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Abstract
The complex formation equilibria between gadolinium(III) ion and moxifloxacin (MOXI) were studied in aqueous so-
lutions. The investigations were performed by glass electrode potentiometric (ionic medium: 0.1 mol dm–3 LiCl, 298 K)
and UV spectrophotometric measurements. In the concentration range 0.5 ≤ [Gd3+] ≤ 1.0; 1.0 ≤ [MOXI] ≤ 2.0 mmol
dm–3 ([MOXI]/[Gd] = 1 : 1 to 5 : 1) and pH between 2.5 and 9.0, gadolinium(III) and moxifloxacin form the complexes
of the composition: Gd(HMOXI)3+, Gd(HMOXI)2

3+, Gd(HMOXI)3
3+, Gd(HMOXI)2MOXI2+, Gd(HMOXI)(MOXI)2

+,
Gd(MOXI)3. The stability constants of the complexes were calculated with the aid of Hyperquad2006 suite of programs,
taking into account the hydrolysis of Gd3+ ion and protonation of moxifloxacin anion. The possible structure of the com-
plexes, in solution, and their formation mechanism is suggested. The effect of moxifloxacin, and for comparison purpo-
se, DTPA on gadolinium(III) plasma speciation was evaluated by computer simulation.
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1. Introduction
Quinolones are synthetic antibacterial agents widely

used in clinical practice for urinary and respiratory infec-
tion treatments.1 Moxifloxacin (MOXI) (1-cyclopropyl-7-
[2,8-diazobicyclo(4.3.0)nonane]-6-fluoro-8-methoxy-1,4-
dihydro-4-oxo-3-quinolone carboxylic acid) (Fig. 1) is a

new 8-methoxyquinolone derivate of fluoroquinolones
with enhanced activity against Gram-positive bacteria
while preserving high activity against Gram-negative bac-
teria.2

Fluoroquinolones suppress cell growth by inhibiting
activity of bacterial DNA gyrase, an essential bacterial
enzyme that maintains superhelical twists in DNA.3 Some
evidence suggests that these drugs interact directly with
DNA, blocking the activity of DNA-gyrase repair enzy-
mes.4

Recent studies indicate an important role of metal
ions in the mechanism of action of these drugs.5 In the
first place, the activity of quinolones is reduced in the
presence of certain metal ions by the formation of spa-
ringly soluble metal complexes.6 On the other hand, it
was proposed that metal ions (especially magnesium)
are involved in the mechanism of action of theseFig. 1. Structure of moxifloxacin
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drugs.7–10 Structural studies have also been performed on
magnesium – norfloxacin11, magnesium – ciprofloxa-
cin12–15 and magnesium – ofloxacin and levofloxacin
complexes.16 Metal ions may change the bio-availability
of quinolones by changing their solubility or their lipop-
hilicity. The metal complexes of quinolones may have
new biological properties in terms of altered minimal in-
hibitory concentration, antibacterial spectrum, etc.17 Re-
cently, three novel gadolinium complexes of fluoroqui-
nolone, Gd(L)3 · 6H2O {L = Norfloxacin (NFLX), Oflo-
xacin (OFLX) and Ciprofloxacin (CPLX), respectively},
have been synthesized and inhibitory effect of the li-
gands and complexes on leukemia HL-60 cell line has
been measured by using MTT (Methyl-Thiazol-Tetrozo-
lium) assay method and liver cancer BEL-7402 cell line
measured by SRB (Sulphurhodamin B) method.18 The
results indicate that the complex Gd(OFLX)3 · 6H2O has
strong inhibitory effect on BEL-7402 cell line and
Gd(CPLX)3 · 6H2O has strong inhibitory effect on 
HL-60 and BEL-7402 cell lines.

Gadolinium based chelates are widely used as mag-
netic resonance, or CT scan imaging agents.19,20 These
chelates may interact with quinolones upon concomitant
intake (patients already on antibacterial therapy) or relea-
se free gadolinium ion in plasma which may interact with
plasma or other ligands (ie. drugs). On the other hand qui-
nolone chelates of gadolinium may be candidates for ima-
ging agents.

Therefore, the aim of the present paper is to quanti-
tatively examine the equilibria in moxifloxacin solution in
the presence of gadolinium ion to gain better understan-
ding of the identity, stability and speciation in gadolinium
and fluoroquinolone family member, moxifloxacin, aque-
ous solutions. The speciation model derived from such
fundamental study should help in pharmacokinetic studies
of quinolones in the presence Gd-containing agents and
also in the study of toxic effects of Gd-ion upon concomi-
tant intake of Gd-containing compounds and fluoroquino-
lones.

In this work we studied the complex formation bet-
ween gadolinium(III) ion and moxifloxacin by using po-
tentiometric and UV spectrophotometric measurements.

2. Experimental
2. 1. Reagents and Analysis

All reagents were of analytical grade purity and
were used without further purification. Doubly distilled
water was used for preparation of all solutions. Calibra-
ted class A volumetric glassware (relative error in volu-
me measurements less than 1%) was used for analytical
work. All mass measurements were made on an electro-
nic balance Ohaus model DV215CD (precision: ± 0.01
mg). The stock solution of gadolinium(III) chloride was
prepared by dissolving Gd2O3, (p.a., Merck) in HCl

(“Suprapure”, Merck) and standardized by complexome-
tric titrations using EDTA. The appropriate amount of
HCl was added into a stock solution to avoid initial
hydrolysis of Gd3+ ion. The excess HCl concentration in
the gadolinium chloride stock solution was determined
potentiometrically using Gran’s method, ie., by plotting
(V0 + Vb) · 10E/Q against Vb · V0 is initial volume of the ti-
trated solution, Vb is a volume of added strong base 
(NaOH), E is a measured emf of the cell and Q is a slope
of the glass electrode response. A straight line so obtai-
ned, intersects Vb axis at point which is equal to Ve (equi-
valence volume). The concentration of gadolinium stock
solution was 0.0275 mol/dm3 and HCl, 0.0472 mol dm–3

with relative uncertainty better than 1%, as calculated by
error propagation formulae. The constancy of the total
proton concentration in GdCl3 solution with time was
considered as a criterion for the absence of initial Gd3+

hydrolysis and was periodically checked by titration
against standard NaOH before each series of measure-
ments.

Moxifloxacin hydrochloride, (declared purity >
99%), yellow powder, Mr = 437.9, was obtained from Ba-
yerPharma AG (Germany). The standard solution of mo-
xifloxacin (5.35 mmol dm–3) was prepared by direct weig-
hing of the standard substance. The standard solution of
HCl was added and its concentration was determined by
Gran’s method as 6.35 mmol dm–3.

A sodium hydroxide solution was prepared from
concentrated volumetric solutions (p.a., Merck, FRG), of
nominal concentration 1 mol dm–3 (maximum declared er-
ror less than 2%) by dilution 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. The
prepared titrant had a concentration 0.100 mol dm–3.

A hydrochloric acid solution was made from HCl,
(“Suprapure”, Merck) and standardized against tris-
(hydroxymethyl)aminomethane. The final concentration
was 0.104 mol dm–3.

A lithium chloride solution was prepared from LiCl,
(p.a., Merck), by dissolving the re-crystallized salt in twi-
ce-deionized water. The concentration of this solution was
determined by evaporation of a known volume of solution
to dryness at 423 K and weighing the residue.

Nitrogen gas, used for stirring solutions and provi-
ding an inert atmosphere during the titrations, was puri-
fied by passing it through 10% NaOH then 10% H2SO4,
alkaline solution of pyrogallol, 0.1 mol dm–3 solution of
KCl and finally distilled water.

2. 2. Apparatus and Procedure

Potentiometric titrations were carried out in a doub-
le-walled glass vessel, thermostatted at 298 K. Measure-
ments were made on a Tacussel Isis 20000 pH meter (pre-
cision ± 0.1 mV or ± 0.002 pH units) equipped with a Ra-
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diometer combined electrode. A Metrohm Dosimat model
665 automatic burette with anti-diffusion tip, was used for
delivery of the titrant. The nominal volume of the burette
was 5.00 mL. The burette was calibrated in three points.
Thus the calculated error in volume was less than ± 10 µL
and declared resolution was ± 5 µL. The ionic strength of
all test solutions was adjusted to 0.1 mol dm–3 with lit-
hium chloride. All measurements were performed under a
nitrogen atmosphere.

To reduce the concentration of the hydrogen ion,
the alkali was added stepwise from an autoburette in
small aliquots (0.005–0.01 cm3). The potential was moni-
tored after each addition of titrant. The titration protocol
was chosen in such a way that the hydrolysis and comple-
xation reactions would proceed in the conditions as close
to true equilibrium as possible.21 Usually stable potential
readings were obtained in 3–5 min after addition of the ti-
trant at the beginning of the titration (pH < 3) and in 5–10
min at pH values higher than 3. Potential of the glass
electrode is given by the expression: E = E0 + Q log h +
Ej where h is the concentration of free proton, E0 is a con-
stant which include standard potential of the glass elec-
trode, Q is the slope of the glass electrode response and
Ej is liquid junction potential. The parameters, E0, Q and
Ej were determined by strong acid – strong base titration
to check the system suitability. During the titrations of
the test solutions the E0 was determined using the data in
the acidic region where no hydrolysis or complexation ta-
kes place (so that h is equal to the analytical concentra-
tion of proton), by plotting E – Q log h against h and ex-
trapolating the straight line so obtained to h = 0. The free
proton concentration was then calculated through the
equation: log h = (E – E0 – Ej)/Q which was applied to the
whole titration curve. All titrations were carried in dupli-
cate. The agreement between duplicate titration was bet-
ter than 1%. The water autoprotolysis constant was taken
as pKw = 13.78 ± 0.02.

Spectral measurements were made on double beam
UV–Vis spectrophotometer model Lambda 35 (Perkin
Elmer, U.S.A.). Operational parameters were: scan
speed, 2 nm/s, slit width, 0.3 nm, photometric sensitivity,
0.2 abs. units. Matching pair of 1 cm quartz cuvettes was
used for measuring the spectra. Spectral measurements
were made on solutions in which the concentration of ga-
dolinium and moxifloxacin were constant (CGd = 0.072,
0.033 and 0.017 mmol dm–3, CMOXI = 0.051 and 0.035
mmol dm–3) while pH was varied between 3.0 and 9.0 (10
solutions). The pH of the test solutions was measured
with glass-calomel electrode couple, which was calibra-
ted as a hydrogen concentration probe according to pro-
cedure of Irving et al.22 The pH of each test solution was
checked daily, during one week. The stable values, within
0.01 pH and 0.004 absorbance units, were attained after 1
h and remained stable during couple of days. Spectra of
the test solutions were recorded in 250–450 nm wave-
length interval.

2. 3. Data Treatment
The species formed in the studied systems were cha-

racterized by the general equilibrium:

p Gd + q H + r MOXI = GdpHq(MOXI)r (1)

and the corresponding constants are given by:

formula
(2)

where MOXI is the deprotonated molecule of the ligand.
Fully protonated moxifloxacin is denoted as H2MOXI+.

In this study, the convention has been adopted whe-
reby a complex containing a metal ion, M, proton, H and
ligand L, takes the general formula MpHqLr, where p, q and
r are the stoichiometric indices of the components in the
complex. A negative values for q refers to proton removal
or hydoxide ion addition during formation of the complex.
Thermodynamically these two processes are equivalent
and cannot be distinguished potentiometrically. The equili-
brium constant for the formation of this complex from its
components is then designated by the symbol βp,q,r. For
convenience the species MpHqLr is denoted by the three
stoichiometric coefficients (p,q,r) given in the order M, H,
L. For simplicity, the charges of these species are omitted.

Three kinds of equilibria should be considered in the
present study: (a) protonation of moxifloxacin anion; (b)
hydrolysis of Gd3+ ion; and (c) general three component
equilibria, which include the case q = 0, i.e. the formation
of pure binary complexes of Gd3+. The overall protonation
constants of moxifloxacin anion and stability constants of
hydrolytic complexes of Gd3+ ion were determined in se-
parate experiments. Thus, in evaluation of three compo-
nent equilibria (c), the binary models (a) and (b) were
considered as known. The concentration stability con-
stants of the complexes, βp,q,r were calculated with the aid
of the suite of computer programs Hyperquad2006.23 In
Hyperquad calculations the identity and stability of com-
plexes which give the best fit to the experimental data, we-
re determined by minimizing the objective function, U:

Formula (3)

where wni represents a statistical weight assigned to ith re-
sidual at nth point of titration curve, and Yni

o and Yni
c refer

to observed and calculated either potential or absorbance
(o = observed, c = calculated) assuming the specific mo-
del and trial constants, respectively. N is the total number
of experimental points. Quality of the fit was judged by
usual statistical parameters. The weight wni defined as re-
ciprocal of the variance in the residual Yni

o– Yni
c is calcula-

ted using an error propagation formula:

Formula
(4)
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where the summation extends over all parameters, k, for
which errors, σk, are specified and include titrant volume
error (± 2 µL), error in emf readings (± 0.2 mV) and error
in absorbance readings (± 0.002 abs units). The standard
deviations of the parameters being refined are calculated
using the formula:

formula
(5)

where Gii is inverted Hessian used in the Gauss Newton
procedure to minimize U. The standard deviations in resi-
duals, s, was calculated as:

formula (6)

where e is a vector in residuals either potential or absor-
bance. Acceptance of the model assumed minimum value
of U, random distribution of residuals, standard deviation
of parameters (stability constants) less than 30% of the
parameter value, standard deviation in residuals less than
3.0 and Pearson’s test less than 12.6.

The spectrophotometric data were evaluated with
the aid of the program pHAb200624 (which also belongs
to Hyperquad family but possesses some additional and
improved features) and the program Hyperquad which is
capable to treat spectral data. Potentiometric and spectro-
metric data were made consistent by concomitantly eva-
luating both kind of data with the aid of Hyperquad 2006
suite of programs using the best model obtained in separa-
te treatment.

3. Results and Discussion

In order to study speciation in three-component sys-
tem Gd3+ – H+ (or OH–) – moxifloxacin, it is necessary
first to characterize the binary equilibria, i.e. hydrolysis of
gadolinium(III) ion and protonation of moxifloxacin an-
ion, under exactly the same experimental conditions as for
complexation study.

3. 1. Hydrolysis of Gadolinium(III) Iion

The emf data of the hydrolysis of 1.0–5.0 mmol
dm–3 Gd3+ ion in a 0.1 mol dm–3 LiCl medium are presen-
ted in Fig. 2 as the dependence of the hydroxide number
of Gd3+ on the free hydrogen ion concentration, –lpg h
(pH). The hydroxide number ZGd denotes an average num-
ber of hydroxide ions reacted per Gd3+ ion and was calcu-
lated from the analytical concentration of hydrogen ions,
H+, the measured free hydrogen ion concentration, h, and
the total concentration of the Gd3+ ion, CGd, according to
expression:

formula (7)

Fig. 2 shows that in LiCl medium the hydrolytic cur-
ves are superimposed for the different total gadolinium
concentrations thus indicating the formation of mononuc-
lear complexes. The maximum value of the hydroxide num-
ber reached before the precipitation occured, was between
0.08 and 0.42 depended on gadolinium concentration. The
onset of precipitation was indicated by unstable potential
readings, steep rise of formation curve and visually, as ap-
pearance of slight opacity of solution. At each total concen-
tration of the Gd3+ ions, hydrolysis started at about pH 5.

The stability and composition of the complexes for-
med were determined on the basis of the assumption that
the Gd3+ ion interacts with water molecules and forms one
or more hydrolytic complexes of the general formula
Gdp(OH)q

(3p–q)+ according to reaction:

pGd3+ + qH2O = Gdp(OH)q
(3p–q)+ + qH+ (8)

where the amount of H+ produced is equivalent to the
quantity of hydroxide ions bound to the Gd3+ ion. The
overall formation constants, βp,q can be defined as:

βp,q = Cp,q [Gd3+]–p [H+]+q (9)

where Cp,q denotes the equilibrium concentration of the
(p,q) complex and [Gd3+] is the free concentration of Gd3+

ion. The general formula Gdp(OH)q
(3p–q)+ is also under-

stood to include an unknown amount of H2O as solvent
and possibly some anions of the medium.

In reaction (8), the hydration of individual ions and
complex formation of the Gd3+ ion with chloride ions are
omitted. The concentration of both chloride ions and wa-
ter molecules is much higher than the concentration of the
Gd3+ ion; therefore, it is not possible to determine the
changes in concentration of the chloride ions and water
molecules. In order to avoid the complex formation effect,
the concentration of the medium anion was kept constant
(0.1 mol dm–3) and much higher than that of the Gd3+ ion.
Also, since changes in the mean activity coefficients of

Fig. 2. Hydrolysis of Gd3+ ion in a 0.1 mol dm–3 LiCl medium, at
298 K, where mM denotes mmol dm–3. Points are experimental da-
ta, while the line has been calculated from the composition and sta-
bility of the complexes.
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the (p,q) pairs and βp,q values can not be simultaneously
determined, the constant ionic medium approach25 was
used to keep mean activity coefficients constant.

The composition of the hydrolytic complexes and
their stability constants were determined with the aid of
program Hyperquad2006.The calculation indicates the for-
mation of only mononuclear complex Gd(OH)2+ in the pH
range 5.0 to 7.5. The calculated value of the stability con-
stant (–log β1,–1) for the complex Gd(OH)2+ is 7.96 ± 0.01.
This result compares well with literature data (Table 1).

is shown in Fig. 3. Distribution of gadolinium has been
calculated by the program Hyss2006.30 The formation of
the complex Gd(OH)2+ started at pH 5.7, and with increa-
sing pH, the concentration of this complex increases. The
highest concentration of this complex is at pH 7.0. Further
increase in pH leads to onset of insoluble Gd(OH)3 whose
concentration sharply increases upon increasing pH. We
did not detect the formation of any polynuclear hydrolytic
species, though scarce literature data indicate the forma-
tion of (2,-2) and (3,-4) species.

Fig. 3. The distribution of Gd3+ hydrolytic species in 0.1 mol dm–3

LiCl ionic medium at 298 K. CGd = 1.00 mmol dm–3 .

Table 1. Review of mononuclear hydrolytic species of gadolinium(III) ion in aqueous solutions at 298 K
and various ionic media.

Species -log ββp,q Ionic medium Reference
(1,-1) 7.87 ± 0.03 Nitrate, 0.5 M 26

8.20 ± 0.01 Perchlorate, 3 M 27
7.3 ± 0.3 Perchlorate, 1 M 28

7.83 ± 0.05 Perchlorate, 0 29
7.96 ± 0.01 Chloride, 0.1 M this work

(1,-2) 13.04 ± 0.03 Nitrate, 0.5 M 26
14.6 ± 0.5 Perchlorate, 1M 28

(1,-3), solid, log Ksp 19.32 ± 0.03 Nitrate, 0.5 M 26
17.0 ± 0.5 Perchlorate, 1M 28
17.9 ± 0.1 Chloride, 0.1 M this work

Note. The equilibrium concentrations of Gd3+, [Gd3+], were calculated from CGd = [Gd3+] + β1,–1 [Gd3+] ·
[H+]–1.

Table 2. Calculated values of the solubility product of Gd(OH)3(s), KspGd(OH)3

C(Gd3+), mM –log hp p[Gd3+] p[OH] KspGd(OH)3

1.00 7.00 3.04 6.78 17.96
2.50 6.85 2.63 6.93 17.92
5.00 6.70 2.32 7.08 17.78

The formation of insoluble Gd-hydroxide was esti-
mated from experimental titration curves of acidified so-
lutions of gadolinium(III) chloride with sodium hydroxi-
de. When pH ∼ 7.5–9 was reached further addition of al-
kali was stopped since the excess of alkali was not con-
nected with gadolinium hydrolysis. The titration curves
were plotted as the dependence of pH on the titration pa-
rameter (amount of strong base added per mole of Gd3+).
The point of inflexion of pH-metric curve corresponds to
the start of formation of hydroxide precipitate. For each
total concentration of Gd3+ ion the beginning of precipita-
tion was determined (–log hp). Assuming the formation of
Gd(OH)3(s) only, the solubility product Ksp = [Gd3+] ·
[H+]–3 was calculated from the known free concentration
of Gd3+. The results are given in Table 2.

Thus, calculated average value of solubility product
of Gd(OH)3 is log Ksp = 17.9 ± 0.1. The distribution dia-
gram of the hydrolytic complexes of gadolinium(III) ion
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3. 2. Protonation of Moxifloxacin Anion

Protonation constants, βn, of the moxifloxacin an-
ion, defined according to the equilibrium:

nH+ + MOXI– = HnMOXI; βn (n = 1, 2) (10)

were determined by glass electrode potentiometric titra-
tions in 0.10 mol dm–3 LiCl medium at 298.15 K. Three ti-
trations were carried out with 0.25, 0.50 and 1.10 mmol
dm–3 total fluoroquinolone concentrations, in the pH ran-
ge between 3.0 and 10.2. Spectrophotometric measure-
ments were made on solutions in which the concentration
of moxifloxacin was the same (0.05 mmol dm–3) while the
pH values were varied between 4.0 and 9.4 (15 solutions
were used). The calculated values of protonation con-
stants are given in Table 3. Agreement between potentio-
metrically and spectrophotometrically obtained values
was better than 1%. The obtained values are in the range
with previously reported data.31

pendence of pH on the titration parameter. The titration
parameter, a, was calculated through the formula

formula
(11)

where V0 and L are the initial volume and concentration of
moxifloxacin in the titrated solution. Negative values of a
represent the titration of excess of strong acid (HCl). Titra-
tion curves of moxifloxacin in the presence of gadolinium
ion (Fig. 4) are shifted to the right compared to moxifloxa-
cin alone thus indicating strong complex formation in the
system. Since the titration curves of moxifloxacin alone
and Gd3+ + moxifloxacin do not coincide at low pH values
it may be inferred that complexation reaction proceeds even
at pH values lower than ca. 3. Coincidence of the titration
curves of Gd3+ + moxifloxacin with different ligand to me-
tal concentration ratios in the pH region around 3 indicates
the formation of the 1 : 1 complexes. The titration curve of
moxifloxacin alone shows two well separated jumps indi-
cating the titration of two protons from the ligand. In the
presence of gadolinium ion these protons are titrated at lo-
wer pH values and appearance of two buffer regions on the
titration curves points to formation of the complexes with
ligand to metal ratio higher than 1 : 1. Thus the formation of
complexes with the stoichiometry L/M = 1 : 1; 2 : 1 and 3 :
1 as well as mixed complexes may be expected.

To find the model that gives the best fit to the expe-
rimental data, various complexes and combinations the-
reof were included in Hyperquad2006 calculations up to
ligand to metal mole ratio 4:1. During the calculations, the
analytical parameters (total metal, ligand and proton con-
centration) were held constant. The pure hydrolytic com-
plexes and protonated moxifloxacin species were not refi-
ned during the calculations. Different strategies were em-
ployed in the refinement operations: (i) fixing selected
constants to simplify the optimization procedure, (ii) re-
ducing the number of experimental points included in cal-
culations, (iii) “piecewise” fitting of the experimental da-
ta. Initially, each titration was treated separately. All the
complexes found in this way were included as the starting
model for subsequent calculations.

The GdHMOXI and Gd(HMOXI)2 complexes were
found at all titrations and concentration ratios. The scatter
of the values of their stability constants is within the expe-
rimental errors. The complexes Gd(HMOXI)(MOXI) and
Gd(MOXI)2 were found at a MOXI:Gd concentration ra-
tio of 2 : 1 and 1 : 1. At the higher concentration ratios (as
L/M = 3 : 1 and 5 : 1) a significant improvement of the fit
was achieved with the introduction of the complexes
(1,3,3), (1,2,3), (1,1,3) and (1,0,3). Mixed hydrolytic com-
plexes are not important even at higher pH values. The
complexes with a stoichiometry L/M ≥ 4 were not found.

The preliminary set of complexes obtained in sepa-
rate calculations is given in Table 4. Statistical parameters
which determine the quality of fit are also given.

Table 3. Potentiometrically and spectrophotometrically determined
protonation constants of moxifloxacin (MOXI) defined as:

K1 = [HMOXI]/[H][MOXI], K2 = [H2 MOXI]/[HMOXI][H]

Potentiometric Spectrophotometric
log K1 9.34 ± 0.01 9.30 ± 0.02
log K2 6.33 ± 0.01 6.27 ± 0.05

3. 3. Complex Formation of Gd3+

with Moxifloxacin

Potentiometric Measurements The experimental
data obtained by emf measurements in 0.1 mol dm–3 LiCl
medium at 298 K are shown in Fig. 4.

In order to derive the speciation model for each stu-
died system the experimental data were plotted as the de-

Fig. 4. Potentiometric titration of Gd3+ – moxifloxacin solutions
with standard NaOH in 0.1 mol dm–3 LiCl ionic medium at 298 K.
Full lines denote calculated curves. The concentration in mmol
dm–3 is denoted as mM.
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The calculated errors (σ) in stability constants ref-
lect the fitting error (due to model) and experimental er-
rors in titrant volume and potential or absorbance rea-
dings. Systematic errors on analytical concentrations
could not be taken into account; they are rather assumed
to be absent. Careful preparation of working solutions,
and agreement between replicate titrations ensures the ab-
sence of systematic errors thus, it may be assumed that the
magnitude of relative errors on concentrations is far less
than the errors arising from the choice of model, regres-
sion and instrumental errors. It can thus be assumed that
uncertainty on stability constants is well represented by
calculated standard deviation.

Spectrophotometric Measurements Spectral mea-
surements were performed on Gd3+ – moxifloxacin solu-
tions in which the concentration of both, gadolinium ion
and moxifloxacin was kept constant while pH was varied
by the addition of the standard HCl or NaOH, as appro-
priate. All UV/Vis spectra show evidence of an intensive
band centered at 290 nm and another lower energy broad
band appears between 330 and 380. This band shows two
well resolved maxima at 340 and 370 nm (Fig. 5).

The high energy band is mainly due to the π → π*
transition in the aromatic ring. The longest wavelength
maximum is due to an n → π* (HOMO–LUMO) electro-
nic transition32 and consists of two sub-peaks which are

caused by an equilibrium of the moxifloxacin forming an
intermolecular hydrogen bond with the solvent molecule
water and moxifloxacin forming an intramolecular hydro-
gen bond of the 4-keto and the 3-carboxylic acid
group.33–35

Upon increasing the pH from ca. 3 to 8 higher ener-
gy band shows significant changes in position and maxi-
mum intensity (hypsochromic shift). The lower energy
band exhibits however, only small changes in a shape,
position and intensity (bathochromic shift). Intensity of
the band at 340 nm increases upon increasing the pH. In-
tensity of the band at 370 nm and higher energy band de-
creases with increasing the pH. In the presence of gadoli-
nium ion, in comparison with the spectrum of moxifloxa-
cin alone, all bands are shifted toward higher wave-
lengths.

The spectral data were first evaluated with the aid of
the pHAb2006 program. In calculations, the molar ab-
sorptivities of moxifloxacin anion, H(MOXI) and
H2(MOXI) were known from spectral measurements of
moxifloxacin anion protonation and were fixed, while the-
se of gadolinium(III) – aqua ion and pure hydrolytic com-
plexes were set to zero. The calculations were carried out
in the following way: the complexes found by potentio-
metry were included in pHAb calculations and their stabi-
lity constants were allowed to float. When the best fit of

Fig. 5. The UV–Vis spectra of Gd3+ – moxifloxacin solutions at different pH values and ligand (L) to metal (M) concentration ratios: (a) L/M = 3,
(b) L/M = 0.5

Table 4. Stability constants of gadolinium – moxifloxacin complexes formed in a 0.1 mol dm–3 LiCl ionic
medium, at 298 K. L/M denotes ligand to metal mole ratio.

log ββp.q.r ± σ
Species Potentiometric Spectrophotometric
(p,q,r) L/M = 0.5–2 L/M = 3–5 L/M = 0.5–2 L/M = 3–5
(1, 1, 1) 14.72 ± 0.03 14.79 ± 0.06 14.79 ± 0.09 14.75 ± 0.07
(1, 2, 2) 29.65 ± 0.02 29.57 ± 0.08 29.72 ± 0.08 29.67 ± 0.09
(1, 1, 2) 21.20 ± 0.09
(1, 0, 2) 14.00 ± 0.03 13.8 ± 0.3
(1, 3, 3) 43.98 ± 0.03 43.95 ± 0.01
(1, 2, 3) 35.18 ± 0.01
(1, 1, 3) 27.76 ± 0.03 27.80 ± 0.05
(1, 0, 3) 19.00 ± 0.05 19.28 ± 0.08

Statistics
χ2 = 11.82 χ2 = 15.98 χ2 = 24.36 χ2 = 13.65

s = 1.2 s = 1.8 s = 4.4 s = 1.3

a) b)
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these species predominate in the 2.0–5.0 pH region.

Gd3+ + H2MOXI+ → Gd(HMOXI)3+ + H+ (12)

This reaction, from the electrostatic point of view,
is not favorable, but one should bear in mind that the
carboxyl proton participates in hydrogen bonding both
intermolecular with 4-carbonyl oxygen and intramole-
cular with another moxifloxacin and solvent molecules.
This facilitates its release by the action of Gd3+ ion.
The complex Gd(HMOXI)3+ upon increasing the pH,
binds another zwitterionic molecule of moxifloxacin
and gives the complex Gd(HMOXI)2

3+ via the reaction
path:

Gd(HMOXI)3+ + HMOXI± → Gd(HMOXI)2
3+ (13)

This complex with increasing pH releases protons
and gives mixed complex Gd(HMOXI)MOXI2+ with a
maximum of 10 % concentration at pH 8. As can be seen
from Fig. 7, in going from acidic to weakly alkaline me-
dium gradual formation of complexes GdHMOXI3+,
Gd(HMOXI)2

3+ and Gd(HMOXI)3
3+ takes place probably

by consecutive reactions:

Gd3+ + H2MOXI+ → Gd(HMOXI)3+       + HMOXI±

+ HMOXI±         Gd(HMOXI)2
3+ + HMOXI±  Gd(HMOXI)3

3+
(14)

At pH values higer than 7, protonated moxifloxacin
ligands in the complex Gd(HMOXI)3

3+ release protons and
give neutral complex Gd(MOXI)3. The formation of the
complex Gd(MOXI)3 starts at about pH = 8 and with in-
creasing pH, the concentration of this complex increases.

In Gd(HMOXI)3
3+ complex moxifloxacin acts as a

bidentate O,O- ligand with a probable formation of six-
membered ring by 4-keto and 3-carboxyl oxygens (Fig.
8). Gadolinium(III) ion exhibits characteristic coordina-
tion numbers 6, 8 and 9.36 With the most ligands Gd3+ ta-
kes coordination number 8.37 Since we did not find any
evidence for the formation of L/M = 4 : 1 complex it may
be assumed that additional two coordination sites in the
gadolinium coordination sphere are filled with water mo-
lecules. The similar result was found by Turel et al.38, in
studying the fluorescence properties and structure of Eu3+

– ciprofloxacin complex. They found that two bidentate
O,O-bonded ciprofloxacine molecules and four aqua li-
gands are coordinated to the metal. One ciprofloxacin is
anionic while the other is zwitterionic. Similar results for
lanthanide complexes with ciprofloxacin was found by
Pin et al.39 In this work we also found that quinolones
may coordinate to metal ion in various states of protona-
tion (ie, zwitterionic, neutral and anionic form). The com-
plex Gd(HMOXI)3

3+ is very stable in the 5.0–8.0 pH and
is probably formed in plasma, under physiological condi-
tions.

Fig. 6. The calculated spectra of Gd–moxifloxacin species

the spectra was achieved the stability constants were va-
ried one at a time simultaneously with variation of molar
absorptivities. The accepted results of calculation are gi-
ven in Table 4.
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Along with the stability constants, in spectral calcu-
lations, the molar absorptivities of the complexes were
calculated. The calculated spectra for Gd–moxifloxacin
system are presented in Fig. 6. As seen from Fig. 6 the cal-
culated spectra of GdHMOXI3+, Gd(HMOXI)2

3+ and
Gd(HMOXI)3

3+, complexes differs from that of pure
HMOXI most significantly in the region of n → p * transi-
tion in the 330–370 nm wavelength interval. It is probably
caused by breaking the intra- and intermolecular hydro-
gen bonds due to coordination of both 4-keto and 3-car-
boxyl oxygens to gadolinium.

From preliminary set of complexes (Table 4) a new
calculation cycle was initiated, this time both selected po-
tentiometric and spectrophotometric data were treated
concomitantly. On the basis of acceptance criteria the fi-
nal accepted set of complexes was derived and this set is
shown in Table 5.

The distribution diagram of species in the Gd3+ –
moxifloxacin system, for the concentration ratio [MOXI]
/[Gd] = 5 : 1 is shown in Fig 7. As can be seen from Fig. 7,
the dominating complex at lower pH values is
Gd(HMOXI)3+, with the maximum concentration at pH =
4. This complex may be formed via the reaction of Gd3+

aqua ion and moxifloxacin cation bearing in mind that

Table 5. Final set of complexes obtained by potentiometric and
spectrophotometric measurements in Gd3+ – moxifloxacin solu-
tions at 0.1 mol/dm3 LiCl ionic medium and 298 K.

Species log ββ ± σ
Gd(HMOXI)3+ 14.78 ± 0.03
Gd(HMOXI)2

3+ 29.75 ± 0.02
Gd(HMOXI)3

3+ 43.98 ± 0.03
Gd(HMOXI)2MOXI2+ 35.08 ± 0.01
Gd(HMOXI)(MOXI)2

+ 27.56 ± 0.03
Gd(MOXI)3

0 19.20 ± 0.05
Statistics χ2 = 12.02

s = 2.28

_______→

_______→ _______→
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Fig. 7. Distribution diagram of Gd – moxifloxacin species at li-
gand-to-metal concentration ratio = 5 : 1 and total gadolinium con-
centration 1.0 mmol dm–3

Fig. 8. Possible structure of Gd(HMOXI)3
3+ complex in solution.

3. 4. Computer Simulation of the Effect 
of Moxifloxacin on Gadolinium(III) 
Distribution in Plasma

The low-molecular weight complex distribution of
Gd(III) ion in human blood plasma was first studied by
Jackson et al.40 by computer simulation. Webb et al.41 stu-

died Gd3+ and Cm3+ distribution in the gastrointestinal
tract and Yue Wang et al.42 studied Gd3+ speciation in hu-
man blood plasma taking into account the precipitates and
some important mixed complexes. Jinping Wang43 studied
Gd3+ speciation in human interstitial fluid. The results of
these studies reveal that at lower gadolinium concentra-
tion the metal is mainly bound to citrate. At milimolar le-
vel of Gd3+ concentration and without taking into account
the insoluble complexes, transferrin, citrate and glutamate
appear as main binders. Introduction of insoluble species
into the speciation scheme indicates the predominance of
phosphate. DTPA has an effect on Gd3+ distribution at
concentrations approximately higher than 10–5 mol dm–3.
We used the simplified model of human blood plasma ta-
king into account only the most important ligands (trans-
ferrin, albumin, citrate, phosphate, oxalate, carbonate glu-
tamate and hydroxide) to study the effect of moxifloxacin
and DTPA on Gd3+ ion distribution between low molecu-
lar weight complexes. As competitive the following metal
ions were considered: Ca2+ and Mg2+. The speciation was
calculated for different total concentrations of Gd3+ ion at
pH = 7.4 using the program Hyss2006. From Fig. 7 it is
seen that tris complex of moxifloxacin and gadolinium is
predominant at physiological range of pH so that this
complex only was taken into account in speciation calcu-
lations.

The data for stability constants of various complexes
were taken from literature.44 Where more than single data
were available the corresponding constants were avera-
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ged. The plasma concentrations of ligands were taken
from reference 45.

The results of calculations indicate that when inso-
luble phosphate (log *Ksp0 = –25.62) was introduced into
simulation it is predominant species of all up to the 10–2

mol dm–3 Gd3+. The relative fraction of Gd(OH)3(s) (log
*Ksp = 17.9) increases with increasing total Gd(III) con-
centration. However, Jackson et al.40 found that kinetics of
the formation of insoluble gadolinium(III) phosphate is
very slow so that in considering fast complexation with
DTPA and moxifloxacin the formation of phosphate may

Fig. 9. Calculated distribution of gadolinium species in human plasma at pH = 7.4.
CIT = citrate, TRANSF = transferrin, OX = oxalate, ALB = albumin



396 Acta Chim. Slov. 2010, 57, 386–397

Djurdjevi} et al.:  Study of Solution Equilibria Between Gadolinium(III) Ion and Moxifloxacin

not be taken into account. Soluble species consist of low
molecular weight ligand complexes (carboxylate, amino
acid), protein complexes (albumin, transferrin, IgG) free
Gd3+ and so on. We calculated the distribution only for
main binders neglecting amino acid other than glutamic,
and ternary complexes. The results are given in Fig. 9 as
the distribution of various complexes. Normal Gd3+ pla-
sma level is lower than 0.3 µg/L46 but upon administering
Gd(DTPA) for the purpose of MRI, glomerular filtration
rate measurements or CT scanning, its concentration may
increase up to toxic levels (∼ 6 mmol dm–3) followed by
its retention in bones.46 The increase in toxicity was ascri-
bed to facilitated dissociation of the complex in the pla-
sma environment.19,20 Gd3+ toxicity is due to its interferen-
ce with Ca2+ – dependent functions.

DTPA significantly affects the concentration of free
Gd3+ and the effect is more pronounced with increasing to-
tal gadolinium concentration. Moxifloxacin is effective
chelator at lower gadolinium total concentration but at mili-
molar range of total gadolinium concentration distribution
of low molecular weight complexes is almost unchanged.

4. Conclusion

Gadolinium(III) ion and moxifloxacin form in vitro
in aqueous solution, array of complexes of which the tris
complex Gd(HMOXI)3 predominates at physiological pH
values. In accord with literature data for similar comple-
xes, the moxifloxacin is bound to metal ion by carboxyla-
te and 4-carbonyl oxygen. This complex is stable enough
to exhaust the normal gadolinium concentration in plasma
upon oral intake of one 400 mg dose of moxifloxacin, at
low Gd3+ concentration (10–9–10–7 mol dm–3) so that the
presence of moxifloxacin may change Gd3+ distribution in
plasma. However, at higher Gd3+ concentrations moxiflo-
xacin is not competitive chelator with regard to MRI
agents (such as DTPA).
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Povzetek
Raziskovali smo ravnote`ja nastanka kompleksov med gadolinijevimi(3+) ioni in moxifloxacinom (MOXI) v vodnih
raztopinah. Uporabili smo potenciometri~ne meritve s stekleno elektrodo (ionski medij: 0,1 mol dm–3 LiCl, 298 K) in
UV spektrofotometri~ne meritve. V koncentracijskem obmo~ju 0,5 ≤ [Gd3+] ≤ 1,0; 1,0 ≤ [MOXI] ≤ 2,0 mol dm–3

([MOXI]/[Gd3+] = 1 : 1 do 1 : 5) in pH med 2,5 in 9,0, tvorijo gadolinijevi(3+) ioni s moxifloxacinom komplekse s se-
stavo: Gd(HMOXI)3+, Gd(HMOXI)2

3+, Gd(HMOXI)3
3+, Gd(HMOXI)2MOXI2+, Gd(HMOXI)(MOXI)2

+, Gd(MOXI)3.
Konstante stabilnosti so bile izra~unane s programom Hyperquad2006 z upo{tevanjem hidrolize gadolinijevih(3+) io-
nov in protonacije aniona moxifloxacina. Napovedali smo mo`ne strukture kompleksov v raztopini in predpostavili me-
hanizem njihovega nastanka. Z ra~unalni{ko simulacijo smo ovrednotili vpliv moxifloxacina in ga primerjali z vplivom
DTPA na porazdelitev gadolinijevih(3+) zvrsti v krvni plazmi.


