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Two poly(amido-amine)s (oligoPAM and oligoNER) containing bis-phosphonate residues were obtained by a
Michael-type polyaddition of pamidronate and neridronate to 1,4-bis(acryloyl)piperazine. The SEC (size-exclusion
chromatography) and the MALDI-TOF (matrix assisted laser desorption ionization) analyses were consistent with
the presence of oligomeric species (2-3 kDa) and with a narrow polydispersity index. The thermodynamic results
(log Ks, -∆H°, and∆S° obtained at 25°C in 0.15 M NaCl) of both the oligomers and the corresponding low
molecular weight precursors were in line with a cluster structure formed during the protonation of the basic
nitrogen in the pamidronate. The solubility of the oligoNER with a longer aliphatic chain was improved at high
pHs, allowing the evaluation of their solution properties. Preliminary biological results show that both the oligomers
do not negatively affect the in vitro viability, proliferation, and cellular activity of either normal animal or human
osteoblasts.

Introduction

Bis-phosphonates (BPs) are synthetic drugs based on a
phosphorus-carbon-phosphorus template, structurally related
to endogenous pyrophosphates. Besides the resistence to
enzymatic and chemical hydrolysis, the P-C-P carbon atom
bonded bridge allows the linking of two additional substituents,
R1 and R2:

Normally, the R1 side chain is an alkyl group and the R2

side chain is a hydroxyl group. Different chemical groups

attached to the second free carbon atom account for the
variability in the anti-resorptive potency of the BPs. By
increasing the length of the R1 side chain from a simple methyl
to longer alkyl chains, significantly more potent compounds
were obtained. Also, amino-bis-phosphonates with amino groups
linked to longer alkyl chains are more effective, and the potency
reaches the peak when a tertiary nitrogen is included within a
ring structure in the R1 side chain.1 All the BPs are able to form
complexes, both with heavy metal ions and with divalent earth-
alkaline metal ions, through the coordination of the phosphonate
oxygens.2-4 The affinity for metal ions can be further increased
if suitable functional groups in the side chains are incorporated.
Nitrogen containing BPs showed increased antiresorptive po-
tency.5 A great variety of BPs, particularly amino-substituted,
are currently available and used in clinical applications. The
most common application for these compounds is in osteoporo-
sis, but their use in osteolytic bone diseases, such as Paget’s
disease and hypercalcemia of malignancy, has rapidly devel-
oped.6,7 It is known that the BPs strongly bind to hydroxyapatite
crystals, preferentially at the sites of increased bone turnover,
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and inhibit the formation, the aggregation, and the dissolution
of the crystals.

Nowadays, different strategies are devoted to expand the
applications of available BPs in therapeutic derivative agents
to serve as prodrugs in polymeric or dentritic poly(bis-
phosphonate)s.8-10 In the latter case, a protein-tetra(bis-
phosphonate) conjugate improves an efficient delivery of bound
proteins to bone surfaces.10 On the other hand, a vinyl polymer
containing pamidronate residues was recently reported by Xu
et al. in the free and in the cross-linked form to explore and
expand the applications of therapeutic agents in the polymeric
form.11 While the hydrogel may be a suitable material scaffold
for mimicking the natural bone, the free acrylate polymer may
show difficulties for cytosolic access. Moreover, the therapeutic
potency of the second-generation BPs, containing a single basic
nitrogen at the end of the aliphatic side chain, will be strongly
reduced for the amido linkage formation and loss of the amino
functionality.12

Recently, some amphoteric poly(amido-amine)s, PAAs, have
been proposed as endosomolytic polymers because of their
considerable potential in the biomedical field.13 PAAs are a
family of synthetic polymers containing tert-amino groups and
amido groups regularly distributed along the macromolecular
chain.14 PAAs are usually degradable in water, and the rate of
degradability depends on the structure of the moiety. Therefore,
if injected, they are bioeliminable.15 Despite their polycationic
nature, the biocompatibility of some polyamphoteric PAAs is
close to that of dextran and, after intravenous injection, they
are not captured by the reticulo-endothelial system (stealth
properties) but have a prolonged permanence in the blood circle
and are passively concentrated in tumor tissues, if present, by
the enhanced permeation and retention effect (EPR).16-18 On
the basis of many encouraging results experienced in studying
this class of polymers,13,19,20we designed the synthesis of novel
poly(ampholyte) PAAs incorporating the pamidronate and
neridronate drugs to obtain new therapeutic agents in the
polymeric form (Chart 1) of short macromolecular chains.

The end groups of the oligomeric chains were determined
by a matrix assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF MS) technique. MALDI is a
soft ionization technique and was demonstrated to not cleave
the oligomeric chains, so that only preformed oligomers are
essentially desorbed and detected in MALDI analysis.21,22This
mass spectrometry tool is able to look at the mass of individual
molecules in a mixture of homologues permitting the structural
identification of the single macromolecules. Literature has
published that the MALDI-TOF MS technique provides mass-
resolved spectra up to 50-70 kDa, allowing the identification
of the repeating units, end chains, cyclic oligomers, and also of
species present in minor amounts.21,22 To the best of our
knowledge, no data have ever been reported in the literature
about the characterization of PAA samples by MALDI-TOF
MS analysis.

Much is known about the clinical pharmacology of pamidr-
onate disodium (ArediaR, commercialized by Novartis) and of
sodium neridronate (commercialized by Abiogen Pharma), and
we will contribute to the study of the thermodynamics of
protonation of both the simple drugs and the oligomeric drugs.
Herein, we report the protonation mechanism and the effect
exerted by the lengthening of the aliphatic chain between the
amino nitrogen and the bis-phosphonate residue, to compare
them with the biological results.

Experimental Procedures.

Materials. The reagents phthalic anhydride,â-alanine, tris(trimeth-
ylsilyl)phosphite, 1,4-bis(acryloyl)piperazine, as well as all of the
solvents were analytical grade products from Aldrich and Fluka Co.
and used as received. The Amberlite IRC-50 resin was treated first
with a 2 M HClsolution and then repeatedly washed with twice-distilled
water until neutrality.

The 6-amino-1-hydroxyhexylidene-bis-phosphonate (neridronate)
was kindly provided by Abiogen Pharma S.p.A. (Pisa, Italy), as a pure
research compound, in the sodium salt form (batch 4257A5099). The
potentiometric titration revealed the presence of one sodium ion per
molecule consistent with a molecular weight of 299.13 amu. Anal.
Calculated for sodium neridronate‚1/2H2O (C6H17NNaO7.5P2): C, 23.39;
H, 5.56; N, 4.55%. Found: C, 23.44; H, 5.53; N, 4.68%.

1H NMR (D2O): 3.02 (t, 2H,3JH,H ) 7.32 Hz), 2.02-1.91 (m,3JH,P

) 15.73 Hz), 1.72 (quintet, 2H,3JH,H ) 7.32 Hz), 1.64-1.57 (m, 2H),
1.42 (quintet, 2H,3JH,H ) 7.32 Hz) ppm.13C NMR (D2O): 77.66 (t,
1C, 1JC,P ) 134.55 Hz), 42.83 (s, 1C), 36.91 (s, 1C), 29.72 (s, 1C),
29.58 (s, 1C), 26.44 (t,3JC,P ) 6.26 Hz) ppm (Chart 2).

31P NMR (D2O) ) 20.07 ppm.
Spectroscopic Measurements.ESI mass spectra were obtained

through a direct injection (10µL/min) of millimolar methanolic
solutions on an Agilent 1100 Series LC-MSD Trap System VL
instrument. NMR spectra were obtained on a Bruker Avance DPX 300
MHz instrument operating at 300.13 (1H), 75.48 (13C), and 121.51 (31P)
MHz. 1H chemical shifts were referenced to the internal TSP.13C
chemical shifts were referenced to the internal dioxane (67.2 ppm) or
TSP (0 ppm).13C chemical shifts were assigned with the help of13C
1-D or [1H, 13C] HETCOR 2-D spectra.31P chemical shifts were
referenced to external standard H3PO4 (85%). FT-IR spectra were
obtained on a FTS 6000 Biorad spectrophotometer. Elemental analyses
were performed using a Carlo Erba Elemental Analyzer model 1106
Instrument.

Molecular Characterization. The molecular characterization of the
oligoPAM and of the oligoNER was obtained by a multi-detector size-
exclusion chromatography (SEC) system, as described elsewhere.23 The
analytical system was composed of an Alliance 2690 separation module,
a differential refractometer (from Waters, Milford, MA), and an
additional multi-angle laser light scattering (MALS) Dawn DSP-F
photometer (from Wyatt, Santa Barbara, CA). Two aqueous TSKGel

Chart 1. Structure of the Monomer Unit of Oligomers Chart 2. 1H and 13C NMR (in Italics) Chemical Shifts of
Neridronate
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columns (G4000 and G3000, from Waters) were used. The running
SEC conditions were 0.05 M phosphate buffer+ 1 mM EDTA pH
8.75 as a mobile phase, temperature 35°C, flow rate 0.8 mL/min. The
refractive index increment, dn/dc, of both the polymers, with respect
to the solvent, was measured by a KMX-16 differential refractometer
(from LCD Milton Roy, Riviera Beach, FL). The dn/dc values for
oligoPAM and oligoNER were 0.350 and 0.356 mL/g, respectively.

The MALDI-TOF mass spectra were recorded in linear and reflection
modes, using a Voyager-DE STR instrument (Perseptive Biosystem)
mass spectrometer, equipped with a nitrogen laser (λ ) 337 nm, pulse
width ) 3 ns), working in a positive ion mode. The accelerating voltage
was 25 KV, and the grid voltage and the delay time (delayed extraction,
time lag) were optimized for each sample to achieve the higher mass
resolution (fwhm). The laser irradiance was maintained slightly above
threshold. The samples used for the MALDI analyses were prepared
as follows: 10µL of polymer solution (3-4 mg/mL in H2O) was mixed
with 30 µL of HABA solution (0.1 M in CH3OH), then 1µL of each
analyte/matrix mixture was spotted on the MALDI sample holder and
slowly dried to allow the analyte/matrix cocrystallization. The best
MALDI mass spectra were obtained in the reflection mode, with a mass
resolution of about 5000 Da.

Syntheses.The pamidronate was prepared according to reported
procedures with some modifications.24-26

Synthesis ofN-Phthaloyl-â-alanine.Phthalic anhydride (2.0 g, 13.5
mmol) was dissolved in acetic acid (10 mL) and treated withâ-alanine
(1.214 g, 13.5 mmol). The resulting solution was kept under stirring
for 15 h and then evaporated to dryness under vacuum. The white
residue was recrystallized from hot water, and the white needle-shaped
crystals obtained were isolated by filtration of the solution, washed
with cold water, and dried under vacuum. Yield) 80% (2.362 g).
Anal. Calculated for C11H9NO4 : C, 60.22; H, 4.14; N, 6.38%. Found:
C, 60.12; H, 4.14; N, 6.39%. MSm/z: 217.9 (M-, base); MSm/z:
242.0 (22.99, M+), (base).

Synthesis of 1-Hydroxy-3-(N-phthaloylamino)propylene-1,1-bis-
phosphonic Acid. N-Phthaloyl-â-alanine (0.50 g, 2.28 mmol) was
dissolved in 9.3 mL of SOCl2. The resulting solution was heated under
reflux for 2 h and then evaporated to dryness under vacuum. The white
residue was dissolved in tetrahydrofuran (10 mL) and treated with tris-
(trimethylsilyl)phosphite (2.28 mL, 6.84 mmol) at 0°C. The solution
was kept under stirring for 5 min at 0°C and, successively, for 10 min
at room temperature. The solution was then treated with CH3OH (9.3
mL) and kept under stirring for 1 h at room temperature. The solvent
and the volatile components were removed under reduced pressure to
obtain viscous oil that was treated with diethyl ether (100 mL). The
resulting white residue was then isolated by filtration of the solution,
washed with diethyl ether, and dried under vacuum. Yield) 90% (0.916
g).

Synthesis of 3-Amino-1-hydroxy-propylene-1,1-bis-phosphonic
Acid (Pamidronate). 1-Hydroxy-3-(N-phthaloylamino)propylene-1,1-
bis-phosphonic acid (0.916 g, 2.52 mmol) was dissolved in 15 mL of
concentrated HCl. The resulting solution was heated under reflux
overnight. After cooling, the solution was evaporated to dryness under
vacuum, and the yellow residue was treated with absolute EtOH at 70

°C for 1 h to take up the phthalic acid. The suspension was hence
filtrated, and the white product was washed repeatedly with hot EtOH
(70 °C) and then with diethyl ether. The solid was dried under vacuum
and recrystallized from water. Yield) 63% (0.373 g).

Anal. Calculated for C3H12NO7P2: C, 15.33; H, 4.72; N, 5.96%.
Found: C, 15.66; H, 4,39; N, 6.05%.

1H NMR (D2O): 3.35 (t, 2H,3JH,H ) 6.95 Hz), 2.38-2.21 (m,3JH,H

) 6.95 Hz,3JH,P ) 13.17 Hz) ppm.13C NMR (D2O) ) 72.78 (t, 1C,
1JC,P ) 127.70 Hz), 36.53 (t, 1C,3JC,P ) 7.69 Hz), 30.84 (s, 1C) ppm
(Chart 3).

31P NMR (D2O) ) 18.97 ppm.
Polyaddition of Pamidronate to 1,4-Bis-acryloylpiperazine (Oli-

goPAM). The oligoPAM was prepared according to a previously
reported procedure27 starting from the 1,4-bis(acryloyl)piperazine
(BSA: 1.66 g, 0.0085 mol) and a stoichiometric quantity of pamidronate
(PAM: 2.00 g, 0.0085 mol) dissolved in twice-distilled water. The
solution of PAM (4 mL) containing triethylamine (TEA: 5 mL, 0.0358
mol) was slowly added to the BSA solution (4 mL) under stirring and
with an external ice-cooling bath. The mixture was allowed to react
for 2 weeks under nitrogen atmosphere at room temperature with
occasional stirring. Then, the mixture was run on a column filled with
HCl-treated and water-washed Amberlite IRC-50 (25 g) to eliminate
the triethylamonium salt. The recovered solution was dried in vacuo.
The residue was dissolved in methanol (10 mL) and precipitated in an
excess of diethyl ether (600 mL). The white solid was washed twice
(300 mL) with fresh ether and dried in vacuo: yield, 2.86 g (78%).

The compound, analyzed by potentiometry, spectroscopy, and
elemental analysis, was found to be consistent with the proposed
structure.

Anal. Calculated for oligoPAM‚1/2Et2O (C15H30N3O9.5P2): C, 38.63;
H, 6.48; N, 9.01%. Found: C, 37.92; H, 7.21; N, 8.98%.

1H NMR (D2O): 3.71-3.48 (m, 8H), 3.50 (br, 2H), 3.37-3.27 (br,
2H), 3.12-2.99 (br, 2H), 2.47-2.30 (br, 2H) ppm.13C NMR (D2O) )
170.54, 72.27, 49.82, 44.88, 41.66, 27.54, 27.22 ppm (Chart 4).

31P NMR (D2O) ) 18.43 ppm.
Polyaddition of 6-Amino-1-hydroxyhexylidene-bis-phosphonate

(Neridronate) to 1,4-Bis-acryloylpiperazine (OligoNER).The oli-
goNER was prepared following a procedure similar to that described
previously for oligoPAM, by using sodium neridronate (2.00 g, 0.0067
mol), dissolved in twice-distilled water (6 mL) and containing TEA (4
mL, 0.0287 mol), and BSA (1.30 g, 0.0067 mol) dissolved in twice-
distilled water (2 mL). The starting milky solution, due to the scarce
solubility of the NER, became clear as the reaction proceeded. Yield,
2.85 g (86%). The spectroscopic characterization (1H NMR, FT-IR)
was in line with the proposed structure. Elemental analysis and
potentiometric purity were found consistent with a structure comprising
three water molecules for each monomer unit. Anal. Calculated for
oligoNER‚3H2O (C16H38N3O12P2): C, 36.50; H, 7.28; N, 7.98%.
Found: C, 36.14; H, 6.69; N, 7.58%.

1H NMR (D2O): 3.81-3.57 (m, 8H), 3.93 (br, 2H), 3.49 (br, 2H),
3.04 (br, 2H), 2.05-1.89 (m, 2H), 1.89-1.74 (m, 2H), 1.74-1.55 (m,
2H), 1.55-1.35 (m, 2H) ppm.13C NMR (D2O): 173.56 (s, 1C), 76.95
(t, 1C, 1JC,P ) 134.86 Hz), 56.74 (s, 1C), 53.00 (s, 1C), 47.93 (s, 2C),

Chart 3. 1H and 13C NMR (in Italics) Chemical Shifts of
Pamidronate

Chart 4. 1H and 13C NMR (in Italics) Chemical Shifts of oligoPAM

Novel Therapeutic Agents for Bone Resorption Biomacromolecules, Vol. 7, No. 12, 2006 3419

CDV



44.77 (s, 2C), 36.63 (s, 1C), 29.93 (s, 1C), 29.55 (s, 1C), 26.29 (s,
1C), 26.19 (s, 1C) (Chart 5).31P NMR (D2O) ) 20.17 ppm.

Potentiometric Measurements. The acid-base potentiometric
measurements were performed at 25°C in aqueous solution (0.15M
NaCl) following a previously reported procedure.28 The potentiometric
data,E (volt) in relation toVT (milliliter), were obtained with a TitraLab
90 (from Radiometer Analytical) titration system controlled by TimTalk
9, a Windows-based software. For the titration experiments, a weighed
amount of sample (pamidronate: 0.08-0.14 mmol; oligoPAM: 0.07-
0.11 mmol; neridronate: 0.11-0.21 mmol; and oligoNER: 0.10-0.11
mmol) was dissolved in 100 mL of 0.15 M NaCl contained in a
thermostated glass cell. A measured volume of standard 0.1 M HCl
solution was added under magnetic stirring, and a presatured nitrogen
stream was maintained over the surface of the solution to avoid the
CO2 contamination. Stepwise titrations, performed with a standard 0.1
M NaOH solution at different equilibration times (300 and 500 s for
each titration step), showed reliable results. TheE° calibration was
performed before and after each titration by using tris(hydroxymethyl)-
aminomethane as a standard reagent. The solution pH was calculated
through the relation pH) (E° - E)/59.16. Among the considered
compounds, only the sodium neridronate solution showed opalescence
at pH > 10. Figure 1 shows the titration curve comparison of the
neridronate and the corresponding oligomer.

However, in all cases, the purity of the compounds was revealed by
end-point analysis. The basicity constants (logKs) were evaluated with
the Superquad program,29 running on PC. At least three replicates were
averaged.

Calorimetric Measurements.Solution calorimetric titrations were
carried out in the isothermal mode at 25°C with the model 1250 Tronac
calorimeter, as reported elsewhere.28 A weighed amount of BPs
(pamidronate, 0.07-0.09 mmol; oligoPAM, 0.05-0.07 mmol; neridr-
onate, 0.09-0.10 mmol; and oligoNER, 0.06-0.08 mmol) and a
measured volume of standard 0.1 M NaOH solution were dissolved in
25 mL of aqueous 0.15 M NaCl in a stainless steel reaction vessel.
The amount of the latter solution was controlled to have only a partial
or a complete deprotonation of the BPs acid sites. In the case of
neridronate, the amount of the added NaOH was limited to the
deprotonation of the phosphonate oxygens only. A standardized 0.1 M
HCl solution was used as a titrant and delivered through a Gilmont
buret at the Buret Delivery Rate (BDR) of 0.0833 mL/min. The
chemical calibration with the standard reagent tris(hydroxymethyl)-
aminomethane, as well as the corrections for the titrant heats of dilution,
was made before and after each titration run. All the measurements
were automatically controlled by the Thermal program (from Tronac
Inc.), which was configured to operate through a NI-DAQ (National
Instruments) driver software in Windows. The graphical programming
language LabView was used to create the application. The enthalpy
change values were evaluated with the Fith program,30 while the entropy

changes were calculated by the Gibbs-Helmholtz equation. At least
three replicates were averaged, and the stardard deviation was
calculated.

Viscometric Measurements.Viscometric titration data were ob-
tained at 25°C in an aqueous solution by using an automatic Schott-
Gerate viscometer (AVS 310). A weighed amount of oligomer
(oligoPAM, 0.0800 mmol and oligoNER, 0.0703 mmol) was dissolved
in 25 mL of 0.15 M NaCl containing a measured quantity of standard
0.1 M HCl solution. A standardized 0.1 M NaOH solution was stepwise
delivered by a Metrohm Multidosimat piston buret. The pH value at
each neutralization step was evaluated with the Fith program30 by using
the previously evaluated logKs.

Toxicity Tests. The cell viability was evaluated by using a Cell
Counting Kit (WST-1 method31 Dojindo Lab., Tokyo, Japan). Briefly,
after the MC3T3-E1 cells (Japan Riken Cell Collection) reached
confluency, they were trypsinized, seeded at 1× 104 cells/cm2 onto a
96-well multiplate (Corning), and incubated for 2 days at 37°C in a
humidified atmosphere containing 5% CO2. After removal of the culture
medium, 100 mL of a bis-phosphonate solution (or suspension) in fresh
culture medium supplemented with 10% (v/v) FBS (pH 7.2) was added
to each well and allowed to stand for at 37°C in a fully humidified
atmosphere with a volume fraction of 5% CO2. The bis-phosphonate
concentration of oligoPAM and oligoNER is referred to as the monomer
unit of the oligomers. After 24 h incubation, 10 mL of WST-1 reagent
was added to the wells, which were incubated for a further 2 h at 37
°C. A total of 10 mL of 0.1 N HCl aqueous solution was then added
to each well to stop the reaction. To remove insoluble bis-phosphonate
samples, the plate was centrifuged (1000 rpm, 5 min), and then 50 mL
of supernatant was transferred to another plate. The absorbance of the
aliquot of the solution was measured at 450 nm with a multiplate reader
(Bio-Rad model 650, Tokyo, Japan), taking as reference the absorbance
at 655 nm. The results were expressed as viability (%) related to a
control untreated with the test samples. The error bar means standard
error relative to four experiments.

Biological Effects on Primary Human Osteoblastic Cells. Bone
Samples.Bone samples were obtained from four women and men (aged
56-78 years, with a mean age of 66 years) who underwent total hip
replacement surgery for degenerative joint disease. The patients were
selected excluding those who had sex steroid deficiency or had received
a previous therapy with bis-phosphonates, hormone replacement, or
GC treatment during the previous 2 years. The experiments were
conducted using cells from individual patients, and the specimens were
not pooled. First-passage human osteoblastic cells (hOB) from primary
cultures of trabecular bone explants were used.

Cell Cultures. Fragments of trabecular bone were washed exten-
sively in PBS to remove blood and bone marrow and then explanted
into culture in Dulbecco’s modified Eagle’s Medium (DMEM) (Gibco,
Life Technologies) supplemented with 10% FCS (Sigma), and 2 mM
L-glutamine (Gibco, Life Technologies). The cultures were incubated
at 37°C in a humidified atmosphere of 7% CO2/93% air.32 The cells

Chart 5. 1H and 13C NMR (in Italics) Chemical Shifts of oligoNER

Figure 1. Potentiometric titration curves of neridronate (a) and
corresponding oligoNER (b) in 0.15 M NaCl at 25 °C.
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were maintained by removing the conditioned medium and replacing
it with fresh DMEM supplemented with 10% FCS every 7 days. After
3-6 weeks in culture, a cellular confluent monolayer had grown out
from the bone fragments. The primary cell layers (E1) were washed in
PBS and then treated for 5 min with a 0.05% trypsin/0.02% EDTA
solution (Gibco, Life Technologies). The detached cells were passed
at a density of 60.000 cell/well into a 12-well multiplate (Corning Costar
Corp.) and cultured in DMEM with 10% FCS until the confluence
(E1P1). The medium was changed twice a week, and after this period,
the cells were washed in PBS and incubated for further 48 h with serum-
free medium supplemented with 0.1% BSA (Sigma). During the drug
treatment, each culture medium was changed twice a week, adding 1
mL of DMEM with 10% FCS containing different concentrations of
simple (PAM and NER) and oligomeric (oligoPAM and oligoNER)
drugs. The effect of each drug concentration was tested in triplicate
for each different cell culture.

Proliferation Assay. The proliferative response of the osteoblast
cells to different NER, PAM, oligoNER, and oligoPAM concentrations
(10-13 to 10-8 M) was examined by a colorimetric assay system based
on tetrazolium salt reduction (MTT, Boehringer Mannheim, Germany).
Briefly, each hOB colture was incubated with 0.5 mg/mL of the 3-(4,5-
dimethylthiazol-2-yl)-2,5-dyphenyl-tetrazolium bromide labeling reagent
for 4 h in ahumidified atmosphere. The resultant purple formazan salt
crystals were solubilized with sodium dodecyl sulfate (SDS) in 10 mM
HCl. After 1 h of incubation, the solubilized formazan product was
spectrophotometrically quantified. The total metabolic activity increased
in the sample: it was an evaluation of the increase in the number of
living cells. This rise was directly correlated to the amount of purple
formazan crystals formed, as monitored by the absorbance.

Biochemical ALKP Assay. The alkaline phosphatase (ALKP)
activity was directly measured on the monolayer cultures. The medium
was removed, and the cells were washed three times with PBS and
shaken for 30 min at 37°C in 1 mL of 10 mMp-nitrophenylphosphate
(Sigma). Thep-nitrophenylphosphate solution was removed, and the
reaction was stopped by adding 1 mL of 1 N NaOH. The optical density
was measured at 405 nm. The ALKP activity values were normalized
to the relative number of viable cells as determined in 12-well plates
using the previously mentioned proliferation assay.

Results and Discussion

Synthesis and Characterization.To prepare the two oligo-
mers (oligoPAM and oligoNER), a procedure similar to the
Michael-type synthetic pathway to obtain classical poly(amido-
amine)s, PAAs, was followed.14 In the case of ampholyte
compounds, triethylamine was used to free the zwitterionic
species of the amino-bis-phosphonate (BPs), and this allowed
polyaddition to the bisacrylamide, even if the reaction was
expected to become extremely sluggish.33 In fact, in both cases,
we obtained oligomeric products with molecular weights lower
than that of the amphoteric PAAs previously reported.13,20This
may have the advantage of cytosolic access and to be pharma-
cologically competitive with the BPs action toward the bone
resorption cells.

The differential and cumulative molecular weight distributions
of the oligoPAM and the oligoNER are reported in Figure 2,
showing a quite resolved presence of low molecular weight
oligomeric species. However, a rather similar behavior was
found in both cases. The main results of their molecular
characterization are summarized in Table 1. Here, the weight-
average molecular weightMw is reported along with a meaning-
ful low polydispersity indexD ) Mw/Mn (Mn is the number-
average molecular weight). The molar mass distribution of the
two samples was relatively narrow.

The relative low molecular weights and the closeD values
were probably influenced by the BPs comonomer, strongly

modifying the physicochemical properties of the oligomer. In
fact, in both cases, the dn/dc values were found to be unusually
higher than that shown by the PAAs previously reported.13

The presence of oligomeric species was confirmed also by
MALDI-TOF spectroscopy. The MALDI-TOF spectra of the
oligoPAM and the oligoNER are reported in Figure 3, showing
peak clusters regularly distributed and falling, respectively, at
429.4 and 471.4 amu, corresponding to the molecular weight
of the repeating units of oligoPAM and oligoNER, respectively.
The MALDI spectral quality was good for both the samples
since the masses were very low, in fact, well-resolved and
calibrated mass peaks from 700 up to 3000 Da are observed in
Figure 3.

The structure of the oligomers corresponding to the homolo-
gous families of peaks in Figure 3 are depicted in Table 2.

In both the spectra, the most intense peaks correspond to the
protonated oligomers terminated with unsaturated acryloylpip-
erazine groups at both the ends (species C in Figure 3 and in
Table 2). Ions belonging to the mono- and di-sodium salts of
these oligomers were also observed. These families of peaks
are accompanied with intense peaks with a mass difference of
101 Da, corresponding to the triethylamonium salts of these
oligomers (species D in Figure 3 and in Table 2) that may be
formed owing to the low amount of the triethylamine present
as an impurity. This result was also confirmed by1H NMR that
reveals traces of triethylamine in the oligoPAM (0.7 mol %)
and oligoNER (0.45 mol %) samples. The mass spectra show
also other families of intense peaks due to the protonated and
sodium-salified forms of the oligomers terminated with acry-
loylpiperazine at one side and with an amine unit at the other
one (species A in Figure 3 and in Table 2). As well as oligomers
of type C, peaks due to the triethylamonium salts of these
oligomers were also observed (mass series B in Figure 3 and
in Table 2). Weak mass peaks assigned to the oligomers
terminated with acryloyl and piperazine moieties (species E)

Figure 2. Differential (a) and cumulative (b) molecular weight
distributions of oligoPAM and oligoNER.
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and with acryloyl and acrylic acid end groups (species F) were
also present in the MALDI spectra of the samples investigated.
Their presence indicates that the hydrolysis reaction might occur
during the syntheses of the PAA samples. The sodiated salts of
the analyzed oligomers were formed during the preparation of
the matrix/analyte mixture for MALDI analysis.

Both the FT-IR and the NMR (1H, 13C, and 31P) spec-
troscopies supported the proposed structure. While the infrared
frequencies of the oligoPAM were found close to those of the
oligoNER, the comparison with the corresponding low molec-
ular weight analogues showed a substantial difference. Table 3

summarizes the observed main IR frequencies in the most
significant wavenumber range considered (800-1800 cm-1).
Both the oligomers clearly showed the amide I and amide III
frequencies, together with the frequency belonging to the
piperazine ring. The phosphoryl PdO frequency was also clearly
evident in all cases.34

With the exception of the NER that was in the sodium salt
form, the potentiometric titrations revealed that PAM was in
the completely protonated form, while both the oligomers were
somewhat partially protonated or in the zwitterionic forms, due
to the higher acidity of two P-OH groups. These different
protonation states are reflected also in the31P NMR signal, in
fact, the 31P chemical shift is dependent by the extent of
neutralization and hence by the pH.35

Protonation Thermodynamics. The acid-base properties
of the two oligomers and of the corresponding low molecular

Figure 3. MALDI-TOF spectra of oligoPAM (a) and oligoNER (b).

Table 1. Molecular Characterization Data Obtained from SEC
Analysis

compd Mw (g/mol) D ) Mw/Mn

oligoPAM 2880 1.3
oligoNER 2740 1.3
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weight analogues were studied in aqueous 0.15 M NaCl at 25
°C by potentiometry, solution calorimetry, and viscometry.

Table 4 summarizes the thermodynamic functions: basicity
constants (logKs), enthalpy (-∆H°), and entropy (∆S°) changes,
relative to the four protonation steps that were detectable in
these experimental conditions.

Unlike the NER, which showed insolubility at pH> 10, all
the other compounds revealed two great logKs at high pH values
and only a small one at low pH. In all cases, a buffered region
separating two sharp end-points allowed the evaluation of an
intermediate logK value, along with the purity of the compound.
Both the oligomers showed real basicity constants (i.e., their
log Ks were independent of the degree of protonation of the
whole macromolecule, thus behaving as small molecules).36 As
a matter of fact, the poly(amido-amine)s, PAAs, are polyelec-
trolytes whose monomer units behave independently from each
other toward protonation and complex formation with metal
ions.37 Moreover, although in some ampholyte PAAs the log
Ks are on the borderline between real and apparent, in the present

case, the oligomers are really short macromolecular chains with
only a few linked monomer units, behaving thus as many simple
oligopeptides.38 In the assignments of logK to the corresponding
basic group being protonated, some difficulties that may arise2-4

will be overcome by the help of the enthalpy and entropy change
values. These thermodynamic functions allow us to hypothesize
a protonation-like mechanism. The first protonation step of the
fully ionized PAM will be relative to the basic nitrogen, as also
occurs in the corresponding oligoPAM. This protonation leads
to the formation of a clustered zwitterionic species where the
ionized oxygens forms H-bonded structures toward the onium
ion, involving two seven-membered rings condensed with a six-
membered one of the bis-phosphonate moiety in the PAM. In
the corresponding oligomer, the two additional amido-oxygens
may further on contribute, with a six-chelate ring, to a more
compact structure (Chart 6), as also evidenced in previously
studied poly(amido-amine)s.20,39

This hypothesis is well-supported by the very large-∆H°
value and the corresponding very low∆S°. OligoPAM showed

Table 2. Structural Assignments of Peaks Displayed in the Maldi-TOF Mass Spectra of the OligoPAM and of the OligoNER Samples
Reported in Figure 3

a X ) 2 corresponds to the oligoPAM samples, whereas X ) 5 corresponds to the oligoNER sample.
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lower basicity, even if greater than expected, and the lower
enthalpy contribution being the basic nitrogen tertiary in
nature.40 The logK of 9.95 found for oligoPAM (Table 4) is in
line with the previously hypothesized mechanism, which was
further corroborated by the viscometric measurements. In fact,
the protonation of the basic nitrogen strongly reduced the coil
of the oligoPAM, in spite of many negative free charges present
on the macromolecule at high pHs. Figure 4 shows the reduced
viscosity values of oligoPAM at different pHs, along with the
superimposing distribution curves.

By lowering the pH, a flat viscosity trend was consistent with
the protonation of a more basic phosphonate oxygen. The
protonation process decreased the negative charge in a wide
pH range, including the physiologic one. In the meantime, the
breaking of the H-bond led to a larger∆S° and a lower-∆H°
value. The protonation of the further two phosphonate oxygens,
at the lower pH values, correspondly reduced the macromo-
lecular coil because of the decrease in electrostaticity and
increased the∆S° value for the larger freedom of the bis-
phosphonate moiety and the greater release of structured water
molecules.

On the other hand, oligoNER showed a quite different
protonation mechanism. The longer methylene chains render
less soluble NER in the free form, even if many negative charges
are present on one side. The presence of the two additional
amido groups in the corresponding oligomer improves the
solubility, even at high pHs. In the oligoNER, the first and
greater logK was assigned to the phosphate oxygen because of
the similarity with the free NER. The greater value of logK
may be attributed to higher electrostatic effects exerted by the
more negatively charged oligoNER. The tertiary nitrogen is
protonated as a second step, and this does not allow a
compactness in the structure. The-∆H° value of 35.2 kJ/mol
(Table 4) lies in the range of the tertiary nitrogen protonation,
as well as the fact that the entropy contribution does not indicate
a tidy structure, and the flatter viscometric data showed the
major role played by the negative charges. In fact, only at low
pH, when the zwitterionic LH4( (L4- is the monomer unit in
the completely ionized form) species is prevailing, the reduced
viscosity drops to negligible values as a consequence of a
compact coil conformation. The further two protonation steps,
involving the phosphate oxygens, showed closer thermodynamic
functions for both the oligoNER and the corresponding simple
NER.

Biological Effects on Animal and Human Osteoblasts.It
is well-known that the osteoblastic cells aid growth and
development of bones. On the other hand, the osteoclast cells
actively reabsorb old or fatigued bone so that new bone may
be replaced by osteoblast cells. When osteoclast cells reabsorb
bone faster than the osteoblast cells are building it, then bone
loss (osteoporosis) occurs.41

Although the most important biological effect of BPs is the
reduction of the bone remodeling through the direct inhibition
of the osteoclast activity, there is a lot of experimental evidence
that is in concordance with the hypothesis that an alternative
cellular target of BPs is represented by the osteoblasts. Several
studies have been performed to assess the effect of BPs on
human osteoblastic cells. Recent data suggest that BPs can
transiently stimulate the proliferation and increase the dif-
ferentiation of human osteoblasts to different extents, depending
on the compounds tested.42,43Thus, there is an increasing amount
of experimental data that suggest that these pharmacological
compounds exert their inhibitory effect on the osteoclast

Table 3. Observed Infrared Frequencies (cm-1) for the
Amino-bis-phosphonate Compoundsa

PAM oligoPAM NER oligoNER

1646 m 1636 s
1632 vs amide I 1632 vs amide I

1627 s
1547 s 1539 s
1473 w 1473 s 1473 m 1473 s
1446 w 1446 s 1446 w 1446 s
1397 s 1393 m

1365 w 1368 m
1301 m

1284 s amide III 1283 s amide III
1246 s 1242 sh 1242 s

1228 m 1224 s 1220 sh 1221 s
1166 m 1159 vs PdO stretching 1159 vs 1163 vs PdO stretching
1126 s 1126 sh
1091 m 1057 vs 1050 vs 1052 vs

1021 vs piperazine ring 1016 vs piperazine ring
991 vs 991 w

981 m
936 vs
920 sh 911 s 905 vs 909 vs
836 m 842 m

a vs: Very strong; s: strong; m: medium; w: weak; and sh: shoulder.

Table 4. Thermodynamic Functions of Simple and Oligomeric
Amino-bis-phosphonate Protonation at 25 °C in 0.15 M NaCl

protonation
step log K

-∆G°
(kJ/mol)

-∆H°
(kJ/mol)

∆S°
(J/mol K)

PAM
first 11.02 (1) 62.91 (6) 64.4 (2.9) -5 (9)
second 9.90 (1) 56.51 (6) 16.7 (2.9) 133 (9)
third 5.86 (1) 33.45 (6) 4.6 (4) 97 (1)
fourth 2.04 (2) 11.64 (11) -4.2 (4) 53 (2)

OligoPAM
first 9.95 (3) 56.80 (17) 55.7 (7) 4 (3)
second 9.55 (2) 54.52 (11) 19.3 (2.9) 118 (10)
third 5.94 (3) 33.91 (17) 6.7 (3) 91 (2)
fourth 2.10 (9) 12.0 (5) -3.2 (1.1) 51 (5)

NER
first a a a a
second 10.66 (3) 60.85 (17) 44.5 (3) 55 (2)
third 6.50 (3) 37.10 (17) 3.4 (4) 113 (2)
fourth 2.45 (4) 13.98 (23) -5.1 (7) 64 (3)

OligoNER
first 10.88 (2) 62.11 (11) 42.6 (3) 65 (2)
second 9.20 (2) 52.52 (11) 35.2 (1.5) 58 (5)
third 6.51 (2) 37.16 (11) 4.4 (2) 110 (1)
fourth 2.37 (3) 13.53 (17) -8.5 (4) 74 (2)

a Not detectable for insolubility of the species. The values in paren-
theses are standard deviations.

Chart 6. Structure of the Nitrogen-Protonated oligoPAM
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functions both directly and indirectly through a metabolic action
on the osteoblasts.

To demonstrate if our new synthetized oligoBPs possess
pharmacological features comparable to those observed for their
corresponding low molecular weight analogues, we investigated
in vitro their biological effects on osteoblastic cells of animal
or human origins.

A first series of experiments (citotoxicity tests) were per-
formed on osteoblasts derived from a murine cell line (MC3T3-
E1) generally used as reference in this kind of experiments. The
cell cultures were treated for 24 h with very high concentrations
of the drugs (10-5 to 10-3 M). These concentrations are up to
3 orders of magnitude higher than the therapeutic dose43 but
are retained to be transiently reached at the level of the
resorption lacunae during the bone remodeling. As reported in
Figure 5, the proliferation of the osteoblastic cells in the presence
of oligoBPs is comparable, and in some cases, it is enhanced
to that shown by the commercial drugs used in clinical practice.

A similar series of experiments was then performed on human
osteoblasts using a wide range of BPs and oligoBPs concentra-
tions for prolonged periods of time. Our results demonstrate
that both the simple and the oligomeric forms of NER and PAM
can slightly modify the proliferation activity of human osteo-
blasts in vitro. Figures 6 and 7 show a comparison between the
cell proliferations after 48 and 96 h, in the presence or absence
of different concentrations of NER and oligoNER (Figure 6)
or PAM and oligoPAM (Figure 7).

A significant increase of the cell proliferation (about+20%)
was observed for NER and oligoNER after 96 h of treatment.In
comparison with NER, the oligoNER seems to be effective also
at lower concentrations (less than 10-9 M). The PAM is able
to induce a slight increase of the cell proliferation (up to+16%)

Figure 4. Reduced viscosity (η/C, dL/g) and species distribution
curves (%) in relation to pH of oligoPAM at 25 °C in 0.15 M NaCl.
(Ligand protonation form: 1, completely ionized; 2, nitrogen mono-
protonated; 3, diprotonated; 4, triprotonated; and 5, tetraprotonated.)

Figure 5. Cytotoxycity of oligomers and corresponding amino-bis-
(phosphonate) analogues against mouse osteoblasts (MC3T3-E1).

Figure 6. Effects of different NER (circle) and oligoNER (triangle)
concentrations on human osteoblast proliferation after 48 h (dotted
lines) and 96 h (solid lines).

Figure 7. Effects of different PAM (square) and oligoPAM (triangle)
concentrations on human osteoblasts proliferation after 48 h (dotted
lines) and 96 h (solid lines).
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at concentrations in the range of 10-5 M, whereas the oligoPAM
seems to induce a maximum of proliferation (+31%) after 96
h at concentrations surrounding 10-9 M. These results seem to
be encouraging because the oligomers do not have any negative
effect on the cellular metabolism at the drug concentration lower
than the therapeutic dose.

Effects on Osteoblast Activity.To assess whether oligoBPs
affect the osteoblast differentiation, we evaluated the ALKP
activity, a classical osteoblastic marker. ALKP is released by
osteogenic precursor cells as an early sign of osteoblastic
differentiation in culture. In our study, after 7 days, all the tested
BPs and oligoBPs induced a bell-shaped response of ALKP
activity (Figures 8 and 9). The NER and the oligoNER induced
a potent stimulation of the ALKP activity (up to+72%) at
concentrations surrounding 10-9 M (Figure 8). On the contrary,
the PAM and the oligoPAM induced a milder stimulation of
the ALKP activity (max+37%) at drug concentrations sur-
rounding 10-5 M (Figure 9).

Conclusion

The paper, concerned with the synthesis and characterization
of novel therapeutic compounds with amino-bis-phosphonate
residues, is a further development of the poly(amido-amine)
chemistry containing comonomers of biological interest.44 We
reported the protonation thermodynamics of two oligomers
containing BP residues of different chain lengths (pamidronate
and neridronate) that seem to be an important factor in potency.45

The different thermodynamic data showed a different protona-
tion mechanism. Unlike the oligoNER, with a longer residual
aliphatic chain, the oligoPAM showed a high compactness when
the tertiary basic nitrogen was protonated. The structure involved
both the side chain phosphonate oxygens and the carbonyl
oxygens in the main chain. The reduced coil dimensions make
the oligomer more suitable for cytosolic access. The suitable
short macromolecular chains of low polydispersity index and
the ability to degrade at physiological conditions make these

Figure 8. Effect of NER (dotted line) and oligoNER (solid line) concentrations on alkaline phosphatase activity in human osteoblasts.

Figure 9. Effect of PAM (dotted line) and oligoPAM (solid line) concentrations on alkaline phosphatase activity in human osteoblasts.
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kinds of oligomers good candidates to be used in long-term
therapy for bone resorption.41 Both the animal and the human
osteoblasts underwent a remarkable low toxicity effect at high
as well as at low concentrations of the BPs. At therapeutic doses,
both the oligomers showed human osteoblast proliferation close
to that shown by the corresponding simple drug precursor.
Moreover, the use of oligomeric compounds may overcome the
observed usual poor absorption of the BPs.41 The absorption of
BPs may be increased by purposely designing oligomers of
suitable lipophilicity, which enhances transcellular transport
across the epithelial barriers.

Studies are in progress for the evaluation of the metal complex
ability toward calcium ions to find oligomers with more potent
antiresorptive activity that gives a broad safety margin for
normal mineralization.
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