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Complex formation equilibria of aluminum(Ill), gadolinium(IIl), and yttrium(Ill) ions with the
fluoroquinolone antibacterials moxifloxacin, ofloxacin, fleroxacin, lomefloxacin, levofloxacin, and
ciprofloxacin were studied in aqueous solution by potentiometric and spectroscopic methods. The
identity and stability of metal-fluoroquinolone complexes were determined by analyzing potentio-
metric titration curves (310K, x=0.15M NaCl, pH range=2-11, C/Cy=1:1 to 3:1,
Cyp = 1.0 mM) with the aid of Hyperquad2006 program. The main species formed in the system
may be formulated as M,H,L, (p =1, ¢ =—2 to 2, r = 1-3, L = fluoroquinolone anion, logarithm of
overall stability constant, log f, .= in the range ca. —10 to 45). The stability of complexes is
mostly influenced by metal ion properties (ionization potential, ionic radius) indicating partial ionic
character of the coordination bond. The complexes were also characterized by spectroscopic
measurements: spectrofluorimetry, '"H-NMR, and ESI-MS. Fluorimetric data were evaluated with the
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aid of HypSpec2014 and indicated the formation of ML, (r = 1-3) complexes with cumulative
conditional stability constants significantly lower than the thermodynamic ones. NMR and MS data
corroborate potentiometrically determined speciation. Calculated plasma mobilizing capacity of the
ligands generally follows the order levofloxacin > moxifloxacin > ciprofloxacin at concentration
levels of the ligands higher or equal to ca. 10™* M.

Keywords: Complexes; Aqueous equilibria; Fluoroquinolones; Aluminum; Gadolinium; Yttrium;
Bio-speciation

1. Introduction

Fluoroquinolones (FQs) are synthetic antibacterial agents widely used in clinical practice
for urinary and respiratory infection treatment with activity against a wide range of gram-
positive and gram-negative organisms [1, 2]. FQs inhibit bacterial DNA replication
enzymes but demonstrate little inhibition of human host enzymes and have an excellent
safety record. Chemically, they are substituted oxo-quinoline carboxylic acids (scheme 1)
and belong to the class of bidentate (O,0’) or tridentate (O,N,O’) chelating agents which
exert the highest affinity toward hard Lewis acids. So, formation of very stable complexes
with many divalent transition and trivalent metal ions has been observed by many
researches [3—12]. Some metal-FQ complexes (complexes of ruthenium with nalidixic acid,
oxolinic acid, and cinoxacin) may exhibit cytotoxic activity on some cancer cells [13]. Of
particular interest is the complex formation of FQs with trivalent metal ions of diagnostic
and therapeutic medical importance such as Al(III), Gd(III), and Y(II). These metal ions
upon entering the human body may exhibit various toxic effects.

Aluminum is nonesential element without anyknow biological function in the organism.
But it can acumulate in the human body and become of concern due to its toxicity [14—16].

Lomefloxacin Levofloxacin

Scheme 1. Names and structures of quinolones used in this work.
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Its toxicity represents a potential threat when it reaches the human body either via the envi-
ronment (food, air, industrial pollution) or by medical therapy (antacids, vaccines, etc.) [17].

In the environment, yttrium is not found in large quantities (about 30 ppm), but can be
dumped from petrol-producing industry and from household equipment [18-20]. In the
human body, yttrium probably does not play any biological role and is not necessary for
human health. *°Y obtained from the *°Sr—°°Y generator system finds widespread use in
cancer treatment in the form of radiopharmaceutical chelate [21-29]. In a pure and com-
pound form as well, yttrium is harmful and during long-term exposure may cause lung
embolism and be a threat to the liver causing cancer [30, 31]. It was also found that
unbound yttrium is deposited in the bones [32, 33].

In nature, gadolinium occurs together with other lanthanides. The use of gadolinium-based
contrast agents increased rapidly in recent decades, consequently Gd** may be present in
blood as a result of medical treatment (MRI, CT) [34]. Free gadolinium in circulation may
result from similar processes as Y°' ion (complex dissociation, transmetallation, ligand
exchange) and it can form mineral (with OH, HCOJ, etc.) emboli in the circulation which
may be deposited in tissues like muscle, skin, liver, bone, and other organs [35-39].

Fluoroquinolones, administered during parallel therapy, may complex exogenous trace
metal ions and change their speciation. Complexation may change the physicochemical
properties of fluoroquinolones themselves, such as solubility, bioavailability, lipophilicity,
excretion, etc. Knowledge of identity, stability, and structure of metal-fluoroquinolone com-
plexes is, thus, necessary to understand the metabolic pathway of iatrogenic trace metals
and fluoroquinolones in case of parallel administration.

The complexation of aluminum(III) ion with fluoroquinolones has been intensively stud-
ied during the past two decades [4, 40—43] while gadolinium and yttrium complexation was
less studied [44]. Fluoroquinolones act toward trivalent hard Lewis acids as bidentate (O,0
"-donors) employing 3-carboxylate and 4-carbonyl oxygen as donors. Substituents at C-1
and C-7 positions in the quinolone core normally do not participate in coordination. In solu-
tion, numerous protonated and hydroxo species are usually formed. Formation of these spe-
cies may influence fluoroquinolone behavior in biological media.

Owing to bioinorganic and biomedical importance of trace metal-fluoroquinolone
interactions, in this work we characterize solution equilibria between exogenous trace triva-
lent metal ions with several fluoroquinolone family members using potentiometric titrations
under physiological conditions. To characterize better the speciation we supplemented
potentiometric measurements with some spectroscopic techniques: spectrofluorimetry,
"H-NMR, and ESI-MS. These techniques should give insight into solution equilibria at
micro- and nanomolar concentration levels and also into structural characteristics of com-
plexes formed in solution.

We used computer simulation to assess the extent of the effect of fluoroquinolones on
bio-speciation of trivalent metal ions, Al, Gd, and Y in blood plasma. The influence was
evaluated using plasma mobilizing index (PMI) [45]. The results of the present study may
be useful in understanding the biochemical pathways of trace toxic metals in the human
organism and fluoroquinolone antibacterials as well. The obtained results should help to
explain the FQs safety during the parallel medical therapy treatment with these antibiotics
and drugs containing nonessential trivalent metal ions (antacids, contrast agents,
radiopharmaceuticals, etc.). Since the computer simulations used in this work are based on
the formation constant approach, we studied the complex formation of investigated metal
ions with a number of fluoroquinolones by different equilibrium techniques.
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2. Experimental

2.1. Reagents

All reagents were of analytical grade purity and used without purification. Doubly distilled
water (conductivity less than 0.1 pS cm™") was used for preparation of the solutions. The
stock solution of metal salts was prepared by dissolving AICl; and YCl; (299.9% p.a.,
Merck, Darmstadt, FRG) in water with the addition of appropriate amount of HCI to avoid
initial hydrolysis of metal ion. The stock solution of gadolinium(III) chloride was prepared
by dissolving Gd,O3 ((299.9% p.a., Merck) in HCI. The concentration of metal ions was
determined by EDTA complexometric titration (Titriplex Na,-EDTA ampoule, 0.1 mol L™,
Merck) [46]. The excess of HCI in the metal chloride stock solution was determined poten-
tiometrically using Gran’s method. Moxifloxacin and ciprofloxacin (declared puri-
ties > 99.9%) were obtained from Bayer Pharma AG (Berlin, Germany); ofloxacin,
lomefloxacin, fleroxacin, and levofloxacin (299.9% purity) were purchased from Sigma
Aldrich (St. Louis, MO, USA). A sodium hydroxide solution was prepared from concen-
trated volumetric solutions (p.a., Merck) diluted with freshly boiled doubly distilled water
followed by cooling under a constant flow of purified nitrogen. The alkali concentration
was checked by titration against potassium hydrogen phthalate. Hydrochloric acid solution
was made from HCI “Suprapure” (Merck) and standardized against tris(hydroxymethyl)ami-
nomethane. A sodium chloride solution was prepared from NaCl (p.a., Merck) by dissolv-
ing the recrystallized salt in doubly deionized water. The concentration of this solution was
determined by evaporation of a known volume of solution to dryness at 573 K and weigh-
ing the residue. Nitrogen gas used for stirring solutions and providing an inert atmosphere
during the titrations was purified by passing it through 10% NaOH and then 10% H,SO,,
alkaline solution of pyrogallol, 0.1 mol L™ solution of KCI and finally distilled water.

2.2. Instruments

Potentiometric measurements were made on a Tacussel Isis 20000 pH-meter (Courthezon,
Vaucluse, France, precision + 0.1 mV or + 0.001 pH units) equipped with a Radiometer
combined glass — Ag/AgCl electrode. A Metrohm (Herisau, Switzerland) Dosimat model
665 automatic burette with anti-diffusion tip was used for delivery of the titrant.
Fluorescence spectra were collected on a Shimadzu RF-1501 spectrofluorimeter (Kyoto,
KYT, Japan) with a 150 W Xenon lamp and 1.0 x 1.0 cm quartz cells. The slit width was
set to 10 nm on both the excitation and emission monochromators. EST MS spectra were
collected on an LCQ Fleet 3D Ion Trap Mass Spectrometer (Thermo Fisher Scientific,
Waltham, MA, USA). "H-NMR spectra were recorded on a Varian Gemini 200 spectrometer
(Palo Alto, CA, USA).

2.3. Procedure

2.3.1. Potentiometric titration. All titrations were performed in the pH range from ca.
2—-11 with constant ionic strength (« = 0.15 M NaCl) and under purified nitrogen at 310 K.
Usually stable potential readings were obtained in 1-3 min after addition of the titrant. If
equilibrium could not be established within specified time interval, the point was discarded.
The electrode parameters, Eo, k, and Ej from Nernst equation: £ = Ey + k log h + Ej, were
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determined by strong acid-strong base titrations which also served to check the system
suitability. The logarithmic value of the ionic product of water was found equal to —13.21

£ 0.02. During the titrations of the test solutions the Ej, and E; were determined using the
data in the acidic region where no hydrolysis or complexation takes place (assuming that A
is equal to the analytical concentration of proton), by plotting £ — k log s against 4 and
extrapolating the straight line so obtained to 4 = 0. The free proton concentration was then
calculated through the equation: log &= (£ — Eo— Ej)/k and applied to the whole titration
curve. All titrations were carried in duplicate. The agreement between duplicate titration
was better than 1%. Molar ratios between metal ions and fluoroquinolones (Cy; : Cy) ranged
from 1:1 to 1:3 for all studied M**-FQ systems, with total metal concentration,
Cy=1.0x107 M.

2.3.2. Spectrofluorimetric measurements. Fluorescence spectra of FQ solutions alone
(1 x 107> M) and FQ + metal ion, at different molar ratios (Cy;: Cro=1:11t0 100:1), in
TRIS buffer (2-amino-2-hydroxymethyl-propane-1,3-diol) solution (pH 7.4, 0.15 M NaCl)
at 310 K were recorded. The buffer does not show fluorescence and does not complex the
investigated metal ions. The concentration of the ligands was held constant, while the metal
concentration was increased until no further change in spectra was observed. Excitation
wavelength was chosen on the basis of the UV absorption spectra of fluoroquinolones.
The UV spectra show two principal absorption bands whose maxima are situated at ca.
280-290 nm and ca. 320-340 nm [47]. The high energy band exhibits strong absorption
while lower energy band is considerably weaker. The excitation wavelength was chosen at
the absorption maximum of the higher energy band, since the wavelengths near the absorp-
tion maximum of the lower energy band produced too low fluorescence intensity. However,
choice of excitation wavelength at 280 nm has disadvantage because it may cause an inner-
filter effect so that the fluorescence intensity is not proportional to the concentration of the
fluorophore [48]. It was, therefore, necessary to correct the spectra for the attenuation of the
fluorescence beam (inner-filter effect).

2.3.2.1. Consideration of the inner-filter effect. UV absorbtion spectra demonstrate that
fluoroquinolones and their metal complexes strongly absorb at 287-292 nm [47]. Thus, the
intensity of the observed fluorescence may be reduced by absorption of the exciting or the
fluorescence light within the tested solution and this reduction of fluorescence intensity is
called the inner-filter effect. Incident light may be absorbed before it reaches the point in
the sample at which fluorescence is observed and/or some of the emitted light may be
re-absorbed before it leaves the cell. Because of the inner-filter effect, the observed
fluorescence intensity depends on molar absorptivities of the sample at both excitation and
emission wavelengths and is not a linear function of the concentration [49]. So the spectra
(observed fluorescence intensities) must be corrected for the inner-filter effect. The correc-
tion factor (for right cell geometry), CF, was calculated according to Parker and Barnes
equation [50]:

Fy 2.303 AxAlk

CF:F: ~ Al A
10 Axlx(losz ~ 10 sz)

(1)

where F), is the corrected fluorescence, F' is the observed fluorescence, and A, is the optical
density of the solution at excitation wavelength; /, and A/, are geometrical parameters of
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the fluorimetric cell. The I, calculated according to formula /= (1 — Al)/2. Al;, was set as
0.250 cm corresponding to 10 nm bandwidth. The calculated correction factor was in the
range 1.15-1.23.

2.3.3. NMR measurements. All "H-NMR spectra were recorded in DMSO-dg and in D,O
solutions. Typical conditions for '"H-NMR measurements: spectral width 3500 Hz, pulse
delay time 1 s, no. of scans 72. Composition of solutions: Cyy = 0.7 M; Cgq =2.0 M, pH
range = 6.40-7.02.

2.3.4. ESI-MS measurements. For ESI-MS measurements, FQ-metal solutions were pre-
pared in the FQ to metal ion concentration ratio 3:1 at pH 5.5 adjusted with ammonium
acetate buffer. To facilitate the formation of small drops in the nebulizer and evaporation of
ions, 10% (v/v) methanol was added in each solution. Concentration of fluoroquinolone in
solutions was 3.0 x 107> M. The ESI-source parameters were as follows: source voltage
4.7 kV, capillary voltage 23 V, tube lens voltage 90 V, capillary temperature 493 K, sheath
gas flow (N,) 32 (arbitrary units). ESI-MS spectra were acquired by full range acquisition
of m/z 100-2000.

2.3.5. Data treatment. The species formed in the studied systems were characterized by
the general equilibrium:

pM** 4+ qHY 4+ 1L~ o [MyH,L,] P97 2
and the corresponding constants are given by:

B — s ®

[MJP[H]"[L]
where L is the fully deprotonated molecule of the ligand (ligand anion). The concentration
stability constants of complexes, f,,, were calculated with the aid of the suite of
Hyperquad2006 [51]. In Hyperquad calculations, the identity and stability of complexes
which give the best fit to the experimental data were determined by minimizing the error
square sum of the potentials, U: U= Zwi(EobS—Ecalc)z, where w; represents a statistical
weight assigned to each point of the titration curve, and E s and E., . refer to the measured
and calculated potentials of the cell, respectively. The E.,. was evaluated on the basis of
Nernst’s equation assuming the specific speciation model and trial values for stability con-
stants. The quality of fit was judged by usual statistical parameters: Pearson’s goodness-of-
fit test, y°, standard deviation (SD) in potential residuals, s, and total sum of squares of
potential residuals, U.

2.3.6. The human blood plasma model and speciation calculation. Updated computer
model of blood plasma including 9 metals, 43 ligands, and over 6100 complexes is
described earlier [45, 52]. Total concentrations of all components were taken from previ-
ously published articles [52—67].
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3. Results and discussion

3.1. Potentiometric measurements

Reactant concentrations and pH ranges used in measurements are given in table S1.
Hydrolysis of metal ions was taken into account on the basis of the literature data. For Al
(III), Gd(IIT), and Y(III) the following hydrolytic complexes were included in calculations
(stability constant given in parenthesis) corrected to physiological conditions: Al(OH)
(—4.67); AI(OH); (—13.598); AIl(OH); (—23.874); Al3(OH);; (—54.694); Algx(OH);s
(—49.398); Alg(OH),, (=76.425); Al(OH);(, (—30.4); Gd(OH) (=7.96); Gd(OH), (—15.16);
Gd(OH); (—22.16); Gd(OH)s (—17.9); Y(OH) (=7.71); Y(OH), (-16.42); Y,(OH),
(—14.23); Y3(OH)s (—37.10); Y(OH)3(s) (—18.81) [44, 68-72].

The protonation constants of fluoroquinolones were mostly taken from literature data
[45] and in this work we measured the constants for lomefloxacin and fleroxacin only
(T=310K, ©=0.15 M NaCl). The potentiometric experimental data are presented as plots
of the pH dependence on the fraction titrated (titration parameter), a, calculated through the
formula a = W, where V and Cy, are the initial volume and concentration of
fluoroquinolone in the titrated solution. Negative values of a represent excess of strong acid
(HCI). The calculated protonation constants (total 350 data points for each system) are pre-
sented in table 1. The protonation constants for other fluoroquinolones used in the calcula-
tions are given in table S2. The points below pH ca. 4 and higher than pH ca. 9.7 were
excluded from calculation. The SDs in calculated constants are given in parenthesis and
indicate good precision of obtained constants.

Representative titration curves of levofloxacin without and in the presence of Al(III) ion
are shown in figure 1. In the presence of metal, titration curves are shifted to the right com-
pared to fluoroquinolone alone, indicating, thus, strong complex formation in the system,
especially with increasing the total molar ratio of metal ion to ligand. Slightly smaller shifts
of metal + fluoroquinolone titration curves (compared to fluoroquinolone alone) were
observed in the case of other metal-fluoroquinolone systems. The titration curves show the
following features: (a) in all systems at lower pH, they practically coincide with the fluoro-
quinolone curve, (b) three buffer regions and two inflections are seen on most metal—fluoro-
quinolone titration curves, and (c) at different fluoroquinolone to metal concentration ratios
titration curves coincide up to the first inflection and after that point begin to spread. These
features of titration curves are consistent with formation of protonated complexes and
subsequent titration of released protons.

In figure 2, the titration curves of Al(III)-, GA(III)- and Y (III)-levofloxacin solutions are
presented. It can be seen that all titration curves are shifted to the right in comparison to the

Table 1. Potentiometrically determined overall
protonation constants of fluoroquinolone anions o g1,
(g=1, 2), lomefloxacin (LMFX), and fleroxacin
(FLX) at T=310K, #=0.15M NaCl. o4, =
[HFQ]/[H]*[FQ]. The constants were calculated
with the aid of Hyperquad2006. SDs in calculated
constants are given in parenthesis.

FQ log Bon log Bo2

LMFX 8.71(1) 14.22(1)
FLX 8.08(1) 13.68(2)
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Figure 1. Potentiometric titration curves of AI(III)-LVFX solutions. Ca; = 1.0 M. The concentration of strong
alkali (NaOH) was 0.1 M. Titration conditions: £ = 0.15 M NaCl, T'= 310 K. Abscise represents the proton fraction
titrated (titration parameter), a. At a =0, proton from strong acid is titrated; at @ = 1, the proton from H,L" is
titrated to give HL; and at a = 2, proton from HL is titrated to yield L.

12 4
10 4
8 4
61 o AI(III)-LVFX
A Gd(III)-LVEX
0 Y(II)-LVFX

-5 -1 -05 0 05 ¢l 1.5 2 2.5 3 35

Figure 2. Potentiometric titration curves of AI(IIl), Gd(Ill), and Y(III)-LVFX solutions represented as the
dependence of measured pH of solution on total proton titrated fraction (titration parameter), a. Total initial
concentration of metal ion = 1.0 mM, Cryrx =3.0 mM. 7=310 K, ¢ = 0.15 M NaCL

one for levofloxacin alone. The magnitude of the shift is the highest for Al, smaller for Gd,
and moderate for Y. Some overlapping at the beginning of the titration is also seen. The
magnitude of pH depression of metal-ligand titration curve relative to the titration of the
ligand alone roughly reflects the stability of the formed complexes so it may be expected
that complexes of Al will have higher stability constants than those of Gd(III) and Y (III).

Stoichiometries of possible complexes were deduced from protonation, deprotonation,
and formation curves, respectively, representing:

Cu + CL — Cou + [OH] — [H]

j:
3

4)
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and

0= (Cj; — Cu)/Cu %)

(with Ciy=[H] - [OH] + 3 [LHj])
as a function of —log [H], and

CL— [L)(1+ X2 B, 1Y)
Cum

n= (6)

: _ Cu—[H]+[OH]
with [L] S g ]

Representative formation curves for the aluminum-levofloxacin system are shown in
figure 3. In all studied systems, formation curves show small initial spread, then around
n ~ 1 they coincide and at n higher than 1 they spread again. Average ligand number higher
than one indicates the formation of protonated complexes meaning that species like ML and
ML,H predominate or ML,H forms in parallel with higher protonated species. For
formation curves with average ligand number between 1.5 and 2, the species ML,H and
ML, may form. Values = 2 indicate formation of ML; in parallel with mixed hydrolytic
complexes.

The stability constants were calculated with Hyperquad2006 suite of programs [49]. To
find the model that gives the best fit to the experimental data, various complexes and
combinations thereof were included in calculations. During the calculations, the analytical
parameters (total metal, ligand, and proton concentration) were held constant. The stability
constants of the binary hydrolytic complexes and protonation constants of fluoroquinolone
anion species were always fixed in calculations. We started the calculations by treatment of
each titration curve separately (preliminary calculation). The results of the calculations may
be summarized as follows: (a) no polynuclear complexes were accepted in any combination,
(b) stability constants for MLH,, MLH, ML, and ML, were always calculated for equilib-
rium models tested at all concentration ratios used, (c) the species ML;, MLsH, ML;H,,
and ML;H; were accepted only at concentration ratio C;/Cy; = 3, and (d) species MLH_;
and ML,H_; were accepted at C;/Cy; = 2 and 3 with relatively high SD; in other cases they

as a function of — log [L], as described by Murray and May [73].

3 4
2] Ca:Cryrx
=
1A
0 T T T T T -
0 2 4 6 8 10 12 14

-log [LVFX]

Figure 3. Formation curves for AI(III)-LVFX system. Ca; = 1.0 mM, Cpygx = 3.0 mM.
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were rejected. When we restricted the pH interval between pH 2-5, the species ML,H, and
ML,H were accepted in all models. We concluded that the species MLH,, MLH, ML,
ML,H,, ML,H, and ML, form insignificant amounts in all tested systems. In subsequent
calculations, we included the points from all titration curves. Simultaneous refinement of
Bpqr values of all species found in preliminary calculation was initiated in order to examine
several models and select the “best” one. The “best” model is assumed to be a subset of the
“basis” set (pqr quite general within preliminary established stoichiometries). In a first cal-
culation cycle, the calculated set of statistics was not satisfactory and automated model
selector was invoked. Some constants were either negative or excessive and were subse-
quently discarded. Further calculation cycles produced acceptable values for log S0, log
P11, and log B, so that we marked these constants as “fixed” and repeated the calcula-
tions taking into account the complete “basis” set of constants. Additional constants, mostly
for protonated species, were accepted. Simulation calculations with preliminary set of con-
stants revealed the dominance of MHL, ML, and MH,L complexes at pH values higher
than 4. Therefore, points at lower pH values were excluded from calculations and at pH
higher than 9.5 as well. Analyzing the results we concluded that stability constants for
MLHz, MLH, ML, MLH_], MLsz, MLZH, MLZ, ML3H3, ML3H2, ML:;H, and ML3 are
always calculated with acceptable SDs and statistical parameters of the fit. The species
ML,H_, and M,LH and all other polynuclear species were rejected in all equilibrium
models and were not considered further. Some intermediate results of calculations in
Al-levofloxacin system are given in table S3. Final decision on acceptance of the particular
model was made taking into account absolute error in potential and volume readings.
Though the precision of the potentiometer was 0.1 mV, total error was estimated according
to reference [74] and taken as 0.5 mV. The error in volume readings, on the basis of the
calibration of auto-burette, was 0.005 mL. These values were used in estimating the total
standard error of measurements. On the basis of the statistical parameters of the fit
(> — Pearson’s statistics and s — SDs in potential residuals) the “best” model was chosen
amongst several possible (see table S3) as the one which produced the most acceptable
statistical parameters of the fit.

Calculated overall stability constants of the studied metals with some fluoroquinolones
are given in table 2. Present results for complexation of studied trivalent ions with fluoro-
quinolones are in agreement with published data [40-44, 75-87]. AI(III)-FQ complex
formation equilibria were studied previously under different conditions and methods in a
number of works including those by our research group [41, 42, 87]. In this work, we deter-
mined formation constants of several AI(III)-FQ systems under physiological conditions
(310 K, ionic strength 0.15 M NaCl, L/M 2= 3). Generally, aluminum ion and fluoro-
quinolones form mainly complexes Al(HFQ); or (AlH;(FQ);) and Al(FQ)(HFQ), or
(AIH,(FQ)3) around physiological pH. This is in agreement with the majority of published
articles. Overall stability constants of FQs with these trivalent metal ions follow the order
Al>Gd>Y.

Solution equilibria in Y(III)-FQ systems were not studied previously as well as in Gd-FQ
systems (except Gd(III)-moxifloxacin [44] and Gd(III)-levofloxacin [88], but not under
physiological conditions). Thus, the formation constants and speciation in these systems
were first determined in this work. Inspection of table 2 reveals that the dominant com-
plexes in Y(III)-FQ systems are Y(HFQ), or (YH,FQ,) and Y(FQ); at physiological pH
values. In Gd(IIT)-FQ systems, the dominant complexes are Gd(HFQ); or (GdH;FQ5), Gd
(FQ)(HFQ), or (GdH,FQ3) and Gd(FQ); under physiological conditions.
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Table 2.  Calculated overall stability constants log S, (SD in parenthesis) for complexation of Al(III), Gd(III),
and Y(III) ions with fluoroquinolone (M,HFQ,) at physiological conditions (7= 310 K, x = 0.15 M NaCl).

AI(IID)-FQ systems

pqr MOX OFLX LVFX CPFX LMFX FLX
121 -2.02(2) -3.46(1) -0.21(3) - -2.03(2) -1.41(2)
111 5.11(2) 5.23(1) 7.68(2) 4.96(1) 5.86(2) 5.42(2)
101 11.46(1) 12.17(2) 13.92(2) 11.21(1) 13.12(1) 11.52(1)
111 16.37(1) 17.44(2) 18.85(1) 16.27(1) 18.78(2) 14.11(2)
121 - 18.54(2) 21.67(1) 18.87(2) 22.79(2) 18.24(3)
112 - 7.11(3) 7.91(2) 6.89(2) 8.81(3) -
102 17.75(2) 15.26(2) 16.65(2) 15.92(1) 17.02(1) 16.34(2)
112 24.41(2) 22.61(1) 24.29(1) 23.73(2) 25.54(2) 24.65(3)
122 29.97(1) 28.79(2) 31.23(3) 29.67(2) 23.21(2) -
103 18.85(2) 19.06(3) 18.19(2) 19.56(2) 18.92(3) 19.13(1)
113 28.45(2) 27.29(2) 26.29(2) 27.78(2) 30.06(2) 29.31(2)
123 35.79(1) 34.63(3) 34.14(3) 36.41(3) 38.12(3) 36.42(2)
133 44.87(2) 41.093) 40.79(2) 43.53(3) 44.76(1) 44.86(3)
Statistic s=147 s=1.17 s=1.44 5s=1.05 5s=123 s=1.12
2=11.11 7=10.51 =921 =811 7=1151 7=8.75
Y(III)-FQ systems
pqr MOX OFLX LVFX CPFX LMFX FLFX
111 14.02(1) - 12.72(2) 13.98(1) 13.56(2) -
122 28.20(1) - 25.44(2) 27.35(1) 26.11(1) -
112 18.06(2) - 17.65(2) 16.502) 17.36(2) -
102 10.57(2) - 10.26(1) 10.80(2) 10.05(1) -
112 - - 1.17(2) 0.78(3) 0.75(2) -
122 - - -8.82(2) - -9.96(3) -
103 12.94(1) - - 14.87(1) 12.65(1) -
113 22.79(3) - - 24.05(2) 22.17(2) -
123 31.01Q2) - 28.34(1) 31.45(3) 29.27(3) -
133 38.80(1) - 36.09(1) 39.47(1) 37.46(2) -
Statistic s=1.13 — s=1.19 s=1.54 s=1.32 -
7=11.18 - =121 =821 7=1026 -
Gd(III)-FQ systems
pqr MOX OFLX LVFX CPFX LMFX FLFX
101 - 7.02(2) - 6.70(3) - -
111 14.79(2) 13.31(1) 13.16(2) 13.79(2) - -
122 29.57(1) 25.41(1) 25.74(2) 27.6(1) - -
112 21.2(1) 18.14(2) 19.17(2) 19.9(1) - -
102 14.02(1) 11.01(1) 11.91(2) 12.77(1) - -
112 - 3.34(2) 3.51(2) 4.83(2) - -
122 - —6.46(3) - - - -
133 43.98(1) 37.65(2) 37.74(2) 40.34(1) - -
123 35.18(2) 30.71(1) 31.28(2) - - -
113 27.76(1) - 21.16(2) - - -
103 19.1(3) - 15.33(2) - - -
Statistic s=121 5s=1.62 s=1.53 s=1.32 - -

=851 7 =10.36 =811 7=17.89 - -

The magnitude of stability constants follows the order aluminum > gadolinium > yttrium.
If the second cumulative stability constant (the first stability constant in some systems was
either not- or ill-defined) is plotted against ionic potential (defined as the ratio
between third ionization potential and ionic radius, /3/r), fairly linear dependence is
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obtained [figure S1(a)], indicating significant ionic character of the coordination bond. For
comparison, the data on iron(IIl)-FQ complexes taken from the literature [40, 43] are also
included. Ionic character of coordination bond may be explained in terms of significant
polarization effect of the central ions. The order of stability is Fe > Al > Gd > Y. The effect
of ligands on stability may be described in terms of number of ligands bound to central
ion, acid-base properties of the ligand (pK, 1, pK,>), and partition coefficient of the ligands
[89]. The data in table 2 clearly show a general trend of steep increase in overall stability
with increasing the number of bound ligands. Aluminum shows maximum coordination
number (N = 3) with all fluoroquinolones. Gadolinium does not show maximum coordina-
tion with ofloxacin and ciprofloxacin while yttrium does not reach maximum coordination
with levofloxacin. If log f, is plotted against pl (isoelectric point), a linear relation is
obtained with very small slope, indicating that no significant dependence of stability of the
complexes on acid-base behavior of quinolones exists [figure S1(b)]. Similarly, stability of
aluminum and gadolinium complexes may be correlated with the partition coefficient of
quinolones, while yttrium shows no dependence on partition coefficient [figure S1(c)].
Urbaniak and Kokot analyzed the factors that significantly influence the stability metal flu-
oroquinolone complexes taking into account trivalent Al and Fe and bivalent Cu, Zn, Ca,
and Mg ions [40]. The analyzed factors were number of FQ ligands in the complex struc-
ture, type of metal, type of FQ, number of hydrogen or hydroxide groups substituted in the
complex molecule. They found that the type of metal, the number of coordinated FQ, and
the number of proton or hydroxide groups in the complex are the most influential factors.
Our results are quite in accord with their data.

3.2. Solution equilibria and distribution diagrams

The distribution diagrams of various complexes in M(IIT)-FQ solutions were calculated with
the aid of program HySS2009. Some diagrams are shown in figure 4. As can be seen from
figure 4, in the case of complexation of aluminum with LVFX, dominating complex at
lower pH values is AI(HLVFX), with the maximum concentration at pH 3. This complex
may be formed via reaction of Al(IIl) aqua ion and LVFX cation, bearing in mind that these
species predominate in the pH region 2—4.

AP + H,LVEX* 2 [AI(HLVEX)] " +H*

The complex AI(HLVFX)**, upon increasing pH, binds another zwitterionic molecule of
LVFX and gives the complex Al(HLVFX)g+ via the reaction path:

[AI(HLVFX)** +HLVFX® = [Al(HLVFX),]*"

This complex, upon increasing the pH, binds one more LVFX ligand forming
AI(HLVFX)§+ with maximum concentration (75%) at pH 6. At pH values higher than 6, a
protonated LVFX in Al(HLVFX)gJr releases protons and gives Al(LVFX) (HLVFX);jL fol-
lowed by a series of deprotonated complexes. Gradual formation of complexes probably
takes place by consecutive reactions:
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Figure 4. Distribution of species formed in AI(IIl)-, Gd(Ill)-, and Y(II[)-FQ systems at ligand-to-metal
concentration ratio 3 : 1 and total metal concentration 1.0 mM.

AP* 4+ HLVFX® — [AI(HLVEX)*' +HLVFX® — [AI(HLVFX),]" +HLVFX°
— [AI(HLVFX),]*"

Similar mechanism can be attributed to complexation for other Al-FQ systems. For com-
plexation of Gd(IIT) with FQs similar species occur at higher pH values.

In the case of complexation of Y(III) ion with MOX, as can be seen from figure 4, the
dominant species is Y(HMOX);+ with maximum concentration around physiological pH
value. Upon increasing pH, the complex Y(MOX)? appears. This neutral complex may pass
through the cell membrane causing the toxic effects or may be excreted by urinary route.

3.3. Spectrofluorometric measurements

Fluoroquinolones are naturally fluorescent and the intensity of fluorescence depends upon
composition of medium, pH, concentration, and type of quinolone [90]. Generally, intensity
of fluorescence of fluoroquinolone cation is greater than that of zwitterion.

The use of fluorescence spectroscopy to determine ligand protonation and stability con-
stants of metal-ligand complexes depends on the difference in the fluorescence spectra
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between a free acid ligand and its conjugated form and complexed ligand as well. Also the
pH dependence of fluorescence spectra often does not agree with those obtained by UV—vis
spectrophotometry. Fluorescence spectra depend not only on ground-state equilibria but also
on excited-state proton exchange. The kinetics of the excited-state proton transfer may also
influence both emission and excitation fluorescence spectra. Thus, the constants for the
ground state and for the excited state can differ quite strongly. To calculate formation con-
stants, the necessary condition is that the linear relationship between fluorescence intensity
and the degree of dissociation must hold.

In spite of these difficulties, a successful determination of the ground-state protonation
constants and metal stability constants of some quinolones was recently accomplished. By
carefully selecting the excitation wavelength, metal and ligand total concentrations, ionic
medium, and buffer the ground-state constants were estimated [91-94].

In the presence of trivalent metal ions (Mo, V, W, Al, La, Sc, Eu, Tb, Y) native fluorescence
of quinolones in acidic medium is enhanced due to formation of fluorescent complex(es) [94].
In the presence of divalent metal ions (Cu, Zn, Cd, Hg, Pb, Mn), fluorescence is quenched by
both dynamic and static processes in solution. In addition, ion—dipole and orbital-orbital,
metal-quinolone interactions also contribute to the fluorescence quenching [93]. Chemical
luminescence of fluoroquinolones in the presence of Al(IIT), GA(III), and Y(III) ions was stud-
ied earlier [94], but mainly for the purpose of analytical determination of fluoroquinolones.
Equilibrium constants from fluorescence data, concerning the Al(IIl)-, Gd(IlI)-, and Y (II)-FQ
complexes, were not evaluated. In this work, luminiscent properties of fluoroquinolones in the
presence of Al, Gd, and Y were examined using spectrofluorometric titrations technique.

Spectrofluorimetric titrations were carried out by addition of known quantities of metal
ion (concentration range 0—1 x 107> M) to 1 x 107> M buffered solutions of the ligand. The
wavelengths of excitation and maximum emission of FQs are listed in table 3. Fluorescence
spectra of FQs in absence and presence of studied trivalent metal ions are presented in
figure 5.

The addition of metal ions increases the fluorescence intensity in all Y-systems (Y-CPFX,
Y-MOX, Y-LVFX), while in all Gd and Al systems fluorescence was decreased. The
decrease in fluorescence is due to static reasons, i.e. complex formation between metal and
zwitterionic form of FQ, HL*. At pH ~ 7, the dominating form of FQ in solution is zwitteri-
onic, HL which also has fluorescence. During complexation, its concentration decreases so
the fluorescence of the solution decreases.

Fluorescence properties of FQ molecule may be utilized to measure stability constants of
metal-FQ complex(es) as well as to elucidate, to some extent, the structure of the complex
(es). The experimental results show that, after adding Y (III), the fluorescence intensities of
CPFX increases and at the same time blue-shift of maximal emission wavelengths of CPFX
is observed. In AI(II)-LVFX systems, fluorescence intensity decreases upon increasing the
concentration of Al ion and then remains stable with pronounced red-shift of fluorescence
maximum. Similarly, the addition of Gd(III) in MOX solution decreased the fluorescence of

em)

Table 3. Excitation (1) and emision (4
wavelengths (nm) of fluoroquinolones used for
fluorescence spectral measurements.

MOX CPFX LVFX

2 287 290 292
25m 488 450 480
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Figure 5. Fluorescence spectra of FQs (C=1x 107> M) in the presence of metal ions (concentration range
0-1 x 107> M, pH 7.4): (a) Gd-MOX; (b) Y-CPFX; (c) AI-LVEX. F is observed fluorescence intensity corrected
for inner-filter effect.

MOX with slight red-shift of fluorescence maximum. These results indicate that fluoro-
quinolones quickly react with metal ions to form one or more coordination compounds as
[Y(CPFX),]. Due to low metal concentration in solution, it is reasonable to suppose that
only mononuclear complexes with FQs are formed. The monotonic changes of the fluores-
cence intensity and the bathochromic shift in the spectra upon introducing the increasing
metal concentrations are indicative of steady-state ground-state complex formation.

3.3.1. Stability constant determination. Fitting the whole metal-fluoroquinolone emission
fluorescence spectra was performed with the aid of HypSpec2014 which belongs to the
Hyperquad family of programs. The HypSpec2014 supersedes pHab program [95] for
determination of equilibrium constants from spectrophotometric data and it can process UV—
visible, infrared, Raman, luminescence, and fluorescence data, provided that the spectral
intensity of each chemical species is proportional to the concentration of the species in solu-
tion. The spectral data may be obtained from a set of individual solutions with either known
or unknown pH. Fluorescence data were processed in the wavelength interval 400-540 nm
and digitized at every 1 nm. The chemical model involved general equilibrium reaction:

M +r(HL) 2 ML, (8)

(j may be 0, 1, and 2)
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with cumulative effective or conditional constants (f)) defined as the concentration
quotient:

MLy
AT

The “species” (H;L) represents an equilibrium mixture of protonated ligand species. The
conditional constant is valid only for particular experimental conditions (pH, ionic strength,
temperature). The stoichiometric coefficient, r, may take integer values from 1 to 3 while j
is a number of dissociable protons.

The calculated conditional constants (log f3) at pH 7.4 are given in table 4. Because flu-
oroquinolones are basic ligands, there is strong competition for protons at pH 7.4 and log /5’
is 6-7 orders of magnitude lower at pH 7.4 than the thermodynamic stability constant. For
less basic ligands, the conditional constant is closer to the thermodynamic stability constant
because there is less competition by available protons at pH 7.4. Another consequence of
equation (3) is that as the pH is lowered, the concentration of protons is increased and the
equilibrium in equation (3) is pushed to the left. Stronger acid conditions clearly result in
lower complex stability.

To examine the fluorescence quenching mechanism a Stern—Volmer plot:

F,
— =1+ Kqv|M
7 + Ksv[M]

where F, and F are the fluorescence intensity in the absence and the presence of the
quencher, respectively, and [M] is the concentration of the metal ion constructed for Gd
(IIH)-moxifloxacin, Al(IlI)-levofloxacin, and Y (III)-ciprofloxacin systems [figure S2(a—c)].
From the slope of the Stern—Volmer plot, the Stern—Volmer constant, Kgy, can be
determined. The obtained values were: for AI-LLVFX system, Kgy =9.5 x 10> M™"; for
Gd-MOX system, Kgy = 1.6 x 10°M ', In Y-CPFX system, a complex fluorescence
enhancing mechanism consisting of at least two steps is indicated by figure S2(c). First step
is nonlinear and does not fit Stern—Volmer plot while the second step shows saturation of
fluorescence intensity upon addition of Y(III) ion.

The reason for enhancement of the fluorescence and the blue-shift of the emission peak
are mainly due to formation of coordination compounds. The explanation could be summa-
rized in the following points: (1) the 7—= ring conjugation plane structure in the coordina-
tion compound is enlarged in comparison with that of the free ligand, which results in
enhancing of fluorescence intensity; (2) in the coordination compound, free rotation of the
carboxylate or the hydroxyl of carboxylate is inhibited, which decreases the collision of
inter-molecular nonradioactive energy loss; (3) shortening of the distance between Y(III)

Table 4. Calculated conditional constants from fluorimetric data for Al(III), Y(III), and
Gd(III)-FQ systems (+calculated SD). The quality of fit is judged by a s-statistic.

Conditional constant Al-LVFX Y-CPFX Gd-MOX
log ﬁ’l 8.27+0.02 4.73+0.02 3.97+0.02
log [f’z 12.60+0.01 7.00+£0.01 9.91+£0.01
log 16.64+0.02 11.69 £0.03 14.59+0.02

Statistic s=1.23 s=0.47 s=0.76
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and ligand in the coordination compound leads to positive charge transfer from Y(III) to
ligand by the static action, which results in the increment of emission energy and the blue-
shift of the maximal fluorescence wavelength.

3.4. H'-NMR measurements

The "H-NMR spectra of yttrium complexes with LVFX in DMSO-dq as well as D,O are
analyzed to confirm their formation. The binding of LVFX-Y(III) was studied by chang-
ing the molar ratio of drug to metal ion as presented in figure S3. The most evident
changes were observed for 5-H and 2-H protons after addition of Y(III) ions. In the
"H-NMR spectrum of pure LVEX in DMSO-dg, the singlet at 8.85 ppm was attributed
to 2-H proton, while 5-H proton appeared as a doublet at 7.53 ppm due to coupling with
"F nucleus. The signals due to the free drug decreased in intensity and new signals
appeared as amount of Y(III) increased. When Y(III) was added (drug:Y(II)=6:1),
"H-NMR spectrum showed additional signals for 5-H and 2-H protons. As concentration
of metal ion was increased (3:1), the new peaks reached 45% of total integral intensity.
At 2:1 (drug:Y(IIl)), these new signals become dominant and transformed into broad
singlets at 1:1 ratio.

The results clearly indicate that new species formed by complexation with Y(III) (drug :
Y(II)=6:1 and 3:1) have stable ligand at room temperature with slow ligand exchange
between free and coordinated LVFX [96]. Broadening of 5-H and 2-H signals in the pres-
ence of increasing metal ion amount (drug: Y(III)=2:1 and 1 : 1) induced by paramagnetic
metal center and quadrupole effects might be an indication of a strong binding of drug to
metal [97]. At the same time, by increasing concentrations of Y(III) ion, the intensity of car-
boxylic proton decreases and this signal completely disappears at drug: Y(III)=2:1 ratio
[98]. Similar changes are observed for C-15 methyl group, while the signals of other pro-
tons of coordinated LVFX are shifted to lower field. The obtained results suggest that keto
and deprotonated carboxylate oxygen are identified as the metal ion binding site in LVFX
complex.

The same coordination mode was observed after analysis of "H-NMR spectra of yttrium
complexes with LVFX in D,O. A subsequent addition of Y(III) ions to the solution of pure
LVFX in D,O leads to pH lowering but no new signals, except slight chemical shift to
higher ¢ values, were detected (figure S4). However, after pH adjustment at 8.5, new signals
for 5-H and 2-H protons as well as protons of two methyl groups appeared. At lower drug :
Y(IIT) ratios, these signals broadened and finally coalesced into broad singlets at drug:Y
(Il)=3:1 ratio (figure S5). It can be concluded that coordination of LVFX with yttrium
ion in D,O is very dependent on applied pH.

3C-NMR spectra give less information on complexation than 'H-NMR spectra. The
signal assigned to keto carbonyl carbon at 176.5 ppm split into a complex multiplet in
DMSO-dg¢ after addition of Y(III) ions, whereas the same signal in D,O does not undergo
significant changes in multiplicity and chemical shift.

Similar behavior is observed for complexation of CPFX to yttrium ion in DMSO-dg.
When Y(III) was added (drug:Y(II)=3:1), the 'H-NMR spectrum of CPFX displayed
additional signals for H-2, H-5, and H-8 protons. At ratio of drug: Y(III)=1: 1, the signals
due to free drug decreased in intensity and new peaks for these protons were dominant in
the "H-NMR spectrum, indicating the binding of drug to metal ion (figure S3). At the same
time, the carboxylic proton completely disappeared at drug:metal ion=1:1 ratio,
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confirming the coordinated drug through carboxylate oxygen. The new signals were also
detected for cyclopropane ring protons after complexation, while piperazine protons are far
away from coordination center and their signals in '"H-NMR spectrum underwent signifi-
cantly smaller changes in comparison with free ligand.

3.5. ESI-MS measurements

To further confirm the speciation derived from potentiometric and fluorescence measure-
ments ESI-MS measurements were made on fluoroquinolone-metal ion solutions. The
binary metal-fluoroquinolone systems were studied to verify the speciation picture obtained
by potentiometry. Some typical ESI-MS spectra for two metal-ligand systems are given in
figures S6-10. The spectra were selected as representative examples of the complexity of
the signals obtained. The multitude of signals corresponding to clusters of various composi-
tions includes fluoroquinolones, protons, sodium and hydroxide ions. It was possible to
characterize some potentiometrically species relative to FQ protonation and metal-FQ com-
plexation. Table 5 reports the most salient m/z values corresponding to positively charged
species formed in metal-FQ solutions. Molecular mass, isotopic distributions, and (in same
cases) MS/MS spectra allowed unambiguous peak assignments. Experimental conditions
are listed in the caption of table 5.

The extent of ESI-induced in-source fragmentation is not pronounced due to low voltages
applied to extraction electrode. The fragmentation probably proceeds by collisional activa-
tion of M(FQ)H and M(FQ)H, ions. The fragments form mostly due to the loss of neutral
molecules CO,, NH;, HF sometimes followed by addition of one or two molecules of
water. Addition of water is a result of the presence of trace levels of water molecules in ion
trap. The CO, molecules originate from coordinated COOH functional group. Loss of HF
and NHj; results in destruction of quinolone core, but coordination of metal ion may remain
preserved due to distant coordination sites relative to fragmented bond.

The ESI-MS analysis confirms the results obtained by equilibrium techniques because the
same Al(IIl), Gd(III), and Y(III) complexes (ML, ML,, ML;) were detected in the gas
phase (ESI-MS is not able to discriminate differently protonated species). Several
fragmentations of adduct products were observed as usual for these systems.

3.6. Evaluation of plasma mobilizing capacity

The normal blood plasma model used in simulation was described in our earlier articles
[45, 52]. The bio-speciation of Al, Gd, and Y ions in the presence of fluoroquinolone in
blood plasma was modeled using the HySS2009 program. To this model, stability constants
of typical essential metal ions present in plasma with FQs are added. A complete list of
complexes of components in blood plasma database and constants was described in detail
in our previous work [52].

The ability of FQs to compete with plasma metal ions and with other low molecular
weight ligands can be assessed in terms of the PMI proposed by May et al. [61]. This index
can be used to define mobilization power of FQs to the metal ions in blood plasma. The
PMI of a particular metal ion is defined as the ratio of the total concentration of low
molecular mass (LMM)-metal species in the presence and absence of the exogenous ligand
in blood plasma:
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Table 5. Experimental positive mass measurements in ESI-MS analysis of Al(III), Gd(IIT), and Y(III)-fluoro-
quinolone solution at pH 5.5. (Ca; = Cga = Cy = 1.0 X 107° M, Cgq = 3.0 x 107> M).

Experimental (m/z) Identified species/ions Corresponding species in solution
Y-MOX [Y(MOX),] (r=1-3)
646.1 [Y(HMOX),(MOX)]*"
855.8 [Y(MOX),~2NH;]"
889.8 [Y(MOX),]"
907.8 [Y(MOX), +H,01"
1290.2 [Y(MOX),]"
Y-CPFX [Y(CPFX)s]
996.9 [Y(CPFX);—2HF-C,H,~NH;]"
1011.9 [Y(CPFX);—2HF-C,H,]"
1018.9 [Y(CPFX);-CO,-NH;]"
1051.9 [Y(CPFX);Na—3NH;]"
1059.9 [Y(CPFX);Na—CO,]"
1065.9 [Y(CPFX);Na—HF-NH;]"
1079.9 [Y(CPFX)s]*
1102.9 [Y(CPFX);Na]*
Y-LVFX [Y(LVEX)] (r=1-3)
143.8 [Y(HLVFX)-H,01*"
227.6 [Y(LVFX)-3H,0-CO-HF]*
388.3 [Y(LVEX)(HLFX)-2NH;]**
4323 [Y(LVEX)(HLVFX)-3H,01*"
792.6 [Y(LVFX),~NH;]"
1102.0 [Y(LVFX);Na—3NH;—2HF]"
1190.0 [Y(HLVFX)(LVFX),-2H,0-NH;]*
Gd-MOX [GAMOX),] (r=1-3)
278.8 [GAMOX)*
453.1 [GdMOX)(HMOX)-CH,~NH;-HF**
470.6 [GAMOX)(HMOX)-H,01**
680.3 [GA(MOX)(HMOX),]**
941.1 [Gd(MOX),-NH;]**
Gd-CPFX [GA(CPFX),] (r=1-3)
389.5 [Gd(HCPFX)(CPFX)-2HF**
401.5 Gd(HCPFX)(CPFX)-CH,4]*

[

558.6 [GA(HCPFX),(CPFX)-2NH;**
763.9 [Gd(CPFX),~HF-2NH;]"
797.9 [Gd(CPFX),-HF]"

833.9 [Gd(CPFX), + 2H,O-HF]*
1007.3 [Gd(CPFX)3;-2C0,—2H,0-NH;]"
1042 [Gd(CPFX)3;-2CO,-NH;]"

1104.3 [GA(CPFX); —CO,]"

1138.3 [GA(CPFX);-H,0—-C,H,]"

1166.3 [Gd(CPFX); + H,0]"

PMI — Total concentration of LMM — metal species in the presence of drug

Total concentration of LMM — metal species in normal plasma

This is a useful tool to carry out preliminary in vitro assessment of mobilizing influence of
chelating agents using computer modeling based on the thermodynamic data for the equilib-
ria occurring in blood plasma.

In our earlier simulation studies, we found that the influence of FQs on speciation of Cu
(II), Ni(Il), and Zn(II) is non-significant at normal concentration levels of these ligands in
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Figure 6. The effect of fluoroquinolone ligands on plasma mobilization of (a) aluminum, (b) gadolinium, and (c)
yttrium.

blood plasma [45]. Literature data indicate that AI(IIT), Y(III), and Gd(IIl) readily form
complexes with fluoroquinolones of medium-to-high stability. Thus, it may be expected that
fluoroquinolones can affect the complicated equilibrium system: blood proteins-metal ion-
LMM species in plasma in which aforementioned trace metals are involved. By competing
with plasma ligands, fluoroquinolones may lower the free metal ion concentration to the
extent which could cause dissociation of labile metal-protein complex leading to increase
in the percentage of LMM complexes. Depending on charge of the complexes they may be
either excreted or deposited in tissues. The effect of fluoroquinolones on bio-distribution of
particular LMM species of nonessential trace metal ions was not studied so far.
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The PMI curves of aluminum ion with studied FQs are shown in figure 6(a). Mobiliza-
tion of aluminum ion by FQs does not occur at ligand concentration lower than
5 x 1077 M. Results obtained from HySS2009 calculation indicate that FQs below the con-
centration of 107® M are dominantly bound into the calcium and magnesium complexes.
Aluminum ion is mainly bound to the mixed ternary phosphate-citrate complex (about
65%) [52]. At higher concentration of FQs, the AI(LVFX)H_; and AI(LVFX) complexes
are formed. From figure 6(a), it can be seen that mobilization of Al ions is most significant
with LVFX while other FQs show the order LVFX >>MOX ~ FLX > CPFX > OFX.

Aluminum ion is not appreciably bound to serum proteins except transferrin. However,
the aluminum-transferrin complex is so strong (log K; = 12.9, log K, = 12.3 [99]) that it is
not possible that FQs can extract AI(IIl) from the Al(II)-transferrin complex. Expansion of
PMI occurs at expense of Al(II) mobilization from tissue deposits. Particularly, AI(III) is
deposited in kidneys lysosomes, Golgi apparatus, and mitochondria. FQs site of action are
kidneys so that they, at higher concentration, could mobilize AI(IIT) deposits from kidney
cells. The formed AI(IIT)-FQ complexes at pH7 are charged so that their excretion via the
kidney route may be facilitated.

Mobilization of gadolinium and yttrium ions by FQs is shown in figure 6(b) and (c). The
similarity in their PMI curves implies that both gadolinium and yttrium are mobilized by
FQ ligands at similar degree in human blood plasma. At FQs concentration range from
1x107" to 1 x 107 M no significant changes in relative percentage of Gd-LMM and Y-
LMM species are observed. In the presence of MOX, the concentration of major Gd-LMM
species increases at ligand concentration > 10~* M, while CPFX shows similar effect on
yttrium. Thus, these ligands at normal serum concentrations do not disturb significantly the
bio-speciation of Gd(III) and Y(III) ions in blood plasma. The effects of OFX and LVFX
do not differ appreciably. Relatively slow rise of PMI curves indicates that the mobilization
of Gd(IIT) and Y(III) ions is a result of the extraction of these ions from their albumin com-
plexes (Gd-HSA: log K; = 6.4 [100]). Complexes with transferrin are of similar stability
(Gd-Tf: log K; = 6.8 [101]), so that metal sequestration with FQs is also probable.

Levofloxacin is very poor at mobilizing Gd(III) and Y(III) in blood plasma and mobilizes
AI(III) ion significantly better (figure S11). Similar trend was observed for other quinolones.
These ligands preferentially bind to Cu(Il), Zn(II), and Fe(II) due to high stability of the
complexes and much higher concentrations of essential bivalent ions in plasma than triva-
lent Gd(IIT) and Y(IIT). This means that they could easily displace Gd(IIT) and Y(IIT) from
their complexes.

4. Conclusion

Trivalent metal ions and fluoroquinolones form in vitro, in aqueous solution, an array of
complexes of which M(HL); is predominant at physiological pH (CL/Cy 2 3). At millimo-
lar level of concentration, only mononuclear complexes are formed with protonated ones
being dominant at pH < 5. Neutral complexes are formed at higher pH values by at least
two mechanisms: (a) dissociation of protons and (b) metal ion reaction with zwitterionic
forms of fluoroquinolones. ESI-MS data are in fair agreement with the speciation in solu-
tion. NMR spectra confirm the structure of complexes with 4-carbonyl and 3-carboxylate
oxygens as donors. Stability of complexes is mainly dependent on metal properties and less
on fluoroquinolone identity. Stabilities of complexes derived from fluorescence data
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favorably compare with those from potentiometric titrations. Obtained values of equilibrium
constants indicate possible mobilization capacity of the ligands toward the studied metal
ions. In the case of aluminum ion, the highest mobilization effect showed LVFX even at
normal administered dose (10~° M) leads to increase in Al-LMM species relative percent-
age for 35%. The dominant species Al(PO,4)Cit increases 15%. Other FQs have similar
effect at concentration > 107> M. Mobilization of gadolinium and yttrium ions by FQs
occurs at ligand concentration > 10~ M. Moxifloxacin mostly influences gadolinium ion,
leading to Gd-LMM species increase in 45% at ligand concentration of 10~* M. Effect of
CPFX is similar to the other FQs on mobilization of yttrium ion from blood plasma pool
but only at 10-fold to 100-fold higher concentration than the normal serum concentration of
these antibiotics.
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