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Novel bisphosphonate platinum complexes: [Pt(isopropylamine),(BP)INO; (BP = pamidronate and alen-
dronate) have been synthesized and characterized. Their monomeric structure contains a bisphosphonate acting
as chelate ligand through its oxygen atom donors, conferring the compound's cationic structure with a good
solubility in water. The study of the compounds in solution showed high stability up to 24 h. The cytotoxicity in
cancer cell lines has been assessed. We also present preliminary studies on the evaluation of the affinity towards

biological targets such as DNA (both calf thymus DNA and supercoiled plasmid DNA) and hydroxyapatite where
the complexes showed a low DNA interaction, but a clear affinity for hydroxyapatite comparing to their pre-

cursors.

1. Introduction

Bisphosphonates (BPs) belong to a family of drugs indicated for the
treatment of pathologic conditions characterized by increased osteo-
clast-mediated bone resorption, namely Paget's disease, osteoporosis
and tumor bone disease [1-3]. BP's bind strongly to hydroxyapatite
(HAP), the main component of the inorganic matrix of bone, and such
affinity is due to the chelation to Ca2" ions. The biological properties of
BPs are assigned to the cellular effects caused on osteoclasts, and it has
been shown that the nature of the substituents on the basic structure of
the BP is determinant for their potency in terms of inhibition of bone
resorption [4].

Studies suggest that BPs may also present antitumoral activity,
however, such finding must still be fully confirmed in the clinical set-
ting [5,6]. More importantly, BP's are also being evaluated for their
ability to selectively deliver anticancer drugs to bone metastases [7],
with the aim of achieving a reduction of the severe side effects asso-
ciated to most systemic chemotherapeutic agents used in the clinical
setting.

Cisplatin is still one of the most potent agents currently used in
cancer chemotherapy. However, patients experience severe side effects,
which have guided the investigations towards non-conventional pla-
tinum complexes [8]. Within the several distinct strategies described in
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the literature for the development of improved platinum-based cyto-
toxic drugs, there are a few examples of “targeting” the drug specifi-
cally to the bone using a BP. Studies on this topic have shown that the
antiproliferative effect of phosphonate-containing platinum(II) com-
plexes [9] was not improved over cisplatin's, but the complexes were
more active than their BP ligand precursors. Subsequent studies with
these complexes confirmed a superior therapeutic activity in trans-
planted rat osteosarcoma models [10-12].

The third generation of platinum drugs (oxaliplatin, and carbo-
platin) induces DNA adducts [13] which are, in average, more cytotoxic
than those induced by cisplatin. Therefore, oxaliplatin analogues with
phosphonates [12] were investigated expecting that the structural
modification would translate into even more favorable pharmacological
properties than those described for oxaliplatin. The values of cyto-
toxicity found in this novel series of complexes were higher than cis-
platin and oxaliplatin (and consequently less cytotoxic) but the com-
pounds showed an improved cytotoxicity compared to the phosphonate
itself, proving that the proposed approach is valid. All these examples
are monomeric structures, where the BPs coordinate via nitrogen and
oxygen, and the highly charged oxygen of the BPs are free to interact
with their potential targets.

The interest in platinum BP derivatives has also motivated the de-
velopment of biomimetic apatite nanocrystals for potential use in bone
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Fig. 1. Chemical structure of the BPs used for this work.

implantation, which can act as a local targeted delivery system for
anticancer and anti-metastatic drugs [14], without however surpassing
the cytotoxicity of cisplatin [15].

With the aim of developing novel osteotropic platinum(II) com-
plexes potentially useful for treating bone metastatic disease and/or to
avoid the severe side effects linked to systemic treatments, we have
synthesized and fully characterized two novel platinum(II) complexes
of cis configuration, bearing an isopropylamine (ipa) and the nitrogen-
containing BPs pamidronate(PAM) and alendronate(ALN) as chelating
ligands (Fig. 1). Their antiproliferative properties in different cancer
cell lines and their reactivity versus biological targets such as models of
DNA were also studied.

2. Materials and methods
2.1. General procedures

Mono-dimensional '*>Pt NMR, '*C NMR and 'H NMR and *'P NMR
experiments were performed in DMSO-dg and D,0 using a Bruker AMX-
300 (300MHz) and DXR-500 spectrometer at room temperature
(25°C). Elemental analyses were performed on a Perkin Elmer 2400
Series Il microanalyzer. Mass spectrometry assays were performed with
a Hybrid Quad-Tof (QTOF) mass spectrometer: QSTAR (ABSciex) using
fresh samples.

2.2. Synthesis and characterization of complexes

Cis-Ptl,(ipa), was prepared following a procedure previously de-
scribed [16]. A water solution (0.5 mL) of AgNO3 (30 mg, 0.176 mmol)
was added to an acetone solution (1.5mL) of cis-Ptl,(ipa), (50 mg,
0.088 mmol). The resulting mixture was stirred at room temperature in
darkness. After 24 h, a pale yellow solid (AgI) was separated. The re-
sulting solution was added to a water solution of either pamidronate
(NaPAM) (24.2mg, 0.088 mmol in 4mL) or alendronate (NaALN)
(34.1 mg, 0.088 mmol in 2mL). The mixture was stirred at room tem-
perature for 3 days. The final solution was concentrated, and the ad-
dition of acetone afforded a white solid, which was isolated by filtra-
tion, washed with acetone and dried under vacuum.

Complex 1, cis-[Pt(ipa)2(PAM)][Pt(ipa)o(PAMH)]NO;. White solid.
Yield 45%. Mass [CoHogN3O,PoPt]1*: 547.09 (calculated: 547.10)
Elemental analysis CoHsgN4010PoPt: Calculated: C 17.74, H 4.63, N
9.19. Found: C 17.38, H 4.95, N 8.98%. 'H NMR (D,O) ppm: 1.3 d
(12H); 2.2 m(2H); 2.9 sep(2H); 3.35 m(2H). *C NMR (D,0) ppm: 22.3;
30.2; 36.0; 48.8; 75.4. *'P NMR (D,0) ppm: 26.8. °°Pt NMR (D,0)
ppm: —1622. Single crystal suitable for X-ray diffraction was grown
from a water/acetone solution.

Complex 2 cis-[Pt(ipa),(ALN)][Pt(ipa)2(ALNH)]NO3. White solid.
Yield 40%. Mass [CioH30N30,P5Pt]": 561.1 (calculated: 561.1)
Elemental analysis [C1oH30N4010P2Pt] Calculated: C 19.27, H 4.85, N
8.99. Found: C 19.61, H 4.72, N 8.65%. 'H NMR (D,0) ppm: 1.4 d
(12H); 2.1 m(4H); 3.0 sep(2H); 3.1 m(2H). °C NMR (D,0) ppm: 22.4;
30.0; 39.8; 48.6; 75.4; 82.2. *'P NMR (D,0) ppm: 27.3. '°°Pt NMR
(D20) ppm: —1613.
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2.3. Single crystal X-ray diffraction

A suitable colourless crystal of 1 was coated with mineral oil and
mounted on a Mitegen MicroMount. The sample was transferred to a
Bruker Kappa Apex II diffractometer equipped with graphite mono-
chromated Mo Ka radiation (A = 0.71073 f\). Full details of the data
collection and refinement can be found in the Supplementary material.
Raw intensity data frames were integrated with the SAINT program
[17], which also applied corrections for Lorentz and polarization ef-
fects. Empirical absorption corrections were subsequently applied
(SADABS) [18]. The Bruker SHELXTL Software Package was used for
space group determination, structure solution, and refinement [19].
The space group determination was based on a check of the Laue
symmetry, and systematic absences were confirmed using the structure
solution. The structures were solved by direct methods (SHELXS-97),
completed with different Fourier syntheses, and refined with full-matrix
least-squares using SHELXS-97 minimizing w(F,> — F.%)?. Weighted R
factors (R,,) and goodness of fit are based on F? while conventional R
factors (R) are based on F. All non-hydrogen atoms were refined with
anisotropic displacement parameters. Hydrogen atoms were calculated
geometrically and allowed to ride on their parent carbon atoms with
fixed isotropic U. All scattering factors and anomalous dispersion fac-
tors are contained in the SHELXTL 6.10 program library. The crystal
structure of compound 1 has been deposited at the Cambridge Crys-
tallographic Data Centre with code CCDC 997272.

2.4. Stability assays

The stability of complexes 1 and 2 was evaluated by UV/Vis spec-
trophotometry at 37 °C and NMR spectroscopy. For the UV/Vis studies,
complexes 1 and 2 were dissolved in water or Tris buffer (NaCl 50 mM,
Tris-HCl 5mM, pH was adjusted to 7.1 with NaOH 0.5M) to obtain
1 mM concentration and the absorbance, at the corresponding A max
established for each compound, was measured over 24 h. For the NMR
spectroscopy assay, about 1,5mg of each complex was dissolved in
0.7 mL D,0 and the 'H NMR was measured versus time.

2.5. Cytotoxicity assays

2.5.1. Cell culture

The human ovarian cancer cell lines A2780 and A2780cisR (re-
sistant to cisplatin) and the human prostate cancer cell line PC3 were
grown in RPMI 1640 culture medium (Invitrogen) supplemented with
10% fetal bovine serum (FBS) and 1% penicillin/streptomycin at 37 °C
in a humidified atmosphere of 95% of air and 5% CO, (Heraeus,
Germany). The human breast cancer cell line MDAMB231 was grown in
Dubelcco's modification of Eagle medium (DMEM) culture medium
(Invitrogen) supplemented with 10% FBS and 1% penicillin/strepto-
mycin, in similar conditions as above.

2.5.2. Cytotoxicity assay

The cytotoxicity of the complexes was assessed in the A2780, its
cisplatin-resistant variant (A2780cisR), PC3 MDAMB231 cell lines,
using a colorimetric method based on the tetrazolium salt MTT
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([3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide),
which is reduced by viable cells to yield purple formazan crystals. Cells
were seeded in 96-well plates at a density of 1 x 10* to 1.5 x 10* cells
per well in 200 pL of culture medium and left to incubate overnight for
optimal adherence. After careful removal of the medium, 200 pL of a
dilution series of the compounds (stock solutions prepared fresh in
water) in medium were added and incubation was performed at 37 °C/
5% CO, for 72 h. At the end of the incubation period, the compounds
were removed and the cells were incubated with 200 uL of MTT solu-
tion (500 pg/mL). After 3-4h at 37 °C/5% CO,, the medium was re-
moved and the purple formazan crystals were dissolved in 200 uL of
DMSO by shaking. The cell viability was evaluated by measurement of
the absorbance at 570 nm using a plate spectrophotometer (Power
Wave Xs, Bio-Tek). The cell viability was calculated dividing the ab-
sorbance of each well by that of the control wells. Each point was de-
termined in at least 4 replicates in 3 independent assays.

2.6. DNA interaction experiments

2.6.1. UV/ Vis spectroscopy with CT-DNA

A calf thymus (CT)-DNA (supplied by Aldrich-Sigma) stock solution
was prepared by dissolving the lyophilized sodium salt in Tris buffer by
stirring for 5h. The CT-DNA solution was determined spectro-
photometrically by using its known molar absorbance coefficient at
260nm (6600 M~ Ycm™1). The ratio of UV absorbance at 260 and
280 nm, A260/A280, was ca. 1.9, indicating that the DNA was suffi-
ciently free of protein. The stock solution was kept frozen until the day
of the experiment. Spectrophotometric titrations were performed at a
fixed DNA concentration (5-10 > M) and increasing concentrations of
the compounds (r. = [CT-DNA] / [compound]) and monitored by ab-
sorbance at 260 nm.

2.6.2. Plasmid DNA interaction

DNA aliquots containing 8 uL of the model plasmid DNA-pBR322
(10 ng/mL stock) in 10 mM Tris-HCl (pH7.6) and 1 mM EDTA were
incubated with the platinum compounds at several r; (r; = [complex] /
[nucleotide]) values (0.001 to 0.5). The stock solutions of the platinum
complexes (5uM or 50 uM) were prepared in water and used fresh.

The samples were incubated at 37 °C for 24 h, after which time 2 L
of a loading dye containing 50% glycerol, 0.25% bromophenol blue and
0.25% xylene cyanol was added. The total of the sample (20 uL) was
loaded in the wells of a 0.8% agarose gel. Electrophoresis was carried
out for a period of 2.5 h at approximately 50 V. After electrophoresis the
gel was immersed in 800 mL of Millipore water containing 64 pL of a
10 mg/mL stock solution of ethidium bromide for 30 min to stain the
DNA. Finally, the stained gel was analyzed with a UVITEC Cambridge
with a UVIDOC HD2.

2.7. HPA interaction experiments

Hydroxyapatite (nanopowder < 200 nm particle size BET > 97%
synthetic) was purchased from Aldrich (677418). One set of samples for
the binding experiments were prepared by dissolving 1,3 mg of the li-
gand PAM in a 0.5mL of Tris-HCI (pH 7.5) and 10% D,0O (150 mM).
Another set of samples were prepared by dissolving 1,3 mg of the ligand
PAM in 0.5 mL of D,O and 1.4 mg of complex 1 in 0.5 mL of D,O. The
samples were incubated with HAP (0.2-0.6 mg) for 5min. and cen-
trifuged. No differences were detected in the PAM analysis compared to
the reported spectra (Fig. SI1). The samples were analyzed by one di-
mensional 'H NMR with a Bruker DRX500 instrument with water
suppression and following the procedure published before [20]. The
total measuring time for each sample was around 25min and tri-
methylsilylpropanoic acid (TSP) was used into the sample as a 0 ppm
reference.
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3. Results

3.1. Synthesis and characterization of platinum complexes with
phosphonate and isopropylamine

The structural design of the complexes presented here was en-
visaged towards the possible application bisphosphonate-containing
complexes of active platinum complexes bearing isopropylamine (such
as iproplatin [8] and/or trans complexes with isopropylamine) as os-
teotropic platinum(II) complexes potentially useful for treating bone
metastatic disease.

The parent platinum complex, cis-Ptl,(ipa), was selected because of
its interesting and unconventional biological properties [16,21]. BPs
were chosen for the specific interaction in bone metastasis and for the
nitrogen-containing structures; pamidronate (NaPAM) and alendronate
(NaALN) [22]. The complexes were prepared using a metathesis reac-
tion of cis-Pt(isopropylamine),X, (X = 17) with AgNOs, allowing the
reaction with PAM and ALN to afford the monomeric complexes, 1 and
2, respectively. The reaction was performed at different conditions,
such as varying the stoichiometric ratio Pt:BP and temperature. How-
ever, in all cases, the same monomeric compound was obtained as the
major product.

The characterization of both complexes was performed by the usual
analytical techniques, indicating the presence of one bisphosphonate
molecule and two isopropylamine residues. All the data are compiled in
the Supplementary information (SI). Brought together, the results ob-
tained were in accordance with either general formulae: [Pt(ipa).(BP-
H)] and/or [Pt(ipa)>(BPH)]NOs. The core of the platinum cation is
clearly observed in mass spectra, which in both cases (complex 1 and 2)
showed the molecular formula of B in solution (see Scheme 1) where
the bisphosphonate might act as a chelating ligand through two oxygen
atoms in a bidentate coordination mode.

The single crystal X-ray structure of compound 1 (Fig. 2) was in
agreement with the formula [Pt(ipa)>,(PAM] / [Pt(ipa)>(PAMH)]NOs3.
The asymmetric unit [Pt(ipa)>(BPH(s)I(NO3)os contains only one
platinum complex (with 50% occupation for the hydroxylic hydrogen
atom H7) and half of a nitrate anion, displaying interesting supramo-
lecular interactions between them (see Table S3 for hydrogen bond
interactions). An alternative model with a double asymmetric unit was
tried, but it did not refine well against the experimental data, meaning
that the two species [Pt(ipa),(PAM)] and [Pt(ipa)o,(PAMH)] " are ran-
domly distributed in the crystal. In the metal complex, there are also
two alternative positions for oxygen atoms O1 to O6 in the phosphonate
groups with 75%-25% occupation. Complex 2 was assigned as [Pt
(ipa)o(ALN)] / [Pt(ipa)>(ALNH)]NO3 based in the high similarities in
the spectroscopic characterization.

The monomeric structures of complexes 1 and 2 are unique in the
literature, as the published examples are in most of the cases dinuclear
and polynuclear compounds [15,23]. The few monomeric examples
described contain nitrogen-containing bisphosphonates (N-BP) co-
ordinated to the Pt atom, as the one described by Guo and coworkers
[24]. In this last example, the cleavage of the pendant bisphosphonate
ester moiety of the N-coordinated ligand results in a non-stable pla-
tinum complex with a free bisphosphonic acid unit.

The stability of complexes 1 and 2 in water and Tris buffer was
assessed by UV/Vis spectrophotometry at 37 °C and NMR spectroscopy
(Figs. 3 and 4 respectively). The results obtained demonstrated that
both compounds were unusually stable in aqueous solutions.

No hydrolysis of the bisphosphonate was detected when monitoring
the solution by 'H and 3'P NMR spectroscopy in D,O for both com-
plexes (Fig. 4) in the first 24 h. The behaviour of complexes 1 and 2 in
water was monitored by 31p NMR spectroscopy up to one week. Re-
markably, only after long periods, some speciation could be detected.
As an example, the 3'P NMR spectrum of complex 1 is shown in Fig. 4c,
where two new species could be observed only after 7 days, which as-
serts the high stability of the complexes in aqueous solution.
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Scheme 1. Forms detected for complex 1 by ESI-mass and by NMR.

Interestingly these data show that herein we report the first crystal
structure of a platinum complex where the bisphosphonate ligand is
bound through most of the oxygen atoms, and that this unique example
is both very soluble and remarkably stable in aqueous solutions.

3.2. Cytotoxicity evaluation

The antiproliferative properties of complexes 1 and 2 were assayed
by monitoring their ability to inhibit cell growth. Cytotoxic activity was
determined on the human ovarian cancer (A2780) cell line, its cisplatin-
resistant variant (A2780cisR) and on the human prostate cancer (PC3)
and breast cancer cell lines (MDAMB231), by a colorimetric method
(MTT assay). A comparison between the activity of reference drug
cisplatin, the precursor Pt(II) complex and the free BPs and the activity
of these new metal compounds was performed in our cell models. Using
an appropriate range of concentrations (200-0,1 uM), dose-response
curves after long-term (72h) exposure were obtained. From the ex-
perimental values, we have calculated the ICsq for the 4 compounds,
presented in Table 1.

The free bisphosphonates NaPAM and NaALN showed moderate to
low cytotoxicity. Complexes 1 and 2 presented even lower cytotoxicity,
with complex 2 being more cytotoxic than complex 1. Both, complex 2
and its free BP are more potent in the A2780cisR and MDA MB231 cells
lines. We also tested cisplatin in the presence of complex 2 in
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A2780cisR in order to check for a synergistic effect in cell death (not
shown). However, no increase in cell death was observed versus cis-
platin alone.

3.3. Reactivity towards biological targets: study of interaction with DNA
and HPA

Following the verification of the high stability of the complexes in
aqueous solutions, the complexes were further evaluated in terms of
their reactivity towards biological targets such as DNA and HPA.

We first studied the reaction of complex 1 with CT-DNA by UV/Vis
spectrophotometry, as a simple assay to assess DNA binding. A titration
of complex 1 with CT-DNA was followed by monitoring the char-
acteristic 5t — 5t* band at 260 nm (Fig. 5), typical of the B-form of DNA.
In these studies, the addition of increasing amounts of 1 to a known
concentration of CT-DNA (50 uM) produced no appreciable changes in
the intensity of the DNA absorption, which suggests poor CT-DNA af-
finity.

In the literature, cisplatin and other Pt(II) complexes have been
widely reported to produce changes in the mobility of the different
isoforms of plasmid DNA in gel electrophoresis [8,9,25]. Therefore, the
interaction of complex 1 with a model plasmid DNA, pBR322, was
evaluated by monitoring the mobility in gel electrophoresis (Fig. 6).
The plasmid DNA was incubated with different concentrations of

Fig. 2. Molecular plot obtained from SCXRD data of [Pt(ipa),(BPs)][Pt(ipa)>(BPsH)INOj3 (1), where interactions between two units and a nitrate anion are depicted
in cyan. Hydrogen atoms in the ipa ligands not participating in hydrogen bonds have been removed for clarity.
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Fig. 4. 31p NMR spectra of Pt-BP complexes. a) Stability of complex 1 in D,O monitored at 1 h, 6 h and 24 h; b) stability of complex 2 in D,O monitored at 1 h, 6 h and

24 h; c) stability of complex 1 in D,O at longer time periods (1, 3 and 7 days).

Table 1

1Csq values in four different human cell lines (72 h incubation).
Compound ICso (UM)

A2780 A2780cisR MDA MB231 PC3

NaPAM 59 + 1.3 60.8 = 1.1 1349 = 2.0 100 = 2.0
1 > 200 > 200 > 200 > 200
NaALN 184.4 + 2.2 74.4 = 1.0 69.5 = 2.3 107.6 = 1.5
2 > 200 103 = 1.2 100.2 = 3.0 > 200
Pt(ipa),l, 3.1 1.5 59 = 1.4 0.4 = 0.2 1.8 = 1.0
Cisplatin 23 + 1.1 16.09 = 1.5 3-107 51 £ 25
Carboplatin 5-11° 4-40" - -

@ Data from literature.

complex 1 expressed as r; (complex 1: DNA base pairs). The results
obtained show that there is no alteration in the electrophoretic mobility
of the isoforms of pBR322 when incubated with increasing amounts of
complex 1.

From both DNA interaction experiments, we can conclude that the
DNA is not a target for this complex, and this might be related to the
reduced cytotoxicity presented.
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Fig. 5. UV absorption spectra of CT-DNA in the presence of increasing amounts
of the complex 1 at diverse r. (r. = [CT-DNA] / [complex]).

The studies presented thus far show that complex 1 presents high
stability in aqueous solution and poor interaction with DNA. Next, the
potential binding affinity for bone was assessed.

There are three methods generally used to determine the bispho-
sphonate binding affinity for bone powder or HAP [26-28] but none of
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Fig. 6. Electrophoresis of plasmid DNA pBR322 after incubation with complex
1 at 37 °C for 24 h. Lane 1 — molecular weight marker, lane 2 - pBR322 Control
(no complex), lanes 3-7 pBR322 incubated with increasing concentrations of
complex 1, ri = Complex:DNA (base pair) ratio.
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Fig. 7. HAP binding assay monitored by "H NMR spectroscopy.in the direct
binding format to Complex 1 was incubated with increasing amounts of HAP (0,
0.2, 0.4, or 0.6 mg).

them is applicable to a wide range of binding affinities. Recently Jahnke
et al. presented a NMR-based method that gives a solid evaluation for
both binding to HAP and bone powder [20]. The assay allows the
evaluation of strategies of targeting active substances selectively to the
bone by tethering them a bone-affinity tag, and facilitates identification
of suitable attachment points. In this investigation, we were especially
interested in comparing the bone/HAP affinity of the BP NaPAM ligand
(reported previously in the literature [20]) with the one of complex 1. A
binding assay to HAP was performed with NaPAM and complex 1 and
NMR spectroscopy used to detect the possible interactions. Briefly, after
incubation of the compounds with increasing concentrations of HAP,
the samples were centrifuged, the supernatant collected and the in-
tensity of the signals detected for NaPAM and complex 1 monitored by
'H NMR spectroscopy. The experiment was performed using a 500 MHz
NMR spectrometer, and in order to maximize the signal resolution a

Journal of Inorganic Biochemistry 191 (2019) 112-118

compound concentration higher than the published results (150 mM)
was used. At first we performed the experiments using Tris solutions
and water, with no differences, so water solutions were finally used in
our methodology (see experimental part).

Although we could not quantify the binding affinity of the ligand or
complex, we could confirm and detect that complex 1 maintains the BP
affinity for HAP (Fig. 7) as the H NMR signals decreased in the spectra,
with the increasing of HAP concentration. This effect is also observed in
the ligand NaPAM, which was quantified in a previous work [20] (Fig.
SI1).

Taken together, all these experiments show that although these
complexes do not show relevant cytotoxic activity or DNA affinity, their
structure assures a remarkable solubility and stability in solution. This
indicates that the new bisphosphonate complexes could be used in
biological systems as a robust element without toxic effect. Moreover,
our preliminary data shows that complex 1 presents affinity for HAP, a
characteristic endowed by the BP moiety.

Abbreviations

BP bisphosphonate
HPA hydroxyapatite
ipa isopropylamine
PAM pamidronate
ALN alendronate
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