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Abstract

This study was performed to characterise the protonation equilibrium at the molecular level and pH-dependent lipophilicity of moxifloxacin.
After determining macro- and micro-constants, distribution features of four microspecies in aqueous phase were assessed. The apparent
partition coefficient versus pH profile of moxifloxacin showed a parabolic curve inn-octanol/buffer system which reached nearpI. The true
partition coefficient was calculated from the logPapp and microconstants values.
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. Introduction

Moxifloxacin is a fourth-generation fluoroquinolone with
otential efficacy in the treatment of various community-
cquired and nosocomial infections[1]. Moreover, this com-
ound appears to cover bacterial resistance to second- and

hird-generation fluoroquinolones[2–6]. It has the 6-fluorine
ubstituent generally present in the currently used quinolones
nd contains a cyclopropyl group at position 1, a diazabicy-
lononyl moiety at position 7 and a methoxy group at position
(Fig. 1).
However, very little research has been carried out on its

hysicochemical parameters such as pKa and partition co-
fficient, which exert a key role in determining its absorp-

ion, transport and receptor binding at a molecular level[7].
herefore, knowledge of the physical and chemical proper-

ies of this drug may be essential for the interpretation of
tructure–activity relationships.

In this study, we determined the acid–base properties of
oxifloxacin (amphoteric molecule) in terms of macro- and
icro-dissociation constants by means of potentiometry plus

spectrophotometry, and studied its pH-behavior in term
the apparent partition coefficient in ann-octanol/buffer sys
tem.

2. Experimental

2.1. Reagents

Moxifloxacin hydrochloride was generously provided
the Laboratory of Pharmacokinetics and Clinical Pharm

A 1-octanol was purchased from Aldrich and all ot
reagents were of at least analytical grade.

2.2. Measurement of protonation equilibrium

Molecules with two proton-binding sites such as m
ifloxacin (basic group in the 7-position and acid group
the 3-position) exist in four microspecies in aqueous s
tion, namely positive (H2Q+), zwitterionic (HQ±), neutra
(HQo) and negative (Q−) microforms at the molecular lev
∗ Corresponding author. Tel.: +33 5 57574683; fax: +33 5 57574687.
E-mail address:jean-pierre.dubost@u-bordeaux2.fr (J.-P. Dubost).

[7–9]. The scheme of the protonation equilibrium between the
four microspecies as well as the relevant macro- and micro-
constants is shown inFig. 2.
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Fig. 1. Chemical structure of moxifloxacin.

Macroconstants were determined by potentiometry using
a radiometer pHM201 pH meter equipped with a glass com-
binated electrode radiometer pHC3005. The electrode was
calibrated with standard buffer solutions (pH 4.00–7.00).

Aliquots of 50 ml of 0.5 mM moxifloxacin hydrochloride
in 10−3 M HCl were titrated by 10−2 M NaOH. Aliquots
of 50 ml of 0.5 mM moxifloxacin hydrochloride in
1.5× 10−3 M NaOH were titrated by 10−2 M HCl. All mea-
surements were made at 0.15 M ionic strength, using NaCl
as the auxiliary electrolyte. During neutralisation the samples
were continuously stirred with a magnetic stirrer; pH values
were measured for each 0.1 ml affusion.

Microconstants were determined by spectrophotometry
using a Jasco V530 spectrophotometer. This method is based
on the fact that the fluoroquinolone spectrum is independent
of the protonation state of the diazabicyclononyl moiety, but it
is heavily influenced by that of carboxylate. Thus, the degree
of protonation at the carboxylate group can be selectively
monitored by spectrophotometry.

Two aliquots of 30�M moxifloxacin hydrochloride solu-
tions were prepared in either 10−3 M HCl or 10−3 M NaOH
with a total ionic strength of 0.15 M. A set of solutions were
then prepared by mixing appropriate volumes of acid and
base stock solutions. The spectrum of each solution was im-
mediately recorded in the wavelength range of 200–400 nm.

2.3. Determination of apparent partition coefficient

The apparent partition coefficients in 1-octanol/buffer sys-
tems were measured using the shake-flask technique[10] at
room temperature. The organic and aqueous phases were mu-
tually saturated. Moxifloxacin hydrochloride was dissolved
in aqueous buffer solutions (phosphate, borate)[11] with
NaCl 0.1 M; the solutions were shaked with 1-octanol for 1 h
by which the partition equilibrium was reached. The phase ra-
tio (VW/VO) varied depending on the expected logPappvalue.
After equilibration, the 1-octanol phases were removed with a
Pasteur pipette and then the aqueous phases were centrifuged
at 700×g. The concentration of the solute was determined
in the aqueous phases by UV spectrophotometry at theλmax
of compound.

3. Results and discussion
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equilibrium of moxifloxacin.
Fig. 2. Protonation
.1. Determination of macro-dissociation constants

Macroconstants quantitate the carboxylate and amin
icity of the molecule. FromFig. 2, we can express macr
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scopic constantsK1 andK2 as:

K1 = {[HQ±] + [HQo]}[H+]

[H2Q+]
(1)

K2 = [Q−][H+]

[HQ±] + [HQo]
(2)

where{[HQ±] + [HQo]} denotes the total concentration of
zwitterion and uncharged species, which are indistinguish-
able by acid–base titration.

The pK1 value of moxifloxacin (6.25± 0.02) shows that
this compound is a weaker acid like ciprofloxacin[12]. The
intra-molecular hydrogen-bond formation between the car-
boxyl and keto groups in the quinoline ring contributes to
lowered acidic character for fluoroquinolones, because of im-
proved stability of the protonated form of the carboxyl group.

The pK2 value of moxifloxacin (9.29± 0.04) is similar
to values previously reported for secondary amine fluoro-
quinolones[7,14].

3.2. Evaluation of micro-dissociation constants

The four microconstants can be expressed with mi-
crospecies concentrations as follows:

k
[HQo][H+]
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Fig. 3. pH-dependent UV absorption spectra for moxifloxacin.

Using relationships betweenαCOO− and microspecies
concentrations[12], as well as the equilibrium constants in
Eqs.(1)–(9), the microconstantk21 can be expressed as fol-
lows:

αCOO− = [Q−] + [HQ±]

[Q−] + [HQ±] + [HQo] + [H2Q+]
(11)

αCOO− = K21/[H+] + β/[H+]2

1 + K1/[H+] + β/[H+]2
(12)

K21 = αCOO−{K1 + [H+]} − {1 − αCOO−} β

[H+]
(13)

Oncek21 determined from Eq.(13), the other microcon-
stants are obtained from Eqs.(7)–(9).

The experimental values of protonation constants are sum-
marized inTable 1.

The relative concentration for all microspecies in solution
can be calculated with the following equations:

f [Q−] = β

β + K1[H+] + [H+]2
(14)

f [HQ±] = k21[H+]

β + K1[H+] + [H+]2
(15)

f
k11[H+]
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11 =
[H2Q+]

(3)

12 = [Q−][H+]

[HQo]
(4)

21 = [HQ±][H+]

[H2Q+]
(5)

22 = [Q−][H+]

[HQ±]
(6)

Relations between the micro- and macro-constants
een reported[13]:

1 = k11 + k21 (7)

1

K2
= 1

k12
+ 1

k22
(8)

= K1K2 = k11k12 = k21k22 (9)

The determination of one of the microconstants is po
le by molecular absorption spectroscopy because the a
roup of moxifloxacin has an absorption spectrum mor

ogically distinguishable from its conjugate base (Fig. 3).
So, the fraction of protonation on the carboxylate grou

given pH,�coo−, can be calculated from spectrophotome
bsorbance data as follows:

COO− = ApH − ACOOH

ACOO− − ACOOH
(10)

hereApH is the absorbance at a given pH andACOO− and
COOH are the absorbances at extremely basic and ac
alues.
[HQo] =
β + K1[H+] + [H+]2

(16)

[H2Q+] = [H+]2

β + K1[H+] + [H+]2
(17)

Distribution diagram of the four microspecies of mo
oxacin is shown inFig. 4.

This distribution diagram shows the predominance of
ral and zwitterion forms at physiological blood pH, wher

able 1
rotonation constants of moxifloxacin

acroconstants Microconstants

ogk1 =−6.25 logk11 =−7.46 logk12 =−8.08
ogk2 =−9.29 logk21 =−6.29 logk22 =−9.25
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Fig. 4. The microspeciation diagram of moxifloxacin.

the other microspecies are minor components. Conversely
positive and negative forms predominated at acid and basic
values, respectively. It should be observed that a constant ra-
tio (10.4%) exists between neutral and zwitterionic species
in the pH range.

It has been found that this ratio differs considerably among
quinolone antibacterials heavily influencing their lipophilic-
ity and thus determining their ability to reach the interior of
bacteria[7,14].

Moreover, microspeciation may explain the differences in
the biological absorption of fluoroquinolones depending on
the neutral-form concentration at blood pH. It can also be
used for the determination of the true partition coefficient
[15–16]:

logP = logPapp+ log

(
1 + k21

k11
+ k12

[H+]
+ [H+]

k11

)
(18)

3.3. pH-dependence of the apparent partition coefficient

Results of QSAR studies indicate that hydrophobic, elec-
tronic and steric parameters of the fluoroquinolones play
equally important roles in their biological activity. While re-
ceptor binding (interaction with the DNA–gyrase enzyme of
the bacteria) is governed by the electronic and steric proper-
t of
c bac-
t rane

permeability[17–19]. Moreover, this latter physicochemical
property exerts an influence on the absorption, distribution,
storage and elimination of fluoroquinolone drugs.

Fluoroquinolones like amphoteric molecules are ionised
over the range of pH values. In the present study, we in-
vestigated pH-dependence in the partition behavior using a
1-octanol/buffer system. The apparent partition coefficient is
described by total concentrations of organic phase divided by
those of aqueous phases and calculated according to equation:

Papp = Ai − Af

Af
× Vw

Vo
(19)

whereAi andAf represent the absorbance of moxifloxacin
hydrochloride in the aqueous phase before and after parti-
tioning, respectively. Each logPappvalue is an average of five
parallel measurements. The apparent partition coefficients of
moxifloxacin hydrochloride determined at different pH val-
ues are summarized inTable 2.

Table 2
Apparent logP values of moxifloxacin at different pH values

pH logPapp

5.9 −0.689± 0.017
6.4 −0.508± 0.007
7
8
8

ies of N1, C6, C7 and C8 substituents, the lipophilicity
ompounds seems to determine their penetration into the
erial cell and affects the intestinal absorption and memb
.4 −0.280± 0.011

.0 −0.237± 0.011

.7 −0.352± 0.002
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Fig. 5. pH-partitioning profile of moxifloxacin.

The pH-partition profile of this compound has a parabolic
shape, which reflects the maximum lipophilicity of moxi-
floxacin at its isoelectric point (Fig. 5).

If we look at the curves for the pH-partition behavior and
the microspeciation of moxifloxacin, it becomes evident that
plots of the concentration of zwitterionic and non-ionic forms
as a function of pH show similar maximum shapes within the
same pH range. Maximum partitioning into the lipid phase
occurs when an uncharged species is present in a commen-
surable concentration relative to the zwitterionic form.

The true partition coefficient can be calculated according
to Eq. (18). By comparing the logP value (0.832± 0.057)
with values of fluoroquinolones previously published, mox-
ifloxacin can be considered to be a lipophilic compound
[20].

This information could be used in QSAR studies where
logP would be used to evaluate the biological activity of
fluoroquinolones and also in the prediction of their ability to
permeate the external barriers of microbes.
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