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a b s t r a c t

Furosemide (FUR), a drug that promotes urine excretion, is used in the pharmacotherapy of various dis-
eases and is considered as a doping agent in sports. FUR is a powerful diuretic (water pill). This medicine
is used to treat excessive fluid accumulation and swelling (edema) of the body caused by heart failure,
cirrhosis, chronic kidney failure, and nephrotic syndrome.

Owing to its extensive use as a powerful diuretic, FUR has long attracted the attention of many analysts.
A variety of analytical methods have been proposed for the determination of FUR in biological fluids and
Furosemide
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pharmaceutical samples. The revision includes the most relevant analytical methodologies used in its
determination from the nineties decade at present.
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. Introduction

The group of diuretics includes compounds with wide differ-
nces in molecular structures and physico-chemical properties:
asic (potassium sparing diuretics, such as amiloride and tri-
mterene), neutral (aldosterone antagonists, such as canrenone
nd spironolactone), weakly acidic (carbonic anhydrase inhibitors,
uch as acetazolamide and diclofenamide; thiazides and related
gents, such as chlorthalidone) and strongly acidic compounds
loop diuretics, such as FUR, bumetanide, piretanide and etacrynic
cid).

Furosemide or frusemide is a loop diuretic, which is
n anthranilic acid derivative (5-(aminosulfonyl)-4-chloro-2-[(2-
uranylmethyl)amino]benzoic acid) as can be see in Fig. 1, used in
he treatment of congestive heart failure and edema. His medica-
ion is also used to treat high blood pressure (hypertension). FUR
orks by blocking the absorption of salt and fluid in the kidney

ubules, causing a profound increase in urine output (diuresis). The
iuretic effect of FUR can cause body water and electrolyte deple-
ion. Therefore, careful medical supervision is necessary during
reatment.

On the other hand, the use of diuretics has been forbidden by
he Medical Commission of the International Olympic Committee
ecause it was shown that they were misused in sports for two
ain reasons: to achieve acute weight losses before competition,

n sports where weight categories are involved, and to mask the
ngestion of other doping agents by reducing their concentration
n urine. This effect may be accomplished either by increasing the
rine volume, or by increasing the urinary pH (carbonic anhydrase

nhibitors) and, thus, reducing the excretion in urine of basic doping
gents.

Evidently, a sensitive and reliable analytical method to deter-
ine FUR in plasma as well as urine is a prerequisite to correlate

iuretic activity with drug kinetics under various conditions. A
eview of the analytical methodology described to detect diuret-
cs in urine keeping in mind the requirements of doping control is
resented by Ventura and Segura [1] in 1996. More recently, Zen-
elovska and Stafilov describe reversed phase-high performance

iquid chromatography (RP-HPLC) methods for determination of
iuretics in different human body fluids [2], and also, Ruiz-Angel et
l. [3] present a revision of the most frequent analytical techniques

o determine FUR.

This review consists of papers mainly reported from the nineties
ecade until today about the analytical methodology for FUR deter-
ination.

Fig. 1. Chemical structure of furosemide.
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. Titrimetric methods

For the determination of the concentration of the major com-
ounds, titrimetric methods are more convenient that other

nstrumental methods. In this way, FUR contains acidic hydrogen
toms and can be determined by alkalimetric titration. However,
UR is water insoluble; therefore, its determination is performed in
dimethylformamide solution with the detection of the titration

nd point using Bromothymol Blue [4].
Because of the extremely low solubility of FUR in water, the titra-

ion curve of a saturated solution of FUR has no inflection points and
ts determination is impossible. However, titration curves of FUR
n micellar solutions of surfactants exhibit clearly defined inflec-
ion points. It was found that the maximum solubility of FUR is
bserved in aqueous–micellar solutions of tridecylpyridinium bro-
ide (TDPB) and dodecylpyridinium chloride (DDPC) because of

he formation and solubilisation of ion pairs of the anionic form
f FUR with surfactant cations. For this reason, a procedure was
roposed for the titrimetric determination of FUR in solutions of
ationic surfactants with the detection of the titration end point
ither pH-metrically or using Bromothymol Blue as the indicator
5].

Conditions for alkalimetric determination of hydrophobic acids
nd FUR with the use of emulsions stabilized by cationic surfactant
ave been suggested by Kulichenko and Shevchenko [6]. How-
ver, for highly hydrophobic compounds it is practically impossible
o achieve the threshold concentration to achieve their precise
etermination. This obstacle can be overcome through substitu-
ion of aqueous micellar systems with “oil-in-water” emulsions
tabilized by surface-active compounds. These emulsions become
onvenient for performing titration of hydrophobic organic acids.
he same authors investigate protolytic characteristics of fat row
arbonic acids in the emulsion media stabilized by Triton X-100.
he procedure for the determination of FUR main substance con-
ent in pharmaceuticals using Triton X-100-stabilized emulsion
as recommended to dissolve the sample of FUR (0.05–0.10 g) in

he emulsion of 0.25 g of oil in 25 mL 2.5% Triton X-100 solution.
he titration is performed with 0.025 M KOH aqueous solution and
he equivalent point was determined from the differential titra-
ion curve or by addition of bromothymol blue solution until to
he emulsion colour changed from yellow to blue [7]. Recently, an
cidified solution of FUR is titrated directly with bromate–bromide
ixture using methyl orange as indicator and applicable over

–20 mg range [8].
At the present time, liquid chromatography (LC) is the most

idely used technique for the separation and determination of
rugs and acetonitrile is the most widely used organic modifier in
C. For this reason, the study of the acid–base behaviour of analytes
n the widely used acetonitrile–water media therefore could be very

mportant for predicting the influence of pH on retention and selec-
ivity in LC. With this purpose, Barbosa et al. [9,10] determine the
issociation constants of series of compounds, including FUR in sev-
ral acetonitrile–water mixtures and the results were subjected to
actor analysis. The pK values of the studied substances, including
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UR, were determined from titrations of appropriate solutions of
cid species in acetonitrile–water mixtures up to 70% (w/w), using
otassium hydroxide solutions in the same mixture as titrant and
pproximately 7 × 10−3 mol L−1 KCl for the correct response of the
lectrode system.

. Optical methods

.1. Spectrophotometric methods

FUR determination was carried out in many ways and matrices
pplying spectrophotometric procedures, even in the presence of
ther drugs, exploiting the chemical reaction possibilities allowed
y FUR structure were used. Some systems were developed using
V and visible absorption spectrophotometry, with or without pre-
ious reactions, as well as static and flow procedures as can be see
n Table 1.

Although complexation reactions are simple and sensitive, no
elated method for the determination of FUR has been reported
ntil now. Based in this reaction type, Gölkü present a method for
he determination of FUR by complexation reaction with Cu(II) that
s simple, sensitive, and accurate [19].

Other interesting area is the flow-injection analysis (FI), which
s characterized by its simplicity, speed and the use of inexpen-
ive equipment; its results are accurate and precise and there are
lear advantages because of the short time required for each assay.
he usefulness of FI methods for routine analysis has been shown
n a large number of determinations developed for clinical, phar-

aceutical, food and environmental analyses. In this way, García
t al. development a FI method that is simple, inexpensive and
apid for routine determination of FUR in pharmaceuticals [21].
he proposed procedures are based on the visible absorption of
he complex formed between FUR and Pd(II). The FI methods pro-
osed are useful for the quality control of FUR in pharmaceutical
osage forms since there is no interference from the common
dditives and excipients that might be found in commercial
reparations.

.1.1. Mixtures resolution
Although UV–vis spectrophotometry is a rapid, sensitive and

nexpensive analytical tool, however, the lack of specificity of the
V–vis absorption usually hinders the application of this technique

n case of mixtures of absorbing species, due to spectral overlap.
n this way, in recent years, the literature has been showing an
ncrease in the methods based on the derivative spectrophotome-
ry. It allows enhancement of the resolution of overlapping spectra
nd selective discrimination of sharp bands over broad bands,
hereby offering effective approaches to analysis of drug association
nd impurities. Dias et al. describes the first derivative spec-
rophotometry method for determination of FUR in pharmaceutical
ommercial formulations, in the presence of its degradation prod-
ct [25].

Finally, numerical methods based on the mathematical resolu-
ion of multivariate signals, such as UV–vis spectroscopic data, have
een shown to allow the resolution of complex mixtures with high
peed and acceptable accuracy and precision. Among them, the
artial least squares regression with a single dependent variable
PLS-1) has found important applications in pharmaceutical anal-

sis, providing an interesting alternative to the more demanding
hromatographic techniques. Ferraro et al. describe a rapid, precise
nd accurate procedure for the simultaneous determination of FUR
nd amiloride hydrochloride in synthetic samples and commercial
ombined tablet preparations, based on the joint use of the PLS-1
lgorithm and UV–vis spectrophotometric data [26].
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In Table 2 are summarized the more important methods pro-
osed for the simultaneous determination of FUR and other
ompounds based in UV/vis spectroscopy.

.2. Spectrofluorimetric methods

Spectrofluorimetry has been widely used to determine trace
lements in different fields such as clinical, biomedical and envi-
onmental analysis on account of its high selectivity, sensitivity
nd relatively low cost. However, the analytes usually exhibit broad
pectral bands that tend to overlap when the sample contains sev-
ral components; this entails the use of prior separation procedures
r high specific methods, both of which result in increased anal-
sis times and costs. There is thus a persistent need to improve
xisting methods, not only to improve their selectivity and detec-
ion limits, but also to expedite analyses. In recent years, advances
n analytical instrumental and the general use of computers have
romoted the application of mathematical algorithms for treating
he large amount of data that modem instrumentation can provide,
ncreasing the selectivity of analytical methods.

This challenge has been met by using variable-angle fluo-
escence spectroscopy, luminescence spectroscopy, the whole
uorescence excitation–emission spectrum (known as the
excitation–emission matrix”, EEM) or, very frequently, derivative
uorescence spectra of both the conventional and the synchronous
ype.

A novel approach of conventional synchronous scanning that
ffers considerable flexibility is variable-angle synchronous scan-
ing (VASS), where the wavelength separation between the two
onochromators is varied. There are three different instrumen-

al configurations for performing VASS. First, the speed of the
onochromators can be manipulated by two different motors

canned at different rates. A second approach consists of acquir-
ng the excitation–emission matrix and storing the data on the
nterfaced microcomputer, and the desired angle (linear or non-
inear) is determined by using the appropriate software. Recently,
he research group of Garcia-Sanchez has modified a commer-
ial digital instrument to generate the VASS directly from the
pectrofluorimeter output and their applicability has been demon-
trated for the resolution of mixtures of three diuretics (furosemide,
riamterene, piretamide) with closely overlapping fluorescence
rofiles. This approach has permitted the simultaneous determi-
ation of the three compounds at the �g to ng mL−1 level, with a
elative standard deviation ≤5% [34].

Luis et al. addressed the simultaneous determination of FUR
nd triamterene (TRI) with strongly overlapped spectra and very
ifferent intensity of fluorescence. The analytical signals obtained
y conventional and synchronous fluorescence spectroscopy were
rocessed by using a multivariate calibration method (PLS) and
arefully selecting the wavelength range and number of factors to
e used. One of the most salient advantages of them is that the
ast amount of information provided by the whole spectrum of the
ample is not required, this makes analyses simple and fast [35].

On the other hand, multicommutation is the use of three-way
olenoid valves controlled automatically by use of appropriate
oftware. The method has several advantages compared with con-
entional FIA, for example better reproducibility, lower sample
nd reagent consumption, easy sample handling, and minimal
aste generation. The solenoid valves are individually switched
n and off by means of an electric pulse, so enabling a great

ariety of configurations in the system merely by changing the
onfiguration of the tubing. Combinations of solid-phase spec-
roscopy (SPS) with FIA, so-called “flow-through optosensors”,
ave advantages such as speed, selectivity, and sensitivity. The
ombination of multicommutation and flow-through optosens-
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Table 1
Spectrophotometric methods

Reagent Experimental conditions Results Applications Ref.

Ferric chloride pH 5.2–6.2; red water-soluble
complex; at 513 nm

Linear up to 8 mmol L−1; detection
limit 0.03 mg mL−1

Tablets and ampoules [11]

Pd(II) chloride With KCl and pH 10
Britton–Robinson buffer; at 527 nm

Linear range of 0.25–3.5 mmol L−1;
ε = 0.86 × 102

Bulk drug, tablets and ampoules [12]

2,2-Diphenyl-1-picrylhydrazyl (DPPH) Reduction of violet colour of DPPH
with formation of yellow coloured
2,2-diphenyl-1-picrylhydrazine; at
520 nm on methanolic solutions of
the reagent and drugs

Linear range of 2–15 �g mL−1 Pure form and pharmaceutical
preparations

[13]

Solution of CH3ONa in benzene Spectrophotometric titration in
non-aqueous differentiating
solvents of mixture clonidine
hydrochloride-furosemide

Best results in dimethylformamide
and isopropyl alcohol

Directly both acidic components of
mixtures, without previous
separation

[14]

Sevron blue 5G Chloroform extract of the
ion-association complex at pH 7.0;
at 655 nm

– Pharmaceutical formulations [15]

1,2-Naphthoquinone-4-sulfonate
(NQS)

NaH2PO4–Na2HPO4 pH 7.5, NQS
7.7 × 10−3 M, heating 30 min at
70 ◦C and isoamyl alcohol as
extractant

– Pharmaceutical samples [16]

Based upon simple diazotization
reaction

Method optimized for acidity,
amount of reagents required and
heating time; at 480 nm

Linear range of 0.4–10 �g mL−1;
ε = 1.0 × 104 L mol−1 cm−1;
detection limit 0.16 ppm

Pharmaceutical preparations [17]

Bromate–bromide mixture and methyl
orange

Fixed and known amount of
bromate–bromide mixture,
acidified solution of drug,
determination of residual bromine
by reacting with fixed amount of
methyl orange; at 520 nm

Linear range of 0.25–3.50 �g mL−1;
ε = 6.11 × 104 L mol−1 cm−1;
detection limit 0.07 �g mL−1

Bulk drug and formulations [8]

Fe(III) and ferricyanide(III) Based on a redox reaction;
resulting Prussian blue measured
at 760 nm

Linear range of 0.4–4.0 �g mL−1;
ε = 4.03 × 104 L mol−1 cm−1;
detection limit 0.09 �g mL−1

Bulk drug and formulations [18]

Cu(II) At pH 3.2 using Mclivaine buffer
solution to produce a green adduct;
at 790 nm

Linear range of 5–30 �g mL−1;
detection limit 0.23 �g mL−1

Tablets [19]

N-(naphthyl)-ethylene-diamine (NED) In a sodium dodecyl sulfate
micellar medium of pH 1 by
conventional and thermal lens
spectrophotometry (TLS, 100 mW
of pump power at 514.5 mn)

Detection limit 1.9 × 10−7 M for
conventional and 4 × 10−9 M for
TLS

– [20]

PdCl2 72 �L of furosemide injected into
inert carrier stream, which then
joined the reagent stream of
3 × 10−3 M PdC12 at pH 5.0; peak
height measured at 410 nm

Linear range of 2 × 10−5–4 × 10−4 M Pharmaceutical preparations [21]

4-Chloro-5,7-dinitro-benzofurazan and
7-chloro-4,6-dinitro-benzofuroxane

FI performed in reverse
single-channel mode using a setup
equipped with a D1 plunger pump
and a flow photometric unit
including a 6 �L cell with optical
pathlength of 0.5 cm;
Acetonitrile–aqueous buffer, pH
6.86 (15:85)

Linear range of
1.65–13.22 �g mL−1; detection
limit 0.33 �g mL−1

Medicinal forms and technological
reaction media

[22]

Potassium permanganate FI system using a 50 cm sample
loop and a 100 cm reactor, at 50 ◦C;
at 550 nm

Linear range of
1 × 10−4–6 × 10−4 mol L−1;
detection limit 1.1 × 10−5 mol L−1

Tablets and ampoules [23]

Fe(III) ions in ethanol media As carrier flow single line system
configuration used an ethanolic

−2 −1 −1

Linear range of 10−4–10−2 mol L−1;
detection limit 3 × 10−5 mol L−1

Commercial samples from different
suppliers, as tablets and ampoules,

[24]
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10 mol L Fe(III) at 1.0 mL min ,
50 cm sample loop (250 �L total
sample injection), and 50 cm long
reactor coil; at 513 nm

ng is the next stage of improving the features of flow analysis.
he advantages of each method are maintained, so providing
urther scope for applications using this new approach. Llorent-

artinez report a multi-commuted flow-through optosensor for

imultaneous determination of the diuretics FUR and TRI by mea-
urement of their native fluorescence when retained on a cationic
esin, Sephadex SPC-25. A mini-column placed before the flow
ell and filled with the same resin was used to separate the
rugs.

p
z
y
i
m

and a synthetic urine sample
spiked with analyte

The sensor was used for determination of both analytes in phar-
aceuticals [36]. Sequential injection analysis (SIA) is based on

orward and reverse movement of a piston of a syringe pump, which
ogether with a multi-position selection valve enables precise sam-

ling of chemicals into the system and propelling of the sequenced
ones to the reactors and detector. Automation, velocity of the anal-
sis and low consumption of sample and reagents are the most
mportant features that favour the SIA technique for application in

any fields of analysis; in recent years, special solid-phase extrac-



M. Espinosa Bosch et al. / Journal of Pharmaceutical and Biomedical Analysis 48 (2008) 519–532 523

Table 2
Simultaneous determinations of furosemide with other compounds by spectrophotometric methods

Compounds Procedure Applications Ref.

Spironolactone (SPL) SPL at 238 nm; FUR at 276 nm Combination preparations [27]
SPL Multiwavelength spectroscopy (at 242 nm for SPL and 228 and

274 nm for FUR) and 1st derivative
Two component tablet formulations [28]

SPL Using Vierordt’s method and 1st and 2nd derivative applying
the zero-crossing technique

Synthetic mixtures and dosage forms [29]

SPL 1st derivative for routine analysis Combination formulations [30]
SPL By use of ratio spectra derivative spectrophotometry Capsule formulation [31]
In presence of its degradation

product, saluamine (SAL)
Stability-indicating method based on the use of derivative
spectrophotometry; 1st derivative at 254 nm for SAL and
262 nm for FUR; 2nd derivative at 265 nm for SAL and 272 nm
for FUR

Dosage forms either as tablets or injections [32]

SAL By 1st derivative at 262 nm; photolitic degradation carried out
by putting samples in stove at 45 ◦C under artificial light
during 28 days; after 7, 14, and 28 days, samples collected and
analyzed

Tablet and liquid pharmaceutical preparations [25]

Amiloride hydrochloride (AM) Stock solution of AM and FUR simultaneously diluted in HCl
10−2 M in ethanol to obtain the concentration range 4 × 10−5 to
16 × 10−5 mol L−1; calibration graphs carried out for each
compound in presence of 6 × 10−5 mol L−1 of the other; 1st
derivative spectra at 343.6 nm for AM and 241.4 nm for FUR

Commercial pharmaceutical formulation [33]

AM PLS-1: A four-level full factorial design training set of 16
samples for calibration, by convenient dilution of the stock
solutions of FUR and AM in MeOH–H2O (1:1) to final

g L−1 f

Synthetic mixtures and commercial formulations [26]
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concentrations in the range of 8.0–13.0 m
1.0–1.6 mg L−1 for AM

ion (SPE) supports possessing restricted access properties have
een developed to allow the direct injection of untreated biologi-
al samples into on-line SPE liquid chromatography (LC) systems.
hese sorbents called restricted access materials (RAMs), combine
ize exclusion of proteins (without destructive accumulation) and
ther macromolecular matrix components with the simultaneous
nrichment of low-molecular analytes, which can be retained and
xtracted selectively. In this way, a method for direct determina-
ion of FUR in serum comprising on-line sample preparation based
n SIA–RAM hybrid technique has been proposed by Huclová et al.
37]. The integration of RAM material into SIA enabled creation of a
omprehensive on-line sample cleanup technique combined with
uorescence quantitation of analyte (emission filter 385 nm). The
eveloped methodology has the potential to fill the gap between
he traditional HPLC (high performance liquid chromatography)
nd manually performed sorbent extraction. The proposed method
nvolving sample preparation can be simply automated and shows
he possibility of restriction of manual sample handling. The main
isadvantage of the proposed SIA–RAM method is low sensitivity.

As can be see above, previous papers had showed the wide
pplication of fluorescence spectroscopy in the detection and quan-
ification of FUR, not only due to the improvement of sensitivity,
ut also to maximize the selectivity of chromatographic proce-
ures. Very recent, the determination of FUR based on two simple
ow-injection systems with fluorimetric detection is described by
emaan et al [38]. The first configuration used a phosphate buffer
olution pH 3, 0.2 ionic strength solution flowing at 3.0 mL min−1

s carrier, a 80 cm sample loop (400 �L total sample injection), and
40 cm long reactor coil, which was kept at room temperature; the

econd has a unique difference: the introduction of a new channel
f surfactant solution with reduction of flow-rate. The excitation
nd emission were carried out at 270 and 410 nm, respectively. The
urfactant micelles remarkably improved the sensitivity. This work

hows an alternative procedure to determine FUR in some matrices
s tablets, ampoules, and synthetic urine. The limits of detection
ound with phosphate buffer showed to be compatible or lower
han those described before in literature with the advantages of
igher analytical frequency and lower reagent consumption.

a
b
a
f
o

or FUR and

Also, recently, the interaction of FUR with bovine serum albumin
BSA) has been investigated, at physiological acidity (pH 7.40), by
uorescent technique. Displacement experiment with site markers
nd synchronous fluorescence clearly reveal that there are non-
pecific binding sites of FUR with BSA [39].

.3. Luminescence methods

The methods based on the measurement of the native fluores-
ence of FUR and similar compounds are not always very sensitive
nd indirect methods involving complexation of the drug with
anthanide ions have been investigated. The lanthanide ions in
olutions of simple salts and complex compounds possess the
uminescence properties. The excitation of lanthanide ion in com-
lex solutions occurs at the expense of the intramolecular energy
ransfer from excited organic molecule to lanthanide ion. The sen-
itization of luminescence of lanthanide ions in complexes with
rganic ligands has been extensively used during the past 30 years
n various applications, including the investigation of biological sys-
ems, immunoassays and DNA hybridization assays, quantification
f organic compounds and chromatographic detection. Beltyukova
t al. [40] studied the possibility of application of luminescence
ensitization of lanthanide ions in complexes with organic lig-
nds relating to the drugs with the purpose of determination the
atter. The Tb(III) and Eu(III) ions possessing the highest lumines-
ence intensity in solution of complex compounds were chosen.
t was shown that a result of intramolecular energy transfer from
he ligand molecule to the lanthanide ion increases the lumines-
ence intensity of the latter by 108–1010 times. The highly sensitive
ethod for luminescence determination of FUR was developed,
ith a detection limit of 0.05 �g mL−1.

Also, in the same time, Ioannou et al. report the results of a
tudy on the intrinsic fluorescent properties of the three anthranilic

cid derivatives, including FUR, and on their ability to sensitize ter-
ium ion fluorescence in both aqueous and non-aqueous solutions
nd report a sensitive and simple method for the determination of
urosemide and mefenamic and tolfenamic acids in serum based
n terbium-sensitized fluorescence in methanolic solutions [41].
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Previously reported data for the determination of anthranilic
cid derivatives have been obtained in organic solvents. The pur-
ose of the work, realized by Arnaud and Georges [42], was to

nvestigate the luminescent properties of these drugs when com-
lexed with terbium in aqueous solutions. The influence of pH,
urfactant and trioctylphosphine oxide (TOPO), as co-ligand, on
he properties of the complexes is studied and the luminescence
ifetimes are determined under optimum conditions. Finally, the
erformance of these complexes for the determination of the drugs

n water is considered. The method based on the formation of a
ernary luminescent complex with terbium and TOPO in aqueous
olutions of Triton X-100 is one to two orders of magnitude, more
ensitive than previously reported methods based on native fluo-
escence or terbium-sensitized luminescence in methanol.

.4. Chemiluminescence methods

Analytical procedures applying chemiluminescence (CL) meth-
ds combine the advantages of simplicity of equipment and
ensitivity of detection, and have been applied frequently in the
etermination of pharmaceutically important compounds, includ-

ng diuretics. The CL properties of fluorophore-sensitized Ce(IV)
eactions with sulfur-containing drugs in acidic medium have been
idely studied. FI–CL methods were developed previously for the
etermination of some compounds in different pharmaceutical for-
ulations. FUR which contains an aminosulfonyl group is a weak

educing drug and may be oxidised by Ce(IV) to produce CL emis-
ion like the other sulfur-containing pharmaceutical compounds
entioned above. The primary aim of the study carried out by Rao

t al. was to explore the possibility of developing a CL-based FI
ethod, applying the CL reaction of cerium(IV) with FUR in sul-

uric acid, sensitized by a fluorescent dye (rhodamine 6G), for the
etermination of FUR in pharmaceutical formulation [43].

Also, as the most popular example of Ru(II) complex
hemiluminescence reagents, tris-(2,2′-bipyridine)ruthenium(II)
Ru(bipy)3

2+) has been studied in detail and widely applied
or the past four decades, including FUR [44]. On the basis
f studying the chemiluminescence properties of Ru(bipy)3

2+,
everal novel ruthenium(II) complexes with diphenylsubstituted
ipyridine and phenanthroline as ligands were synthesized and
xhibited increased quantum efficiencies compared to Ru(bipy)3

2+.
ased in this fact, Xi et al. investigated the chemiluminescence
echanism of tris-(4,7-diphenyl-1,10-phenanthrolinedisulfonic

cid)ruthenium(II) (RuBPS)–Ce(IV) system and the effects of two
iuretics, hydrochlorothiazide and furosemide on its chemilumi-
escence intensity [45]. Under the optimum experimental condi-
ions, the linear range and detection limit of hydrochlorothiazide
ere 2.5 × 10−3 to 6.0 × 10−1 �g mL−1 and 1.0 × 10−3 �g mL−1,

espectively; those of FUR were 1.0 × 10−2 to 4.0 �g mL−1 and
.8 × 10−3 �g mL−1, respectively.

.5. Other optical methods

Salem described simple and accurate methods for the quantita-
ive determination of FUR and diclofenac acid utilizing precipitation
eactions with Ag(I), Cu(II) and Fe(III). FUR and diclofenac acid
ere precipitated from their neutral alcoholic solutions with sil-

er nitrate, copper acetate or ferric chloride standard solutions
ollowed by direct determination of the ions in the precipitate or
ndirect determination of the ions in the filtrate by atomic absorp-

ion spectroscopy (AAS). The optimal conditions for precipitation
ere carefully studied. Statistical analysis of the results revealed

qual precision and accuracy to the results of the official meth-
ds. The validity of the suggested procedures was verified by the
etermination of FUR and diclofenac acid in pharmaceutical prepa-

o
S
l

and Biomedical Analysis 48 (2008) 519–532

ations [46]. Latter, the investigation group of Salem proposed
method for the quantitative determination of FUR, flufenamic

cid, mefenamic acid, tranexamic acid, diclofenac sodium and thi-
profenic acid by precipitation reactions with Ni(II) and the same
rocedure exposed above with similar results [47].

For many years, the use of reflectance spectroscopy as an ana-
ytical technique was limited to paints and pigments, paper, textile
reas, ceramics, dye-stuffs and printing inks to evaluate proper-
ies such as colour, whiteness, gloss, covering power, etc. Little
ttention has been given to diffuse reflectance spectroscopy as a
uantitative technique as it was not possible to attain highly pre-
ise measurements from conventional spot tests. However, with
he development of optical devices including optical fibres and
eflectance spheres, this situation has changed and the quantifi-
ation from spot tests by diffuse reflectance, on inert support,
ield good precision and selectivity. The aim of study realized by
otardo et al. was to develop an analytical method employing dif-

use reflectance spectroscopy for the routine analysis of FUR in
harmaceuticals. The proposed method is based on the reflectance
easurements in the visible region of the spectrum of the violet

ompound produced from the spot test reaction between FUR and
-dimethylaminocinnamaldehyde using a filter paper as solid sup-
ort, in acid medium, after heating to 80 ◦C for 5 min. The results
btained from this study showed the good performance of this tech-
ique, suggesting its use as a reliable and advantageous alternative
o most other previously reported method in the routine control of
UR in pharmaceutical formulations [48].

. Electrochemical methods

Electrochemical methods have been rarely applied to determi-
ation of pharmaceutical compounds in plasma and urine. Barroso
t al. investigated the determination of the loop diuretics piretanide
PIR) and FUR in pharmaceuticals and urine by differential pulse
oltammetry (DPV) and square wave voltammetry (SWV) [49]. Oxi-
ation was studied in methanol–water (10:90) in the pH range
.3–13 (PIR) and 0.5–13 (FUR), with 0.04 mol L−1 Britton–Robinson
uffers as supporting electrolytes and 0.5 mol L−1 KCl as ionic
edium at a glassy carbon electrode. Voltammetric methods have

een developed for the determination of PIR at pH 5.0 and FUR at
H 4.5 using differential pulse and square wave voltammetry. The
etection limit obtained (50 ng L−1) allows the application of these
ethods to urine samples. The recoveries obtained for pharmaceu-

ical formulations and urine samples show the applicability of these
echniques to control analysis of these drugs.

Recently, potentiometric sensors have became important and
iable devices for use in chemical and pharmaceutical analyses. The
dvantages of these methods are their fast and linear responses
ver wide concentration and pH ranges and good limit of detec-
ion with high accuracy and reproducibility. Several papers have
elated the minimal interference in this method by associated and
elated species; the possibility of direct application to turbid and
oloured drug solutions without any pretreatment, low cost and
asy of construction and handling. Tescarollo Dias et al. describes
he development and application of a FUR selective electrode based
n the poly(vinyl-chloride) (PVC) membrane for direct determina-
ion of this diuretic in pharmaceutical preparations [50].

. Liquid chromatography
A variety of HPLC techniques were developed for determination
f FUR in plasma and other samples for 30 years approximately.
ome of these required 1–2 mL of plasma. Other methods required
engthy sample extraction and have very long elution times for the
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rug and the internal standard. Farthing et al. [51] used an exter-
al standard and solid-phase extraction, while Reeuwijk et al. [52]
sed the lengthy and tedious technique of reversed-phase ion pair
hromatography. On the other hand, Saugy et al. [53] used gas
hromatography–mass spectrometry with different types of ion-
zation to confirm the occurrence of FUR after per-methylation of
he extract eluted by HPLC. Most of the HPLC methods have not
chieved the complete separation of FUR from endogenous sub-
tances with a minimum detectable concentration of less than
0 ng mL−1, which would allow their application to the measure-
ent of low FUR concentrations in biological fluids. Most of the

reviously reported methods published the precision of the cali-
ration data but usually omitted the accuracy for concentrations
t the lower end of the concentration range found in pharmacoki-
etic and bioavailability/bioequivalence studies. Furthermore, the
inimum quantifiable concentrations are rarely reported. Potential

nterference from the major FUR metabolite, FUR glucuronide, and
he hydrolytic product 4-chloro-5-sulfamoyl anthranilic acid was
lso not reported for the majority of these methods. Abou-Auda et
l. report a rapid, sensitive and selective reversed-phase HPLC assay
hat meets the acceptable criteria for analytical method validation
nd that is suitable for the processing of a large number of FUR
amples [54].

HPLC has been employed to detect FUR in blood, urine and per-
lymph, as can be see in Tables 3 and 4. However, detection of FUR
rom tissues using HPLC has not been initially described. In an effort
o examine the influence of changes in the pharmacokinetics and

etabolism of FUR in developing verses juvenile rats, Mills et al.
eveloped an assay using HPLC for the detection of FUR and FUR
lucuronide in serum, perilymph, renal and hepatic tissues [57].
he assay proved sensitive enough to detect FUR in as little as 3 �L
f perilymph from 10-day-old rats.

HPLC is generally the method of choice for the analysis of diuret-
cs due to the time consumed, cost of the analysis, and some
imitation involving the GC/MS technique to detect diuretics in
rine (low volatility of the compounds and the necessity of the
dditional step of derivatization).

Liquid–liquid extraction followed by solvent evaporation is the
raditional method for sample preparation in the chromatographic
nalysis of diuretics and probenecid in biological samples. These
rocedures are usually very time consuming and often imprecise,
s many sample manipulations are usually involved. In addi-
ion, multi-step extractions under different pH conditions may
e required for screening tests, due to the wide differences in
he polarities of these drugs. Solid-phase extraction on disposable
artridges has been reported to simplify chromatographic quan-
ification of different diuretics. The employment of apolar (C8 or
18) solid-phase extraction columns is clearly advantageous over

iquid–liquid extraction procedures because a unique extraction
an provide acceptable recoveries for the most common diuretics.
n last years, an increasing number of HPLC methods incorporat-
ng on-line sample cleanup by solid-phase extraction using column
witching have been developed for the assay of several drugs.
witching devices permit the off-line multi-step methods for sam-
le treatment to be transformed into single-step procedures by
he on-line purification of the samples. Since rapid and sensitive

ethods are required for screening of diuretics, especially in ther-
peutic drug monitoring and in control of doping, Campíns-Falcó et
l. have evaluated the potential of column-switching techniques for
ample cleanup and enrichment of these compounds in urine sam-

les with UV detection [63]. Probenecid, a uricosuric acid, has also
een included in this study because it has a weak diuretic activity
nd has been used as a masking agent in sports to decrease uri-
ary excretion of anabolic steroids. Subsequently, the potential of
olumn-switching chromatography and fluorescence detection for

o
u
l
t
u

and Biomedical Analysis 48 (2008) 519–532 525

he analysis of diuretics in urine is evaluated for the same authors
77].

Other common question is that the patients are treated simulta-
eously with a few drugs representing different groups. Therefore,

t is necessary to develop one chromatographic system which
ould provide simultaneous determination of concurring drugs
n the shortest time. In a study realized by Baranowska et al.,
he selection of drugs was made following the frequency of
heir use in an environment of a postoperative cardio-surgical
ard. The objects of analysis were imipenem, paracetamol, dipy-

one, vancomycin, amikacin, fluconazole, cefazolin, prednisolone,
examethasone, furosemide and ketoprofen belonging to four dif-
erent groups (antibiotics, analgesic, demulcent and diuretic) in
rine. The separation of analyzed compounds was conducted by
eans of a LiChroCART® Purospher® C18e (125 mm × 3 mm, parti-

le size 5 �m) analytical column with LiChroCART® LiChrospher®

18 (4 mm × 4 mm, particle size 5 �m) pre-column with gradient
lution; mobile phase was comprised of various proportions of
ethanol, acetonitrile and 0.05% trifluoroacetic acid in water and

etection carried out for DAD and FD [78]. The same investigation
roup also proposed a HPLC system for separation and deter-
ination of teophylline, 1-methylxanthine, 3-methylxanthine,

,3-dimethyluric acid, caffeine, paracetamol, furosemide, dexam-
thasone, prednisolone, cefazolin and imipenem in urine samples
y using RP-18e column with a RP-18 pre-column and a DAD detec-
or applying gradient elution with 0.05% TFA aqueous solution with
cetonitrile at the flow-rate of 0.8 mL min−1 [79].

The organic solvent content and the pH in the mobile phase are
he usual main factors in reversed-phase liquid chromatographic
eparations, owing to their strong effects on retention and/or selec-
ivity. Temperature is often neglected. However, even in cases
here the impact of this factor on selectivity is minor, the reduc-

ion in analysis time is still an interesting reason to consider it.
n addition, ionisable compounds may exhibit selectivity changes,
wing to the interaction of organic solvent and/or temperature with
H. Recently, a retention model accounting all these interactions,
alid for wide ranges in the experimental factors, is presented and
ested with a set of 11 compounds (nine diuretics, including FUR
nd two �-blockers), sampling diverse acid–base behaviours [80].
he compounds were tested in a Zorbax SB C18 column under a wide
ange of conditions: 25–45% (v/v) acetonitrile, pH 3–7 and 20–50 ◦C.

odels considering two factors (organic solvent/pH and tempera-
ure/pH), and three factors (organic solvent/temperature/pH) were
eveloped from a previously reported equation, which considers
he polarity contributions of solute, stationary and mobile phases.

.1. Micellar liquid chromatography

In the last 20 years, reported applications of micellar liquid chro-
atography (MLC) have increased. MLC, which employs solutions

f surfactants as the mobile phases, is a mode of liquid chromatog-
aphy that can be considered as an alternative to classical partition
hromatography.

The use of aqueous solutions of surfactants at concentrations
bove the critical micelle concentration as mobile phases for
eversed-phase chromatography has advantages over traditional
ydro-organic mobile phases. These advantages include the abil-

ty to simultaneously chromatograph hydrophilic and hydrophobic
ompounds, the lower cost and greater safety of micellar mobile
hases as compared with conventional mobile phases containing

rganic solvents, and the greater solubility of solutes that can be
sed to control ionic strength, pH and buffering capacity in micel-

ar mobile phases. In this way, Cline Love and Fett investigated
he determination of FUR, hydrochlorothiazide and propranolol in
rine by direct injection micellar chromatography [81]. The type of
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urfactant used in the mobile phase and the pH of the mobile phase
ave been identified as two key parameters that can be varied to
btain the required resolution between a drug and the components

f urine. In this case, non-ionic surfactant, polyoxyethylene 23 lau-
yl ether (Brij 35), was found to be the surfactant of choice for the
eparation of these drugs from urine, in mobile phases adjusted
etween pH 5.5 and 7.5.

o
s
i
e

able 3
PLC methods with UV detection

xperimental conditions Results

P Accurasil ODS C18 column
(250 mm × 4.6 mm, 5 �m) using mobile
phase of acetonitrile–0.1%
orthophosphoric acid (pH 3) (60 + 40) at
flow-rate of 1.0 mL min−1; at 233 nm

Linear range of 1.01–121.8 �g mL−1; de
limit 0.3 �g mL−1

n a C18 home-made column
(50 mm × 4.6 mm, 3 �m) with
methanol:phosphate buffer (10 mM, pH
5.5) (30:70) as the mobile phase, at a
flow-rate of 1.0 mL min−1; DAD
monitored signals between 190 and
380 nm, with special attention to 237 nm

Linear range of 8–12 �g mL−1

n-line SPE based on column switching
(hart-cutting) for direct injection; at
271 nm

Linear range of 5–1000 ng mL−1

5 �L of prepared sample injected onto the
column; mobile phase, 0.01 M KH2PO4

(pH 5.5) with 37% MeOH; column, C18

reversed phase, ODS, particle size 5 �m,
250 mm × 4.6 mm ID; flow-rate
1.5 mL min−1; at 235 nm; retention
times: FUR-glucuronide conjugate
4.4 min, FUR 5.6 min, p-nitrophenol (IS)
8.3 min

Linear range of 0–500 �g mL−1; detect
0.1 �g mL−1

P; using gradient elution with acetonitrile
and phosphate buffer on a Hypersil-ODS
column; for spiked urine extraction
recovery of SPE using Sep-Pak C18

cartridge compared with LLE with
diethyl ether at various pH; DAD;
confirmation analysis performed by
GC/MS following methylation

Linear range of 0.2–20 �g mL−1 for all
agents except amiloride, 1–20 �g mL−1

detection limit about 0.2 �g mL−1 for 3
urine, except amiloride 1.0 �g mL−1

P; using gradient elution with acetonitrile
and phosphate buffer containing
propylamine hydrochloride on a
Bondclone-ODS (10 �m) column; DAD;
confirmation analysis performed by
GC–MS

Lower limit of detection ranges from 0
1.5 �g mL−1 in urine

olumn Spherisorb ODS (125 mm × 4 mm
ID) 5 �m particle size; gradient elution
with mobile phase 0.05 M buffer solution
of ammonium acetate adjusted to pH 3
with concentrated orthofosforic acid and
acetonitrile; DAD

Limits of detection estimated for 10 di
compounds from 0.09 to 0.75 �g mL−1

0.125 �g mL−1 for FUR

P; using alkaline extraction (pH 9.5) with
ethyl acetate and the salting-out effect
(NaCl); mobile phase with acetonitrile
and 0.1 M ammonium acetate (adjusted
to pH 3), with gradient elution

Detection limit for FUR 0.05 �g mL−1

olumn HP-Hypersil ODS-Crs, particle size
5 �m, 250 mm × 4 mm ID; mobile phase
acetonitrile–0.05 M phosphate (pH 3) or
acetate buffer (pH 4); detector was set to
collect a spectrum every 640 ms (over
the range 200–400 nm); identity of each
compound established by comparing
retention times and UV spectra in real
samples with those previously obtained
by injection of standards

Detection limit 3 ng mL−1 for FUR

P; column was C18 Spherisorb column
(150 mm × 4.6 mm ID, 5 �m particle
size); mobile phase was prepared by
mixing methanol and water (acetic acid
3%) in a ratio of 40:60 (v/v); at 280 nm

Linear range of 0.750–250 �g mL−1; de
limit 0.05 �g mL−1 and 0.2 �g mL−1 in
mobile phase and urine
and Biomedical Analysis 48 (2008) 519–532

The research group of Bonet Domingo et al. proposed the use
f MLC for the determination of diuretics, including FUR, in phar-
aceutical preparations [82] and urine [83,84] by direct injection
f the sample. Micellar mobile phases containing sodium dodecyl
ulfate (SDS), with and without different alcohols, are considered
n order to determine the most appropriate combination and the
ffect of a varying pH, in the range 3–7, on the retention of diuretics

Applications Ref.

tection Bulk drug and formulations [18]

Tablets [55]

Human serum [56]

ion limit Serum and tissues [57]

diuretic
,
mL of

Analysis of diuretic doping agents in urine [58]

.5 to 14 diuretics in human urine [59]

uretic
;

10 diuretics in human urine [60]

Diuretics, probenecid and other agents of doping
interest (morazone, mesocarb, caffeine) in urine

[61]

Diuretics and probenecid in urine [62,63]

tection
the

Rabbit and human urine [64]
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Table 3 (Continued )

Experimental conditions Results Applications Ref.

Propranolol and pindolol (IS) first extracted
from alkaline plasma into diethyl ether;
followed by extraction of FUR into
acidified ether:hexane (65:35); two
extracts combined and evaporated under
nitrogen, and reconstituted residues
analysed on a C18/SCX RP/cation
exchange column with mobile phase of
acetonitrile:0.1 M sodium acetate pH 4
(33:67); drugs also extracted from
plasma by column-switching technique
utilizing a ten-port valve, drug
compounds were retained on a C18

pre-column; at 230 nm

Linear range of 25–300 ng mL−1 for FUR and
50–400 ng mL−1 for propranolol

FUR and propranolol in human plasma [65]

RP; drugs eluted through a Nucleosil C18

column with mobile phase composed of
0.02 M potassium dihydrogen phosphate
and acetonitrile (80:20, v/v) adjusted to
pH 4.5; at 235 nm

Linear of 0.1–200 and 5–200 �g mL−1 for FUR
and propranolol, respectively

FUR and propranolol in raw materials and in
pharmaceutical formulations

[66]

Extracted with ethyl acetate; FUR at pH 1
and amiloride at pH 12; chromatographic
separation conditions, i.e., column,
mobile phase and flow-rate were the
same for both investigated drugs, FUR
detected using UV detector, whereas
amiloride, because of its very low
therapeutic range, detected with
spectrofluorimetric detector

Linearity of FUR and amiloride assays were
confirmed over the range of 30–3000 ng mL−1

and 0.5–30 ng mL−1, respectively

FUR and amiloride in human plasma [67]

Dissolved in methanol and 20 �L of
mixture of the drugs injected onto a
hypersil BDS C18 (150 mm × 4.6 mm)
5 �m column; mobile phase consisting
of equivolume mixture of acetonitrile
and 0.01 M tetrabutyl ammonium
hydrogen sulfate at a flow-rate of
1 mL min−1; at 238 nm

Linear in the dynamic range 13–400 ng mL−1

for FUR and 32–1000 ng mL−1 for
spironolactone

FUR and spironolactone in pharmaceutical dosage
form

[68]

Simple reversed phase with mobile phase
acetonitrile–water–triethylamine–glacial
acetic acid (41.5 + 57.4 + 0.1 + 0.9, adjusted
pH 5.6) at a flow-rate of 1 mL min−1; run
time 9 min; at 280 nm

Linear range of 7.93–125 �g mL−1 for phenol
red and 6.25–100 �g mL−1 for
hydrochlorothiazide and FUR; limits of
quantitation 7.2, 8.9 and 6.8 �g mL−1 for FUR,
hydrochlorothiazide, and phenol red,
respectively

FUR and hydrochlorothiazide along with phenol
red as a nonabsorbable marker for in situ
permeability studies in anaesthetized rats

[69]

RP; by gradient elution on Symmetry
Shield C18 column; mobile phase
consisting of potassium dihydrogen
ortho-phosphate (pH 5.5; 0.01 M) and
methanol at a flow-rate of 1.5 mL min−1;
retention times of antipyrine,
metoprolol, ketoprofen, phenol red and
furosemide were about 9, 12, 13, 16 and
17 min, respectively; data acquisition
carried out using photo diode-array

– FUR, antipyrine metoprolol, ketoprofen, and
phenol red, as a tool for standardization of rat in
situ intestinal permeability studies

[70]

R oteca
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detector in range 210–600 nm
P; on C18 column with mobile phase
water (pH 3.0) and acetonitrile gradient
pumped at a flow-rate of 1 mL min−1

Linear range of 1–50 �M for top
2–100 �M for the others; detec
found to be maximum 0.002 �M

luted with a SDS micellar mobile phase and with UV detection was
lso studied.

Later, the same group investigated different aspects of MLC
elated with the determination of FUR and other diuretics in
rine and pharmaceutical preparations [85–89]. Of this mode,
chromatographic procedure that uses SDS and propanol at

H 3 is reported for the determination, in urine samples, of
iuretics. Pre-column derivatization with sodium nitrite and N-(1-
aphthyl)ethylenediamine, to form the coloured azo dyes of the
ydrolyzed diuretics, decreased the polarity of the compounds and,

onsequently, their retention in the micellar eluents, and permitted
etection in the visible region, eliminating thus the high back-
round of the urine matrix and increasing the selectivity. Limits
f detection were, approximately, 2 �g mL−1 [85]. An interpretive
ethodology is applied to optimise the resolution of a mixture of

s
a
w
t
m

n and
mits were

Topotecan and four intestinal permeability markers
(atenolol, antipyrine, propranolol and FUR)

[71]

5 diuretics of diverse polarity and acid–base behaviour using pH
nd concentrations of surfactant and organic modifier in the mobile
hase as separation factors [86] and a comparative study on the
erformance of two reversed-phase liquid chromatography (RPLC)
odes on the separation of 18 diuretics was carried out [89]. A

onventional octadecylsilane column and acidic acetonitrile–water
obile phases, in the absence and presence of micelles of SDS, were

sed in this study.
In like manner, the authors demonstrated that FUR solutions are

table in SDS at pH 3–5 protected from light [87]. These conditions

hould be used to keep FUR standard solutions and samples in the
nalytical laboratory and reported a chromatographic procedure
ith micellar mobile phases containing SDS, which was applied

o the assay of the diuretic in numerous pharmaceuticals com-
ercialised in several dosage forms. Under the optimised exper-
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Table 4
HPLC methods with fluorescence detection

Experimental conditions Results Applications Ref.

FUR with its acyl glucuronide by means of direct gradient without enzymic
deglucuronidation; column was Cp Spherisorb ODS 5 �m,
250 mm × 4.6 mm ID; mobile phase was acetonitrile and 0.5%
orthophosphoric acid (98%) pH 2.1; flow-rate 1.2 mL min−1; at 345 nm
excitation and 405 nm emission wavelength

Detection limit 0.005 �g mL−1 for FUR
in plasma and urine

Human plasma and urine [72]

Using a �Bondapak C18 reversed-phase column (15 cm × 3.9 mm ID, 10 �m
particle size) for plasma and a resolve spherical C18 column
(15 cm × 3.9 mm ID, 5 �m particle size) for urine; mobile phase
containing 0.01 M potassium dihydrogen (62:38, v/v) adjusted to pH 3.0
with phosphoric acid (1:3, v/v); mixture filtered through a 0.22 �m
membrane filter under vacuum; flow-rate 1.5 mL min−1; at excitation
and emission wavelengths 225 and 389 nm, respectively

Linear range of 0.05–2.00 �g mL−1;
detection limit 5 ng mL−1

Plasma and urine [54]

Whole milk defatted by initial centrifugation at room temperature,
resulting skim milk deproteinated with acetonitrile and centrifuged
again, acetonitrile from supernatant evaporated, and the remaining
aqueous portion directly analyzed by LC, using Spherisorb 5 ODS 2
column, a phosphate/acetonitrile buffer (pH 3); at 272 and 410 nm
excitation and emission wavelengths, respectively

– Bovine milk [73]

Plasma samples spiked with the drug in presence of propranolol
hydrochloride (IS), purified using liquid–liquid extraction; RP using a
Kromasil 100-5 C18 column with mobile phase of acetonitrile and 0.02 M
potassium dihydrogen phosphate (34:66, v/v) adjusted pH 3.0;
excitation at 268 nm, emission at 410 nm

Linear range of 0.005–1.5 �g mL−1;
detection limit 0.001 �g mL−1

Plasma [74]

Using a Chromolith® RP 18e (100 mm × 4.6 mm) monolithic silica rod HPLC
column. After liquid–liquid extraction with diethylether, plasma or urine
samples separated with a gradient consisting of solvent A (20%
acetonitrile) and solvent B (80% acetonitrile), both in 0.25% acetic acid,

−1

Linear range of 7.8–1000 ng mL−1 Plasma and urine [75]
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flow-rate 3.5 mL min ; excitation at 230 nm and emission at 410 nm
ixture containing 5 mmol dihydrogenphosphate buffer and acetonitrile
30:70 (v/v) pH 3 was used as mobile phase with 1.5 mL min−1 flow-rate;
reverse phase is C18 column; excitation at 270 nm; emission at 470 nm

mental conditions FUR was resolved from its photo-degradation
roducts.

Finally, the same authors uses SDS, propanol and phos-
hate buffer at pH 3, and fluorimetric detection (�(exc) = 270 nm,
(em) = 430 nm) for determination of mixtures of seven diuretics,

ncluding FUR, in urine samples [90].
Recently, a simple, high-throughput, highly selective and sensi-

ive HPLC–FD method for isolation and determination of FUR and/or
orfloxacin in human plasma samples following a simple organic
olvent deproteinization step with acetonitrile as sample ‘cleanup’
rocedure is reported by Galaon et al. [91]. One of the two drug
ubstances plays the internal standard role for the determination of
he other. Separation of analyte and internal standard was achieved
n less than 5.3 min on a Chromolith Performance RP-18e column,
sing an aqueous component containing 0.015 M sodium heptane-
ulfonate and 0.2% triethylamine brought to pH 2.5 with H3PO4.
he mobile phase was acetonitrile–methanol–aqueous component
0:15:15 (v/v/v) and the flow-rate was set up to 3 mL min−1. The
hromatographic method applied to the determination of FUR
elies on fluorescent detection parameters of 235 nm for the exci-
ation wavelength, and 402 nm for the emission wavelength.

.2. Electrochemical detection

Such as described above, most of the proposed methods in the
iterature for the determination of FUR employ LC with UV or fluori-

etric detection, and they have been applied to the determination
f this diuretic in urine, serum or plasma and pharmaceuticals; only
ne application has been found for the determination of FUR in

ovine milk. On the other hand, electrochemical detection has been
ery scarcely applied, probably due to the adsorption of this com-
ound on the surface of carbon electrodes [49]. However, an HPLC
ethod with amperometric detection at a glassy carbon electrode

sing a detection potential of +1.20 V versus Ag/AgCl, and elec-

F
e
u
m
u

r range of 0.03–150 �M Paediatric samples [76]

rochemical or chemical pretreatment of the electrode surface has
een reported [92]. This method was applied to the determina-
ion of FUR in pharmaceuticals and urine. Moreover, an improved
lectrochemical detection of FUR and other diuretics based on post-
olumn on-line photolysis, and applying a detection potential of
0.20 V versus Pd has been also described [93]. Guzman et al.
sing flow-injection and HPLC for determination of FUR utilizing
ulsed amperometric detection (PAD) at cylindrical carbon fibre
icroelectrodes [94]. Repetitive flow-injection amperometric mea-

urements at +1.25 V for FUR showed a continuous decrease in the
eak current, probably as a consequence of the microelectrode sur-

ace fouling. However, a suitable amperometric detection of FUR
as achieved using a PAD program consisting of a two-step poten-

ial waveform with alternating anodic and cathodic polarization. In
able 5 are summarized the principal experimental conditions of
roposed methods that using HPLC with electrochemical detection.

.3. Liquid chromatography–tandem mass spectrometry

For clinical studies, it is necessary to establish an accurate
nd specific analytical technique which permits measurement of
UR in biological specimens at different therapeutic levels. Chro-
atographic resolution and mass spectrometric sensitivity are

mportant considerations for all analytical methods. HPLC was
xtensively applied for the determination of FUR in biological flu-
ds using UV, fluorescence and electrochemical detectors. Sample
reparation for HPLC analysis was done by applying liquid–liquid
xtraction, protein precipitation and solid-phase extraction proce-
ures. In the majority of HPLC methods, a complete resolution of

UR from the endogenous plasma constituents is necessary to avoid
rroneous results. On the other hand, LC is the most commonly
sed approach for separating analytes from sample matrix prior to
ass spectrometry (MS) analysis. Tandem MS (MS/MS), specifically

sing triple–quadrupole detection, has also demonstrated its utility
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Table 5
HPLC methods with electrochemical detection

Experimental conditions Results Applications Ref.

Serum proteins precipitated with acetonitrile containing IS and
clear supernatant separated; urine diluted with water to 50
times; RP, 8MB C18 column, using 35% ethanol solution
containing 5 mM tetrabutylammonium phosphate (pH 7.50) as
mobile phase (1 mL min−1); detected at 0.90 V

Detection limit 16 and 9 ng mL−1 serum
and urine, respectively

Serum and urine [95]

On �Bondapak C18 column with mobile phase acetonitrile–water
(40:60) and 5 mM KH2PO4/K2HPO4; flow-rate 1 mL min−1;
amperometric detector equipped with glassy carbon electrode
operated at +1200 mV versus Ag/AgCl in the direct current
mode

Detection limit 15 ppb for both
compounds

FUR and piretanide in pharmaceuticals
and human urine

[92]

On �Bondapak C18 column, mobile phase water:acetonitrile,
30:70, 5 mM in KH2PO4/K2HPO4, pH 5.5; flow-rate 1 mL min−1;
amperometric detector, equipped with glassy carbon electrode
operated at +1300 mV

Detection limits 15 ng mL−1 for FUR
and 0.1 ng mL−1 for triamterene

FUR and triamterene in pharmaceutical
formulations and urine

[96]

On Kromasil C18 column (150 mm × 4.6 mm ID, 5 �m), mobile
phase 25:75 acetonitrile:5 M × 10 M NaH2PO4 (pH 5) mixture;
flow-rate 1.4 mL min−1; PAD using a detection potential, E1, of
+1.25 V (t1 = 0.1 s), and a cleaning potential, E2, of +0.2 V
(t2 = 0.2 s)

Detection limits 0.55 �M FUR in presence of several thiouracil
drugs and oxytetracycline in spiked
commercial milk samples

[94]

Analytical column was Brownlee Lab RP-18, Spheri 5 �m,
100 mm × 4.6 mm ID, including postcolumn on-line UV

Detection limit 2 ng per 6 �L for FUR Quantification of diuretics [93]
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irradiation; mobile phase prepared by mixing methanol and
water (80:20) and adding 2 g L−1 of LiClO4; coulometric
detection at a working potential as low as +200 mV (for FUR)

s a highly selective and sensitive method for MS quantitation, for
xample of enzymatic reactions. There have been many techniques
or increasing the throughput of LC/MS/MS analyses, especially in
he drug metabolism and pharmacokinetics areas of expertise. One
xample is staggered parallel HPLC, in which four LC runs are stag-
ered in time allowing peaks to be sequentially introduced to the
S/MS to reduce cycle times to 1.4 min per sample with potential

or even shorter times. In this way, multiplexed (MUX) electrospray
s a different approach which has a four- or eight-channel electro-
pray ionization source interface for analyzing streams from four or
ight parallel HPLC systems. This device has been used to analyse
oth single components, including FUR and mixtures by LC/MS as
ell as synthetic samples prepared by automated procedures [97].

he method provides better efficiency in the detection and quan-
itation processes, particularly when the analytes have poor UV
bsorption properties and when the analytes are not completely
esolved or contaminated with endogenous plasma constituents.
he high specificity and sensitivity with marked short time of anal-
sis are prominent advantages of LC–MS.

Abdel-Hamid presents a new investigation to elucidate the
otential of LC–MS in the determination of FUR, using diclofenac as

S, in plasma with one-step extraction procedure [98]. Both com-
ounds were extracted from human plasma with ethyl acetate at pH
and were chromatographed using Shim-Pack GLC-CN column and
mobile phase consisting of acetonitrile and 20 mM ammonium

cetate buffer solution pH 7, 4:1 (v:v) at a flow-rate 1 mL min−1.
UR and diclofenac (IS) were detected by mass spectrometer oper-
ted in the negative single ion monitoring mode using APCI as an
onization process at m/z 329.2 and 294.1, respectively. Detection
imit for FUR in plasma was 10 ng mL−1.

Electrospray ionization mass spectrometry (ESIMS) has been
idely used for the characterization and determination of bio-
olecules available for biomedical research. ESI spectra show

ypically protonated molecules and less structural information than
I spectra, which are searchable in libraries, but it is one of most

opular ionization techniques, because of its ability to analyse large,
hermally labile bio-molecules, using mass analysers with limited
ange as quadrupoles. Sanz-Nebot et al. establish a versatile method
or the characterization and determination of FUR and other diuret-
cs in human urine samples by LC coupled to pneumatically assisted
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SIMS [99]. The diuretics extracted from spiked urine samples by
liquid extraction and cleanup procedure at basic pH, using ethyl

cetate as solvent and the salting-out effect (NaCl), are analysed
sing previously optimized operational parameters of electrospray,
uch as counter electrode voltage, capillary voltage, sample cone
oltage and source temperature, in order to obtain the best sig-
al stability and the highest sensitivity for the greatest number of
iuretic agents.

The possibility of automated sample preparation increases the
otential for faster and simpler analysis. A robust LC–MS screening
rocedure for the detection of 32 diuretics and masking agents has
een reported [100]. The analytical procedure is reduced to a single
AD extraction step for sample preparation, followed by reversed-
hase liquid chromatography in combination with atmospheric
ressure ionisation/tandem mass spectrometry. This method was
ased on liquid–liquid extraction, which is difficult to automate,
nd required two injections per sample. The duplication of analysis
as performed because of the need for both positive and negative

onisation in order to detect all the diuretics with sufficient sensi-
ivity. Goebel et al. developed a procedure for the routine detection
f diuretics in urine samples collected from athletes. The method
ses automated SPE with analysis of the extracts by HPLC using
lectrospray ionisation tandem mass spectrometry. It requires only
ne injection per sample and is currently capable of detecting 35
iuretics and related compounds at the rate of five samples per hour
101].

Deventer et al. presented a fast and selective LC/MS/MS method
or the screening of 18 diuretics and probenecid in human urine
102]. Analyses were performed on an instrument equipped with
SI interface using scan by scan polarity changing. All diuretics and
robenecid were separated in less than 20 min after liquid–liquid
xtraction with ethyl acetate. Detection limit for all substances
as 100 ng mL−1 or better. Later, this method was substantially

xtended with 21 �-blockers and 8 other diuretics allowing simul-
aneous determination of diuretics and beta-adrenergic blocking

gents in human urine. Analysis was performed using an ion trap
nstrument with an ESI interface after liquid/liquid extraction with
thyl acetate. Full-scan MS and full-scan MS/MS were applied in
ombination with scan-to-scan polarity switching. All compounds
ere separated in less than 22 min [103].
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Castiglioni et al. describes an improved analytical method to
easure an extended list of 30 drugs, including FUR, belonging to

everal therapeutic classes, at low concentrations in surface waters
about 1 ng L−1). Pharmaceuticals were divided in two groups,
xtracted by different SPE methods, and analysed by reversed-
hase liquid chromatography tandem mass spectrometry [104].

The aim of a recent study realized by Politi et al. is develop
screening procedure for the detection of 24 diuretics by direct

njection of diluted urine in the LC–MS/MS system, exploiting the
nformation dependent acquisitions (IDA) feature for combining
elected reaction monitoring (SRM) and product ion scan detec-
ion. In particular, the production scan was performed using the
hird quadrupole of a mass spectrometer as a linear ion trap, thus
nhancing scan sensitivity [105].

. Capillary electrophoresis

Riekkola and Jumppanen reviewed the application of capillary
lectrophoresis to the screening, identification and determination
f diuretics and probenecid [106]. The number of publications
s in these years still limited, but the studies already pub-
ished clearly show that capillary zone electrophoresis (CZE)
nd micellar electrokinetic chromatography (MEKC) are excellent
lternatives for the investigation of diuretics. High accuracy iden-
ifications of diuretics and probenecid, even in urine samples,
an be obtained when CZE is used with the marker tech-
iques. Previously, these authors developed a method that screens
iuretics in urine and blood serum. Two successive runs were
equired because of the heterogeneity of this group of com-
ounds. Screening for diuretics that contained sulfonamide and/or
arboxylic groups was done at pH 10.6 with 3-(cyclohexylamino)-
-propanesulfonic acid (0.06 M) as buffer. Diuretics that contained
rimary, secondary or tertiary amine groups were investigated
t pH 4.5 with acetate (0.07 M)–betaine (0.5 M) buffer system.
ydrostatic injection mode for 5 s gave the best efficiency. Detec-

ion limits at the low femtomole level are achievable for most
ompounds with a UV–vis detector operating at 220 and 215 nm
107].

CZE has been used for the determination of the binding of a
2-blocker drug, FUR and ceftriaxone to serum proteins [108].
he analyses were carried out by injecting a solution of s�1,-
cidic glycoprotein (�1-AGP) or human serum albumin in 70 mM
aH2PO4/Na2HPO4 (pH 7.4) buffer into an uncoated fused-silica
apillary filled with the same buffer.

Sadecka and Polonsky present a capillary isotachophoretic
ITP) method for the determination of �-blockers (metoprolol,
eacetylmetipranolol and labetalol) and diurectics (amiloride and
urosemide) in serum and urine [109]. FUR was separated using
he anionic electrolyte system histidine hydrochloride buffer (pH
.2) (10 mM)-morpholinopropanesulfonic acid. Endogenous and
he possible exogenous compounds were almost totally removed
rom serum and urine by SPE using a Separon SGX C18 cartridge.

MEKC, a mode of capillary electrophoresis, was initially con-
eived for the electrokinetic analysis of neutral compounds. By
dding micelle-forming surfactants to the background electrolyte,
eparations resembling reversed-phase liquid chromatography are
chieved with the benefits of high efficiency and speed of anal-
sis. MEKC, however, can equally well be applied to the analysis
f ionic compounds. Moreover, it was shown that it is possible
o perform sample stacking in MEKC of ionic compounds. Injec-

ion of larger sample volumes is thus feasible hereby drastically
mproving detectability. Lalljie et al. evaluated the possibility of
sing MEKC for screening and quantitative analysis of FUR and
iretanide in urine samples. A simple sample preparation step,

nvolving liquid–liquid extraction, followed by fast MEKC analy-
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and Biomedical Analysis 48 (2008) 519–532

is is described. The analytical parameters have been optimized to
eparate the target compounds from the urine matrix solutes [110].

FUR, chlorthalidone, hydrochlorothiazide and triamterene were
eparated in 5 min by MEKC using a carrier containing sodium
odecylsulfate as surfactant, and were subsequently detected spec-
rophotometrically using a diode-array detector. The limits of
etection were in all cases less than 1.2 �g mL−1 for all compounds
111].

Caslavska and Thormann reports the first capillary
lectrophoresis–laser induced fluorescence (CE–LIF) and cap-
llary electrophoresis–mass spectrometry (CE–MS) data of FUR
nd CE–LIF and capillary electrophoresis–ion trap tandem mass
pectrometry (CE–MS2) based assays for analysis of FUR in human
rine [112].

. Other techniques

Diverse methods were reported that allow the determination of
UR in plasma using thin-layer chromatography. These methods,
ublished in years seventy, require complicated preparative steps
efore quantitation of the drug can be carried out. Later, Argekar et
l. developed a method for simultaneous determination of FUR and
miloride hydrochloride in pharmaceutical preparation with ethyl
cetate:methanol:18% ammonia (7.5:1:0.8, v/v/v), as the mobile
hase and hydrochlorothiazide as IS. The quantification was done
y densitometry at 275 nm [113].

Until recently to confirm the identity of diuretic com-
ounds detected by HPLC, gas chromatography–mass spectrometry
GC–MS) with electron ionization (EI) is the standard method used.
n order to improve the volatility of the diuretics either methylation
r silylation has been required prior to GC–MS. The methylation of
hese polar drugs has been the most common multi-residue proce-
ure and has allowed GC–MS to be used as a screen to replace the

ess selective HPLC procedures. The simplest process is an extrac-
ive alkylation one, where extraction and derivatization is carried
ut in a single step. Recently a rapid method has been published
sing microwaves to assist the methylation after extraction. Two
roblems with the methylation prior to GC–MS approach are the
ifficulty in methylating some diuretics, and the toxicity of the
ethyl iodide used in the derivatization process. Extractive methy-

ation has been described for the determination of FUR [53,114],
hich has been also applied in screening procedures for diuret-

cs including FUR, in physiological samples [115]. This procedure
nvolves the extraction of the organic acid as an ion pair into an
rganic solvent where the methylation reaction occurs. A quater-
ary ammonium salt is used as phase-transfer reagent to extract
he organic acid from the alkaline aqueous-phase into an aprotic
eagent with low solvation power, for anions containing the methy-
ation reagent (methyl iodide). In other procedure developed by
tacek et al., after acidification the samples were extracted by ethyl
cetate and methylated by methyl iodide. The chromatography was
arried out on a fused-silica capillary column with SE-54 stationary
hase. Detection was performed by selected ion monitoring (ions
1 and 372 for FUR and ions 363 and 406 for IS bumetanide). Limit
f quantitation was 10 ng mL−1 for plasma and 40 ng mL−1 for urine
116].

More recent, Amándola et al. describes an alternative, rapid
ethod to detect and confirm the presence of diuretics in human

rine by GC–MS of the corresponding methyl derivatives. The per-
ormance of the method was verified for 18 representative diuretics.

he novel aspect of the method is represented by the technique
sed for the derivatization reaction that is carried out by incuba-
ion of the purified urine extracts by methyl-iodide and potassium
arbonate in acetone, supplying the energy transfer by microwave
rradiation instead of by direct thermal heating. The proposed
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pproach allowed setting up a robust analytical procedure for the
creening and confirmation analysis of diuretic agents searched by
he anti-doping laboratories, requiring 10 min instead 3 h for the
erivatization step [117].

A SPE procedure using BondElut®-LRC Certify columns was
sed by Margalho et al. to extract FUR from blood samples,
sing ketoprofen as IS. The extracts were analyzed by gas
hromatography–electron ionization–mass spectrometry after on-
olumn derivatization with trimethylanilinium hydroxide (0.2 M in
ethanol). The calculated limits of detection and quantitation were

.010 and 0.045 �g mL−1, respectively [118].
In official doping controls, about 300 drugs and metabolites

ave to be screened for each sample. Moreover, the number of
eterminations to be routinely processed increases continuously
s the number of both samples and potential illicit drugs keeps
rowing. As a consequence, increasingly specific, sensitive, and,
bove all, fast methods for doping controls are needed. A research
roup of university of Torino presents two efficient fast-GC/MS
pproaches to the routine screening of two different classes of
oping agents, namely �-adrenoceptor ligands and diuretics [119]
nd diuretics and masking agents [120]. Narrow bore columns
100 mm ID) of different lengths and coated with apolar station-
ry phases were successfully used to separate the derivatized
nalytes. The whole method involves three analytical steps, includ-
ng (1) liquid/liquid extraction of the analytes from the matrix,
2) their reaction with methyl iodide at 70 ◦C for 2 h to form

ethyl derivatives, (3) analysis of the resulting mixture by fast
as chromatography/electron impact mass spectrometry (fast GC/
I-MS).

. Conclusions

UV–vis detection is the technique most commonly used in deter-
inations of pharmaceuticals. As its sensitivity and selectivity are

ery limited, better systems of detection are necessary in order to
uantify low drug dosages. Fluorimetry, which meets these require-
ents, is usable only for a small group of drugs having native

uorescence. The same problem arises with electrochemical detec-
ion.

In the last years, the different working methods presented by the
E have become one of the most popular techniques for the analy-
is of drugs. In spite of chromatographic methods provide a similar
ange of applicability in the analysis of drugs, vitamins and excipi-
nts, the main advantage of CE in the pharmaceutical field lies in its
ow cost and short time of analysis. The introduction of micelles in
he buffer solution where the electrophoretic process takes place
llows the determination of neutral and charged analytes in a single
njection. The most frequent CE techniques for analysing diuretics
ZE and MEKC.

After being extracted from samples, diuretics have been
creened and determined either by GC–MS as their methyl-
erivatives, or by LC–MS(/MS). LC–MS allows the chromatographic
eparation of polar functions with no need for derivatization and,
t least in the reversed-phase mode, a simplified sample prepa-
ation due to the compatibility between aqueous samples and
he analytical system. By using LC–MS/MS, highly sensitive and
elective analyses can be achieved in selected reaction monitor-
ng (SRM). The specificity of the SRM analysis can be further
ncreased by combination with the acquisition of the product ion
pectrum of the analyte of interest. This combination of detections

an be straightforwardly performed via the so-called information
ependent acquisition (IDA) or data dependent acquisition (DDA),
epending on the manufacturer: peaks found by SRM (survey scan)
ill instantly trigger the product ion scan (dependent acquisition)

f the precursor ion of the eluting analyte. In this way, the high
and Biomedical Analysis 48 (2008) 519–532 531

ensitivity of the SRM analysis is merged with the specificity of a
roduct ion spectrum in a single analytical run.
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