, and zinc) and of the elements present in the molecular 

structure of RISE (carbon, oxygen, nitrogen, and phosphorus, Figure 3.2.2.1). EDS spectra 

of H-RISE confirmed that the crystallized product was the ligand, these without the 

detection of any other element within its structure. These results, along with the Raman 

spectra analysis support, that the hydrothermal reactions have produced three crystalline 

phases, namely,  RISE-Ca,  RISE-Mg, and RISE-Zn, that are distinct from the starting 

materials employed. 

 

Figure 3.2.2.1. Representative scanning electron micrographs and energy dispersive 

spectra for (a) H-RISE, blue; and the RISE-based BPCCs (b) RISE-Ca (red); (c) RISE-Mg 

(green); and (d) RISE-Zn (purple). 

 

3.2.3. Powder X-ray diffraction analysis (PXRD). 

Representative PXRD diffractograms of RISE, H-RISE and the coordination 

complexes reveals a high degree of crystallinity for these materials (Figure 3.2.3.1). All 
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RISE-based BPCCs presented a unique crystal structure compared to the starting materials, 

confirming that recrystallization of the RISE ligand and the metal salt was not occurring. 

Additionally, the three BPCCs phases resulted structurally distinct among each other based 

on the diffractograms. The high angle peaks (>5° in 2θ) suggest that all four crystals are 

composed of 2D sheets instead of 3D porous networks. The crystallization of the 

coordination complexes in 2D sheets will allow the BPCC to degrade selectively and 

subsequently release the BP from the structure for its intended therapeutic treatment. 

The PXRD of the previously reported structures of RISE-metal complexes were 

compared to the RISE-based BPCCs observed within this work.8,10,12 Interestingly, the 

RISE-based BPCCs resulted in unique materials when compared to all other phases 

reported in literature containing Cd2+, Cu2+, and Ni2+.8,10,12 

 

Figure 3.2.3.1. PXRD overlay of (a) RISE, (b) H-RISE and the RISE-based BPCCs; (c) 

RISE-Ca, (d) RISE-Mg, and (e) RISE-Zn. 
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3.2.4. Single crystal X-ray diffraction (SCXRD) analysis. 

Structural elucidation of the three RISE-based BPCCs crystals obtained was 

performed to confirm the formation of these materials. Crystallographic parameters of the 

structure refinements for H-RISE and RISE-based BPCCs are summarized in Table 3.2.4.1 

and their respective packing motifs are shown in Figure 3.2.4.1. Oak Ridge Thermal 

Ellipsoid Plots (ORTEPs), packing motifs, asymmetric units, and simulated powder pattern 

overlays between already reported RISE metal complexes and the ones synthesized within 

this work are available in Section 3.4.4.8,10,12 

Table 3.2.4.1. Summary of the crystallographic parameters of the structure refinement of 

the isolated H-RISE and the RISE-based BPCCs; RISE-Ca, RISE-Mg, and RISE-Zn. 

 

Abbreviations: λ (X-ray source wavelength, Å), a/b/c (unit cell lengths, Å), α/β/γ (unit cell angle, 
o), V (unit cell volume, Å3), Z (number of formula units per unit cell), Z’ (number of formula units 

per asymmetric unit), ρcalc (unit cell calculated density, g/cm3), Rwp (weighted R-factor, %), and Rp 

(R-factor, %). 
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Structural description of H-RISE. The compound C7H11NO7P2·H2O crystallizes in the 

space group P21/n, containing one RISE molecule in the asymmetric unit with a single 

lattice water molecule. Four RISE molecules are contained within the unit cell (Z = 4). The 

conformation of the ligand is reinforced by a single intramolecular hydrogen bond between 

oxygens from the phosphonate moieties (O2…O6, 3.026 Å). The RISE molecules are linked 

into molecular chains that propagate along the a-axis through strong intermolecular 

hydrogen bonds between the single lattice water molecule (O8…O1, 2.666 Å; O8…O5, 

2.693 Å) and oxygen atoms from the bisphosphonate group (O3…O6, 2.637 Å). Adjacent 

molecular chains are linked by intermolecular hydrogen bonds, resulting in their 

propagation along the b-axis (O4…O5, 2.717 Å; O7…O8, 2.489 Å). A single intermolecular 

hydrogen bond propagates molecular chains along the c-axis through the nitrogen of the 

pyridine and oxygen from the phosphonate moiety (N1…O6, 2.850 Å).  

Structural description of RISE-Ca. The structure of the compound 

[Ca0.5(C7H9NO7P2)]·2H2O, which crystallizes in the P21/n space group, has not been 

previously reported. The asymmetric unit contains one bidentate RISE ligand coordinated 

to a Ca2+ center, surrounded by two uncoordinated water molecules. The Ca2+ center is in 

a distorted octahedral environment (supplementary angles: O1–Ca1–O3, 76.91°, O1–Ca1–

O5, 82.42°, O3–Ca1–O5, 88.30°), with four RISE ligands coordinated. Two different 

binding modes are observed for the RISE molecules. One RISE ligand is coordinated to 

the Ca2+ cation in a bidentate mode alternating oxygen from the bisphosphonate group, 

while another RISE ligand in a monodentate mode. The Ca–O bond distances range 

between 2.263 and 2.367 Å. The metal cluster is linked by a single RISE molecule 

coordinated to form a chain (Ca1–O1–P1–O3–Ca1) that propagates slightly tilted along the 
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a-axis. This chain is additionally reinforced by intermolecular hydrogen bonds (O3…O1, 

2.571 and 2.935 Å; O6…O7, 2.766 Å). Adjacent molecular chains are linked by 

uncoordinated water molecules forming hydrogen bonds either with the oxygens of the 

bisphosphonate moieties or the water molecules along the b-axis (O2…O8, 2.637 Å and 

O9…O8, 2.990 Å). The structure is reinforced by additional intramolecular hydrogen bonds 

through the b-axis, which involves the oxygens from the bisphosphonate groups (O1…O2, 

2.443 Å; O5…O6, 2.522; O5…O7, 2.570 Å). An extensive network of intermolecular 

hydrogen bonds facilitated by the uncoordinated water molecules and the nitrogen from 

the pyridine group of the ligand, serves to propagate adjacent molecular chains along the 

c-axis (O7…O9, 2.961 Å; O8…O7, 2.876 Å; O6…O8, 2.854 Å; N1…O1, 2.791 Å). 

Structural description of RISE-Mg. The compound [Mg0.5(C7H8NO7P2)]·2H2O 

crystallizes in the P21/n space group and presents a unique packing arrangement when 

compared to other RISE-based metal complexes previously reported. The asymmetric unit 

has one RISE molecule coordinated to a Mg2+ center, surrounded by two uncoordinated 

water molecules. The Mg2+ center is in a rather regular octahedral environment 

(supplementary angles: O1–Mg1–O5, 88.78°, O1–Mg1–O7, 91.01°, O5–Mg1–O7, 

90.77°), with four RISE ligands coordinated. The ligand coordinates the metal center in a 

bidentate mode (O1–Mg1–O7) forming a six-membered chelate ring. The Mg–O bond 

distances range between 2.023 and 2.099 Å. Additionally, the RISE ligand coordinates to 

the same metal center in a monodentate mode (Mg1–O5). Coordination between the Mg2+ 

cation and the O5 and O7 from the RISE molecule results in the formation of an eight-

membered chelate ring that fuses adjacent metal centers, forming a chain that propagates 

through the b-axis. This chain is reinforced by intramolecular hydrogen bonds (O1…O2, 
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3.021 Å; O1…O7, 2.889 Å; O5…O1, 2.870 Å; O5…O7, 2.975 Å; O5…O4, 2.716 Å). These 

chains propagate along the c-axis through an extensive network of hydrogen bonds that 

form either with the pyridine group or the uncoordinated water molecules (N1…O3, 2.573 

Å; O1…O8, 2.767 Å; O6…O9, 2.685 Å; and O8…O9, 2.845 Å). Propagation of the metal 

cluster though the a-axis can be described by the presence of an ac glide plane symmetry 

element, which is perpendicular to b [0, 1, 0] with glide component [1/2, 0, 1/2]. Moreover, 

the metal cluster is reinforced by intramolecular hydrogen bonds (O1…O3, 2.540 Å; and 

O2…O7, 2.804 Å) also through the a-axis. 

Structural description of RISE-Zn. The compound [Zn0.5(C7H9NO7P2)]·2H2O 

crystallizes in the space group P21/n, with one RISE molecule coordinated to a Zn2+ center 

surrounded by two uncoordinated water molecules in the asymmetric unit. The Zn2+ center 

is in a rather regular octahedral environment (supplementary angles: O1–Zn1–O2, 89.39°, 

O1–Zn1–O4, 91.47°, O2–Zn1–O4, 89.10°), with four RISE ligands coordinated. The Zn–

O bond distances range from 2.010 to 2.166 Å. Intramolecular hydrogen bonds reinforce 

the metal cluster (O2…O7, 2.648 Å). The ligand is coordinated to the metal center in a 

bidentate mode (O1–Zn1–O4), forming a six-membered chelate ring. The same ligand is 

coordinated to the Zn2+ center in a monodentate mode (Zn1–O2). Coordination between 

the Zn2+ cation and the O1 and O2 from the RISE molecule results in the formation of an 

eight-membered chelate ring that fuses adjacent metal centers, resulting in the propagation 

of molecular chains through the c-axis. An extensive hydrogen bond network reinforces 

the chains along the b-axis connecting adjacent chains through one of the uncoordinated 

lattice water molecules (O6…O9, 2.774 Å; O9…O9, 2.792 Å). These chains propagate along 

the a-axis through an additional extensive network of hydrogen bonds that form either with 
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the pyridine group or the other uncoordinated water molecule (N1…O6, 2.683 Å; N1…O5, 

3.026 Å; O3…O8, 2.642 Å; O8…O4, 2.775 Å; O8…O8, 2.969 Å). When compared to other 

structures of RISE-based metal complexes previously reported, RISE-Zn presents a unique 

packing arrangement. 

 

Figure 3.2.4.1. Packing motifs of (a) H-RISE along the a-axis, (b) RISE-Ca along the a-

axis, (c) RISE-Mg along the b-axis, and (d) RISE-Zn along the a-axis. 

 

3.2.5. Thermogravimetric analysis (TGA). 

TGA thermographs of the coordination complexes were obtained in which three 

principal thermal events are observed. Most of the BPCCs are stable up to 200°C, where 

the first thermal event occurs, corresponding to the desolvation of the coordinated and/or 

lattice water molecules from the crystal structure. The organic combustion of the ligand 
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was observed above 250-300°C for each coordination complex. Lastly, the thermal 

degradation of the metal/metal oxide from the coordination sphere accounted for a minor 

weight loss that was observed at higher temperatures (> 400°C).  

TGA thermographs of the RISE-based BPCCs were compared to the ligand (RISE) 

and its protonated form (H-RISE). Results on Figure 3.2.5.1 showed that all RISE-based 

BPCCs presented higher thermal stability than the salt or protonated forms of the ligand. 

Higher thermal stability was observed for RISE-Ca when compared to RISE-Mg and RISE-

Zn.  

 

Figure 3.2.5.1. TGA thermographs of (a) H-RISE (blue), (b) RISE (black) and the RISE-

based BPCCs; (c) RISE-Mg (green), (d) RISE-Ca (red), and (e) RISE-Zn (purple). All 

thermographs were collected under the same temperature range (10–700°C) at a heating 

rate of 5°C/min under N2. 

3.2.6. Dissolution profile measurements. 

The dissolution of RISE, H-RISE and the RISE-based BPCCs under simulated 

physiological conditions (PBS, pH = 7.40; and FaSSGF, pH = 1.60) was assessed to verify 

the structural stability of these materials. The degradation of the RISE-based BPPCs was 
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quantified via direct UV-Vis spectroscopy (λmax = 260 nm). Dissolutions profiles of the 

RISE-based BPCCs were compared to that of RISE and H-RISE. The administered dosage 

of RISE in tablets is 35 mg,13,14 which correspond to the initial weight for the RISE-based 

BPCCs, H-RISE and RISE (active ingredient in Actonel®) for the dissolution 

measurements. Results from dissolution assays in PBS (Figure 3.2.6.1a) demonstrate that 

RISE and H-RISE reached higher equilibrium solubility (100% in 30 min) than the RISE-

based BPCCs (70-85% in 18-24 h). RISE-Ca presented distinctly lower equilibrium 

solubility in PBS, reaching its maximum concentration of RISE (~10%) in 6 h.  

To further investigate if the RISE-based BPCCs present a pH-dependent 

degradation, dissolution of the metal complexes in FaSSGF was performed. From the 

dissolution assays in FaSSGF (Figure 3.2.6.1b), results demonstrate that RISE (Actonel®) 

presents a similar dissolution as in PBS (100%), but in lower pH it reaches its maximum 

equilibrium solubility in 1 min (FaSSGF) rather than in 30 min (PBS). All RISE-based 

BPCCs present significantly higher dissolution and equilibrium solubility in acidic media 

(100 % in 3 h), compared to their dissolution in PBS (70-85% in 18-24 h). The lowest 

dissolution observed corresponds to H-RISE, which reached its maximum equilibrium 

solubility (100%) in 18 h. The observed pH-dependent dissolution is desirable because it 

may allow RISE-based BPCCs nanoparticles to circulate longer allowing them to sustain 

blood plasma concentrations for RISE and reach the target site. Once there, this material 

might be able to degrade in the increasingly acidic microenvironment of metastatic 

sites.15,16,17 These results provide evidence of the structural stability of the RISE-based 

BPCCs in physiological media, and hint at their ability to degrade releasing the drug 

content (RISE) in a controlled and pH-dependent manner. Because these materials are not 
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able to encapsulate drugs within their 2D structure, the degradation of the BPCC itself 

could provide the release of the BP (RISE) at the metastatic site. 

 

Figure 3.2.6.1. Complete dissolution profile of RISE (black), H-RISE (blue), RISE-Ca 

(red), RISE- Mg (green) and RISE-Zn (purple) in (a) PBS and (b) FaSSGF for 48 h. 

 

3.2.7. Phase Inversion Temperature (PIT)-nano-emulsion synthesis of nano-

Ca@RISE. 

A PIT-nano-emulsion method was employed during the synthesis of a selected 

RISE-based BPCC to reduce its particle size. RISE-Ca was used since it demonstrated a 

higher thermal stability and pH-dependent degradation. To determine the PIT temperature, 

conductivity measurements of a homogenized aqueous solution containing RISE, heptane 

and a surfactant (Brij®L4), were performed. This emulsion results in an oil-in-water (O/W) 

system reporting an average value of ~340.0 μS with measurements starting at 2°C. As the 

emulsion is heated (1°C/min), a phase inversion occurs from the O/W micro-emulsion to a 

water in oil (W/O) nano-emulsion. The phase inversion started at 11°C and ended at 20°C, 

where the conductivity measurements dropped to an average value of ~9.74 µS. Figure 

3.2.7.1a shows the PIT of the RISE/Heptane/Brij®L4 system in which the average 

temperature for the phase inversion occurs at ~16°C. 
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After identifying the PIT, the synthesis of nano-Ca@RISE was performed. An 

emulsion comprised of a RISE solution, heptane, and Brij® L4 was homogenized and 

treated using the PIT- nano-emulsion method. When the formation of droplets containing 

the ligand solution was obtained, addition of the metal salt solution promoted the formation 

of the nano-Ca@RISE nanoparticles. Particle size analysis using dynamic light scattering 

(DLS) demonstrated average particle size distributions of 269.8, 385.1 and 371.0 d.nm, 

and average polydispersity index (PDI) values of 0.738, 0.604 and 0.495 (Figure 3.2.7.1b). 

This PDI values are representative of moderately monodisperse nanoparticles. The 

hydrothermal synthesis for the BPCC was adapted using the PIT-nano-emulsion method. 

By limiting the available space and confining the crystallization process, the size of the 

particles was decreased from a micron range of ~300 µm to a nano range of ~342 d.nm. To 

verify the crystal phase of nano-Ca@RISE against the bulk material (RISE-Ca), PXRD 

analysis was carried out on a micron-sized agglomerate (Section 3.4.12). PXRD results 

demonstrated that the crystal phase of nano-Ca@RISE particles and RISE-Ca bulk crystals 

are isostructural (Figure 3.2.7.1c). Therefore, the crystal phase of RISE-Ca was maintained 

through the successful decrease of the crystal size by applying the PIT nano-emulsion 

method.  
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Figure 3.2.7.1. Synthesis of nano-Ca@RISE: (a) Diagram of the nano-Ca@RISE PIT 

nano-emulsion synthesis. PIT starts at ~11°C and ends at ~20°C, with a resulting inversion 

of phases at ~16°C (dashed line), (b) Dynamic Light Scattering (DLS) analysis of the 

resulting nanocrystals showing an average particle size distribution of ~342 d.nm., and (c) 

PXRD overlay of RISE (black), RISE-Ca simulated powder pattern (navy blue), RISE-Ca 

bulk crystals (red), and agglomerated nanocrystals of nano-Ca@RISE (light blue). 

 

3.2.8. Aggregation measurements of nano-Ca@RISE in biorelevant dispersant. 

 Aggregation of the nano-Ca@RISE particles was monitored in biologically 

relevant conditions (10% FBS:H2O) after 24, 48 and 72 h. This analysis can provide 

insights about the potential of the nanocrystals to maintain their particle size (<500 nm) 

and be able to serve for drug delivery when suspended in physiological media.18 DLS 

results demonstrate a relatively homogeneous particle size distribution of nano-Ca@RISE 

in the biorelevant dispersant at every time point. Average particle size distribution values 

obtained for the three time points were 74.03 d.nm (24 h), 104.7 d.nm (48 h), and 112.0 

d.nm (72 h) (Figure 3.2.8.1). Furthermore, nano-Ca@RISE particles remained moderately 

monodispersed along the three-time points, showing PDI values of 0.578 (24 h), 0.479 (48 
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h), and 0.465 (72 h). These results confirmed that nano-Ca@RISE possesses low 

aggregation tendency when suspended in biologically relevant conditions (10% FBS:H2O), 

demonstrating the ability to maintain its particle size without forming larger aggregates 

over time. 

 

Figure 3.2.8.1. DLS spectra showing the particle size distribution of nano-Ca@RISE after 

24 (blue), 48 (red), and 72 h (green) in 10% FBS:H2O. 

 

3.2.9. Binding Assays of nano-Ca@RISE to HA.  

The capacity of nano-Ca@RISE to bind to the main constituent of the bone 

microenvironment, HA, under simulated physiological conditions, was evaluated through 

a binding assay. The nano-Ca@RISE bound to HA was quantified by monitoring the 

decrease in the nano-Ca@RISE concentration of the supernatant employing absorption 

measurements (λmax = 206 nm). Unlike previously investigated nano-BPCCs, the 

quantification of the binding percentage of the nanocrystals was not measured by the direct 

quantification at the same wavenumber of the ligand (RISE, λmax = 260 nm). It was 

observed that the RISE chromophore changes its behavior when coordinated with a 

divalent metal such as calcium (Ca2+). The absorption spectrum of RISE compared to the 

one of nano-Ca@RISE, revealed a change in the lambda max (λmax) from 260 nm to 206 

nm, respectively. Here, it is suggested that the complex formation, as well possible 
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aggregation of the nanoparticles, caused the absorption of the resulting material to red-shift 

to lower wavelengths. This phenomenon could lead to a quenching effect since this process 

decreases the absorption of a substance (the ligand) based on complex formations.19,20 

Therefore, a calibration curve of nano-Ca@RISE in PBS was employed for quantification 

of the nanocrystal’s concentration in the supernatant after the binding assay. 

Binding curves (Figure 3.2.9.1) demonstrate that 18% of RISE (control) binds to 

HA in 1 day and reaches a maximum binding of 76% in 8 days under simulated 

physiological conditions (PBS, pH = 7.40). Results for nano-Ca@RISE demonstrate that 

the nanomaterial reaches its maximum binding of 30% to HA in 1 day and remains constant 

up to 11 days under the same conditions. These results prove the higher binding (~1.7x) 

for nano-Ca@RISE when compared to the ligand within a relevant time frame (Figure 

3.2.9.1, light pink region). Here, it is presumed that the uncoordinated phosphate groups at 

the surface of the nanocrystals are responsible for the binding to HA. 

 

Figure 3.2.9.1. Binding curves of RISE (control, black) and nano-Ca@RISE 

(experimental, pink) to HA in PBS, showing their maximum binding of 76% (black dashed 

line) and 30% (pink dashed line), respectively. Error bars for duplicate measurements fall 

below five percent (<5%) error. 
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3.2.10. Cytotoxicity assays of nano-Ca@RISE. 

The cytotoxicity effects of nano-Ca@RISE nanocrystals were assessed through in 

vitro assays against the human breast cancer MDA-MB-231 and osteoblast like hFOB 1.19 

cell lines. The MDA-MB-231 cell line represents a model of breast-cancer-induced OM 

that possess micro-RNAs involved in the development of bone metastasis,21,22 while the 

immortalized human fetal hFOB 1.19 cell line is a homogeneous model that allows the 

study of osteoblast differentiation. In this work, the hFOB 1.19 cell line was employed to 

imitate the normal human bone microenvironment.23 Determination of the IC50 values 

against MDA-MB-231 and hFOB 1.19 cell lines was performed employing RISE 

concentrations of 0-200 µM. After treating the MDA-MB-231 cell line with RISE, an IC50 

value of 98 ± 3 µM was determined at 72 h, while for treatment at 48 h an IC50 of 175 ± 3 

µM was observed. Moreover, at 24 h of treatment, an IC50 >200 µM was obtained. This 

result demonstrated that RISE (0-200 µM) shows cytotoxicity after 48 h of treatment 

against the MDA-MB-231 cell line. Moreover, the IC50 for the hFOB 1.19 cell line was 

>200 µM at 24, 48 and 72 h, indicating that RISE (0-200 µM) did not cause cell death after 

72 h of treatment in the osteoblast cells. The IC50 curves for the above-described treatments 

are shown in Section 3.4.14.  

 Furthermore, the %RCL was investigated for both cell lines at concentrations of 

35, 40, 45, and 50 µM for RISE (control) and nano-Ca@RISE (experimental) during 24, 

48, and 72 h. At a concentration of 35 µM, the cell viability decreased moderately for the 

MDA-MB-231 cell line when treated with the nanocrystals after 72 h (73 ± 3%), contrasted 

to RISE where the cell viability was ~100% (Figure 3.2.10.1a). The %RCL for MDA-MB-

231 treated with nano-Ca@RISE at 40 µM decreased significantly to 82 ± 3% and 56 ± 
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2%, after 48 and 72 h, respectively (Figure 3.2.10.1b). At this concentration, RISE did not 

cause cell death (%RCL ~100%) against the MDA-MB-231. Moreover, a significantly 

higher cell growth inhibition of the cancerous model was observed with nano-Ca@RISE 

treatments at 45 and 50 µM. For treatment at 45 µM, an %RCL of 61 ± 2 and 11 ± 1% after 

48 and 72 h, respectively, was observed for the nanocrystals (Figure 3.2.10.1c). Thereafter, 

treating the cells with nano-Ca@RISE at 50 µM, resulted in a much higher cytotoxicity 

effect against the MDA-MB-231 [%RCL, 22 ± 3 (48 h) and 6 ± 1% (72 h)], compared to 

the one observed for RISE at this concentration [%RCL, 97 ± 3 (48 h) and 93 ± 2% (72 h), 

Figure 3.2.10.1d]. These results demonstrate the potential of nano-Ca@RISE to induce 

significant cytotoxicity at a concentration range of 35-50 µM against cells that are prone 

to metastasize to the bone. Interestingly, nano-Ca@RISE was able to induce significant 

cytotoxicity effects in vitro against the MDA-MB-231 cell line at concentrations ~2-3x 

lower to the ones reported employing other third generation BPs, such as zoledronate.24 In 

addition, compared to the commercial dosage of RISE (Actonel®, 35 mg), the 

concentrations employed for the nanocrystals are significantly lower.13,14 

The cytotoxicity of nano-Ca@RISE was investigated in normal osteoblast-like 

cells and compared to that of RISE. Treatments were conducted with the nanocrystals 

(experimental) and RISE (control) employing the hFOB 1.19 cell line, at the same 

concentrations utilized for the MDA-MB-231 assays. In this assay, after nano-Ca@RISE 

treatment, no significant cell growth inhibition against the hFOB 1.19 cell line (%RCL 

≥80%, standard cell viability threshold) was expected, to prevent damage to the normal 

cell tissue at the bone microenvironment.25,26 The cell viability results confirmed that no 

significant cell death was observed after both RISE and nano-Ca@RISE treatments at the 
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lower concentrations (35 and 40 µM), after 24, 48, and 72 h. After treating the osteoblast-

like cells with the nanocrystals, the resulting %RCL values were 94 ± 3% (48 h) and 94 ± 

4% (72 h) at 35 µM, (Figure 3.2.10.1e), while 85 ± 2% (48 h) and 84 ± 2% (72 h) at 40 

µM (Figure 3.2.10.1f). Moreover, at concentrations of 45 and 50 µM, significant cell death 

was observed against the hFOB 1.19 cell line after nano-Ca@RISE treatment, but not for 

RISE (%RCL ~100%). After 48 h of treatment with the nanocrystals, %RCL values of 11 

± 1 (45 µM) and 5 ± 1% (50 µM ) were obtained, while after 72 h, %RCL values of 10 ± 

1 (45 µM) and 3 ± 1% (50 µM) were observed (Figure 3.2.10.1g and 3.2.10.1h). These 

results demonstrate that at a concentration rage between 35-40 µM, nano-Ca@RISE 

present significant cytotoxicity against triple-negative breast cancer cells that metastasize 

to the bone (MDA-MB-231), without affecting negatively normal osteoblast cells (hFOB 

1.19) at the metastatic site.  

 

Figure 3.2.10.1. 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, RISE 

(black), and nano-Ca@RISE (red) at concentrations of (a, e) 35, (b, f) 40, (c, g) 45, and (d, 

h) 50 µM after 24, 48, and 72 h of treatment. 
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3.3. Conclusions. 

Herein, the reaction between clinically employed RISE, and three biologically 

relevant metals (Ca2+, Mg2+, and Zn2+) resulted in three different RISE-based BPCCs. 

These materials were structurally characterized to provide evidence about the spatial 

arrangement of atoms within their structures. Based on the higher thermal and structural 

stability, as well the observed pH-dependent degradation in physiological media, RISE-Ca 

was selected for particle size reduction and to assess its biomedical properties, namely, 

aggregation tendency, binding affinity to HA and cytotoxicity effects. The crystal size of 

RISE-Ca (~300 µm), was significantly reduced by employing the PIT-nano-emulsion 

method, thus resulting in nano-Ca@RISE (~342 d.nm). The particle size reduction of this 

BPCC provides several advantages towards its biomedical applications, as it potentiates its 

use as a nanocrystal-based therapy, particularly for bone-related diseases. Additionally, 

nano-Ca@RISE presented low aggregation when in contact with biological relevant 

conditions (10% FBS:H2O) up to 72 h after synthesis. More important, this suggests that 

nano-Ca@RISE could comply with the desirable particle size without forming larger 

aggregates, thus avoiding excretion through phagocytosis mechanisms during cellular 

uptake. Furthermore, to investigate the ability of this nanomaterial to bind to HA, and 

possibly provide localized therapeutic effects at the metastatic site, binding affinity assays 

were performed. Results demonstrate that nano-Ca@RISE binds ~1.7x more (30%) to HA 

than RISE (17%) in 1 day, suggesting that it could bind to the main constituent of the bone 

microenvironment at the metastatic site with higher affinity and within a relevant time 

frame. Because it was previously demonstrated that the nanomaterial could degrade in a 

pH-dependent manner, and with the outcomes revealed through the binding assays, it is 
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suggested that the nanocrystals possess the ability to degrade selectively at the metastatic 

site. Thereafter, the cytotoxicity effects of nano-Ca@RISE were compared to that of RISE 

in vitro against the human breast cancer MDA-MB-231 and normal osteoblast-like hFOB 

1.19 cell lines. Results demonstrated significant cell growth inhibition for nano-Ca@RISE 

against the cancerous model after 72 h of treatment, specifically at a concentration of 40 

µM (% RCL = 56 ± 2 %). At the same concentration, the nanocrystals did not reveal 

significant cytotoxicity effects against the normal osteoblastic cells (%RCL = 84 ± 2%). 

With these results, it is demonstrated that this nanomaterial has the potential to treat 

cancerous cells that are prone to metastasize without significantly affecting a cell model 

that represents healthy tissue at the bone microenvironment. The properties exhibited by 

the nano-RISE-based BPCC regarding structure, dissolution, stability, binding, and 

cytotoxicity suggest a high potential of this nanomaterial to serve as an alternative approach 

aimed to treat and prevent breast-cancer-induced OM and other bone-related diseases. 

3.4. Experimental Details. 

3.4.1. Hydrothermal syntheses of RISE-based BPCCs. 

Note: HEDP was added as an auxiliary ligand when needed to decrease the pH below the 

pKa’s (pH = 1.13-4.02) of the principal ligand (RISE) in the reactions with the bioactive 

metals Ca2+, Zn2+, and Mg2+. When HEDP was employed in the synthesis of RISE-Ca and 

RISE-Mg, the single crystals obtained were RISE recrystallized in its acid form (H-RISE). 

For RISE-Zn, when HEDP was employed, no crystalline product was observed.  

H-RISE. Crystallization of H-RISE was carried out by preparing a RISE solution in 

nanopure water. HEDP was added to decrease the pH (1.161) below of the pKa’s of the 
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principal ligand (RISE) and to achieve full protonation of the phosphonate groups. Heat 

was applied to the resulting mixture until crystals appeared (~24 h). The product was 

collected by vacuum filtration and air-dried. 

RISE-Ca. A mixture of RISE and Ca(NO3)2·4H2O with a molar ratio (1:1) was prepared at 

room temperature using distilled water as follows. The ligand solution was prepared by 

dissolving 0.25 mmol (0.0763 g) of solid RISE with 2.5 mL of distilled water in a 20 mL 

vial and heating it at 85°C for 30 min. The metal salt solution was prepared by dissolving 

0.25 mmol (0.0368 g) of Ca(NO3)2·4H2O with 2.5 mL of distilled water. This solution was 

added to the ligand solution using a syringe. The resulting mixtures were heated at 85°C 

until crystals were visually detected (~15 min). The vials were removed from the heat after 

the crystals appeared and were left undisturbed to promote the growth of the crystals. The 

product was collected by vacuum filtration and air-dried. 

RISE-Mg. A mixture of RISE and Mg(NO3)2·6H2O with a molar ratio (1:1) was prepared 

at room temperature using distilled water as follows. The ligand solution was prepared by 

dissolving 0.25 mmol (0.0763 g) of solid RISE with 2.5 mL of distilled water in a 20 mL 

vial and heating it at 85°C for 30 min. The metal salt solution was prepared by dissolving 

0.25 mmol (0.0641 g) of Mg(NO3)2·6H2O with 2.5 mL of distilled water. This solution was 

added to the ligand solution using a syringe. After mixing the solution, the resulting 

mixture was heated at 85°C until crystals were visually detected (~ 30 min). The vial was 

removed from the heat after the crystals appeared and was left undisturbed to promote the 

growth of the crystals. The product was collected by vacuum filtration and air-dried. 
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Note: For the synthesis of RISE-Mg, both metal salts, Mg(NO3)2 and MgCl2, can be 

utilized. However, by employing Mg(NO3)2 for the synthesis of RISE-Mg, single crystals 

with a higher quality were obtained, compared to when MgCl2 was employed.  

RISE-Zn. A mixture of RISE and Zn(NO3)2·6H2O with a molar ratio (1:1) was prepared at 

room temperature using distilled water as follows. The ligand solution was prepared by 

dissolving 0.25 mmol (0.0763 g) of solid RISE with 2.5 mL of distilled water in a 20 mL 

vial and heating it at 85°C for 30 min. The metal salt solution was prepared by dissolving 

0.25 mmol (0.0744 g) of Zn(NO2)2·6H2O with 2.5 mL of distilled water. This solution was 

added to the ligand solution using a syringe. A precipitated was formed, which was allowed 

to settle, and the supernatant was transferred to another vial using a pipette. The resulting 

mixtures were heated at 85°C until crystals were visually detected (~1.5 h). The vials were 

rem oved from the heat after the crystals appeared and were left undisturbed to promote 

the growth of the crystals. The product was collected by vacuum filtration and air-dried. 

Note: For the synthesis of RISE-Zn, both metal salts, Zn(NO3)2 and ZnCl2, can be utilized. 

However, by employing Zn(NO3)2 for the synthesis of RISE-Mg, single crystals with a 

higher quality were obtained, compared to when ZnCl2 was employed.  

3.4.2. Raman microscopy. A Thermo Scientific DXR Raman microscope, equipped with 

a 532 nm laser, 400 lines/nm grating, and 50 μm slit, was used to record the Raman spectra. 

The measurements were collected at room temperature over the range of 3,400 and 100 

cm-1 by averaging 32 scans with exposures of 5 s. For data collection and analysis, the 

OMNIC for Dispersive Raman software version 9.2.0 was employed.  



112 

 

3.4.3. 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-Kα radiation (λ = 1.5417 Å) source and equipped with a HyPix3000 X-

ray detector (50 kV, 0.8 mA). Powder samples were mounted in MiTeGen micro loops 

with a small amount of paratone oil. The measurements were collected between 6 – 60o 

with a step of 0.01o using the Gandalfi move experiment. The CrystAllisPRO software v. 

1.171.3920a was used for data analysis.   

3.4.4. Single crystal X-ray diffraction (SCXRD). To assess the quality of the crystals, 

they were observed under a microscope using polarized light. Optical micrographs were 

recorded on a Nikon Eclipse microscope LV100NPOL, equipped with a Nikon DS-Fi2 

camera and NIS Elements BR software version 4.30.01. Suitable single crystals of H-RISE, 

RISE-Ca, RISE-Zn and RISE-Mg were mounted with paratone oil onto MiTeGen micro 

loops and structural elucidation was carried out in a Rigaku XtaLAB SuperNova single 

micro-focus Cu-Ka radiation (λ = 1.5417 Å) 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 

using the SHELXS program. The refinement was performed using full-matrix least squares 

on F2 within the SHELXL program from Olex2 software v1.2. All non-hydrogen atoms 

were anisotropically refined.   

Figures 3.4.4.1-3.4.4.4 display the ball-stick representation of the asymmetric unit 

and crystalline packing for the refined structures obtained from Mercury software v4.0.0. 

Figures 3.4.4.5-3.4.4.8 show the Oak Ridge Thermal Ellipsoid Plots (ORTEPs) for each 
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crystal structure of H-RISE and the RISE-based BPCCs. Figures 3.4.4.9-3.4.4.12 depict an 

overlay of the simulated and experimental powder patterns for all structures solved. Figures 

3.4.4.13-3.4.4.14 show distinct overlays of the simulated powder diffraction pattern 

overlay for other previously known structures of RISE metal complexes in comparison to 

the structures solved within this work. Simulated PXRDs were extracted from the 

crystallographic information files (CIF files) obtained from the Cambridge Structural 

Database or obtained within this work.8,10,12 

 
Figure 3.4.4.1.  Ball-stick representation of the (left) asymmetric unit and (right) 

crystalline packing of H-RISE along a-axis. 

 
Figure 3.4.4.2. Ball-stick representation of the (left) asymmetric unit and (right) crystalline 

packing of RISE-Ca along a-axis. 

 
 

Figure 3.4.4.3. Ball-stick representation of the (left) asymmetric unit and (right) crystalline 

packing of RISE-Mg along b-axis. 
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Figure 3.4.4.4. Ball-stick representation of the (left) asymmetric unit and (right) crystalline 

packing of RISE-Zn along a-axis. 

 

 

 
Figure 3.4.4.5. ORTEPs (atoms labeled) showing the spatial arrangement of the RISE 

molecules within the crystal lattice of H-RISE. 

 

 

 
Figure 3.4.4.6. ORTEPs (atoms labeled) showing the connectivity between Ca atom and 

RISE to form RISE-Ca. 
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Figure 3.4.4.7. ORTEPs (atoms labeled) showing the connectivity between Mg atom and 

RISE to form RISE-Mg.  

 

 
Figure 3.4.4.8. ORTEPs (atoms labeled) showing the connectivity between Zn atom and 

RISE to form RISE-Zn. 

 
Figure 3.4.4.9. Simulated (bottom, blue) and experimental (top, red) powder pattern 

overlay of H-RISE BPCC. 



116 

 

 
Figure 3.4.4.10. Simulated (bottom, blue) and experimental (top, red) powder pattern 

overlay of RISE-Ca BPCC. 

 
Figure 3.4.4.11. Simulated (bottom, blue) and experimental (top, red) powder pattern 

overlay of RISE-Mg BPCC. 

 
Figure 3.4.4.12. Simulated (bottom, blue) and experimental (top, red) powder pattern 

overlay of RISE-Zn BPCC. 
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Figure 3.4.4.13. Simulated powder pattern overlay of the crystallized H-RISE within this 

work (blue), and previously reported H-RISE structure (MOFVOS, burgundy).12 

 
Figure 3.4.4.14. Simulated powder pattern overlay of the synthesized BPCCs from bottom 

to top; RISE-Ca (red), RISE-Mg (green), and RISE-Zn (purple), and previously reported 

RISE metal complexes: RISE-Cd form I (POLNEK, orange),10 RISE-Cd form II (POLNIO, 

pink),10 RISE-Cu (LUVMUL01, light blue),8 and RISE-Ni (LAKPOE, navy blue).8 

 

 

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

Micrographs and X-ray microanalysis were performed with a JEOL JSM-6480LV 

scanning electron microscope with an Evenhart Thomley secondary electron imaging (SEI) 

detector and an energy dispersive X-ray analysis (EDAX) Genesis 2000 detector. SEM 

samples were coated with a 5-10 nm gold layer with a gold sputtering target (10 s), 
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employing a PELCO® SC-7 Auto Sputter Coater coupled with a PELCO® FTM-2 Film 

Thickness Monitor.  Images were taken with an electron beam of 11 mm width, and an 

acceleration voltage of 20 kV, with a spot size value of 36, high vacuum mode and SEI 

signal.  

3.4.6. Thermogravimetric analysis (TGA). TGA of RISE, H-RISE and RISE-based 

BPCCs was performed using TGA Q500 (TA Instruments Inc.). In all cases, ~1-5 mg of 

powder sample was thermally treated between 10-700°C at 5°C /min under a N2 gas 

atmosphere (60 mL min-1). Data were analyzed with TA Universal Analysis software 

version 4.3A. Figures 3.4.6.1-3.4.6.4 depict overlay of thermographs for H-RISE, the 

RISE-based BPCCs and RISE. TGA analysis of the “as received” RISE shows a low 

temperature (100°C) weight lost which corresponds to the dehydration of the ligand 

(hemipentahydrate). Subsequently, at 250-350 °C, weight loss occurred, which was 

attributed to the decomposition of RISE. 

 

 
Figure 3.4.6.1. TGA analysis of H-RISE shows an initial thermal degradation event (exp: 

5.954 wt. %), attributed to the loss of water molecules from the complex (theo: 5.98 wt. 

%). Additionally, TGA analysis shows a low temperature (200-300°C) weight lost (57.46 

wt. %), which was attributed to the decomposition of RISE.   
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Figure 3.4.6.2. TGA analysis of RISE-Ca BPCC shows a low temperature (100-200°C) 

weight lost (exp: 10.23 wt. %), which was attributed to the evaporation of water molecules 

(theo: 10.65 wt. %). Additionally, another low temperature (200-400°C) weight lost (8.199 

wt. %) was observed, which was attributed to the decomposition of RISE. Subsequently at 

higher temperature (400-700°C) a weight loss of 12.52 wt. % occurred, which was 

attributed to the degradation of calcium/calcium oxide. 

 

 

 
Figure 3.4.6.3. TGA analysis of RISE-Mg BPCC shows an initial thermal degradation 

event (exp: 10.36 wt. %), attributed to the loss of water molecules from the complex (theo: 

10.97 wt. %). Additionally, TGA analysis shows a low temperature (250-400°C) weight 

lost (17.22 wt. %), which was attributed to the decomposition of RISE. Subsequently at 

higher temperature (410-700°C) a weight lost (5.602 wt. %) occurred, which was attributed 

to the degradation of magnesium/magnesium oxide. 
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Figure 3.4.6.4. TGA analysis of RISE-Zn BPCC shows a low temperature (100-200°C) 

weight lost (exp: 9.796 wt. %), which was attributed to the evaporation of water molecules 

(theo: 10.30 wt. %). Another low temperature (210-420°C) weight lost (12.02 wt. %), 

which was attributed to the decomposition of RISE was observed. Subsequently, at higher 

temperature (430-700°C) a weight loss of 15.977 wt. % occurred, which was attributed to 

the degradation of zinc/zinc oxide. 

 

3.4.7. Dissolution profiles for RISE-based BPCCs.  

3.4.7.1. Dissolution profile in PBS  
 

Stock Solution: A standard stock solution of RISE was prepared by dissolving 100 mg of 

the ligand in a 100 mL volumetric flask using PBS. Further dilute solutions were prepared 

from this stock solution (see Calibration Curve section).  

Calibration Curve: A concentration range between 0.01-0.12 mg/mL was achieved by 

transferring accurately measured aliquots of the RISE stock solution into a series of 25 mL 

volumetric flasks. Each solution was completed to the 25 mL mark with PBS. 

Dissolution Profile: Dissolution profiles were recorded for RISE, H-RISE, RISE-Ca, 

RISE-Mg, and RISE-Zn. Dissolution tests were performed in 100 mL of PBS buffer (pH = 

7.40), controlling temperature at 37°C and stirring at 150 rpm. About 35 mg of the solid 
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RISE, H-RISE and the RISE-based BPCCs and, were grinded using a mortar and pestle. 

The powder was added to the PBS solution at the beginning of the dissolution under 

stirring. To record the complete dissolution profile, samples of 1.0 mL were collected after 

0, 0.0083, 0.017, 0.083, 0.17, 0.5, 1, 3, 6, 18, 24 and 48 h. The samples were placed in 5 

mL volumetric flasks and completed to volume with PBS. The absorbance was measured 

at λmax = 260 nm against a reagent blank in a 400-200 nm scan range using an Agilent 

Technologies Cary Series UV-Vis spectrophotometer, Cary 100 UV-Vis mode and the UV 

Cary Scan software (version v.20.0.470).  Figures 3.4.7.1.1-3.4.7.1.2 depict the absorption 

spectra with the respective calibration curve for the RISE quantification in PBS.  

 
Figure 3.4.7.1.1. Absorbance spectra of RISE presenting a λmax at 260 nm in PBS in the 

concentration range (0.01-0.12 mg/mL) employed to construct a calibration curve. 

 
Figure 3.4.7.1.2. Calibration curve with a concentration range of 0.01-0.12 mg/mL for the 

quantification of RISE in PBS. 
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3.4.7.2. Dissolution profile in FaSSGF  
 

Stock Solution: A standard stock solution of RISE was prepared by dissolving 100 mg of 

the ligand in a 100 mL volumetric flask using FaSSGF. Further dilute solutions were 

prepared from this stock solution (see Calibration Curve section).  

Calibration Curve: A concentration range between 0.01-0.12 mg/mL was achieved by 

transferring accurately measured aliquots of the RISE stock solution into a series of 25 mL 

volumetric flasks. Each solution was completed to the 25 mL mark with FaSSGF. 

Dissolution Profile: Dissolution profiles were recorded for RISE, H-RISE, RISE-Ca, 

RISE-Mg, and RISE-Zn. Dissolution tests were performed in 100 mL of FaSSGF buffer 

(pH = 1.60), controlling temperature at 37°C and stirring at 150 rpm. 35 mg of the solid 

RISE, H-RISE and the RISE-based BPCCs, were grinded using a mortar and pestle. The 

powder was added to the PBS solution at the beginning of the dissolution under stirring. 

To record the complete dissolution profile, samples of 1.0 mL were collected after 0, 

0.0083, 0.017, 0.083, 0.17, 0.5, 1, 3, 6, 18, 24 and 48 h. The samples were placed in 5 mL 

volumetric flasks and completed to volume with PBS. The absorbance was measured at 

λmax = 260 nm against a reagent blank in a 400-200 nm scan range using an Agilent 

Technologies Cary Series UV-Vis spectrophotometer, Cary 100 UV-Vis mode and the UV 

Cary Scan software (version v.20.0.470). 

Figures 3.4.7.2.1-3.4.7.2.2 depict the absorption spectra with the respective 

calibration curve for the RISE quantification in FaSSGF.  
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Figure 3.4.7.2.1. Absorbance spectra of RISE presenting a λmax at 260 nm in FaSSGF in 

the concentration range (0.01-0.12 mg/mL) employed to construct a calibration curve. 

 

 
Figure 3.4.7.2.2. Calibration curve with a concentration range of 0.01-0.12 mg/mL for the 

quantification of RISE in FaSSGF. 

 

3.4.8. Phase Inversion Temperature (PIT) determination. A 2.5 mg/mL aqueous RISE 

solution was prepared by dissolving 250 mg of the drug in a 100 mL volumetric flask using 

nanopure water. To prepare the emulsion, 11 mL of the RISE solution was added with 3 

mL of heptane and 0.9 mL of Brij®L4 in a 20 mL vial. The resulting mixture was 

homogenized with an IKA T10 Basic Ultra Turrax (IKA Works Inc., Wilmington, NC), 

for 30 sec at a speed of “4” (14,450 rpm equivalent). The experimental setup consisted of 

a jacketed beaker with a 20.3 cm (8”) stainless steel RTD temperature probe (VWR®, 
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VWR International) and a Fisher brand Accumet BasicAB30 conductivity meter (Fisher 

Scientific UK, Loughborough, UK) used to measure the conductivity of the emulsion. 

Additionally, a Julabo F32-ME Refrigerated/Heating Circulator (JULABO GmbH, 

Seelbach, Germany) was employed to control the bath temperature and a VWR® 

Professional Hot Plate Stirrer (97042-714, VWR®, VWR International) was used to stir 

the solution in the vial and the water bath at 300 rpm. Conductivity measurements were 

recorded in 1-degree intervals starting when the temperature of the emulsion reached 2 °C 

and the temperature profile was carried out until 40 °C with a heating rate of 1 °C min-

1. Figure 3.4.8.1 depicts the PIT determination curve for an aqueous RISE solution in 

heptane and Brij L4®. 

 
Figure 3.4.8.1. Nano-emulsion PIT determination of an aqueous RISE solution, showing 

the phase inversion occurs at approximately ~ 16 °C (dashed line). Depicted by the light 

orange region is the range for the phase inversion which starts at 11 °C and ends at 20 °C. 

 

3.4.9. PIT-nano-emulsion synthesis of nano-Ca@RISE. The nano-emulsion synthesis of 

nano-Ca@RISE was performed in a CrystallineTM crystallization system (Technobis 

Crystallization Systems, Alkmaar, Netherlands). Pre-homogenized emulsions consisting of 

11 mL of RISE solution, 3 mL heptane and 0.9 mL Brij® L4 from the PIT determination 
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were used. The emulsion was homogenized, and 2.5 mL were transferred to a Crystalline 

reaction vial with a stir bar and a reflux cap. The vial was placed in a reactor at a 

temperature of 8°C at 1,250 rpm for 30 min. Afterwards, the vial was transferred to a 

second reactor at 45°C at 1,250 for 30 min. The temperature was raised to 85°C and 2.5 

mL of the metal salt solution [94.48 mg/mL, Ca(NO3)2] was added with a syringe. The 

emulsion was left to continue stirring at 1,250 for 5 min at 85°C before taking out of the 

reactor and left undisturbed for 1 h before analyzing the supernatant from the water phase.  

3.4.10. Particle size distribution of nano-Ca@RISE nanoparticles to assess 

aggregation.  

Aliquots of the supernatant from the water phase presumed to contain nano-

Ca@RISE nanoparticles were analyzed in a Malvern Panalytical Zetasizer NanoZS 

(Spectris PLC, Surrey, England) equipped with a He-Ne orange laser (633 nm, max 4 mW). 

Data was analyzed with Malvern software, version 7.12. The Zetasizer software 

automatically optimizes the built-in attenuator distance and the number of runs per 

measurement. The amount of run time was held constant at 10 sec, each measurement was 

performed in triplicate. The refractive index used for the sample was 1.33, which 

correspond to RISE in water. This value was determined by measuring an aliquot of 2.5 

mg/mL RISE stock solution with a Mettler Toledo Refracto 30GS (Mettler Toledo, 

Columbus, OH). 

Samples were prepared by taking 50 μL aliquots of the supernatant from the nano-

synthesis water phase. They were transferred in disposable polystyrene cuvettes (REF: 

67.754, 10 x 10 x 45 mm, Sarsted, Germany) and diluted with nanopure water in a 1:20 

ratio. The cuvettes containing the samples remained undisturbed near the Zetasizer for 30 
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min prior to the measurements. Afterwards, size measurements were performed after 2 min 

of sample equilibration inside the instrument at room temperature (25°C). Tables 3.4.10.1-

3.4.10.3 summarize the DLS parameters and values for three PIT-nano-emulsion synthesis 

products in nanopure water.  

Table 3.4.10.1. Dynamic light scattering parameters and values after analyzing the PIT-

nano-emulsion synthesis product. 

PIT-Nano-emulsion synthesis No. 1 

Run Size (d.nm) % Intensity St Dev (d.nm) PDI 

1 

391.3 78.6 95.31 

0.468 5360 15.6 337.7 

0.6779 5.8 0.07094 

2 

427.3 83.0 120.2 

0.464 48.79 14.4 10.20 

5560 2.6 6.104e-5 

3 

330.8 73.6 98.08 

0.880 5170 19.5 490.2 

34.39 6.9 7.310 

Average 

385.1 78.4 112.8 

0.604 5275 12.6 431.1 

44.12 7.1 11.54 

 

 

Table 3.4.10.2. Dynamic light scattering parameters and values after analyzing the PIT-

nano-emulsion synthesis product. 

PIT-Nano-emulsion synthesis No. 2 

Run Size (d.nm) % Intensity St Dev (d.nm) PDI 

1 

398.4 100.0 136.2 

0.179 0.000 0.0 0.000 

0.000 0.0 0.000 

2 

354.0 84.4 94.93 

0.856 5257 15.6 437.2 

0.000 0.0 0.000 

3 

353.6 75.5 107.4 

0.450 51.11 17.0 11.33 

5375 7.5 325.9 

Average 

371.0 86.6 117.8 

0.495 5295 7.7 408.2 

51.11 5.7 11.33 
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Table 3.4.10.3. Dynamic light scattering parameters and values after analyzing the PIT-

nano-emulsion synthesis product. 

PIT-Nano-emulsion synthesis No. 3 

Run Size (d.nm) % Intensity St Dev (d.nm) PDI 

1 

302.4 82.3 85.14 

0.801 5168 17.21 491.0 

0.000 0.0 0.000 

2 

301.5 83.9 84.36 

0.413 46.96 14.8 9.467 

5560 1.3 0.000 

3 

195.3 71.8 52.83 

1.000 5186 28.2 482.0 

0.000 0.0 0.000 

Average 

269.8 79.3 90.85 

0.738 5190 15.8 482.8 

46.96 4.9 9.467 

 

3.4.11. Aggregation measurements of nano-Ca@RISE in biorelevant dispersant. 

Samples were prepared by taking 50 μL aliquots of the supernatant from the nano-

synthesis water phase. They were transferred in disposable polystyrene cuvettes (REF: 

67.754, 10 x 10 x 45 mm, Sarsted, Germany) and diluted with 10% fetal bovine serum in 

water (10%FBS:H2O), respectively, in a 1:20 ratio. The cuvettes containing the samples 

remained undisturbed near the Zetasizer for 30 min prior to the measurements. Afterwards, 

size measurements were performed after 2 min of sample equilibration inside the 

instrument at room temperature (25°C). Particle size measurements were performed in the 

two dispersants after 24, 48 and 72 h of sample preparation. 

Tables 3.4.11.1-3.4.11.3 summarize the DLS parameters and values for three PIT-

nano-emulsion synthesis products in the biorelevant dispersant (10% FBS:H2O), at 24, 48 

and 72 h. 
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Particle size distribution after 24 hours 

 

Table 3.4.11.1. Dynamic light scattering parameters and values after analyzing the nano-

Ca@RISE in 10% FBS:H2O at 24 h.  

Particle size distribution: 10% FBS:H2O (24 h) 

Run Size (d.nm) % Intensity St Dev (d.nm) PDI 

1 

67.31 82.8 44.36 

0.533 2800 17.2 1354 

0.000 0.0 0.000 

2 

76.38 86.5 52.59 

0.610 4036 8.6 11.32 

6.344 4.4 1.383 

3 

75.22 74.7 45.00 

0.590 2872 16.8 1234 

9.434 8.4 2.772 

Average 

74.03 79.7 47.43 

0.578 3062 14.3 1363 

8.159 6.1 2.227 

 

 

Particle size distribution after 48 hours 

 

Table 3.4.11.2. Dynamic light scattering parameters and values after analyzing the nano-

Ca@RISE in 10% FBS:H2O at 48 h.  

Particle size distribution: 10% FBS:H2O (48 h) 

Run Size (d.nm) % Intensity St Dev (d.nm) PDI 

1 

106.5 84.1 59.02 

0.461 13.83 11.4 5.453 

4225 4.5 996.1 

2 

105.5 86.6 60.00 

0.483 12.03 10.6 3.104 

4337 2.9 953.0 

3 

102.1 85.2 52.48 

0.492 12.33 11.0 4.318 

4299 3.9 967.5 

Average 

104.7 85.2 57.28 

0.479 12.83 11.0 4.577 

4279 3.8 976.6 
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Particle size distribution after 72 hours 

 

Table 3.4.11.3. Dynamic light scattering parameters and values after analyzing the nano-

Ca@RISE in 10% FBS:H2O at 72 h.  

Particle size distribution: 10% FBS:H2O (72 h) 

Run Size (d.nm) % Intensity St Dev (d.nm) PDI 

1 

104.5 88.5 51.65 

0.427 12.18 9.3 3.623 

4789 2.1 730.4 

2 

113.8 85.8 59.52 

0.484 18.59 11.2 5.921 

5.692 1.8 1.073 

3 

118.2 91.2 73.63 

0.485 12.62 8.8 4.702 

0.000 0.0 0.000 

Average 

112.0 88.8 62.76 

0.465 13.94 10.1 5.482 

4866 1.1 697.0 

 

3.4.12. Polarized optical microscopy/Powder X-ray diffraction (nano-Ca@RISE). 

 

Agglomerated nanocrystals of nano-Ca@RISE were mounted in 20 μm MiTeGen 

micro loop. Optical micrograph was recorded with a Nikon Eclipse Microscope 

LV100NPOL, equipped with a Nikon DS-Fi2 camera and NIS Elements BR software 

version 4.30.01. Powder X-ray diffraction analysis parameters were maintained the same 

as in Section 3.4.3. Figure 3.4.12.1 shows the representative sample mounted in the micro 

loop. Figure 3.4.12.2 depicts the PXRD overlay of RISE, RISE-Ca simulated pattern, 

RISE-Ca bulk crystals and nano-Ca@RISE nanocrystals.  
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Figure 3.4.12.1. Polarized optical micrograph of nano-Ca@RISE agglomerated 

nanocrystals mounted in a 20 μm MiTeGen micro loop, observed at 20x magnification. 

 
Figure 3.4.12.2. Powder X-ray diffractogram overlay of “as received” RISE (black), RISE-

Ca simulated powder pattern (navy blue), RISE-Ca bulk crystals (red), and nano-

Ca@RISE nanocrystals (light blue). 

 

3.4.13. Binding assays of nano-Ca@RISE to HA. 

 

3.4.13.1. Nano-Ca@RISE calibration curve. 

Stock Solution: A standard stock solution of nano-Ca@RISE (0.01 mg/mL) was prepared 

by transferring a 400 μL aliquot from the supernatant from the nano-synthesis water phase 

in a 50 mL volumetric flask using PBS. Further dilute solutions were prepared from this 

stock solution (see Calibration Curve section).  

Calibration Curve: Accurately measured aliquots of the nano-Ca@RISE stock solution 

were transferred into a series of 10 mL volumetric flasks. To achieve a concentration range 

between 0.0005 and 0.006 mg/mL. Each solution was completed to the 10 mL mark with 

PBS. 
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Figure 3.4.13.1.1. Absorbance spectra of nano-Ca@RISE presenting a λmax at 206 nm in 

PBS in the concentration range (0.0005-0.006 mg/mL) employed to construct a calibration 

curve. 

 

 
Figure 3.4.13.1.2. Calibration curve with a concentration range of 0.0005 and 0.006 

mg/mL for nano-Ca@RISE for quantification in PBS.  

 

3.4.13.2. Hydroxyapatite assay. 

For the nano-Ca@RISE binding assay, 20 mg of hydroxyapatite (HA), were added 

to 3.00 mL of nano-Ca@RISE (0.5 mg/mL) in PBS solution. HA in PBS mixture, and the 

binding of RISE to HA, were used as control groups. The samples were left for 0-11 days 

at 37°C and 300 rpm. As a comparative method, additional binding assay for RISE “as 

received” was conducted employing the same parameters as for the nanocrystals. The 

selected time points were: 1, 2, 3, 4, 5, 7, 8, 9, 10, and 11 days. The supernatant was 

collected after each time point, then centrifuged (1,500 rpm, 8 min), and absorbance 
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measurements were performed at 206 nm to determine the binding percentage of RISE 

from the nano-Ca@RISE to HA.  

3.4.14. Cytotoxicity assays. 

Cell culture methods for the MDA-MB-231 cell line. This cell line was grown in Dulbecco’s 

Modified Eagle’s Medium (DMEM) supplemented with 10 % fetal bovine serum (FBS) 

and 1 % penicillin-streptomycin (Pen-Strep), incubated at 37°C and 5 % CO2. Cell passage 

and cell treatment were performed at 80% of cell confluence. The completed growth media 

was exchanged every two days.      

Cell culture methods for the hFOB 1.19 cell line. This cell line was grown in 1:1 mixture 

of Ham's F12 Medium Dulbecco's Modified Eagle's Medium accompanied with 10 % FBS 

and 0.3 mg/ml of geneticin (G418), incubated at 34°C in 5 % CO2. Cell passage and cell 

treatment were performed at 80% of cell confluence. The completed growth media was 

exchanged every two days.      

Cell seeding. The MDA-MB-231 and hFOB 1.19 cell lines were seeded in 96 well plates 

at a density of 2.5×105 cells/mL, incubation was carried out for 24 h at 37 °C for MDA-

MB-231 and 34 °C for osteoblast hFOB 1.19, in 5% CO2. The experiments were conducted 

in triplicates, three 96 well plates were made for each treatment period (24, 48, and 72 h).   

Cell treatment. To determine the half-maximal inhibitory concentration (IC50), for both cell 

lines, two-fold serial dilutions of RISE (0-200 µM) were prepared. To assess the relative 

cell live (%RCL) were employed selected two-fold serial dilutions (50, 45, 40, and 35 µM) 

of RISE and nano-Ca@RISE for MDA-MB-231 and hFOB 1.19 cell lines. For this, after 

the seeding, 100 µL of RISE and nano-Ca@RISE were used to treat the cells. The control 
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groups were treated with just media. Both cell lines were incubated for 24, 48, and 72 h 

after RISE and nano-Ca@RISE solutions were added.          

AlamarBlue® assay. For both cell lines, after the 24, 48, and 72 h of treatment, the media 

was removed from the 96 well plates. Subsequently, 100 µL of 10% AlamarBlue® solution 

was added and incubation was carried out for 4 h. The fluorescence (λexc = 570 nm, λem = 

590 nm) was measured employing an Infinite M200 PRO Tecan Microplate Reader. The 

half-maximal effective concentration (IC50) and the relative cell viability (%RCL) were 

assessed comparing the viability of the control group (100%) with the cells treated with the 

RISE and nano-Ca@RISE solutions. The IC50 curves and the %RCL values were plotted 

using the Graph Pad Prism 8 program.  

 Figure 3.4.14.1-3.4.14.2 shows the IC50 curves for MDA-MB-231 and hFOB 1.19 

treated with RISE (0-200 µM). The percentage of relative cell live (%RCL) for MDA-MB-

231 and hFOB 1.19 cell lines using RISE and nano-Ca@RISE in concentrations of 35, 40, 

45, and 50 µM are shown is Figures 3.4.14.3-3.4.14.8.   

 

 
Figure 3.4.14.1. IC50 curves for RISE employing the human breast cancer MDA-MB-231 

cell line at (a) 24, (b) 48, and (c) 72 h of treatment.   
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Figure 3.4.14.2. IC50 curves for RISE employing the osteoblast-like hFOB 1.19 cell line 

at (a) 24, (b) 48, and (c) 72 h of treatment. 

 

  
Figure 3.4.14.3. The relative cell live percentage (%RCL) of human breast cancer MDA-

MB-231 cell line treated with RISE (black) and nano-Ca@RISE (red) at concentrations of 

35, 40, 45, and 50 μM for 24 h. 

  
Figure 3.4.14.4. The relative cell live percentage (%RCL) of human breast cancer MDA-

MB-231 cell line treated with RISE (black) and nano-Ca@RISE (red) at concentrations of 

35, 40, 45, and 50 μM for 48 h. 

   
Figure 3.4.14.5. The relative cell live percentage (%RCL) of human breast cancer MDA-

MB-231 cell line treated with RISE (black) and nano-Ca@RISE (red) at concentrations of 

35, 40, 45, and 50 μM for 72 h. 
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Table 3.4.14.1. Relative cell viability (%) of MDA-MD-231 cell line treated with RISE 

and nano-Ca@RISE at 35, 40, 45, and 50 μM after 24, 48 and 72 h of treatment. 

Time 

Points 

35 μM  40 μM 45 μM 50 μM 

RISE 
Nano-

Ca@RISE 
RISE 

Nano-

Ca@RISE 
RISE 

Nano-

Ca@RISE 
RISE 

Nano-

Ca@RISE 

Control 100 100 100 100 100 100 100 100 
24 h 101 ± 2 97 ± 5 100 ± 2 97 ± 1 100 ± 2 91 ± 2 99 ± 2 76 ± 7 
48 h 100 ± 2 88 ± 2 100 ± 3 82 ± 3 98 ± 2 61 ± 2 97 ± 3 22 ± 3 

72 h 96 ± 2 73 ± 3 94 ± 1 56 ± 2 94 ± 2 11 ± 1 93 ± 2 6 ± 1 
 

   

Figure 3.4.14.6. The relative cell live percentage (%RCL) of osteoblast hFOB 1.19 cell 

line treated with RISE (black) and nano-Ca@RISE (red) at concentrations of 35, 40, 45, 

and 50 μM for 24 h. 

  

 Figure 3.4.14.7. The relative cell live percentage (%RCL) of osteoblast hFOB 1.19 cell 

line treated with RISE (black) and nano-Ca@RISE (red) at concentrations of 35, 40, 45, 

and 50μM for 48 h. 

  

Figure 3.4.14.8. The relative cell live percentage (%RCL) of osteoblast hFOB 1.19 cell 

line treated with RISE (black) and nano-Ca@RISE (red) at concentrations of 35, 40, 45, 

and 50 μM for 72 h. 
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Table 3.4.14.2. Relative cell viability (%) of hFOB 1.19 cell line treated with RISE and 

nano-Ca@RISE at 35, 40, 45, and 50 μM after 24, 48 and 72 h of treatment. 

Time 

Points 

35 μM 40 μM 45 μM 50 μM 

RISE 
Nano-

Ca@RISE 
RISE 

Nano-

Ca@RISE 
RISE 

Nano-

Ca@RISE 
RISE 

Nano-

Ca@RISE 

Control 100 100 100 100 100 100 100 100 
24 h 100 ± 1 93 ± 2 100 ± 1 88 ± 2 100 ± 1 71 ± 3 99 ± 1 6 ± 1 
48 h 101 ± 0 94 ± 3 100 ± 0 85 ± 2 100 ± 1 11 ± 1 96 ± 4 5 ± 1 

72 h 100 ± 2 94 ± 4 100 ± 1 84 ± 2 99 ± 2 10 ± 1 98 ± 1 3 ± 1 
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CHAPTER 4: ZOLEDRONATE-BASED COORDINATION COMPLEXES 

Reproduced from Ref. Mater. Adv., 2022, 3, 3251-3266 with permission from Royal 

Society of Chemistry 

 

 

4.1. Introduction. 

Among clinically utilized BPs, alendronate, risedronate and ibandronate present 

lower therapeutic efficacy compared to zoledronate (ZOLE, Figure 4.1.1), a last generation 

BP which exhibit the most potent (10,000-30,000x higher) and prolonged osteoclast 

antiresorptive activity.1,2 The ZOLE structure is characterized by the presence of an 

imidazole group as side chain in the respective R position. At the present, an optimal 

regimen for ZOLE against bone-related diseases and OM is not known.1,3,4 It has been 

established that most of the drug undergoes renal clearance due to its significantly low 

bioavailability (<1%) and gastrointestinal permeation.5–7 These attributes results in a 

maximum plasma concentration of 1 µM for the drug, which represents 10-100x lower 

concentration than that needed to kill cancer cells in vitro.8 However, recent studies have 

demonstrated that ZOLE exhibits direct cytotoxicity effects against human cancer cell 

models, recommending its use as chemotherapeutic agent.9–12  
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Figure 4.1.1. Molecular structure of ZOLE (Reclast®), the imidazole-containing BP 

employed for the design of RISE-based BPCCs. 

 

Several attempts have been carried out by employing ZOLE to design effective 

therapies against bone-related diseases, such as coordination complexes for drug 

delivery,8,13,14 and radiopharmaceuticals as a bone pain therapy for oncological 

diseases.2,15–17 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.2,8,13–17 In this chapter, we proposed to develop novel ZOLE-based 

coordination complexes nanocrystals and assess their potential to treat specifically breast-

cancer-induced OM. 

 In Chapters 2 and 3, the design of nanocrystals comprised of bisphosphonate-based 

coordination complexes (BPCCs) with the potential to treat breast-cancer-induced OM, 

was described.18 The reported ALEN and RISE-based BPCCs, presented several promising 

properties such as high thermal and structural stability, selective degradation in different 

physiological conditions, and significant cytotoxicity against human breast cancer cells at 

low concentrations.18 Moreover, metal ions such as Ca2+, Co2+, Mg2+, Mn2+, Ni2+ and Zn2+ 
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have been employed to form coordination complexes (CCs) with ZOLE.19–23 However, 

these reports focus mainly on the structural properties of these materials. 

 In this chapter, ZOLE was employed as a ligand for the reaction with three different 

bioactive metals (M2+ = Ca2+, Mg2+ and Zn2+) to design ZOLE-based BPCCs with the 

potential to treat OM. From the resulting materials, structural and thermal stability as well 

as degradation in different physiological media, were assessed to provide insights about 

their ability to be employed for biomedical applications. Furthermore, efficient crystal size 

reduction through a phase inversion 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 biological relevant media, its binding affinity to hydroxyapatite 

(HA), and cytotoxicity against both triple-negative breast cancer cells that metastasize 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 this material as an 

alternative approach aimed to treat and prevent breast-cancer-induced OM.24  

4.2. Results and Discussion.  

After exploring the design space for synthesizing ZOLE-based BPCCs, it was 

found that most of the crystalline materials formed while employing a 1:1 M2+/BP molar 

ratio at 85°C and in acidic conditions (pH < 4.40). Concomitant polymorphism was 

observed in all the hydrothermal reactions between ZOLE and the metals. Phase selection 

was achieved by varying the anion of the metal salt (NO3
-
 vs. Cl-), adding etidronate 

(HEDP) as an auxiliary ligand to decrease the pH (pH = 0.93) below the pKa’s of the ligand 

(pH = 1.23 – 4.40), or applying cooling crystallization once the reaction at 85°C was 
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complete. A scheme for the hydrothermal syntheses of the ZOLE-based BPCCs are 

presented in Figure 4.2.1.  

 

     Figure 4.2.1. 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+ = Ca2+, Mg2+, and Zn2+) at 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 (NO3
- vs Cl-), and addition of etidronic acid (HEDP) as auxiliary ligand.24 

 

Six coordination complexes were obtained with high crystal quality for structural 

elucidation, as seen under polarized light (Figure 4.2.1). For these ZOLE-based BPCCs, 

their solid-state characterization, stability in physiological media, particle size and 

aggregation tendency were assessed to potentiate their biomedical applications as a 

nanocrystals-based therapy against OM. 

4.2.1. Raman spectroscopy analysis. 

Representative Raman spectra of the isolated ZOLE-based BPCCs were collected 

from 3,400 to 100 cm-1 (Figure 4.2.1.1). This analysis confirmed that six distinctive 
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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 3,200 – 2,900 cm-1 region of the ZOLE-based 

BPCCs spectra compared to ZOLE. These bands correspond to the hydrogen phosphate H–

OPO2C moieties (3,000 – 2,900 cm-1) and the stretching vibrations νO–H/H2O (3,200 – 

3,100 cm-1) due to coordinated and lattice water molecules in the crystal structure of the 

resulting complexes.18,24 Compared to ZOLE, the increased intensity of the signal at ~3,000 

cm-1 for the coordination complexes corroborates the presence of various strong hydrogen 

bonds within each lattice. This suggests that an extensive hydrogen bonding is present 

within the crystal structure of the ZOLE-based BPCCs. Moreover, the band at 1,290 cm-1 

observed in the ZOLE-based BPCCs spectra can be attributed to the P=O deformation 

vibration due to the coordination with the metal center.18,24 The signal at around 1,190 cm-

1 is characteristic of νP=O/δπPOH stretching vibrations.18,24 The incorporation of ZOLE in 

the coordination sphere of the resulting materials is confirmed by two bands at 1,100 cm-1 

(strong) and 1,020 cm-1 (medium), respectively. This strong signal is characteristic for the 

νasP–O(H) asymmetric stretching vibrations, while the medium signal corresponds to the 

δPO-H bending of the phosphonate P–O3 groups.18,24 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-1 region of the ZOLE-based BPCCs spectra are attributed to the 

symmetric νsP–O(H) stretching vibrations.18,24 For ZOLE, these bands are weak in 

intensity. Different vibrational modes of coordination of the divalent metal ions (M2+) 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 
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among the BPCCs and the ligand. Some Raman shifts can be observed at lower 

wavenumber (<1,000 cm-1), which are assigned to vibrational modes characteristics of the 

CH2, C–C, C–P, C–OH and M2+–O groups present in the ZOLE-based BPCCs.18,24 

 

Figure 4.2.1.1. Raman spectra overlay of (a) zoledronate (ZOLE) and ZOLE-based 

BPCCs; (b) ZOLE-Ca form I, (c) ZOLE-Ca form II, (d) ZOLE-Mg form I, (e) ZOLE-Mg 

form II, (f) ZOLE-Zn form I, and (g) ZOLE-Zn form II.24 

 

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

 Representative SEM images collected for the isolated ZOLE-based BPCCs show 

crystals with well-defined morphologies (Figure 4.2.2.1). As observed in Figure 4.2.2.1, 

ZOLE-based BPCCs forms I crystallize in a prismatic crystal habit, while the ZOLE-based 

BPCCs forms II are characterized by the acicular crystal habit. Interestingly, SEM analysis 

revealed that ZOLE-Zn form II crystallizes in a hollowed acicular crystal habit, which can 

be observed on Figure 4.2.2.1f. The diameter of the BPCCs explored within this study 

range between 10 – 200 μm.  
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Figure 4.2.2.1. Representative scanning electron micrographs and energy dispersive 

spectra of single crystals for the ZOLE-based BPCCs; (a) ZOLE-Ca form I, blue; (b) 

ZOLE-Ca form II, red; (c) ZOLE-Mg form I, green; (d) ZOLE-Mg form II, purple; (e) 

ZOLE-Zn form I, orange; and (f) ZOLE-Zn form II, pink.24  

 

 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, nitrogen, phosphorous, and oxygen atoms), and had been employed for the 

hydrothermal synthesis (Figure 4.2.2.1). Thus far, the synthesis of six crystalline phases 

distinct from the starting materials is supported with these results, along with the Raman 

spectra analysis.  

4.2.3. Powder X-ray diffraction (PXRD) analysis. 

Representative PXRD diffractograms of the six ZOLE-based BPCCs are shown in 

Figure 4.2.3.1. 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 
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during the syntheses, thus discarding the possibility of concomitant recrystallization of the 

ligand (ZOLE) and the metal salt. Interestingly, the crystal phases that presented a 

prismatic crystal habit (forms 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 the other ZOLE-based BPCCs (forms II) are 

structurally distinct, despite presenting the same acicular crystal habit. The presence of 

high angle peaks (>5° in 2θ) suggests that these materials are comprised 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.19,20,21,22,23 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 simulated PXRDs (Section 4.4.4).20 Although 

known, the structures of ZOLE-Mg form I and ZOLE-Zn form I were redetermined to 

increase the quality of structural refinement (Section 4.4.4).20,21 Moreover, ZOLE-Mg form 

I and ZOLE-Zn form I resulted isostructural to ZOLE-Co, ZOLE-Mn and ZOLE-Ni 

structures reported in literature (Section 4.4.4).22,23 In addition to ZOLE-Zn forms I and II, 

another ZOLE-Zn coordination complex has been previously described.19 Additionally, 

ZOLE-Zn form II and ZOLE-Mg form II resulted in unique materials that have not been 

previously described.  
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Figure 4.2.3.1. PXRD overlay of (a) zoledronate (ZOLE) and ZOLE-based BPCCs; (b) 

ZOLE-Ca form I, (c) ZOLE-Ca form II, (d) ZOLE-Mg form I, (e) ZOLE-Mg form II, (f) 

ZOLE-Zn form I, and (g) ZOLE-Zn form II.24 

 

4.2.4. 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 low temperature (100 K) and solved using direct methods. The crystallographic 

parameters of the structure refinement for each crystalline phase are summarized in Table 

4.2.4.1, and their respective packing motifs are shown in Figure 4.2.4.1. Additional unit 

cell packings, asymmetric units and Oak Ridge Thermal Ellipsoid Plots (ORTEPs) can be 

accessed in Section 4.4.4. PXRD overlays of the simulated and experimental powder 

patterns for each ZOLE-based BPCC corroborates that a representative solution has been 

obtained (Section 4.4.4). Crystallographic data has 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). 
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Table 4.2.4.1. Summary of the crystallographic parameters of the structure refinements of 

the isolated ZOLE-based BPCCs; ZOLE-Ca form I, ZOLE-Ca form II, ZOLE-Mg form I, 

ZOLE-Mg form II, ZOLE-Zn form I, and ZOLE-Zn form II.24 

 
Abbreviations: λ (X-ray source wavelength, Å), a/b/c (unit cell lengths, Å), α/β/γ (unit cell angle, 
o), V (unit cell volume, Å3), Z (number of formula units per unit cell), Z’ (number of formula units 

per asymmetric unit), ρcalc (unit cell calculated density, g/cm3), Rwp (weighted R-factor, %), and Rp 

(R-factor, %). 

 

Structural description of ZOLE-Ca form I. The compound [Ca(C10H18N4O14P4)(H2O)2] 

crystallizes in the space group P1̅, containing a half molecule in the asymmetric unit with 

the calcium atom located in an inversion center. A distorted CaO6 octahedron 

(supplementary angles: O1–Ca1–O7, 83.29°, O1–Ca1–O8, 94.50°, O8–Ca1–O7, 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 Ca2+ center forming two identical 

six-membered chelate rings. The Ca–O bond distances are 2.322 Å (Ca1…O1) and 2.286 

Å (Ca…O7). The conformation of the ligand is reinforced by intramolecular hydrogen 

bonds (O6…O8, 2.899 Å and O2…O6, 2.960 Å). The ZOLE molecules are linked into 

molecular chains that propagate tilted along the b-axis through strong intermolecular 

hydrogen bonds (O6…O5, 2.539 Å) between the oxygen atoms from the phosphonate 
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moieties. The ZOLE molecules are linked into molecular chains that propagate tilted along 

the a-axis through intermolecular hydrogen bonds (O8…O5, 2.677 Å), 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 Å) that 

propagates these chains along the bc-plane. This represents a unique packing mode when 

compared to the other ZOLE-Ca metal complex previously reported in the literature 

(Section 4.4.4).20  

Structural description of ZOLE-Ca from II. The compound [Ca(C10H18N4O14P4)]·3H2O 

crystallizes in the Pbca space group, and it is completely distinct to any other ZOLE-Ca 

metal complex previously reported.20 The asymmetric unit has two ZOLE molecules 

coordinated to a Ca2+ center, surrounded by three uncoordinated water molecules. The Ca2+ 

center is in a distorted octahedral environment (supplementary angles: O1–Ca1–O4, 

80.88°, O1–Ca1–O3, 86.29°, O4–Ca1–O3, 80.42°), with four ZOLE ligands coordinated. 

Two different binding modes are observed for the ZOLE molecules. One ZOLE ligand is 

coordinated to the Ca2+ cation in a bidentate mode alternating oxygen from the 

bisphosphonate group. The Ca–O bond distances range between 2.296 and 2.375 Å. The 

metal cluster is linked by a single ligand coordinated to form a chain (Ca1–O4–P2–O5–

Ca1) that propagates slightly tilted along the a-axis. This chain is reinforced by 

intermolecular hydrogen bonds (O4…O9, 2.586 Å; O5…O13, 2.636 Å; and O5…O11, 3.020 

Å). Adjacent chains are linked by uncoordinated water molecules forming hydrogen bonds 

along the b-axis (O16…O12, 2.643 Å and O17…O10, 2.643 Å). An additional 

intermolecular hydrogen bond occurs through the b-axis, which involves the nitrogen from 

an imidazole group and the oxygen from an adjacent phosphonate moiety (N1…O11, 2.743 
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Å). An extensive network of intermolecular hydrogen bonds facilitated by the 

uncoordinated water molecules, serves to propagate the chain along the c-axis (O14…O15, 

2.890 Å; O15…O16, 2.702 Å; O16…O7, 2.812 Å; N3…O10, 2.657 Å). 

Structural description of ZOLE-Mg form I. The structure of the compound 

[Mg(C10H18N4O14P4)(H2O)2], which crystallizes in the P1̅ space group, has been 

previously reported at 294 K.20 The crystal structure was re-determined at 100 K, and the 

R-factor was improved (5.23 % vs. 2.72 %).20 Two bidentate ZOLE ligands and two water 

molecules are coordinated to a Mg2+ atom in an inversion center. The octahedral Mg2+ 

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–Mg1–O5, 89.66°, O5–Mg1–O8, 88.21°, O1–Mg1–O8, 

94.14°).  The equatorial Mg–O bond distances are 2.033 Å (Mg1–O1) and 2.078 Å (Mg1–

O5), while the axial Mg–O bond distance is 2.097 Å (Mg1–O8). The compound is 

reinforced by a single intramolecular hydrogen bond (O3…O7, 2.974 Å). The ZOLE 

ligands are linked by several intermolecular hydrogen bonds, the strongest of which 

(O3…O2, 2.583 Å), propagates the metal cluster laterally along the b-axis forming chains 

reinforced by additional hydrogen bonds (O4…O6, 2.868 Å; and O7…O6, 2.660 Å). A 

single intermolecular hydrogen bond (N2…O5, 2.724 Å) links adjacent chains, and 

propagate these along the c-axis. Additional chains are linked by intermolecular hydrogen 

bonds along the a-axis (O8…O2, 2.726 Å). Interestingly, ZOLE-Mg form I did not 

incorporate the auxiliary ligand (HEDP) into its crystal lattice. This material is isostructural 
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to other ZOLE metal complexes containing divalent metals such as Co(II),23 Mn(II),22 

Ni(II),23 and Zn(II).21 

Structural description of ZOLE-Mg form II. The compound 

[Mg(C10H18N4O14P4)]·4H2O crystallizes in the P21/n space group. The asymmetric unit has 

one ZOLE molecule coordinated to a Mg2+ center, surrounded by two uncoordinated water 

molecules. A regular octahedral environment is observed for the Mg2+ cation 

(supplementary angles: O1–Mg1–O5, 90.55°, O1–Mg1–O6, 90.58°, O5–Mg1–O6, 

94.76°), with Mg–O bond distances ranging from 2.037 to 2.122 Å. Intramolecular 

hydrogen bonds reinforce the metal cluster (O5…O1, 2.873 Å; O4…O6, 2.634 Å; O1…O6, 

2.932 Å; and O5…O6, 2.577 Å). The ligand is coordinated to the metal center in a bidentate 

mode (O1–Mg1–O5), forming a six-membered chelate ring. The same ligand is 

coordinated to the Mg2+ center in a monodentate mode (Mg1–O6). Coordination between 

the Mg2+ cation and the O6 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 molecular 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…O5, 2.770 Å; N2…O1, 2.985 Å; O2…O8, 

2.760 Å; O8…O4, 2.927 Å; and O8…O7, 2.713 Å). Propagation of the metal cluster though 

the c-axis can be described by the presence of a c glide plane symmetry element, which is 

perpendicular to b [0, 1, 0] with glide component [1/2, 0, 1/2]. Intermolecular hydrogen 

bonds between the two uncoordinated lattice waters, link the chains through the c-axis 

(O8…O9, 2.862 Å and O9…O9, 2.810 and 2.845 Å). ZOLE-Mg form II presents a unique 
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packing arrangement when compared to other ZOLE-Mg metal complexes that have been 

previously described.20 

Structural description of ZOLE-Zn form I. The structure [Zn(C10H18N4O14P4)(H2O)2] 

has been reported by Freire, E. et al. at 293 K, but was re-determined at 100 K with an 

improvement in the R-factor (5.24 % vs. 3.04 %).21 The ZOLE-Zn form I BPCC is 

isostructural to ZOLE-Mg form I20 also re-determined within this work and to other 

reported ZOLE metal complexes with divalent metals such as Co(II)23, Mn(II)22, and 

Ni(II).23 The compound crystallizes in the P1̅ space group. The Zn2+ center is coordinated 

by two bidentate ZOLE ligands and two water molecules in a regular octahedral 

environment (supplementary angles: O1–Zn1–O5, 90.82°, O5–Zn1–O8, 93.09°, O1–Zn–

O8, 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 Zn2+ center forming two identical six-membered chelate rings. Water 

molecules occupy the remaining two sites of the octahedral (axial positions). The equatorial 

Zn–O bond distances are 2.042 Å (Zn1–O1) and 2.093 Å (Zn1–O5), while the bond 

distance of the axial position is 2.130 Å (Zn1–O8). The metal clusters are linked into a 

chain that propagates laterally through intermolecular hydrogen bonds (O3–H3…O2, 2.580 

Å; O4…O6, 2.866 Å; O7…O6, 2.653 Å) expanding along the b-axis. Adjacent chains are 

linked by intermolecular hydrogen bonds along the a-axis (O8…O2, 2.719 Å). 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 a-axis (O8…O3, 3.009 Å). Adjacent chains are linked by another unique hydrogen 

bond (N2…O5, 2.708 Å) that expands this chain along the c-axis. The packing is reinforced 
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by an intramolecular hydrogen bond between oxygens of different phosphonate moieties 

of the same ZOLE molecule (O3…O7, 2.974 Å) along the c-axis.  

Structural description of ZOLE-Zn form II. The compound [Zn(C10H18N4O14P4)]·2H2O 

crystallizes in the space group P21/n. The asymmetric unit has one ZOLE molecule 

coordinated to a Zn2+ center, surrounded by two uncoordinated water molecules. The Zn2+ 

center is in a rather regular octahedral environment (supplementary angles: O1–Zn1–O4, 

91.06°, O4–Zn1–O3, 89.40°, O1–Zn1–O3, 85.72°) with Zn–O bond distances ranging 

from 2.062 to 2.152 Å. The ligand coordinates the metal center in a bidentate mode (O1–

Zn1–O4) forming a six-membered chelate ring. The ZOLE ligand coordinates to the same 

metal center in a monodentate mode (Zn1–O3). Coordination between the Zn2+ cation and 

the 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 

a-axis. This chain is additionally reinforced by intramolecular hydrogen bonds (O1…O3, 

2.867 Å; and O3…O4, 2.966 Å). These chains propagate along the b-axis through an 

extensive network of hydrogen bonds that form either with the imidazole group or the 

uncoordinated water molecules (N2…O4, 2.972 Å; N2…O1, 2.780 Å; O6…O8, 2.764 Å; 

O2…O8, 2.721 Å; and O8…O7, 2.943 Å). Propagation of the metal cluster though the c-

axis can be described by the presence of a c glide plane symmetry element, which is 

perpendicular to b [0, 1, 0] with glide component [1/2, 0, 1/2]. Chains that propagate 

through the c-axis are linked by extensive intermolecular hydrogen bonds between two 

uncoordinated water molecules (O8…O9, 2.868 Å and O9…O9, 2.819 and 2.845 Å). 

Moreover, the metal cluster is reinforced by intramolecular hydrogen bonds (O1…O4, 

2.890 Å; and O7…O3, 2.633 Å) also through the c-axis. ZOLE-Zn form II presents a unique 
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packing arrangement when compared to other ZOLE-Zn metal complexes that have been 

previously described.19,21 

 

Figure 4.2.4.1. Packing motifs of (a) ZOLE-Ca form I along the b-axis, (b) ZOLE-Ca form 

II along the a-axis, (c) ZOLE-Mg form I along the b-axis, (d) ZOLE-Mg form II along the 

a-axis, (e) ZOLE-Zn form I along the b-axis, and (f) ZOLE-Zn form II along the a-axis.24 

 

4.2.5. Thermogravimetric analysis (TGA). 

TGA thermographs of the BPCCs were compared to the ligand (ZOLE). Based on 

the resulting thermographs, all ZOLE-based BPCCs presented higher thermal stability than 

the ligand (Figure 4.2.5.1). 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 form II, and ZOLE-Zn form II, lattice water molecules require minimal thermal 

energy to observe their desolvation. Most of the ZOLE-based BPCCs are stable up to 100-

200°C, where the minor loss of coordinated and lattice water molecules can be observed. 
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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.  

 

Figure 4.2.5.1. TGA thermographs of (a) ZOLE, black; (b) ZOLE-Zn form I, orange; (c) 

ZOLE-Zn form II , pink; (d) ZOLE-Ca form I, blue; (e) ZOLE-Mg form II, purple; (f) 

ZOLE-Mg form I, green; and (g) ZOLE-Ca form II, red; coordination complexes. All 

thermographs were collected under the same temperature range (10–700°C) at a heating 

rate of 5°C/min under N2. 

4.2.6. 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 (λmax = 208 nm). The 

dissolution assays employed a maximum concentration of 0.05 mg/mL of ZOLE (Section 

4.4.7), which correspond to the clinically utilized dosage of this BP.1 Results from 

dissolution assays in PBS demonstrate that commercial ZOLE has a higher dissolution 
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(100% in 30 min) than the ZOLE-based BPCCs. Most of the ZOLE-based BPCCs 

presented a slower dissolution and lower equilibrium solubility (60-85% in 18-24 h) than 

ZOLE in this media (Figure 4.2.6.1a). Particularly, ZOLE-Zn form I, presented a 

significant slower dissolution in PBS, reaching its maximum concentration of ZOLE 

(~74%) after 6 d (Section 4.4.7).  

 

Figure 4.2.6.1. (a) Complete dissolution profile for ZOLE (black), ZOLE-Ca form I (blue), 

ZOLE-Ca form II (red), ZOLE-Mg form I (green), ZOLE-Mg form II (purple), ZOLE-Zn 

form I (orange), and ZOLE-Zn form II (pink) in PBS for 48 h (dashed line). The extended 

dissolution profile for ZOLE-Zn form I (orange) up to 192 h, showing 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 II in PBS (dark red) and FaSSGF (bright red), for 36 h (dashed line).24  

 

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, results demonstrate that commercial ZOLE (Reclast®) has 

a relatively similar dissolution as in PBS (100%), but in 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, Figure 4.2.6.1b). The observed pH-

dependent dissolution is desirable because it may allow ZOLE-Ca form II nanoparticles to 
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circulate longer allowing them sustain blood plasma concentrations for ZOLE and reach 

the target site. Once there, this material might be able to degrade due to the increased acidic 

microenvironment at the metastatic site.25,26,27 These results provide evidence of 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. 

4.2.7. 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 physiological media compared to other ZOLE-based 

BPCCs. After conductivity measurements 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 

(Figure 4.2.7.1a). 

 Presumed formation of nano-Ca@ZOLE was done after performing the PIT-nano-

emulsion synthesis. Once the reaction completed, the aqueous supernatant was analyzed 

by DLS to determine the particle size distribution of the resulting material. DLS results 

demonstrate average particle size distribution and polydispersity indexes (PDI) values of 

144.4 d.nm (0.202), 146.3 d.nm (0.202), and 155.2 d.nm (0.206), respectively for three 

replicate syntheses (Figure 4.2.7.1b). PXRD analysis was carried out on a micron-sized 



158 

 

agglomerate (4.4.12) of the nanocrystals 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 (Figure 4.2.7.1c). Therefore, the application of the PIT 

nano-emulsion method successfully decreases the crystal size from a micron-range (~200 

µm, Figure 4.2.2.1b) to a nano-range (~150 d.nm, Figure 4.2.7.1b), while maintaining the 

crystal phase of ZOLE-Ca form II. 

 

 

Figure 4.2.7.1. (a) Schematic diagram of the PIT-nano-emulsion synthesis of nano-

Ca@ZOLE, showing the 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 II simulated powder pattern (navy blue), ZOLE-Ca form II bulk 

crystals (red), and agglomerated nanocrystals of nano-Ca@ZOLE (light blue).24 
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4.2.8. Aggregation measurements of nano-Ca@ZOLE in biorelevant dispersant. 

Aggregation measurements were performed in biologically relevant conditions 

(10% FBS:PBS), after 0, 24 and 48 h. This analysis can provide insights about the potential 

of the nano-Ca@ZOLE to maintain its particle size (<500 nm), and be able to deliver the 

ZOLE content when suspended in physiological media.28 Results demonstrate a 

homogeneous particle size distribution in 10% FBS:PBS after 0, 24 and 48 h of being 

synthesized. After being suspended in the media, the 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 

(Figure 4.2.8.1). Furthermore, nano-Ca@ZOLE particles remained highly monodispersed 

along the three-time points, showing PDI values of 0.122 (0 h), 0.154 (24 h), and 0.159 (48 

h). These results confirmed that the nano-Ca@ZOLE have a low aggregation tendency 

when in contact with biologically relevant conditions (10% FBS:PBS), demonstrating that 

the nanomaterial can maintain its particle size without forming larger aggregates. 

 

Figure 4.2.8.1. DLS spectra showing the particle size distribution of nano-Ca@ZOLE after 

0 (red), 24 (blue), and 48 h (green) in 10% FBS:PBS at 37°C.24 
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4.2.9. Binding assays of nano-Ca@ZOLE to HA. 

The ability of nano-Ca@ZOLE to bind under simulated physiological conditions 

to the main constituent of the bone microenvironment, HA, was probed. The binding to 

HA was determined by monitoring the decrease in the ZOLE concentration of the 

supernatant using absorption measurements (λmax = 208 nm). Binding curves (Figure 

4.2.9.1a) demonstrate that 15% of ZOLE (control) binds to HA in 1 d and reaches a 

maximum binding of 82% in 8 d under simulated physiological conditions (PBS, pH = 

7.40, 37°C). Binding curve results for nano-Ca@ZOLE demonstrate that the nanomaterial 

reaches its maximum binding of 36% to HA in 1 d and 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.  
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Figure 4.2.9.1. (a) Binding curves of ZOLE (control, black) and nano-Ca@ZOLE 

(experimental, light blue) to HA in PBS, showing their maximum binding of 82% (black 

dashed line) and 36% (light blue dashed line), respectively. Error bars for duplicate 

measurements fall below five percent (<5%) error. EDS analysis of (b) HA (control), (c) 

HA-ZOLE (control), and (d) HA-nano-Ca@ZOLE (experimental) after the binding assay. 

EDS spectra includes the insertion of a schematic for the proposed binding of this material 

to the HA.24 

 

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 

(Figure 4.2.9.1b-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 4.2.9.1).  
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Table 4.2.9.1. 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.24  
Element HAa (wt.%) HA-ZOLEb (wt.%) HA-nano-Ca@ZOLEc (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 
a[Ca5(OH)(PO4)3], 

b(C5H10N2O7P2), 
c[Ca(C10H18N4O14P4)]·3H2O. 

EDS analysis of HA [Ca5(OH)(PO4)3, control] corroborated the elemental 

composition of this mineral (Figure 4.2.9.1a). To support the effective binding of both 

ZOLE (C5H10N2O7P2, control) and nano-Ca@ZOLE [Ca(C10H18N4O14P4)]·3H2O, 

experimental] to HA,  it is expected to observe a significant difference in the relative 

concentration of calcium. For HA-ZOLE (34.17 wt. %) calcium concentration decreased 

significantly when compared to HA (42.73 wt. %). This might be because ZOLE 

(C5H10N2O7P2), has been incorporated as a monolayer onto the surface of HA shielding 

detection (Figure 4.2.9.1b). For HA-nano-Ca@ZOLE, the relative concentration of 

calcium (41.54 wt. %) resulted higher than HA-ZOLE (34.17 wt. %) but lower than HA 

(42.73 wt. %). This can be attributed to the proposed binding of nano-Ca@ZOLE, which 

suggests the formation of layers of the nanocrystals on the HA surface that shield the 

detection of calcium ions (Figure 4.2.9.1c). 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 on the detection of calcium for the 

nanomaterial. A small increment in the phosphorous signals between the controls and the 

experimental groups was observed as a consequence of the similar composition of this 

element in these materials. The relative concentration of oxygen increased for both 
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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. The 

higher concentration of oxygen was observed for HA-ZOLE (35.11 wt. %) when compared 

to HA-nano-Ca@ZOLE (30.38 wt. %), because of the maximum binding achieved of the 

ligand (82%) in contrast to the maximum binding of the nanomaterial (36%). HA presents 

a carbon signal (7.14 wt. %) that can be attributed to the conductive tape used for mounting 

the solid samples. The relative 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. 

4.2.10. Cytotoxicity assays of nano-Ca@ZOLE. 

 Here, the 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.29,30 While, the immortalized human fetal 

hFOB 1.19 cell line is a homogeneous model that allows the study of osteoblast 

differentiation, in this study, these cells were employed to imitate the normal human bone 

microenvironment.31 To determine the IC50 values against MDA-MB-231 and hFOB 1.19 

cell lines, concentrations of 0-200 µM of ZOLE were employed. While the IC50 for the 

MDA-MB-231 cell line treated with ZOLE for 72 h was found to be 35 ± 4 µM, treatments 

at 24 and 48 h produced IC50’s > 200 µM (Section 4.4.14). These results demonstrate that 

ZOLE (0-200µM) shows cytotoxicity after 72 h of treatment against the MDA-MB-231 

cell line. The IC50 for the hFOB 1.19 cell line was > 200 µM at 24 h. For treatments at 48 

and 72 h, the IC50 was determined to be 86 ± 3 and 49 ± 4 µM, respectively, indicating that 
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ZOLE (0-200 µM) can cause cell death after 48 h of treatment in the osteoblast cells 

(Section 4.4.14).  

 Furthermore, for both cell lines, the %RCL was investigated at concentrations of 

1.9, 3.8, 7.5, and 15 µM for ZOLE (control) and nano-Ca@ZOLE (experimental) during 

24, 48, and 72 h. At a concentration of 1.9 µM, the cell viability decreased minimally for 

the MDA-MB-231 cell line when treated with the nanocrystals, contrasted to ZOLE where 

the cell viability was ~100% (Figure 4.2.10.1a). The %RCL for MDA-MB-231 treated 

with nano-Ca@ZOLE at 3.8 µM decreased significantly to 83 ± 5% and 55 ± 1%, after 48 

and 72 h, respectively (Figure 4.2.10.1b). At this concentration, ZOLE did not caused cell 

death (%RCL ~100%) against the MDA-MB-231. In addition, higher cell growth inhibition 

of the cancerous model was observed with nano-Ca@ZOLE treatment at 7.5 µM, resulting 

in a %RCL of 57 ± 1 and 24 ± 2% after 48 and 72 h, respectively (Figure 4.2.10.1c). 

Moreover, at 15 µM, nano-Ca@ZOLE presented a much higher cytotoxicity effect against 

the MDA-MB-231 [%RCL, 50 ± 1 (48 h) and 18 ± 2% (72 h)], compared to the one 

observed for ZOLE at this concentration [%RCL, 80 ± 2 (48 h) and 58 ± 2% (72 h)] (Figure 

4.2.10.1d). These results demonstrate the potential of nano-Ca@ZOLE to induce 

significant cytotoxicity even at low concentrations (3.8-7.5 µM) 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 employing ZOLE.8 Additionally, compared to the commercial 

dosage of ZOLE (Reclast®, 0.05 mg/mL), the concentrations employed for the 

nanocrystals are significantly lower.1  
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Treatments were conducted with nano-Ca@ZOLE (experimental) and ZOLE 

(control) employing the hFOB 1.19 cell line, at the same concentrations utilized 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 treatments were performed at a 

concentration rage between 3.8-15 µM 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 

µM (Figure 4.2.10.1e), 100 ± 2% at 3.8 µM (Figure 4.2.10.1f), 99 ± 3% at 7.5 µM (Figure 

4.2.10.1g), and 97 ± 2% at 15 µM (Figure 4.2.10.1h). These results demonstrate that nano-

Ca@ZOLE present significant cytotoxicity against triple-negative breast cancer cells that 

metastasize to the bone (MDA-MB-231), without affecting negatively normal osteoblast 

cells (hFOB 1.19) at the metastatic site.  

 

Figure 4.2.10.1. 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 (a, e) 1.9, (b, f) 3.8, (c, g) 7.5, and 

(d, h) 15 µM after 24, 48, and 72 h of treatment.24 
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4.3. Conclusions. 

Herein, the hydrothermal syntheses of a series of ZOLE-based BPCCs were 

reported. These crystalline materials were synthesized by employing clinically utilized BP, 

ZOLE, as ligand and three biologically relevant metals (Ca2+, Mg2+, and Zn2+). 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 compared to ZOLE, as a result from 

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 when in contact with the neutral physiological 

condition. Meanwhile, 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 µm) 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 it use 

as a nanocrystal-based therapy. Furthermore, the aggregation behavior of the nano-

Ca@ZOLE in 10% FBS:PBS was investigated, which provided a further assessment of the 
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potential of this nanomaterial to be employed for drug delivery. Nano-Ca@ZOLE presents 

a low aggregation behavior in biological relevant conditions, after 0, 24 and 48 h. These 

results provide insights about the potential of the nanocrystals to maintain their particle 

size when in contact with different biological serum-like components without forming 

larger aggregates, possibly avoiding excretion through phagocytosis mechanisms during 

cellular uptake. Moreover, the binding affinity of this nanomaterial to HA was addressed 

to provide insights about its potential to bind at the bone, thus possibly enabling localized 

therapeutic effects at the metastatic site. 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 microenvironment with higher affinity. This, along with the 

dissolution results, could suggest the possibility of the nanocrystals to sustain higher blood 

plasma concentrations of ZOLE and to 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. 

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 µM (% RCL 

= 55 ± 1 %). At this concentration, 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 regarding 

structure, dissolution, stability, binding, and cytotoxicity, to render them suitable for OM 

therapy. 
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4.4. Experimental Details.24 

Reproduced from Ref. Mater. Adv., 2022, 3, 3251-3266 with permission from Royal 

Society of Chemistry 

 

4.4.1. Hydrothermal syntheses of ZOLE-based BPCCs. 

ZOLE-Ca form I. A mixture solution with a molar ratio (1:1) of ZOLE and Ca(NO3)2·4H2O 

was prepared in nanopure water at room temperature as follows. A ligand solution was 

prepared by dissolving 1 mmol (0.2721 g) of solid ZOLE in 10 mL of nanopure water and 

heating at 85°C for 2 h. A metal salt solution was prepared dissolving 1 mmol (0.2362 g) 

of Ca(NO3)2·4H2O in 2.5 mL of nanopure water. The metal salt solution was added to the 

ligand solution with a syringe and mixed thoroughly. The vial was heated at 85°C until 

crystals appeared (~15 min). The vial was removed from heat and the product was collected 

by vacuum filtration and air-dried.   

ZOLE-Ca form II. A mixture solution with a molar ratio (1:1) of ZOLE and CaCl2·2H2O 

was prepared in nanopure water at room temperature as follows. A ligand solution was 

prepared by dissolving 1 mmol (0.2721 g) of solid ZOLE in 10 mL of nanopure water and 

heating at 85°C for 2 h. A metal salt solution was prepared dissolving 1 mmol (0.1470 g) 

of CaCl2·2H2O in 2.5 mL of nanopure water. The metal salt solution was added to the 

ligand solution with a syringe and mixed thoroughly. The vial was heated at 85°C until 

crystals appeared (~1.5 h). The vial was removed from the heat and the product was 

collected by vacuum filtration and air-dried. 

ZOLE-Mg form I. A mixture solution with a molar ratio (1:1:1) of ZOLE, HEDP and 

Mg(NO3)2·6H2O was prepared in nanopure water at room temperature as follows. A ligand 

solution was prepared by dissolving 1 mmol (0.2721 g) of solid ZOLE and adding 1 mmol 
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(0.23 mL) of aqueous HEDP in 10 mL of nanopure water and heating at 85°C for 2 h. A 

metal salt solution was prepared dissolving 1 mmol (0.2564 g) of Mg(NO3)2·6H2O in 2.5 

mL of nanopure water. The metal salt solution was added to the ligand solution with a 

syringe and mixed thoroughly. The vial was heated at 85°C until crystals appeared (~ 35 

min). The vial was removed from heat and the product was collected by vacuum filtration 

and air-dried. 

ZOLE-Mg form II. A mixture solution with a molar ratio (1:1) of ZOLE and MgCl2 was 

prepared in nanopure water at room temperature as follows. A ligand solution was prepared 

by dissolving 1 mmol (0.2721 g) of solid ZOLE in 10 mL of nanopure water and heating 

at 85°C for 2 h. The ligand solution was adjusted with 0.3 M NaOH to reach a pH of ~ 4.0. 

A metal salt solution was prepared dissolving 1 mmol (0.0952 g) of MgCl2 in 2.5 mL of 

nanopure water. The metal salt solution was added to the ligand solution with a syringe 

and mixed thoroughly. The vial was heated at 85°C until crystals appeared (~ 20 min). The 

vial was removed from heat and the product was collected by vacuum filtration and air-

dried. 

ZOLE-Zn form I. A mixture solution with a molar ratio (1:1) of ZOLE and ZnCl2 was 

prepared in nanopure water at room temperature as follows. A ligand solution was prepared 

by dissolving 1 mmol (0.2721 g) of solid ZOLE in 10 mL of nanopure water and heating 

at 85°C for 2 h. The metal salt solution was prepared dissolving 1 mmol (0.1363 g) of 

ZnCl2 in 2.5 mL of nanopure water. The metal solution was added to the ligand solution 

with a syringe and mixed thoroughly. The vial was heated at 85°C until prism-like crystals 

appeared (~1 h). The vial was removed from heat and the product was collected by vacuum 

filtration and air-dried. 



170 

 

ZOLE-Zn form II. A mixture solution with a molar ratio (1:1) of ZOLE and ZnCl2 was 

prepared in nanopure water at room temperature as follows. A ligand solution was prepared 

by dissolving 1 mmol (0.2721 g) of solid ZOLE in 10 mL of nanopure water and heating 

at 85°C for 2 h. The metal salt solution was prepared dissolving 1 mmol (0.1363 g) of 

ZnCl2 in 2.5 mL of nanopure water. The metal salt solution was added to the ligand solution 

with a syringe and mixed thoroughly. The vial was heated at 85°C until prism-like crystals 

corresponding to ZOLE-Zn form I appeared (~ 1 h). To obtain ZOLE-Zn form II, the 

solution was removed from heat and left it undisturbed in the bench until needle-like 

crystals appeared (~ 30 min). This yielded a concomitant mixture of ZOLE-Zn forms I 

(colorless prisms) and II (colorless needles). The product was collected by vacuum 

filtration and air-dried. The colorless needles corresponding to form II were manually 

separated from the prisms (ZOLE-Zn form I) for further analysis. 

4.4.2. Raman microscopy. Raman spectra were recorded in a Thermo Scientific DXR 

Raman microscope, equipped with a 780 nm laser, 400 lines/nm grating, and 50 μm slit. 

The spectra were collected at room temperature over the range of 3,400 and 100 cm-1 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. 

4.4.3. 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-Kα radiation (λ = 1.5417 Å) source and equipped with a HyPix3000 X-

ray detector (50 kV, 0.8 mA). Powdered samples were mounted in MiTeGen micro loops 

using paratone oil. Powder diffractograms were collected between 6 – 60o with a step of 
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0.01o using the Gandalfi move experiment with 300 s of exposure time. Data was analyzed 

within the CrystAllisPRO software v. 1.171.3920a.  

4.4.4. 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 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 

performed in either of two instruments.  

The crystal structure for ZOLE-Zn form I was determined from diffraction data collected 

in a Bruker AXS SMART APEX-II single crystal diffractometer equipped with a Monocap 

collimator and APEX-II CCD detector with a Mo-Kα (λ = 0.71073 Å) 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 II, ZOLE-Mg forms I and II, and 

ZOLE-Zn form II were determined from diffraction data collected with a Rigaku XtaLAB 

SuperNova single micro-focus Cu-Kα radiation (λ = 1.5417 Å) 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 using the SHELXS program. The refinement was performed using full-matrix 

least squares on F2 within SHELXL program from the Olex2 software v1.2. All non-

hydrogen atoms were anisotropically refined.  
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Figures 4.4.4.1-4.4.4.6 display the ball-stick representation of the asymmetric unit 

and crystalline packing for the refined structures obtained from Mercury software v4.0.0. 

Figures 4.4.4.7-4.4.4.12 show the Oak Ridge Thermal Ellipsoid Plots (ORTEPs) for each 

crystal structure of the ZOLE-based BPCCs. Figures 4.4.4.13-4.4.4.18 depict an overlay of 

the simulated and experimental powder patterns for all structures solved. Figures 4.4.4.19-

4.4.4.23 show distinct overlays of the simulated powder diffraction pattern overlay for 

other previously known structures of ZOLE coordination complexes in comparison to the 

structures solved within this work.20,23,22,21,19 Simulated PXRDs were extracted from the 

crystallographic information files (CIF files) obtained from the Cambridge Structural 

Database or obtained within this work.  

 

Figure 4.4.4.1. Ball-stick representation of the (a) asymmetric unit and (b) crystalline 

packing of ZOLE-Ca form I along b-axis. 

 

Figure 4.4.4.2. Ball-stick representation of the (a) asymmetric unit and (b) crystalline 

packing of ZOLE-Ca form II along a-axis 
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Figure 4.4.4.3. Ball-stick representation of the (a) asymmetric unit and (b) crystalline 

packing of ZOLE-Mg form I along b-axis 

 

Figure 4.4.4.4. Ball-stick representation of the (a) asymmetric unit and (b) crystalline 

packing of ZOLE-Mg form II along a-axis. 

         

Figure 4.4.4.5. Ball-stick representation of the (a) asymmetric unit and (b) crystalline 

packing of ZOLE-Zn form I along b-axis 



174 

 

 

Figure 4.4.4.6. Ball-stick representation of the (a) asymmetric unit and (b) crystalline 

packing of ZOLE-Zn form II along a-axis 

 

 

Figure 4.4.4.7. ORTEPs (atoms labeled) showing the connectivity between Ca atom and 

ZOLE to form the ZOLE-Ca form I. 

 

Figure 4.4.4.8. ORTEPs (atoms labeled) showing the connectivity between Ca atom and 

ZOLE to form the ZOLE-Ca form II.           
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Figure 4.4.4.9. ORTEPs (atoms labeled) showing the connectivity between Mg atom and 

ZOLE to form the ZOLE-Mg form I. 

 

Figure 4.4.4.10. ORTEPs (atoms labeled) showing the connectivity between Mg atom and 

ZOLE to form the ZOLE-Mg form II. 

 

Figure 4.4.4.11. ORTEPs (atoms labeled) showing the connectivity between Zn atom and 

ZOLE to form the ZOLE-Zn form I. 
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Figure 4.4.4.12. ORTEPs (atoms labeled) showing the connectivity between Zn atom and 

ZOLE to form the ZOLE-Zn form II. 

 

Figure 4.4.4.13. Simulated (bottom, blue) and experimental (top, red) powder pattern 

overlay of ZOLE-Ca form I. 

 

Figure 4.4.4.14. Simulated (bottom, blue) and experimental (top, red) powder pattern 

overlay of ZOLE-Ca form II. 
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Figure 4.4.4.15. Simulated (bottom, blue) and experimental (top, red) powder pattern 

overlay of ZOLE-Mg form I. 

 

Figure 4.4.4.16. Simulated (bottom, blue) and experimental (top, red) powder pattern 

overlay of ZOLE-Mg form II. 

 

Figure 4.4.4.17. Simulated (bottom, blue) and experimental (top, red) powder pattern 

overlay of ZOLE-Zn form I. 
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Figure 4.4.4.18. Simulated (bottom, blue) and experimental (top, red) powder pattern 

overlay of ZOLE-Zn form II. 

 
Figure 4.4.4.19. Simulated powder pattern overlay of BPCCs containing calcium (Ca2+) 

from bottom to top; ZOLE-Ca forms I (blue) and II (red) determined within this work and 

a previously reported metal complex ZOLE-Ca (TUVZEQ20, light grey). 

 
Figure 4.4.4.20. Simulated powder pattern overlay of redetermined structure for the 

synthesized BPCC from bottom to top; ZOLE-Mg form I (green), and the already reported 

metal complex ZOLE-Mg (TUVZAM, mahogany).20  
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Figure 4.4.4.21. Simulated powder pattern overlay of redetermined structure for the 

synthesized BPCC from bottom to top; ZOLE-Zn form I (green), and the already reported 

metal complex ZOLE-Zn (PUFXUK, navy blue).21  

 

Figure 4.4.4.22. Simulated powder pattern overlay of isostructural synthesized BPCCs 

from bottom to top; ZOLE-Mg form I (green) and ZOLE-Zn form I (orange),  and 

previously reported isostructural forms of ZOLE metal complexes: ZOLE-Co (VIMXOF, 

light blue),23 ZOLE-Mg (TUVZAM, mahogany),20 ZOLE-Mn (RUPXAC, dark grey),22 

ZOLE-Ni (brown, VIMXUL),23 and ZOLE-Zn (PUFXUK, navy blue).21 
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Figure 4.4.4.23. Simulated powder pattern overlay of BPCCs containing zinc (Zn2+) from 

bottom to top; ZOLE-Zn forms I (orange) and II (pink), and previously reported structures 

of ZOLE-Zn metal complexes: PUFXUK21 (navy blue) and PUFYAR19 (dark green). 

ZOLE-Zn form I constitutes a redetermination of PUFXUK21 (navy blue). PUFYAR19 

(dark green) presents a unique packing when compared to all other ZOLE-Zn metal 

complexes and those described within this work.  

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

X-ray microanalysis was conducted in a JEOL JSM-6480LV scanning electron microscope 

with an energy dispersive X-ray analysis (EDAX) Genesis 2000 detector. Micrographs 

were recorded with the same instrument, employing an Evenhart Thomley secondary 

electron imagining (SEI) detector. SEM samples 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, an electron beam of 11 mm width, with a spot size 

value of 36 and SEI signal.  

4.4.6. Thermogravimetric analysis (TGA). TGA of  ZOLE and the ZOLE-based BPCCs 

was performed using TGA Q500 (TA Instruments Inc.). In all cases, ~1-5 mg of powder 

sample was thermally treated between 10-700℃ at 5℃/min under a N2 gas atmosphere (60 

mL min-1). Data were analyzed with TA Universal Analysis software version 4.3A. Figures 

4.4.6.1-4.4.6.5 depict overlay of thermographs for the ZOLE-based BPCCs and ZOLE. For 
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the thermal decomposition of the “as received” ZOLE, a low temperature (50-100 °C) 

weight loss (6.995 wt. %) was observed, which corresponds to the dehydration of the ligand 

(trihydrate). Subsequently, at higher temperature (200-700 °C) a weight loss of 67.71 wt. 

% was observed, which corresponds to the thermal degradation of ZOLE. 

 
Figure 4.4.6.1. TGA analysis of ZOLE-Ca form I BPCC shows an initial thermal 

degradation event (exp: 5.856 wt. %), attributed to the loss of water molecules from the 

complex (theo: 5.83 wt. %). Additionally, TGA analysis shows a low temperature (200-

300°C) weight lost (28.00 wt. %), which was attributed to the decomposition of ZOLE.  

Subsequently at higher temperature (300-700°C) a weight loss of 14.93 wt. % occurred, 

which was attributed to the degradation of calcium/calcium oxide. 

 
Figure 4.4.6.2. TGA analysis of ZOLE-Ca form II BPCC shows a low temperature (50-

150°C) weight lost (exp: 8.240 wt. %), which was attributed to the evaporation of water 

molecules (theo: 8.50 wt. %). Additionally, another low temperature (200-400°C) weight 

lost (22.16 wt. %) was observed, which was attributed to the decomposition of ZOLE. 

Subsequently at higher temperature (400-700°C) a weight loss of 9.936 wt. % occurred, 

which was attributed to the degradation of calcium/calcium oxide. 
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Figure 4.4.6.3. TGA analysis of ZOLE-Mg form I BPCC shows an initial thermal 

degradation event (exp: 11.38 wt. %), attributed to the loss of water molecules from the 

complex (theo: 11.96 wt. %). Additionally, TGA analysis shows a low temperature (250-

350°C) weight lost (14.88 wt. %), which was attributed to the decomposition of ZOLE. 

Subsequently at higher temperature (400-700°C) a weight lost (15.60 wt. %) occurred, 

which was attributed to the degradation of magnesium/magnesium oxide. 

 

Figure 4.4.6.4. TGA analysis of ZOLE-Mg form II BPCC shows an initial thermal 

degradation event (exp: 10.78 wt. %), attributed to the water loss from the complex (theo: 

11.28 wt. %).  Additionally, analysis revealed a low temperature (250-350°C) weight lost 

(23.14 wt. %), which was attributed to the decomposition of ZOLE. Subsequently at higher 

temperature (350-700°C) a weight lost (8.930 wt. %) occurred, which was attributed to the 

degradation of magnesium/magnesium oxide. 
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Figure 4.4.6.5. TGA analysis of ZOLE-Zn form I BPCC shows a low temperature (190-

200°C) weight lost (exp: 5.356 wt. %), which was attributed to the evaporation of water 

molecules (theo: 5.60 wt. %). Another low temperature (250-450°C) weight lost (31.37 wt. 

%), which was attributed to the decomposition of ZOLE was observed. Subsequently, at 

higher temperature (400-700°C) a weight loss of 10.87 wt. % occurred, which was 

attributed to the degradation of zinc/zinc oxide. 

 

Figure 4.4.6.6. TGA analysis of ZOLE-Zn form II BPCC shows a low temperature (10-

250°C) weight lost (exp: 5.054 wt. %), which was attributed to the evaporation of water 

molecules (theo: 5.30 wt. %). Another low temperature (250-450°C) weight lost (29.63 wt. 

%) was observed, which was attributed to the decomposition of ZOLE. Subsequently, at 

higher temperature (450-700°C) a weight loss of 8.375 wt. % occurred, which was 

attributed to the degradation of zinc/zinc oxide. 
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4.4.7. Dissolution profiles for ZOLE-based BPCCs. 

4.4.7.1 Dissolution profiles in PBS 

Stock Solution: Standard stock solution of ZOLE was prepared by dissolving 25 mg of the 

drug in a 100 mL volumetric flask using PBS as media. More dilute solutions were obtained 

by appropriate dilution from this stock solution (see Calibration Curve section). 

Calibration Curve: Accurately measured aliquots of the ZOLE stock solution were 

transferred into a series of 25 mL volumetric flasks to achieve a concentration range 

between 0.001-0.06 mg/mL. Each solution was completed to the 25 mL mark with PBS. 

Dissolution Profile: Dissolution profiles were recorded for ZOLE, ZOLE-Ca forms I and 

II, ZOLE-Mg forms I and II, and ZOLE-Zn forms I and II. Dissolution tests were performed 

in 100 mL of PBS buffer (pH = 7.40), controlling temperature at 37°C and stirring at 150 

rpm. For the ZOLE-based BPCCs and ZOLE, 25 mg of the solid were grinded using a 

mortar and pestle. The powder was added to the PBS solution at the beginning of the 

dissolution under stirring. Samples of 1.0 mL were collected after 0, 0.0083, 0.017, 0.083, 

0.17, 0.5, 1, 3, 6, 18, 24 and 48 h to record the complete dissolution profile. For ZOLE-Zn 

form I, sample collection was extended for 72, 144, 168 and 192 h to reach the equilibrium 

solubility. The samples were placed in 5 mL volumetric flasks and completed to volume 

with PBS. The absorbance was measured at λmax = 208 nm against a reagent blank in a 400-

200 nm scan range using an Agilent Technologies Cary Series UV-Vis spectrophotometer, 

Cary 100 UV-Vis mode and the UV Cary Scan software (version v.20.0.470). Figures 

4.4.7.1.1-4.4.7.1.2 depict the absorption spectra with the respective calibration curve for 
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the ZOLE quantification in PBS. Figure 4.4.7.1.3 shows the extended dissolution profile 

for ZOLE-Zn form I BPCC (192 h). 

 
Figure 4.4.7.1.1. Absorbance spectra of ZOLE presenting a λmax at 208 nm in PBS in the 

concentration range of 0.001-0.06 mg/mL employed to construct a calibration curve. 

 
Figure 4.4.7.1.2. Calibration curve for ZOLE quantification for ZOLE-based BPCCs in 

PBS. 

 
Figure 4.4.7.1,3. Extended dissolution profile (192 h) in PBS for ZOLE-Zn form I 

(orange), reaching a plateau regarding its equilibrium solubility at 144 h. 
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4.4.7.2. Dissolution profiles in FaSSGF 

Stock Solution: Standard stock solution of ZOLE was prepared by dissolving 25 mg of the 

drug in a 100 mL volumetric flask using FaSSGF as media. More dilute solutions were 

obtained by appropriate dilution from this stock solution (see Calibration Curve section). 

Calibration Curve: Accurately measured aliquots of the ZOLE stock solution were 

transferred into a series of 25 mL volumetric flasks to achieve a concentration range 

between 0.001-0.06 mg/mL. Each solution was completed to the 25 mL mark with 

FaSSGF. 

Dissolution Profile: Dissolution profiles were recorded for ZOLE and ZOLE-Ca form II. 

Dissolution tests were performed in 100 mL of FaSSGF buffer (pH = 1.60), controlling 

temperature at 37°C and stirring at 150 rpm. For the ZOLE-based BPCC and ZOLE, 25 

mg of the solid were grinded using a mortar and pestle. The powder was added to the 

FaSSGF solution at the beginning of the dissolution under stirring. Samples of 1.0 mL were 

collected after 0, 0.0083, 0.017, 0.083, 0.17, 0.5, 1, 3, 6, 18, 24 and 36 h to record the 

complete dissolution profile. The samples were placed in 5 mL volumetric flasks and 

completed to volume with FaSSGF. The absorbance was measured at a λmax = 208 nm 

against a reagent blank in a 400-200 nm scan range using an Agilent Technologies Cary 

Series UV-Vis spectrophotometer, Cary 100 UV-Vis mode and the UV Cary Scan software 

(version v.20.0.470).  

 Figures 4.4.7.2.1-4.4.7.2.2 depict the absorption spectra with the respective 

calibration curve for the ZOLE quantification in FaSSGF.  
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Figure 4.4.7.2.1. Absorbance spectra of ZOLE presenting a λmax at 208 nm in FaSSGF in 

the concentration range of 0.001-0.06 mg/mL employed to construct a calibration curve. 

 

Figure 4.4.7.2.2. Calibration curve for ZOLE quantification for ZOLE-based BPCCs in 

FaSSGF. 

4.4.8. Phase Inversion Temperature (PIT) determination. A solution of ZOLE 

with a concentration of 2.5 mg/mL was prepared with nanopure water. In a 20 mL vial, 11 

mL of the ZOLE solution was added with 3 mL of heptane and 0.9 mL of Brij® L4. The 

mixture was homogenized with an IKA T10 Basic Ultra Turrax (IKA Works Inc., 

Wilmington, NC), for 30 sec at a speed of “4” (14,450 rpm equivalent). The experimental 

set up was assembled using a jacketed beaker with a 20.3 cm (8”) stainless steel RTD 

temperature probe (VWR®, VWR International). The conductivity of the content was 

measured with a Fisherbrand Accumet BasicAB30 conductivity meter (Fisher Scientific, 
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Loughborough, UK). The bath temperature was controlled with a Julabo F32-ME 

Refrigerated/Heating Circulator (JULABO GmbH, Seelbach, Germany). Both the vial and 

the bath contained stir bars stirring at 300 rpm using a VWR® Professional Hot Plate 

Stirrer (97042-714, VWR®, VWR International). The internal temperature of the emulsion 

was allowed to reach 2.0°C in the bath before starting the measurements. A temperature 

profile cover the range from 2 and 40°C employing a heating rate of 1°C/min.  The 

conductivity measurements were recorded in 1-degree intervals for the mixture. Figure 

4.4.8.1 depicts the PIT determination curve for an aqueous ZOLE solution in heptane and 

Brij L4®. 

 
Figure 4.4.8.1. Nano-emulsion PIT determination of an emulsion containing ZOLE in 

water, heptane and Brij L4®, showing that the phase inversion occurs at approximately ~ 

12°C (dashed line). Phase inversion starts at 9°C and ends at 15°C as depicted by the light 

orange region.  

 

4.4.9. PIT-nano-emulsion synthesis of nano-Ca@ZOLE. The nano-emulsion synthesis 

was conducted in a Crystalline (Technobis Crystallization Systems, Alkmaar, 

Netherlands). The pre-homogenized emulsions prepared for the PIT determinations were 

used for the nano-Ca@ZOLE nano-emulsion synthesis. The emulsion was homogenized 

before being transferred to the reaction vial. From this mixture, 2.5 mL were transferred to 
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a Crystalline reaction vial with a stir bar, sealed with a reflux cap. The vial was placed in 

the first reactor at 5°C for 30 min under 1,250 rpm continuous stirring. The vial was 

transferred to the second reactor at 45°C, where the emulsion was stirred for 30 min at 

1,250 rpm before heating to 85°C. The metal salt solution was prepared dissolving 0.09 

mmol (0.0135 g) of CaCl2·2H2O in 2.5 mL of nanopure water. The metal salt solution was 

added to the reaction vial via syringe after reaching 85°C. The solution was allowed to 

continue stirring at 1,250 rpm for 30 min at 85°C. Once the reaction completed, the reaction 

vial was left undisturbed for 1 h before analyzing the supernatant from the water phase. 

4.4.10. Particle size distribution of nano-Ca@ZOLE nanoparticles (after synthesis). 

Aliquots of the supernatant from the water phase presumed to contain nano-

Ca@ZOLE nanoparticles were analyzed in a Malvern Panalytical Zetasizer NanoZS 

(Spectris PLC, Surrey, England) equipped with a He-Ne orange laser (633 nm, max 4 mW). 

Data was analyzed with Malvern software, version 7.12. The Zetasizer software 

automatically optimizes the built-in attenuator distance and the number of runs per 

measurement. The amount of run time was held constant at 10 sec, each measurement was 

performed in triplicate. The refractive index used for the sample was 1.333, which 

correspond to ZOLE in water. 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). 

Aliquots of 50 μL of the supernatant from the water phase were transferred in 

disposable polystyrol/polystyrene cuvettes (REF: 67.754, 10 x 10 x 45 mm, Sarsted, 

Germany) in a 1:20 dilution ratio with 10% fetal bovine serum in PBS (10%FBS:PBS). 

The prepared samples remained undisturbed near the Zetasizer for 30 min prior to the 
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measurements. Size measurements were performed after 2 min of sample equilibration 

inside the instrument at room temperature (25°C).Tables 4.4.10.1-4.4.10.3 summarize the 

DLS parameters and values after analyzing three PIT-nanoemulsion synthesis products in 

10% FBS:PBS.  

Table 4.4.10.1. Dynamic light scattering parameters and values after analyzing the PIT-

nanoemulsion synthesis product. 

PIT-Nanoemulsion synthesis No. 1 

Run Size (d.nm) % Intensity St Dev (d.nm) PDI 

1 

148.1 100.0 61.80 

0.206 0.000 0.0 0.000 

0.000 0.0 0.000 

2 

142.7 100.0 57.58 

0.192 0.000 0.0 0.000 

0.000 0.0 0.000 

3 

148.2 100.0 65.08 

0.210 0.000 0.0 0.000 

0.000 0.0 0.000 

Average 

146.3 100.0 61.62 

0.202 0.000 0.0 0.000 

0.000 0.0 0.000 

 

Table 4.4.10.2. Dynamic light scattering parameters and values after analyzing the PIT-

nanoemulsion synthesis product. 

PIT-Nanoemulsion synthesis No. 2 

Run Size (d.nm) % Intensity St Dev (d.nm) PDI 

1 

156.3 100.0 73.84 

0.203 0.000 0.0 0.000 

0.000 0.0 0.000 

2 

157.9 100.0 75.70 

0.210 0.000 0.0 0.000 

0.000 0.0 0.000 

3 

151.3 100.0 59.44 

0.194 0.000 0.0 0.000 

0.000 0.0 0.000 

Average 

155.2 100.0 70.09 

0.202 0.000 0.0 0.000 

0.000 0.0 0.000 
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Table 4.4.10.3. Dynamic light scattering parameters and values after analyzing the PIT-

nanoemulsion synthesis product. 

PIT-Nanoemulsion synthesis No. 3 

Run Size (d.nm) % Intensity St Dev (d.nm) PDI 

1 

145.8 100.0 71.19 

0.207 0.000 0.0 0.000 

0.000 0.0 0.000 

2 

142.2 100.0 59.95 

0.196 0.000 0.0 0.000 

0.000 0.0 0.000 

3 

145.1 100.0 63.10 

0.215 0.000 0.0 0.000 

0.000 0.0 0.000 

Average 

144.4 100.0 65.16 

0.206 0.000 0.0 0.000 

0.000 0.0 0.000 

 

4.4.11. Aggregation measurements of nano-Ca@ZOLE in biorelevant dispersant. 

Aliquots of 50 μL of the supernatant from the water phase were transferred in 

disposable polystyrol/polystyrene cuvettes (REF: 67.754, 10 x 10 x 45 mm, Sarsted, 

Germany) in a 1:20 dilution ratio with 10% fetal bovine serum in PBS (10%FBS:PBS). 

The prepared samples remained undisturbed near the Zetasizer for 30 min prior to the 

measurements. Size measurements were performed in the biorelevant 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. 

Tables 4.4.11.1-4.4.11.3 summarize the DLS parameters and values after analyzing 

the nano-Ca@ZOLE in 10% FBS:PBS, at 0, 24 and 48 h.  
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Particle size distribution after 0 hours 

 

Table 4.4.11.1. Dynamic light scattering parameters and values after analyzing the nano-

Ca@ZOLE in 10% FBS:PBS after 0 h.  

Particle size distribution: 10% FBS:PBS (0 h) 

Run Size (d.nm) % Intensity St Dev (d.nm) PDI 

1 

138.2 100.0 51.52 

0.124 0.000 0.0 0.000 

0.000 0.0 0.000 

2 

135.4 100.0 42.16 

0.107 0.000 0.0 0.000 

0.000 0.0 0.000 

3 

138.5 100.0 50.63 

0.135 0.000 0.0 0.000 

0.000 0.0 0.000 

Average 

137.4 100.0 48.31 

0.122 0.000 0.0 0.000 

0.000 0.0 0.000 

 

Particle size distribution after 24 hours 

 

Table 4.4.11.2. Dynamic light scattering parameters and values after analyzing the nano-

Ca@ZOLE in 10% FBS:PBS after 24 h.  

Particle size distribution: 10% FBS:PBS (24 h) 

Run Size (d.nm) % Intensity St Dev (d.nm) PDI 

1 

174.5 100.0 64.08 

0.135 0.000 0.0 0.000 

0.000 0.0 0.000 

2 

173.1 100.0 62.19 

0.144 0.000 0.0 0.000 

0.000 0.0 0.000 

3 

179.1 100.0 77.75 

0.183 0.000 0.0 0.000 

0.000 0.0 0.000 

Average 

175.5 100.0 68.41 

0.154 0.000 0.0 0.000 

0.000 0.0 0.000 
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Particle size distribution after 48 hours 

 

Table 4.4.11.3. Dynamic light scattering parameters and values after analyzing the nano-

Ca@ZOLE in 10% FBS:PBS after 48 h.  

Particle size distribution: 10% FBS:PBS (48 h) 

Run Size (d.nm) % Intensity St Dev (d.nm) PDI 

1 

177.6 100.0 74.93 

0.152 0.000 0.0 0.000 

0.000 0.0 0.000 

2 

176.1 100.0 75.72 

0.155 0.000 0.0 0.000 

0.000 0.0 0.000 

3 

177.0 100.0 84.08 

0.171 0.000 0.0 0.000 

0.000 0.0 0.000 

Average 

176.9 100.0 78.36 

0.159 0.000 0.0 0.000 

0.000 0.0 0.000 

 

4.4.12. Polarized optical microscopy/Powder X-ray diffraction (nano-Ca@ZOLE). 

Agglomerated nanocrystals of nano-Ca@ZOLE were mounted in 30 μm MiTeGen 

micro loop. 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. Powder X-ray diffraction analysis parameters were maintained the same 

as in Section 3. Figure 4.4.12.1 shows the representative sample mounted in the micro loop. 

Figure 4.4.12.2 depicts the PXRD overlay of ZOLE, ZOLE-Ca form II simulated pattern, 

ZOLE-Ca form II bulk crystals and nano-Ca@ZOLE nanocrystals.  
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Figure 4.4.12.1. Polarized optical micrographs of nano-Ca@ZOLE agglomerated 

nanocrystals mounted in a 30 μm MiTeGen micro loop, observed at (a, b) 25x 

magnification. 

 

Figure 4.4.12.2. Powder X-ray diffractogram overlay of “as received” ZOLE (black), 

ZOLE-Ca form II simulated powder pattern (navy blue), ZOLE-Ca form II bulk crystals 

(red), and nano-Ca@ZOLE nanocrystals (light blue). 

 

4.4.13. Binding assays of nano-Ca@ZOLE to HA. 

Hydroxyapatite (HA) assay. For the nano-Ca@ZOLE binding assay, 20 mg of 

hydroxyapatite (HA), were exposed to 3.00 mL of nano-Ca@ZOLE (0.5 mg/mL) in PBS 

solution at 300 rpm and 37°C. HA in PBS mixture, as well as the binding of ZOLE to HA, 

were used as control groups. For the experimental groups (HA-nano-Ca@ZOLE and HA-

ZOLE), collection was performed in duplicate. The selected time points were: 1, 2, 3, 4, 5, 

7, 8, 9, 10, and 11 days. After each time point, the supernatant was collected, centrifuged 

(a) (b) 
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(1,500 rpm, 8 min), and absorbance measurements were performed at λmax = 208 nm to 

determine the percentage of ZOLE from the nano-Ca@ZOLE bound to HA. Figures S9.6.1 

and S9.6.2 illustrate the binding curves of ZOLE and nano-Ca@ZOLE to HA in PBS. Solid 

samples of HA, HA-ZOLE, and HA-nano-Ca@ZOLE were characterized by SEM-EDS. 

Energy dispersive spectroscopy (EDS). EDS elemental analysis of HA, HA-ZOLE, and 

HA-nano-Ca@ZOLE were recorded with a JEOL JSM-6480LV scanning electron 

microscope. The energy dispersive X-ray analysis (EDAX) Genesis 2000 detector was 

used to record the elemental composition of the samples. 

4.4.14. Cytotoxicity assays.  

Cell culture methods for the MDA-MB-231 cell line.29 This cell line was grown in 

Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10 % fetal bovine 

serum (FBS) and 1 % penicillin-streptomycin (Pen-Strep), incubated at 37 °C and 5 % 

CO2. Cell passage and cell treatment were performed at 80% of cell confluency. The 

completed growth media was exchanged every two days.      

Cell culture methods for the hFOB 1.19 cell line.31 This cell line was grown in 1:1 mixture 

of Ham's F12 Medium Dulbecco's Modified Eagle's Medium accompanied with 10 % FBS 

and 0.3 mg/ml of geneticin (G418), incubated at 34 °C in 5 % CO2. Cell passage and cell 

treatment were performed at 80% of cell confluency. The completed growth media was 

exchanged every two days.      

Cell seeding. The MDA-MB-231 and hFOB 1.19 cell lines were seeded in 96 well plates 

at a density of 2.5×105 cells/mL, incubation was carried out for 24 h at 37 °C for MDA-

MB-231 and 34 °C for osteoblast hFOB 1.19, in 5% CO2. The experiments were conducted 

in triplicates, three 96 well plates were made for each treatment period (24, 48, and 72 h).   



196 

 

Cell treatment. To determine the half-maximal inhibitory concentration (IC50), for both cell 

lines, two-fold serial dilutions of ZOLE (0-200 µM) were prepared. To assess the relative 

cell live (%RCL) were employed selected two-fold serial dilutions (15, 7.5, 3.8, and 1.9 

µM) of ZOLE and nano-Ca@ZOLE for MDA-MB-231 and hFOB 1.19 cell lines. For this, 

after the seeding, 100 µL of ZOLE and nano-Ca@ZOLE were used to treat the cells. The 

control groups were treated with just media. Both cell lines were incubated for 24, 48, and 

72 h after ZOLE and nano-Ca@ZOLE solutions were added.          

AlamarBlue® assay. For both cell lines, after the 24, 48, and 72 h of treatment, the media 

was removed from the 96 well plates. Subsequently, 100 µL of 10% AlamarBlue® solution 

was added and incubation was carried out for 4 h. The fluorescence (λexc = 570 nm, λem = 

590 nm) was measured employing an Infinite M200 PRO Tecan Microplate Reader. The 

half-maximal effective concentration (IC50) and the relative cell viability (%RCL) were 

assessed comparing the viability of the control group (100%) with the cells treated with the 

ZOLE and nano-Ca@ZOLE solutions. The IC50 curves and the %RCL values were plotted 

using the Graph Pad Prism 8 program.   

Figure 4.4.14.1-4.4.14.2 shows the IC50 curves for MDA-MB-231 and hFOB 1.19 

treated with ZOLE (0-200 µM). The percentage of relative cell live (%RCL) for MDA-

MB-231 and hFOB 1.19 cell lines using ZOLE and nano-Ca@ZOLE in concentrations of 

1.9, 3.8, 7.5, and 15 µM are shown is Figures 4.4.14.3-4.4.14.8.   
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Figure 4.4.14.1. IC50 curves for ZOLE employing the human breast cancer MDA-MB-231 

cell line at (a) 24, (b) 48, (c) 72 h of treatment.   

 
Figure 4.4.14.2. IC50 curves for ZOLE employing the osteoblast-like hFOB 1.19 cell line 

at (a) 24, (b) 48, (c) 72 h of treatment. 

 

 

 
Figure 4.4.14.3. The relative cell live percentage (%RCL) of human breast cancer MDA-

MB-231 cell line treated with ZOLE (black) and nano-Ca@ZOLE (red) at concentrations 

of 1.9, 3.8, 7.5, and 15 μM for 24 h. 

 
Figure 4.4.14.4. The relative cell live percentage (%RCL) of human breast cancer MDA-

MB-231 cell line treated with ZOLE (black) and nano-Ca@ZOLE (red) at concentrations 

of 1.9, 3.8, 7.5, and 15 μM for 48 h. 
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Figure 4.4.14.5. The relative cell live percentage (%RCL) of human breast cancer MDA-

MB-231 cell line treated with ZOLE (black) and nano-Ca@ZOLE (red) at concentrations 

of 1.9, 3.8, 7.5, and 15 μM for 72 h. 

 

Table 4.4.14.1. Relative cell viability (%) of MDA-MD-231 cell line treated with ZOLE and nano-

Ca@ZOLE at 1.9, 3.8, 7.5, and 15 μM after 24, 48 and 72 h of treatment. 

Time 

Points 

1.9 μM  3.8 μM 7.5 μM 15 μM 

ZOLE 
Nano-

Ca@ZOLE 
ZOLE 

Nano-

Ca@ZOLE 
ZOLE 

Nano-

Ca@ZOLE 
ZOLE 

Nano-

Ca@ZOLE 

Control 100 100 100 100 100 100 100 100 

24 h 98 ± 2 96 ± 2 97 ± 2 94 ± 2 97 ± 4 87 ± 2 95 ± 5 86 ± 6 
48 h 101 ± 2 96 ± 3 99 ± 2 83 ± 5 95 ± 1 57 ± 1 80 ± 2 50 ± 1 
72 h 102 ± 5 94 ± 7 97 ± 6 55 ± 1 83 ± 1 24 ± 2 58 ± 1 18 ±2 

 

 

Figure 4.4.14.6. The relative cell live percentage (%RCL) of osteoblast hFOB 1.19 cell 

line treated with ZOLE (black) and nano-Ca@ZOLE (red) at concentrations of 1.9, 3.8, 

7.5, and 15 μM for 24 h. 

 
Figure 4.4.14.7. The relative cell live percentage (%RCL) of osteoblast hFOB 1.19 cell 

line treated with ZOLE (black) and nano-Ca@ZOLE (red) at concentrations of 1.9, 3.8, 

7.5, and 15 μM for 48 h. 
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Figure 4.4.14.8. The relative cell live percentage (%RCL) of osteoblast hFOB 1.19 cell 

line treated with ZOLE (black) and nano-Ca@ZOLE (red) at concentrations of 1.9, 3.8, 

7.5, and 15 μM for 72 h. 

Table 4.4.14.2. Relative cell viability (%) of hFOB 1.19 cell line treated with ZOLE and nano-

Ca@ZOLE at 1.9, 3.8, 7.5, and 15 μM after 24, 48 and 72 h of treatment. 

Time 

Points 

1.9 μM 3.8 μM 7.5 μM 15 μM 

ZOLE 
Nano-

Ca@ZOLE 
ZOLE 

Nano-

Ca@ZOLE 
ZOLE 

Nano-

Ca@ZOLE 
ZOLE 

Nano-

Ca@ZOLE 

Control 100 100 100 100 100 100 100 100 

24 h 101 ± 2 100 ± 1 101 ± 1 100 ± 1 101 ± 1 100 ± 1 99 ± 1 100 ± 1 

48 h 100 ± 1 100 ± 1 100 ± 2 100 ± 1 100 ± 1 99 ± 1 99 ± 1 98 ± 1 
72 h 100 ± 1 100 ± 1 100 ± 1 100 ± 2 100 ± 1 99 ± 3 99 ± 2 97 ± 2 
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CHAPTER 5. POLYMORPHIC CONTROL OF TITANIUM DIOXIDE 

NANOPARTICLES 

 

5.1. Introduction. 

The overall performance of TiO2 for a given application not only depends on the 

crystal phase, but the particle size, morphology, and phase purity achieved through the 

synthetic method employed.1 Several methods for synthesizing TiO2 nanoparticles with 

varied size, shapes and purity have been reported.2,3 Among these, sol-gel, hydrothermal, 

solvothermal, chemical vapor deposition, and sonochemical methods are the most utilized 

for this purpose.2–4 However, many of these experimental approaches require expensive 

precursors, high amount of reagents, hazardous and contaminant materials, and expensive 

instrumentation.2–6 Although some of the syntheses reported have achieved highly-pure 

phase TiO2 nanoparticles, there still the need to improve these methods. The existent 

methods not only present drawbacks in terms of chemical and environmental hazards, but 

lack of versatility as they are employed to yield only one phase of the metal oxide. 

Therefore, the development of novel experimental approaches employing fewer toxic 

compounds, reducing the quantity of starting materials, and with the minimal energy input 

for synthesizing multiple and highly-pure phases of TiO2 as nanoparticles, needs to be 

assessed. 
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In previous chapters (Chapters 2, 3 and 4), the phase inversion temperature (PIT)-

nano-emulsion method had demonstrated to be successfully in decreasing and controlling 

the particle size of BPCCs, yielding nanoparticles when coupled with the syntheses of these 

materials.7,8 The latter is a low-energy method that is employed for the formation of nano-

emulsions without mechanical manipulation, sophisticated instrumentation, and high 

energy input.9–11 The PIT method uses only the chemical potential of the emulsion 

components (aqueous phase, oil phase, and surfactant) and high stirring under changes in 

temperature to achieve the resulting nano-emulsion.11 Here, the emulsion components are 

homogenized at room temperature and cooled down afterwards to produce an oil-in-water 

(O/W) micro-emulsion. Then, the micro-emulsion is heated up to the PIT, which causes 

the system to change from a O/W to a water-in-oil (W/O) nano-emulsion.11 Commonly, 

the nano-emulsions obtained through the PIT-nano-emulsion method achieve nanodroplets 

with average diameters between 10-500 nm and relatively low polydispersity index (PDI) 

values.11 Until then, syntheses of multiple and highly pure phases of TiO2 as nanoparticles 

employing this method have not been reported. 

 In this chapter, the synthesis of TiO2 was adapted to the PIT-nano-emulsion method 

to confine and limit the hydrolysis-condensation reaction space into that produced by the 

aqueous nanodroplets after reaching the PIT. The synthesis of amorphous TiO2 

nanoparticles was carried out inside these nanospheres to control their particle size. Three 

different PIT-nano-emulsion syntheses were designed, each one oriented to isolate one of 

the polymorphic phases of TiO2. The selectivity to each polymorphic phase was subject to 

the chemical nature of the aqueous phase from the emulsions and the thermal treatment 

employed. Three different emulsion systems were prepared, specifically the pH was 
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moderately acidic [H2O:Isopropyl alcohol (IPA)/Heptane], strongly acidic 

(H2O:HNO3/Heptane), or alkaline (H2O:NaOH/Heptane). Under the respective conditions 

and employing the minimum quantity of starting materials during syntheses, highly-pure 

TiO2 nanoparticles with well-defined morphologies was achieved and unambiguously 

confirmed through multiple solid-state characterization techniques. This study is intended 

to provide for the first time, an experimental approach based on the PIT-nano-emulsion 

method to synthesize phase-controlled TiO2 nanoparticles of rutile, anatase, and brookite 

phases with high purity employing fewer toxic compounds, reducing the quantity of 

starting materials, and with the minimum energy input when compared to previous 

employed methods.2–6 Moreover, phase selectivity will be crucial for further studies in the 

next chapter (Chapter 6), where the rutile phase is desired for the immobilization of a 

selected BPCC through in situ surface crystallization. Ultimately, this work is intended to 

provide an alternative approach to obtain nanoparticles for studies were the purity of the 

TiO2 phase is crucial and unambiguous. 

 

5.2. Results and Discussion. 

5.2.1.PIT-nano-emulsion syntheses of TiO2 nanoparticles. 

 The hydrolysis-condensation reaction that leads the formation of TiO2 was adapted 

to the PIT-nano-emulsion method, employing a multi-reactor crystallization system 

(CrystallineTM, Technobis, Crystallization Systems, Alkmaar, Netherlands) to obtain high-

purity nanoparticles of the metal oxide. Three different PIT-nano-emulsion synthesis were 

designed, each one oriented to isolate one of the respective phases of TiO2 (Figure 5.2.1.1). 

To reduce the particle size of the amorphous TiO2 during the hydrolysis-condensation 
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reaction, the PIT was determined for two types of emulsion systems. The latter varied in 

terms of the pH of the aqueous phase, which contained either, a strongly acidic (HNO3, pH 

~0.5) or alkaline (NaOH, pH ~12) environment. Formation of the amorphous TiO2 under 

different pH conditions will favor and promote the isolation of one of the phases when 

further calcinated or thermally treated.12–15 It has been reported that under strongly acidic 

conditions employing nitric acid, the rutile phase is favored due to the slow precipitation 

rate of the amorphous TiO2 during the synthesis.12–14 Additionally, when the amorphous 

TiO2 is calcinated under a strongly acidic environment, this leads a major formation of 

rutile over the other two polymorphs.12,14 In contrast, it has been demonstrated that the 

presence of NaOH during synthesis plays and important role in stabilizing the anatase 

phase.15 The NaOH acts as an alkalinity precipitant during the hydrolysis-condensation 

reaction, and prevents the polymorphic phase transformation of anatase to rutile by 

promoting the formation of amorphous sodium titanate. When annealed, the resulting 

product favors the formation of anatase over rutile.15 Therefore, the acidic emulsion system 

(H2O:HNO3/Heptane, pH ~0.5) was employed for the synthetic pathway leading to the 

rutile phase (Figure 5.2.1.1a), while the emulsion with alkaline conditions 

(H2O:NaOH/Heptane, pH ~12) lead to the anatase phase (Figure 5.2.1.1b).  

 After homogenizing the emulsions, conductivity measurements started at 2°C with 

the oil-in-water (O/W) system reporting average values of 140,000 μS 

(H2O:HNO3/Heptane) and 6,500 μS (H2O:NaOH/Heptane), at the starting point. As the 

emulsions were heated, a phase inversion occurred from O/W (conductive) micro-emulsion 

to a water-in-oil (W/O, not conductive) nano-emulsion. Conductivity measurements 

dropped once the temperature reached 17°C (0.030 μS) and 20°C (0.035 μS) for the 
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strongly acidic and alkaline systems, respectively. As a result, the inversion of phases 

occurred at ~11°C (H2O:HNO3/Heptane) and ~13°C (H2O:NaOH/Heptane). Due to the 

moderately low pH value reported for the H2O:IPA/Heptane emulsion system (pH = 4.15), 

the PIT was achieved by employing the same temperature profile determined for the 

strongly acidic conditions (Figure 5.2.1.1c). The H2O:IPA/Heptane emulsion system was 

utilized for the synthetic and isolation of brookite phase TiO2 nanoparticles.5  

 

Figure 5.2.1.1. Schematic diagram of the PIT-nano-emulsion synthesis of (a) rutile, (b) 

anatase, and (c) brookite TiO2 highly-pure phase nanoparticles. The PIT determination 

graphs are inserted in each synthetic pathway, showing inversion of phases at ~11°C for 

moderately and strongly acidic conditions (dashed line, light orange region), and ~13°C 

for alkaline conditions (dashed line, light pink region).  

 

 Once the PIT was identified for each emulsion system, it was used to perform the 

synthesis of the amorphous TiO2 nanoparticles. For each synthetic pathway, the respective 

aqueous phase (H2O:HNO3, H2O:NaOH, or H2O:IPA) was entrapped in nanodroplets in 

the oil phase of the emulsion after the temperature-induced phase inversion. Addition of 

the titanium (IV) precursor at this point promoted the hydrolysis-condensation reaction to 
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form the amorphous TiO2 particles confined within the nanospheres. The continuous and 

high stirring permitted the reaction to undergo by coalescence of the titanium (IV) 

precursor solution with the aqueous nanospheres within the oil media.    

5.2.2. Particle size distribution measurements of the amorphous TiO2. 

Particle size distribution and polydispersity measurements of the resulting 

amorphous TiO2 before being thermally treated from the bulk (control) and PIT-nano-

emulsion syntheses (experimental) were performed. For the control groups, DLS 

measurements demonstrated average particle size distribution values of ~530, 1,600 and 

300 d.nm for the bulk syntheses employing H2O:HNO3, H2O:NaOH and H2O:IPA, 

respectively (Section 5.4.6). For the PIT-nano-emulsion syntheses products, aliquots from 

the aqueous supernatant from the emulsion systems with the presumed metal oxide 

nanoparticles were measured after 24 h of being synthesized. Results demonstrated average 

particle size distribution values of 20.03 and 142.50 d.nm for particles synthesized 

employing H2O:HNO3, 79.92 and 465.00 d.nm for particles synthesized in H2O:NaOH, 

and 67.61 d.nm for particles employing H2O:IPA aqueous phase (Figure 5.2.2.1). 

According to these values, syntheses carried out in acidic and alkaline conditions promoted 

the formation of particles with a heterogeneous size distribution. The high particle size 

distribution values observed for H2O:HNO3 (142.50 d.nm) and H2O:NaOH (465.00 d.nm) 

suggest aggregation of the TiO2 nanoparticles after the hydrolysis reaction in these aqueous 

phases (Figure 5.2.2.1a and 5.2.2.1b). Moreover, synthesis carried out employing the 

H2O:IPA phase promoted the formation of particles with a homogeneous size distribution 

(Figure 5.2.2.1c). However, polydispersity index (PDI) average values between 0.355-

0.486 were obtained for each sample. Based on the PDI values, the amorphous TiO2 
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nanoparticles measured were moderately monodispersed, which could explain the 

observed heterogeneity on the size distributions. Results demonstrate that this method 

reduces the particle size of the Titania product into the nano-range (<465 d.nm) when 

compared to the bulk syntheses performed as controls (Section 5.4.6.1), possibly by 

reducing the available volume for the hydrolysis-condensation reaction to occur.  

 

Figure 5.2.2.1. Dynamic light scattering (DLS) spectra of amorphous TiO2 nanoparticles 

synthesized employing (a) H2O:HNO3/Heptane, (b) H2O:NaOH/Heptane, and (c) 

H2O:IPA/Heptane emulsion system. 

 

5.2.3. Thermal treatment of the amorphous TiO2 nanoparticles. 

To obtain the desired phase once the amorphous TiO2 formed, different 

experimental approaches were conducted. To control the rutile phase, the amorphous TiO2 

was calcinated at 850°C for 2 h. Rutile is the most thermodynamically stable phase 

compared to anatase and brookite, which is favored when treating the amorphous metal 

oxide at highly elevated temperatures even for short times.16–19 Additionally, calcination 

under strong acidic conditions will favor this phase as discussed previously.12,14  

To control the production of highly-pure anatase phase, calcination of the 

amorphous TiO2 in presence of alkaline conditions was conducted at 400°C for 24 h.17,19 

It is known that anatase is a metastable phase of TiO2, being susceptible to polymorphic 

phase transformations leading to rutile phase.16,20 To avoid rutile phase, the PIT-nano-
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emulsion synthesis was carried out employing an aqueous phase containing NaOH in the 

emulsion system. Additionally, calcination of the amorphous TiO2 resulting from this 

synthesis was carried out in the alkaline solution in contrast with the other syntheses, where 

products were annealed in acidic environments. As previously mentioned, the role of 

NaOH during synthesis and calcination of the metal oxide is to stabilize the anatase phase 

and promote its formation.15  

In terms of brookite, the PIT-nano-emulsion synthesis and thermal treatment 

leading to this phase was distinct to the synthetic pathways designed for rutile and anatase. 

Two experimental steps were included once the amorphous TiO2 formed after the PIT. The 

addition of polymorph-regulating agents such as glycolic acid and NH4OH was coupled to 

the PIT-nano-emulsion synthesis to promote the formation of a titanium glycolate complex, 

as reported by Mamakhel et al.5 An advantage of introducing the PIT-nano-emulsion 

method is formation of the titanium glycolate complex inside of the aqueous nanospheres 

to control its particle size. Once formed, thermal treatment at 200°C inside of an digestion 

bomb was conducted for 20 h.5 Here, the final experimental steps in the designed PIT-

nano-emulsion synthesis could lead the formation of highly-pure brookite phase 

nanoparticles. 

5.2.4. Raman spectroscopy. 

To corroborate that the resulting product from the PIT-nano-emulsion syntheses 

were amorphous, Raman spectroscopy analysis was performed to the samples before 

thermal treatment. Results demonstrate that the TiO2 nanoparticles were amorphous due to 

the absence of characteristics Raman modes from each crystalline phase of the metal oxide, 

as well the presence of high background in the spectra (Section 5.4.7). Representative 
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Raman spectra of the calcinated or thermally treated TiO2 nanoparticles were collected 

from 1,300 to 100 cm-1 (Figure 5.2.4.1). This analysis initially confirmed that the resulting 

nanoparticles were synthesized as highly-pure phases of TiO2, by the presence and absence 

of different characteristic Raman shifts when compared to the simulated spectra of each 

phase from literature. The nanoparticles synthesized employing the acidic emulsion system 

(H2O:HNO3/Heptane) and calcinated at 850°C, presented three distinctive Raman shifts 

corresponding to the B1g (148 cm-1), Eg (446 cm-1), and A1g (603 cm-1) modes 

characteristics of the rutile phase.5,21–23 Moreover, the Raman spectra of the nanoparticles 

formed in alkaline conditions (H2O:NaOH/Heptane) and calcinated at 400°C, presented 

only anatase characteristic Raman shifts. The intense (139 cm-1) and weak (646 cm-1) 

Raman signals observed correspond to the Eg mode of anatase, while the other signals at 

384 and 502 cm-1 account for the A1g and B1g modes of the anatase phase, 

respectively.5,12,21–23 The Raman spectra of the nanoparticles obtained employing the 

H2O:IPA/Heptane emulsion system and thermally treated at 200°C, presented several 

Raman signals distinctive of the brookite phase. These signals correspond to the A1g (149, 

249, and 641 cm-1), B1g (210, 323, and 504 cm-1), B2g (348 cm-1), and B3g (546 cm-1) modes 

characteristic of the brookite phase and are in accordance with literature.5 Particularly, 

presence of the Raman shift at 323 cm-1 (B1g) usually denotes the presence of highly-pure 

brookite phase. Absence of characteristic Raman signals for other TiO2 phases in the 

spectra of each product demonstrates that the resulting nanoparticles were obtained as 

single-phases. 
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Figure 5.2.4.1. (left) Raman spectra overlay of simulated rutile (navy blue)24, anatase (dark 

red)24, and brookite (dark green)24 phases, as well as the Raman spectra of the TiO2 

nanoparticles synthesized through the PIT-nano-emulsion method and thermally treated, 

employing H2O:HNO3/Heptane (blue), H2O:NaOH/Heptane (red), and H2O:IPA/Heptane 

(green) emulsion systems. (right) insert of the experimental Raman spectra for the TiO2 

nanoparticles under each condition with the prominent Raman modes identified. 

 

5.2.5. Powder X-ray diffraction (PXRD) analysis. 

Control syntheses (bulk syntheses) were performed without employing the PIT-

nano-emulsion method, but under the same pH and thermal treatment conditions. After the 

syntheses, PXRD analysis confirmed that the products were amorphous due to the absence 

of Bragg reflections (Section 5.4.8). Moreover, calcinated products from bulk syntheses 

employing strongly acidic and alkaline conditions resulted in pure phases. Nevertheless, 

the product thermally treated and obtained under moderately acidic conditions resulted in 

a mixture of phases, presenting phase impurities based on the presence of distinctive 

signals from other polymorphs in the diffractogram (Section 5.4.8).  

Representative PXRD diffractograms of the TiO2 nanoparticles calcinated or 

thermally treated after their respective PIT-nano-emulsion synthesis are shown in Figure 
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5.2.5.1. Each diffractogram reveals a high degree of crystallinity for the isolated 

nanoparticles due to the low amorphous background and relatively strong Bragg peaks 

observed compared to the diffractogram of the amorphous TiO2 obtained after synthesis 

before the thermal treatment (Section 5.4.8). This analysis unambiguously confirmed that 

the resulting nanoparticles were obtained as highly-pure phases of TiO2 based on the 

presence of characteristic reflections for each TiO2 polymorph.25,26 The peaks observed in 

the powder pattern of the nanoparticles synthesized employing the H2O:HNO3/Heptane 

emulsion system are characteristics of the rutile phase. These signals can be observed at 

27.45, 36.11, 39.37, 41.27, 44.11, 54.39, and 56.97° in 2θ and can be indexed to the (110), 

(101), (200), (111), (210), (211), and (220) planes corresponding to the pure rutile 

phase.5,21–23 Moreover, the crystal phase of the nanoparticles synthesized through the 

H2O:NaOH/Heptane emulsion system was confirmed as highly-pure anatase phase. The 

characteristics peaks observed at 25.86, 37.20, 37.98, 48.17, 54.19, and 55.46° in 2θ 

correspond to the planes (101), (103), (004), (200), (105), and (211) observed for pure 

anatase.5,21–23 Furthermore, highly-pure brookite nanoparticles were confirmed as the 

resulting product from the synthesis employing the H2O:IPA/Heptane emulsion system and 

being thermally treated. The presence of the characteristic indexed Bragg peaks at 25.51 

(120), 25.79 (111), 30.98 (121), 36.44 (012), 40.42 (022), 48.29 (231), and 55.63° (241) in 

2θ, confirmed the isolation of brookite as pure phase.5,22 In each diffractogram of the 

products analyzed, no other peaks corresponding to additional phase impurities were 

observed. These results, along with Raman spectra analysis, suggest that both the chemical 

nature of the emulsion system (e.g., pH) and the specific thermal treatment (temperature 

and time) employed to the amorphous TiO2, highly influences the selective isolation of the 
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respective Titania polymorph. Therefore, it is confirmed that the designed PIT-nano-

emulsion syntheses presented in this work, lead to the formation of phase-selective TiO2 

nanoparticles. 

 

Figure 5.2.5.1. (left) PXRD overlay of simulated rutile (ICSD 165920, navy blue)25, 

anatase (ICSD 154601, dark red)26, and brookite (ICSD 154605, dark green)26 phases, with 

the diffractograms of the TiO2 nanoparticles synthesized through the PIT-nano-emulsion 

method and thermally treated, employing H2O:HNO3/Heptane (blue), H2O:NaOH/Heptane 

(red), and H2O:IPA/Heptane (green) emulsion systems. (right) Insert of the PXRD overlay 

for the experimentally obtained TiO2 nanoparticles showing indexed Bragg reflections. 

 

5.2.6. Scanning electron microscope coupled with energy dispersive spectroscopy 

(SEM-EDS). 

Morphological studies through SEM-EDS were performed to the three highly-pure 

TiO2 phases nanoparticles obtained. The representative SEM images collected show 

nanoparticles with well-defined morphologies (Figure 5.2.6.1). In Figure 5.2.6.1a, it can 

be observed that the rutile phase nanoparticles present uniform spherical morphology with 

varied size diameters (30-800 nm). In some instances, agglomeration of the spheres can be 

observed. For the anatase phase nanoparticles, the morphology observed was mostly 
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irregular-spherical (Figure 5.2.6.1b). However, high agglomeration of these non-uniform 

spheres was observed, resulting in clusters. The resulting diameter for these nanoparticles 

ranged between 20-500 nm. Moreover, SEM analysis of the brookite-phase nanoparticles 

demonstrated high agglomeration and cluster formation. Nevertheless, these brookite 

phase nanoparticles presented the higher morphology uniformity among the samples 

analyzed. Figure 5.2.6.1c depicts a rod-like shape morphology for these nanoparticles, 

with an average size diameter of ~100 nm.  

 

Figure 5.2.6.1. Scanning electron micrographs of highly-pure (a) rutile, (b) anatase, and 

(c) brookite phase TiO2 nanoparticles after being synthesized through the PIT-nano-

emulsion syntheses and thermally treated. 
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Representative EDS spectra of these materials present the characteristic signals of 

titanium (Ti) and oxygen (O), which are present in the molecular structure of the metal 

oxide (Figure 5.2.6.2). This corroborates the elemental composition of the products, as 

particles only comprised of TiO2. Absence of other element signals suggest the high 

chemical purity content of TiO2, without the presence of trace amounts of starting materials 

from the PIT-nano-emulsion syntheses (i.e., titanium (IV) isopropoxide, Brij L4®, 

heptane, HNO3, NaOH, glycolic acid, NH4OH) or the thermal treatment process.  

 

Figure 5.2.6.2. Energy dispersive spectra of highly-pure (a) rutile, (b) anatase, and (c) 

brookite phase TiO2 nanoparticles after being synthesized through the PIT-nano-emulsion 

syntheses and thermally treated. EDS spectra includes the insertion of the morphology 

observed for each respective nanoparticle (sphere or rod-like shaped). 

 

5.3. Conclusions. 

 Herein, we reported for the first time three different PIT-nano-emulsion syntheses 

leading to the selective formation of multiple and highly-pure phases of TiO2 as 

nanoparticles. Application of the low-energy emulsification method known as the PIT in 

the multi-reactor crystallization system (CrystallineTM, Technobis, Crystallization 

Systems, Alkmaar, Netherlands), allowed to constrain the TiO2 hydrolysis-condensation 

reaction space available into the nano-range. This was achieved with minimal energy input 

and relatively low chemical consumption. The designed PIT-nano-emulsion syntheses 

were specifically oriented to isolate rutile, anatase and brookite phase TiO2 nanoparticles 



217 

 

by employing different emulsion systems (i.e., H2O:HNO3/Heptane, H2O:NaOH/Heptane, 

and H2O:IPA/Heptane; respectively). It was demonstrated that the chemical nature of the 

emulsion system employed highly dictates the polymorphic fate of the amorphous TiO2 

nanoparticles once formed and further thermally treated. From the three reported PIT-nano-

emulsion syntheses, particle size values below <465 d.nm were obtained for the amorphous 

TiO2 nanoparticles. Solid-state characterization through Raman spectroscopy and PXRD 

confirmed that after thermal treatment, the TiO2 nanoparticles were comprised of a single 

phase, thus, of high phase purity. SEM analysis provided evidence of the well-defined 

morphologies observed in each sample. Here, rutile and anatase nanoparticles being 

spherical shaped, while brookite nanoparticles presenting a rod-like shape. These results 

demonstrate the capability of the reported PIT-nano-emulsion syntheses, along with the 

respective thermal treatment employed, to control not only the particle size, but also the 

phase purity of the produced TiO2 nanoparticles. The latter was demonstrated employing 

fewer toxic compounds, reducing the quantity of starting materials, and with the minimal 

energy input. Therefore, the designed synthetic pathways could provide an alternative 

approach to obtain nanoparticles for studies were the purity of the TiO2 phase is crucial 

and unambiguous. 

5.4. Experimental Details. 

5.4.1. Bulk syntheses of TiO2 particles. 

Bulk Synthesis of Rutile Phase TiO2. A mixture of H2O:HNO3 was prepared separately by 

diluting 6 mL of nitric acid in 100 mL of nanopure water. In a beaker, 50mL of the 

H2O:HNO3 solution was added and heated in a hot plate at 35°C for 15 min. In another 

beaker, the titanium (IV) precursor solution was prepared by mixing 15 mL of ethanol, 5 
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mL of glacial acetic acid and 5 mL of titanium (IV) isopropoxide. The titanium (IV) 

precursor solution was added to the H2O:HNO3 mixture and stirred at 350 rpm. Here, the 

beaker was sealed with aluminum foil to prevent evaporation. The resulting mixture was 

heated at 70°C for 75 min.  Particle size distribution measurements of the resulting product 

after synthesis (Section 5.4.6.1), and PXRD analysis before and after thermal treatment 

(Section 5.4.8.1) were performed. 

Bulk Synthesis of Anatase Phase TiO2. A mixture of H2O:NaOH was prepared separately 

by diluting 6 mL of NaOH 1.0 M in 100 mL of nanopure water. In a beaker, 50 mL of the 

H2O:NaOH solution was added and heated in a hot plate at 35°C for 15 min. In a separate 

container, the titanium (IV) precursor solution was prepared by mixing 15 mL of ethanol, 

5 mL of glacial acetic acid and 5 mL of titanium (IV) isopropoxide. The titanium (IV) 

precursor solution was added to the H2O:NaOH mixture and stirred at 350 rpm. Here, the 

beaker was sealed with aluminum foil to prevent evaporation. The resulting mixture was 

heated at 70°C for 75 min. Particle size distribution measurements of the resulting product 

after synthesis (Section 5.4.6.1), and PXRD analysis before and after thermal treatment 

(Section 5.4.8.1) were performed. 

Bulk Synthesis of Brookite Phase TiO2. For the brookite phase TiO2 bulk synthesis as 

control, the experimental procedure reported by Mamakhel et al. was followed.5 Particle 

size distribution measurements of the resulting product after synthesis (Section 5.4.6.1), 

and PXRD analysis before and after thermal treatment (Section 5.4.8.1) were performed. 
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5.4.2. Emulsion systems preparation. 

H2O:HNO3/Heptane system. A mixture of H2O:HNO3 was prepared separately by diluting 

6 mL of nitric acid in 100 mL of nanopure water. The emulsion system was prepared by 

adding 11 mL of H2O:HNO3 solution, 3 mL of heptane, and 0.9 BrijL4® into a 20 mL 

scintillation vial. The resulting pH of the emulsion is ~0.5. 

H2O:NaOH/Heptane system. A mixture of H2O:NaOH was prepared separately by diluting 

6 mL of NaOH 1 M in 100 mL of nanopure water. The emulsion system was prepared by 

adding 11 mL of H2O:NaOH solution, 3 mL of heptane, and 0.9 mL of BrijL4® into a 20 

mL scintillation vial. The resulting pH of the emulsion is ~12. 

H2O:IPA/Heptane system. The emulsion system was prepared by adding 9.75 mL of 

nanopure water, 1.25 mL of IPA, 3 mL of heptane, and 0.9 mL of BrijL4® into a 20 mL 

scintillation vial. The resulting pH of the emulsion is ~4.15. 

 

5.4.3. Phase Inversion Temperature (PIT) determination. For the H2O:HNO3/Heptane 

and H2O:NaOH/Heptane emulsion systems, the PIT was determined as follows. The 

respective mixture was homogenized using an IKA T10 Basic Ultra Turrax (IKA Works 

Inc., Wilmington, NC), for 30 sec at a speed of “4” (14,450 rpm equivalent). The vial was 

situated in a jacketed beaker, with a 20.3 cm (8”) stainless steel RTD temperature probe 

(VWR®, VWR International). The conductivity of the emulsion was measured with a 

Fisherbrand Accumet BasicAB30 conductivity meter (Fisher Scientific UK, 

Loughborough, UK). The bath temperature was controlled with a Julabo F32-ME 

Refrigerated/Heating Circulator (JULABO GmbH, Seelbach, Germany). Both the vial and 

the bath contained magnetic stir bars stirring at 300 rpm using a VWR® Professional Hot 

Plate Stirrer (97042-714, VWR®, VWR International). The temperature of the emulsion 
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was allowed to reach 2°C in the bath before starting the measurements. The temperature 

profile started at 2°C and ended at 37°C at a heating rate of 1°C/min. The conductivity of 

the respective mixture was recorded in 1-degree intervals. Figure 5.4.3.1-5.4.3.2 depicts 

the PIT determination curves for the H2O:HNO3/Heptane and H2O:NaOH/Heptane 

emulsion systems, respectively. 

 

Figure 5.4.3.1. Nano-emulsion PIT determination of the H2O:HNO3/Heptane emulsion 

system, showing the phase inversion occurs at approximately ~11°C (dashed line). 

Depicted by the light orange region is the range for the phase inversion which starts at  5°C 

and ends at 17°C. 

 

 
Figure 5.4.3.2. Nano-emulsion PIT determination of the H2O:NaOH/Heptane emulsion 

system, showing the phase inversion occurs at approximately ~13°C (dashed line). 

Depicted by the light pink region is the range for the phase inversion which starts at  6°C 

and ends at 20°C. 
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5.4.4. Titanium precursor solution. For the rutile and anatase phase nanoparticles 

syntheses, preparation of a titanium precursor solution was required. For this, 3 mL of 

ethanol, 20 drops of acetic acid glacial, and 1 mL of titanium isopropoxide (IV) were mixed 

inside a 20 mL beaker and sealed with parafilm. 

5.4.5. PIT-nano-emulsion syntheses of TiO2 nanoparticles. The nano-emulsion 

syntheses of the TiO2 nanoparticles were conducted in a CrystallineTM (Technobis, 

Crystallization Systems, Alkmaar, Netherlands) and are discussed more in detail below. 

Calcination of the resulting amorphous TiO2 from the rutile and anatase phase PIT-nano-

emulsion syntheses, was conducted in an Isotemp Muffler Furnace (Fisher Scientific). 

Rutile and Anatase Phases.  The H2O:HNO3/Heptane (rutile) or H2O:NaOH/Heptane 

(anatase) system was prepared and homogenized. Once the emulsion homogenized, 2.5 

mL were transferred to a CrystallineTM reaction vial with a stir bar, and sealed with a reflux 

cap. The vial was then placed in the first reactor at 5°C (rutile) or 6°C (anatase)  for 30 

min under 1,250 rpm continuous stirring. Then, the vial was transferred to a second reactor 

at 45°C for 30 min. Once the 30 min elapsed, 1 mL of the Ti(IV) precursor solution 

previously prepared were added into the reaction vial via syringe and left it for 75 min at 

70°C. Once this process completed, the aqueous phase containing a white precipitate was 

transferred to a crucible and calcinated at 850°C for 2 h for isolating the rutile phase. 

However, to isolate the anatase phase, the aqueous phase containing the white precipitate 

was transferred to a crucible and calcinated at 400°C for 24 h. 

Brookite Phase. The H2O:IPA/Heptane system was prepared and homogenized. Once the 

emulsion homogenized, 2.5 mL were transferred to a CrystallineTM reaction vial with a stir 

bar, and sealed with a reflux cap. The vial was placed in a reactor at 5°C for 30 min under 



222 

 

1,250 rpm continuous stirring. Then, the temperature was raised to 25°C and 0.5 mL of 

titanium (IV) isopropoxide was added via syringe. The vial was left for 3 h under 

continuous stirring. Subsequently, 5 mL of a 1.05 M glycolic acid solution was added to 

the vial via syringe and left it for 2 h under stirring. Once the time elapsed, the temperature 

was raised to 95°C and kept for 20 h without stirring. Once the process completed, the 

aqueous phase with the white precipitate from the vial was transferred to a beaker and the 

pH was adjusted to ~12 with NH4OH. The pH-adjusted solution was transferred to a 

digestion bomb (243AC-T304-051716A, Parr Instrument Company, Moline, IL) and 

heated at 200°C for 20 h. Finally, the product was centrifuged and washed twice with 

nanopure water. 

 

5.4.6. Dynamic light scattering (DLS) measurements: DLS samples were analyzed in a 

Malvern Panalytical Zetasizer NanoZS (Spectris PLC, Surrey, England) equipped with a 

He-Ne orange laser (633 nm, max 4 mW). Data was analyzed with Malvern software, 

version 7.12.  

5.4.6.1. TiO2 Particles from Bulk Syntheses. Samples were prepared by taking 50 μL 

aliquots of the resultant suspension presumed to contain the bulk amorphous TiO2. They 

were transferred in disposable polystyrene cuvettes (REF: 67.754, 10 x 10 x 45 mm, 

Sarsted, Germany) and diluted with nanopure water in a 1:40 ratio. The cuvettes containing 

the samples remained undisturbed near the Zetasizer for 30 min prior to the measurements. 

Afterwards, size measurements were performed after 2 min of sample equilibration inside 

the instrument at room temperature (25°C). The refractive index used for the sample was 

1.372, which corresponds to TiO2 in water. This value was determined by measuring an 

aliquot of TiO2 stock solution with a Mettler Toledo Refracto 30GS (Mettler Toledo, 
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Columbus, OH). Tables 5.4.6.1.1-5.4.6.1.3 summarize the DLS parameters and values for 

the three different bulk syntheses products in nanopure water.  

Table 5.4.6.1.1. Dynamic light scattering parameters and values after analyzing the 

product from the bulk synthesis employing H2O:HNO3. 

Bulk Synthesis employing H2O:HNO3 

Run Size (d.nm) % Intensity St Dev (d.nm) PDI 

1 

40.40 75.7 17.33 

0.468 681.9 24.3 370.4 

0.000 0.0 0.000 

2 

38.78 74.3 16.25 

0.485 521.4 21.6 233.2 

4533 4.1 870.3 

3 

41.89 79.1 22.09 

0.470 408.1 16.6 178.8 

4667 4.3 804.0 

Average 

40.39 76.4 18.84 

0.474 553.9 20.8 305.0 

4579 2.8 865.5 

 

 

Table 5.4.6.1.2. Dynamic light scattering parameters and values after analyzing the 

product from the bulk synthesis employing H2O:NaOH 

Bulk Synthesis employing H2O:NaOH 

Run Size (d.nm) % Intensity St Dev (d.nm) PDI 

1 

1444 100.0 170.8 

0.536 0.000 0.0 0.000 

0.000 0.0 0.000 

2 

1984 100.0 308.2 

0.393 0.000 0.0 0.000 

0.000 0.0 0.000 

3 

1470 100.0 156.9 

0.581 0.000 0.0 0.000 

0.000 0.0 0.000 

Average 

1633 100.0 333.9 

0.503 0.000 0.0 0.000 

0.000 0.0 0.000 
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Table 5.4.6.1.3. Dynamic light scattering parameters and values after analyzing the 

product from the bulk synthesis employing H2O:IPA 

Bulk Synthesis employing H2O:IPA 

Run Size (d.nm) % Intensity St Dev (d.nm) PDI 

1 

42.99 78.0 28.03 

0.530 297.9 17.1 121.8 

4965 4.9 629.3 

2 

45.17 84.9 29.98 

0.468 355.6 11.0 151.5 

4663 4.2 805.5 

3 

40.21 80.2 23.17 

0.377 277.2 16.5 122.3 

4880 3.3 687.3 

Average 

42.92 81.1 26.92 

0.458 305.9 14.8 132.5 

4841 4.1 720.3 

 

5.4.6.2. PIT-nano-emulsion Syntheses Products. The reaction vial from each nano-

emulsion synthesis was undisturbed for 1 h prior to analysis. The PIT-nano-emulsion 

synthesis products were prepared as for the TiO2 particles from the bulk syntheses. Tables 

5.4.6.2.1-5.4.6.2.3 summarize the DLS parameters and values for the three different PIT-

nano-emulsion syntheses products in nanopure water. 

Table 5.4.6.2.1. Dynamic light scattering parameters and values after analyzing the PIT-

nano-emulsion synthesis product employing the H2O:HNO3/Heptane emulsion system. 

Emulsion System: H2O:HNO3/Heptane 

Run Size (d.nm) % Intensity St Dev (d.nm) PDI 

1 

138.3 82.6 70.81 

0.489 21.78 16.2 7.538 

4795 1.2 726.5 

2 

140.3 86.3 74.65 

0.476 18.73 13.7 5.479 

0.000 0.0 0.000 

3 

152.6 83.4 85.43 

0.493 22.41 16.6 7.844 

0.000 0.0 0.000 

Average 

142.5 85.0 77.93 

0.486 20.03 14.6 6.103 

4795 0.4 726.5 
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Table 5.4.6.2.2. Dynamic light scattering parameters and values after analyzing the PIT-

nano-emulsion synthesis product employing the H2O:NaOH/Heptane emulsion system. 

Emulsion System: H2O:NaOH/Heptane 

Run Size (d.nm) % Intensity St Dev (d.nm) PDI 

1 

431.6 61.2 121.9 

0.571 73.34 37.5 18.89 

5560 1.3 0.000 

2 

445.8 57.5 111.4 

0.348 76.88 42.5 18.21 

0.000 0.0 0.000 

3 

520.0 57.3 159.5 

0.539 88.95 41.6 26.28 

5560 1.1 0.000 

Average 

465.0 58.7 137.9 

0.486 79.92 40.5 22.51 

5560 0.8 6.104e-5 

 

Table 5.4.6.2.3. Dynamic light scattering parameters and values after analyzing the PIT-

nano-emulsion synthesis product employing the H2O:IPA/Heptane emulsion system. 

Emulsion System: H2O:IPA/Heptane 

Run Size (d.nm) % Intensity St Dev (d.nm) PDI 

1 

66.95 93.0 39.34 

0.385 4687 7.0 791.7 

0.000 0.0 0.000 

2 

70.28 95.5 53.94 

0.344 5225 4.1 459.9 

8.461 0.4 1.329 

3 

65.86 97.6 35.84 

0.336 5357 2.4 340.3 

0.000 0.0 0.000 

Average 

67.61 95.5 43.80 

0.355 4971 4.5 704.7 

0.000 0.0 0.000 

 

5.4.7. Raman microscopy. Raman spectra were recorded in a Thermo Scientific DXR 

Raman microscope, equipped with a 532 nm laser, 400 lines/nm grating, and 50 μm slit. 

The spectra were collected at room temperature over the range of 3,400 and 100 cm-1 by 
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averaging 32 scans with exposures of 3 sec. The OMNIC for Dispersive Raman software 

version 9.2.0 was employed for data collection and analysis. Figure 5.4.7.1 depict an 

overlay of the experimental Raman spectra of the TiO2 nanoparticles obtained through the 

PIT-nano-emulsion method prior to being thermally treated. 

 
Figure 5.4.7.1. Raman spectra overlay of simulated rutile (navy blue)24, anatase (dark 

red)24, and brookite (dark green)24 phases, with the spectra of the TiO2 nanoparticles 

synthesized through the PIT-nano-emulsion method before the thermal treatment, 

employing H2O:HNO3/Heptane (blue), H2O:NaOH/Heptane (red), and H2O:IPA/Heptane 

(green) emulsion systems. 

 

5.4.8. Powder X-ray diffraction (PXRD). Collection of powder diffractograms were 

performed in transmission mode (300 K) using a Rigaku XtaLAB SuperNova X-ray 

diffractometer with a micro-focus Cu-Kα radiation (λ = 1.5417 Å) source and equipped 

with a HyPix3000 X-ray detector (50 kV, 0.8 mA). Powder samples were mounted in 

MiTeGen micro loops. Powder diffractograms were collected between 6 – 60o with a step 

of 0.01o using the Gandolfi move experiment. CrystAllisPRO software v. 1.171.3920a was 

used to analyzed data.  

5.4.8.1. TiO2 particles from Bulk Syntheses. Figure 5.4.8.1.1 depict an overlay of the 

experimental powder pattern of the TiO2 nanoparticles obtained through the bulk syntheses 

without thermal treatment, with the spectra of the three standards rutile (ICSD 165920)25, 
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anatase (ICSD 154601)26, and brookite (ICSD 154605)26. Figure 5.4.8.1.2 depict an overlay 

of the experimental powder pattern of the TiO2 nanoparticles obtained through the bulk 

syntheses after being thermally treated along with the diffractogram of the three respective 

standards. 

 
Figure 5.4.8.1.1. PXRD overlay of simulated rutile (ICSD 165920, navy blue)25, anatase 

(ICSD 154601, dark red)26, and brookite (ICSD 154605, dark green)26 phases, with the 

diffractograms of the TiO2 nanoparticles synthesized through the bulk syntheses before 

thermal treatment, employing H2O:HNO3 (light blue), H2O:NaOH (light red), and 

H2O:IPA (light green) conditions. 

 

 
Figure 5.4.8.1.2. PXRD overlay of simulated rutile (ICSD 165920, navy blue)25, anatase 

(ICSD 154601, dark red)26, and brookite (ICSD 154605, dark green)26 phases, with the 

diffractograms of the TiO2 nanoparticles synthesized through the bulk syntheses after 

thermal treatment, employing H2O:HNO3 (light blue), H2O:NaOH (light red), and 

H2O:IPA (light green) conditions. 
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5.4.8.2. PIT-nano-emulsion Syntheses Products. Figure 5.4.8.2.1. depict an overlay of the 

experimental powder pattern of the TiO2 nanoparticles obtained through the PIT-nano-

emulsion method before thermal treatment along with the diffractogram of the three 

respective standards. 

 
Figure 5.4.8.2.1. PXRD overlay of simulated rutile (ICSD 165920, navy blue)25, anatase 

(ICSD 154601, dark red)26, and brookite (ICSD 154605, dark green)26 phases, with the 

diffractograms of the TiO2 nanoparticles synthesized through the PIT-nano-emulsion 

method before thermal treatment, employing H2O:HNO3/Heptane (blue), 

H2O:NaOH/Heptane (red), and H2O:IPA/Heptane (green) emulsion systems. 

 

5.4.9. 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.  
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 CHAPTER 6. IMMOBILOZATION OF ZOLEDRONATE-BASED 

COORDINATION COMPEXES IN TITANIUM DIOXIDE NANOPARTICLES 

 

 

6.1. Introduction. 

 In previous chapters, the assessment of the biomedical potential of nano-scale 

BPCCs was described, as well as the polymorphic control of TiO2 nanoparticles with high 

phase purity. These previous studies have open research possibilities for combining the 

designed metal complexes with highly-pure phase TiO2 nanoparticles for the design of a 

multi-drug delivery system suitable to treat OM.  The incorporation of rutile phase TiO2 

could provide to the resulting functionalize material higher stability, as well oxidation and 

hydrolysis resistance.1–3 Additionally, this metal oxide has demonstrated a great potential 

for contributing to osteointegration and osteoinduction processes at the bone 

microenvironment, which are pathways negatively affected by tumor cells in OM.2,3 

Therefore, the combination of TiO2 nanoparticles with BPCCs could demonstrate the 

possibility of incorporating two therapeutic agents that can potentiate the anti-tumor effect 

against OM. Here, the TiO2 could provide a positive effect towards the biofunction of 

osteoblasts (osteoinduction). In addition, the BPCCs could contribute on regulating the 
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overexpressed activity of osteoclasts (bone resorption inhibition) and providing suggested 

direct and indirect antitumor effects at the metastatic site.2–5 

In this chapter, the immobilization of BPCCs by in situ surface crystallization onto 

TiO2 nanoparticles will be discussed. Taking advantage of the chemical nature of the 

hydroxylated TiO2 surface, photoactivation by UV irradiation will promote formation of 

reactive radical species to induce surface nucleation and promote the crystallization of the 

BPCC.2 As discussed previously, the high affinity of TiO2 to bind to calcium ions will 

provide the suitable conditions for these metal ions to form monolayers in the surface of 

the metal oxide and serve as a template to promote the crystallization of BPCCs. 6,7 

Therefore, the coordination complexes will be anchored into the TiO2 nanoparticles via an 

interlayer of calcium ions during their hydrothermal synthesis.  

 The immobilization attempts presented here will be carried employing ZOLE-Ca 

form II. Among all the ALEN, RISE and ZOLE-based BPCCs previously discussed and 

exhaustively studied, this metal complex in the form of nano-Ca@ZOLE has demonstrated 

the greatest potential as therapy for the treatment and prevention of OM.4,5 Compared to 

nano-Ca@ALEN and nano-Ca@RISE, these nanocrystals presented higher thermal and 

structural stability in physiological media, higher binding affinity to HA (~2.5x more than 

ZOLE) in a relevant time frame (24 h), and higher cytotoxicity effects even at the lowest 

concentrations against the cancerous cell line model (MDA-MB-231) without inducing any 

negative effect in normal osteoblast-like cells (hFOB 1.19).4,5 Additionally, compared to 

ALEN and RISE, reports on immobilization attempts of ZOLE in titanium surfaces has not 

been reported or previously discussed.2  
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Here, the hydrothermal reaction of ZOLE-Ca form II was performed in presence of 

UV photoactivated rutile phase TiO2 nanoparticles obtained in Chapter 5, to carry out in 

situ surface crystallization. The reaction time was varied to control crystal growth, resulting 

in two functionalized materials TiO2-core:nano-Ca@ZOLE-shell-†  and TiO2-core:nano-

Ca@ZOLE-‡ depending on the duration of the reaction steps 5 (†) vs. 15 (‡) min. The 

crystal phase of the BPCC, as well the polymorphic phase purity of the metal oxide, were 

determined after immobilization employing various solid-state characterization techniques. 

Morphological changes and elemental composition of the functionalized nanoparticles 

were addressed to confirm the successful incorporation of the BPCCs, the shell thickness, 

and the overall particle size. The cytotoxicity against of this functionalized nanomaterial 

was assess against both triple-negative breast cancer cells that metastasize to the bone 

(MDA-MB-231) and normal osteoblast cells (hFOB 1.19). The results presented provide 

evidence about the surface crystallization of BPCCs onto rutile phase TiO2 nanoparticles 

for the development of a functionalized material as a novel nanotechnology-based cancer 

therapy to treat and prevent OM, which is the overall goal of this thesis. 

6.2. Results and Discussion. 

Surface crystallization of the selected ZOLE-based BPCC, ZOLE-Ca form II, was 

carried out in UV photoactivated rutile phase TiO2 nanoparticles to form an immobilized 

BPCC-shell around the metal oxide core. Once the metal oxide nanoparticles irradiated, 

the addition of the ligand (ZOLE) and metal salt solutions, promoted the reaction that led 

to the formation of the BPCC (Figure 6.2.1) on the surface of the TiO2 nanoparticles. It is 

suggested that the reactive hydroxy radicals in the photoactivated TiO2 allowed anchoring 

the coordination complex on the metal oxide surface during crystallization process. After 
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reaching 85°C, the reaction time was varied to control the crystal growth of the outer BPCC 

shell of the TiO2 nanoparticles. Reaction time was stopped at 5 minutes to obtain a first 

functionalized product, namely TiO2-core:nano-Ca@ZOLE-shell-†, and at 15 min to 

promote outgrow of the BPCC shell in a second functionalized product denominated as 

TiO2-core:nano-Ca@ZOLE-shell-‡. Solid-state characterization, surface analyses, thermal 

stability, particle size measurements and cytotoxicity of the obtained functionalized 

samples were assessed to determine the potential of this material to treat OM. 

 

Figure 6.2.1. Schematic representation and proposed incorporation of  ZOLE-Ca form II 

in TiO2 nanoparticles by in situ surface crystallization, varying crystallization time to 

control growth of the BPCC shell. Reaction time was limited to 5 min to obtain TiO2-

core:nano-Ca@ZOLE-shell-† as first functionalized product and extended to 15 min to 

obtain TiO2-core:nano-Ca@ZOLE-shell-‡ as second functionalized product. 

6.2.1. Raman spectroscopy analysis. 

Prior to solid-state characterization, the products from the immobilization process 

were washed with nanopure water to remove any excess or suspended ZOLE-Ca form II 

crystals that did not readily incorporate into the surface of the rutile-phase TiO2 

nanoparticles. Representative Raman spectra of the first and second functionalized 

products were collected from 3,400 to 100 cm-1 (Figure 6.2.1.1). The presence and absence 
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of different characteristic Raman shifts between the experimental spectra of the TiO2 and 

the functionalized materials initially confirmed successful crystallization of this BPCC 

possibly on the metal oxide surface. Raman spectra of the experimental TiO2 nanoparticles 

before the immobilization process confirmed the highly-pure rutile phase content by the 

presence of three distinctive Raman shifts (Figure 6.2.1.1c). These signals correspond to 

the B1g (148 cm-1), Eg (446 cm-1), and A1g (603 cm-1) modes characteristics of the rutile 

phase. From the spectra of the first functionalized product, TiO2-core:nano-Ca@ZOLE-

shell-†, characteristic growing signals can be observed in the 3,200 – 2,900 cm-1 region 

(Figure 6.2.1.1d). Based on previous Raman spectroscopy analyses reported on Chapter 

4, these bands could correspond to the hydrogen phosphate H–OPO2C moieties (3,000 – 

2,900 cm-1) and the stretching vibrations νO–H/H2O (3,200 – 3,100 cm-1) from the ZOLE-

based BPCCs. These signals confirmed the initial appearance of a potential coordination 

complex, which is comprised of extensive hydrogen bonding due to the lattice water 

molecules in its crystal structure. Additionally, other growing signals can be observed in 

the first functionalized sample from 1,500 to 1,100 cm-1. These bands can be attributed to 

the P=O deformation vibrations (1,460 and 1,290 cm-1), the νasP–O(H) asymmetric 

stretching vibration (1,100 cm-1), and the δPO-H bending (1,020 cm-1) of the phosphonate 

P–O3 groups characteristic of the ZOLE-based BPCCs. For the second functionalized 

product, TiO2-core:nano-Ca@ZOLE-shell-‡, it was observed the presence and a 

significant increase of each characteristic Raman shifts from the first functionalized 

sample, suggesting the successful outgrow of a BPCC shell (Figure 6.2.1.1e). Moreover, 

a weak band was observed in these last sample at 1,190 cm-1, corresponding to the 

νP=O/δπPOH stretching vibration of the metal complex, thus demonstrating that 



236 

 

crystallization of the ZOLE-based BPCC was achieved. For the two functionalized 

products, Raman spectra showed the presence of intense signals corresponding to the B1g, 

Eg and A1g modes of rutile, addressing that the phase purity of the TiO2 was not affected 

after the immobilization process. These results initially corroborated that the selected 

ZOLE-based BPCC content was successfully crystallized based on the relative increase of 

the Raman signals corresponding to the metal complex, compared to the ones of rutile 

phase nanoparticles in the core of these materials.  

 

Figure 6.2.1.1. Raman spectra overlay of (a) simulated rutile phase TiO2, (b) ZOLE-Ca 

form II bulk crystals,5 (c) experimental TiO2, (d) TiO2-core:nano-Ca@ZOLE-shell-†, and 

(e) TiO2-core:nano-Ca@ZOLE-shell-‡. 

 

6.2.2. Powder X-ray diffraction (PXRD) analysis. 

 Representative PXRD diffractograms of the functionalized samples are shown in 

Figure 6.2.2.1. PXRD analysis allowed to confirm the phase and crystallinity of the 

material presumably crystallized on the surface of the TiO2 nanoparticles. Each 

diffractogram reveals a high degree of crystallinity for both the experimental TiO2 and the 

two functionalized products, due to the low amorphous background observed. The 



237 

 

characteristic peaks observed in the diffractogram of the experimental metal oxide 

nanoparticles (Figure 6.2.2.1c) confirmed their phase purity. The characteristic reflections 

appear at 27.45 (110), 36.11 (101), 39.37 (200), 41.27 (111), 44.11 (210), 54.39 (211), and 

56.97° (220) in 2θ and correspond to highly pure rutile phase. For the TiO2-core:nano-

Ca@ZOLE-shell-† powder pattern, presence of intense Bragg reflections corresponding to 

the ZOLE-Ca form II BPCC crystal phase (7.85, 9.41, 11.51, 14.48, 19.49, 26.59, and 

28.95° in 2θ) were observed (Figure 6.2.2.1d). In addition to these reflections, 

characteristic peaks of the rutile phase could be also distinguished in this diffractogram. 

Here, it is demonstrated that surface crystal growth of ZOLE-Ca form II was initially 

achieved without altering the phase purity of the metal oxide. However, based on the 

diffractogram of TiO2-core:nano-Ca@ZOLE-shell-‡, the outgrowing of the BPCC shell 

was corroborated. A decrease on the intensities from the rutile phase peaks was observed, 

while an increase for the characteristic signals of the metal complex (Figure 6.2.2.1e). This 

confirmed that the BPCC shell thickness could have increased when extending the reaction 

time during the immobilization process. Therefore, at this point the TiO2 is mainly covered 

by ZOLE-Ca form II crystals which quench the Bragg reflections from the metal oxide 

core during the PXRD analysis. These results, along with Raman spectroscopy analysis, 

suggested that crystallization of a ZOLE-Ca form II shell surrounding the TiO2 core was 

achieved through a controlled in situ surface crystallization of this BPCC.  
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Figure 6.2.2.1. PXRD overlay of (a) simulated rutile phase TiO2 (ICSD 165920),8 (b) 

ZOLE-Ca form II bulk crystals,5 (c) experimental TiO2, (d) TiO2-core:nano-Ca@ZOLE-

shell-†, and (e) TiO2-core:nano-Ca@ZOLE-shell-‡. 

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

 Surface analysis and elemental composition of the functionalized materials were 

assessed through SEM-EDS. The surface morphology of the functionalized products 

(experimental) was compared to that of the TiO2 nanoparticles (control) and a physical 

mixture of the TiO2 nanoparticles and the ZOLE-Ca form II crystals (control). Here, it was 

expected to observe BPCC crystals grown on top of the surface of the TiO2 particles for 

the functionalized products, while superimposed and unattached crystals for the physical 

mixture. SEM micrographs of the rutile-phase TiO2 nanoparticles revealed a well-define 

spherical morphology for the material, characterized by a moderately smooth surface 

(Figure 6.2.3.1a). Moreover, SEM micrographs of the physical mixture showed 

independent spherical TiO2 particles and needle-like crystals corresponding to the 

characteristic morphology of ZOLE-Ca form II (Figure 6.2.3.1b). As expected, the BPCC 

crystals are superimposed without evidence of being coordinated to the metal oxide 

nanoparticles. Interestingly, SEM micrographs of the TiO2-core:nano-Ca@ZOLE-shell-† 
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product revealed a change on the surface morphology of the TiO2 nanoparticles. It can be 

observed that thin squared-like crystals with a diameter < 500 nm are growing from the 

surface of the TiO2 nanoparticles suggesting immobilization of the BPCC (Figure 

6.2.3.1c). Additionally, the initial spherical morphology of the TiO2 particles is conserved 

after being covered of ZOLE-Ca form II crystals. However, SEM micrographs of the TiO2-

core:nano-Ca@ZOLE-Cshell-‡ product revealed irregular and cluster-like shapes within 

the sample (Figure 6.2.3.1d). Here, it is observed that a reaction time of 15 min led to the 

outgrowing the BPCC shell on the surface of the TiO2 nanoparticles during the second 

immobilization process. This outgrow affects the overall morphology of the functionalized 

material. Based on these results, limiting the surface crystallization of ZOLE-Ca form II 

for 5 min during immobilization yield a TiO2-core:nano-Ca@ZOLE-shell system with 

well-defined morphology composed of a thin BPCC shell. Therefore, the first 

functionalized product was selected to undergo for further studies regarding surface 

chemical mapping, thermal stability, particle size measurements and cytotoxicity assays. 

 
Figure 6.2.3.1. Representative scanning electron micrographs of (a) experimental rutile 

phase TiO2 nanoparticles, (b) physical mixture composed of TiO2 nanoparticles and ZOLE-

Ca form II crystals, and two functionalized products (c) TiO2-core:nano-Ca@ZOLE-shell-

†, and (d) TiO2-core:nano-Ca@ZOLE-shell-‡ after reaction times of 5 min and 15 min, 

respectively.  
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 Representative EDS spectra of TiO2, TiO2-core:nano-Ca@ZOLE-shell-† and -‡ 

were collected and shown in Figure 6.2.3.2. The surface composition of TiO2 was 

compared with that of TiO2-core:nano-Ca@ZOLE-shell-† and -‡, and contrasted with their 

respective weight percent (wt. %, Table 6.2.3.1). To avoid the detection of elemental 

signals from other impurities, EDS analysis was performed in a selected area at the center 

of each particle. EDS analysis of the experimental TiO2 before the immobilization process 

showed the characteristic signals of titanium (Ti, 27.77 wt. %) and oxygen (O, 42.23 wt. 

%), which are present in the molecular structure of the metal oxide (Figure 6.2.3.2a). These 

results corroborate the elemental composition of the starting material, as nanoparticles only 

comprised of TiO2. Moreover, EDS spectra of the TiO2-core:nano-Ca@ZOLE-shell-† 

product (Figure 6.2.3.2b), reveal the characteristic signals of TiO2 and additional signals 

of elements which are present in the molecular structure of ZOLE-Ca form II (calcium, 

carbon, oxygen, and phosphorous). Here, the relative amount of titanium decreased (17.28 

wt. %), suggesting the incorporation of a crystalline shell on the TiO2 surface that shielded 

the detection of titanium atoms. This corroborates that the observed crystals grown after 

the first immobilization process correspond to that of ZOLE-Ca form II. For the TiO2-

core:nano-Ca@ZOLE-shell-‡, EDS spectra revealed a significantly decrease on the 

amount of titanium (5.53 wt. %) and an increase of the other elements that correspond to 

the selected BPCC (Figure 6.2.3.2c). These last results demonstrate that the BPCC shell 

content around the TiO2 core increased due to the allowed extended reaction time when 

compared to the first immobilization process.  
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Figure 6.2.3.2. Representative energy dispersive spectra of (a) experimental rutile phase 

TiO2 nanoparticles, and two functionalized products (c) TiO2-core:nano-Ca@ZOLE-shell-

†, and (d) TiO2-core:nano-Ca@ZOLE-shell-‡ after reaction times of 5 min and 15 min, 

respectively. An insert of the respective area scanned in the electron micrograph is shown 

at the upper right corner of each EDS spectrum. 

 

Table 6.2.3.1. Elemental analysis performed by EDS for rutile phase TiO2, TiO2-

core:nano-Ca@ZOLE-shell-†, and TiO2-core:nano-Ca@ZOLE-shell-‡ nanoparticles. The 

magnification used for elemental composition analysis was 20,000x in all the surface 

measurements.  

Element 
TiO2

a 

(wt.%) 

TiO2-core:nano-Ca@ZOLE-shell-†
b 

(wt.%) 

TiO2-core:nano-Ca@ZOLE-shell-‡
c 

(wt.%) 

Calcium - 5.84 4.24 

Carbon - 21.09 33.48 

Nitrogen - - 8.52 

Oxygen 42.23 27.34 33.57 

Phosphorous - 19.66 14.20 

Titanium 27.77 17.28 5.53 
aTiO2, 

b,cTiO2[Ca(C10H18N4O14P4)]·3H2O 

6.2.4. Elemental mapping analysis of TiO2-core:nano-Ca@ZOLE-shell-†. 

 An EDS elemental mapping was performed to the TiO2 nanoparticles and the TiO2-

core:nano-Ca@ZOLE-shell-† product. This analysis provided unambiguous evidence of 

the immobilization of the selected BPCC onto TiO2 surface by compiling extremely site-

specific elemental composition data for each of the materials investigated. Additionally, 

the exact elemental distribution within the particles before and after the immobilization 

process can be assessed. Elemental mapping of an isolated experimental TiO2 nanoparticle 

before the immobilization of the BPCC was performed and shown in Figure 6.2.4.1. SEM 

micrographs revealed the well-defined spherical morphology that characterizes the rutile 
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TiO2 phase (Figure 6.2.4.1a). EDS elemental mapping of the TiO2 nanoparticle revealed 

that it is composed of titanium (Ti) and oxygen (O) atoms (Figure 6.2.4.1b), which are 

homogeneously distributed along the sphere. The carbon (C) Kα signal corresponds to the 

mounting tape employed for this analysis, which is completely distributed outside and 

around the TiO2 nanoparticle. Magnification at the center of the metal oxide particle after 

mapping overlay corroborates the exact composition and homogeneous distribution of Ti 

and O atoms without the presence of additional elements (Figure 6.2.4.1c). 

 

Figure 6.2.4.1. Elemental mapping images of the control group (single rutile phase TiO2 

nanoparticle, core), where K-edge signals for carbon (red), oxygen (green) and titanium 

(blue) are displayed. An overlay of the colored elemental signals is shown. (a) Scanning 

electron micrograph of the TiO2 nanoparticle, and the area scanned (red square) for the X-

ray microanalysis. (b) Energy dispersive spectra of the TiO2 particle showing elemental 

composition. (c) Overlay of the elemental mapping with magnifying insertion at the center 

of the particle, where homogeneous distribution of oxygen and titanium atoms can be 

observed. 
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To unambiguously corroborate that the observed crystallized material around the 

surface of the TiO2 particles correspond to ZOLE-Ca from II, elemental mapping of the 

first functionalized product was performed (Figure 6.2.4.2). SEM micrograph of a single 

functionalized nanoparticle revealed the conserved spherical shape of the TiO2 

nanoparticle with growing squared and needle-like crystals on its surface (Figure 6.2.4.2a). 

EDS analysis was performed at the center of this particle (Figure 6.2.4.2b),  showing 

elemental signals corresponding to the metal oxide (titanium and oxygen), and other 

elements characteristic of ZOLE-Ca form II (calcium, carbon, oxygen and phosphorous) 

as discussed in Chapter 4. EDS elemental mapping of the functionalized particle revealed 

elemental distribution of the titanium and oxygen atoms homogeneously distributed at the 

center. However, additional elements (calcium, carbon and phosphorous) surround the 

TiO2 core and produce a homogeneously distributed BPCC shell. The main distribution of 

these last elements is mainly observed around the functionalized particle due to the 

presence of ZOLE-Ca form II crystal cluster impurities in the background even after 

washing the products. Nevertheless, magnification at the center of the functionalized 

product after the mapping overlay corroborates the presence and distribution of these atoms 

over the surface of the TiO2 core (Figure 6.2.4.2c). These results provide evidence of the 

successful attachment of ZOLE-Ca form II by in situ surface crystallization onto the TiO2 

nanoparticles.  
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Figure 6.2.4.2. EDS elemental mapping images of the experimental group, TiO2-

core:nano-Ca@ZOLE-shell-† nanoparticle, where K-edge signals for carbon (red), oxygen 

(green), calcium (yellow), titanium (blue), and phosphorous (purple) are displayed. An 

overlay of the colored elemental signals is shown. (a) Scanning electron micrograph of the 

TiO2-core:nano-Ca@ZOLE-shell-† particle, and the area scanned (red square) for the X-

ray microanalysis. (b) Energy dispersive spectra of the TiO2-core:nano-Ca@ZOLE-shell-

† particle showing elemental composition. (c) Overlay of the elemental mapping with 

magnifying insertion at the center of the particle, where homogeneous distribution of 

carbon, oxygen, calcium, phosphorous and titanium atoms can be observed. 

6.2.5. Thermogravimetric analysis (TGA). 

 To further investigate the total amount of ZOLE-Ca form II immobilized in TiO2, 

quantitative determination of the BPCC shell content in the functionalized material was 

determined through thermogravimetric analysis. The TGA thermograph of the 

functionalized product (experimental), was compared to that of rutile phase TiO2, ZOLE-

Ca form II bulk crystals and a physical mixture of TiO2 + ZOLE-Ca form II bulk crystals, 

as the control groups (Figure 6.2.5.1). As expected due to the high thermal stability of the 

metal oxide, thermograph of TiO2 demonstrated no decomposition. To evaluate an estimate 

amount of the BPCC immobilized in the rutile phase TiO2 nanoparticles, prior 
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thermostability of ZOLE-Ca form II bulk crystals was assessed. A total weight loss of 

40.66% was observed for the BPCC from 10-700°C. Because the initial weight of the 

sample (Wi) and the total weight loss (Wl) are known values, determination of a weight 

factor (wfBPCC) for ZOLE-Ca form II can be calculated to assess the remaining weight from 

the BPCC in the functionalized material. Equation 1 represents the mathematical 

expression to calculate the weight factor. Here, Wr represents the remaining weight of 

ZOLE-Ca form II after thermal decomposition. 

(1) 𝑤𝑓𝐵𝑃𝐶𝐶 =
𝑊𝑟

𝑊𝑙
 

Once the weight factor determined, TGA analysis was carried to the functionalized 

product. A total weight loss of 31.10% was observed in the thermograph of the TiO2-

core:nano-Ca@ZOLE-shell-†. Taking in consideration that the metal oxide nanoparticles 

that are thermally stable in the temperature range employed, the overall decomposition 

observed is accounted solely to its BPCC content. It is known that a remaining weight of 

ZOLE-Ca form II is present after thermal decomposition up to 700°C. From the total 

weight loss observed for the BPCC content in the functionalized material, a remaining 

amount of ZOLE-Ca form II (Wr,BPCC) was calculated to determine the total amount of the 

metal complex. Equation 2 demonstrate the mathematical expression for calculating the 

remaining weight of ZOLE-Ca form II in the functionalized product, taking in 

consideration the weight factor previously calculated from Equation 1. 

(2) 𝑊𝑟,𝐵𝑃𝐶𝐶 = 𝑊𝑙 ×𝑤𝑓𝐵𝑃𝐶𝐶  

To calculate the total amount of ZOLE-Ca form II (TotalBPCC) and TiO2 (TotalTiO2) in 

the functionalized material, the mathematical expressions in Equations 3 and 4 were 

employed. A total amount of 1.0351 mg of TiO2, and 3.3669 mg of ZOLE-Ca form II were 
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estimated as the total composition in the TiO2-core:nano-Ca@ZOLE-shell-† 

functionalized product. Therefore, these results suggest a ratio of ~1:3 for TiO2:BPCC in 

the sample after the immobilization process. 

(3) 𝑇𝑜𝑡𝑎𝑙𝐵𝑃𝐶𝐶 = 𝑊𝑙 +𝑊𝑟,𝐵𝑃𝐶𝐶 

 

(4) 𝑇𝑜𝑡𝑎𝑙𝑇𝑖𝑂2 = 𝑊𝑖 − 𝑇𝐵𝑃𝐶𝐶 

To validate the method for the quantitative determination of BPCC and TiO2 content 

in the functionalized product, TGA was performed to a physical mixture containing known 

quantities of the metal oxide and the metal complex as a control. After TGA, and following 

the previous reported mathematical expressions, the calculated total amount of ZOLE-Ca 

form II in the sample was determined to be 3.1111 mg (theo: 3.1434 mg, 1.04% error), 

while 1.5329 mg of TiO2 (theo: 1.5006 mg, 2.11% error). These results demonstrate 

suitability of the proposed method to be employed for the quantitative determination, based 

on the statistical accepted values falling below five percent (<5%) error. The calculated 

values resulting from the quantitative determination ZOLE-Ca form II in the TiO2 

nanoparticles are summarized in Table 6.2.5.1. 

Table 6.2.5.1. Values for the quantitative determination of ZOLE-Ca form II in the TiO2 

nanoparticles analyzed by TGA. The groups correspond to experimental TiO2 (control), 

ZOLE-Ca form II crystals (control), TiO2+ZOLE-Ca form II physical mixture (control), 

and TiO2-core:nano-Ca@ZOLE-shell-† (experimental). 

Group Wi (mg) Wl  (mg) Wr  (mg) Wl (%) Wr (%) Wr,BPCC (mg) TotalBPCC (mg) TotalTiO2 (mg) 

TiO2 ~1.5 mg - - - - - - ~1.5 mg 

ZOLE-Ca 

form II 
1.6040 0.6522 0.9518 40.66 59.34 0.9518 1.6040 - 

TiO2-core: 

nanoCa@ZOLE-

shell-† 
4.4020 1.3690 3.0330 31.10 68.90 1.9979 3.3669 1.0351 

TiO2+ZOLE-

Ca form II 
4.6440 1.2650 3.3790 27.24 72.76 1.8461 3.1111 1.5329 

Abbreviations: Wi (initial weight, mg), Wl (weight loss, % and mg), Wr (remaining weight, % and mg), Wr, BPCC 

(remaining weight corresponding to ZOLE-Ca form II, mg), TotalBPCC (total weight of ZOLE-Ca form II, mg), TotalTiO2 

(total weight of TiO2, mg) 



247 

 

 

Figure 6.2.5.1. TGA thermographs of (a) ZOLE-Ca form II, (b) TiO2-core:nano-

Ca@ZOLE-shell-†, (c) TiO2+ZOLE-Ca form II physical mixture, and (d) experimental 

TiO2. All thermographs were collected under the same temperature range (10 – 700°C) at 

a heating rate of 5°C/min under a N2 atmosphere.  

6.2.6. Particle size distribution measurements of TiO2-core:nano-Ca@ZOLE-shell-†. 

Particle size distribution and polydispersity measurements of the resulting 

functionalized product (TiO2-core:nano-Ca@ZOLE-shell-†) were performed in 

biologically relevant conditions (10% FBS:PBS). This analysis can provide insights about 

the potential of the functionalized material to comply with the optimal particle size (<500 

nm) for drug delivery applications, and be able to transport all therapeutic components 

simultaneously.1 Here, it was expected to observe a larger particle size distribution for the 

functionalized system when compared to TiO2 nanoparticles (control) and nano-

Ca@ZOLE (control) due to an increase in diameter after attachment of the BPCC shell 

onto the TiO2 core. Results demonstrated average particle size distribution and 

polydispersity index (PDI) values of 166.0 d.nm (0.457) for the rutile phase TiO2 

nanoparticles, while 146.3 d.nm (0.202) for nano-Ca@ZOLE (Figure 6.2.6.1). However, 
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the TiO2-core:nano-Ca@ZOLE-shell-† product revealed an increased average particle size 

distribution of 495.4 d.nm in the biorelevant dispersant, with a PDI value of 0.545. These 

results demonstrate that the functionalized TiO2 nanoparticles remained moderately 

monodispersed and confirmed the overall growth of the material due to the attachment of 

the BPCC shell on its surface, which induced the size increment. 

 

Figure 6.2.6.1. Dynamic light scattering (DLS) spectra showing average particle size 

distribution values of TiO2 (166.0 d.nm, green), nano-Ca@ZOLE (146.3 d.nm, red), and 

TiO2-core:nano-Ca@ZOLE-shell-† (495.4 d.nm, purple).  

 

6.2.7. Cytotoxicity assays of TiO2-core:nano-Ca@ZOLE-shell-†. 

Here, the human breast cancer MDA-MB-231 and the osteoblast-like hFOB 1.19 

cell lines were selected to assess the cytotoxicity of TiO2-core:nano-Ca@ZOLE-shell-†. 

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.9,10 While, the immortalized 

human fetal hFOB 1.19 cell line is a homogeneous model that allows the study of osteoblast 

differentiation, in this study, these cells were employed to imitate the normal human bone 

microenvironment.11 The half-maximal inhibitory concentration (IC50) values for ZOLE 
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(0-200 µM) against the MDA-MB-231 and hFOB 1.19 cell lines were previously reported 

in Chapter 4.  

 Furthermore, for both cell lines, the %RCL was investigated at concentrations of 

1.9, 3.8, 7.5, and 15 µM for ZOLE (control, Chapter 4), nano-Ca@ZOLE (experimental, 

Chapter 4), and TiO2-core:nano-Ca@ZOLE-shell-† (experimental) during 24, 48, and 72 

h. However, treatments with TiO2 (control) were performed employing concentrations of 

0.3, 0.6, 1.3, and 2.5 µM, which are in accordance with the concentration of the metal oxide 

in the functionalized product determined by TGA (1:3 ratio, TiO2:ZOLE-Ca form II). At a 

concentration of 1.9 µM, the major cell viability decrease for the MDA-MB-231 cell line 

was observed when treated with the functionalized material for 72 h (%RCL = 86 ± 3%), 

contrasted to nano-Ca@ZOLE, TiO2 and ZOLE where the cell viability was ~100% 

(Figure 6.2.7.1a). The %RCL for MDA-MB-231 treated with TiO2-core:nano-

Ca@ZOLE-shell-† at 3.8 µM decreased significantly to 89 ± 2% and 63% ± 2%, after 48 

and 72 h, respectively (Figure 6.2.7.1b). However, nano-Ca@ZOLE induced a slightly 

greater cell inhibition at this concentration after 48 h (83 ± 5%) and 72 h (55 ± 1%). At this 

concentration, both TiO2 and ZOLE did not caused cell death (%RCL ~100%) against the 

MDA-MB-231. In addition, higher cell growth inhibition of the cancerous model was 

observed with TiO2-core:nano-Ca@ZOLE-shell-† treatment at 7.5 µM, resulting in a 

%RCL of  77 ± 3%  and 46 ± 2% after 48 and 72 h, respectively (Figure 6.2.7.1c). 

Moreover, at 7.5 µM, nano-Ca@ZOLE presented a much higher cytotoxicity effect against 

the MDA-MB-231 [%RCL, 57 ± 1 (48 h) and 24 ± 2% (72 h)], compared to the one 

observed for TiO2-core:nano-Ca@ZOLE-shell-† at this concentration (Figure 6.2.7.1d). 

However, cytotoxicity effects for both the functionalized material and nano-Ca@ZOLE 
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was higher compared to the one observed for ZOLE at 7.5 µM [%RCL, 80 ± 2 (48 h) and 

58 ± 2% (72 h)]. For TiO2-core:nano-Ca@ZOLE-shell-† and nano-Ca@ZOLE treatments 

at 15 µM, the cell viability decreased to 37 ± 3% for the functionalized material, and 18 ± 

2% for the nanocrystals after 72 h, respectively. Treatments with ZOLE demonstrated less 

cytotoxicity effects at this concentration (58 ± 2%) against the cancerous model after 72 h, 

while no cell death observed for the TiO2 treatment (%RCL ~100%). These results 

demonstrate that the functionalized material has the potential to induce significant 

cytotoxicity even at a low concentration of 1.9 µM. However, nano-Ca@ZOLE presented 

the higher cytotoxicity effects compared to TiO2-core:nano-Ca@ZOLE-shell-†. It is 

suggested that the lower particle size distribution of nano-Ca@ZOLE (146.3 d.nm) 

compared to that of TiO2-core:nano-Ca@ZOLE-shell-† (495.4 d.nm), facilitates the cell 

intake of the material resulting in  increased relative cell bioavailability after each time 

points of the treatment.  

Treatments were conducted with TiO2-core:nano-Ca@ZOLE-shell-† 

(experimental), nano-Ca@ZOLE (experimental), ZOLE (control), and TiO2 (control) 

employing the hFOB 1.19 cell line, at the same concentrations utilized for the MDA-MB-

231 assays. The cell viability results demonstrate that no significant cell death was 

observed after TiO2-core:nano-Ca@ZOLE-shell-† and controls treatments were performed 

at a concentration rage between 1.9-7.5 µM after 24, 48, and 72 h. However, at a 

concentration of 15 µM, the functionalized material presented cytotoxicity effect against 

the hFOB 1.19 cell line. After 72 h of treating the osteoblast-like cells with TiO2-

core:nano-Ca@ZOLE-shell-†, the resulting %RCL values were 99 ± 1% at 1.9 µM (Figure 

6.2.7.1e), 99 ± 2% at 3.8 µM (Figure 6.2.7.1f), 98 ± 1% at 7.5 µM (Figure 6.2.7.1g), and 
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66 ± 2% at 15 µM (Figure 6.2.7.1h). These results demonstrate that at a concentration 

range between 1.9-7.5 µM, the designed functionalized system present significant 

cytotoxicity against triple-negative breast cancer cells that metastasize to the bone (MDA-

MB-231), without affecting negatively normal osteoblast cells (hFOB 1.19) at the 

metastatic site. 

 

Figure 6.2.7.1. Percentage of relative cell live (%RCL) for the human breast cancer MDA-

MB-231 (top) and normal osteoblast-like hFOB 1.19 (bottom) cell lines, controls (green), 

ZOLE (black), nano-Ca@ZOLE (red), rutile-phase TiO2 nanoparticles (blue), and TiO2-

core:nano-Ca@ZOLE-shell-† nanoparticles (orange) at concentrations of (a, e) 1.9, (b, f) 

3.8, (c, g) 7.5, and (d, h) 15 µM after 24, 48, and 72 h of treatment. 

 

6.3. Conclusions. 

 Herein, it is reported for the first time the immobilization of a selected BPCC, 

ZOLE-Ca form II, by in situ hydrothermal surface crystallization on rutile-phase TiO2 

nanoparticles. Raman spectroscopy and PXRD analysis initially confirmed crystallization 

of the crystal phase corresponding to ZOLE-Ca form II in presence of rutile phase TiO2 

nanoparticles. Employing these techniques, it was demonstrated that varying the reaction 
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time allowed control of the shell thickness for the resulting functionalized material. SEM-

EDS analysis provided evidence of the resulting morphology of the functionalized 

products. Results showed the presence of a shell of thin-squared and needle-like crystals 

growing from the surface of the TiO2 nanoparticles in the TiO2-core:nano-Ca@ZOLE-

shell-† (reaction time = 5 min), while an irregular morphology was observed for the TiO2-

core:nano-Ca@ZOLE-shell-‡ (reaction time = 15 min). The latter demonstrated that 

limiting the immobilization to 5 min promoted the formation of a well-defined BPCC shell 

comprised of ZOLE-Ca form II crystals surrounding the rutile phase TiO2 core and 

resulting in a functionalized nanoparticle with approximate size of <500 nm. Elemental 

mapping by EDS unambiguously confirmed that the crystallized shell on the surface of the 

TiO2 corresponded to that of ZOLE-Ca form II. The shell presented a homogeneous 

distribution of the elements that characterized the selected BPCC around the core of the 

metal oxide. It was demonstrated that the immobilization process limited to 5 min yielded 

a functionalized nanoparticle with a core-shell ratio of 1:3 (TiO2:BPCC). Cytotoxicity 

results revealed that at a concentration range between 1.9-7.5 µM, TiO2-core:nano-

Ca@ZOLE-shell-† induced significant cytotoxicity against the cancerous cell model 

(MDA-MB-231), specifically at 7.5 µM (%RCL = 46 ± 2%), without negatively affecting 

(%RCL ~100%) the normal cells (hFOB 1.19). When compared to nano-Ca@ZOLE, the 

functionalized material did not present a more potent cytotoxic effect probably because of 

the size differences between both systems. The nano-Ca@ZOLE nanocrystals possessed a 

lower dimension (146.3 d.nm) in comparison to TiO2-core:nano-Ca@ZOLE-shell-† (495.4 

d.nm), which might facilitate cellular intake during treatment and induce a major cytotoxic 

response. Achieving a greater control of the reaction time during the immobilization 
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process might reduce the overall particle size of the functionalized material. These results 

demonstrate the possibility of immobilizing BPCCs through in situ surface crystallization 

on TiO2 nanoparticles with crystal shell thickness control. The designed functionalized 

material could provide a novel approach to potentiate the therapeutic effects observed for 

nano-based BPCCs as a multi-drug therapy for treatment and prevention of OM. 

6.4. Experimental Details. 

6.4.1. Synthesis of rutile phase TiO2 nanoparticles. Experimental details for the 

synthesis of the rutile phase TiO2 nanoparticles, refer to Section 5.4.5 in Chapter 5. 

6.4.2. Synthesis of ZOLE-Ca form II and nano-Ca@ZOLE. Experimental details for 

the hydrothermal synthesis of ZOLE-Ca form II BPCC and nano-Ca@ZOLE, refer to 

Sections 4.4.1  and 4.4.9 in Chapter 4, respectively. 

6.4.3. Immobilization by in situ surface crystallization of ZOLE-Ca form II in TiO2.  

Ligand solution preparation. In a 20 mL scintillation vial, 25 mg of the calcinated rutile 

TiO2 nanoparticles were added to 5 mL of nanopure water with a magnetic stir bar. The 

vial was sealed with a cap and placed inside a Rayonet UV Photochemical Reactor. The 

mixture was stirred at 300 rpm and UV irradiated for a total time of 100 min, with 10 min 

of on/off intervals.2 After irradiation, the mixture was sonicated for 5 min. In another vial, 

0.2721 g of ZOLE were added to 5 mL of nanopure water. This vial was heated at 85°C 

for 30 min until all the ZOLE was dissolved. Then, the ZOLE solution was added via 

syringe to the aqueous mixture containing the TiO2 irradiated. 
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Metal salt solution preparation. In a 20 mL scintillation vial, 25 mg of the calcinated rutile 

TiO2 nanoparticles were added to 2.5 mL of nanopure water with a magnetic stir bar. The 

vial was sealed with a cap and placed inside the photochemical reactor. The mixture was 

stirred at 300 rpm and UV irradiated for a total time of 100 min, with 10 min of on/off 

intervals. After irradiation, the mixture was sonicated for 5 min. Then, 0.1470 g of CaCl2 

were added and stirred until the metal salt completely dissolved. 

Immobilization by in situ surface crystallization. The vial containing the ligand solution 

was placed on a stir plate at 1,200 rpm. The metal salt solution was slowly added to the 

vial containing the ligand solution. The resulting mixture was heated at 85°C for 5 min 

under constant stirring (1,200 rpm). The product was centrifuged (5,000 rpm) two times 

and the supernatant was decanted to remove any ZOLE-Ca form II crystals remaining in 

solution. The resulting functionalized product (TiO2-core:nano-Ca@ZOLE-shell-†) was 

washed with cold nanopure water and air-dried. For outgrowing the BPCC crystal shell, a 

second immobilization process consisted of following the previous steps but maintaining 

the mixture of the ligand and metal salt solutions at 85°C for a period of 15 min. 

Centrifugation and wash process with cold nanopure water was followed to collect the 

resulting functionalized product (TiO2-core:nano-Ca@ZOLE-shell-‡). The product was 

air-dried. 

6.4.4. Dynamic light scattering (DLS). The resulting products from the PIT-nano-

emulsion synthesis of TiO2 and from the first immobilization process (TiO2-core:nano-

Ca@ZOLE-shell -†) 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.  
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Particle size distribution of TiO2. For particle size distribution measurements of the TiO2 

nanoparticles, aliquots of 50 μL of the supernatant from the aqueous phase were diluted 

(1:40) with nanopure water and transferred to disposable polystyrol/polystyrene cuvettes 

(REF: 67.754 10 x 10 x 45 mm, Sarsted, Germany). The refractive index of TiO2 in water 

is 1.3720. This value was determined by measuring an aliquot of 2.5 mg/mL TiO2 stock 

solution with a Mettler Toledo Refracto 30GS (Mettler Toledo, Columbus, OH). Table 

6.4.4.1 summarizes the DLS parameters and values after analyzing the PIT-nano-emulsion 

synthesis product employing H2O:HNO3/Heptane emulsion system in 10% FBS:PBS.  

 

Table 6.4.4.1. Dynamic light scattering parameters and values after analyzing the PIT-

nano-emulsion synthesis product employing the H2O:HNO3/Heptane emulsion system. 

Emulsion System: H2O:HNO3/Heptane 

Run Size (d.nm) % Intensity St Dev (d.nm) PDI 

1 

177.3 92.6 111.1 

0.494 19.45 6.1 5.204 

4815 1.3 718.1 

2 

157.4 89.9 75.02 

0.465 17.48 7.8 4.181 

4642 2.3 810.1 

3 

161.7 90.9 80.32 

0.412 17.97 8.1 4.553 

4967 1.0 623.8 

Average 

166.0 90.8 90.73 

0.457 18.78 7.6 5.394 

4764 1.6 757.4 

 

Particle size distribution of TiO2-core:nano-Ca@ZOLE-shell-†. For particle size 

distribution measurements of the TiO2-core:nano-Ca@ZOLE-shell-† product, aliquots of 

50 μL of the supernatant washed after centrifugation were diluted (1:20) with 10% 

FBS:PBS and transferred to disposable polystyrol/polystyrene cuvettes. The refractive 

index of nano-Ca@ZOLE in the dispersant is 1.3332. This value was determined by 
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measuring an aliquot of 2.5 mg/mL nano-Ca@ZOLE stock solution with a Mettler Toledo 

Refracto 30GS (Mettler Toledo, Columbus, OH). Table 6.4.4.2 summarizes the DLS 

parameters and values after analyzing the first immobilization product in 10% FBS:PBS.  

 

Table 6.4.4.2. Dynamic light scattering parameters and values after analyzing the first 

functionalized product 

TiO2-core:nano-Ca@ZOLE-shell-† functionalized product 

Run Size (d.nm) % Intensity St Dev (d.nm) PDI 

1 

522.6 76.0 161.4 

0.499 119.2 20.9 31.60 

5510 3.1 187.7 

2 

470.5 91.2 201.3 

0.491 5088 8.8 559.6 

0.000 0.0 0.000 

3 

503.1 79.9 222.9 

0.645 4797 12.6 728.4 

92.67 7.5 26.38 

Average 

495.4 82.1 199.5 

0.545 112.9 9.8 30.19 

4991 8.1 668.8 

 

6.4.5. Raman microscopy. Raman spectra were recorded in a Thermo Scientific DXR 

Raman microscope, equipped with a 532 nm laser, 400 lines/nm grating, and 50 μm slit. 

The spectra were collected at room temperature over the range of 3,400 and 100 cm-1 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. 

6.4.6. 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-Kα radiation (λ = 1.5417 Å) source and equipped with a HyPix3000 X-

ray detector (50 kV, 0.8 mA). Powdered samples were mounted in MiTeGen micro loops 

using paratone oil. Powder diffractograms were collected between 6 – 60o with a step of 
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0.01o using the Gandalfi move experiment with 300 s of exposure time. Data was analyzed 

within the CrystAllisPRO software v. 1.171.3920a.  

6.4.7. Thermogravimetric analysis (TGA). TGA of the calcinated TiO2, ZOLE-Ca form 

II, and the functionalized samples [TiO2-core:nano-Ca@ZOLE-shell-† and -‡], were 

recorded in a Q500 (TA Instruments Inc.). Profile consisted of a temperature range of 10 – 

700°C at 5°C/min under a N2 gas purge (60 mL/min). For all measurements, ~3 mg of 

powdered sample was thermally treated. Data was processed with TA Universal Analysis 

software version 4.3A. 

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

X-ray microanalysis was conducted in a JEOL JSM-6480LV scanning electron microscope 

with an energy dispersive X-ray analysis (EDAX) Genesis 2000 detector. Micrographs 

were recorded with the same instrument, employing an Evenhart Thomley secondary 

electron imagining (SEI) 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.  Chemical mapping and images were taken under high vacuum mode with 

a resolution of 256 x 200, 200μs of dual time, 32 frames and a ROIS of 2. Magnification 

for the elemental mapping range between 30,000 and 40,000 x. 

6.4.9. Cytotoxicity assays. 

Cell culture methods. The MDA-MB-231 cell line was incubated with DMEM, 1% Pen-

Strep, and 10% FBS at 37°C in 5% CO2. 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% CO2. Cell passages were 

performed weekly at 80% of cell confluency, media was exchanged twice a week.        
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Cell treatments. Both cell lines were treated with ZOLE (control), TiO2 (control), nano-

Ca@ZOLE (experimental), and TiO2-core:nano-Ca@ZOLE-shell-† (experimental). The 

half-maximal inhibitory concentration (IC50) values for ZOLE (0-200 µM) against the 

MDA-MB-231 and hFOB 1.19 cell lines were previously reported. The percentage of 

relative cell live (%RCL) for ZOLE, nano-Ca@ZOLE, and TiO2-core:nano-Ca@ZOLE-

shell-† were investigated at selected concentrations (1.9, 3.8, 7.5, and 15 µM) in both cell 

lines. Treatments with TiO2 were performed employing concentrations of 2.5, 1.3, 0.6, 0.3 

µM, which are in accordance with the concentration of the metal oxide in the immobilized 

sample (1:3 ratio, TiO2:ZOLE-Ca form II). Treatments at these concentrations were carried 

out at 24, 48, and 72 h for ZOLE, nano-Ca@ZOLE, TiO2 and TiO2-core:nano-Ca@ZOLE-

shell-†. Both cell lines (MDA-MB-231 and hFOB 1.19) were seeded in 96 well plates at 

2.5×105 cell/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 µL of the control and experimental groups solutions previously prepared, and 

incubation was performed for 24, 48, and 72 h at the respective incubation temperatures. 

For both cell lines, media (MDA-MB-231: DMEM, Pen-Strep) and (hFOB 1.19: DMEM, 

F-12, G418) were used as control groups. AlamarBlue® assay was utilized to determine 

cell proliferation, for this, 10% of AlamarBlue® solution in PBS was prepared. Finally, the 

media was removed from the 96 well plates, 100 µL of 10% AlamarBlue® solution was 

added, and the cells were incubated for 4 h at the same previously mentioned conditions. 

After the AlamarBlue® assay, the fluorescence (λexc = 560 nm, λem = 590 nm) was 

evaluated employing an Infinite M200 PRO Tecan Microplate Reader. The live cells were 

assessed comparing the viability of the control group (100%) with the cells treated with the 
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solutions. Graph Pad Prism, version 9.1.2, was utilized to plot the %RCL found at 

concentrations of 1.9, 3.8, 7.5, and 15 µM after 24, 48, and 72 h of treatment. All 

experiments were performed in triplicates and the data was statistically treated using mean, 

standard deviation, and the coefficient of variation percentage (%CV). 

For the IC50 curves corresponding to ZOLE, and the percentage of relative cell live 

(%RCL) values and graphs of ZOLE and nano-Ca@ZOLE treatments against MDA-MB-

231 and hFOB 1.19 cell lines refer to Section 4.4.14. The %RCL for MDA-MB-231 and 

hFOB 1.19 cell lines using TiO2 and TiO2-core:nano-Ca@ZOLE-shell-† in concentrations 

of 1.9, 3.8, 7.5, and 15 µM are shown is Figures 6.4.9.1-6.4.9.6.   

 
Figure 6.4.9.1. The relative cell live percentage (%RCL) of human breast cancer MDA-

MB-231 cell line treated with TiO2 (black) and TiO2-core:nano-Ca@ZOLE-shell-† (red) 

at concentrations of 1.9, 3.8, 7.5, and 15 μM for 24 h. 

 
Figure 6.4.9.2. The relative cell live percentage (%RCL) of human breast cancer MDA-

MB-231 cell line treated with TiO2 (black) and TiO2-core:nano-Ca@ZOLE-shell-† (red) 

at concentrations of 1.9, 3.8, 7.5, and 15 μM for 48 h. 
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Figure 6.4.9.3. The relative cell live percentage (%RCL) of human breast cancer MDA-

MB-231 cell line treated with TiO2 (black) and TiO2-core:nano-Ca@ZOLE-shell-† (red) 

at concentrations of 1.9, 3.8, 7.5, and 15 μM for 72 h. 

 

Table 6.4.9.1. Relative cell viability (%) of MDA-MB-231 cell line treated with TiO2 and TiO2-

core:nano-Ca@ZOLE-shell-† at 1.9, 3.8, 7.5, and 15 μM after 24, 48 and 72 h of treatment. 

Time 

Points 

1.9 μM 3.8 μM 7.5 μM 15 μM 

TiO2 

TiO2-

core:nano-

Ca@ZOLE-

shell-† 

TiO2 

TiO2-

core:nano-

Ca@ZOLE-

shell-† 

TiO2 

TiO2-

core:nano-

Ca@ZOLE-

shell-† 

TiO2 

TiO2-

core:nano-

Ca@ZOLE-

shell-† 

Control 100 100 100 100 100 100 100 100 

24 h 100 ± 4 100 ± 3 100 ± 2 102 ± 2 100 ± 2 99 ± 3 99 ± 2 95 ± 3 

48 h 98 ± 2 95 ± 2 99 ± 3 89 ± 2 97 ± 3 77 ± 3 98 ± 5 72 ± 2 

72 h 99 ± 2 86 ± 3 99 ± 3 63 ± 2 100 ± 4 46 ± 2 100 ± 4 37 ± 3 

 

 

Figure 6.4.9.4. The relative cell live percentage (%RCL) of osteoblast hFOB 1.19 cell line 

treated with TiO2 (black) and TiO2-core:nano-Ca@ZOLE-shell-† (red) at concentrations 

of 1.9, 3.8, 7.5, and 15 μM for 24 h. 
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Figure 6.4.9.5. The relative cell live percentage (%RCL) of osteoblast hFOB 1.19 cell line 

treated with TiO2 (black) and TiO2-core:nano-Ca@ZOLE-shell-† (red) at concentrations 

of 1.9, 3.8, 7.5, and 15 μM for 48 h. 

 

Figure 6.4.9.6. The relative cell live percentage (%RCL) of osteoblast hFOB 1.19 cell line 

treated with TiO2 (black) and TiO2-core:nano-Ca@ZOLE-shell-† (red) at concentrations 

of 1.9, 3.8, 7.5, and 15 μM for 72 h. 

Table 6.4.9.2. Relative cell viability (%) of hFOB 1.19 cell line treated with TiO2 and TiO2-

core:nano-Ca@ZOLE-shell-† at 1.9, 3.8, 7.5, and 15 μM after 24, 48 and 72 h of treatment. 

Time 

Points 

1.9 μM 3.8 μM 7.5 μM 15 μM 

TiO2 

TiO2-

core:nano-

Ca@ZOLE-

shell-† 

TiO2 

TiO2-

core:nano-

Ca@ZOLE-

shell-† 

TiO2 

TiO2-

core:nano-

Ca@ZOLE-

shell-† 

TiO2 

TiO2-

core:nano-

Ca@ZOLE-

shell-† 

Control 100 100 100 100 100 100 100 100 

24 h 100 ± 0 100 ± 1 100 ± 1 100 ± 0 100 ± 1 100 ± 1 99 ± 1 99 ± 1 

48 h 100 ± 1 98 ± 1 99 ± 1 99 ± 1 99 ± 1 99 ± 1 99 ± 0 97 ± 2 

72 h 101 ± 2 99 ± 1 101 ± 2 99 ± 2 99 ± 2 98 ± 1 99 ± 2 66 ± 2 
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CHAPTER 7. CONCLUDING REMARKS AND OUTLOOK 

7.1. Conclusions and Outlook. 

 The overall goal of this doctoral thesis was to design and immobilize several 

materials denominated as BPCCs, onto rutile-phase TiO2 nanoparticles to obtain a 

functionalized system that could serve as a novel nanotechnology-based cancer therapy to 

potentially treat and prevent OM, as well other bone-related diseases. In Chapter 2 these 

research efforts allowed the development of nano-BPCCs employing ALEN as ligand. In 

this chapter, different experimental parameters (pH, molar ratio, and temperature) were 

varied during the reaction of ALEN with three bioactive metals (M2+: Ca2+, Mg2+, and 

Zn2+). The exploration of this design space promoted understanding of the synthetic 

pathways leading to five crystalline phases of the reported ALEN-based BPCCs, for which 

a non-provisional patent was granted by the USPTO  (U.S. Patent No. 10,479,808). Crystal 

size reduction of ALEN-Ca form II employing the PIT-nano-emulsion method resulted in 

the development of nano-Ca@ALEN. For nano-Ca@ALEN several biomedical properties 

such as aggregation tendency, binding affinity to HA, and cytotoxicity were assessed to 

provide evidence about its potential to treat OM and other bone-related diseases. The 

finding from these research efforts resulted in a publication in the Journal of Materials 

Chemistry B from the Royal Society of Chemistry (RSC), in 2020 (Quiñones Vélez, G., et. 

al. Potentiating Bisphosphonate-Based Coordination Complexes to Treat Osteolytic 

Metastases. J. Mater. Chem. B. 2020, 8 (10), 2155–2168)1.  In Chapter 3, RISE was 

employed as ligand to develop a different series of metal complexes denominated as RISE-

based BPCCs, which resulted in a provisional patent application (U.S. Provisional 

Application No. 63/310455, Reference: 22-008-UPR). This chapter describes how 
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additional biomedical properties of these metal complexes were improved when compared 

to the ALEN-based BPCCs. In contrast to nano-Ca@ALEN, the developed nano-

Ca@RISE (RISE-Ca at the nano-range) presented an increased binding affinity (1.7x) to 

HA compared to RISE in 24 h, while presenting significant cytotoxicity against the 

cancerous cell model (MDA-MB-231) within the same time frame. In Chapter 4, the 

development of the most potent class of BPCCs, ZOLE-based BPCCs, was discussed. The 

resulting materials, as well the methods for their preparation were submitted for a non-

provisional patent (U.S. Provisional Application No. 63/276,513; Reference: 20-022-

UPR).  In this chapter, ZOLE-based nano-BPCCs were shown to maximize and/or the 

synthesized nano-BPCCs described in Chapter 2 and 3. It was demonstrated that 

decreasing the crystal size of ZOLE-Ca form II, resulted in nano-Ca@ZOLE, a material 

with promising properties against OM and other bone-related diseases. This includes 

relatively no aggregation in physiological media, a higher binding affinity (2.5x) to HA 

than the ligand in 24 h, while a significant cytotoxicity against the MDA-MB-231. 

Collectively, these results provide evidence that these materials serve as an alternative 

approach to potentially treat and prevent OM and other bone-related diseases. The results 

presented in this chapter were successfully published in Materials Advances from the RSC 

in 2022 (Quiñones Vélez, G., et. al. High Affinity Zoledronate-Based Metal Complex 

Nanocrystals to Potentially Treat Osteolytic Metastases. Mater. Adv. 2022, 3 (7), 3251–

3266)2. In Chapter 5, the description of several synthetic pathways and thermal treatments 

leading to the isolation of highly-pure rutile, anatase, and brookite phase TiO2 

nanoparticles were presented. These approaches allowed gaining control over the 

polymorphic fate of this metal oxide previous to the immobilization attempts of BPCCs 
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onto the metal oxide surface. In this chapter, it was discussed how the phase inversion 

temperature (PIT)-nano-emulsion method was adapted for the first time to the hydrolysis-

condensation reaction of TiO2 to control particle size and phase selectivity of the resulting 

nanoparticles. It was observed that the pH and composition of the emulsion employed (i.e., 

H2O:HNO3/Heptane, pH ~0.5; H2O:IPA/Heptane, pH ~4.15; H2O:NaOH/Heptane, pH 

~12) and, as well the thermal treatment applied to the resulting nanoparticles, highly 

influenced the polymorphic outcome and purity of TiO2. These results were achieved 

employing fewer toxic compounds, reducing the quantity of starting materials, and with 

the minimal energy input. The reported syntheses are being evaluated, and an invention 

disclosure (22-020-DISC-UPR) was submitted to the Technology and Transfer Office 

(TTO) from the Puerto Rico Science, Technology & Research Trust. In Chapter 6, the 

hydrothermal reaction of ZOLE-Ca form II was performed in presence of UV 

photoactivated rutile phase TiO2 nanoparticles obtained in Chapter 5, to immobilize this 

BPCCs onto the metal oxide through in situ surface crystallization. Here, the reaction time 

was varied to control crystal growth of the BPCC shell around the TiO2 core, resulting in 

a functionalized nanomaterial denominated as TiO2-core:nano-Ca@ZOLE-shell. Several 

analyses were carried out  to the resulting nanomaterial to provide evidence of the 

successful immobilization of the metal complex onto the TiO2 nanoparticles, as well their 

potential to be employed biomedical applications. This included crystal phase assessment, 

surface morphology and composition analyses, particle size measurements and cytotoxicity 

assays. Based on the results, it was demonstrated for the first time that the functionalized 

TiO2-core:nano-Ca@ZOLE-shell nanoparticles could serve as a novel approach to 

potentiate the therapeutic effects observed for the BPCCs as a multi-drug therapy for 
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treatment and prevention of OM and other bone-related diseases. The innovative method 

reported for BPCCs immobilization in TiO2 resulted in an invention disclosure (22-021-

DISC-UPR). 

 This thesis has stablished the foundations for carrying out Material Chemistry and 

Crystallization research aimed on the exhaustive study of bisphosphonates to reveal their 

unknown therapeutic capabilities. The results discussed have open pathways to further 

explore other possibilities for synthesizing novel BPCCs structures which could possess 

great properties for OM and other bone-related diseases, as previously done for the three 

systems explored (ALEN, RISE and ZOLE). As an example, other last generation 

bisphosphonate recently discovered, named minodronate,3,4 could be systematically 

assessed to unveil its potential to form BPCCs as great candidates for OM therapy and 

other bone-related diseases. Furthermore, other methods for potentiating the therapeutic 

effect of these BPCCs as a complete multidrug delivery system could include the 

encapsulation of endocrine- or chemotherapeutics agents inside the crystal structures of 

these materials. To achieve this, the 2D networks observed for the reported BPCCs need 

to be modified and developed into 3D porous networks. Employment of BPs with larger 

structure sizes as ligands (extended BPs), such as biphenyl bisphosphonic acid (BBPA) 

and 2,2’-bipyridine-5,5’-bisphosphonic acid (2,2’-BPBPA) could present an alternative to 

increase the pore volume of the resulting BPCCs. To this end, the encapsulation of 

significant amounts of endocrine- or chemotherapeutics, such as Letrozole or Palbociclib 

can be achieved, thus improving the therapeutic outcome of the multidrug delivery system 

at the metastatic site. 
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