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Abstract Fluoroquinolones of the third and fourth genera-
tion posses wide bactericidal activity. Monitoring concen-
trations of antibacterial agents provides effective therapy
and prevents the increase of bacterial resistance to antibi-
otics. The pharmacodynamic parameters that best describe
fluoroquinalone activity are AUC/MIC and C,,, /MIC.
Determining the level of this type of drug is essential to
reach the effective concentration that inhibits the growth
of bacteria. Determining the pharmaceutical formulation
confirms the purity of a substance. Many methods have
been developed to determine the level of these substances.
They involve mainly the following analytical techniques:
chromatography, capillary electrophoresis, and spectros-
copy. The separation techniques were combined with dif-
ferent measuring devices, such as ultraviolet (UV), fluo-
rescence detector (FLD), diode array detector (DAD), and
mass spectrometry (MS). The analytical procedures require
proper sample pre-conditioning such as protein precipita-
tion, extraction techniques, filtration, or dilution. This paper
reviews the reported analytical methods for the determining
representatives of the third and fourth generation of fluoro-
quinolones. Attention was paid to pre-conditioning of the
samples and the applied mobile phase. This report might
be helpful in the selection of the proper procedure in deter-
mining the abovementioned drugs in different matrices.
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Abbreviations
ACN Acetonitrile
ASE Accelerated solvent extraction

AUC Area under the curve

BAL Bronchoalveolar lavage

BALO Balofloxacin

BCE Background electrolyte

BCG Bromocresol green

BPB Bromophenol blue

Crax Maximum concentration

CAP Community acquired pneumonia

CE Capillary electrophoresis

CMPA Chiral mobile phase additive

DAD Diode array detector

FLD Fluorescence detector

GATI Gatifloxacin

GEMI Gemifloxacin

HILIC Hydrophilic interaction liquid chromatography

HPLC High performance liquid chromatography

HPTLC High performance thin layer chromatography

LEVO Levofloxacin

LLE Liquid-liquid extraction

MBTH 3-Methyl-2-benzothiazolinone hydrazone
hydrochloride

MDR-TB  Multidrug-resistant tuberculosis

MIC Minimum inhibitory concentration

MOXI Moxifloxacin

MRM Multiple reaction mode

MS Mass spectrometry

NMR Nuclear magnetic resonance

PAZU Pazufloxacin
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PDA Photodiode array

PRULI Prulifloxacin

SITA Sitafloxacin

SPAR Sparfloxacin

TBAA Tetrabutylammonium acetate
TBA-Cl Tetrabutylammonium chloride
TBAmBR Tetrabutylammonium bromide
TEA Triethylamine

TFA Trifluoroacetic acid

TROVA Trovafloxacin

ULI Ulifloxacin

UPLC Ultra performance liquid chromatography
uv Ultraviolet

Introduction

Fluoroquinolones are a vast class of synthetic bactericidal
agents widely used in treatment. In 1963 nalidixic acid was
the first quinolone approved by FDA. The intensive devel-
opment of this group of antibacterial drugs was in the 1980s
with the discovery that a combination of fluorine atoms at
position 6 and a piperazinyl group at position 7 of the qui-
noline ring expands the spectrum of bactericidal activity.
This modification in structure produced norfloxacin, the
first of a new generation of fluoroquinolones [1]. They are
divided into four generations. The adjustment of the drug
to a proper class is based on its pharmacological activity.
Fluoroquinolones comprise a broad spectrum of activity
against Gram-positive, Gram-negative, and atypical bac-
teria, as well as Mycoplasma, Chlamydia, and Legionella.
Their activity is based on inhibition of bacterial enzymes:
DNA gyrase and DNA topoisomerase IV. These enzymes
are necessary to separate bacterial DNA. This activity leads
to inhibition of cell replication [2-6].

The activity of fluoroquinolones strongly depends on
their concentration. Pharmacokinetic parameters may
exhibit interpatient variability, especially in some groups of
patients, such as the critically ill, those with renal impair-
ment, or hospitalized patients. Pharmacodynamic param-
eters that best describe the efficacy are the area under the
plasma concentration—time curve to minimum inhibitory
concentration (AUC/MIC) and maximum plasma drug
concentration to minimum inhibitory concentration (C,,,,/
MIC). The optimal value of these parameters provides the
effective pharmacotherapy of bacterial diseases and thus
prevents bacterial resistance and lack of therapy efficacy
[7-11].

In the analysis of fluoroquinolones many high perfor-
mance liquid chromatography (HPLC) methods with dif-
ferent detection techniques were applied. The most com-
mon is HPLC with ultraviolet (HPLC-UV) or fluorescence
detection (HPLC-FLD). Another detector combined with
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the HPLC system is mass spectrometry (MS) (HPLC-
MS). These methods are common for determining drugs
in serum; however, mass detection makes it possible to
determine very low concentration in matrix. Another sep-
aration technique for analysis of the fluoroquinolone lev-
els is capillary electrophoresis (CE) combined with UV or
FLD. The determination of drug level in pharmaceutical
formulation can be performed by both HPLC techniques
and others such as UV-spectroscopy, voltamperometry, or
even nuclear magnetic resonance (NMR). All the afore-
mentioned methods require proper preparation of the sam-
ple. The pharmaceutical formulations are the least complex
matrices—only dilution is required. Physiological fluids
(blood, bile, saliva, and urine) and tissues homogenates
require a more complex technique of separation. This is
due to the presence of endogenous substances that may
appear on the chromatogram or electropherogram during
analysis. The key factor is to optimize the conditions of the
analysis (use of the proper solvent or buffer) and the sam-
ple preparation. In this case the sample preparation may
involve dilution which might be applied for urine, protein
precipitation or extraction applied in more complex matri-
ces (blood, serum, tissue homogenates). This paper reports
information about the methods for determining representa-
tives of the third and fourth generation of fluoroquinolones
in different matrices. The methods are divided according to
the used analytical technique used and preconditioning of
samples for analysis.

Third Generation Fluoroquinolones

The third generation representatives are levofloxacin
(LEVO), balofloxacin (BALO), pazufloxacin (PAZU), and
sparfloxacin (SPAR) [12]. LEVO is used in the treatment
of the community-acquired pneumonia (CAP), acute max-
illary sinusitis, and acute exacerbation of chronic bronchi-
tis. LEVO is also used in the eradication of Helicobacter
pylori when standard therapies fail. The oral and intrave-
nous administration of LEVO are equivalent due to its full
bioavailability. It is poorly metabolized—after 48 h about
87% of unchanged drug is eliminated in urine. The main
metabolites are N-oxide and desmethyllevofloxacin, and
they are inactive [12-14]. BALO exhibits excellent anti-
bacterial activity against Gram-positive bacteria such as
multi-drug-resistant Staphylococci and Pneumococci. It is
metabolized in the kidneys to glucuronide and N-desmethyl
derivative [15]. PAZU has strong activity against Gram-
negative bacteria, and it easily permeates the liver tissue,
gallbladder tissue, and bile. This indicates that PAZU
might be useful in the treatment of patients with the liver
disease [16]. SPAR is reported to be more active in vitro
than ciprofloxacin against Mycobacteria and Gram-positive
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bacteria including Streptococcus pneumoniae and other
Streptococci and Staphylococci [17].

Levofloxacin

There are many analytical techniques for quantitative
analysis of this drug in different matrices (Table 1). Most
of them are based on reversed phase HPLC. These tech-
niques are well suited due to the solubility of LEVO in
water. The most common applied detectors are UV [18-25]
and FLD [20, 26-31]. However, if the lower level of quan-
tification is required, mass detection (MS) can be applied
[32-35]. In MS/MS analysis the following multiple reac-
tion modes (MRM) are employed: m/z 362.7 — 261.2
[32], m/z 362.1 — 318.1 [34], and m/z 362.2 — 261.2
[35]. For single MS the following selected reaction moni-
toring is observed m/z 362 — 318 [33]. The other detec-
tor that can be applied is photodiode array detector PDA
[36]. The mobile phase is a mixture of water or aqueous
buffer and organic solvent. Triethylamine (TEA) is used
as an addition to mobile phase. TEA is an ion pair reagent
added to water that improves the shape of the peak. Its con-
tent does not exceed 1%, and the pH of the mobile phase
is slightly acidic [19, 21, 25, 26, 31, 36]. The proper pH
value is shifted with orthophosphoric acid. The addition of
ion pair reagent improves the quality of the separation due
to the presence of the negatively charged carboxyl group.
The other polar constituent might be the phosphate buffer
consisting of either sodium or potassium phosphates in the
following range of concentrations 10-30 mM [19, 24, 29,
36]. The most common organic solvent in HPLC separation
is acetonitrile (ACN) [20-22, 25-27, 29-31, 33, 35, 36].
Its content is within the range 14-43% for isocratic elu-
tion [20-22, 25, 26, 31, 36] and is also applied in gradient
elution; however, in this case the content of ACN varies in
time [27, 33, 35]. The high content of ACN is characteristic
for separation on a hydrophilic interaction liquid chroma-
tography (HILIC) column where the content of organic sol-
vent is higher than 80% [32].

The pre-dominant type of chromatographic column
used for RP-HPLC analysis is C18; however, there are
other columns, e.g. C8 or C4, on which the separation is
performed (Table 1). Watabe et al. tested different types of
columns, e.g. C18 and C8, in LEVO and also pazufloxacin
(PAZU) analysis. It was mentioned that LEVO and PAZU
interact better with the C8 column because this column
possesses less steric hindrance than the C18 column. The
structure of these substances differs in the C-10 position
of 7-oxopyrido[1,2,3-de] [1, 4] -benzoxazine-6-carbox-
ylic acid. LEVO and PAZU posses a 4-methylpiperazinyl
group and l-aminocyclopropyl group, respectively. The
presence of these groups may cause a better interaction
with the surface of the stationary phase. Fang et al. used

the C4 column in the separation. In this analysis, besides
LEVO, also isoniasid and rifampicine were detected. The
analysed compounds were in a wide range of polarity, and
this type of column was more suitable than C18. The butyl
bonded stationary phase provides a shorter time of analy-
sis of non-polar compounds without significantly affecting
the separation of the polar ones. The high resolution is still
maintained when compared with a long chain bonded sta-
tionary phase. HILIC columns were also applied in LEVO
analysis. The main advantage to using HILIC columns is
the fact that they can be used for separation of ionized com-
pounds. The HILIC columns are suitable for MS detection
due to the high content of organic solvent. HILIC separa-
tion is a normal type of separation, but the typical reversed
phase eluents are used. It is helpful when the poor reten-
tion of the analyte is observed in the column [26, 32, 34].
Methanol is often used in addition to ACN, and it can be
used in both isocratic [23] and gradient elution [19, 23, 27,
28]. ACN, water, and methanol (and their mixtures) might
be used as the solvents for stock solutions [37]. The other
contents of the mobile phase might be chiral mobile phase
additive (CMPA) solution consisting of CuSO, and L-leu-
cine [18], formic acid (in MS detection) [33, 35], sodium
dodecylosulfate (SDS) [20], tetrabutylammonium acetate
(TBAA) [20], citric acid [20, 22], ammonium acetate [22,
35], tetrabutylammonium bromide (TBAmBr) [29], and
L-isoleucine [23]. Liang et al. [20] reported the use of SDS
in mobile phase as an agent that increases the retention
time not only for LEVO, but also for gatifloxacin (GATI),
moxifloxacin (MOXI), and trovafloxacin (TROVA). It was
used in addition to 25 mM phosphate buffer and ion pair
reagent (10 mM TBAA), which improved the shape of
the peaks. This composition of the mobile phase makes it
possible to overcome the secondary interactions between
silanol groups on the stationary phase and amino groups on
quinolones. The addition of CuSO,, L-leucine or L-isoleu-
cine enables the stereospecific determination of LEVO in
matrix. Stereoselectivity was achieved through incorpora-
tion of chiral ligand exchange reagents directly into mobile
phase. The Cu?* ions, L-leucine, and water form a complex
that combines with LEVO and its R-enantiomer. These
complexes have different configurations. They might be
applied for the determination of impurities in pharmaceuti-
cal formulations. The other aminoacids were tested (L-phe-
nylalanine, L-serine and L-alanine); however, the best reso-
Iution was observed for L-leucine [18]. Devi et al. reported
also the method for determination of impurities after oxida-
tive degradation; however, it was not stereospecific [19].
The next separation technique that might be applied for
LEVO analysis is CE. This method requires a relatively
small amount of analyte. It may be applied for quantifica-
tion of LEVO in different matrices such as human urine,
tablets, or in water. The separation might be performed in
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both aqueous [38, 39] and in nonaqueous [40] conditions.
The optimum pH of the aqueous solution is about 8.0. The
change in pH may influence the response of the detector
and it may cause the interaction with capillary wall for pH
lower than 2.5. In comparison with chromatographic meth-
ods the CE separation is more complicated because there
are more factors that influence the resolution of the analy-
sis (pH, voltage, temperature, length of the capillary). The
impurities in the sample may absorb in the wall of capil-
lary, thus prolonging the time of the analysis.

The other technique that is applied in LEVO analysis is
UV-Vis spectroscopy. This method is suitable for analysis
of pure substances and pharmaceutical formulation. LEVO
might be detected as the complex with bromophenol blue
(BPB) or bromocresol green (BCG) [41] or as itself [42].
Spectroscopy be applied to analyse marketed formulations,
as well as for human urine or serum. In this case a fluores-
cence detector is applied, and the fluorescence is enhanced
by SDS micelle [43]. In addition to the UV—-Vis spectros-
copy, also 'H NMR, adsorptive square-wave anodic strip-
ping voltammetry and synchronous scanning room tem-
perature phosphorimetry may be applied [44-46]. These
techniques are rarely used, and they are suitable for analy-
sis of pharmaceutical formulation.

All aforementioned techniques require proper sam-
ple preconditioning. The following matrices may be used:
serum [26, 43], plasma [20, 21, 23, 24, 27, 28, 31, 32, 34,
45], blood [30], urine [23, 38, 43—45], sputum [36], tissues
[33-35], bone [21], bronchoalveolar lavage (BAL) [21],
bile [30], water [40], dialysate [28], reaction mixture [19],
and pharmaceutical formulation [18, 22, 25, 39, 41-43, 45,
46]. For protein precipitation, an extraction step, dilution
is typically applied prior to analysis. Protein precipitation
is mainly performed using solvents such as ACN [27, 31,
38], methanol [34], a mixture of ACN and methanol [24],
perchloric acid and methanol [26], and trifluoroacetic acid
(TFA) [28]. Watabe et al. reported the mixture of methanol
and 6% perchloric acid as a precipitating agent. The use of
ACN or ethanol resulted in broad or very small peaks; using
methanol the supernatant was not clear enough. The use of
pure 6% perchloric acid resulted in low recovery. A mixture
of 6% perchloric acid and methanol resulted in good recov-
ery of the drug. It was considered that adding methanol to
the solution of perchloric acid causes co-precipitated drug
with the protein to be extracted into the supernatant [26].
The extraction method comprises liquid-liquid extraction
(LLE) with dichloromethane [23, 32], chloroform [41],
hexane [35], solid-phase extraction (SPE) [21, 33], extrac-
tion on pre-column [29], dispersive liquid—liquid micro-
extraction [40], and boiling in the Soxhlet apparatus [46].
Other procedures applied in preconditioning are microdi-
alysis [30], ultrafiltration [20], microextraction [36], and
dilution [19, 22, 25, 39, 42-45]. Liang et al. [20] used a
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mixture of SDS with ACN in ultrafiltration method as a dis-
placing reagent in the sample preconditioning in analysis
of LEVO, MOXI, GATI, and TROVA to displace the drug
bound with the protein and to determine the total drug con-
centration which resulted in recovery greater than 95%.
Xu et al. [35] tested different conditions of LLE involving
a ACN/water-based solution with hexane. The non-hexane
layer contained ACN, water, and an addition of phosphoric
or formic acid in different proportions. For the purpose of
the method the most optimal proportions of the mixture
was ACN containing 0.3% phosphoric acid (70:30). The
mixture of ACN and aqueous solution was used in order to
prevent the sample solidification when pure ACN is used in
sample preconditioning. On the other hand too low content
of ACN results in not complete protein precipitation. The
abovementioned proportion resulted in optimum recovery
and removal of the protein.

The extraction or precipitation techniques are applied
mainly in biological matrices such as plasma, serum, tissue
homogenate, BAL, and urine. The dilution can be found
often in sample preconditioning of pharmaceutical formu-
lations. The analysis of the levels of LEVO with separation
techniques requires also the use of the internal standard.
The addition of the internal standard provide the repeatabil-
ity of the results and improves the precision of the assay.

The limit of detection (LOD) and limit of quantifica-
tion (LOQ) strongly depended on both the used matrix and
applied detector. The LOD and LOQ for pharmaceutical
formulations were even of the order of 107° g mL~! for
fluorescent detection. The detection limit for the biological
matrices such as plasma, urine, and serum were higher. The
MS detector was more sensitive for the analyte than UV or
FLD; however, for routine clinical practice it is not always
necessary to detect very low concentrations because peak
and trough concentrations are on the order of mg L! [47].

Balofloxacin

To determine BALO, the HPLC technique with MS and
UV detection was used [15, 48]. The separation was per-
formed on a C18 column. The organic eluents were ACN
and methanol. The inorganic contents were aqueous solu-
tions of ammonium acetate [15] and potassium dihydrogen
phosphate [48]. The pH of the mobile phase was slightly
acidic [15, 48] (Table 1). The selection of dihydrogen phos-
phate adjusted to pH 6.5 resulted in good resolution of the
analysis and reduction of the tailing [48]. On the other
hand Bian et al. [15] tested 10 mM ammonium acetate in
different pH conditions (6.65 vs 3.0). The application of
the solution with lower pH resulted in better resolution of
the analysis and reduction of the tailing of the peak. These
differences might be caused by the use of the different
organic solvents—ACN and methanol in [48] and [15],
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respectively. The sample preparation involved LLE for
plasma [15] and dilution for pharmaceutical formulation
[48]. In LLE a mixture of dichloromethane-ethyl acetate
was used. In comparison with the mixture n-hexane—iso-
propanol it showed high efficiency and less interference.
During the extraction procedure, it was not advisable to
use an acid (1 M HCI) or a base (1 M NaOH) because this
resulted in higher interference [15]. The LOD and LOQ
were lower for MS detection [15]. The quasimolecular ion
[M + H]" of m/z 390 of BALO was selected for monitor-
ing [15].

Pazufloxacin

The methods for determination of PAZU comprise both
HPLC [26, 27, 49] and CE technique [50-52]. The ana-
lysed matrices were pharmaceutical formulation (tab-
lets), milk [50], and biological fluids, i.e., serum, plasma,
urine, muscle homogenate, saliva, gingiva, and crevicular
fluid [26, 27, 49, 51, 52]. The applied columns in HPLC
were C18 [27, 49] and C8 [26]. The content of ACN in the
mobile phase did not exceed 15.5% [26, 49]. The other
contents were 0.5% phosphoric acid containing 1% of
TEA [49] or 1% TEA solution [26] or 0.1% formic acid
at pH 3.0 adjusted with TEA [27]. CE separation was per-
formed at room temperature, and the background electro-
lyte (BGE) was an aqueous solution of TRIS and phos-
phoric acid [50, 51]. The other additives were phosphates
and B-cyclodextrines [52]. The pH was within the range
5.04-9.00. The length of capillary depended on applied
voltage. A lower voltage was applied and a shorter capil-
lary was used (Table 1). The sample preparation involved
protein precipitation with methanol [49], ACN [27] or 6%
perchloric acid and methanol [26], LLE with dichlorometh-
ane [50, 51], and dilution [52]. The LOD depended on a
sample preparation—for extraction it was within the range
0.01-0.3 wg mL~! [49-51], for protein precipitation 0.01—
0.1 ng mL™! [26, 27], and for diluted urine it was the high-
estat 7 g mL~! [52] (Table 1).

Sparfloxacin

The method for SPAR analysis comprises spectroscopic
and chromatographic techniques. The separation tech-
niques comprise HPLC [35, 53-55], ultra performance
liquid chromatography (UPLC) [17], and CE [56]. Gupta
et al. [17] compared HPLC with UPLC. It was found that
the tailing effect is reduced and the elution time of SPAR
was 10-fold lower in UPLC analysis. The number of the-
oretical plates was three times greater for UPLC than for
HPLC The detection applied in chromatographic analysis
were UV [17, 53, 54], diode array detector (DAD) [57],
and MS [35, 55]. The MRM employed in MS/MS analysis

were: m/z 393.2 — 349.3 [35] and m/z 3929 — 348.7
[55]. The separation was performed on a C18 column. The
analysed matrices via separation techniques were plasma,
urine, serum, and tissues (muscle) [35, 53-57]. The organic
solvent applied in analysis was ACN [17, 35, 53-55, 57].
In isocratic elution the content of ACN was up to 80%
[55]; however, in other analyses the content was within
the range 12-20% [53, 54]. In addition to ACN, metha-
nol was also used [53]. The other additives in the mobile
phase were 0.1% orthophosphoric acid [17], 5% acetic
acid [53], NaH,PO, [54], 54 mM formic acid [35], 10 mM
CH;COONH, [35, 55], and 0.1% TFA [57]. The addition
of acid resulted in slight acidic pH of the mobile phase. The
ionic pair reagent was found in [53] and the content was
1% in a mobile phase. In three methods the higher tempera-
ture was reported: 30 °C [35], 35 °C [54], and 50 °C [53].

CE was performed in tetraborate buffer with an addition
of silica nanoparticles. The pH was about 9.0 [56].

The sample pre-conditioning involved protein precipi-
tation with 20% HC1O, [53] and ACN [55, 57], LLE with
ethyl acetate [54], extraction with ACN/water mixture
with addition of phosphoric acid and hexane in muscle tis-
sue [35], and dilution [17, 53, 56]. The addition of a small
amount of phosphoric acid increased the recovery of SPAR
from the muscle tissue. The authors also used the formic
acid; however, the recovery in this case was lower [35]. The
detection limits strongly depended on the applied detection.
The lowest were noted for MS detection [55] (Table 1).

Fourth Generation Fluoroquinolones

The representatives of fourth generation fluoroquinolo-
nes are MOXI, TROVA, sitafloxacin (SITA), prulifloxa-
cin (PRULI), gemifloxacin (GEMI), GATI [12]. MOXI
is characterized by a wide range of activity. The activ-
ity comprises Gram-negative and Gram-positive bacteria,
such as Staphylococcus, Streptococcus, Enterococcus, and
also atypical bacteria and anaerobes [58—61]. It is used in
the treatment of conjunctivitis, keratitis, pre- and postop-
eratively to control infections of the eyes. LEVO is used
in CAP and in multidrug resistant tuberculosis (MDR-TB)
treatment [62]. The killing effect on slow replicating bacilli
in the tissues is an important factor that shortens MDR-TB
treatment and, therefore, MOXI is often added to standard
therapy [63-66]. TROVA exhibits a broad activity spec-
trum against Gram-positive and Gram-negative bacteria. It
is used mainly in veterinary medicine—it was withdrawn
from the market in 1999 due to incidents of idiosyncratic
hepatotoxicity [67, 68]. SITA is active against Gram-pos-
itive and Gram-negative bacteria, Chlamydia spp., and
Mycoplasma spp. It also shows activity against quinolone-
resistant methicilin-resistant S. aureus, Pneumococcus spp.,
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and Pseudomonas spp. [69]. PRULI is a prodrug of uli-
floxacin (ULI). PRULI is rapidly metabolized by paraoxo-
genases to ULL It is applied in simple cystitis treatment,
acute exacerbation of chronic bronchitis, and lower uri-
nary tract infections in children and adults [70, 71]. GEMI
is a broad bactericidal spectrum drug. It has particularly
enhanced activity against Gram-positive organisms. It also
shows fourfold higher bactericidal activity against S. pneu-
moniae than MOXI and is active against H. influenzae and
M. catarrhalis and the atypical organisms L. pneumophila,
Chlamydia spp., Mycoplasma spp. It is also applied in uri-
nary tract infections [72]. GATI is active against Gram-pos-
itive and Gram-negative bacteria. It is active in vitro against
clinically important pathogens such as penicillin-resistant
S. pneumoniae [73].

Moxifloxacin

MOXI may be analysed by many analytical techniques.
The predominant ones are reversed phase HPLC with dif-
ferent detectors such as UV [20, 24, 54, 60, 74, 75], FLD
[27, 29, 76-79], MS [80-82], and DAD [57, 66]. There
are also reported methods for CE [32, 83, 84]. A simple
method involving UV-Vis spectroscopy is applied in analy-
sis of pharmaceutical formulation and pure substance [85].
The main constituent of the mobile phase in HPLC sepa-
ration was the phosphate buffer [24, 29, 54, 66, 74-76, 78].
The concentration of the phosphate buffer was within the
range 10-50 mM; however, there is also a reported method
with a high concentration of sodium phosphate (0.25 M)
[78]. The other constituent of the aqueous phase might be
carboxylic acid such as citric acid [20], formic acid [27],
acetic acid [81], TFA [77] or its anhydride [81]; organic
salts such as ammonium acetate [81] and SDS [20]. Chan
et al. [77] reported the use of TFA because it doesn’t affect
the fluorescence signals. In many methods an ion pair rea-
gent was the constituent of the mobile phase. The most
common used was TEA [60, 66, 74, 75, 80]. The concen-
tration was in the range 0.03-2.00%. The lowest concen-
tration was applied in the method with MS-detection [80].
For the other detectors the minimum concentration of
TEA was 0.1%. The other ion pair reagents were TBAA
[20], TBAmBr [29], and tetrabutylammonium chloride
(TBA-CI) [77, 79]. The ion pair reagent reduces the tailing
of the peaks due to the interaction with the silanol groups.
It reduces both the availability of free stationary phase
silanols and the analyte’s interaction with them. The addi-
tion of ion pair reagent should be as low as possible. The
high content causes a long column equilibrating time, and
it is difficult to wash off the column. The high tailing is also
observed for pH 4.5 and 5.5. The negatively charged silanol
groups from the stationary phase and positively charged
amine group of MOXI are responsible for it. The decrease
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of pH value to 3.5 results in reducing of peaks tailing. The
silanol groups above pH 3.5 are ionized and interact with 1°
and 2° amines [74]. The content of the water-based phase
in isocratic elution was 57-95%. The organic solvents
applied in the chromatographic analysis were ACN [20, 24,
29, 54, 57, 60, 76, 78, 79, 81, 82], methanol [66, 74, 80], or
both [27, 75, 77]. The pH of the mobile phase was acidic
2.5-6.0. Laban-Djurdevi¢ et al. [78] optimized the condi-
tion of the analysis by the response surface method in two
factor space. The statistical analysis was performed by the
Statistica v.6 software and it occurred that the most impor-
tant factors influencing retention time and resolution were
ACN content and pH of the mobile phase. Less significant
occurred to be the ionic strength of the phosphate buffer.
It was observed that response surface possess a relatively
flat maximum situated between 10 and 15% ACN and pH
within the range 3.0-4.5.

In MS/MS analysis the following MRM transitions were
applied: m/z 402.1 — 260.0 [80], m/z 402.0 — 358.2 [81],
and m/z 402 — 384, m/z 402 — 358 [82].

The next separation technique applied in MOXI analy-
sis is CE. The BGE in reported method consisted of buffers
(both organic and inorganic), salts, and TEA [39, 83, 84]. In
order to improve the resolution for enantiomers the sulfated
y-cyclodextrin were applied [84]. The pH depended of the
constituents of the mobile phase and it was both acidic or base.
The measurements were performed at the room temperature.

Ashour et al. reported the simple technique for analysis
of MOXI in both pharmaceutical formulation and pure sub-
stance [85]. The method was based on the coupling reac-
tion of MOXI with 3-methyl-2-benzothiazolinone hydra-
zone hydrochloride monohydrate (MBTH) in the presence
of Ce(IV) ions. This method is suitable for kinetic meas-
urements. Djurdevic et al. [60] and Cruz et al. [84] reported
the methods that were also suitable for impurities analysis.
They are based on HPLC and CE. The HPLC method was
suitable for analysis of impurities and forced degradation
products [60]. The CE method was suitable for determi-
nation of S,S-, R,R-, R,S-, and S,R-diastereoisomers of
MOXI. The active one was S,S-isomer, the other ones were
potential chiral degradation products of MOXI [84].

The preconditioning of the sample involves the follow-
ing techniques such as extraction [29, 54, 75, 79, 81-83],
protein precipitation [24, 27, 57, 76, 80], dilution [39, 60,
66, 74, 77, 79, 84, 85], and filtration [20, 78]. The extrac-
tion techniques comprise classical LLE with dichlorometh-
ane [75, 83], ethyl acetate [54], SPE [79, 82], and others
such as online extraction on pre-column [29] and extraction
with cyanoimipramine [81]. The protein precipitation was
performed by ACN [27, 57, 77], methanol [80], mixture of
ACN and methanol [24], and HCIO, [76].

The analysed matrices were plasma [20, 24, 27, 54, 57,
75, 78, 80, 82], serum [29], blood [81], saliva [76], muscle
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[83], vitreous and aqueous humor [77, 79], and pharmaceu-
tical formulations (eye drops, tablets), as well as in pure
substance [39, 60, 66, 74, 84, 85]. The detection of MOXI
in biological matrices involved mainly extraction or pro-
tein precipitation step. However, ultrafiltration with SDS
as an displacing agent or microfiltration was also applied.
The displacing reagent was used as a drug releasing fac-
tor from the proteins. It enhances the protein solubility and
minimizes binding with the drug. The different concentra-
tions of SDS were tested, and it was found that the most
optimum was 10 mM SDS and phosphoric buffer adjusted
to pH 3.0. Addition of SDS also increased the fluorescence
intensity [78]. The preconditioning of the sample in phar-
maceutical formulation was dilution. Internal standards
were used in the most of the methods.

The LOD and LOQ mainly were of the order of
g mL~". However, both MS and FLD or UV detection
enabled to detect the levels of ng mL~! (Table 1).

Trovafloxacin

TROVA is analysed by HPLC with both UV and FLD [20,
27, 67, 86]. The separation is performed on a C18 column.
The organic solvent applied in the analysis was ACN [20, 86]
or as a mixture with methanol [27, 67]. Ion-pair reagent used
were TBA as hydroxide [67], hydrogensulfate [86], or acetate
[20] and TEA [27]. The inorganic content was dihydrogen-
phosphate sodium [67], sodium phosphate [86], or 0.1%
formic acid [27]. The other substances found in the mobile
phase were SDS and citric acid [20]. The pH of the mobile
phase was slightly acidic. The analysed matrices were plasma
and urine. The sample preconditioning was protein precipita-
tion (for plasma or serum) with ACN [27], a mixture of ACN
and perchloric acid [86], and 20% perchloric acid [67]. The
other technique was ultrafiltration with 0.5% SDS solution
preconditioning [20]. Urine was diluted prior to analysis [86].
The LODs were similar for the mentioned chromatographic
methods with protein precipitation. The detection limit was
higher for urine. TROVA was also analysed by differential-
pulse adsorptive stripping voltammetry [68]. In this case the
sample preconditioning was filtration and LOD was higher
than for the formerly reported methods (Table 1).

Sitafloxacin

SITA was analysed by chromatographic methods with the
mass detection [69, 87]. The MS/MS analysis was based
on the following MRM transitions: m/z 410.1 — 392.1
[87] and m/z 410.1 — 392.2 [69]. The composition of the
applied mobile phase in reported methods was similar—it
was a mixture of methanol and 0.1% formic acid. In the
method where the content of formic acid solution was
higher (62 vs. 54%) the temperature of the separation was

also higher, i.e. 40 vs. 35 °C. In both cases the protein pre-
cipitation was the method for sample preconditioning. The
precipitating agent was methanol with a 0.1% addition of
formic acid [87] or isopropanol [69]. The quantitation limit
was lower in case of [87] (Table 1).

Prulifloxacin

PRULI is a prodrug of ULI. Some reported methods for
PRULI determination also reports the determination of
ULI. ULI was also considered as an impurity of PRULI
[88]. Both compounds were analysed by HPLC techniques
with UV [70, 88, 89] or MS detection [71, 90] and CE [91].
The following MRM transitions were observed for PRULI
in MS/MS analysis: m/z 462 — 444; m/z 462 — 418;
miz 460 — 360; m/z 462 — 350 [90]. These transitions
are helpful in analysis of degradation products of PRULI
For ULI the following MRM in MS/MS detection was
employed m/z 350 — 248 [71]. The analysed matrices
were tablets [70, 88], degradation products [90], aqueous
human humor [89], plasma [71], and urine [91]. The sepa-
ration was performed on C18, C8, and HILIC columns. The
mobile phase consisted of ACN [70, 88-90] and metha-
nol [71] as an organic content. ACN can be replaced with
alcohol; however, in this case its content must be higher
to achieve the same degree of retention on HILIC column
[88]. The other contents of mobile phase were dihydrogen
potassium phosphate [70], ammonium acetate [88], phos-
phoric acid [89], formic acid in MS detection [71, 90]. The
BGE in CE consisted of sodium citrate, citric acid, and
sodium sulfite [91]. The sample preconditioning involved
pulverization and dissolution with a proper solvent in case
of tablets [70, 88], dilution in case of aqueous matrices
[89-91], protein precipitation with methanol [71]. The
limits of detection depended on the applied matrix and the
detector. The lowest were for the MS detection for PRULI
[90]. The same type of detection for ULI resulted in higher
LOD [71]. In the methods where PRULI and ULI were
detected simultaneously the detection limits were lower for
PRULI [88] (Table 1).

Gemifloxacin

GEMI was analysed by HPLC and high performance thin
layer chromatography (HPTLC). The HPLC methods
involved FLD, UV, and PDA detection [72, 92-94]. The
HPTLC plates were detected in UV light [93]. The applied
columns were C18 [72, 93, 94] and HILIC [92]. As in the
previously reported method the applied organic solvents
were ACN [72, 92], methanol [93, 94]. The aqueous solu-
tions contained 10 mM ammonium acetate [92], 0.1% TFA
[72], sodium acetate [93], orthophosphorc acid [93]. Ethyl
acetate and ammonia were used in HPTLC separation [93].
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The analysed matrices were dried blood [92], plasma [72,
93], and reaction mixture [94]. The sample precondition-
ing involved extraction with methanol for blood spots [92],
ultrafiltration [72], LLE [93], and dilution [94]. The quan-
tification limits were lower for FLD detection [72, 92] than
for UV and PDA detection [93, 94] (Table 1).

Gatifloxacin

In GATI analysis were applied HPLC and CE. The HPLC
techniques involved FLD [20, 27, 29, 79, 95], UV detection
[20, 24, 25, 54, 96-99], and MS detection [96]. The detec-
tion in CE involved UV detection [39, 52, 56], capacitively
coupled contactless conductivity detection [83] and electro-
luminescence [73].

The chromatographic analysis was performed on C18
column. The organic eluent was ACN [20, 24, 25, 27,
29, 54, 79, 95-97], methanol [27, 95, 96]. Ion pair rea-
gents were TBAA [20], TEA [25, 27, 95], TBAmBr [29],
TBA-Cl [79]. The other constituents were phosphates [24,
29, 54, 97-99], SDS [20], citric acid [20, 96], 0.1% FA [27,
96], TFA [79], ammonium acetate [96], phosphoric acid
[95]. The pH of the mobile phase was acidic. The elution
was both iscocratic [20, 24, 29, 54, 79, 95, 97-99] and gra-
dient [27, 96]. HPLC analysis was performed at ambient
temperature with the exception of [54, 96] and [95], where
it was performed at 35 and 28 °C, respectively. CE sepa-
ration was performed on PBS [73], TRIS/hydrochloride
[39], tetraborate buffer [39], phosphate buffer with cyclo-
dextrins [52], disodium tetraborate with silica nanoparticles
[56], tartaric acid, and sodium acetate [83]. The following
MRM transitions were employed in MS/MS analysis: m/z
375.9 — 332.0 and m/z 375.9 — 260.9 [96].

The analysed matrices were tablets [39], pharmaceutical
formulations [25, 98], serum [29, 56], plasma [20, 24, 27,
53, 54, 95, 97], blood [73], urine [52, 53, 73], muscle [83],
aqueous and vitreous humor [79], and food samples [96].

The sample preconditioning involved pulverization and
dissolution [25, 39, 99], ultrafiltration [20, 97], online
extraction on column [29], protein precipitation with ACN
[27] or methanol or a mixture of ACN and methanol [24],
dilution with a proper solvent [52, 56, 79], LLE [54, 83,
98], SPE [73, 79, 95], and ASE (accelerated solvent extrac-
tion) [96]. Fu et al. [73] reported that SPE lead to success-
ful clean-up of the sample and that no unacceptable inter-
ference was observed during the analysis. Tasso et al. [95]
reported the method of online SPE combined with HPLC.
The biological sample was injected onto a cartridge and it
was eluted cleaned up using proper solvents and washed
off on a column. The detection and quantification limits
depended on the applied detection and there were lower for
MS detection (Table 1).
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Conclusion

This paper presents information about methods involving
different analytical and separation techniques and, there-
fore, might be helpful in the selection of procedures for the
levels determination of the antimicrobial agent.

The fluoroquinolones posses two groups that can inter-
act with protons—amine and the carboxyl groups. They
are strongly ionized compounds due to their zwitterionic
nature. It may cause that analysis of these substances
with separation techniques becomes complicated. The
tailing of peaks and also poor resolution on the column
are the main problems that can be encountered during
analysis. The most commonly used organic solvents are
ACN and methanol in gradient or isocratic elution. ACN
has more elution strength than methanol and often causes
peaks to appear on the chromatogram. The addition of
methanol may influence the resolution between peaks.
The separation of fluoroquinolones is often performed on
reversed phase. The applied columns are mainly C18, C8,
and C4. The other columns that may be used in analy-
sis are HILIC. They are the alternative to RP-HPLC for
separation of hydrophilic ionized solutes. In this case the
content of at least 80% of organic solvent (mainly ACN)
is required. This type of column is desirable for separa-
tion in MS analysis. The organic solvent evaporates eas-
ily and results in low content of aqueous solution, which
is not as volatile as ACN or methanol. One of the con-
stituents of the mobile phase applied in the analysis of
the fluoroquinolones is the solution of ion-pair reagents
(TEA, TBAA, SDS, or others). The content of this type
of reagent results in a longer column equilibrating time
and may lead to problems with column maintenance. On
the other hand, ion-pair reagents cause better interaction
of the analyte with the stationary phase. When consid-
ering the composition of the mobile phase, researchers
should take into consideration these two facts. The ion-
pair reagent should be added to the mobile phase when
the addition of the buffer at the proper pH value does
not suppress the peak tailing effect or does not provide
a good resolution of the analytes. The applied column,
the addition of other contents such as organic or inor-
ganic salts, ion-pair reagent, and also the proper value
of pH influence the shape of the peak and may have an
impact on LOD and LOQ. The other things to consider
are the sample preconditioning and the applied detec-
tor. In quantitative analysis the applied method must be
appropriate for the predicted level of the analyte, used
matrix, and the aim of the analysis. The analysis per-
formed in biological fluid will be characterized by higher
LOD or LOQ than those performed in pharmaceutical
formulation or aqueous solution, and they require proper
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preconditioning prior to analysis. The LOD and LOQ is
higher in the methods involving protein precipitation in
the preconditioning step than in the methods in which the
extraction step (LLE or SPE) is involved. The extraction
techniques are more laborious in sample preparation, but
they are useful in the detection of the lower concentra-
tion of the analyte in a sample. In the analysis of pharma-
ceutical formulation there is no urgent need to apply the
aforementioned preconditioning steps—the dilution is
sufficient. The analysis in this case may be performed by
UV, Vis, and fluorescence spectroscopy. Deproteinization
step by protein precipitation is the least complex proce-
dure for sample preconditioning when the removal of the
proteins is required. LLE or SPE are more complex tech-
niques because they involve the evaporation of the sol-
vent and dissolution of the sample. These steps are the
points where possible mistakes can be made. Also, they
are time consuming and more expensive because they
involve the use of additional reagents and equipment.
The sample preparation should be as simple as possible
and fitted to the matrix. There are matrices that require
more complex sample precondition like tissue homogen-
ates. In this case not only proteins should be removed,
but also lipids. Protein precipitation should be done with
a solvent that prevents too much solidification which may
lead to the decrease of the recovery. The analyte might
be trapped on the precipitate. In this case the addition of
water based solution can be applied. The other advan-
tage of protein precipitation is that the recovery of the
analyte is greater than for the extraction techniques (SPE
and LLE). Moreover, the difference of the hydrophobic-
ity of the analytes must be also taken into consideration
during extraction procedures. The separation techniques
must be applied when there is more than one analyte that
can be detected under the analysis conditions. The meth-
ods that apply fluorescent detection or mass detection are
characterized by lower LOD and LOQ. The combination
of mass detection with extraction step results in an LOD
on the order of pg mL~!. MS analysis requires an organic
acid as a protonating agent. The most common are formic
acid, acetic acid alone or in a mixture with ammonium
formate or acetate. The applied MS detection was a tan-
dem MS/MS in most cases. The analysis of the level of
the antibacterial drugs is essential from the clinical point
of view in order to avoid the resistance of the microor-
ganism on therapy. In the clinical analysis, where the fast
result is required to improve the treatment with antimi-
crobial agent, the protein precipitation combined with
HPLC should be applied. However, if it is not possible
to apply MS detection, FLD or UV detection with the
addition of an internal standard is a suitable technique for
fast and inexpensive analysis. Fluoroquinolones of the
third and fourth generation are the antibacterial agents

for which the concentration in blood and other fluids are
on the order of mg L™! and the HPLC techniques with
FLD or UV detection are suitable. The use of an internal
standard also compensates for the loss of analyte during
the extraction step and provides repeatable results.

Compliance with Ethical Standards
Conflict of interest There are no conflict of interests.

Ethical approval This article does not contain any studies with
human participants or animals performed by any of the authors.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://crea-
tivecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were
made.

References

1. Da Silva AD, De Almeida MV, De Souza MVN, Couri MRC
(2003) Biological activity and synthetic metodologies for the
preparation of fluoroquinolones, a class of potent antibacterial
agents. Curr Med Chem 10:21-39

2. Hawkey PM (2003) Mechanisms of quinolone action and micro-
bial response. J Antimicrob Chemoth 51:29-35

3. Ferrara AM (2005) New fluoroquinolones in lower respiratory
tract infections and emerging patterns of pneumococcal resist-
ance. Infection 33:106-114

4. Appelbaum PC, Hunter PA (2000) The fluoroquinolone antibac-
terials: past, present and future perspectives. Int J Antimicrob Ag
16:5-15

5. Sharma PC, Jain A, Jain S (2009) Fluoroquinolone antibacteri-
als: a review on chemistry, microbiology and therapeutic pros-
pects. Acta Pol Pharm 66:587-604

6. Martindale (2009) The complete drug reference, 36th edn. The
Pharmaceutical Press, London, pp 302 and 1526

7. Liu D, Xu S, Xiao H, Wang Z, Mao N, Zhou J, Liu R, Huang
Y (2014) Quantitative determination of unbound levofloxacin by
simultaneous microdialysis in rat pancreas after intravenous and
oral doses. J Pharm Pharmacol 66:1215-1221

8. Noor MT, Radhakrishna Y, Kochhar R, Ray P, Wig JD, Sinha
SK, Singh K (2011) Bacteriology of infection in severe acute
pancreatitis. JOP 1:19-25

9. Turnidge J (1999) Pharmacokinetics and pharmacodynamics of
fluoroquinolones. Drugs S2:29-36

10. Wispelwey B (2005) Clinical implications of pharmacokinet-
ics and pharmacodynamics of fluoroquinolones. Clin Infect Dis
41:5127-S135

11. Zhang J, Yu JC, Shi YG, Zhou L, Ye XY, Zhu DM, Zhang YY
(2005) Study of pharmaco-kinetics/pharmacodynamics of levo-
floxacin. Nat Med J China 27:1926-1932

12. Deep A, Chaudhary U, Sikka R (2011) In the quest of drugs for
bad bugs: are newer fluoroquinolones any better? J Lab Physi-
cians 3:130-131

13. Hemeryck A, Mamidi RN, Bottacini M, Macpherson D, Kao M,
Kelley MF (2006) Pharmacokinetics, metabolism, excretion and

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

198

A. Czyrski

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

plasma protein binding of 14C-levofloxacin after a single oral
administration in the Rhesus monkey. Xenobiotica 36:597-613
Kim SY, Choi DJ, Chung JW (2015) Antibiotic treatment for
Helicobacter pylori: is the end coming? World J Gastrointest
Pharmacol Ther 6:183-198

Bian Z, Tian Y, Zhang Z, Xu F, Li J, Cao X (2007) High per-
formance liquid chromatography—electrospray ionization mass
spectrometric determination of balofloxacin in human plasma
and its pharmacokinetics. J] Chromatogr B 850:68-73

Hamada Y, Imaizumi H, Kobayashi M, Sunakawa K, Saigenji
K, Yago K (2006) Liver abscess that responded to pazufloxacin
therapy. J Infect Chemother 12:42—-46

Gupta H, Aqil M, Khar RK, Ali A, Sharma A, Chander P (2010)
Development and validation of a stability-Indicating RP-UPLC
method for the quantitative analysis of sparfloxacin. J Chroma-
togr Sci 48:1-6

Yan H, Row KH (2007) Rapid chiral separation and impurity
determination of levofloxacin by ligand-exchange chromatogra-
phy. Anal Chim Acta 584:160-165

Devi ML, Chandrasekhar KB (2009) A validated stability-indi-
cating RP-HPLC method for levofloxacin in the presence of deg-
radation products, its process related impurities and identifica-
tion of oxidative degradant. J Pharm Biomed Anal 50:710-717
Liang H, Kays MB, Sowinski KM (2002) Separation of levoflox-
acin, ciprofloxacin, gatifloxacin, moxifloxacin, trovafloxacin and
cinoxacin by high-performance liquid chromatography: applica-
tion to levofloxacin determination in human plasma. J Chroma-
togr B 772:53-63

Djabarouti S, Boselli E, Allaouchiche B, Ba B, Ngyuen AT, Gor-
dien JB, Bernadou JM, Saux MC, Breilh D (2004) Determina-
tion of levofloxacin in plasma, bronchoalveolar lavage and bone
tissues by high-performance liquid chromatography with ultra-
violet detection using a fully automated extraction method. J
Chromatogr B 799:165-172

Dafale NA, Semwal UP, Agarwal PK, Sharma P, Singh GN
(2015) Development and validation of microbial bioassay for
quantification of levofloxacin in pharmaceutical preparations. J
Pharm Anal 5:18-26

Wong FA, Juzwin SJ, Flor SC (1997) Rapid stereospecific high-
performance liquid chromatographic determination of levofloxa-
cin in human plasma and urine. J Pharm Biomed Anal 15:765-771
Helmy SA (2013) Simultaneous quantification of linezolid, tinida-
zole, norfloxacin, moxifloxacin, levofloxacin, and gatifloxacin in
human plasma for therapeutic drug monitoring and pharmacoki-
netic studies in human volunteers. Ther Drug Monit 35:770-777
Santoro M, Kassab N, Singh A, Kedor-Hackmam E (2006)
Quantitative determination of gatifloxacin, levofloxacin, lome-
floxacin and pefloxacin fluoroquinolonic antibiotics in pharma-
ceutical preparations by high-performance liquid chromatogra-
phy. J Pharm Biomed Anal 40:179-184

Watabe S, Yokohama Y, Nakazawa K, Shinozaki K, Hiraoka R,
Takeshita K, Suzuki Y (2010) Simultaneous measurement of
pazufloxacin, ciprofloxacin, and levofloxacin in human serum
by high-performance liquid chromatography with fluorescence
detection. J Chromatogr B 878:1555-1561

Sousa J, Alves G, Campos G, Fortuna A, Falcao A (2013) First
liquid chromatography method for the simultaneous determina-
tion of levofloxacin, pazufloxacin, gatifloxacin, moxifloxacin and
trovafloxacin in human plasma. J Chromatogr B 930:104-111
Siewert S (2006) Validation of a levofloxacin HPLC assay in
plasma and dialysate for pharmacokinetic studies. J Pharm
Biomed Anal 41:1360-1362

Nguyen HA, Grellet J, Ba BB, Quentin C, Saux MC (2004)
Simultaneous determination of levofloxacin, gatifloxacin and
moxifloxacin in serum by liquid chromatography with column
switching. J Chromatogr B 810:77-83

@ Springer

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Cheng FC, Tsai TR, Chen YF, Hung LC, Tsai TH (2002) Phar-
macokinetic study of levofloxacin in rat blood and bile by micro-
dialysis and high-performance liquid chromatography. J Chro-
matogr A 961:131-136

Czyrski A, Szatek E (2016) An HPLC method for levofloxacin
determination and its application in biomedical analysis. J Anal
Chem 71:874-877

Ji HY, Jeong DW, Kim YH, Kim HH, Sohn DR, Lee HS (2006)
Hydrophilic interaction liquid chromatography—tandem mass
spectrometry for the determination of levofloxacin in human
plasma. J Pharm Biomed Anal 41:622-627

Bao D, Truong TT, Renick PJ, Pulse ME, Weiss WJ (2008)
Simultaneous determination of rifampicin and levofloxacin
concentrations in catheter segments from a mouse model of a
device-related infection by liquid chromatography/electrospray
ionization tandem mass spectrometry. J Pharm Biomed Anal
46:723-727

Fang PF, Cai HL, Li HD, Zhu RH, Tan QY, Gao W, Xu P, Liu
YP, Zhang WY, Chen YC, Zhang F (2010) Simultaneous deter-
mination of isoniazid, rifampicin, levofloxacin in mouse tissues
and plasma by high performance liquid chromatography—tandem
mass spectrometry. J] Chromatogr B 878:2286-2291

Xu H, Chen L, Sun L, Sun X, Du X, Wang J, Wang T, Zeng Q,
Wang H, Xu Y, Zhang X, Ding L (2011) Microwave-assisted
extraction and in situ clean-up for the determination of fluoro-
quinolone antibiotics in chicken breast muscle by LC-MS/MS. J
Sep Sci 34:142-149

Locatelli M, Ciavarella MT, Paolino D, Celia C, Fiscarelli E,
Ricciotti G, Pompilio A, Di Bonaventura G, Grande R, Zengin
G, Di Marzio L (2015) Determination of ciprofloxacin and levo-
floxacin in human sputum collected from cystic fibrosis patients
using microextraction by packed sorbent-high performance lig-
uid chromatography photodiode array detector. J Chromatogr A
1419:58-66

Sousa J, Alves G, Fortuna A, Falcdo A (2012) Analytical meth-
ods for determination of new fluoroquinolones in biological
matrices and pharmaceutical formulations by liquid chromatog-
raphy: a review. Anal Bioanal Chem 403:93-129

Liu YM, Cao JT, Tian W, Zheng YL (2008) Determination of
levofloxacin and norfloxacin by capillary electrophoresis with
electrochemiluminescence detection and applications in human
urine. Electrophoresis 29:3207-3212

Faria AF, de Souza MVN, de Almeida MV, de Oliveira MAL
(2006) Simultaneous separation of five fluoroquinolone anti-
biotics by capillary zone electrophoresis. Anal Chim Acta
579:185-192

Herrera-Herrera AV, Herndndez-Borges J, Borges-Miquel TM,
Rodriguez-Delgado M (2010) Dispersive liquid—liquid microex-
traction combined with nonaqueous capillary electrophoresis for
the determination of fluoroquinolone antibiotics in waters. Elec-
trophoresis 31:3457-3465

Ashour S, Al-Khalil R (2005) Simple extractive colorimetric
determination of levofloxacin by acid—dye complexation meth-
ods in pharmaceutical preparations. Farmaco 60:771-775
Maleque M, Hasan MR, Hossen F, Safi S (2012) Development
and validation of a simple UV spectrophotometric method for
the determination of levofloxacin both in bulk and marketed dos-
age formulations. J Pharm Anal 2:454-457

Gonziles JAO, Mochén MC, de la Rosa FJB (2000) Spectro-
fluorimetric determination of levofloxacin in tablets, human
urine and serum. Talanta 52:1149-1156

Radi A, El-Sherif Z (2002) Determination of levofloxacin in
human urine by adsorptive square-wave anodic stripping voltam-
metry on a glassy carbon electrode. Talanta 58:319-324

Salem AA, Mossa HA (2012) Method validation and determina-
tions of levofloxacin, metronidazole and sulfamethoxazole in an



Analytical Methods for Determining Third and Fourth Generation Fluoroquinolones...

199

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

aqueous pharmaceutical, urine and blood plasma samples using
quantitative nuclear magnetic resonance spectrometry. Talanta
88:104-114

Nava-Janior LS, Aucelio RQ (2009) Sequential determination of
norfloxaxin and levofloxacin in the presence of other fluorqui-
nolones using synchronous scanning room-temperature phos-
phorimetry and Th(IV) as the selective signal inducer. Spectro-
chim Acta A 72:429-435

Rebuck JA, Fish DN, Abraham E (2002) Pharmacokinetics of
intravenous and oral levofloxacin in critically ill adults in a med-
ical intensive care unit. Pharmacotherapy 22:1216-1225
Bhimanadhuni C, Garikapati D (2014) RP-HPLC method for the
determination of balofloxacin in bulk and pharmaceutical dosage
form. Int J PharmTech Res 6:376-382

Jiang Y, Li H, E L, Wu X, Liu H (2013) Determination of pazu-
floxacin concentration in saliva, gingival crevicular fluid and
serum of healthy adults using high-performance liquid chroma-
tography. Nan Fang Yi Ke Da Xue Xue Bao 33:53-56

FanY, Gun X, Li S, Qin W (2007) A rapid CE-potential gradient
detection method for determination of quinolones. Electrophore-
sis 28:4101-4107

Qin W, Liu Q, Fan Y (2009) CE determination of quinolones in
the presence of bovine serum albumin. J Sep Sci 32:118-124
Zhou S, Ouyanga J, Baeyens W, Zhaoa H, Yang Y (2006) Chi-
ral separation of four fluoroquinolone compounds using capil-
lary electrophoresis with hydroxypropyl-f-cyclodextrin as chiral
selector. J Chromatogr A 1130:296-301

Kamberi M, Kamberi P, Hajime N, Uemura N, Nakamura K,
Nakano S (1999) Determination of sparfloxacin in plasma and
urine by a simple and rapid liquid chromatographic method.
Ther Drug Monit 21:411-415

Srinivas N, Narasu L, Shankar P, Mullangi R (2008) Development
and validation of a HPLC method for simultaneous quantitation
of gatifloxacin, sparfloxacin and moxifloxacin using levofloxacin
as internal standard in human plasma: application to a clinical
pharmacokinetic study. Biomed Chromatogr 22:1288-1295

Noh K, Kwon K, Jeong T, Kang W (2010) Quantitative determi-
nation of sparfloxacin in rat plasma by liquid chromatography/
tandem mass spectrometry. Biomed Chromatogr 24:1199-1202
Wang Y, Baeyens W, Huanga C, Fei G, Hed L, Ouyanga J
(2009) Enhanced separation of seven quinolones by capillary
electrophoresis with silica nanoparticles as additive. Talanta
77:1667-1674

Cavazos-Rocha N, Carmona-Alvarado I, Vera-Cabrera L, Waks-
man-de-Torres N, Salazar-Cavazos L (2014) HPLC method for
the simultaneous analysis of fluoroquinolones and oxazolidi-
nones in plasma. J Chromatogr Sci 52:1281-1287
Kanellakopoulou K, Galanopoulos I, Soranoglou V, Tsaganos T,
Tziortzioti V, Maris I, Papalois A, Giamarelloua H, Giamarellos-
Bourboulis EJ (2009) Treatment of experimental osteomyelitis
caused by methicillin-resistant Staphylococcus aureus with a
synthetic carrier of calcium sulphate (Stimulan®) releasing mox-
ifloxacin. Int J Antimicrob Ag 33:354-359

Balfour JA, Lamb HM (2000) Moxifloxacin: a review of its clini-
cal potential in the management of community-acquired respira-
tory tract infections. Drugs 59:115-139

Djurdjevic P, Ciric A, Djurdjevic A, Stankov MJ (2009) Opti-
mization of separation and determination of moxifloxacin and
its related substances by RP-HPLC. J Pharm Biomed Anal
50:117-126

Keating GM, Scott LJ (2004) Moxifloxacin: a review of its use in
the management of bacterial infections. Drugs 64:2347-2377
Manika K, Chatzika K, Papaioannou M, Kontou P, Boutou
A, Zarogoulidis K, Kioumis I (2015) Rifampicin—-moxifloxa-
cin interaction in tuberculosis treatment: a real-life study. Int J
Tuberc Lung Dis 19:1383-1387

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

Gupta UD, Vemuri N, Gupta P, Kumar V, Tanushree P, Khuller
GK (2015) Efficacy of moxifloxacin and econazole against mul-
tidrug resistant (MDR) Mycobacterium tuberculosis in murine
model. Indian J Med Res 142:323-329

Burman WIJ, Goldberg S, Johnson JL, Muzanye G, Engle M,
Mosher AW, Choudhri S, Daley CL, Munsiff SS, Zhao Z, Ver-
non A, Chaisson RE (2006) Moxifloxacin versus ethambutol in
the first 2 months of treatment for pulmonary tuberculosis. Am J
Respir Crit Care Med 174:331-338

Conde MB, Efron A, Loredo C, De Souza GR, Graca NP, Cezar
MC, Ram M, Chaudhary MA, Bishai WR, Kritski AL, Chaisson
RE (2009) Moxifloxacin versus ethambutol in the initial treat-
ment of tuberculosis: a double-blind, randomised, controlled
phase II trial. Lancet 373:1183-1189

Razzaq SN, Ashfaq M, Khan IU, Mariam I, Razzaq SS, Azeem
W (2014) Simultaneous determination of dexamethasone and
moxifloxacin in pharmaceutical formulations using stabil-
ity indicating HPLC method. Arab J Chem. doi:10.1016/j.ara-
bjc.2014.11.016 (in press)

Mahmood A, Medley G, Grice J, Liu X, Roberts M (2012)
Determination of trovafloxacin and marbofloxacin in sheep
plasma samples by HPLC using UV detection. J Pharm Biomed
Anal 62:220-223

Vilchez J, Taoufiki J, Araujo L, Navalén A (2003) Determination
of the antibacterial trovafloxacin by differential-pulse adsorptive
stripping voltammetry. J Pharm Biomed Anal 31:465-471

Hang K, Yang J, Zhang J, Ding Y, Chen L, Xu W, Xu X, Duan R,
He Q (2014) Determination of sitafloxacin in human plasma by
liquid chromatography—tandem mass spectrometry method: appli-
cation to a pharmacokinetic study. J Chromatogr B 957:36—40
Singh S, Singh U, Singh R, Singh G, Mathur S, Saini P, Yadav
A, Gupta V, Duggal D (2011) Development and validation of a
RP-HPLC method for estimation of prulifloxacin in tablet dos-
age form. Indian J Pharm Sci 73:577-579

Guo L, Qi M, JinX Wang P, Zhao H (2006) Determination of
the active metabolite of prulifloxacin in human plasma by lig-
uid chromatography—tandem mass spectrometry. J Chromatogr B
832:280-285

Al-Hadiya B, Khady A, Mostafa G (2010) Validated liquid chro-
matographic-fluorescence method for the quantitation of gemi-
floxacin in human plasma. Talanta 83:110-116

Fu Z, Wang L, Li C, Liu Y, Zhou X, Wei W (2009) CE-ECL
detection of gatifloxacin in biological fluid after clean-up using
SPE. J Sep Sci 32:3925-3929

Kalariya PD, Namdev D, Srinivas R, Gananadhamu S (2014)
Application of experimental design and response surface tech-
nique for selecting the optimum RP-HPLC conditions for the
determination of moxifloxacin HCI and ketorolac tromethamine
in eye drops. J Saudi Chem Soc. doi:10.1016/j.jscs.2014.04.004
(in press)

Xu YH, Li D, Liu XY, Li YZ, Lu J (2010) High performance
liquid chromatography assay with ultraviolet detection for moxi-
floxacin: validation and application to a pharmacokinetic study
in Chinese volunteers. J Chromatogr B 878:3437-3441

Kumar AKH, Sudha V, Srinivasan R, Ramachandran G (2011)
Simple and rapid liquid chromatography method for determina-
tion of moxifloxacin in saliva. J] Chromatogr B 879:3663-3667
Chan KP, Chu KO, Lai WWK, Choy KW, Wang CC, Lam DSC,
Pang CP (2006) Determination of ofloxacin and moxifloxacin
and their penetration in human aqueous and vitreous humor by
using high-performance liquid chromatography fluorescence
detection. Anal Biochem 353:30-36

Laban-Djurdjevi¢ A, Jeliki¢-Stankov M, Djurdjevi¢ P (2006)
Optimization and validation of the direct HPLC method for
the determination of moxifloxacin in plasma. J Chromatogr B
844:104-111

@ Springer


http://dx.doi.org/10.1016/j.arabjc.2014.11.016
http://dx.doi.org/10.1016/j.arabjc.2014.11.016
http://dx.doi.org/10.1016/j.jscs.2014.04.004

200

A. Czyrski

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Davis L, Kumar N, Nijm L, Ulanski L II, Tu E, Fiscella R, Peter-
son R, Glickman R (2010) An adaptable HPLC method for the
analysis of frequently used antibiotics in ocular samples. J Chro-
matogr B 878:2421-2426

Wang L, Xu Y, Liang L, Diao Ch, Liu X, Zhang J, Zhang S
(2014) LC-MS/MS method for the simultaneous determination
of PA-824, moxifloxacin and pyrazinamide in rat plasma and
its application to pharmacokinetic study. J Pharm Biomed Anal
97:1-8

Vu DH, Koster RA, Alffenaar JWC, Brouwers JRBJ, Uges DRA
(2011) Determination of moxifloxacin in dried blood spots using
LC-MS/MS and the impact of the hematocrit and blood volume.
J Chromatogr B 879:1063-1070

Vishwanathan K, Bartlett MG, Stewart JT (2002) Determina-
tion of moxifloxacin in human plasma by liquid chromatogra-
phy electrospray ionization tandem mass spectrometry. J Pharm
Biomed Anal 30:961-968

Yang Z, Qin W (2009) Separation of fluoroquinolones in acidic
buffer by capillary electrophoresis with contactless conductivity
detection. J Chromatogr A 1216:5327-5332

Cruz LA, Hall R (2005) Enantiomeric purity assay of moxifloxa-
cin hydrochloride by capillary electrophoresis. J Pharm Biomed
Anal 38:8-13

Ashour S, Bayram R (2015) Development and validation of sen-
sitive kinetic spectrophotometric method for the determination of
moxifloxacin antibiotic in pure and commercial tablets. Spectro-
chim Acta A 140:216-222

Borner K, Hartwig H, Lode H (1999) Determination of trova-
floxacin in human body fluids by high-performance liquid chro-
matography. J Chromatogr A 846:175-180

WangY, Liu Y, Zhang H, Wang Y, Liu Y, Wang L, Ou N (2014) A
simple LC-MS/MS method for determination of sitafloxacin in
human urine. J Chromatogr B 967:219-224

Locatelli M, Lutiis F, Carlucci G (2013) High performance lig-
uid chromatography determination of prulifloxacin and five
related impurities in pharmaceutical formulations. J Pharm
Biomed Anal 78-79:27-33

Pellegrino R, Segoloni F, Cagini C (2008) Simultaneous deter-
mination of ciprofloxacin and the active metabolite of prulifloxa-
cin in aqueous human humor by high-performance liquid chro-
matography. J Pharm Biomed Anal 47:567-574

Raju B, Ramesh M, Srinivas R, Raju S, Venkateswarlu'Y (2011)
Identification and characterization of stressed degradation

@ Springer

91.

92.

93.

94.

95.

96.

97.

98.

99.

products of prulifioxacin using LC-ESI-MS/Q-TOF, MSn exper-
iments: development of a validated specific stability-indicating
LC-MS method. J Pharm Biomed Anal 56:560-568

Yang Z, Wang X, Qin W, Zhao H (2008) Capillary electrophore-
sis—chemiluminescence determination of norfloxacin and pruli-
floxacin. Anal Chim Acta 623:231-237

Nageswara Rao R, Gangu Naidu C, Guru Prasad K, Padiya R,
Agwane S (2012) Determination of gemifloxacin on dried blood
spots by hydrophilic interaction liquid chromatography with
fluorescence detector: application to pharmacokinetics in rats.
Biomed Chromatogr 26:1534-1542

Rote A, Pingle S (2009) Reverse phase-HPLC and HPTLC
methods for determination of gemifloxacin mesylate in human
plasma. J Chromatogr B 877:3719-3723

Nageswara Rao R, Gangu Naidua C, Guru Prasada K, Narasimha
R (2011) Development and validation of a RP-HPLC method for
stability-indicating assay of gemifloxacin mesylate including
identification of related substances by LC-ESI-MS/MS, 1H and
13C NMR spectroscopy. Biomed Chromatogr 25:1222-1229
Tasso L, Costa T (2007) High performance liquid chromatog-
raphy for quantification of gatifloxacin in rat plasma following
automated on-line solid phase extraction. J Pharm Biomed Anal
44:205-210

Yu H, Tao Y, Chen D, Pan Y, Liu Z, Wang Y, Huang L, Dai M,
Peng D, Wang X, Yuan Z (2012) Simultaneous determination
of fluoroquinolones in foods of animal origin by a high perfor-
mance liquid chromatography and a liquid chromatography tan-
dem mass spectrometry with accelerated solvent extraction. J
Chromatogr B Analyt Technol Biomed Life Sci 15:885-886
Al-Dgither S, Naseeruddin Alvi S, Hammami M (2006) Devel-
opment and validation of an HPLC method for the determination
of gatifloxacin stability in human plasma. J Pharm Biomed Anal
41:251-255

Aljuffali I, Abul Kalam M, Sultana Y, Imran A, Alshamsan A
(2015) Development and validation of stability-indicating high
performance liquid chromatography method to analyze gatiflox-
acin in bulk drug and pharmaceutical preparations. Saudi Pharm
J23:85-94

Shahed M, Nanda R, Dehghan MH, Nasreen H, Feroz S (2008)
Simultaneous determination of gatifloxacin and ambroxol hydro-
chloride from tablet dosage form using reversed-phase high per-
formance liquid chromatography. Se Pu 26:358-361



	Analytical Methods for Determining Third and Fourth Generation Fluoroquinolones: A Review
	Abstract 
	Introduction
	Third Generation Fluoroquinolones
	Levofloxacin
	Balofloxacin
	Pazufloxacin
	Sparfloxacin

	Fourth Generation Fluoroquinolones 
	Moxifloxacin
	Trovafloxacin
	Sitafloxacin
	Prulifloxacin
	Gemifloxacin
	Gatifloxacin

	Conclusion
	References




