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Abstract

The retention/pH profiles of three fluoroquinolones, ofloxacin, norfloxacin and ciprofloxacin, was investigated by means of reversed-phase
high performance liquid chromatography (RP-HPLC) and reversed-phase ion-interaction chromatography (RP-IIC), using an octadecylsilane
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tationary phase and acetonitrile as organic modifier. Sodium hexanesulphonate and tetrabutylammonium hydroxide were used a
ounter ions in ion-interaction chromatography. The retention/pH profiles under in RP-HPLC were compared to the corresponding
ty/pH profiles. Despite the rather hydrophilic nature of the three fluoroquinolones positive retention factors were obtained while th
hift of the retention maximum towards more acidic pH values. This behavior was attributed mainly to non-hydrophobic silanophili
ions with the silanized silica gel material of the stationary phase. In ion-interaction chromatography the effect of counter ions over a
ange was found to be ruled rather by the ion pair formation in the mobile phase which led to a drastic decrease in retention as a con
he disruption of the zwitterionic structure and thereupon the deliberation of a net charge in the molecules. At pH values at which z
tructure was not favored both the ion-exchange and ion pair formation mechanisms were assumed to contribute to the retention
2005 Elsevier B.V. All rights reserved.
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. Introduction

The presence of charged centers in many drugs may be es-
ential for their biological activity and their passage into cells
nd across other membranes[1,2]. According to a study us-

ng Oxford Molecular’s Chem-X software, about 15% of the
onizable drugs compounds listed in World Drug Index 1999
an be classified as ampholytes, many of which exhibit zwit-
erionic characteristics[3]. Zwitterions represent a particular
ype of solutes with intra- and inter-molecular interactions,
hich influence their physicochemical characteristics. Their
artitioning behavior, expressed as octanol–water logD,
hanges as a function of pH in the internal environment and
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the dissociation constants resulting in most cases in a
shaped profile. A U-shaped logD/pH curve may also occu
in the case of absence of intramolecular compensation
ionizable groups[3–5]. The partitioning profile of solute
can be studied through the determination of retention fa
by reversed-phase high performance liquid chromatogr
(RP-HPLC) [6,7]. Retention factors, in their logarithm
form (logk′), are related with logD via Collander type
equations and their change as a function of pH ma
considered to resemble the logD/pH profile, since simila
ionization corrections can be applied to retention[8]. In the
case of acidic compounds however this parallelism has
disputed[9]. Moreover, no systematic studies have been
ducted to relate the retention behavior of zwitterionic spe
with their direct partitioning in the isotropic octanol–wa
system.
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Hydrophobic ion pairing is also a fascinating topic
recently reviewed by Meyer and Manning[10]. Hydropho-
bic ion pairs result in a considerable increase of partition
coefficients. They have been applied in many fields, as
in the extraction procedures of charged molecules, in the
lipophilization of peptides, in enhancing the solubility of
enzymes in organic solvents, as well as to improve the
absorption of ions[11–14]. Endogenous substances like
prostaglandins, bile acids and eventually phospholipids, may
form hydrophobic ion pairs influencing the biological proper-
ties of drugs[15]. The analogy of ion pair solvent extraction
to ion pair chromatographic retention was recognized some
time ago[16]. In reversed-phase ion pair chromatography,
known also as ion-interaction chromatography, the presence
of hydrophobic ions in the mobile phase generally enhances
the retention of oppositely charged molecules[17]. The
physicochemical phenomena underlying the retention mech-
anism are still not fully understood. One hypothesis suggests
the formation of neutral ion pairs in the mobile phase, which
are retained on the non-polar stationary phase[18]. In con-
trast, the ion-exchange model assumes that the ion interacting
reagent is first adsorbed on the stationary phase giving it an
ion-exchange character[19]. These hypothesis represent lim-
iting cases and most probably both mechanisms contribute to
retention. A deeper insight into the composite mechanistical
processes is obscured due to the lack of physicochemical
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capable to form zwitterionic inner salt. Their acid–base
equilibria have been well established[24]. Their logD/pH
profiles have been reported to follow bell shaped curves
reflecting the intramolecular charge compensation within
the zwitterionic species. A maximum is reached around the
physiological pH with logD values−0.39,−1.00 and−1.03
for ofloxacin, norfloxacin and ciprofloxacin, respectively
[25]. The two-fold aim of the present study was to explore
the compatibility between reversed-phase retention/pH
and the lipophilicity profiles as well as the effect of ion
interacting reagents upon the retention/pH profiles.

2. Materials and methods

Ofloxacin, norfloxacin and ciprofloxacin of pharmaceu-
tical purity grade were kindly provided by Hoechst Marion
Roussel (France) Vianex A. E. Athens, Greece and Bayer
Hellas A.B.E.E. Athens, Greece, respectively.

Solvents of HPLC grade, tetrabutylammonium hydroxide
(TBA) and sodium hexanesulphonate (Hex) were purchased
from Lab-Scan Analytical Sciences Ltd., Ireland. Phosphoric
acid, boric acid, and acetic acid (analytical reagent grade)
were purchased from Fluka. Water was de-ionised and further
purified by means of a Milli-Q Plus water purification system
(Millipore Co, USA).
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ata and the difficulties associated with the accurate d
ination of the relevant equilibrium constants. Neverthe

he measured retention factors are considered to depe
ydrophobicity, as well as on the nature and concentrati

he ion interacting reagent[20]. In the special case of zw
erionic compounds the additional tautomeric equilibrium
he inner salt formation should be taken into account. T
wo opposite trends in retention may be expected: incr
ue to ion pair formation between the opposite cha
entres and decrease due to the disruption of the zwitter
tructure and the deliberation of a net charge. If the
xchange model is considered, the retention of zwitte
hould be the outcome of attractive and repulsive fo
ccording to the dipole approach the zwitterionic ana

s regarded as a dipole, which is aligned in such a way
inimize the electrostatic repulsion and hence the attra

orce is always higher than the repulsive force and reten
actors increase[21]. The dipole approach has been app
o analyze mainly retention data of amino acids and pept
n contrast, in the case of of zwitterionic cephalospor
reviously investigated by our group, a drastic decrea

he retention was observed in presence of ion intera
eagents in agreement rather with the ion pair hypoth
22].

In the present study, we extended our research o
ehavior of zwitterionic drugs applying RP-HPLC a
P-IIC to three zwitterionic fluoroquinolones, ofloxac
orfloxacin and ciprofloxacin. Their chemical structu
an be found in USP 28[23]. They contain two proto
cceptor groups, a carboxylate and a piperazine m
The HPLC system consisted of a Waters Model
olvent-delivery system with a Waters Model 486 varia
avelength UV–vis detector (flow cell 8�l). The injection
ystem was Rheodyne Model 7125 equipped with a�l
oop and the syringe used was a 100-�l Hamilton–Bonaduz
chweiz. The integrator–recorder used was a Hew
ackard Model HP 3394A and the effluent was monito
t 300 nm.

Two ODS columns (A) and (B) of the same ty
250× 4 mm i.d.), packed with LiChrosorb RP-18 (parti
ize 10�m), served as stationary phases: column (A) se
or the investigation of the effect of TBA on retention, c
mn (B) for the investigation of the effect of Hex. Prior to a
ny counter ion in the mobile phase, both columns were

n order to assess the reversed-phase retention profile
onitrile/universal buffer 25:75 was used as the mobile ph
niversal buffer was prepared by mixing equal volume
.1 M phosphoric acid, 0.1 M acetic acid and 0.1 M b
cid. The pH of the mobile phase was appropriately adju
y NaOH 10 M, to values ranging from 2.5 to 7.5. Exp
ents were also performed using acetonitrile/water 25:7

he mobile phase or methanol/water 25:75. The pH wa
ropriately adjusted by phosphoric acid 25% or NaOH

o the same range.
Tetrabutylammonium hydroxide was added in the uni

al buffer at concentrations 2.5, 50, 100 and 200 mM an
H of the mobile phase was appropriately adjusted by N
0 M to values ranging from 2.5 to 7.5.

Sodium hexanesulphonate was added in water at low
nd 7.5 mM) and high (0.1 and 0.2 M) concentrations.
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pH was appropriately adjusted to values ranging from 2.5 to
7.5 by phosphoric acid 25% or NaOH 1 M.

The mobile phase was always degassed by filtering
through a nylon membrane filter (0.45�m, Millipore) under
vacuum and delivered at a flow rate of 1.0 ml/min.

All measurements were performed at room temperature
(25± 2◦C). Retention timestr were measured at least in du-
plicate, and they were converted into the logarithm of the
retention factor logk via the equation:

logk = log

(
tr − t0

t0

)
,

t0 being the retention time needed for the eluent to pass
through the column measured as a perturbation peak of
the baseline.t0 ranged from 1.98 to 2.35 min (flow rate
1.0 ml/min), but was constant within the same day and for
the same mobile phase composition.

3. Results and discussion

3.1. Reversed-phase retention behavior

The HPLC retention of ofloxacin, norfloxacin and
ciprofloxacin, expressed as logk, was monitored as a func-
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Fig. 2. Logk/pH profile of the three fluoroquinolones using methanol/water
25:75 as mobile phase: (�) ofloxacin, (�) norfloxacin, (�) ciprofloxacin.

acetonitrile. The use of methanol as organic modifier led to
further increase in the retention while the logk/pH profiles,
presented inFig. 2, showed the maximum at pH 5–6, still
lower than the physiological pH. The active role of the
stationary phase, demonstrated already by Carr et al.[26],
may be critical for solutes, which bear functional groups
possible to participate in non-hydrophobic interactions[27].
The free silanol groups of the silanized silica gel material
in their ionized state may lead to electrostatic interactions
with positively charged analytes, a phenomenon extensively
studied by many authors[18,28,29]. Less investigated is the
hydrogen bond formation of the protonated silanols with
hydrogen bond acceptor sites[30] like carbonyl oxygen. In
both circumstances prolonged retention is observed. In the
special case of zwitterionic compounds, such interactions
may as well interfere with the ionization state and the
tautomeric equilibrium. The effect of the organic modifier in
the logk/pH profile may also be associated with its hydrogen
bond donor capability to compete with that of the silanol
groups. This assumption could explain why in presence of
methanol the shift in the retention maximum was smaller.
The active role of the stationary phase in the retention/pH
profile of quinolones has been commented also by Barbosa et
al. [31] concerning a polystyrene–divinylbenzene copolymer
column packing. The deviations reported by these authors
are considerably smaller than the shifts observed in the
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ion of (apparent) pH using acetonitrile/universal buffer 25
nd is depicted inFig. 1. Considering the correspondi

ipophilicity profiles reported in literature[24] the following
emarks have to be made. (1) The maximum in retention
bserved at pH 4, considerably shifted towards more a
H compared to the reported logD/pH profiles[24,25]. (2)
lthough isocratic retention factors are expected to be lo

han octanol–water distribution coefficients, positive lok
alues were obtained in contrast to the hydrophilic natu
he three fluoroquinolones as reflected in their negative lD
alues at the isoelectric points. The use of phosphoric
r NaOH instead of the universal buffer to control the pH

he mobile phase led to a small systematic further increa
etention with no considerable influence in the shape o
ogk/pH profiles. The shift in the retention maximum m
nly partly be explained by the fact that the pH of the mo
hase corresponds to the apparent pH due to the prese

ig. 1. Logk/pH profile of the three fluoroquinolones using acet
rile/universal buffer 25:75 as mobile phase: (�) ofloxacin, (�) norfloxacin
nd (�) ciprofloxacin.
f

resent study and this provides further evidence of
ore intensive influence of the silanized silica gel pac
aterial. The solute–stationary phase non-hydroph

nteractions described above may further be respon
or the generally enhanced retention compared to
ydrophilic nature of the three fluoroquinolones. Accord

o this viewpoint the reversed-phase retention of the zw
ionic fluoroquinolones cannot be considered to reflect
artitioning characteristics.

.2. The effect of counter cation in retention

Column A was used to investigate the effect of TBA
he retention of the three fluoroquinolones. A strong decr
n retention was observed particularly at pH 3 and 4
hese pH values the fluoroquinolones eluted practically
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the hold-up volume (tr ∼ t0). This behavior is illustrated in
Fig. 3 together with the logk/pH profiles obtained under the
same conditions (column A, 25/75 ACN/universal buffer) in
absence of TBA for direct comparison. As shown inFig. 3,
increase in TBA produced further decrease in retention.
At pH 2.5 the decrease in retention could be explained by
repulsive forces between the TBA cation adsorbed on the
stationary phase and the protonated piperazine group in
agreement with the ion-exchange model. However, accord-
ing to this model at higher pH, at which both the acidic and
basic centers are ionized, an increase in retention should
rather be expected since the dipole approach, formulated to
explain the retention of zwitterionic analytes, implies that the
attractive forces are always higher than the repulsive[21]. In
contrast, ion pair formation in the mobile phase between the
carboxylate anion and the TBA counter ion may be expected
to cause disruption of the zwitterionic structure, leading to
the deliberation of the positive charge and thereupon to rapid
elution. In this aspect, the ion pair formation hypothesis

F
c
a
2
t

provides a reasonable explanation for the decrease in the
retention of the fluoroquinolones in presence of TBA.

3.3. Effect of counter anion on retention

Column B was used to investigate the effect of sodium
hexanesulphonate (Hex) on retention. Water appropriately
adjusted by phosphoric acid or NaOH to the desired pH
was used as the aqueous component of the mobile phase in
order to avoid possible competition with the anions present
in the universal buffer.Fig. 4 illustrates the logk/pH profiles
obtained upon addition of 0.1 M of Hex in the mobile phase.
The profiles obtained under the same conditions (column
B/25:75 ACN/H2O) in absence of the counter anion, are also
depicted inFig. 4 for direct comparison. At pH 2.5 and 3.0,
considerable increase in retention was observed which could
be considered as the outcome of both the ion-exchange and
the ion pair formation mechanism. At pH 4.0–6.0, however,
the decrease in retention supports the assumption that ion
pair formation in the mobile phase is the predominant
mechanism. Thus, as postulated also in the preceding section
the ion pair formation between the protonated piperazine
group and the hexanesulphonate anion may cause disruption
ig. 3. Logk–pH profile of (A) ofloxacin (B) norfloxacin and (C)
iprofloxacin, using acetonitrile/universal buffer 25:75 as mobile phase in
bsence (♦) and after addition of various concentrations of TBA (–): (�)
.5 mM, (�) 50 mM, (�) 100 mM, (×) 200 mM. Further decrease in reten-

ion at pH 3–4 is represented by dashed lines.
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ig. 4. Logk–pH profile using acetonitrile/water 25:75 as mobile phase in
bsence (- - -) and after addition of 0.1 M sodium hexanesulphonate (–): (A)
�) ofloxacin (B) (�) norfloxacin and (C) (�) ciprofloxacin.
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Fig. 5. Logk vs. the concentration of sodium hexanesulphonate [Hex] for
ofloxacin: (A) pH 2.0 and (B) pH 6.0.

of the intramolecular charge compensation, deliberation of
the negative charge and thereupon rapid elution. At higher
pH, the reduced protonation of the piperazine group may
cause limited ion pair formation in the mobile phase and
retention should be influenced also by the attractive and
repulsive forces predicated by the ion-exchange model. As
a result of the counter balance between the two mechanisms
practically no effect in retention was observed.

The opposite trends in retention were also reflected in the
logk/[Hex] profiles obtained at different pH values. At pH
2.5 with increasing counter anion concentration the retention
followed a hyperbolic relationship, approaching a maximum
plateau at 0.2 M, as expected by either the ion-exchange or
the ion pair formation model. At pH 3.0, no clear relation-
ship between retention and counter anion concentration was
obtained. At higher pH values (4.0–6.0) a low concentration
of hexanesulphonate proved to be sufficient for the disrup-
tion of the intramolecular zwitterionic structure. Thus, rapid
elution was observed already upon addition of 2.5 mM hex-
anesulphonate. Increase of the counter anion concentration
had no further effect on retention. Examples of the logk/[Hex]
profiles are shown inFig. 5.

4. Conclusions

LC
m rac-
t cin
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f
p um

towards more acidic pH values. In the light of the above ob-
servations, the use of chromatographic data as substitutes of
logD in the case of zwitterionic compounds should be faced
with some skepticism.

In ion-interaction chromatography at a pH range at which
both acidic and basic centers are ionized, the effect of
the counter ions was considered to be ruled rather by ion
pair formation which led to a drastic decrease in retention
as a consequence of the disruption of the zwitterionic
structure and thereupon the deliberation of a net charge
in the molecules. These results are in agreement with our
previous findings concerning the behavior of zwitterionic
cephalosporins in ion-interaction chromatography[22].
The predominance of the ion pair formation mechanism in
retention may be related to the molecular mass and bulk
of the zwitterionic fluoroquinolones which, in contrast to
the amino acids and peptides so far investigated[21] may
not have easy access as dipoles on the stationary phase. In
this aspect ion-interaction chromatography is comparable
to ion pair solvent extraction and may provide insight on
the putative behavior of zwitterionic drugs in presence of
endogenous hydrophobic ions within living organisms.
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15] K. Taćaks-Nov́ak, G. Sźasz, Pharm. Res. 16 (1999) 1633–1638
16] I.M. Johansson, K.-G. Wahlund, G. Schill, J. Chromatogr. 149 (1

281–296.



C. Pistos et al. / Journal of Pharmaceutical and Biomedical Analysis 39 (2005) 438–443 443

[17] H. Zou, Y. Zhang, M. Hong, P. Lu, J. Chromatogr. 625 (1992)
169–175.

[18] C. Horvath, W. Melander, I. Molnar, P. Molnar, Anal. Chem. 49
(1977) 2295–2305.

[19] N.E. Hoffman, J.C. Liao, Anal. Chem. 49 (1977) 2231–2234.
[20] E. Tomlinson, T.M. Jeffries, C.M. Riley, J. Chromatogr. 159 (1978)

315–358.
[21] T. Cecchi, F. Pucciarelli, P. Passamonti, P. Cecchi, Chromatographia

54 (2001) 38–44.
[22] C. Pistos, A. Tsantili-Kakoulidou, M. Koupparis, J. Liq. Chromatogr.

26 (6) (2003) 937–952.
[23] USP 28, NF-23, The United States Pharmacopeial Convention Inc.

(2005).
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