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Abstract: A comprehensive review with 337 references for
the analysis of some selected 4-quinolone drugs belong-
ing to the first and second generations since 2006 up
till now is presented. This group includes nalidixic acid,
oxolinic acid, piromidic acid, pipemidic acid and rosoxa-
cin from the first generation and enoxacin, fleroxacin,
nadifloxacin, pefloxacin and rufloxacin from the sec-
ond generation. The review covers most of the methods
described for the analysis of these drugs, either per se, in
dosage forms, biological fluids, environmental samples,
cosmetics, animal tissues and feed-premix samples.
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Introduction

4-Quinolones comprise a large and expanding group of
synthetic antibacterial agents. The first drug of this class,
nalidixic acid (NDA) was discovered in 1962 and was a mod-
ification of a compound isolated during the production of
the antimalarial drug, chloroquine (Lesher et al. 1962),
and was later approved for clinical use in 1965. However,
its antibacterial spectrum of activity was restricted to the
Enterobacteriaceae, and due to the limited absorption and
distribution of the drug, it was effective solely for the treat-
ment of urinary tract infections. A major advance occurred
during the 1980s with the discovery that a fluorine atom at
6-position of the basic quinolone nucleus and a pipera-
zine substitution at the 7-position were found to enhance
the quinolone antibacterial activity and to increase the
extent of oral absorption and distribution (Ball 2000).
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Drugs possessing this fluorine atom are known as the
fluoroquinolones (FQs). The first FQ approved for use in
clinical medicine was norfloxacin, followed shortly there-
after by ciprofloxacin in the mid-1980s. Poor oral bioavail-
ability and tissue distribution with limited spectrum of
activity were associated with the first generation drugs
(Sweetman 2009).

Structural changes in the second generation FQs
increased their oral bioavailability and systemic distri-
bution, and broadened their spectrum of activity (Lesher
et al. 1962). The favorable characteristics of the second
generation drugs were maintained by the third genera-
tion FQs while exhibiting increased activity against Gram-
positive bacteria, anaerobes and mycobacteria. Moreover,
these compounds also exhibited excellent oral bioavail-
ability and were associated with a prolonged terminal
elimination half-life (Ball 2000). Lower central nervous
system toxicities are another advantage of this group.
Pharmacological actions and pharmacokinetics of FQs
have been reviewed by many researchers (Schentag 2000,
Martinez et al. 2006).

Physicochemical properties of FQs

The amphoteric property of FQs is a result of the modifica-
tion in the quinolone core structure by inserting a fluo-
rine atom at position C-6 and a piperazinyl or piperazine
derivative group (R) at C-7.

Such chemical structure enhances their water solu-
bility and provides them with a strong capability to form
stable 1:1 complexes with several cations (e.g. magnesium,
calcium, aluminum, iron and zinc) (Turiel et al. 2006,
Sukul and Spiteller 2007). Although FQs show resistance
to hydrolysis and heat, they seem to be highly photosen-
sitive. Irradiation with UV radiation in water leads to de-
fluorination and/or oxidative degradation of the amine
side chain (Freccero et al. 2008, Sturini et al. 2010a).

Literature survey of FQs

Many reviews were published in the literature dealing
with the pharmacology of FQs (Schentag 2000,
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Martinez et al. 2006). The determination of FQs in solid
environmental matrices (Speltini et al. 2011) was also
reported. Recent analytical techniques (Samanidou et al.
2005a,b) used for the determination of FQs in pharmaceu-
ticals and samples of biological origin were also reviewed.
A review concerned with analytical methods for the deter-
mination of the third and fourth generation FQs in biologi-
cal matrices and pharmaceutical formulations by liquid
chromatography was recently reported (Sousa et al. 2012);
therefore, the authors in this work were concerned with
earlier generations. Another review on the separation
methods for the determination of some FQs was published
(Saleh et al. 2013). Moreover, the spectrophotometric
methods for the determination of FQs were also reviewed
(Kaura et al. 2008).

Although many recent reviews covered the analyti-
cal methods for the determination of FQs, many drugs of
the first and second generations were not reviewed since
2005, namely, NDA, oxolinic acid (OXA), piromidic acid,
pipemidic acid (PIA) and rosoxacin (ROX) from the first
generation and enoxacin (ENX), fleroxacin (FRX), nadi-
floxacin (NFX), pefloxacin (PFX) and rufloxacin (RFX)
from the second generation, since 2006 up till now. The
structural formulae of the selected drugs are listed in
Table 1.

Official and compendial methods of analysis

NDA is the subject of monographs in both the British Phar-
macopoeia (2009) and the United States Pharmacopoeia
(2007). Spectrophotometric measurement of its alkaline
solution at 334 nm is described in BP, while the USP used
non-aqueous titration with lithium methoxide as a titrant
for its assay in pure form, and high performance liquid
chromatography (HPLC) with UV detection at 254 nm for
its quantitation in tablets and oral suspensions.

OXA, PIA and PFX are official drugs in the BP (The
British Pharmacopoeia 2009), which recommends a non-
aqueous potentiometric titration method using tetrabutyl
ammonium hydroxide or perchloric acid as titrant for PIA
and PFX for their determination.

Reported methods of analysis
Spectroscopic methods
UV-VIS spectrophotometry

Estimation of NDA in pharmaceutical formulations by UV
spectrometry (Maheshwari et al. 2006), and the study of
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Table 1: Chemical structure of the selected 4-quinolones.
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its complexation equilibria with proton and metal ions in
aqueous organic mixtures, was carried out (Gandhi and
Sekhon 2007). A eutectic liquid obtained by triturating
phenol crystals and metformin hydrochloride in a 4:1 ratioon
weight basis was employed to extract NDA from fine powder
of tablets. Distilled water was used for dilution purpose to
carry out spectrophotometric estimation at 330 nm without
utilizing any organic solvent (Maheshwari et al. 2015).

The interaction of cobalt (II) with OXA in the
absence or presence of the Lewis bases 2,2-bipyridine,
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2,2-bipyridylamine, 1,10-phenanthroline, pyridine or
4-benzylpyridine resulted in the formation of a series of
mononuclear complexes which were characterized with
physicochemical and spectroscopic techniques (Irgi et al.
2015). The hydrophilic ionic liquids and potassium hydro-
gen phosphate formation of an aqueous two-phase system
for the determination of OXA was investigated (Yan et al.
2009).

Regarding ROX, a selective spectrophotometric
method for its determination was carried out based on
the reaction with alkaline sodium nitroprusside forming
a red chromogen measured at 455 nm (Askal et al. 2008).
Another report described the formation of yellow-
colored water-soluble ion-pair complexes with 2% (w/v)
B-naphthol in sulfuric acid at room temperature (Darwish
et al. 2006).

A spectrophotometric titration method in a wide
range of pH was utilized for the estimation of complex-
formation equilibrium between ENX and AI(III), Fe(III),
Cu(II) and Zn(II) ions (Urbaniak and Kokot 2013). Another
method has been established for the assay of ENX using
sodium 1,2-naphthoquinone-4-sulfonate as a derivatiz-
ing chromogenic reagent (Wu et al. 2010). ENX was also
assayed based on an association complex formation with
Al (1II) and erythrosine (Yamaguchi et al. 2009). Moreover,
ENX and ciprofloxacin were determined simultaneously
using a simulated system based on a partial least-squares
method (Ajuan 2008). On the other hand, the determina-
tion of ENX and PFX based on charge transfer reaction
with alizarin red in ethanol-water medium or phosphate
buffer was also postulated (Li and Zhang 2008, Zhang and
Lin 2009).

Regarding the analysis of FRX, one report concerned
with the determination of its content in powder for injec-
tion with chrome azurol was described (Quan et al. 2009).

A multi-wavelength method for simultaneous estima-
tion of NFX and ibuprofen in formulated hydro-gel prep-
arations was presented (Kalantre and Pishwikar 2012).
Another report suggested three UV methods for the esti-
mation of NFX in pharmaceutical dosage forms by meas-
uring its absorbance at 296.5 nm (method A), or measure
its first-order derivative spectra at 278 nm (method B), or
measuring the area under curve in the wavelength range
(method C) (Kulkarni et al. 2010).

A simple zero-order UV spectrophotometric method
for the estimation of PFX in bulk and tablet formulation
was developed. Single point standardization was used for
quantitative estimation of the drug and absorbance was
determined at 288 nm using methanol as a solvent system
(Raghunath et al. 2015). Based on the charge transfer reac-
tion between PFX and chloranilic acid in methanol, a
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spectrophotometric method was established for the deter-
mination of PFX in pharmaceuticals (Pang et al. 2013). PFX
was also quantified based on oxidation with cerium (IV) in
the presence of perchloric acid and subsequent measure-
ment of the excess Ce (IV) by its reaction with p-dimeth-
ylaminobenzaldehyde to give a colored product measured
at 470 nm (Adegoke et al. 2010). PFX was estimated in
pharmaceutical bulk and tablet dosage forms using UV
detection at 277.5 nm in a 100 mm HCI medium (Misra et al.
2008). It was also determined in pharmaceutical formula-
tions using three different salts of iron. These methods are
based on the formation of complexes with ferric nitrate,
ferric chloride or iron ammonium citrate in which the
carboxylic group of PFX undergoes complexion with iron
(Siddiqui et al. 2010).

The simultaneous determination of PFX and its struc-
turally similar metabolite, norfloxacin, was described
based on the monitoring of a kinetic spectrophotomet-
ric reaction of the two analytes with potassium perman-
ganate as an oxidant, and measurement of the reaction
process following the absorbance decrease of potassium
permanganate at 526 nm (Ni et al. 2008).

Analytical studies were carried out to evaluate the
use of N-bromosuccinimide (NBS) as an analytical reagent
for the spectrophotometric assay of PFX. The procedures
involved the reaction of the studied drug with NBS and
subsequent measurement of the excess NBS by its reaction
with phenylenediamine to give a violet-colored product
that was measured spectrophotometrically at 530 nm
(Askal et al. 2007). Another spectrophotometric method
was described for the assay of PFX in bulk drug and in
tablets. The described method was based on ion-pair for-
mation with bromophenol blue dye at pH 5.2 followed
by extraction and measurement of the dye absorbance
at 590 nm (Basavaiah et al. 2007). Finally, the influence
of AP’* on the absorption characteristics of PFX had been
studied where the absorbance of the AP*-PFX complex
was measured at 275 nm (Zhang et al. 2006b).

Spectrofluorimetric methods

Several spectrofluorimetric methods for the determina-
tion of FQs were recorded. The use of lanthanide ions in
some of such methods was mentioned in the literature for
the assay of OXA, NDA, PIA, ENX and PFX; this could be
summarized as follows.

The influence of the nature of micellar surfactant
solutions on the sensitized fluorescence of mixed
ligand chelates Tb*-1,10-phenanthroline-OXA and
Tb**1,10-phenanthroline-NDA was studied (Smirnova
and Nevryueva 2010). On the other hand, a time-resolved
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fluorescence analytical method was developed using a
Eu’** ion as a fluorescent probe for the quantitation of PIA
(Liu et al. 2008b), where intra-molecular energy transfer
occurs in the europium complex with PIA and the charac-
teristics fluorescence of the Eu*" ion with the maximum
A, of 616 nm after excitation at A 274 nm. Another study
of the influence of silver nanoparticles on the second-
order scattering and the fluorescence of the complexes of
Tbh** with PIA was reported in the literature (Ding et al.
2006).

The fluorescence system of ENX-Th*-sodium dodecyl
benzene sulfonate (SDBS) was investigated (Tong and
Xiang 2007). The results indicated that the fluorescence
intensity of Th*-SDBS was greatly enhanced by ENX.
Studies of the complex between PFX and Th** (Li and Song
2014), and the fluorescent characteristics and content
determination of PFX in yttrium-PFX, were performed
(Ping et al. 2010). On the other hand, Th* was found to
react with PFX to form a 1:2 coordination complex with the
characteristics fluorescence of Th** in a neutral medium
(Liao et al. 2008a). In another study, a ternary coordina-
tion complex was formed among Eu’**, PFX and EDTA due
to the intra-molecular energy transfer of the coordination
complex (Bian and Xu 2007).

Metal complexation was also utilized for the spec-
trofluorimetric determination of FQs. The interactions
between ENX and heavy metal ions were studied using
fluorescence spectroscopy at different temperatures (Han
et al. 2012). It was shown that the fluorescence intensity
of ENX could be apparently quenched by Cu?, Pb* and
Mn?* due to static quenching. On the other hand, in a
hexamine-HCI buffer of pH 5.8, the synergistic sensitiza-
tion effect of sodium dodecyl sulfate and AI>* on the fluo-
rescence of ENX was observed (Ma et al. 2011). In another
report based on the evident increase in the relative fluo-
rescence intensity of FRX by complexing with Al**, a new
method of synchronous fluorescence spectrometry to
rapidly determine FRX was developed (Cai et al. 2012). It
was also shown that FRX and Zn?* have a powerful ability
to quench the bovine serum albumin fluorescence via a
non-radiative energy transfer mechanism (Wu et al. 2007).

Derivatization was also applied to assay some FQs.
ENX, for instance, was determined based on derivatiza-
tion with 4-chloro-7-nitrobenzofurazan in borate buffer
of pH 9 to yield a yellow product (Ulu 2009). Meanwhile,
ENX and PFX were assayed in their pharmaceutical
dosage forms or in biological fluids through charge trans-
fer complex formation with bromanil (Salem et al. 2007)
and fluoranil (Geffken and Salem 2006). Another fluores-
cence spectrometric method for the determination of PFX
was established based on the charge transfer reaction
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with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (Xu et al.
2007).

Micellar-enhanced fluorimetry was also applied to
determine FRX (Aodeng and Liu 2006) and PFX (Bian
et al. 2006), because it was found that sodium dodecyl
sulfate could greatly enhance the fluorescence signal of
the latter using Britten-Robinson buffer solution of pH 5.3.

Fluorescence quenching could also be used to analyze
FRX, PFX and ENX. The interaction between FRX and
pepsin was investigated (Lian et al. 2013). Static quench-
ing was suggested and it was proved that the fluorescence
quenching of pepsin by FRX was related to the forma-
tion of a new complex and a non-radiation energy trans-
fer. Meanwhile, the quantitative determination of traces
PFX and ENX was accomplished based on fluorescence
quenching of either quantum dot silica-coated nanopar-
ticles or glutathione-capped CdTe, respectively (Chen
et al. 2012a, Yang et al. 2016). Another report studied the
quenching effect of palladium (II) or sodium dodecyl
benzene sulfonate for the fluorescence of PEX (Wang et al.
2014) in acidic and neutral media.

Other spectrofluorimetric methods concerned with
the assay of FQs include non-linear variable angle syn-
chronous spectrofluorimetry for the determination of ENX
in urine (Murillo Pulgarin et al. 2012) and irradiation of
ENX for a few minutes using a high-power UV lamp which
drastically increased its fluorescence quantum yield
(Espinosa-Mansilla et al. 2007). Use of octadecyl silica
membranes for sample pre-concentration and solid sub-
strate for ENX fluorescence line narrowing spectroscopy
(Yu et al. 2006) where measurements at liquid helium
temperature (4.2 K) were easily made using a cryogenic
fiber optic probe. A catalytic-kinetic spectrofluorometric
method was described for the determination of traces PFX
(Liang et al. 2006b); it was based on the inhibitory effect
of PFX on the reaction of H,0, oxidation of thodamine B
catalyzed by Cu*.

Mass spectrometric methods

The stability of various classes of antibiotics — especially
NDA and OXA — was tested in matrix and reference solu-
tions using a straightforward procedure applying mass
spectrometric detection (Berendsen et al. 2011). Both
drugs were also analyzed by laser diode thermal desorp-
tion chemical ionization with tandem mass spectrometry
(Lohne et al. 2012). A quasi-MS/MS/MS method was
applied to investigate the fragmentation mechanism of
FRX, which was analyzed using electrospray mass spectro-
metry by collision-induced dissociation (Jiao et al. 2009a).
The speciation in solutions containing Al>* and FRX was
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studied by electrospray mass spectrometry (ESI-MS/MS)
and laser desorption ionization (Cvijovic et al. 2012).

Resonance Rayleigh scattering method

A new resonance Rayleigh scattering method for the
determination of FRX has been developed (Wang et al.
2010). FRX reacts with Co?* to form chelated cations in
Britton-Robinson buffer over the pH range of 4.2-6.8,
which further binds with Congo red to form the ion-asso-
ciation complexes, resulting in great enhancement of
resonance Rayleigh scattering intensity. The maximum
scattering wavelengths are located at 372 and 560 nm. A
similar approach for the assay of PFX in tablets, human
urine and plasma was also established (Han et al. 2011)
where three scattering peaks at 278, 380 and 560 nm
appeared. On the other hand, upon using a Britton-Robin-
son buffer medium, PIA was protonated and reacted with
methyl orange to form an ion-pair complex, which then
further formed a six-membered ring chelate with Pd (II).
As a result, new resonance Rayleigh scattering spectra
appeared. The method was applied for the determination
of the drug in pharmaceutical formulations and human
urine samples (Qiao et al. 2015).

Infrared spectroscopy

Near-IR spectroscopy has been applied to analyze injection
samples of PFX. Partial least-squares regression analysis
and principal components regression have been utilized
to establish the developed method (Xie et al. 2010).

NMR spectroscopy

Non-selective and selective spin-lattice relaxation rates
and spin-spin relaxation measurements were used
to investigate and characterize interaction processes
between FRX and bacterial cells (Waibel and Holzgrabe
2007). The signals of three hydrogens at different moieties
of the FRX were considered to get an insight into the com-
plexation behavior.

Chemiluminescence

Dysprosium-sensitized chemiluminescence (CL) reactions
have been suggested for the determination of ENX, FRX,
PFX and PIA (Sun et al. 2011a). The CL spectra are formed
from the narrow characteristic emission of trivalent dys-
prosium (Dy?**) at 482 and 578 nm through the intermolecu-
lar energy transfer from the excited SO to analyte, followed
by intra-molecular energy transfer from analyte* to Dy**.
With the FQs including ENX, FRX and RFX, the lumines-
cence and CL properties of Th*-FQ and Eu*-FQ complexes
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were studied in this contribution (Sun et al. 2011b). An
Ag (III) complex CL system was applied for the assay of
ENX. The method was applied for the determination of
the drug in pharmaceutical preparations, spiked serum
and urine samples (Chen and Sun 2010). Another batch-
type CL analysis of ENX in pharmaceuticals was described
(Karim et al. 2006). On the other hand, the CL determina-
tion of PFX was established (Wang et al. 2009a), where the
addition of the drug to the Ce*-Na,SO,-H SO, redox system
could improve the CL phenomenon. In another report,
the nitrogen atom in PFX was easily protonated in acidic
medium and formed ion complexes with AuCl*, the ion-
complexes were extracted using dichloromethane, when
the ion-complexes entered a reversed micellar system of
cetyl trimethyl ammonium chloride containing luminol,
and the dissociated AuCl* reacted with luminol and pro-
duced a CL signal (Shi 2008).

Electrochemiluminescence

An electrochemiluminescence (ECL) based on energy
transfer from electro-generated triplet sulfur dioxide to
PIA was studied (Liang et al. 2006a). A weak ECL from
triplet sulfur dioxide was observed when sulfite was
electrochemically oxidized in sulfuric acid on a plati-
num electrode. When PIA was present, the weak ECL was
enhanced.

The ECL of the Th**-ENX-Na,SO, system in an aqueous
solution was reported (Chen et al. 2006). ECL is generated
by the oxidation of Na,SO,, which is enhanced by the Th**-
ENX complex. The ECL intensity peak versus potential
corresponds to oxidation of Na,SO,, and the ECL emission
spectra match the characteristic emission spectrum of
Tb*, indicating that the emission is from the excited state
of Th*.

Flow injection analysis (FIA)

A method for the analysis of ENX by flow injection coupled
with CL detection was described, based on the ENX-
enhancing effect on a weak CL system of luminol-H,0,
in alkaline solution (Du et al. 2012). FIA was also investi-
gated for the assay of ENX using the luminol-H,0, system
in the presence of Cu?. It was observed that the interac-
tion of ENX with Cu? caused the sensitization of the CL
intensity of the system strongly (Alam et al. 2011). On the
other hand, the Dy*-sensitized CL method was devel-
oped for the analysis of ENX using flow injection sam-
pling based on the CL associated with the reaction of the
Dy?**-Ce*-S,0,-ENX system and the Dy*-MnO, -S,0,>-ENX
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system (Sun et al. 2009b). It was also found that the CL
reaction between luminol and potassium ferricyanide was
significantly sensitized by ENX (Li et al. 2008d). Another
FIA method for the determination of ENX was developed
based on the inhibiting behavior of ENX on the emission
intensity of the CL reaction of luminol-H,0,-manganese
tetrasulfonatophthalocyanine in a basic medium (Li and
Wei 2006).

A new CL reaction system was established for the anal-
ysis of FRX. The Dy*-sensitized CL emission mechanism
was investigated by comparing the fluorescence emission
with CL spectra (Sun and Li 2011). The CL spectra of the
FRX-KMnO,-Na,S,0.-H.P, O, system are from the narrow
characteristic emission of Dy** at 482 and 578 nm through
the energy transfer from the excited SO,* to analyte, fol-
lowed by intra-molecular energy transfer from analyte* to
Dy?". Another report based on the enhancement of CL of
the luminol-hydrogen peroxide-gold nanoparticles system
by FRX was reported for its assay (Wang et al. 2007a).

An FIA method to determine PFX residue in urine and
serum was established based on the fact that the presence
of Th** enhances the luminous intensity of the Ce*-S0_-
PFX system (Ren and Li 2012).

Voltammetric methods

Stripping continuous cyclic voltammetry was presented to
determine NDA (Norouzi et al. 2008). The potential wave-
form was applied to a golden disk microelectrode in a con-
tinuous way. It was concluded that the best performance
was achieved with the basic parameters set at pH 2, sweep
rate of 60 V/s, accumulation potential 100 mV and accu-
mulation time 0.7 s. A square wave adsorptive stripping
voltammetric method has also been developed for the
individual and simultaneous determination of NDA acid
and its main metabolite, 7-hydroximethylnalidixic acid
(Cabanillas et al. 2007). Variables that affect accumula-
tion process, such as concentration of perchloric acid,
accumulation potential and accumulation time, have
been optimized by using an experimental design.

A micro-fluid-enzyme sensor for the quantification of
PIA was proposed (Bertolino et al. 2011). PIA has a poten-
tial to inhibit topoisomerase II (DNA gyrase) of bacteria.
PIA detection in pharmaceutical samples was based on
the use of tyrosinase enzyme that was immobilized on
3-aminopropyl-modified-controlled-pore glass packet in a
central channel of the microfluidic-enzymic device.

Another sensitive cathodic stripping voltammetric
method has been developed for PIA using the hanging
mercury drop electrode as a working electrode versus
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Ag/AgCl reference electrode (Solangi et al. 2009a). We
used 0.1 M hydrochloric acid as medium and 0.1 M potas-
sium chloride as base electrolyte.

An electrochemical sensor based on carbon paste
and inclusion of ionic liquid crystal (1-butyl-l-methyl-
piperidinium hexafluorophosphate) in the presence of
sodium dodecyl sulfate for the determination of ENX was
prepared (Atta et al. 2015). Different ionic liquids were
used and compared. The simultaneous determination of
binary mixtures of ENX with either dopamine or epineph-
rine was demonstrated with good peak potential separa-
tions; furthermore, the method was applied for the direct
determination of ENX in human urine samples. In another
report, a polythionine-modified carbon paste electrode
was prepared, and the electrochemical behavior of ENX
at this modified electrode was studied by cyclic voltam-
metry (Gu et al. 2013). Besides, a mercury-free electro-
chemical method for the assay of ENX was established by
using a glassy carbon electrode modified by multi-wall
carbon nanotubes functionalized with carboxylic groups
(Sun and Xing 2007), where differential voltammograms of
ENX were obtained in 0.1 M phosphate buffer of pH 5.91 at
100 mV/s. Another rapid anodic adsorptive voltammetric
method was developed for the analysis of trace amounts
of ENX at a carbon paste electrode where it was adsorbed
on the surface of the electrode in 0.4 mol/l acetate buffer
solution (pH 4.5) yielding one oxidation peak at 1.17 V (Yi
et al. 2007a).

Concerning FRX, its electrochemical behavior at the
glassy carbon electrode was studied by linear scanning
voltammetry and cyclic voltammetry (Yu et al. 2012b). In
0.1 m phosphate buffer solution of pH 6.5 containing Cu?*
ions, two reduction peaks given by Cu?* ion were observed
at —0.136 and -0.728 V, and their peak current decreased
with the addition of FRX while keeping their reduction
peak potentials unchanged.

The anodic behavior and analysis of PFX on boron-
doped diamond and glassy carbon electrodes were inves-
tigated using cyclic, linear sweep, differential pulse and
square wave voltammetric techniques (Uslu et al. 2008).
In cyclic voltammetry, PFX shows one main irreversible
oxidation peak and additional one irreversible ill-defined
wave depending on pH values for both electrodes. The
results indicated that the oxidation of PFX is irreversible
and diffusion controlled on the boron-doped diamond
electrode and irreversible but adsorption controlled on
the glassy carbon electrode. Another highly selective and
rapid new anodic adsorptive voltammetric method has
been developed for the determination of trace amounts of
PFX by using a carbon paste electrode (Yi et al. 2006). PFX
was adsorbed on the surface of the electrode yielding an
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oxidation peak at 1.03 V using an acetate buffer solution
0.40 M of pH 4.9.

Microbiological assay

Several microbiological assay methods were reported for
the determination of FQs of our interest; such methods
include fluoroimmunoassay (Mi et al. 2013, Zhang et al.
2013) and enzyme-linked immunosorbent assays (Huet
et al. 2006, Iwasaki et al. 2006, Lu et al. 2006, Wang et al.
2006, 2007b, Adrian et al. 2008, Burkin 2008, Li et al.
2008a, Scortichini et al. 2009, Chang et al. 2011, Jiang
et al. 2011, 2013, Sheng et al. 2011, Fan et al. 2012, Wen
etal. 2012, Tao et al. 2013, Tian et al. 2013, Zhao et al. 2013).

Separation techniques

Capillary electrophoresis (CE)

The literature survey revealed several CE methods for
the assay of FQs; such methods could be summarized as
follows.

The applicability of capillary zone electrophoresis
for the separation of ENX with five other quinolones in
acidic background electrolyte was studied (Rusu et al.
2015b). Furthermore, the migration behavior and separa-
tion of 13 quinolone antibacterials including ENX were
investigated by CE (Rusu et al. 2015a). It was proved that
the electrophoretic mobility of ionized quinolones can
be described with Offord’s equation, and the migration
order depends on their charge-to-mass ratios. Mean-
while, molecularly imprinted polymers were evaluated
as sorbent for the construction of an in-line solid phase
extraction analyte concentrator in CE coupled with mass
spectrometry for the determination of eight regulated
veterinary quinolones in bovine milk samples (including
ENX and OXA) (David et al. 2014). Different parameters
affecting the analyte concentrator performance, such as
sample pH, volume and composition of the elution plug
and injection time, were studied. Single drop micro-
extraction coupled with CE for the analysis of six FQs
including ENX was developed. The method was eventu-
ally applied for the extraction and pre-concentration of
FQs in human urine samples (Gao et al. 2011a). Another
method for the simultaneous determination of ENX
and ofloxacin was established using CE coupled with
ECL detection based on the ECL enhancement of tri(2,2-
bipyridyl)ruthenium(II) (Liu et al. 2010). A method for
the simultaneous separation and detection of six 4-qui-
nolones including ENX by capillary zone electrophoresis
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was developed. The most suitable running buffer was
found to be 30 mm sodium borate-10 mm NaH,PO, (pH
8.5), and the optimal applied voltage, temperature and
UV detection wavelength were 18 kV, 25°C and 278 nm,
respectively (Li et al. 2009b). Another CE method was
developed for the simultaneous assay of tetracaine,
proline and ENX in human urine with ECL detection.
The effects of applied voltage signal, the potential of
working electrode, pH value, the flow rate of carrier solu-
tion, concentration of Ru(bpy),* and the ECL intensity of
the drugs were investigated in detail (Sun et al. 2010b).
Another CE method was developed for the simultaneous
determination of five quinolone antibacterials including
ENX. At the detection wavelength of 268 nm, the elec-
trophoresis parameters were optimized where the buffer
was 15 mM sodium borate-15 mM potassium dihydrogen
phosphate at pH 8.8, the applied voltage was 8 kV and
the sampling time was 20 s (Tian et al. 2009). Mean-
while, a CE-potential gradient detection method was
developed for the determination of ENX together with
RFX and moxifloxacin. The FQs were baseline separated
within 3.5 min with background electrolyte composed
of 50 mM acetic acid and 6 mM potassium hydroxide at
pH 3.7 (Fan et al. 2009). The influence of bovine serum
albumin as an additive on the CE-potential gradient
determination of five quinolones including ENX was
described with 10 mg/1 of bovine serum albumin present
in the buffer of 30 mm Tris and 3 mm H,PO, at pH 9 (Qin
et al. 2009). Another CE coupled to a self-made conduc-
tometric detector was developed for the separation and
detection of five quinolones including ENX in a buffer
containing bovine serum albumin in 30 mM Tris, 3 mM
phosphoric acid at pH 9 (Liu et al. 2008c). Another
method for the effective assay of eight FQs including
ENX in human urine was reported. The method applied a
voltage of 22 kV, using a mixture of 4x 10~ M Na,B,0, and
0.1 M H,PO, (pH 9.15) as running buffer, and detecting by
using a diode array detector at wavelength 278 nm (Sun
et al. 2008a). A rapid CE coupled with potential gradi-
ent detection for the determination of four quinolones,
namely, ENX in a mixture with ofloxacin, FRX and pazu-
floxacin, was described. Separation was performed in a
fused-silica capillary using a buffer of 30 mm Tris and
4 mM phosphoric acid at pH 8.9 (Fan et al. 2007). The
interactions between FQs and human serum albumin
were investigated by affinity CE. Based on the efficient
separation of several FQs (including ENX) using a simple
phosphate buffer (Zhang et al. 2007b), a simple method
was developed for the effective separation of ENX, PFX
together with other FQ residues in porcine tissues by CE
with a diode array detector. A mixture consisted of 25 mm



8 —— F. Belal etal.: Analytical methods for the determination of 4-quinolone antibacterials

NaH,PO,, 25 mm Na,B,0, and 25 mm H,BO, (pH 9) was
used as a running buffer (Sun et al. 2007).

Regarding PIA, a novel method was developed and
validated for the separation and simultaneous quantita-
tion of seven structurally different drugs: PIA and oflox-
acin, pseudoephedrine, piroxicam, thiamin, pyridoxine
and cyanocobalamin by capillary zone electrophoresis
(Solangi et al. 2009b). The coupling of Ru(bpy),**-based
ECL detection with CE was developed for the simultane-
ous determination of proline and PIA in human urine
(Sun et al. 2010a). A specific pressure-assisted CE-MS
method is described for the analysis of PIA in combi-
nation with danofloxacin, enrofloxacin, flumequine
and ofloxacin. The most suitable electrolyte was 60 mMm
(NH4)2C03 at pH 9.2. Using this method, the FQs were
analyzed in fortified samples of chicken and fish (Juan-
Garcia et al. 2006). One report used narrow-bore fused-
silica capillaries to perform high-efficiency separation of
PIA and NDA using a buffer composed of 40 mMm sodium
tetraborate and 5% methanol as organic modifier (Rusu
et al. 2011).

For the analysis of OXA, a magnetic solid-phase
extraction method combined with CE for the simultane-
ous determination of the concerned drug with other FQs
using  (S)-(+)-6-methoxy-o-methyl-2-naphthaleneacetic
acid as internal standard in milk samples was developed
(Ibarra et al. 2012). OXA together with other FQs was also
assayed in bovine and porcine plasma, bovine milk using
CE (Francisco et al. 2006, Hermo et al. 2011).

Several other methods were reported for the quan-
titation of FRX. Field-enhanced sample injection for
sample stacking prior to the CE separation was devel-
oped inside a bubble cell capillary for highly sensitive
detection of five typical FQs in bovine milk of which we
concern FRX (Deng et al. 2014). Ethylene diamine was
proposed as the main component for the antibiotics
separation. A rapid method for the determination of resi-
dues of FRX with other three FQs in blood samples was
developed. The method was based on matrix solid-phase
dispersion extraction followed by CE with UV detection.
1-Butyl-3-methylimidazolium tetrafluoroborate was used
as the background electrolyte (Li et al. 2011). A CE method
based on ECL detection with Ru(bpy),** was developed
for the simultaneous determination of FRX and proline
in human urine. The most favorable resolution and
high sensitivity were obtained using a 15 mM phosphate
buffer at pH 9.6 with the detection potential at 1.15 V (Sun
et al. 2009a). FRX was also determined with other FQs
by CE using silica nanoparticles as running buffer addi-
tive (Wang et al. 2009b). A method for the simultaneous
separation of FQs (including FRX) and tetracyclines by
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CE was developed. The UV detection wavelength was
262 nm, the running buffer consisted of 50 mm NaB,O.-
200 mMm H,BO, with pH 8.41 and the separation voltage
was at 18 KV (Shen et al. 2012). FRX together with eight
FQs was separated by CE-UV based on poly(methacrylic
acid-co-ethylene glycol dimethacrylate) monolith micro-
extraction coupled with an online preconcentration
technique of field-amplified sample stacking (He et al.
2010a).

For the assay of PFX, novel methods to determine its
pharmacokinetics in urine of healthy adults were devel-
oped. The proposed methodologies were based on the
ECL of tris(2,2"-bipyridine)ruthenium (II) at a platinum
electrode (Li et al. 2008b, Deng et al. 2009).

The determination of five FQs, namely, RFX, ciprofloxa-
cin, enrofloxacin, gatifloxacin and moxifloxacin, in acidic
buffer by a CE-capacitively coupled contactless conducto-
metric detection technique was prescribed. The separation
was carried out in a fused-silica capillary using a buffer
composed of 10 mM tartaric acid, 14 mMm sodium acetate
and 15% (v/v) methanol at pH 3.8 (Yang and Qin 2009).

A Micellar electrokinetic capillary chromatography
(MEKC) method was developed using 1-butyl-3-methylimi-
dazolium hexafluorophosphate (BMIM) PF6 as a modifier
for separating ENX together with other seven FQs. Under
the optimal conditions of 10 mm sodium borate, pH 7.1,
1.7% (w/w) SDS, 1.5% (w/w) [BMIM] PF6 with 18 kV as
running voltage, the eight investigated FQs were baseline
separated within 15 min (Chen et al. 2012b).

Another MEKC method has been developed for the
simultaneous separation of seven FQs including FRX.
Baseline separation was achieved in a carrier electrolyte
containing 1% (v/v) heptane, 100 mMm SDS, 10% (v/v)
1-butanol and 8-mM phosphate-sodium tetraborate buffer
at pH 7.3 (Wei et al. 2008).

Thin layer chromatography (TLC)

The densitometric analysis of NFX in microemulsions
was developed and validated. The compact spot for NFX
was found at an R, value of 0.39+0.02 at an absorption
wavelength of 288 nm using a mobile phase consist-
ing of chloroform:methanol:formic acid (7.5:2.0:0.5, v/v)
(Kumar et al. 2010). Another work described the HPTLC
method for the analysis of NFX and mometasone furoate
in topical cream. The separation was carried out using
dichloroethane:di-ethyl ether:ammonia:methanol:ethyla
cetate (6:3:0.2:1.75:3.5, v/v) as the mobile phase. The den-
sitometric scanning was carried out at 254 nm (Amol et al.
2010). PIA and PFX together with other FQs were sepa-
rated with TLC using either buffer (pH=5.5)-methanol, or
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40:10 (v/v) or acetonitrile-water-acetic acid, 6:40:4 (v/v/v)
(Bober 2008).

Gas chromatography (GC)

Derivatization of some pharmaceutical substances for GC
analysis including NDA was performed using many deri-
vatizing reagents of different types; the derivatization was
followed by the GC/MS detection of the resultant products.
The number of labile hydrogen atoms in the initial mole-
cules substituted by the structural fragments of derivatiz-
ing reagents was determined (Gulyaev and Revel’skii 2010).

High performance liquid chromatography

Several HPLC methods were developed to separate FQs in
pure form, pharmaceutical preparations, biological fluids,
environmental samples, cosmetics, animals’ tissues and
so on. Such methods are abridged in Table 2.

Conclusions

The analysis of some selected 4-quinolone drugs from
the first and second generation since 2006 up till now
has been fully covered by the comprehensive review. Dif-
ferent analytical techniques were summarized to facili-
tate the literature reviewing effort that many researchers
perform to get up-to-date knowledge about this category
of antibacterial agents. In spite of that numerous ana-
lytical tools were suggested for their determination, it
was noticed that separation techniques constitute the
main core for their quantitative measurement. This
could be attributed to the fact that FQs exist in the form
of a mixture in many samples whether it is per se phar-
maceutical formulation, biological and environmental
samples, cosmetics, animal tissues and feed-premix
samples. CE and HPLC are two principal methods for the
assay of such class. In spite of that CE is characterized by
its high separation efficiency owing to the use of narrow
tubes in the apparatus, besides its simple instrumen-
tation which does not need experienced staff, HPLC is
more spread because it is superior to CE in many aspects.
Small pH changes affect a molecule’s charge and flow in
CE; thus, small variations in pH have a greater impact
in CE than in HPLC. Compared with HPLC, the control
of the pH is critical in CE, and there are many factors,
including temperature, that affect pH. Moreover, band
broadening, poor repeatability and lower sensitivity are
other limitations of CE. Thus, the reason of such numer-
ous reports in this review applying HPLC for FQ assay
could be inferred.
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