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ABSTRACT: Extended bisphosphonate-based coordination poly-
mers (BPCPs) were produced when 1,1’-biphenyl-4,4'-bisphos-

Bone Binding Assay
~ < BPBPA= nano-Ca@BPBPA

g

65\250 - BBPA -+ ZOLE-s RISE
phonic acid (BPBPA), the analogue of 1,1’-biphenyl-4,4’- %200 100 v
dicarboxylic acid (BPDC), reacted with bioactive metals (Ca?*, Z° ©
Zn**, and Mg*"). BPBPA-Ca (11 A x 12 A), BPBPA-Zn (10 A X 51:3 -

: Drug-loaded BPCP
solution ‘

13 A), and BPBPA-Mg (8 A X 11 A) possess channels that allow

=3

0 4 8 12

the encapsulation of letrozole (LET), an antineoplastic drug that 5 e cc . i nano-Ca@BPBPA = BPPC
combined with BPs treats breast-cancer-induced osteolytic I Cy‘“:‘l’;lc_:g_glssays o
metastases (OM). Dissolution curves obtained in phosphate- B Control B Conirol B Control
g . . . [ BPCP H Letrozole 0 BrCP W Letrozole 0 BPCP W Letrozole
buffered saline (PBS) and fasted-state simulated gastric fluid i Drug-loaded BPCP B Drug-loaded BPCP E Drug-loaded BPCP
. >
(FaSSGF) demonstrate the pH-dependent degradation of BPCPs. g g g
Specifically, the results show that the structure of BPBPA-Ca is * i s v
48h 72h 48h 72h 48h 72h

preserved in PBS (~10% release of BPBPA) and collapses in

FaSSGEF. Moreover, the phase inversion temperature nanoemulsion

method yielded nano-Ca@BPBPA (~160 d. nm), a material with measurably higher (>1.5x) binding to hydroxyapatite than
commercial BPs. Furthermore, it was found that the amounts of LET encapsulated and released (~20 wt %) from BPBPA-Ca and
nano-Ca@BPBPA are comparable to those of BPDC-based CPs [i.e., UiO-67-(NH,),, BPDC-Zr, and bio-MOF-1], where other
antineoplastic drugs have been loaded and released under similar conditions. Cell viability assays show that, at 12.5 uM, the drug-
loaded nano-Ca@BPBPA exhibits higher cytotoxicity against breast cancer cells MCF-7 and MDA-MB-231 [relative cell viability (%
RCV) =20 + 1 and 45 + 4%] compared with LET (%RCV =70 + 1 and 99 + 1%). At this concentration, no significant cytotoxicity
was found for the hFOB 1.19 cells treated with drug-loaded nano-Ca@BPBPA and LET (%RCV = 100 + 1%). Collectively, these
results demonstrate the potential of nano-Ca@BPCPs as promising drug-delivery systems to treat OM or other bone-related diseases
because these present measurably higher affinity, allowing bone-targeted drug delivery under acidic environments and effecting
cytotoxicity on estrogen receptor-positive and triple-negative breast cancer cell lines known to induce bone metastases, without
significantly affecting normal osteoblasts at the metastatic site.
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B INTRODUCTION backbone that promotes their binding to Ca** ions without
undergoing hydrolysis.” When present, a hydroxyl group in the
geminal carbon [P-C(OH)-P] allows BPs to increase their
binding to the bone.® BPs can inhibit bone resorption, increase
bone mineral density, and interrupt the activity of the
cancerous cells, thus reducing tumor growth.7_9 Pamidronic,
alendronic (ALEN), zoledronic (ZOLE), and risedronic
(RISE) acids are commercial BPs employed to treat OM.”"°
BPs are poorly absorbed; only 1-10% of the administered

Breast cancer has become one of the most frequent cancers
detected in patients, particularly women. The majority of the
diagnoses (70—80%) for breast cancer express estrogen (ER-
positive) or progesterone (PR-positive) receptors on breast
neoplasm cells.' > When breast cancer grows independently
from estrogen or progesterone receptors, it is classified as
triple-negative breast cancer (TNBC)." For these neoplasms,
the bone is the principal site of metastases.””® Both ER-
positive and TNBC can induce bone metastases generating
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bone loss, leading to osteolytic metastases (OM).”~” Treat- Received:  April 16, 2023

ments for OM are based on chemotherapy, radiotherapy, Accepted:  June 13, 2023 :;‘, -
radiology, hormone therapy, or bone target agents.” The main Published: July S, 2023 ﬁ f
bone target agents employed to treat OM include anti- 9 gJ
resorptive agents such as bisphosphonates (BPs).” BPs are —

analogues of pyrophosphates (P-O-P), which contain a P-C-P
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drug can reach the systemic circulation.”'’ Treatments
involving BPs usually require high doses, leading to severe
side effects; these disadvantages limit the use of BPs to treat
breast-cancer-induced OM.*~"°

Drug-delivery systems (DDSs) can be used to reduce the
side effects, provide controlled release, and selectively target
cancer-related diseases.'' ™' Metal—organic frameworks
(MOFs) have become promising candidates as DDSs due to
their well-defined structures, tunable pore size, high surface
area, high loading/release of guest compounds, amphiphilic
internal microenvironment, and pH-dependent degradation
under simulated physiological conditions.”>™* For example,
the organic ligand 1,1'-biphenyl-4,4'-dicarboxylic acid (BPDC)
has produced various porous frameworks: UiO-67 (Zr), UiO-
67-(NH,), (Zr), bio-MOF-1 (Zn), and BPDC-Zr."'"'>"¥72°
These materials have been employed as carriers for the
intracellular delivery of chemotherapeutic agents such as
pemetrexed, S-fluorouracil (5-FU), and Ru-90, and other
pharmaceutical compounds such as brimonidine, calcein, and
a-cyano-4-hydroxycinnamic acid.'"'>"*7*" Specifically, 5-FU
(~6 wt %) and pemetrexed (~18 wt %) were simultaneously
loaded into UiO-67-(NH,),; this MOF showed a pH-
dependent release of both drugs in simulated physiological
buffers.'® In addition, commercial BPs were employed recently
to generate ALEN-, ZOLE-, and RISE-based coordination
complexes and demonstrated suitable pH-dependent degrada-
tion, bone affinity [e.g, nano-Ca@ZOLE to hydroxyapatite
(HA), 36%, 1 day], and cytotoxicity [e.g., nano-Ca@ALEN,
relative cell viability (%¥RCV) = 38 + 1% at 7.5 uM in 72 h]
against the MDA-MB-231 cell line.”'~** However, these BP-
based coordination complexes did not lead to porous materials
able to encapsulate guest molecules.”' >’ Furthermore, the
reaction of benzene-1,4-bis(bisphosphonic acid) (BBPA), the
BP analogue of benzene-1,4-dicarboxylic acid (BDC),
coordinated with Ca?* successfully led to BBPA-Ca form I, a
3D framework with channels (7 X 12 A) large enough to
encapsulate and release 5-FU (~30 wt %).”* From this
perspective, it was hypothesized that the synthesis of the BP
analogue of BPDC would allow the design of network
coordination polymers comparable to UiO-67 (Zr), UiO-67-
(NH,), (Zr), bio-MOF-1 (Zn), and BPDC-Zr, offering similar
drug loading and release with the potential for bone-targeted
drug delivery of antineoplastic drugs under acidic environ-
ments to the metastatic site, the bone.

In this work, the organic ligand 1,1'-biphenyl-4,4'-bi-
sphosphonic acid (BPBPA) was synthesized and coordinated
with three nontoxic metals (Ca®*, Zn**, and Mg**) to achieve
porous extended BPBPA-based coordination polymers
(BPBPA-based BPCPs) for the first time. The resulting
materials were designed to bind to the bone microenvironment
because these contain structural features such as the P-C-P
backbone and the geminal hydroxyl group [P-C(OH)-P],
which are known to impart affinity in BPs to calcium ions. The
three nontoxic metals (Ca**, Zn*, and Mg**) were selected
due to their role in physiological processes, specifically
osteoblastic bone formation.”>”>” This work is intended to
report on the design of a new class of 3D extended BPCPs as
promising bone-targeting DDSs, which would enable their
future use in the treatment of breast-cancer-induced OM and
other bone-related diseases.

B EXPERIMENTAL SECTION

1. Synthesis of BPBPA. The synthesis of BPBPA has not been
previously reported. Therefore, the Lecouvey reaction, commonly
employed to produce commercial or aromatic BPs, was adapted to
generate this organic ligand.** ™' About 1.0 g of 1,1’-biphenyl-4,4'-
dicarbonyl dichloride (BPDCI) was added to 7 mL of tris-
(trimethylsilyl) phosphite (TMSP) at 0 °C. The reaction was left at
room temperature for 1 h and then for 3 days at 50 °C. After this
period, the excess of TMSP was removed by rotoevaporation.
Subsequently, methanol was added, and the reaction mixture was left
under continuous stirring for 1 day. The excess solvents were removed
by rotoevaporation. The product was characterized by nuclear
magnetic resonance (NMR), Raman spectroscopy, powder X-ray
diffraction (PXRD), differential scanning calorimetry (DSC), and
thermogravimetric analysis (TGA), which confirmed its identity and
purity. A complete description for the synthesis of BPBPA is provided
in the Supporting Information (SI).

2. Synthesis of BPBPA-Based BPCPs. Solutions of BPBPA (0.01
mmol) and the corresponding salts Ca(NO;),4H,0 (0.01 mmol),
Zn(NO;),6H,0 (0.01 mmol), and Mg(NO;),6H,0 (0.01 mmol)
were prepared separately. For this experiment, ~ 10 mg BPBPA was
placed in a 20 mL scintillation vial and dissolved in 10 mL of
nanopure water. Subsequently, the metal salt solutions were prepared
in individual 20 mL scintillation vials by dissolving 4.20 mg of
Ca(NO;),"4H,0, 6.0 mg of Zn(NO;),-6H,0, and 4.85 mg of
Mg(NO;),-6H,0 in 10 mL of nanopure water. Later, 5.0 mL of each
of the previously prepared solutions (BPBPA solution + metal salt
solution) was transferred to individual 20 mL vials. These mixtures
were left in a heating block for 1 day at 70 °C. When crystals were
visually detected, the vials were removed from the heating block and
left undisturbed at room temperature. The crystals obtained through
this procedure were collected via vacuum filtration. Individual
descriptions of these experimental procedures are provided in the SI.

3. Characterization of BPBPA and BPBPA-Based BPCPs.
NMR of BPBPA. 'H, "*C-APT, and *'P NMR were recorded by
employing a Bruker Ascend Aeon 700 MHz NMR spectrometer. The
instrument was equipped with variable temperature and cross-
polarization magnetic angle spinning. The solute was dissolved in
deuterium oxide, and the experiment was performed at room
temperature. TopSpin (version 3.5) was used to analyze the data
collected.

Raman Vibrational Spectroscopy. A Thermo Scientific DXR
Raman microscope was employed to collect the Raman spectra of
BPBPA, BPBPA-Ca, BPBPA-Zn, and BPBPA-Mg. A total of 32 scans
each with an exposure time of 5 s were collected between 3500 to 250
cm™}, as described in the SL

PXRD. A Rigaku XtaLAB SuperNova X-ray diffractometer equipped
with a microfocus Cu Ka radiation (1 = 1.5417 A) source and a
HyPix3000 X-ray detector was utilized to record the PXRD patterns
of BPBPA and the BPBPA-based BPCPs. The experiment was
performed at 300 K, employing a 26 range from 6° to 60° in fast ®
mode for 90 s, as described in the SI.

DSC. A DSC Q2000 calorimeter (TA Instruments Inc.) equipped
with a 50-position autosampler and a refrigerated cooling system
(RCS40) was used to determine the average melting point of BPBPA,
as described in the SI.

TGA. A TGA QS00 analyzer (TA Instruments Inc.) was employed
to record the TGA thermographs of BPBPA, BPBPA-Ca, BPBPA-Zn,
and BPBPA-Mg. The experiment was carried out from 25 to 600 °C
under N, (60 mL/min) at a heating rate of S °C/min, as described in
the SL

Single-Crystal X-ray Diffraction (SCXRD). Single crystals of
BPBPA-Ca and BPBPA-Zn were examined under a Nikon Eclipse
Microscope LVIOON POL instrument to observe their crystal quality.
Adequate single crystals of BPBPA-Ca and BPBPA-Zn were mounted
in MiTeGen microloops with paratone oil. Data collection for
BPBPA-Ca and BPBPA-Zn was performed in a Rigaku XtalLAB
SuperNova single microfocus diffractometer equipped with a
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HyPix3000 X-ray detector (CrysAlisPro software vs 1.171.39.45¢c) at
100 K.

The crystals of BPBPA-Mg were too small to collect reliable
crystallographic data in a conventional X-ray diffractometer. There-
fore, ~10—1S5 mg of this material was sent to the National Science
Foundation (NSF)’s ChemMatCARS, at Sector 15, of the Advanced
Photon Source (APS), Argonne National Laboratory (ANL).
Synchrotron measurements of BPBPA-Mg were recorded using a
Huber three-circle diffractometer. The instrument was equipped with
a Pilatus 3X 1 M CdTe detector and an Oxford cryojet. The
experiment was performed with the @ angle at —180°, the k angle at
0° and 30° and the ¢ angle scanned over the range of 360°. Data
integration was performed in Bruker APEX 3 software. The data
reduction was performed in the SAINT, version 8.38A, and SADABS,
version 2016, programs. The experiments were performed at 273 K.
Elucidation of these structures was performed using full-matrix least-
squares (F* mode) and direct methods in OLEX2 software, version
1.2. Crystallographic data collection and analysis are discussed in the
SL

Scanning Electron Microscopy (SEM)—Energy-Dispersive Spec-
troscopy (EDS). The SEM micrographs and X-ray elemental analysis
of BPBPA-Ca, BPBPA-Zn, and BPBPA-Mg were recorded by using a
JEOL JSM-6480LV scanning electron microscope. The instrument
was equipped with Everhart—Thomley secondary electron imaging
and energy-dispersive X-ray analysis Genesis 2000 detectors. For
imaging, powdered samples of BPBPA-Ca, BPBPA-Zn, and BPBPA-
Mg were coated with gold by using a PELCO SC-7 auto sputter
coater and a PELCO FTM-2 film thickness monitor for 10 s. The
SEM—EDS images of the BPBPA-based BPCPs were collected as
described in the SL

4, Dissolution in Simulated Physiological Buffers. About
100.0 mL of phosphate-buffered saline (PBS) or fasted-state
simulated gastric fluid (FaSSGF) was separately transferred to a
250 mL beaker; these solutions were left under stirring at 37 °C (150
rpm). About 15.0 mg of powdered BPBPA-based BPCPs was
separately added to the PBS or FaSSGF buffered solutions. At
selected time points (0, 1, 3, 6, 24, 48, and 72 h), 1 mL aliquots were
taken out and diluted to a final volume of S mL in a volumetric flask.
Subsequently, the absorbance of BPBPA released from the BPBPA-
based BPCPs was evaluated at 4,,,, = 275 nm (PBS) or A,,,, = 266 nm
(FaSSGF), employing a Cary 100 spectrophotometer (Agilent UV
Cary Scan version 20.0.470). The dissolution curve of BPBPA was
assessed as a control group. The dissolution experiments were
performed in duplicate for each BPBPA-based BPCP in PBS and
FaSSGF, using adapted methods,” >* which are described in the SL

5. Synthesis of nano-Ca@BPBPA. The synthesis of nano-Ca@
BPBPA was performed in a Crystalline (Technobis, Crystallization
Systems, Alkmaar, The Netherlands) using adapted procedures.”' ~**
Determination of the phase inversion temperature (PIT) and the PIT-
nanoemulsion method for this system is described in the SI. Dynamic
light scattering (DLS) measurements were performed to determine
the particle size distribution and polydispersity of nano-Ca@BPBPA
in the supernatant from the aqueous phase. Furthermore, the particle
size distribution and polydispersity of nano-Ca@BPBPA were
evaluated in 10% fetal bovine serum (FBS)/PBS after 0, 24, and 48
h to determine the aggregation of this material in a simulated
physiological dispersant. All DLS measurements were performed in a
Malvern Panalytical Zetasizer NanoZS, as described in the SIL

6. Binding Affinity Assays. Binding assays were conducted by
employing HA to assess the affinity of BPBPA and nano-Ca@BPBPA
to the bone. All experimental and control groups were left under
constant stirring (150 rpm) for 0—12 days at 37 °C in PBS. The
binding of BPBPA and nano-Ca@BPBPA was determined using
adapted procedures.ﬂ_24 Moreover, BPBPA, nano-Ca@BPBPA, HA,
a physical mixture (1:1) of HA/nano-Ca@BPBPA, HA-BPBPA, and
HA-nano-Ca@BPBPA were characterized by SEM—EDS and PXRD.
Binding assays are described in the SI.

7. Drug Loading and Release. Drug Loading into BPBPA-Ca.
The loading of letrozole (LET) into BPBPA-Ca was performed by
employing ethanol as the solvent. For this procedure, 20 mg of

BPBPA-Ca, 7 mg of LET, and 1 mL of ethanol were placed in a 1.5-
mL vial. Subsequently, ~7 mg of LET was additionally added, and the
vial was left undisturbed at 50 °C for 24 h to allow the loading of LET
into BPBPA-Ca. At the same conditions, ~20 mg of BPBPA-Ca and 7
mg of LET in 1 mL of ethanol were prepared separately as control
groups. The drug-loaded BPBPA-Ca (experimental), BPBPA-Ca
(control), and LET (control) were characterized by EDS, TGA,
and PXRD.

Drug Loading into nano-Ca@BPBPA. The PIT-nanoemulsion
method was also utilized to load LET into nano-Ca@BPBPA. First
nano-Ca@BPBPA was synthesized, then a LET solution was added,
and the system was left under stirring (1,250 rpm) for 1 h at 80 °C,
allowing the loading of LET into nano-Ca@BPBPA. Both nano-Ca@
BPBPA and drug-loaded nano-Ca@BPBPA were characterized by
EDS, TGA, and PXRD.

Release from Drug-Loaded BPBPA-Ca. About 100 mL of FaSSGF
was placed in a 250-mL beaker and left in constant stirring at 37 °C
(150 rpm). To record the first time point (0 h), an aliquot (1 mL)
was taken out before addition of the drug-loaded BPBPA-Ca.
Subsequently, about 20 mg of powdered drug-loaded BPBPA-Ca
(experimental) was placed in the FaSSGF solution. At each time point
(0, 1, 3, 6, 24, 48, and 72 h), an aliquot (1 mL) was taken out and
diluted to a final volume of S mL in a volumetric flask. The
absorbance of each dilution was measured at A,,, = 238 nm to
determine the amount (%) of LET released from BPBPA-Ca. The
released curve of LET (control) in FaSSGF was determined for
comparison. This experiment was performed in duplicate.

8. Cell Viability Assays. Cell Culture Methods. Human breast
cancer (MCF-7 and MDA-MB-231) and osteoblast-like (hFOB 1.19)
cell lines were incubated by employing Dulbecco’s modified Eagle
medium (DMEM) (37 °C) and DMEM/F12 (34 °C) media,
respectively, in 5% CO,. Cell lines were supplemented using 10%
FBS, and 1% Pen-Strep and medium exchange were performed twice
a week. Cell passages were carried out at 80% confluence.

Cell Viability Assays. Cell lines were seeded in 96-well plates at a
density of § X 103 cells/mL and incubated for 24 h before treatment,
allowing cells to be attached to the plate. Both cell lines were treated
with 100 uL/well with 2-fold serial dilutions of BPBPA (0—400 pM)
and LET (0—200 uM) to determine the half-maximal inhibitory
concentration (IC,) for the MCF-7, MDA-MB-231, and hFOB 1.19
cell lines treated with BPBPA and LET after 24, 48, and 72 h. The cell
lines were also treated with LET, empty, and drug-loaded nano-Ca@
BPBPA (0—50 M) to assess the relative cell viability (%RCV) under
the same conditions employed for the ICs,. Cell viability assays were
performed after 24, 48, and 72 h of treatment. Control groups were
treated with media (DMEM or DMEM/F12) supplemented with 1%
Pen-Strep. At each time point, the media were exchanged with 100 uL
of 10% alamarBlue cell viability reagent, and the 96-well plates were
incubated for 4 h. The fluorescence was determined at 4., = 560 and
Aem = 590 nm. The ICy, was determined for BPBPA and LET after
generating dose—response curves (% cell live vs concentration) using
GraphPad Prism, version 9.3.0, with the nonlinear regression function.
The metabolically active cells (i.e., % cells that are proliferating) were
evaluated by comparing the percentage of live cells of the control
groups with the cells treated with LET, empty, and drug-loaded nano-
Ca@BPBPA to assess the relative cell viability (%¥RCV) at the same
conditions as those employed for the ICg, All experiments were
performed in triplicate, reporting the mean, standard deviation, and
coefficient variation (%CV). The ICs, curves of MCF-7, MDA-MB-
231, and hFOB 1.19 cells treated with BPBPA and LET are presented
in the SL

B RESULTS AND DISCUSSION

Synthesis and Characterization of BPBPA. The
Lecouvey reaction, a well-established synthetic scheme used
to obtain commercial BPs (ALEN, ZOLE, and RISE) and
extended BPs such as BBPA,”*™*" was employed to generate
the organic ligand BPBPA subsequently used to obtain
extended BPBPA-based BPCPs. In the first step of the

https://doi.org/10.1021/acsami.3c05421
ACS Appl. Mater. Interfaces 2023, 15, 33397—33412


https://pubs.acs.org/doi/suppl/10.1021/acsami.3c05421/suppl_file/am3c05421_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c05421/suppl_file/am3c05421_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c05421/suppl_file/am3c05421_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c05421/suppl_file/am3c05421_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c05421/suppl_file/am3c05421_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c05421/suppl_file/am3c05421_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c05421/suppl_file/am3c05421_si_001.pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c05421?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces www.acsami.org Research Article

@@ o o J— (Me;Si0),0P PO(OSiMe3),
¢l cl

(Me;Si0),0P PO(OSiMej3),
BPDC1 Intermediate

l MeOH
H,0;3P PO;H,

H,0,P PO;H,

(b)
1) H,0, pH ~7
2) Ca(NO3),, 70°C
— T

1) H,0, pH ~7

1030 POsM: 2) Mg(NOy),, 70°C
HO OH ———

H,04P PO;H,

- BPBPA-Zn
1) H,0, pH ~7

2) Zn(NO3),, 70°C

E——

Figure 1. (a) Lecouvey reaction starting with BPDCI and yielding BPBPA as the product. (b) Coordination of BPBPA with three nontoxic metals
(Ca*, Mg*, and Zn*") yielding BPBPA-Ca, BPBPA-Mg, and BPBPA-Zn, respectively. The asymmetric units of BPBPA-Ca (Z’ = 1), BPBPA-Zn

(Z' = 0.5, extended), and BPBPA-Mg (Z’ = 1) are displayed as products for each reaction. Hydrogen atoms in the ligand and coordinated and
uncoordinated water molecules were omitted for clarity.
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Figure 2. (top) SEM micrographs of (a) BPBPA-Ca, (b) BPBPA-Zn, and (c) BPBPA-Mg. All SEM micrographs were recorded by employing a 5-

nm-thick layer of gold. (bottom) Elements such as carbon, oxygen, phosphorus, calcium, zinc, and magnesium were detected by EDS analysis of
(d) BPBPA-Ca, () BPBPA-Zn, and (f) BPBPA-Mg.

Lecouvey reaction, BPDCI was utilized as the starting material, intermediate was hydrolyzed in methanol, leading to the
yielding an ester intermediate in the presence of TMSP. This formation of the desired organic ligand, BPBPA (~90% yield;
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Figure 3. (a) Raman spectra in the region 3500 to 250 cm™" and (b) diffraction patterns for BPBPA (black), BPBPA-Ca (red), BPBPA-Zn (blue),
and BPBPA-Mg (green). The PXRD patterns were collected at 300 K in fast ® mode using a 90 s exposure.

Table 1. Summary of the Crystallographic Parameters for BPBPA-Ca, BPBPA-Zn, and BPBPA-Mg“

empirical formula

BPBPA-Ca

[CaS(CHHSOHPAt) (6H,0)]-7H,0

BPBPA-Zn

[Zn3(C14H8014P4) (4H20) ]-4H,0

BPBPA-Mg
[Mg3(C14H8014P4) (6H,0)]-7H,0

fw (g/mol) 876.57 862.37 817.11
space group P1 P1 P1
temperature (K) 100(1) 139(4) 292(2)

A (A) 1.54184 1.54184 1.54184

a (&) 10.9829(2) 5.4039(4) 10.9782(14)
b (A) 11.8825(2) 9.6464(8) 11.5790(15)
c (A) 13.0827(2) 12.2483(9) 12.9417(6)
a (deg) 87.510(1) 88.190(7) 90.357(2)
B (deg) 76.716(1) 88.742(6) 103.814(2)
7 (deg) 78.678(1) 85.889(7) 104.686(2)
V (A% 1629.33(5) 636.40(9) 1541.4(4)

Z 2 1 2

z' 1 0.5 1

P (g/cm?) 1.795 2255 1.752

R, 0.0570 0.0627 0.0999

R, 0.1675 0.1891 0.3314

“Abbreviations: A (X-ray source wavelength, A), a/b/c (unit cell lengths, A), a/f/y (unit cell angles, deg), V (unit cell volume, A%), Z (number of

formula units per unit cell), p . (unit cell calculated density, g/cm?), R, (R factor, %), and R,, (weighted R factor,%).

Figure 1a). To the best of our knowledge, this is the first time
the synthesis and characterization of BPBPA is reported in the
literature. Characterization of the product by NMR, Raman
spectroscopy, PXRD, TGA, and DSC confirmed the identity
and purity of BPBPA (see the SI).

Synthesis and Characterization of the BPBPA-Based
BPCPs. Three distinctive crystalline phases of the BPBPA-
based BPCPs, namely, BPBPA-Ca, BPBPA-Zn, and BPBPA-
Mg (Figure 1b), were obtained by exploring conditions such as
the M**/BPBPA molar ratio (1:1 and 2:1), pH (6.0—8.0), and
temperature (60—80 °C). From all of the conditions tested, it
was observed that using a 1:1 molar ratio and neutral pH
(~7.0, adjusted with 0.1 M NaOH) and at 70 °C led to the
best conditions in terms of yield and crystal quality, particularly
for BPBPA-Ca. SEM micrographs (Figure 2a—c) showed
crystals (100—500 um) with a prismatic habit. EDS analysis
confirmed the elemental composition of the BPBPA-based
BPCPs (Figure 2d—f). Only these three solid forms were
generated (no other phases could be identified).

Characteristic Raman spectra and diffraction patterns of the
BPBPA-based BPCPs are shown in Figure 3. These results
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confirm that three distinctive crystalline phases have been
produced. Overlay of the diffraction patterns indicates that the
crystal phases of the BPBPA-based BPCPs are not isostructural
to those of the BBPA-based BPCPs.”* A detailed description of
the conditions employed for the synthesis and characterization
of the BPBPA-based BPCPs is given in the SIL

The crystal structures of the BPBPA-based BPCPs were
solved by employing direct methods and resulted in the
crystallography parameters listed in Table 1. The simulated
diffraction patterns from the solved crystal structures were
compared with the experimental diffraction patterns of these
materials, which suggests that representative solutions were
obtained (see the SI) and that these materials exist as single
phases. Representations of the asymmetric unit, crystal packing
along with the a, b, and ¢ axes, and Oak Ridge Thermal
Ellipsoid Plot (ORTEP) for each BPBPA-based BPCP are
provided in the SI. Each crystal structure presents a unique
extended 3D framework in which the organic ligand serves as a
bridge interconnecting the metal centers. Interestingly, all
crystal phases present channels, BPBPA-Ca (11 X 12 A),
BPBPA-Zn (10 X 13 A), and BPBPA-Mg (8 X 11 A), that

https://doi.org/10.1021/acsami.3c05421
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Figure 4. Asymmetric units (a, d, and g), unit cells (b, e, and h), and 2 X 2 X 2 packings (¢, f, and i) along the ¢ axis of BPBPA-Ca (top), BPBPA-
Zn (middle), and BPBPA-Mg (bottom). Hydrogen atoms in the ligand, lattice, and coordinated water molecules were omitted for clarity.

enable the use of these 3D frameworks as possible DDSs. The
crystallographic files related to BPBPA-Ca (2239635), BPBPA-
Zn (2239636), and BPBPA-Mg (2239637) were deposited to
the Cambridge Crystallographic Data Center (CCDC).
BPBPA-Ca. [Cas(C,HgO.,P,)(6H,0)]-7H,O represents
the empirical formula of BPBPA-Ca, a material that crystallizes
in the triclinic P1 space group. It was observed that the
asymmetric unit of BPBPA-Ca contains one molecule of the
BP ligand coordinated with three distinct Ca®* metal centers
(Figure 4a). A total of six coordinated water molecules were
found in BPBPA-Ca, where two water molecules complete the
coordination sphere in each metal center (Cal, Ca2, and Ca3)
per asymmetric unit. Close examination of the crystal packing
(Figure 4b,c) of this material reveals that the metal centers
(Ca’) are interconnected by BP-bridged ligands, which leads
to a continuous 3D framework parallel to the (010) hkl plane.
The Ca’* ions display distorted-bicapped trigonal-prismatic
(Cal and Ca3) and capped trigonal-prismatic (Ca2) geo-
metries, respectively. The —Cal—O presents polar bond angles
(0) ranging between 45.32 and 5$8.08° and a bond angle (a)
between the capped ligands of 126.14°, while O—Ca3—-0O
displays 6 angles between 44.82 and 54.34° and an a angle of
112.90°. The bond angles in the coordination spheres of Cal
and Ca3 are distorted by 0.18—13.08° (#) and 6.14—7.1° (a)

compared with a regular bicap3ped trigonal-prismatic geometry,
where 6 = 45° and a = 120°.”> The O—Ca2—O exhibit bond
angles varying from 68.91 to 82.88°; these angles are distorted
by 5.88—8.09° from a regular capped trigonal-prismatic
molecular geometry, where the predicted bond angle is
~77°3% Furthermore, the Cal—0O, Ca2—0, and Ca3-0O
bond distances are in the ranges 2.311-2.767, 2.313—2.559,
and 2.402—2.534 A, respectively. The Ca—O bond distances in
BPBPA-Ca are similar to those found in other BP-based
BPCCs obtained using commercial BPs such as etidronic acid
(HEDP), ALEN, RISE, or ZOLE (average = 2.4 + 0.1 A) and
found in the CCDC.*'~****7%” In addition, the crystal
structure of BPBPA-Ca displays channels (11 A x 12 A)
formed by adjacent BP-bridged ligands that provide sufficient
void space for the integration of seven disordered uncoordi-
nated water molecules (see the SI).

BPBPA-Zn. The empirical formula of BPBPA-Zn was
determined as [Zn;(C,,Hz0,,P,)(4H,0)]-4H,0. BPBPA-Zn
crystallizes in the P1 space group and contains a half ligand
molecule coordinated with two unique Zn>* metal ions in the
asymmetric unit (Figure 4d). Two coordinated water
molecules can be found in the coordination sphere of the
Zn2 metal center. A close assessment of the crystal packing
(Figure 4e,f) of BPBPA-Zn shows that the Zn*" metal centers
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Figure S. Dissolution curve for BPBPA (black), BPBPA-Ca (red), BPBPA-Zn (blue), and BPBPA-Mg (green) in (a) PBS (pH = 7.4) and (b)
FaSSGF (pH = 1.6) at 37 °C. Each experiment was performed in duplicate. If error bars are not observed, this indicates a small %CV (<5%).

3504 T<PIT
a) Surfactant Cat
s 300
(Brij L4®) - TSP o
£ 250 Calcium ions
2200 “
Hexane B
g 150+ | - ‘
= 2%
BPBPA 100 \
-— nano-Ca@BPBPA
q _ W/0
5 10 15 20 25 30 35 40
Temperature (°C)
(b) ™ (©)
121 3,04
10+ %5 AJ Experimental PXRD of nano-Ca@BPBPA
S £
gl N-2,0-
z; N’
Z 6 21,54
g 2 ||| Experimental PXRD of BPBPA-Ca
= 4 21,04
Ll = ’
24 0,51
J Simulated PXRD of BPBPA-Ca
0 T T 0.0 P s .
10 100 1000 ’ T y J

Particle size distribution (d. nm)

10 40 50

20 3
200)

Figure 6. (a) Schematic diagram of the PIT-nanoemulsion synthesis of nano-Ca@BPBPA. The PIT was determined to occur at about ~12 °Cc.k0
(b) DLS spectra showing the particle size distribution (168 & 9 d. nm; %CV = 5%) for three syntheses of nano-Ca@BPBPA. (c) Experimental
diffraction patterns of BPBPA (black), BPBPA-Ca (red), and nano-Ca@BPBPA (blue).

are interconnected through BP-bridged ligands, producing a
3D framework parallel to the (002) hkl plane. The Zn** metal
centers (Znl and Zn2) exhibit a distorted octahedral
geometry. This geometry is usually found in Zn** ions with
6-fold coordination numbers.’® The O—Zn1—0 and O—Zn2—
O bond angles are in the ranges of 74.18—108.59° and 84.10—
95.90°, respectively. The bond angles in the coordination
spheres of the Znl and Zn2 metal centers are distorted by
5.9—18.59° from a regular octahedral molecular geometry,
where the predicted bond angle is 90°.>® The Zn1—O and
Zn2—0 bond distances are in the ranges of 1.989—2.365 and
2.022—2.167 A, respectively. The Zn1—O and Zn2—O bond
distances found in BPBPA-Zn are comparable to those
observed in other BP-based BPCCs synthesized using
commercial BPs (HEDP, ALEN, RISE, or ZOLE) coordinated
with a Zn®* metal center (average = 2.1 + 0.1 A) and found in
the CCDC.”'7***** Additionally, neighboring BPs-bridge
ligands generate channels (10 X 13 A) in this framework that
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facilitate the incorporation of four uncoordinated water
molecules which present disorder (see the SI).

BPBPA-Mg. This material shows an empirical formula of
[Mg;(C4,HgO,,P,) (6H,0)]-7H,0 and crystallizes in the
triclinic P1 space group. It was observed that the asymmetric
unit of BPBPA-Mg (Figure 4g) contains one ligand
coordinated with three distinctive Mg** metal centers. One
coordinated water molecule completes the coordination of the
Mg2 and Mg3 metal centers, respectively. The interconnection
between the BP-bridged ligands and the Mg** metal ions
(Figure 4h) leads to a continuous 3D framework parallel to the
(100) hkl plane (Figure 4i). The Mg*" metal centers depict
distorted T-shaped (Mgl), seesaw (Mg2), and bent (Mg3)
molecular geometries. These molecular geometries have been
observed previously in Mg>" ions with 2-, 3-, and 4-fold
coordination numbers.”' =" The O-Mgl—O shows bond
angles of 78.83 and 134.54° in a distorted T-shaped geometry,
where the predicted bond angles are <90° and >120°. The O—
Mg2—O bond angle ranges between 80.56° and 121.89°
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Figure 7. (a) Binding curves in a simulated physiological buffer (PBS, pH = 7.4) for BPBPA and nano-Ca@BPBPA to HA at 37 °C. If error bars are
not observed, this indicates a small coefficient of variation (%CV < 5%). Elemental analysis for (b) HA, (c) HA-BPBPA, and (d) HA-nano-Ca@
BPBPA. These experiments were performed at 3000X magnification. The inset schematic diagrams in parts b—d show the proposed binding of

BBPA and nano-Ca@BBPA to HA.

compared with a regular seesaw geometry, where the predicted
bond angles are <90° and <120° between adjacent atoms. For
the Mg3 metal centers, the O—Mg3—0 bond angle is 76.19° in
a distorted bent geometry (<120°). The Mg—O bond
distances vary from 2.342 to 2.406 A, from 2.337 to 2.395 A,
and from 2.400 to 2.416 A for Mgl—0, Mg2—O0, and Mg3—-O,
respectively. The Mg—O bond distances in BPBPA-Mg are
comparable to those observed in the crystal structures of other
BP-based BPCCs (average = 2.1 + 0.1 A),”'7***** where
commercial BPs such as ALEN, ZOLE, or RISE are
coordinated Mg2+ ions. Furthermore, it was observed that
adjacent BP-bridged ligands form channels (8 A x 11 A),
presenting void spaces that, in this case, incorporate seven
disordered lattice water molecules (see the SI).

The dissolution curves were obtained in simulated
physiological buffers (PBS, pH = 7.40; FaSSGF, pH = 1.60)
by measuring the absorbance of the supernatant to quantify the
amount of BPBPA released over time in PBS (4,,,, = 275 nm)
and FaSSGF (A, = 266 nm) at 37 °C. The results show that
the free ligand, BPBPA, dissolves readily (82% in PBS and 98%
in FaSSGF within 72 h) in both buffers due to its aqueous
solubility (20 mg/mL in nanopure water at 25 °C and pH =
7.0). The results also revealed that BPBPA-based BPCPs
release 9—50% of BPBPA under neutral conditions; specifi-
cally, BPBPA-Ca, BPBPA-Zn, and BPBPA-Mg resulted in 9,
46, and 10% release of BPBPA (Figure Sa) after 72 h.
Furthermore, it was found that these coordination polymers
release 50—100% of BPBPA under acidic conditions, resulting
in 100, 86, and 54% release of BPBPA from BPBPA-Ca,
BPBPA-Zn, and BPBPA-Mg, respectively (Figure Sb) within a
72 h period. In particular, these results show that the structure
of BPBPA-Ca is preserved in PBS (~10% release of BPBPA),
while in FaSSGF, the structure collapses (~100% release of
BPBPA). These findings suggest that a drug-loaded version of
BPBPA-Ca might be able to degrade, elicited by the acidic pH
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of neoplastic cells and their metabolism, potentially releasing
its cargo at the target site, the bone.*®

The particle size of BPBPA-Ca was reduced using the PIT-
nanoemulsion method.”’~>* BPBPA-Ca (11 A X 12 A) was
selected because this material displayed the highest synthesis
yield, largest channels, and more drastic pH degradation,
potentially enabling maximum delivery of encapsulated drugs
to the target site. The PIT temperature was determined for an
emulsion constituted of an aqueous solution of BPBPA with
heptane (oil phase) and Brij L4 (surfactant). The PIT was
determined through conductivity (¢) measurements, while the
emulsion was heated from 2 to 40 °C, as described in the SI. A
drastic change in the emulsion conductivity is observed due to
the phase inversion from an oil-in-water (O/W) micro-
emulsion (¢ = 313 uS) to a water-in-oil (W/Q) nanoemulsion
(6=0.061 uS). The PIT for this system starts at 7 °C and ends
at 17 °C, resulting in an average PIT temperature of ~12 °C
(see the SI).

Upon reaching the PIT, this method forms a W/O
nanoemulsion, where aqueous nanospheres contain the free
ligand. Once added, the metal salt solution promotes the
formation of nano-Ca@BPBPA (Figure 6a) within this limited
volume, which in terms limits the size of the resulting
crystalline particles. The particle size distribution and
polydispersity index (PDI) ranged between 166 and 180 d.
nm and between 0.493 and 0.538, respectively, in three
separate syntheses. These results demonstrate that this material
possessed a monodisperse particle size distribution of <500
nm, representing an adequate particle size to penetrate a cell
membrane””*® (Figure 6b). Additionally, the PXRD patterns
of an agglomerate of nano-Ca@BPBPA (Figure 6¢) confirmed
that the material synthesized by the PIT-nanoemulsion
method is isostructural to BPBPA-Ca.

The propensity of nano-Ca@BPBPA to agglomerate over
time in 10% FBS/PBS was assessed via DLS measurements.
The results reveal that nano-Ca@BPBPA maintains a
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Table 2. EDS Elemental Analysis of BPBPA, nano-Ca@BPBPA, HA, a 1:1 Physical Mixture of HA/nano-Ca@BPBPA, HA-

BPBPA, and HA-nano-Ca@BPBPA”

nano-Ca@ HA-nano-Ca@
element (wt %) BPBPA“ BPBPA? HA® physical mixture (1:1) HA/nano-Ca@BPBPA  HA-BPBPA BPBPA
phosphorus 19.71 + 0.09 18.03 + 0.04 19.70 + 0.03 16.31 + 0.03 19.65 + 0.04 19.01 + 0.05
oxygen 3725 £ 0.3 28.51 + 0.2 30.57 £ 0.1 22.58 + 0.1 33.71 £ 0.2 34.64 + 0.2
calcium 17.38 + 0.08 41.89 + 0.06 26.34 + 0.05 33.88 + 0.07 34.27 + 0.06
carbon 43.04 + 0.07 36.08 + 0.03 7.84 + 0.03 34.78 + 0.06 12.76 + 0.04 12.08 + 0.05

“The EDS analysis was performed at a 3000X magnification for all samples. YHA = [Ca,(OH)(PO,),]. “BPBPA = [C,,H,50,,P,]. “nano-Ca@

BPBPA = [Ca,(C,,H;0,,P,)(6H,0)]-7H,0.

Table 3. Elemental Analysis of LET (Control), BPBPA-Ca (Control), nano-Ca@BPBPA (Control), Drug-Loaded BPBPA-Ca
(Experimental), and Drug-Loaded nano-Ca@BPBPA (Experimental) after the Drug Loading Experiment by SEM—EDS“

element (wt %) LET? BPBPA-Ca“ nanﬂ-Ca@BPBPAd drug-loaded BPBPA-Ca drug-loaded nano-Ca@BPBPA
phosphorus 17.40 £+ 0.01 17.01 + 0.0S 13.69 + 0.02 14.34 + 0.08
oxygen 27.46 + 0.1 2793 + 0.3 25.30 + 0.1 25.53 +£ 0.1
calcium 16.65 + 0.01 16.36 + 0.05 13.02 + 0.01 13.78 + 0.02
carbon 87.20 + 0.04 38.49 + 0.09 38.70 + 0.2 47.38 + 0.08 45.93 + 0.08
nitrogen 12.80 + 0.2 0.61 + 0.2 042 + 03

“The analysis was collected at 3000X magnification for all of the samples. bLET = [C,;H,;N;]. “BPBPA = Ca[C,H;;0,,P,]. dnano—Ca@BPBPA =

[Ca;(C4H;04,P,) (6H,0)]-7H,0.

homogeneous particle size distribution in 10% FBS/PBS after
0 h (170 d. nm), 24 h (182 d. nm), and 48 h (181 d. nm).
Furthermore, the resulting PDI values after 0 h (0.488), 24 h
(0.501), and 48 h (0.479) confirm the monodispersity of nano-
Ca@BPBPA at the three time points (see the SI). These
results demonstrate that nano-Ca@BPBPA does not agglom-
erate significantly over time in 10% FBS/PBS; larger aggregates
were not formed, a characteristic that might promote its
possible use for biomedical applications.

Binding Assays for nano-Ca@BPBPA. The binding of
nano-Ca@BPBPA to HA, to the main constituent of bone,**°
was assessed in a simulated physiological buffer (PBS, pH =
7.4, and 37 °C), exposing this material to nano-Ca@BPBPA (5
mL, 0.5 mg/mL BPBPA, experimental) for 0—12 days. In
addition, BPBPA (5 mL, 0.5 mg/mL BPBPA) and HA (20
mg) were used as controls (see the SI). The affinity to HA was
determined by quantifying the decrease in the concentration of
BPBPA and nano-Ca@BPBPA in the supernatant using
absorbance measurements (A, = 275 nm). The binding
curves for BPBPA and nano-Ca@BPBPA are shown in Figure
7a. It was found that BPBPA presents >70% (3 days) binding
to HA, reaching >90% after 4 days in PBS. Additionally, nano-
Ca@BPBPA demonstrates a similar binding to HA. These
results indicate that nano-Ca@BPBPA possesses higher affinity
to the bone than those reported for commercial (1.7 and 1.4
times higher than those of ZOLE and RISE, respectively),”>**
and extended BPs (1.9 times higher than that of BBPA)™* at 24
h. In PBS, most of nano-Ca@BPBPA remains coordinated
(~10% release of BPBPA in 72 h), and its structure is intact;
therefore, it is suggested that the uncoordinated BPs on the
nano-Ca@BPBPA surface are able to bind to HA (see the SI).

The elemental compositions of BPBPA (control), nano-Ca@
BPBPA (control), HA (control, Figure 7b), HA-BPBPA
(experimental), and HA-nano-Ca@BPBPA (experimental)
were contrasted using the weight percentage (wt %) obtained
by EDS to confirm the binding to HA (Table 2 and the SI).
The results reveal that the phosphorus signals found in HA-
BPBPA (19.65 wt %, Figure 7c) and HA-nano-Ca@BPBPA
(19.01 wt %, Figure 7d) were comparable to that detected in

HA (19.70 wt %). This was expected due to the similar
composition of this element in BPBPA (19.71 wt %; 4
phosphorus atoms per formula unit) and nano-Ca@BPBPA
(18.03 wt %; 4 phosphorus atoms per asymmetric unit). An
increase in the relative composition of the oxygen signal was
observed when contrasting HA-BPBPA (33.71 wt %) and HA-
nano-Ca@BPBPA (34.64 wt %) to HA (30.57 wt %). This
result supports the presence of BPBPA (37.25 wt %; 14 oxygen
atoms per formula unit) and nano-Ca@BPBPA (28.51 wt %;
27 oxygen atoms per asymmetric unit) on the surface of HA.
The difference between the free versus bound materials might
be due to the presence of a monolayer (BPBPA) or the
deposition of particles (nano-Ca@BPBPA) on the HA surface.
Furthermore, the results demonstrate a decrease in the relative
composition of the calcium signal in HA-BPBPA (33.88 wt %)
and HA-nano-Ca@BPBPA (34.27 wt %) when contrasted with
HA (41.89 wt %). This result was expected due to the
proposed binding of BPBPA (0 wt %; 0 calcium atoms per
formula unit) and nano-Ca@BPBPA (17.38 wt %; 3 calcium
atoms per asymmetric unit) on the HA surface (41.89 wt %; S
calcium atoms per formula unit) that might shield the
detection of calcium ions. The conductive tape used for the
SEM—EDS analysis led to a small amount of carbon (7.84 wt
%) detected in the EDS spectra of HA. The carbon signal was
found in HA-BPBPA (12.76 wt %) and HA-nano-Ca@BPBPA
(12.08 wt %). The signal for the latter two increases as a result
of the molecular structure of BPBPA (43.04 wt % carbon) and
nano-Ca@BPBPA (36.08 wt % carbon), which contains 14
carbon atoms per formula or asymmetric unit, respectively. A
1:1 physical mixture of ground HA/nano-Ca@BPBPA was also
used as the control group (see the SI), and the differences
observed in the elemental composition of HA/nano-Ca@
BPBPA (ie., 26.34 wt % calcium and 34.78 wt % carbon)
confirm the binding of BPBPA and nano-Ca@BPBPA (~34 wt
% calcium and ~12 wt % carbon for HA-BPBPA and HA-nano-
Ca@BPBPA) to the surface of HA.

Loading and Release of LET into BPBPA-Ca and
nano-Ca@BPBPA. LET, an antineoplastic drug prescribed to
treat breast cancer therapy’>> and combined with BPs to treat

https://doi.org/10.1021/acsami.3c05421
ACS Appl. Mater. Interfaces 2023, 15, 33397—33412


https://pubs.acs.org/doi/suppl/10.1021/acsami.3c05421/suppl_file/am3c05421_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c05421/suppl_file/am3c05421_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c05421/suppl_file/am3c05421_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c05421/suppl_file/am3c05421_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c05421/suppl_file/am3c05421_si_001.pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c05421?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

(@) E (b) 100-
304 Unloaded BPBPA-Ca
(]) (“) 2 Drug-loaded nano-Ca@BPBPA
C a =60
& 5 Drug-loaded BPBPA-Ca
240
=
X
B
Drug-loaded BPBPA-Ca 20+
o Letrozole Letrozole
r T T T T . T ] 0l
0 4 6 8 O 4 10 T T T T T T ¥
100 200 300 400 500 600 700
Energy (KeV) Energy (K6eV) Temperature (°)
P (©)
9 125+ —* Letrozole
(iii) (iv) g 1004 -~ Drug-loaded BPBPA-Ca .
C c e =
o a C Ca L 757
S
‘}: 50
Drug-loaded BPBI(:;\-Ca i 254
) =)
nano-Ca@BPBPA nano-Ca@BPBPA 0 T T )
o 2 4 6 8 100 2 _4 6 8 10 0 24 48 72
Energy (KeV) Energy (KeV) Time (h)

Figure 8. (a) EDS of (i) LET, (ii) BPBPA-Ca, (iii) drug-loaded BPBPA-Ca, and (iv) drug-loaded nano-Ca@BPBPA. (b) TGA thermographs of
LET (black) and BPBPA-Ca (green) compared with the TGA thermographs of drug-loaded BPBPA-Ca (blue) and nano-Ca@BPBPA (red). (c)
Percent release curve of LET (black, control) and drug-loaded BPBPA-Ca (green, experimental) in FaSSGF (pH = 1.60) at 37 °C. This experiment
was performed in duplicate. If error bars are not observed, this indicates a small %CV (<5%).

ER-positive breast-cancer-induced OM,>*™>° was encapsulated
into the channels of BPBPA-Ca and nano-Ca@BPBPA. The
loading of LET into BPBPA-Ca was performed in ethanol as
the solvent; this framework was exposed to LET for 24 h at 50
°C, leading to drug-loaded BPBPA-Ca (see the SI). In the case
of nano-Ca@BPBPA, the PIT-nanoemulsion method was
coupled to the loading of LET. After the PIT synthesis of
nano-Ca@BPBPA, a LET solution was added, and the mixture
was left under constant stirring for 1 h, to yield the drug-loaded
nano-Ca@BPBPA (see the SI). Furthermore, LET, empty, and
drug-loaded BPBPA-Ca and empty and drug-loaded nano-Ca@
BPBPA were characterized by EDS and/or PXRD (see the SI).

The loading of LET was confirmed by contrasting the
weight percentage (wt %) of all elements detected by EDS
with the empty and drug-loaded versions of BPBPA-Ca and
nano-Ca@BPBPA (Table 3). The elemental analysis of LET
was used as a control [Figure 8a(i)]. The elements
phosphorus, oxygen, and calcium were not detected in LET
due to the absence of these elements in the chemical structure
of this compound. Similar relative concentrations of
phosphorus (14—17 wt %), oxygen (25—28 wt %), and
calcium (13—17 wt %) were observed for drug-loaded BPBPA-
Ca [Figure 8a(ii)] and drug-loaded nano-Ca@BPBPA [Figure
8a(iii)] compared with BPBPA-Ca and nano-Ca@BPBPA
[Figure 8a(iv)]. This result is due to the absence of these
elements in the molecular structure of LET (0 atoms per
formula unit). Furthermore, an increase in the relative
concentration of carbon was observed for the drug-loaded
BPBPA-Ca (47.38 wt %) and nano-Ca@BPBPA (45.93 wt %)
contrasted with BPBPA-Ca (38.49 wt %) and nano-Ca@
BPBPA (38.72 wt %). This result might be attributed to the
presence of carbon in the molecular structure of LET (17
carbons per formula unit). Moreover, a small amount of
nitrogen was detected in the drug-loaded BPBPA-Ca (0.61 wt
%) and nano-Ca@BPBPA (0.42 wt %). Nitrogen was not
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detected in BPBPA-Ca and nano-Ca@BPBPA due to the
absence of this element in these materials. The relative
concentration of nitrogen in the drug-loaded materials
decreases in contrast with LET (12.80 wt %), indicating that
the encapsulation of this drug into the BPCPs might have
shielded the detection of this characteristic element in LET.

Furthermore, the release of LET from the drug-loaded
BPBPA-Ca was investigated in FaSSGF (pH = 1.60) at 37 °C
by measuring the increase in the LET concentration over time
(Amax = 238 nm) in this medium (see the SI). The release of
LET in FaSSGF from the drug-loaded nano-Ca@BBPA was
not conducted due to the difficulty in obtaining an adequate
amount of this material to perform this experiment. The drug-
loaded BPBPA-Ca reaches a maximum release of LET (22 wt
%) with 24 h. This result is in agreement with the amount (%)
of LET encapsulated into BPBPA-Ca and nano-Ca@BPBPA
determined by TGA: 22—24 wt % (TGA, Figure 8b) versus 22
wt % (FaSSGF, Figure 8c). These results parallel those
reported for BPDC-based CPs [i.e., UiO-67-(NH,), (11 A),"
BPDC-Zr (~12 A),"* bio-MOF-1 (7 and 10 A),*°], where
antineoplastic drugs, such as pemetrexed and Ru-90, and other
pharmaceutical compounds, such as calcein and a-cyano-4-
hydroxycinnamic acid, were loaded and then released in PBS
(see the SI).

Cell Viability Assays for nano-Ca@BPBPA. The
cytotoxicity of BPBPA, LET, nano-Ca@BPBPA, and drug-
loaded nano-Ca@BPBPA was investigated by employing the
human breast cancer, MCF-7 and MDA-MB-231, and human
osteoblast, hFOB 1.19, cell lines. The human MCF-7 cell line
represents an ER-positive breast cancer model expressing
estrogen, progesterone, and glucocorticoid receptors." LET is a
type II aromatase inhibitor that avoids the transformation of
androgens to estrogens by the aromatase enzyme; this action is
crucial in treating ER-positive breast cancer types (represented
in this work by MCE-7 cells).**"** The human MDA-MB-231
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Figure 10. Relative cell lives (%RCV) for MCF-7 (top), MDA-MB-231 (middle), and hFOB 1.19 (bottom) cells treated with DMEM or DMEM/
F12 (control, black), nano-Ca@BPBPA (experimental, red), LET (experimental, blue), and drug-loaded nano-Ca@BPBPA (experimental, green) in
concentrations of (a) 1.6, (b) 3.1, (¢, ¢, and i) 6.3, (d, f, and j) 12.5, (g and k) 25, and (h and 1) SO M after 24, 48, and 72 h of treatment.

cell line corresponds to a model of TNBC (negative for ER, cytotoxicity of LET is expected to be lower because this cell
PR, and HER2 receptors).””*’ In the case of TNBC, line does not depend on estrogen signaling. Both selected
represented here by the MDA-MB-231 cell line, the cancer cell lines represent two distinct breast cancer subtypes,

33407 https://doi.org/10.1021/acsami.3c05421

ACS Appl. Mater. Interfaces 2023, 15, 33397—33412


https://pubs.acs.org/doi/10.1021/acsami.3c05421?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c05421?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c05421?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c05421?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c05421?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c05421?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c05421?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c05421?fig=fig10&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c05421?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

ER-positive and TNBC, with the ability to metastasize to the
bone."*~7*%° The human fetal hFOB 1.19 cells represent a
homogeneous osteoblast-like (noncancerous) model com-
monly employed to assess osteoblast differentiation.”’ In this
work, the noncancerous hFOB 1.19 cells were employed to
represent the healthy bone microenvironment. The cytotox-
icity of these materials was evaluated by determining ICy, and
%RCV. The results show a decrease in the cell viability of
MCE-7 cells treated with LET, with ICs, of about 20 + 3 yuM
after 72 h of treatment (Figure 9a and the SI). This ICs, value
is consistent with reports where similar seeding and treatment
conditions were employed (ICgy = ~15-20 uM).**** No
significant cytotoxicity effects were observed for MDA-MB-231
and hFOB 1.19 cell lines treated with LET (Figure 9b,c; IC;, >
200 pM after 72 h). Similar results were found for MCF-7
(Figure 9d), MDA-MB-231 (Figure 9e), and hFOB 1.19
(Figure 9f) cells treated with BPBPA (ICs, > 200 uM after 72
h), with calculated ICs, = 364 + 3 uM for MCF-7 and 229 + §
uM for MDA-MB-231 cells treated with BPBPA at 72 h. ICy,
curves for the MCF-7, MDA-MB-231, and hFOB 1.19 cell
lines treated with LET and BPBPA at 24, 48, and 72 h are
shown in the SL

The MCEF-7 cells were treated with LET and empty and
drug-loaded nano-Ca@BPBPA in the concentration range of
1.6—12.5 uM (Figure 10a—d). The results at 1.6 uM
demonstrate that LET, nano-Ca@BPBPA, and drug-loaded
nano-Ca@BPBPA did not display significant cytotoxicity
against the MCF-7 cells after 24 h (%RCV > 93%) and 48 h
(%RCV > 84%) of treatment. A higher cytotoxicity effect was
observed for the drug-loaded nano-Ca@BPBPA (%RCV = 54
+ 3%) in contrast with nano-Ca@BPBPA (%RCV = 76 + 4%)
and LET (%RCV = 81%) after 72 h (Figure 10a).
Furthermore, it was noticed that the cell viability was >90%
for the MCF-7 cells treated at a concentration of 3.1 M with
LET (%RCV = 99 + 2%), nano-Ca@BPBPA (%RCV = 92 +
1%), and drug-loaded nano-Ca@BPBPA (%RCV = 91 + 2%)
after 24 h. A slight decrease in the cell viability was detected
after 48 h for LET (%RCV = 86 + 3%), nano-Ca@BPBPA (%
RCV = 84 + 2%), and drug-loaded nano-Ca@BPBPA (%RCV
=77 + 3%). At 72 h, it was observed that drug-loaded nano-
Ca@BPBPA (%RCV = 45 + 2%) presented a higher decrease
in the cell viability than LET (%RCV = 78 + 1%) and nano-
Ca@BPBPA (%RCV = 70 + 3%; Figure 10b). Similar results
were found at a concentration of 6.3 uM; the cell viability
remained >88% after 24 h for LET (%RCV = 99 + 1%), nano-
Ca@BPBPA (%RCV = 89 + 1%), and drug-loaded nano-Ca@
BPBPA (%RCV = 88 + 1%). The results show a higher
decrease in the cell viability after 72 h for drug-loaded nano-
Ca@BPBPA (%RCV = 41 + 1%) compared with LET (%RCV
=75 + 3%) and nano-Ca@BPBPA (%RCV = 67 + 1%; Figure
10c). At a concentration of 12.5 uM, a higher decrease in the
cell viability was observed for MCF-7 cells treated with drug-
loaded nano-Ca@BPBPA (%RCV = 21 + 1%) compared with
LET (%RCV = 70 + 3%) and nano-Ca@BPBPA (%RCV = 63
+ 1%) after 72 h (Figure 10d). These results demonstrate
higher cytotoxicity effects by drug-loaded nano-Ca@BPBPA
against MCF-7 cancerous cells than LET and nano-Ca@
BPBPA at concentrations of 1.6—12.5 uM, values below ICy,
(20 + 3 uM at 72 h) when cells were treated with LET.

Additionally, MDA-MB-231 cells were treated with LET,
empty, and drug-loaded nano-Ca@BPBPA at a higher
concentration range of 6.3—50 uM for 24, 48, and 72 h. The
%RCV results demonstrate that nano-Ca@BPBPA and LET

did not lead to a significant decrease in the cell viability in
MDA-MB-231 cells (Figure 10e—h) after treatment (%RCV >
92%) at the three time points. At a concentration of 6.3 uM,
drug-loaded nano-Ca@BPBPA presented cytotoxicity similar
to that of LET, showing %RCV > 97% (Figure 10e). At 12.5
#M, drug-loaded nano-Ca@BPBPA presents a decrease in the
cell viability after 24 h (%RCV = 86 + 1%), 48 h (%RCV = 76
+ 1%), and 72 h (%RCV = 45 + 4%) of treatment, contrasted
with LET (Figure 10f). Higher cytotoxicity effects were found
for drug-loaded nano-Ca@BPBPA at a concentration of 25 uM
after 24 h (%RCV = 37 + 1%), 48 h (%RCV = 21 + 1%), and
72 h (%RCV = 8 + 1%; Figure 10g). At S0 uM, a slight
decrease in the cell viability was observed for LET and nano-
Ca@BPBPA after 24 h (%RCV ~ 86%), 48 h (%RCV ~ 83%),
and 72 h (%RCV ~ 82%) of treatment. A higher cytotoxicity
effect was found for drug-loaded nano-Ca@BPBPA after 24 h
(%RCV = 21 + 1%), 48 h (%RCV = 16 + 2%), and 72 h (%
RCV = 11 + 1%; Figure 10h). These results demonstrate that
drug-loaded nano-Ca@BPBPA presented higher cytotoxicity to
the selected cancerous model (MDA-MB-231) than LET and
nano-Ca@BPBPA at the concentrations range of 6.3—50 uM,
resulting in values lower than IC, of >200 yM after 72 h when
MDA-MB-231 cells were treated with LET. Furthermore, it
was observed that the cytotoxicity effects were lower for MDA-
MB-231 cells compared with MCEF-7 cells, which was expected
due to the fact that MDA-MB-231 is a TNBC cell line.

These cell viability results suggest that drug-loaded nano-
Ca@BPBPA might improve the drug-delivery efficiency in
MCF-7 and MDA-MB-231. In MCF-7 cells, LET can lead to
cell apoptosis by inhibiting the aromatase enzyme, while in
MDA-MB-231, LET might lead to diverse gene expression
levels, affecting cell pro-apoptotic (stress or death) or anti-
apoptotic (mitogenic or survival) signals.”>>”**** Previous
studies demonstrate that encapsulated LET nanoparticles, once
inside the MDA-MB-231 cells, showed upregulated expression
of the proapoptotic genes caspase-3 and caspase-9.°> The same
study showed the downregulation of cyclin-D, cyclin-E, MMP-
2, and MMP-9 genes in MDA-MB-231.°* These genes are
involved in breast cancer growth and progression.”* In this
work, LET from drug-loaded nano-Ca@BPBPA in MCF-7 cells
was expected to follow both pathways, inhibiting the aromatase
enzyme and disrupting gene expression such as caspase-3,
caspase-9, cyclin-D, cyclin-E, MMP-2, and MMP-9 inside the
cell, while in MDA-MB-231, only disruption in the gene
expression might be generated, resulting in lower cytotoxicity
effects.

The osteoblast hFOB 1.19 cells were treated with LET,
empty, and drug-loaded nano-Ca@BPBPA at a concentration
range of 6.3—50 uM for 24, 48, and 72 h. LET, empty, and
drug-loaded nano-Ca@BPBPA were not expected to induce
significant cytotoxicity against these cell lines, indicating that
these will not cause cytotoxicity effects on the viability of
normal cells found in the bone microenvironment. The results
demonstrate that nano-Ca@BPBPA and LET did not cause a
considerable decrease in the cell viability (%RCV > 93%) at a
concentration range of 6.3—25 uM after all time points.
Furthermore, it was found that, at concentrations of 6.3 and
12.5 uM, drug-loaded nano-Ca@BPBPA did not generate a
decrease in the cell viability (%RCV > 93%) in this normal
osteoblast cell line (Figure 10i,j). However, at concentrations
of 25 and 50 pM, drug-loaded nano-Ca@BPBPA causes a
significant decrease in the cell viability after 24 h (%RCV <
59%), 48 h (%RCV < 18%), and 72 h (%RCV < 8%) of
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treatment (Figure 10k,1). These results point to the possible
development of drug-loaded nano-Ca@BPCPs that might
effect higher cytotoxicity than LET on ER-positive (MCF-7)
and TNBC breast cancer (MDA-MB-231) cell lines without
adversely affecting the normal noncancerous osteoblast cell
(hFOB 1.19) at the metastatic site.

B CONCLUSIONS

Three crystalline phases, namely, BPBPA-Ca, BPBPA-Zn, and
BPBPA-Mg, were obtained from the synthesis of BPBPA, the
BP analogue of BPDC, with nontoxic metals (Ca**, Zn**, and
Mg*"). The crystal structures of these materials revealed
channels BPBPA-Ca (11 A x 12 A), BPBPA-Zn (10 A X 13
A), and BPBPA-Mg (8 A X 11 A), which enabled the
encapsulation of LET, an antineoplastic drug prescribed for
ER-positive breast cancer and often combined with commer-
cial BPs for OM therapy, thus allowing the evaluation of these
materials as potential bone-targeted DDSs to treat OM.
BPBPA-Ca was selected because this framework displayed the
highest yield, largest channels, and more drastic pH
degradation, potentially enabling maximum delivery of its
cargo to the target site, the bone microenvironment. The PIT-
nanoemulsion method was effectively used to reduce the
particle size of BPBPA-Ca (~100 ym), leading to nano-Ca@
BPBPA (~160 d. nm). This material retains a monodisperse
homogeneous particle size distribution for up to 48 h in 10%
FBS/PBS. These results suggest that nano-Ca@BPBPA does
not form large aggregates in serumlike media. The binding
assays evidence the higher affinity of nano-Ca@BPBPA to HA
compared with commercial and other extended BPs [ZOLE
(1.7 times),”” RISE (1.4 times),””> and BBPA (1.9 times)*]
after 24 h. These results suggest that nano-Ca@BPBPA might
lead to a higher measurable bone affinity compared with
commercial BPs, potentiating its use as a bone-targeted DDS.
Furthermore, the amounts of LET loaded and released (~20
wt %) from BPBPA and nano-Ca@BPBPA are comparable to
those reported for BPDC-based CCs [i.e.,, UiO-67-(NH,), (11
A), BPDC-Zr (~12 A), and bio-MOF-1 (7 and 10 A)], where
antineoplastic drugs, such as pemetrexed and Ru-90, and other
pharmaceutical compounds, such as calcein and a-cyano-4-
hydroxycinnamic acid, were loaded in PBS (pH = 7.4). Cell
viability assays demonstrated that drug-loaded nano-Ca@
BPBPA displays higher cytotoxicity effects against the breast
cancer cells MCF-7 (%RCV = 21 + 1%) and MDA-MB-231
(%RCV = 45 + 4%) by significantly decreasing the cell
viability compared with LET (%RCV = 70 + 1% in MCF-7
and 99 + 1% in MDA-MB-231) at 12.5 uM after 72 h. At this
concentration, no significant cytotoxicity was found for the
hFOB 1.19 cells treated with drug-loaded nano-Ca@BPBPA
and LET (%RCV = 100 + 1%). Collectively, these results
demonstrate the potential of nano-Ca@BPCPs as promising
DDSs to treat OM or other bone-related diseases because
these materials present measurably higher affinity, allowing
bone-targeted drug delivery under acidic environments and
effecting the cytotoxicity on ER-positive or TNBC cell lines
without significantly affecting the normal osteoblast at the
metastatic site.
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