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Abstract

Paracetamol is a common analgesic and antipyretic drug that is used for the relief of fever, headaches and other minor aches and pains. Their
determination in pharmaceuticals is of paramount importance, since an overdose of paracetamol can cause fulminating hepatic necrosis and other
toxic effects. Many analytical methodologies have been proposed for the determination of paracetamol. The aim of the present study is to evaluate
the utility of different techniques for quantification of paracetamol content in pharmaceutical formulations and biological samples.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Paracetamol (PCT) is an acylated aromatic amide, which was
firstly introduced into medicine as an antipyretic/analgesic by
Von Mering in 1893 and has been in use as an analgesic for
home medication for over 30 years and is accepted as a very
effective treatment for the relief of pain and fever in adults
and children. It is the most used medicine after acetylsali-
cylic acid in many countries as an alternative to aspirin and
phenacetin. PCT is also known as acetaminophen (N-acetyl-p-
aminophenol, 4-acetamidophenol); it is a major ingredient in
numerous cold and flu medications and many prescription anal-
gesics. It is remarkably safe in standard doses, but, because
of its wide availability, deliberate or accidental overdoses are
not uncommon. PCT, unlike other common analgesics such
as aspirin and ibuprofen, has no anti-inflammatory proper-
ties, and so it is not a member of the class of drugs known
as non-steroidal anti-inflammatory drugs or NSAIDs. In nor-
mal doses, PCT does not irritate the lining of the stomach
or affect blood coagulation, the kidneys, or the fetal ductus
arteriosus. Like NSAIDs and unlike opioid analgesics, PCT
has not been found to cause euphoria or alter mood in any
way. PCT and NSAIDs have the benefit of bearing no risk of
addiction, dependence, tolerance and withdrawal. Data about
chemical, physical and biopharmaceutical properties are easily
available.

Recent studies have shown that PCT is associated to hepatic
toxicity and renal failure despite of its apparent innocuous char-
acter. Hepatic toxicity begins with plasma levels of PCT in the
120 wg ml~! range 4 h after the ingestion and an acute damage
is presented with plasmatic levels up to 200 pgml~! 4h after
the ingestion.

At normal therapeutic doses, PCT is metabolised very
fast and completely by undergoing glucuronidation and sul-
phation to inactive metabolites that are eliminated in the
urine. However, PCT higher doses produce toxic metabolite
accumulation that causes hepatocyte death. Acetaminophen
overdose is a frequent cause of fulminating hepatic fail-
ure in Europe and US. Based on the aforementioned obser-
vations the main objective was to carry out the develop-
ment of more efficient analytical techniques, destined to
quality control of one of the medicaments more widely
used. Several methods have been utilised for its deter-
mination in pure form, formulation and combination with
other substances; mainly volumetric, polarographic, UV-vis
spectrophotometric, fluorimetric, chromatographic and many
others.

The aim objective of this review is classified, sum-
marised and discusses the different proposed methods for
the determination of PCT, alone and in mixtures, in for-
mulations and biological samples. The determinations are
classified into five main categories: (1) optical methods;
(2) electroanalytical methods; (3) chromatographic meth-
ods; (4) capillary electrophoretic methods; (5) water analy-
sis.

2. Optical methods
2.1. Determinations in formulations

2.1.1. UVvis spectrophotometric methods

PCT has been determined by titrimetric procedures for many
years [1-19]. Murfin et al. [20-24] developed a continuous,
auto-analytical system for the analysis by a colorimetric method
of pharmaceutical formulations containing phenacetin (N-
acetyl-9-phenetidine) or PCT (9-acetamidophenol). A method
based on measuring the intensity of the yellow colour that
developed when acute PCT is allowed to react with p-
dimethylaminobenzaldehyde in 2M HCI after heating are
described [25]. Also, PCT was determined by hydrolysis with
H,S0y4, diazotisation of the p-aminophenol obtained followed
by coupling with B-naphthol in alkaline medium [26]. Most
of the published colorimetric methods for the determination of
phenacetin and paracetamol require their initial de-acetylation
by boiling with a mineral acid for up to 2h, followed by
application of a standard procedure to the resulting primary
aromatic amine, p-phenetidine (9-aminoethoxybenzene) or 9-
aminophenol. An automated method [27] has been described
for the determination of PCT by hydrolysis, diazotisation of
the amine produced and coupling the resulting product with 1-
naphthol, but this process, which includes the need to heat and
cool the solution, is rather lengthy. Two colorimetric manual
methods have been suggested that do not require initial hydrol-
ysis of the phenacetin and paracetamol; one involves heating
them with 10% nitric acid [28] and the other warming with a
solution of chloramine T [29]. Neither method proved sensitive
enough for the desired automatic system.

Automatic [20] and manual [21] colorimetric procedures
for the determination of paracetamol and phenacetin based on
the indophenol reaction were described. The compound to be
determined is made to react with acidified hypochlorite solu-
tion to form a quinonechlorimide, excess of hypochlorite is
reduced with As(IIT) and the quinonechlorimide is made to react
with phenol to form an indophenol dye. An alternative man-
ual procedure is described for the colorimetric determination
of phenacetin and paracetamol as indophenol dyes [22]. The
procedure differs from that described in [21] in that phenacetin
and paracetamol are hydrolysed first to p-phenetidine and p-
aminophenol, respectively, before reaction with hypochlorite
to form p-quinonechlorimide, which then undergoes a reaction
with phenol.

The spontaneous oxidation of alkaline mixtures of p-
aminophenol and phenol with molecular oxygen to form
indophenol has been made the basis of a colorimetric proce-
dure for the determination of PCT via its hydrolysis product,
9-aminophenol [30]. Total paracetamol and phenacetin can be
determined by an indophenol reaction after hydrolysis and oxi-
dation with acidified hypochlorite. Other simple and sensitive
spectrophotometric method for the assay of three antipyretic
drugs through their nitration and subsequent complexation with
a nucleophilic reagent is proposed by El Kheir et al. [31]. Also,
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dimedone was used as an analytical reagent for the colorimetric
determination of PCT and oxyphenbutazone [32].

When there are no significant spectral interferences, the deter-
mination of PCT in pharmaceutical products can be carried out
by direct UV absorption spectrophotometry, such as in the Parac-
etamol Tablets monograph in the British Pharmacopoeia 1999
[33]. However, when formulated with other UV absorbing sub-
stances such as excipients or active substances, where spectral
overlap is possible, separative techniques such as high perfor-
mance liquid chromatography (HPLC) are usually necessary, as
prescribed, for instance, in several of the acetaminophen arti-
cles in the USP 24 [34]. The determination of PCT has been
reported employing flow-injection systems (FIA) [35-37] with
colorimetric detection. Usually, these methods are based on the
hydrolysis of paracetamol to 4-aminophenol, which is then trans-
formed into a coloured compound by a suitable reaction [38—40].
This strategy, however, has the disadvantage that the hydrolysis
step requires high temperatures, which are usually attained by
placing the flow reactor in a heating bath or inside a microwave
oven. The hot flow coming out from the reactor should then be
cooled to room temperature by means of an ice bath or sim-
ilar cooling device, which adds up to the final complexity of
the system. Thus, a reaction that could be carried out at room
temperature would lead to a simpler system and should be pre-
ferred. PCT reacts with nitrous acid at room temperature under
mild conditions (10%, m/v, NaNO,, 50%, v/v, HCI) producing a
derivative whose absorbance can be measured in alkaline solu-
tion at 430 nm. This reaction was investigated by Le Perdriel et
al. [41] and by Chafetz et al. [42]. Other FI method is based on
the nitration of PCT with sodium nitrite, and the absorption of
the reaction product is measured at 430 nm in alkaline medium
[43].

Direct UV/vis spectrometry is by far the instrumental tech-
nique of choice in industrial laboratories, owing mainly to its
simplicity, often demanding low cost equipment. The majority
published spectrophotometric methods are based on indophe-
nol dye, and Schiff’s base formation, nitrosation and subse-
quent chelation, oxidation, oxidative coupling with some special
reagent, UV absorption, pH-induced spectral changes [44-86].
Various colour reactions have been used involving hydrolysis to
4-aminophenol and formation of a Schiff base with a substituted
benzaldehyde [45-49] or diazotisation and coupling [49]. Other
methods are based on indophenol formation [28,30,50], nitrosa-
tion and subsequent chelation [51], UV absorption [52] and its
change with pH [53]. Most methods require lengthy treatments
and lack the simplicity needed for routine analysis. A more sim-
ple and rapid method is proposed by Verma et al. [54] based on
the reaction with 2-iodylbenzoate in dilute acids that produces,
almost instantaneously, an orange-yellow colour that reaches
its maximum intensity within 1min, at 444nm. Recently,
other alternative reagent, 2,2'-(1,4-phenylenedivinylene)bis-8-
hydroxyquinoline (PBHQ) was proposed [87], its reacts with
p-aminophenol to form blue complex, having a larger molar
absorptivity than the published methods. Besides, the main
advantage is the reduction of reagent consumption; the devel-

oped method is based on the microwave assisted alkaline hydrol-
ysis of PCT to p-aminophenol (PAP) and its subsequent oxida-
tion in alkaline medium by periodate to benzoquinoneimine,
which reacts at room temperature with PBHQ to produce a blue
indophenol dye. Also, a simple, rapid and specific method was
developed for the determination of PCT and PAP [88]; it is based
on the hydrolysis of PCT to PAP, which, using dissolved oxygen
as an oxidant in the alkaline region, was further transformed into
benzoquinoneimine, capable of reacting with tiron to produce a
green indophenol dye. The stabilisation of indophenol dye was
achieved by the addition of Cu(II) solution. The absorbance was
measured at 601 nm in alkaline medium. In Table 1 are sum-
marised other spectrophotometric methods.

2.1.2. Flow-injection spectrophotometric methods

Automated continuous-flow systems have contributed largely
to the development of preliminary operations, as the versatility of
these systems makes possible to automate non-chromatographic
separation techniques, such as filtration, liquid-liquid extrac-
tion, gas diffusion, preparation and dialysis, frequently involved
in the first steps of the analytical process. Recently, various flow-
injection analysis along with suitable detection technique have
also been reported for the determination of PCT. Growing inter-
est in the use of FI in conjunction with UV/vis spectrometric
techniques has been demonstrated in several papers [89-100].
Existing FIA methods for determining PCT are mostly based on
the hydrolysis of paracetamol to p-aminophenol, which is then
transformed into a coloured derivative by a suitable reaction.
The derivatisation reaction based upon nitrosation, oxidation,
diazo coupling and needed some special reagents. A number
of reagents including 8-hydroxyquinoline (oxine) [39], sodium
nitroprusside [60], o-cresol [40,59,90], sodium iodylbenzoate
[89], 1,2-naphthoquinone-4-sulphonate [67], sodium salicylate
[98], phenol [91], 1-nitroso-2-naphthol [90] and NaNO» [43,99]
have been proposed for FI spectrophotometry. In this system the
control of such reactions and/or manifolds is still complicated
[99]. Besides, the cost of instrumentation may be prohibitive
to many laboratories. Use of oxidant microcolumns in the FIA-
spectrophotometric determination of PCT is proposed; the oxi-
dant was immobilised on an ion-exchange resin [100]. Verma
et al. [89] describe a method based on its oxidation with 2-
iodylbenzoate in acid medium to produce a yellow-orange com-
pound, which is monitored at 445 nm. Bouhsain et al. [39] pro-
pose a method based on the on-line alkaline hydrolysis of PCT
to p-aminophenol and the reaction with 8-hydroxyquinoline in
the presence of KIO4 as oxidant to form a blue indophenol dye
which absorbs at 608 nm. Previous batch studies using closed
PTFE reactors demonstrate that PCT can be hydrolysed quan-
titatively to PAP in only 2 min using an irradiation power of
990 W and 5M NaOH or in 3 min using 1100 W and 3 M HCIL.
The on-line alkaline hydrolysis, carried out in a 6 m reaction
coil located inside the cavity of a Microdigest 301 system pro-
vides yield of 54.1% for a reaction time of 94 s and allows the
complete automation of the analytical procedure. Also, Criado
et al. [92] reports a continuous-flow-based spectrophotometric
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Table 1
Determination of paracetamol by spectrophotometric methods
Reagent Method Reference
KIO4 Oxidation in 3M H,SO4 medium; A =410nm [55]
Ceric ammonium nitrate A =355nm [56]
3-Methyl-2-benzothiazolinone hydrazone in the presence of In alkaline medium and extraction into CHCl3; A =535 nm [57]
ceric ammonium sulphate
Ce(IV) For 90 min, in concentrated sulphuric acid in a water bath at 80 °C; [58]
A=410nm
0-Cresol [59]
Sodium nitroprusside Paracetamol and phenacetin were hydrolysed by refluxing with 40% HCl [60]
Todylbenzene Oxidation in acetona; A =430 nm [61]
Potassium dichromate Oxidation for 15 min in 6 M sulphuric acid at 80 °C; measurement of [62]
Cr(I1I) formed at 580 nm
Potassium dichromate Reaction of the hydrolysed product of PCT with the reagent to form a [63]
stable violet coloured chromogen; A =550 nm
m-Cresol Oxidative coupling [64]
Potassium persulphate In alkaline medium at 40 °C, for 10 min, A =315nm [65]
Peroxydisulphate Kinetic method; in alkaline medium; A =315 nm [66]
Sodium 1,2-naphthoquinone-4-sulphonate and In alkaline medium; determination of hydrolysis products of paracetamol [67]
cetyltrimethyl ammonium bromide and phenacetin; A =570 and 500 nm, respectively
Sodium sulphide and Fe(III) or Ce(IV) At ambient temperature; determination of p-aminophenol and [68]
acetaminophen by formation of a methylene blue like dye; A =550 nm
Pyrochatechol violet Under basic conditions to form a coloured ion-pair complex; A =652 nm [69]
Bromine water in aqueous medium and in presence of Development of a reddish-brown colour at a pH 8.9-9.3, maintained by 1% [70]
cationic, anionic and non-ionic micelles in aqueous and borax solution; A =450 nm
non-aqueous media
Bromate—bromide mixture Kinetic analysis; generation of bromine; determination of paracetamol and [71]
acetylsalicylic acid in mixtures; applying partial least-squares regression to
the kinetic photometric data
S%~ in the presence of Fe(III) Microwave assisted alkaline hydrolysis; A =540 nm; in only 1.5 min under [72]
radiation power 640 W
Ammonium molybdate In strongly acidic medium to produce molybdenum blue; A =670 nm [73]
Ammonium molybdate A =695nm [74]
3-Cyano-N-methoxypyridinium A =448 and 476 nm [75]
perchlorate + methoxyethanol + chloramine T
Methanol A =248 nm [76]
pH-induced spectral changes A=262.5nm [77]
4-Nitrosoantipyrine Heating in strongly alkaline medium give a red colour; A =515nm [78]
Potassium ferrcyanide Oxidation in 1 M NaOH; A =480 nm [79]
Fe(IM) in the presence of ferrozine A=562nm [80]
Silver gelatine or auric complexes Turbidimetric determination; in alkaline medium at room temperature after [81]
15 min; 2 =414 and 539 nm, respectively
Fe(III) and 1,10-phenantroline Simultaneous determination of PCT and PAP by using the H-point [82]
standard addition method
Tris(2,2’-bipyridine)—iron(IlI) complex in acid medium Stopped-flow method for the determination of paracetamol and [83]
oxyphenbutazone
Absorbance difference method Simultaneous and separate estimation of paracetamol and diclofenac [84]
sodium; A =230 and 254 nm and A =260 and 292 nm, respectively
Two-wavelength Simultaneous determination of paracetamol and chlorzoxazone [85]
Solvent extraction and acid—dye method with thymol blue at Determination of paracetamol, salicylamide and codeine phosphate [86]

pH3

method for the determination of PCT. Dilute samples containing
PCT are continuously hydrolysed in an alkaline medium, using
a household microwave oven, to p-aminophenol, which reacts
with o-cresol in 3.5 M NaOH. The blue derivative thus formed
exhibits an absorbance maximum at 620 nm. The development
of continuous and stepwise automatic dilution and calibration
system that enable analyte dilution and enhancement in mul-
ticomponent analyses are described by Dunkerley and Adams
and applied to the simultaneous determination of paracetamol,
caffeine and aspirin [93]. The continuous system has been used

with a robot and the stepwise configuration integrated into a FIA
system. All analyses are performed using a UV/vis diode-array
detector and data analysis performed using principal compo-
nents regression.

Direct determination of analytes based on intrinsic
absorbance measurements in the UV region usually shows prob-
lems arising from the non-specific absorption, interferences
becoming too frequent and so limiting its application. Recently,
the use of solid-phase spectroscopy (SPS) has made possible the
direct UV spectrophotometric determination of analytes in the
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presence of other species also absorbing in this region and show-
ing a strong spectral overlap without any prior separation and
without suffering interference from them. On the other hand, the
combination of FIA with SPS has made possible to automate SPS
in both non-destructive spectroscopic techniques: spectropho-
tometry and spectrofluorimetry. This SPS-FIA integration, in
which a surface (usually an ionic exchanger) is surrounded by
a flowing stream and its interaction with radiation is monitored,
belongs to the so-called flow-through optosensors. According to
the number of analytes that a sensor can monitor from the same
sample, sensors can be classified into two categories: (a) single-
parameter sensors when they are sensitive to a single analyte or
a family of chemical compounds (overall screening determina-
tion) and (b) multiparameter sensors when they can respond to
several analytes.

In this way, various methods have been proposed; a sim-
ple flow-through UV optosensing device was developed for the
determination of PCT based on its transient retention and con-
centration on a suitable active solid support (Sephadex QAE
A-25 anion-exchange resin) packed in the flow cell and the con-
tinuous monitoring of its native absorbance on the solid phase at
264 nm [94]. The sample was injected into a 0.08 M NaCl carrier
stream at pH 11.0 by using a simple monochannel FIA mani-
fold. After developing the analytical signal, PCT was desorbed
from the solid support by the carrier solution itself. A strong
increase in sensitivity as well as a very much higher selectivity
was achieved as compared with the conventional FI method as
a consequence of the separation of the analyte from the sam-
ple plug and its retention on the active solid support placed
in the detection area. A continuous and simple multiparame-
ter sensor for the sequential determination of salicylamide and
paracetamol by solid-phase UV spectrophotometry is described
by Ruiz Medina et al. [95]. The sample containing these com-
pounds is injected and then they are concentrated on-line on
to an anionic exchanger (Sephadex QAE A-25) packed in a
flow-through cell and its absorbance measured continuously at
300 nm. The procedure does not require any separation step and
the sensor can be regenerated by the carrier itself. Also, Ruiz
Medina et al. [96] propose a photometric biparameter sensor
based on the sequential retention on an active solid support and
on-line solid-phase detection of two analytes just by using two
alternate carriers (at different pH values) in which the sample is
sequentially injected, the carriers themselves being the regen-
erating agents of the solid support, respectively. That is, the
same sensing solid-phase zone responds each time to only one
analyte in the sample after its previous conditioning by passing
the appropriate carrier/self-eluting solution. Ascorbic acid (AA)
and paracetamol (two very used active principles either solely
or in combination in commercial pharmaceutical preparations)
are directly determined in this paper using a sequential photo-
metric flow-through sensor with a dextran type anion exchanger
resin as solid sensing zone and two alternate buffer solutions
at pH 5.6 (for AA determination) and pH 12.5 (for PCT deter-
mination) as carrier/self-eluting solutions, respectively. Neither
derivative reaction nor prior separation are necessary because
of their intrinsic absorbance is used as analytical signal. Other
continuous UV photometric flow-through biparameter-sensing

device has been developed for the simultaneous determination
of PCT and caffeine at 275nm [101]. The sensor is based on
temporary sequentiation in the arrival of the analytes to the
sensing zone by on-line separation using Cig bonded phase
beads placed into a minicolumn just before the flow cell. The
sample containing are injected into the carrier solutions, PCT
is determined first because it passes through the minicolumn,
while CAF is strongly retained in it. Then, CAF is conveniently
elated from the pre-column and develops its transitory signal.
A single triparameter flow-through sensor with UV detection is
described in other study for the simultaneous determination of
acetaminophen, acetylsalicylic acid and caffeine [102]. The use
of asolid phase (Cg silica gel) placed in an on-line microcolumn
provides the sequential arrival of the analytes to the detection
solid zone (also Cjg silica gel beads placed in a flow cell), mak-
ing possible the determination with only one injection. Also,
for the first time, a multiparameter-responding flow-through
system with solid phase UV spectrophotometric detection is
described for the simultaneous determination of a mixture of
three active principles (PCT, CAF and propyphenazone) using
univariate calibration [103]. Quantitation is based on the direct
UV absorbance measurements of the analytes when they reach
the sensing zone (Cgg silica gel) placed in the flow cell of the
FIA system. Because of the strong spectral overlap showed by
these analytes, a temporary sequentiation in their arrival to the
sensing zone is required from one only injection. It is achieved
by means of an on-line simultaneous retention of two of them
(caffeine and propyphenazone) on a minicolumn filled with Cyg
silica gel placed before the solid-phase UV transductor, while
PCT passes through the minicolumn and develops its transitory
signal. Then, CAF and propyphenazone are successively eluted
from the column using two different methanol/water solutions
and reach sequentially the sensing zone, develop their respective
signals.

Of all the FI procedures, the FI spectrophotometric deter-
mination of PCT by the oxidation of the analyte with potas-
sium hexacyanoferrate(Ill) in basic medium followed by the
reaction of the N-(hydroxyphenyl)-p-benzoquinomine, interme-
diate metabolite, with phenol giving a blue product, formu-
lated as N-(p-hydroxyphenyl)-p-benzoquinonime as described
by Calatayud et al. [97] seems a well-defined and simple method
for the rapid determination of PCT. The main draw back of many
of the FIA methods is however the problem of high consumption
of the sample and especially reagents that makes the technique
rather expensive.

Since its introduction in the early 1990s, sequential injection
analysis (SIA) has become a widespread technique employed in
many branches of chemistry. This technique has received a con-
siderable attention and great acceptance owing to its simplicity,
versatility, low sample and reagent consumption and its low
cost. In contrast to FIA, SIA employs a computer-controlled
multiposition valve and a pump operated synchronously. This
enables a system to perform determinations of different analytes
employing a single channel manifold with minor modifications.
Further advantages are the precise manipulation of the stack
of zones throughout the manifold system, e.g. stopping the
penetrated zone in a water bath at elevated temperatures in a
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more convenient way. van Staden and Tsanwani [104] propose a
simple and inexpensive sequential injection analysis technique
for the determination of PCT based on the oxidation reaction
of PCT with potassium hexacyanoferrate(Ill) followed by
the reaction with phenol at elevated temperature in aqueous
ammoniacal solution with the main aim the reduction of reagent
consumption. A simple FI and two different SI systems have
been investigated for the determination of PCT by employing
a simple reagent for a nitrosation reaction [105]. It is based on
the on-line nitrosation of PCT with sodium nitrite in an acidic
medium. The formed nitroso derivative species reacts further
with sodium hydroxide to convert it to a more stable compound.
The yellow product is continuously monitored at 430 nm. Also,
the determination of PCT was carried out by reacting PCT
with nitrous acid generated in-line and the product yielded was
measured at 430 nm in alkaline medium [106].

An automated FI manifold based on iterative change of
the flow direction has been designed to carry out continuous
liquid-liquid extraction without phase separation and hydrolysis
both with ultrasound-assistance [107]. The dynamic approach
has been applied to suppositories from which PCT has been
extracted in this way into an aqueous phase and hydrolysed
prior to reaction with o-cresol in the alkaline medium used as
extractant. The strategic location of the photometric flow cell in
the FI manifold enables monitoring of the overall process and
the obtaining of a characteristic multipeak recording. The influ-
ence of ultrasounds on the different steps was investigated. The
indophenol blue dye formed was monitored at 620 nm.

2.1.3. Multivariate spectrophotometric methods
Computer-controlled instrumentation and multivariate cali-
bration methods are playing a very important role in the multi-
component analysis of mixtures by UV/vis spectrophotometry.
Both approaches are useful for the resolution of band over-
lapping in the quantitative analysis. In general, a multivariate
calibration model is constructed from instrumental response data
collected for a set of multicomponent samples of known con-
centrations with respect to the analytes of interest. Each method
needs this calibration step, followed by a prediction step in which
the results of the calibration are used to determine the compo-
nent concentrations from the sample spectrum. In recent years,
multivariate calibration techniques have been widely applied to
UV/vis spectral data [108,109], classical least-squares (CLS),
inverse least-squares (ILS) and methods such as principal com-
ponents regression (PCR) and partial least-squares (PLS) are
increasingly being used in conjunction with FI techniques. PCR
and PLS are indirect calibration methods, i.e. they do not require
individual spectra of each analyte and interferents to be known in
advance. They, however, require the analysis of a comprehensive
set of calibration samples that span all the expected physical and
chemical phenomena that may influence the spectra of samples
for prediction. Within this calibration set, the analyte concentra-
tion must be known, but the levels of any interference do not need
to be known. This is in contrast to direct multicomponent anal-
ysis (DMA). In PCR, the spectra are decomposed on the basis
of the maximum variance between spectral data without using
information about the concentrations, whereas PLS uses both

the spectral and concentration data in modelling. Hence, PLS
sacrifices some fit of the spectral data relative to PCR in order
to achieve better correlations to concentrations during predic-
tion. PLS is a powerful multivariate statistical tool that has been
successfully applied to the quantitative pharmaceutical analy-
sis by using UV, NIR, fluorometric, Fourier transform infrared
attenuated total reflectance and polarographic data.

Paracetamol, acetylsalicylic acid and caffeine are active prin-
ciples widely used and frequently combined in pharmaceutical
preparations. The simultaneous determination of these three
active components and other additional ones can be performed
by using techniques such as spectrophotometric, having pro-
posed various numerical methods such as Kalman filtering of UV
data[110], multivariate programs using spectrophotometric data
such as multicomponents analysis, Simplex and Multic [111],
factor analysis [112], iterative-target transformation factor anal-
ysis [113] and stepwise regression method [114]. However, still
now, no attempt was made to use PLS for the simultaneous
determination of the aforementioned compounds. A fast analyt-
ical procedure is proposed for the simultaneous determination
of these compounds by means the PLS treatment of the spec-
trophotometric absorbance data between 216 and 300 nm, taken
at 5 nmintervals [115]. The method involves the use of 8 standard
mixtures of the three compounds assayed. Also, PCT, chlor-
pheniramine and pseudoephedrine were determined by CLS and
PLS [116].

LS method in matrix form which is K-matrix representation
of Beer’s law is presented for simultaneous determination of
ibuprofen and paracetamol without prior separation from each
other [117]. The concentration of each component in the mixture
was determined spectrophotometrically from absorbances of the
mixture measured at 225, 226, 228, 232, 230, 234 and 235 nm.
The UV spectrophotometric analysis of a multicomponent mix-
ture containing paracetamol, caffeine, tripelenamine and salicy-
lamide by using multivariate calibration methods, such as PCR
and PLS, was described by Ragno et al. [118]. The calibration
set was based on 47 reference samples, consisting of quaternary,
ternary, binary and single-component mixtures, with the aim to
develop models able to predict the concentrations of unknown
samples containing as many as one-to-four components. The
calibration models were optimised by an appropriate selection
of the number of factors as well as wavelength ranges to be used
for building up the data matrix and excluding any information
about the interfering excipients included in pharmaceutics. The
use of a solid support in combination with chemometric tech-
niques provides a high selectivity and an increase in sensitivity
[119]. This paper reports on the resolution of the ternary mixture
of PCT, caffeine (CAF) and acetylsalicylic acid (ASA) and its
simultaneous determination by PLS flow-through multisensor.
Few studies have been reported about the simultaneous determi-
nation of analytes by FI spectrophotometry in solid phase. One
of the most promising aspects of this type of sensors is the possi-
bility of performing multicomponent analysis using photometric
diode-array detector to monitor simultaneously the absorbance
at various wavelengths or record the entire spectra in a fraction of
a second. This paper deals with the use of the sorbing retention
for the optosensing of the three analytes and their subsequent
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determination by exploiting not only their spectral features on
the solid support with the aid of a multicalibration chemomet-
ric approach but also their different kinetic behaviour in the
retention—elution process onto the solid phase by selecting the
spectra at two adequate time values which provides the most
different behaviour by themselves.

The use of multivariate spectrophotometric calibration is
reported for the analysis of two decongestant tablets, where
PCT is the principal component and diphenhydramine or phenyl-
propanolamine are the minor components [120]. The resolution
of these mixtures has been accomplished without prior sepa-
ration or derivatisation, by using PLS-1. Kinetic methods are
often useful for the determination of multicomponent mixtures.
Most commonly, the selectivity of these multicomponent deter-
minations arises from the different rates at which components
of a mixture react with a common reagent, and it has made
a great improvement by using the chemometric procedures.
Various methods, including proportional equations, curve res-
olution, Kalman filter and CLS have been applied in this field
to resolve the multicomponent kinetic systems. Recently, the
chemometric methods based on factor analysis and artificial
intelligence, including PCR, PLS and artificial neural networks
(ANN), have found increasing applications for multicomponent
kinetic determination, which do not require prior knowledge
of reaction order or reaction rate coefficient of the involved
analytical systems. These methods make it possible to elim-
inate or reduce the effects of the analyte—analyte interaction,
the synergistic effect (non-additivity of reaction rates), the mul-
tistep process and any other unknown non-linearity. In these
chemometric works, generally, a set of calibration samples with
known compositions is first prepared and the kinetic measure-
ments are carried out, after which, the mathematical models
are established by processing the measured kinetic data. Subse-
quently, the mathematical models are used for the prediction of
unknown samples under the same experimental conditions. Very
recently, the application of an ANN model that uses as input data
the scores of a principal component analysis model (PC-ANN)
to quantify mixtures in different kinetic situations has been
reported.

Bozdogan et al. [121,122] discussed the simultaneous spec-
trophotometric determination of acetaminophen and phenobar-
bital and paracetamol, metamizol sodium and caffeine, respec-
tively, with the aid of PLS. Ni et al. [123] presents an alternative
method based on kinetic spectrophotometry for the simultane-
ous determination of acetaminophen and phenobarbital with
the aid of chemometric approaches. The method relies on the
oxidative coupling reaction of these two compounds with 3-
methylbenzothiazolin-2-one hydrazone (MBTH). The capabil-
ity of MBTH to form colour products with a number of organic
compounds, especially pharmaceutical compounds in the pres-
ence of a suitable oxidant, has given rise to the development of
numerous analytical methods. In this work, the reaction of binary
mixtures of the two pharmaceuticals with MBTH in the presence
of hydrochloric acid and the Fe(IlI) oxidant was investigated.
The absorbance spectrum at each reaction time was measured
and recorded, and all these data were processed by ANN with
and without the pre-treatment of PC-ANN and PLS.

The tri-linear regression—calibration (TLRC) and multi-
linear regression—calibration (MLRC) were developed for the
multiresolution of ternary mixtures of CAF, PCT and metami-
zol (MET), and PCT, ascorbic acid and ASA, which have
closely overlapped in the spectra [124,125]. The calibration
algorithms were briefly described for the three-component sys-
tems, CAF-PCT-MET and PCT-AA-ASA, respectively. The
data treatments were carried out by the Maple V, Excel and
SPSS 10.0 Softwares.

In the last decade, three-way or, more generally, N-way
analysis was introduced in the field of analytical chemistry.
A three-way array may be obtained by collecting data tables
with a fixed set of objects and variables under different exper-
imental conditions, such as sampling time, temperature, pH,
etc. The tables collected under various conditions can be
stacked providing a three-dimensional arrangement of data.
In some situations, even higher dimensional arrays may be
considered. These methods can be applied for exploratory
analysis, curve resolution, analysis of variance and calibra-
tion purposes using spectrophotometric, spectrofluorimetric,
chromatographic, FI, sensory analysis or experimental design
data. For N-way multivariate calibration, N-way partial least-
squares (N-PLS) has recently received more attention than other
tools. In this way, a procedure was proposed for determina-
tion of ASA, PCT and CAF based on multivariate calibra-
tion and UV spectrophotometric measurements (210-300 nm)
[126]. The calibration set was constructed with nine solu-
tions in the concentration ranges from 10.0 to 15.0 pgml~! for
ASA and PCT and from 2.0 to 6.0 pg ml~! for CAF, accord-
ing to an experimental design. The procedure was repeated
at four different pH values: 2.0, 3.0, 4.0 and 5.0. PLS mod-
els were built at each pH and used to determinate a set of
synthetic mixtures. The best model was obtained at pH 5.0.
An N-way PLS model was applied to a three-way array con-
structed using all the pH data sets and enabled better results.
Finally, a new and very simple method was developed for
the simultaneous determination of binary and ternary mix-
tures, without prior separation steps [127]. This method is
based on the mean centering of ratio spectra. This method
eliminates derivative steps and therefore signal-to-noise ratio
is enhanced. After modelling procedure, the method has been
applied to the simultaneous analysis of mixtures of mefe-
namic acid (MEF) and PCT and mixtures of ASA, AA and
PCT.

2.1.4. Derivative spectrophotometric methods

The main problem of spectrophotometric multicomponent
analysis is the simultaneous determination of two or more com-
pounds in the same mixtures without preliminary separation.
Several spectrophotometric determination methods have been
used for resolving mixtures of compounds with overlapping
spectra. When these methods are compared with each other,
the range of application of derivative spectrophotometry is
more reliable with respect to utility and sensitivity than normal
spectrophotometry. Table 2 summarises the use of derivative
methods to the determination of PCT in mixtures with other
compounds.
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Table 2
Determination of paracetamol by derivative spectrophotometric methods
Other components Remark Reference
Acetylsalicylic acid By the linear absorbances method and the derivative [128]
Acetylsalicylic acid First derivative; comparison with HPLC [129]
Analgine First derivative spectrophotometry and absorbancy ratio method in the zero-order spectra [130]
Ascorbic acid First derivative [131]
Caffeine First derivative; comparison with HPLC [132]
Caffeine Comparative study of the ratio spectra derivative spectrophotometry, Vierordt’s method and high [133]
performance liquid chromatography (HPLC)
Codeine First derivative using the graphical and zero-crossing methods [134]
Dipyrone First derivative using a zero-crossing technique [135,136]
Hyoscine n-butyl bromide(I) By precipitating (I) with ammonium at pH 6.0 and reading the absorbance of the solution of the [137]
precipitate in acetone at 525 nm and first derivative for PCT
Mefenamic acid Ratio spectra derivative spectrophotometry and chemometric methods [138]
Mephenoxalone Third derivative using a zero-crossing technique [139]
Methocarbamol Ratio spectra derivative spectrophotometry and HPLC [140]
Methocarbamol Second derivative [141]
Phenprobamate First derivative at different wavelengths [142,143]
Phenprobamate Derivative-differential UV spectrophotometry based on pH changes and ratio-spectra first [144]
derivative spectrophotometry
Pheylpropanolamine First derivative by measuring the absorbances between 215 and 280 nm [145]
hydrochloride
Potassium acesulpham Comparison of two methods: absorbance at isosbestic wavelength and first derivative [146]
Propacetamol First derivative; measurements are made at the zero-crossing wavelengths [147]
Acetylsalicylic acid and Double divisor-ratio spectra derivative and ratio spectra-zero-crossing methods [148]
ascorbic acid
Acetylsalicylic acid and Application of derivative and continuous wavelet transfers to the overlapping ratio spectra [149]
caffeine
Caffeine and metamizol Based on the use of the derivative of the ratio spectrum obtained by dividing the absorption [150]
spectrum of the ternary mixture by a standard spectrum of a mixture of two of the three
compounds in the title mixture
Caffeine and propyphenazone Derivative ratio spectra-zero-crossing spectrophotometry and HPLC [151]

2.2. IR spectrophotometric methods

2.2.1. NIR spectrophotometric methods

Quality control analyses in the pharmaceutical industry
involve the determination of multiple parameters for both raw
materials and end products. NIR spectroscopy has proved to
be a powerful analytical tool for analysing a wide variety of
samples used in the agricultural, food, petrochemical, textile
and pharmaceutical industries, especially the use of NIR spec-
troscopy for quantitative analysis of the pharmaceutical tests has
experienced a significant increase during the two last decades.
Currently, the quantitative analytical methods of pharmaceuti-
cal, such as UV spectrophotometric, GC and HPLC methods,
usually require dissolving the samples, separating them and
determining their ingredients. However, NIR technique is arapid
and non-destructive quantitative analytical technique of the sam-
ples with no need for reagents or solvents. The high industrial
interest aroused by NIRS in recent years is a direct result of
dramatic advances in this technique including the increasing
availability of fast-scan instruments that enable measurements
with little or no sample manipulation and of software for imple-
menting powerful chemometric techniques. The NIRS technique
has proved a highly useful tool for controlling powdered pharma-
ceuticals, which it can readily identify and quantify. The ability
to analyse intact dosage forms has dramatically facilitated mon-
itoring of every single step in the production process as well as

of the final form, all with minimal sample manipulation. The
earliest applications of NIRS to intact tablets were reported in
1988; the whole surface of a double-reflecting Al sample con-
tainer was illuminated for the qualitative analysis of tablets.
Later applications have been primarily concerned with quali-
tative analyses. Most reported direct NIRS analyses of tablets
are subject to two hindrances, namely: (a) the lack of appropri-
ate devices for making reproducible sample measurements and
(b) the fact that measurements are made by reflectance, so the
information acquired corresponds to the sample surface, which
may lead to spurious results with coated tablets.

These shortcomings are circumvented by recently developed
NIR instruments of improved design. Their measuring mod-
ules provide more reproducible and reliable measurements of
individual tablets. Also, the new instruments use transmission
measurements (i.e. the NIR beam passes through the whole sam-
ple thickness). Using these instruments provides a number of
advantages, namely,

1. The ability to draw information for single tablets from their
individual spectra.

2. The ability to analyse coated tablets, the coating thickness
posing no special problem since the spectrum is due to the
whole tablet.

3. Increased reproducibility in the measurements, those of indi-
vidual tablets included, by virtue of the response being
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produced by a sizeable amount of sample, its entire thick-
ness.

4. Simple calibration models relative to those typically
used with reflectance measurements, the recorded signal
(absorbance) can be assumed to obey the Lambert—Beer law
since the improved instrument design results in minimal scat-
ter.

On the other hand, the most severe constraint on transmis-
sion measurements is posed by the thickness of typical tablets.
Because the light beam must travel through a large amount
of product, only a small fraction of incident light reaches the
detector. The high absorbances involved in this type of mea-
surement, most often in excess of 4 absorbance units, have
compelled instrument manufacturers to improve existing com-
mercial equipment by minimising losses of incident light on
its way to the detector and using highly sensitive detectors
affording readings of much higher absorbances than those usu-
ally recorded in other spectroscopic techniques. Near infrared
transmittance spectroscopy was used to determine the analgesic
PCT in a pharmaceutical preparation commercially available as
tablets [152,153]. Spectra were recorded on a dedicated instru-
ment that measures the transmission of intact tablets over the
wavelength range 600-1900 nm. Spectral data were processed
by using two multivariate calibration methods, viz. stepwise
multiple linear regression (SMLR) and partial least-squares
regression (PLSR).

In qualitative and quantitative analysis, artificial neural net-
works are more widely applied during the past several years.
The better advantage of ANN is its anti-jamming, anti-noise
and robust non-linear transfer ability. In proper model, ANN
results in lower calibration errors and prediction errors. A
method for simultaneous analysis of the two components of
compound paracetamol and diphenhydramine hydrochloride
powdered drug has been developed by using ANN—NIR spec-
troscopy [154]. An ANN containing three layers of nodes was
trained. Various ANN models based on pre-treated spectra (first
derivative, second derivative and standard normal variate, SNV)
were tested and compared. PLS were also used, which were com-
pared with ANN. The best model was obtained at first derivative
spectra. Also, paracetamol and amantadine hydrochloride were
simultaneously determined in combined paracetamol and aman-
tadine hydrochloride tablets and powder by using near infrared
(NIR) spectroscopy and ANNs [155]. The ANN models of three
pre-treated spectra (first derivative, second derivative and stan-
dard normal variate, respectively) were established.

NIR spectroscopy was used to determine paracetamol, caf-
feine and lactose based excipient content of powders for direct
compression and in intact tablet formulations as well [156]. The
nominal concentrations of the active moiety were different in
each sample set, and calibration was carried out by multiple lin-
ear regression calculations from the reflectance spectral data.
The non-destructive NIR method applied is thus suitable for the
alternative quantitative determination of PCT, CAF and addi-
tionally the excipient in tablets and has the advantage over HPLC
of being rapid and can be simply carried out without sample
preparation and without the use of any reagent.

NIRS meets many such requirements, so it has grown sub-
stantially in use as a quality control technique in the pharmaceu-
tical industry. In fact, the NIRS technique provides a number of
attractive advantages, namely:

(a) It allows direct recording of spectra for solid/liquid forms
with little/no sample pre-treatment.

(b) It allows chemical and physical information about sam-
ples (e.g. viscosity, moisture content, polymorphism) to be
derived from spectra.

(c) Itaffords multiparameter determinations from a single spec-
trum.

(d) Itcan be used with various spectral recording modules com-
patible with virtually any type of working site and operating
procedure.

On the other hand, the NIR spectroscopy has two major dis-
advantages, namely:

(a) NIR spectra exhibit strong band overlap, which requires the
use of multivariate chemometric techniques in both qualita-
tive and quantitative analytical applications.

(b) The low sensitivity of the technique restricts its scope to
major components and a few minor components at most.

The use of multicomponent analytical methods in general and
NIR spectroscopy in particular, can substantially improve the
analytical control of production processes by shortening analysis
times and improving quality as a result. While the vast majority
of pharmaceutical preparations contain a single active principle,
some include two or more at concentrations frequently spanning
wide concentration ranges. The joint determination of all the
active principles in a multicomponent formulation is made espe-
cially difficult by the frequent fact that some species are present
at concentrations near the determination limit of the technique.
A NIR spectroscopic method for the simultaneous determination
of five active principles present in a drug for alleviating influenza
symptoms (paracetamol, ascorbic acid, dextrometorphan hydro-
bromide, caffeine and chlorpheniramine maleate) was developed
[157]. The method is intended to replace the current choice,
which uses the HPLC technique for four of the analytes and
iodometric titration for the fifth.

2.2.2. FTIR spectrophotometric methods

A Fourier transform IR (FTIR) spectrometric technique is
described for the simultaneous determination of ibuprofen and
paracetamol [158]. Quantification was carried out by measur-
ing the absorbances at 1684 and 1740cm™! for paracetamol
and ibuprofen, respectively, using the baseline established at
1780 cm~! for measurement correction.

Work coupling FI and FTIR spectrometry first appeared
about a decade ago. A procedure for the direct FTIR spectro-
metric determination of PCT is described [159]. The method
is based on the solubilisation of paracetamol in a 10% (v/v)
ethanol in CH,Cl; solution and direct absorbance measurement
at 1515cm™!, using the baseline established at 1900 cm™! for
measurement correction. The procedure can be carried out in
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both the stopped-flow and FI modes. Also, a procedure is pro-
posed for the simultaneous determination of PCT, ASA acid
and CAF by PLS-FTIR in the wavenumber range 823 and
1775cm™ !, using the 14 characteristic bands included in this
interval for the three compounds under study [160]. The method
involves the leaching of the compounds to be determined from
the pharmaceutical formulations with a 10% (v/v) solution of
ethanol in dichloromethane in an ultrasonic water bath for
20 min, filtration and direct introduction inside a liquid flow
cell, taking 16 cumulated scans obtained in the stopped-flow
mode. For calibration a reduced set of eight standard mixtures
considered at two concentration levels, are required.

The application of the combined technique for quantitative
determinations with the use of suitable flow cells to obtain infor-
mation from transient IR signals has demonstrated its capability
for the following:

1. The accurate measurement of the baseline and the exact deter-
mination of the absorbance maximum.
2. The simultaneous determination of various compounds in the
same sample.
. Pharmaceutical analysis.
4. Determination of organic compounds by the use of FTIR
derivative spectrometry.

W

The analysis of aqueous solutions by IR spectrometry is
usually accomplished by attenuated total reflectance (ATR).
The mode of operation of the CIRCLE® accessory is based
on the ATR technique. The FI/FTIR technique coupled with
the CIRCLE® accessory provides a potential combination for
rapidly analysing and quantifying pharmaceutical samples in
aqueous solution. Optimisation of a basic FI-FTIR system
using the CIRCLE® has been reported for the determination of
acetaminophen in aqueous solutions [161]. All of these papers
have reported on the use of infrared (IR) spectrometry for moni-
toring FI transients; however none of these describe applications
involving on-line chemical derivatisation. Ramos et al. [162]
presents an FI procedure using FTIR of aqueous solutions in
which an on-line reaction product is monitored. Using an atten-
uated total-internal reflectance flow cell the new FI/FTIR method
was developed to follow the alkaline hydrolysis of acetami-
neophen followed by the oxidation reaction of the hydrolysis
product in aqueous media. This oxidation reaction was carried
out at room temperature. There was no need for the oxida-
tive coupling reaction with phenol at elevated temperature. The
proposed method is based on the alkaline hydrolysis of the ana-
lyte to produce p-aminophenol and its oxidation reaction with
potassium ferricyanide to produce p-benzoquinone-monoimine
which eventually oxidises to form p-benzoquinone. The chem-
istry of the reaction was studied both, in the visible and IR
regions of the spectrum and the method has been developed
by the application of FI methodology. The micro-flow version
of the CIRCLE® IR accessory, which is compatible with aque-
ous solutions, was used. Measurements were carried out at the
OH-phenolic deformation (1274.1 cm™!) and the aromatic ring
mode (1498.2 cm™!) infrared vibrations for the hydrolysis prod-
uct, p-aminophenol.

There is an ever-growing interest for fast, simple and reliable
analytical methods for the determination of active pharmaceu-
tical substances in the solid state. Such methods become more
attractive when two substances co-exist in the same commer-
cial dosage form or two polymorphs of the same compound are
present in mixture. IR spectroscopy is a widely recommended
method, wherein the spectrum of the test compound is com-
pared with that obtained concomitantly of the reference standard.
Recently FT-Raman spectroscopy has been suggested as a capa-
ble method for identifying polymorphs and testing crystallinity
of substances.

For PCT (acetaminophen, 4'-hydroxy acetanilide) two poly-
morphs are fully described in the literature: the monoclinic, and
the orthorhombic. A third form has been reported, but is very
unstable. The monoclinic form is thermodynamically stable and
is used commercially, but it lacks slip planes and therefore it
is not suitable for direct compression into tablets. Orthorhom-
bic paracetamol is characterised by well-developed slip planes
in its crystal structure and undergoes plastic deformation mak-
ing it suitable for tabletting by direct compression. A simple,
fast and reliable identification and quantification method for
the orthorhombic paracetamol in powder mixes with monoclinic
was thought of interest. FTIR and Raman spectroscopic methods
are suggested for identification of orthorhombic and monoclinic
paracetamol and for their quantitative determination in mixes
[163]. Also, a procedure for quantitative determination of ASA
and PCT by PLS and PCR treatment of FT-Raman spectroscopic
data is proposed [164]. Three chemometric models were built:
the first, for samples consisting of an active substance diluted
by lactose, starch and talc; the second, in which a simple inor-
ganic salt was applied as an internal standard and additions were
not taken into account; and the third, in which a model was con-
structed for a commercial pharmaceutical, where all constituents
of the tablet were known.

2.3. Spectrofluorimetric methods

Spectrofluorimetric methods with lower detection limits have
been proposed for the determination of PCT [165—170]. Because
PCT is not a fluorescent species, it can be determined indirectly
using Ce(IV) [166] as an oxidising reagent and measuring the
relative fluorescence intensity of Ce(IIl) arising from Ce(IV).
Direct spectrofluorimetric determinations of PCT require a pre-
vious and adequate derivatisation step. Reagents such as fluo-
rescamine and dansyl chloride have been proposed [167,168]
but both reactions show low selectivity. 1-Nitroso-2-naphthol
[169] and potassium hexacyanoferrate(III) [170] have been pro-
posed as oxidising reagents, since an adequate oxidation of PCT
produces fluorogenic species suitable for its determination. A
FI spectrofluorimetric determination of PCT is reported, based
on the oxidation of the analyte with potassium hexacyanofer-
rate(IlT) immobilised on an anion-exchange resin, the fluores-
cence being enhanced with N,N'-dimethylformamide [171].

A stopped-flow method with fluorescence detection for the
determination of PCT based on its oxidation with hexacyano-
ferrate(IIT), is described [172]. A kinetic study of the reac-
tion is developed measuring the initial rate of change of the
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fluorescence intensity of the oxidised product formed at 241
and 426 nm excitation and emission wavelengths, respectively.
Other alternative proposed is the application of first derivative
fluorescence spectrometry to the simultaneous determination of
paracetamol and salicylamide [173]. The method is based on
the oxidation of the PCT with potassium hexacyanoferrate(I1I)
and using a zero-crossing technique of measurement. Also, a
spectrofluorimetrical method was designed for determination of
PCT [174]. The employed methodology involves coumarinic
compound formation obtained by reaction between PCT and
ethylacetoacetate in the presence of sulphuric acid as catalyst.
The reaction product is highly fluorescent at 478 nm, being
excited at 446 nm.

As can be see, most of the reported procedures require a previ-
ous oxidation of PCT, which may increase the reagent consump-
tion, time required for analysis and possibility of sample con-
tamination. A sample preparation step prior to the determination
makes the above-mentioned procedures somewhat laborious and
less attractive for multisample analyses. This is often a limiting
factor in the chemical and pharmaceutical industries, where a
large number of samples must be assayed for quality control
purposes. Simpler procedures performed in a shorter time are
preferred and analytical procedures that do not involve use of
chemicals and/or sample pre-treatment steps are then a good
alternative. In this context, NIR [152,153] and FT-Raman [164]
spectroscopy have been used for PCT determination in the solid
phase. However, quantitative determinations with these tech-
niques are only feasible by applying chemometric algorithms,
especially in relation to NIR, where the spectra do not have
high resolution, and complex-calibrating models must be con-
structed. Spectrofluorimetry in the UV/vis region can be used to
perform the measurements directly in the solid matrix, leading to
favourable characteristics of simplicity, sensitivity, ruggedness,
selectivity, rapidity, etc. Non-destructive analyses are carried
out that follow the present tendency towards Clean Chemistry.
Moreover, the possibility of using optical-fiber accessories for
on-line and/or in situ analysis becomes feasible. To date, this
strategy has scarcely been exploited in relation to solid samples
of pharmaceutical interest. Regarding PCT determination, a lit-
erature survey reveals that it usually requires the use of derivative
reactions because PCT is not intrinsically fluorescent in aqueous
solutions. In this regard, preliminary experiments demonstrated
that PCT is fluorescent in the solid phase. The native fluo-
rescence of PCT in the solid state is demonstrated [175]. It
is easily adaptable to any spectrofluorimeter, and no chemical
treatment of the sample is needed. The fluorescence measure-
ments (Aex =333 nm; Aeyy =382 nm) are performed directly on
the powdered sample, the active substance being diluted in lac-
tose, maize starch, poly(vinylpyrrolidone), talc and stearic acid.

2.4. Chemiluminescence methods

Due to its inherent high sensitivity and low detection limit,
chemiluminescence (CL) has been applied to the analysis of
many biomedical important analytes. The CL analysis can be
measured from the CL induced by the reaction of analyte with
CL reagents or the inhibition of CL that resulted from the reac-

tion of analyte with CL reagents or oxidants prior to the CL
reaction. Most of the reported procedures use the well-known
luminol, peroxyoxalate or lucigenin CL reaction systems. Work
on CL reactions of organic compounds formulated in pharma-
ceutical preparations is limited and an extensive evaluation of
CL in drug analysis is not available. Recently, a certain number
of pharmaceuticals have been determined through continuous-
flow chemiluminescence procedures and at present it still shows
a growing trend. A rapid and precise continuous-flow method
is described for the determination of PCT based on the chemi-
luminescence produced by its reaction with Ce(IV) in acidic
solution [176]. The system luminol-H, O3-Fe(CN)g3~ is pro-
posed for first time for the indirect determination of PCT. The
method is based on the oxidation of paracetamol by hexacyano-
ferrate(IIl) and the subsequent inhibitory effect on the reaction
between luminol and hydrogen peroxide [177].

However, detection limits of 1.0 and 2.5 wgml~! obtained
by the above-mentioned CL analysis were not comparable with
the high sensitivity and low detection limit characteristics of CL
analysis. Development of a more sensitive CL detection pro-
cedure for PCT analysis should be of interest. By considering
the fact that permanganate is an oxidant applicable in a luminol
based CL system and paracetamol can be oxidised by it in a
basic medium, an inhibition of CL in a luminol-KMnQ4 system
should result from the introduction of PCT to a luminol-KMnQO4
system. A simple and effective procedure based on the reaction
of paracetamol with KMnOy in a luminol-KMnOj system was,
thus, developed for the CL analysis of paracetamol [178].

Tris(2,2'-bipyridyl)Ru(II) has been used as the basis of CL
detection of a wide range of compounds after oxidation to the
Ru(IIT) complex. The analyte interacts with the Ru(IIT) complex
reducing it to the Ru(II) complex in an excited state, which then
emits CL as it returns to the ground state. In this way, a FI pro-
cedure for PCT determination with CL detection was proposed
in which Ru(II) was oxidised on-line by mixing with potassium
permanganate solution. Subsequent reaction with PCT produces
chemiluminescence. The intensity is enhanced by the presence
of Mn(Il) ions [179]. This work describes a relatively sensi-
tive, rapid and reproducible FI-CL method for PCT determina-
tion based on tris(2,2’-bipyridyl)ruthenium(II) without sample
hydrolysis process.

2.5. Determinations in biological samples

Paracetamol is readily absorbed after administration and
widely distributed throughout most body fluids. Its metabolic
pathway comprises conjugation to form glucuronide and sul-
phate derivatives. About 90% of the therapeutic dose is excreted
in the urine in 24h as conjugated derivatives, 1-4% of the
excreted material being unchanged drug.

The determination of PCT and its metabolites in biological
fluids (urine, plasma and serum) has usually been carried out
using either chromatographic or electrophoretic techniques.
In this regard, high performance liquid chromatography with
UV/vis and electrochemical detection or nuclear magnetic
resonance—-mass spectrometry, high performance thin-layer
chromatography and gas chromatography and capillary
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electrophoresis have been extensively used. Conventional
photometric, fluorimetric and electrochemical methods have
occasionally been reported for the determination of PCT and
its metabolites in biological fluids, as they are preferred for the
determination of this compound in pharmaceuticals. A spec-
trofluorimetric method for the determination of paracetamol is
presented, based on the oxidation of the analyte to give the flu-
orophore 2,2'-dihydroxy-5,5'-diacetyldiaminebiphenyl [180].
Sodium hypochlorite was used as an oxidising reagent. On the
other hand, sample screening systems are focused on providing
an expeditious reliable response in relation to a specific property
of the sample, minimising preliminary operations, as well as,
the need for permanent use of sophisticated instruments.
Indeed, only those samples for which the screening system has
previously provided a reliable positive response will be further
processed following a conventional analytical method. The
use of sample screening systems involves several advantages
concerning reduction of costs, rapidity and simplicity. In this
regard, the combined use of continuous-flow systems and an
evaporative light scattering detector (ELSD) for screening
purposes can provide several advantages such high versatility,
simplicity and low cost.

Development of fast response analytical systems is of spe-
cial relevance in clinical and toxicological laboratories dealing
with a large number of samples each day that must be han-
dled with the least possible delay. Urinary screening of PCT
is usually carried out using either acid [181,182] or enzymatic
[183,184] hydrolysis of the analyte to yield p-aminophenol; the
hydrolysis product reacts with o-cresol in alkaline medium to
form a coloured derivative, which can be monitored at 620 nm.
Although the analytical reaction is fairly fast, the hydrolysis step
is the major limitation to improving the sample throughput of
this frequently ordered test, as it requires between 20 and 30 min
for completion. Another major inconvenience of this method is
the high interference observed for N-acetylcysteine (the drug of
choice for the treatment of paracetamol overdose), thus leading
to false negative results in urinary screening. This interference
makes it necessary to carry out this determination in serum sam-
ples, where the results obtained are consistent with the dosage
[182] although it will also be dependent on the assay followed.

There is growing interest in developing rapid response analyt-
ical systems devoted to the determination of clinical parameters,
as the result obtained will condition the course of treatment to be
administered to the patient. A sample screening system provides
a binary yes/no response, which indicates if the target analytes
are present above or below a pre-set concentration; their poten-
tial in analytical chemistry has been recently pointed out. The
most favourable situation is when the screening method can be
used with no sample pre-treatment. A sample screening sys-
tem has been developed and it was aimed at avoiding the two
major limitations of conventional methods for the screening of
paracetamol and its metabolites in urine samples, namely the
hydrolysis time and the interferences [185]. The fully automated
method developed uses for the first time on-line acid microwave
assisted hydrolysis of the drug, which is complete in 2.0 min,
followed by the formation of a dye with o-cresol in NaOH
medium. Under the proposed conditions, the most commonly

addressed interfering compounds are tolerated at higher con-
centrations than in existing conventional methods.

No references regarding the use of an ELSD for the deter-
mination of paracetamol in biological fluids have been reported
previously. The ELSD is well established as a universal detec-
tor for liquid and supercritical fluid chromatography, offering
several advantages such as weakly dependence on optical prop-
erties of the analytes, sensitivity higher than that of the refractive
index detector and compatibility with a mobile phase gradient.
For these reasons, the ELSD has always been used as detector
of a highly selective separation technique. The use of a simple
FI system coupled on-line to an ELSD for sample screening
purposes is described for the first time [186]. The configura-
tion designed was applied to the direct and automatic screening
of biological fluids for paracetamol and its metabolites, avoid-
ing both the hydrolysis and derivatisation steps. A miniaturised
sorbent column was included for matrix clean-up and analyte
pre-concentration. The interface between the flow system and
the detector was constructed by using a high pressure six-port
injection valve. Aliquots of a few microlitres of diluted urine
or serum can be directly injected into the system, the analytical
signal being obtained in <3 min.

The diagnosis and treatment of PCT overdose are based
largely on the plasma concentration and the time of drug inges-
tion. It is recommended that the overdosed patients must be
given an antidote within 10h of ingesting the drug. Thus, an
accurate history of the time of ingestion is of critical impor-
tance and to obtain this information, rapid quantitation of PCT
in the serum is necessary. The clinical laboratory, therefore,
plays a critical role in the confirmation and treatment of PCT
poisoning. It must be able to provide the clinicians with accu-
rate serum PCT levels on an emergency basis. There are many
reliable laboratory methods for assaying serum acetaminophen
levels, but they are often time-consuming, technically demand-
ing and requires the use of costly, highly specialised instruments.
Afshari and Liu [187] have developed a quick, economical assay
spectrophotometric method for PCT. The proposed method is
based on the sodium periodate-catalysed oxidative coupling
of acetaminophen-derived p-aminophenol and p-xylenol via an
electrophilic substitution reaction. Other proposed methods for
determination of PCT in biological fluids were summarised in
Table 3.

3. Electroanalytical methods

Techniques typically employed in clinical laboratories
encompass titrimetry, chromatography, spectrophotometry and
immunoassays. Generally, the analysis times are lengthy and
the suitability for routine bedside measurements is compromised
by the necessity for dedicated and cumbersome analytical equip-
ment. Amperometry is an electroanalytical interfacial technique,
which, when used in conjunction with disposable sensors, has
many inherent advantages that address these limitations. The
most striking features of amperometric sensors are their simplic-
ity, low cost and amenability to miniaturisation. The drawback
associated with this approach is that any compound that rapidly
exchanges electrons with the electrode will, theoretically, be
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Table 3
Proposed methods for determination of paracetamol in biological fluids
Sample type Method Reference
Biological specimen Colorimetric method based on the measurement of crimson colour produced when PCT is treated [188]
with 10% NaOH
Serum and plasma Colorimetric procedure [189]
Plasma and other biological fluids Extraction, dissolution of the residue, hydrolysis, spectrofluorimetry (excitation and emission at [190]
280 and 370 nm, respectively)
Blood Elimination of salicylate interference in the UV determination [191]
Serum Visible spectrophotometric; extraction; reaction with Fe(NO3)-2,4,6-tris(2-pyridyl)-s-triazine; [192]
A=593nm
Human serum and pharmaceutical Simultaneous spectrophotometric determination of PCT and salicylamide; differential kinetic [193]
formulation method; oxidation by Fe3* in the presence of 1,10-phenantroline as indicator
Blood serum By first derivative UV absorption spectroscopy [194]
Urine By first hydrolysing the glucuronide and sulphate metabolites with B-glucurinidase, extraction [195]
and, finally, TLC, fluorescent quenching and densitometry
Human urine A series of clean-up columns for solid-phase extraction were packed with various C;g phases of [196]
different surface properties; these columns were used for the isolation and determination of PCT
and its metabolites
Urine Second-order derivative UV spectrophotometric; direct determination [197]
Urine of HIV+/AIDS patients Validated method for determination of paracetamol and its glucuronide and sulphate metabolites [198]

by wavelength-switching UV detection

detected. Specificity may be attained by deliberate tailoring of
the sensors’ response characteristics with a host of modifying
agents.

Paracetamol can be readily oxidised at a carbon paste or glass
carbon electrodes, but these amperometric procedures are non-
selective, since the potential involved in this process ranges from
0.6 to 0.8V and various substances are electroactive in this
potential interval. However, the application of biosensors for
this task, can be operated at potentials much lower than those
normally used, thus decreasing the interference.

Amperometry has been used for determining paracetamol in
liquid chromatographic eluates [ 199] and directly in whole blood
[200,201]. The principle of both methods involved the measure-
ment of the product of the enzymatic hydrolysis of paracetamol
catalysed by aryl acylamidase. The product, p-aminophenol,
has a lower oxidation potential than the parent compound and
hence lowers the susceptibility of the system to interfering com-
pounds that would elicit a response at the sensor surface if
higher voltages were applied. Vaughanetal. [201] achieved addi-
tional specificity by the juxtaposition of a glutathione (GSH)-
impregnated paper over the paracetamol-sensing enzyme strip.
The GSH layer serves to sequester endogenous thiols that would
otherwise hamper analyses by their 1,4-Michael reaction with
the benzene ring in the drug, generating new electroactive com-
pounds.

The performance of a thin-layer flow detector with a glassy
carbon electrode coated with a film of protonated poly(4-
vinylpyridine) is described [202]. Substantial improvement
in the selectivity of amperometric detection for liquid chro-
matography and flow-injection systems is observed as a result
of excluding cationic species from the surface. The detector
response was evaluated with respect to flow rate, solute concen-
tration, coating scheme, film-to-film reproducibility and other
variables. Protection from organic surfactants can be coupled
to the charge exclusion effect by using a bilayer coating, with

a cellulose acetate film atop the poly(4-vinylpyridine) layer.
Applicability to urine sample is demonstrated.

Amperometry and/or voltammetry are electroanalytical tech-
niques which can be used in conjunction with disposable sensors
and/or biosensors showing inherent advantages as simplicity,
low cost and rapidity. Biosensors are devices that combine higher
selectivity and sensitivity of a biological component with a
suitable transducer. The biological sensing element, usually an
enzyme or an antibody, recognises the complementary molecule
and the resulting biochemical changes are transduced into a pro-
portional concentration signal.

Gilmartin and Hart [203] development of a disposable,
amperometric sensor for the rapid testing of urine paraceta-
mol, based on surface-modified, screen-printed carbon elec-
trodes (SPCEs). The benefits of the present CA-SPCE ensemble
lie in their simplicity, low cost and selectivity. Additionally,
as labile biocatalytic recognition components have been omit-
ted in the sensor design, the operational lifetime and storage
properties are likely to be advantageous. The transducer is a
reagentless, amperometric sensor that was developed through
the combined use of screen-printing and permselective mem-
brane technologies. The sensor operates selectively by means
of an anti-interference barrier, cellulose acetate, which is drop-
coated directly on to the screen-printed carbon electrodes. The
disposable, amperometric sensor requires no further modifi-
cation procedures to enhance selectivity, i.e. no enzymes are
involved, and hence their fabrication is simple and extremely
economical.

Amperometric detection with two polarised indicating elec-
trodes is based on the measurement of the current passing
through two identical, usually inert electrodes to which a
small potential difference is applied. The current flowing in
the detection cell is observed only when the solution contact-
ing the electrodes contains two forms of the reversible redox
couple. Biamperometric detection has found applications in
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flow-injection analysis. This combination offers the advantages
derived from the selectivity of biamperometric detection due to
low applied potentials and increased sensitivity and injection
rate from the inherently lower dispersion of the FIA methodol-
ogy. Several methods have been proposed for the determination
of paracetamol based on FIA. Electrochemical methods have
been widely exploited for analysis in physiological samples,
e.g. the amperometric determination of PCT in blood and serum
[204] or the use of voltammetric sensors based on chemically
modified glassy carbon electrodes improving the heterogeneous
charge-transfer rates and the selectivity of the working potentials
[205,206].

The determination of the PCT in pharmaceutical sam-
ples has provided a large variety of procedures dealing with
different kinds of detection: spectrophotometric and fluori-
metric determinations and electrochemical methods involv-
ing ion-selective electrodes [207] and potential scanning
voltammetric detection [208]. The reversible redox couples
(Fe(II)/Fe(II); Ce(IV)/Ce(IIl); Fe(CN)g>~/Fe(CN)e*; TIp/1;
Bra/Br~; VO3~ /VO?*) were studied as indicating redox systems
for biamperometric determination of paracetamol in a flow-
injection assembly [209]. Considering the selectivity of assayed
systems against excipients and antioxidants that typically are
presented in pharmaceutical formulations (e.g. sucrose, glucose,
ascorbic acid and hydrogen sulphite) the systems Fe(III)/Fe(II)
and VO3~ /VO?* were selected for the determination of the PCT.
The sample was injected into a carrier which merged with the
oxidant stream where the drug was oxidised by excess oxidant.

Some papers describes enzyme-modified pre-column which
can be coupled with amperometric or voltammetric techniques,
showing inherent advantages as simplicity, low cost and rapid-
ity. A continuous-flow sensing device with an enzyme-modified
pre-cell coupled to an amperometric detector is proposed for
determining PCT in pharmaceutical formulations, using a sim-
ple dissolution and filtration step before the measure [210].
Horseradish peroxidase (HRP) in the presence of H,O; catal-
yses the oxidation of PCT to N-acetyl-p-benzoquinoneimine
(NAPQI) whose electrochemical reduction back to PCT was
obtained at peak potential of —0.10V, proportionally to PCT
concentration. Fatibello-Filho et al. [211] developed several
biosensors and enzymatic batch and flow-injection procedures
for determining various compounds using crude extracts or tis-
sues of various vegetables instead of isolated enzymes. The
use of such biological materials is very attractive because of
their high stability, high enzyme activity concentration, very
low cost and fewer cofactor requirements in comparison with
the pure enzymes. In this way, a biosensor based on vase-
line/graphite modified with avocado tissue (Persea americana)
as the source of polyphenol oxidase was developed and used for
the chronoamperometric determination of paracetamol in phar-
maceutical formulations. This enzyme catalysis the oxidation
of paracetamol to N-acetyl-p-benzoquinoneimine, whose elec-
trochemical reduction back to paracetamol was obtained at a
potential of —0.12'V.

A piezoelectric quartz crystal (PQC) has been selected as the
transducer of the biosensor, because the sensor is very simple
to assemble and has a fast response. In many cases the method

requires no extraction, separation or concentration procedure
and has the potential to be developed into a practical on-line
method. For a PQC, however, there is no specific selectivity.
As a result, various chemicals and biomaterials have been used
to chemically or physically modify the PQC surface to obtain
selectivity for a bulk acoustic wave (BAW) sensor. Pre-coated
piezoelectric crystals have been successfully applied to biolog-
ical, environmental and chemical fields. Unfortunately, many
systems are either not as specific as expected for the chemi-
cals, or not stable for the biomaterials. Therefore, it is necessary
to seek stable, highly selective and facile materials as sensing
components. One of these new techniques concerns molecularly
imprinted polymers (MIPs).

Molecular imprinting technology is derived from the con-
cept of creating designed recognition sites in macromolecular
matrices by means of template polymerisation, by which arti-
ficial antibodies, receptors and enzymes can be created. This
technique is based on in situ co-polymerisation of cross-linkers
and functional monomers that form complexes with template
(imprinted) molecules prior to polymerisation. After removing
the template molecules from the formed material, binding sites
are left behind showing complementarily to the template in a
subsequent rebinding experiment. The complementary inter-
actions between the functional monomers and the templates
can be either non-covalent or reversible covalent in nature.
The imprinted polymers based on non-covalent interactions
between print molecules and suitable monomers have been
widely applied. Firstly, MIPs have been used for the preparation
of the stationary phases for chromatographic and electrophoretic
techniques, with ability to efficiently separate the enantiomeric
forms of peptides and drugs. Secondly, the polymers have also
been used for the quantification of drugs in real samples using
competitive binding assays. Thirdly, an area of interest is the use
of imprinted materials as the recognition elements in biomimetic
sensors. Finally, a variety of approaches have been followed in
order to prepare polymers with catalytic properties.

The functional monomer commonly used in making MIP is
methacrylic acid (MAA). However, MAA shows strong non-
specific interaction with the imprinted molecule and the hydro-
gen bond between MAA and the imprinted molecule will be
destroyed in a polar solvent such as acetonitrile. In order to
improve the selectivity of MIP, polymerisation using MAA and
2-vinylpyridine as the functional monomers has been employed.
In this context, a MIP-BAW sensor for paracetamol has been
designed with an imprinted polymer as a sensing material [212].
Three kinds of polymers have been synthesised with two differ-
entkind of functional monomers. Through comparison, the poly-
mer, simultaneously using 4-vinylpyridine (4-VP) and MAA as
the functional monomers has a higher selectivity and sensitivity.
From the kinetic impedance analysis, there was no change in the
viscoelasticity of the polymer coating during the detection.

Use of electrochemical methods in analysis attracted atten-
tion as an accurate, sensitive and cost-effective method of analy-
sis in last decade. Since voltammetric techniques are more selec-
tive, less costly and less time-consuming, they are widely used
for the determination of PCT in pharmaceutical preparations.
The electroanalytical features and performances of carbon paste



M.E. Bosch et al. / Journal of Pharmaceutical and Biomedical Analysis 42 (2006) 291-321 305

electrodes for fabrication of chemo and biosensors through the
modification of carbon paste and their analytical applications are
well documented. In last few years, the modification of electrode
surface attracted considerable attention because of the remark-
ably improved results achieved in such cases. Bi et al. described
a relatively simple and rapid electrochemical method by cyclic
voltammetry using glassy carbon electrode for the detection of
PCTin 1.0 M HCl solution [213]. Voltammetric determination of
PCT at chemically modified electrodes [214,215], boron doped
diamond film electrode [216] and at other electrodes [217,218]
have also attracted attention, however, the lowest detection limit
of 1.2uM is reported at nafion/ruthenium oxide pyrochlore
chemically modified electrode.

Owing to their novel optical, electronic, magnetic and cat-
alytic properties gold nanoparticles are one of the most inten-
sively studied and one of the most popular materials to be
assembled on electrodes. It has been reported that the small size
of gold nanoparticles allow the conductive materials to come into
the vicinity of the active process providing bioelectrocatalytic
activity that can be utilised in the construction of biosensors.
Gold nanoparticles-modified electrodes are used increasingly in
many electrochemical applications since they have the ability
to enhance the electrode conductivity and facilitate the electron
transfer, thus, improving the analytical selectivity and sensitiv-
ity. Normally peculiar binding molecules are used to assemble
gold nanoparticles on the electrode surfaces but this may alter
the conducting properties of the modified electrode. Recently,
Oyama and co-workers have presented a new method to fabri-
cate a gold nanoparticles-attached indium tin oxide (Au/ITO)
electrode without using peculiar binding molecules, and this
electrode was used for the determination of paracetamol at pH
7.2 [219]. The electrode exhibited an effective catalytic response
to the oxidation of paracetamol with good reproducibility and
stability.

A simple differential pulse voltammetric technique, for the
sensitive and selective determination of PCT, at Cgp-modified
glassy carbon electrode at physiological pH, i.e. at pH 7.2, is
described [220]. The electrode has a catalytic function towards
the oxidation of PCT. Electrode modified using fullerene films
have been found to show much better results as compared to bare
electrodes and have a lot of potential applications in electroana-
lytical studies. The method described overcomes the two major
limitations of conventional methods for the screening of PCT
and its metabolites in urine samples, namely the hydrolysis time
and the interference. Further, the method does not require any
sample pre-treatment. The proposed method also resolves the
voltammetric response of the paracetamol and p-aminophenol
in two well-defined voltammetric peaks.

Series dual-electrode detectors with electrodes oriented
according to the flow axis have become a well-established tech-
nique for liquid chromatography, capillary electrophoresis and
flow-injection analysis and some advantages of this kind of
cell design have been reported in literature. This approach has
also been used for the on-line quantitative removal of elec-
troactive interfering species and in titrations where the reac-
tant is produced electrochemically, the end-point being detected
amperometrically at the other electrode by monitoring the cur-

rent appearance. Recently, it developed a thin-layered dual-
band electrochemical cell with an interelectrode gap of 0.1 mm
which operated at flowing conditions. Studies involving the
performance of the dual-band channel electrode at different
cell geometries by varying the channel height and the gap
width between both electrodes were performed. Electrodes with
generator—collector properties can be successfully used to study
electrochemical reaction mechanisms, as reported in the pio-
neering studies of Anderson and Reilley where two working
electrodes (twin-electrode) closely separated in a thin-layer cell
configuration were used. Besides the well-known rotating ring-
disc electrode, new strategies to fabricate generator—collector
systems have appeared in literature and most of them are based
on the well-known features associated with electrodes with at
least one dimension in the range of micrometers. Interdigi-
tated microelectrodes, ring-disc microelectrodes, closely spaced
microelectrodes, band microelectrodes and a micromachined
wall-jet ring-disc electrode are typical examples. A different
approach involves a microdisc electrode and a larger counter
electrode arranged face to face at a distance which can be pre-
cisely adjusted by means of a positioning mechanical system.
Literature has reported the possibility of using recordable CDs
to fabricate gold microelectrodes in single, twin or arrays con-
figurations. In this context, it is extending this application in
an attempt to construct twin-electrodes in thin-layer electro-
chemical cells. In this case, the species generated at one of the
electrodes diffuses in opposite direction across the thin layer
and is collected at the adjacent one, polarised to a level at which
a reverse reaction can occur. A distinguished characteristic of
twin-electrodes compared to RRDE is that, the collected species
is able to diffuse back to the generator electrode and this redox
cycling enhances the currents of both generator and collector
electrodes (feedback effect). The fabrication of a new electro-
chemical cell where a thin layer of solution is confined between
two closely spaced parallel gold electrodes is described [221].
By polarising both electrodes at suitable potentials, the forced
redox cycling ensures that steady-state conditions are attained
almostinstantaneously. Voltammetry with ferricyanide solutions
demonstrated that the twin-electrode thin-layer cell (TETLC)
may operate as a generator—collector device with collection effi-
ciency values of 100%. The increased sensitivity based on the
forced redox cycling envisages future applications of the device,
as the use of the TETLC as a pre-reactor at quiescent solutions for
the determination of paracetamol in solutions containing ascor-
bic acid.

The combination of FIA with electrochemical detection is
attractive because of the flexibility of the former and the diag-
nostic power of the latter. Two classes of electrochemical mea-
surement are employed in flow detection: one class is based on
charge transfer between a liquid or gaseous phase containing
the analytes and a solid or immiscible liquid phase that is elec-
trically conductive or semiconductive, and includes the most
common potentiometric, voltammetric and coulometric detec-
tion techniques, and the other class involves the measurement of
the electrical properties of liquids, i.e. the electrical conductivity
and relative permissivity. There are many designs of electro-
chemical flow-through cell mainly those for continuous, on-line
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monitoring and chromatographic application. The commercial
electrochemical flow-through cells that widely used are very
expensive; a low cost home-made electrochemical flow-through
detector cell is fabricated to use in conjunction with a FI sys-
tem with voltammetric detection [222]. The development of an
extremely inexpensive electrode based on the use of pencil lead
(graphite) is also described. The performance of the home-made
electrochemical flow-through cell is evaluated by comparison
with that of the commercial one by mechanistic study of PCT
oxidation using cyclic voltammetry. The home-made cell is easy
to fabricate and use. It is made from cheap and easily available
materials which enable the home-made cell to be far cheaper than
the commercial one. In addition, the stability of the pencil lead
electrode used in conjunction with the designed flow-through
cell gives rise to accurate and reproducible results which are as
reliable as those obtained by using the commercial cell with the
glassy carbon electrode.

Oscillating reactions are complex dynamic systems that
involve cyclic or periodic changes in the concentration of some
ingredient (whether a reactant, a product or an intermediate) with
time. Oscillating reactions have so far been analysed mainly
in physical-chemical terms in order to elucidate the complex
mechanism that they involve. Two of the better known oscillating
chemical systems are the Belousov—Zhabotinskii (BZ) reaction
and the Bray-Liebhafsky reaction. From available knowledge
on these reactions, it follows that the system must be far from
thermodynamic equilibrium, which entails using a well stirred
continuous-flow reactor (CSTR), and that one or more auto-
catalytic or cross-catalytic steps must take place between two
steps of the reaction mechanism. Although some oscillating
reactions have been used for analytical purposes, particularly
the Ce(IV)-catalysed reaction between malonic acid and KBrO3
(BZ reaction), analytical determinations based on a closed sys-
tem including the analyte involve labour-intensive procedures
that entail re-starting the oscillating system before each new
determination. The recent inception of an open system for appli-
cation of the analyte pulse perturbation (APP) technique by use
of a CSTR has opened up new avenues for oscillating reac-
tions in routine analyses. As a result, there has been a gradual
shift from theoretical to practical interest. The APP technique
allows a system to be kept oscillating for a long time and thus be
employed as an inexhaustible indicator system for successively
added samples and/or standards. This technique is a useful ana-
lytical tool inasmuch as it uses very simple, modular equipment
that can be assembled from parts available in any analytical
laboratory. The application of the oscillating reaction-based
determinations to the analysis of real samples was addressed
by use of the APP technique. The oscillating reaction of the
H0,-NaSCN-CuSOy4 system in an alkaline medium was cho-
sen for this purpose. The addition of small amounts of vanillin,
paracetamol and ascorbic acid to the oscillating system alters
some of its properties; this effect can be used to develop methods
for the determination of the analytes in real samples [223]. For
paracetamol, second period method, or total-period method was
correlated with the amount of analyte added; calibration curve
provided by first method was linear, whereas that obtained with
the total-period method fitted a second-order polynomial.

Pejic et al. [224] develop a method based on the pulse pertur-
bation of the oscillatory reaction system being in a stable steady
state (PPOSSS) in the vicinity of a bifurcation point, for quanti-
tative determination of the paracetamol using Bray—Liebhafsky
(BL) oscillatory reaction as the matrix and, in particular, to
demonstrate that the mentioned kinetic method can be success-
fully applied for quantitative determination of paracetamol in
bulk drug and pharmaceutical preparations. By perturbing the
matrix system being in a stable steady state, it is not necessary
to test oscillatory phases and to perturb the system always in
the same selected oscillatory phase point, which is very delicate
moment. Comparing with the matrix system being in the oscil-
latory state, the regeneration of the system being in the stable
non-equilibrium stationary state (stable steady state) is shorter.
The method is based on potentiometric monitoring of the con-
centration perturbations of the matrix reaction system being in
a stable non-equilibrium stationary state close to the bifurcation
point. The response of the matrix system to the perturbations
by different concentrations of paracetamol is followed by a Pt
electrode.

Other electroanalytical determinations of PCT are showed in
Table 4.

4. Chromatographic methods
4.1. Pharmaceutical preparations

The simultaneous determination of the active ingredients in
multicomponent pharmaceutical products normally requires the
use of a separation technique, such as gas chromatography or
high performance liquid chromatography, followed by quantita-
tion.

4.1.1. High performance liquid chromatography

Among the various analytical techniques, HPLC constitutes
the most popular chromatographic method for separating mix-
tures of analgesic drugs and related compounds. For reliable
quality control of analgesic products, a selective and versatile
detection system is desirable to aid in the positive identifica-
tion of the column effluents. To this end, diode-array detection
(DAD) was used in combination with postcolumn on-line photo-
chemical derivatisation. Using a photoreactor arranged on-line
between the column and the DAD instrument, the column efflu-
ent was subjected to UV irradiation (254 nm) and photo-induced
chromophore alterations resulted in modified UV spectral prop-
erties of the analytes. Thus, the known efficacy of the DAD in
confirming the peak identity was enhanced, enabling two differ-
ent UV spectra (photoreactor on and off) to be obtained for each
analyte.

HPLC analyses of pharmaceutical dosage forms containing
analgesics and related compounds (acetylsalicyclic acid, parac-
etamol, propyphenazone, caffeine and chlorpheniramine) were
performed on C1g and cyano columns under reversed-phase con-
ditions [237]. The performance of the methods was enhanced by
introducing postcolumn on-line photochemical derivatisation in
combination with diode-array detection. The column effluents
were subjected on-line to UV irradiation (254 nm) and the char-
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Table 4
Electroanalytical methods for the determination of paracetamol
Sample type Method Remark Reference
Biological fluids (blood a.c. polarography After elimination of protein by perchloric acid, followed by [225]
serum and urine) reaction with nitrous acid in acidic medium, the nitro
derivative is measured at pH 10
Pharmaceutical dosage form Polarography Paracetamol and salicylamide after treatment with nitrous [226]
acid
Blood plasma (rat serum) and Differential pulse voltammetry Oxidation of PCT on a carbon paste electrode [227]
tablets
Urine and pharmaceutical Differential pulse voltammetry Using a pumice mixed carbon paste electrode [228]
preparations
Pharmaceutical products Cyclic voltammetry Using crude extracts of several fruits and vegetables as the [229]
sources of peroxidise for use in carbon paste biosensors
Pharmaceutical products Differential pulse voltammetry Simultaneous determination of paracetamol, ascorbic acid [230]
and caffeine; using a glassy carbon electrode
Pharmaceutical products Differential pulse stripping voltammetry Paracetamol and phenobarbital; using a glassy carbon [231]
electrode; assisted by chemometrics (PLS and PCR
methods)
Plasma Amperometric Electrochemical oxidation of PCT; the technique has been [232]
adapted for assay in biological fluids by the use of a
permselective cellulose acetate membrane, and an outer
diffusion-limiting, microporous polycarbonate membrane
treated with dimethyldichlorosilane to impart
biocompatibility
Tablets Flow-injection analysis with biamperometric Oxidation with Ce** in acidic medium; dual-channel [233]
detection flow-injection system incorporating an amperometric
detector with two Pt microelectrodes
- Coulometric titration With electrogenerated bromide; the monobromination of [234]
PCT is fast during which the concentration of
electrogenerated bromide is low that methyl orange
indicator is not bleached until after monobromation
Combined dosage forms Potentiometric titration Paracetamol and mefenamic acid; using orthogonal [235]
polynomial coefficient ratio
Pharmaceutical preparations Potentiobromometric technique Oxidation with bromide in acetate buffer media; using Ag [236]

amalgam electrode or bromide ion-selective electrode

acteristic photo-induced spectral modifications were useful for
the unambiguous identification of the various analgesic com-
pounds.

An isocratic HPLC method for the simultaneous determi-
nation of the active compounds paracetamol, pseudoephedrine
and chlorpheniramine in chewing gum samples has been devel-
oped by Gasco-Lopez et al. [238]. The method required a
simple liquid-liquid extraction using n-hexane and a mixture
of water—acetonitrile prior to HPLC analysis. The chromato-
graphic separation was achieved with an aqueous solution con-
taining hexylamine (pH 3)-—acetonitrile as the mobile phase, a
Spherisorb Cig column and UV detection at 220 nm.

Since instrumental planar chromatography is regarded as
a reliable, fast and accurate method for quantitative drug
analysis, it is proved HPTLC as a technique which can be
used as an alternative method of drug assay. A simple and
rapid HPTLC method for the determination of acetylsalicylic
acid, paracetamol, caffeine and phenobarbitone in dosage
form is presented [239]. The determination of analgoan-
tipyretics were performed on pre-coated HPTLC silica gel
plates (10cm x 20cm) by development in the mobile phase
dichlormethane:ethyl acetate:cyclohexane:isopropanol:0.1 M
HCl:formic acid (9:8:3:1.5:0.2:0.2, v/v/v/v/v/v). TLC scanner
was used for direct evaluation of the chromatograms in the

reflectance/absorbance mode. Other paper describes a RP-
HPLC method with UV detection without prior derivatisation
for direct simultaneous determination of acetylsalicylic acid,
caffeine, paracetamol and phenobarbital in tablet form. A com-
promise wavelength for compounds investigated was 207 nm,
found to be satisfactory for use of the proposed method in the
routine control of multidrug pharmaceutical preparation, using
chromatographic system consisting a Bio Rad 18 01 solvent
pump, Rheodine 71 25 injector and Bio Rad 18 01 UV-Vis
Detector. Separation was achieved using Bio SiL HL Cig,
5 pm, 250 mm x 4.6 mm column. Mixture of acetonitrile:water
(25:75, v/v) adjusted to pH 2.5 with phosphoric acid was used
as a mobile phase at a flow rate of 2.0 ml min—! [240].

Paracetamol, caffeine and codeine phosphate were sepa-
rated using a pBondapack Cg column by isocratic elution with
flow rate 1.0mlmin~!. The mobile phase composition was
420:20:30:30 (v/v/v/v) 0.01 M KH,PO4, methanol, acetonitrile,
isopropyl alcohol and spectrophotometric detection was carried
out at 215 nm [241].

Under abnormal conditions (heat, pH, temperature, etc.),
PCT degrades slowly forming a mixture of contaminants, such as
4-aminophenol and acetic acid. This reaction could also be car-
ried out by enzymatic cleavage or by microwave assisted alkaline
hydrolysis. In addition to 4-aminophenol, 4-chloroacetanilide
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could also be present as impurities in the starting material of
paracetamol in which it should be controlled. Therefore, itis very
important to have an analytical technique for the measurement of
PCT and its degradation product simply and precisely. A variety
of high performance liquid chromatographic methods have been
proposed for such measurement, using silica-based stationary
phases [242-244]. These methods are time consuming in addi-
tion, the alkyl bonded silica-based stationary phases suffer from
a number of drawbacks, including poor stability at extremes
of pH and a variety of unwanted interactions due to surface
heterogeneity. However, due to the instability of these pack-
ing materials and the complicated separation systems, porous
graphitised carbon (PGC) showed to be preferable packing for
the separation and determination of drug and pharmaceuticals.
This material has several advantages, most notably its physical
and chemical stability, as well as superior selectivity towards
diasteriomers and geometric isomers and also is most applica-
ble to the separation of small ionisable molecules that are not
retained with octadecylsiloxane (ODS) columns. Monser and
Darghouth [245] describe a simple and rapid HPLC method for
simultaneous determination of paracetamol, 4-aminophenol and
4-chloroacetanilide using PGC column. Further, studies were
carried out on the effect of the mobile phase composition and
pH in the retention of these compounds on PGC column. The
chromatographic separation was achieved on porous graphitised
carbon column using an isocratic mixture of 80:20 (v/v) acetoni-
trile/0.05 M potassium phosphate buffer (pH 5.5) and ultraviolet
detection at 244 nm.

4.1.2. Planar chromatography (thin-layer chromatography,
TLC)

TLC is a technique related to HPLC but with its own speci-
ficity. Although these two techniques are different experimen-
tally, the principle of separation and the nature of the phases are
the same. Due to the reproducibility of the films and the con-
centration measurements, TLC is now a quantitative method of
analysis that can be conducted on actual instruments. The devel-
opment of automatic applicators and densitometers has lead to
nano-TLC, simple to use technique with a high capacity.

A thin-layer chromatography—UV scanning densitometric
technique is used for the simultaneous determination of parac-
etamol and chlorzoxazone [246]. A favourable advantage of
TLC-UYV densitometry over UV spectrophotometry is its ability
to separate the contents of the analysed samples, thus eliminat-
ing the possibility of interference between active ingredients or
due to additives, excipients or impurities. In addition, the method
is amenable to the simultaneous analysis of six samples on the
same TLC plate with precision and accuracy comparable with
alternate UV and derivative spectrophotometry. Other advan-
tages of the TLC-UV method are its fast scanning speed, its low
limit of detection and its broad linear ranges.

4.1.3. Micellar liquid chromatography (MLC)

MLC is a mode of reversed-phase liquid chromatography,
which uses aqueous solutions of surfactants above the critical
micellar concentration. This chromatographic system presents
some differences with respect to the classical reversed-phase

chromatography because the stationary phase is modified by the
absorption of surfactant and the mobile phase presents surfac-
tant micelles. This system provides hydrophobic, electronic and
steric sites of interaction for solutes that allows the effective
separation of compounds of different nature. In addition, the
solubilisation capability of the micellar solutions simplifies the
sample preparation step and reduces the consumption of organic
solvents.

Rapid chromatographic procedures for analytical quality
control of pharmaceutical preparations containing antihistamine
drugs, alone or together with other kind of compounds are pro-
posed. The method uses C;g stationary phases and micellar
mobile phases of cetyltrimethylammonium bromide (CTAB)
with either 1-propanol or 1-butanol as organic modifier. The pro-
posed procedures allow the determination of the antihistamines:
brompheniramine, chlorcyclizine, chlorpheniramine, diphenhy-
dramine, doxylamine, flunarizine, hydroxyzine, promethazine,
terfenadine, tripelennamine and triprolidine, in addition to caf-
feine, dextromethorphan, guaifenesin, paracetamol and pyridox-
ine in different pharmaceutical presentations (tablets, capsules,
suppositories, syrups and ointments) [247].

4.1.4. Sequential injection chromatography (SIC)

Sequential injection analysis, developed by Ruzicka and Mar-
shall in 1990, represents advanced form of solution manipu-
lation available to analytical chemists for mixing and trans-
port of samples, reagents and products of chemical reactions
to the measurement point. Fast and intensive development of
SIA methodology was due to several factors essential for rou-
tine analytical determinations, e.g. simplicity of fundamental
principles, inexpensive instrumentation, automated sampling
and analytical procedures, limited sample consumption, short
analysis time, on-line performance of difficult operations (pre-
concentration, physical-chemical conversion of analytes into
detectable species, dialysis, stopped-flow technique, etc.).

Sequential injection chromatography is a new area of anal-
ysis within the SIA. A simple SIC system could be developed
by incorporating reversed-phase monolithic columns into the
commercially available SIA manifold. Monolithic supports have
become the subject of extensive study in recent years and they
were developed on the basis of a new sol gel process, which
includes the hydrolysis and polycondensation of alkoxysilanes.
In contrast to conventional HPLC columns, monolithic columns
are formed from a single piece of porous silica gel (monolith).
The performance of the reversed-phase monoliths is equivalent
to a typical Cig 5 um particulate HPLC column. Due to the
presence of large through-pores and mesopores, the monoliths
possess a much higher porosity than conventional particulate
HPLC columns. The resulting column back-pressure is there-
fore much lower and allows operation in a SIA system. Thus, it
can be incorporated into an SIA system regardless of the limi-
tations of the syringe pump.

A new separation method for simultaneous determination of
paracetamol, caffeine, acetylsalicylic acid and internal standard
benzoic acid was developed based on a novel reversed-phase
sequential injection chromatography technique with UV detec-
tion [248]. A Chromolith Flash RP-18e, 25—4.6 mm column and
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a FIAlab 3000 system with an eight-port selection valve and
a SmL syringe were used for sequential injection chromato-
graphic separations in this study. The mobile phase used was
acetonitrile—0.01 M phosphate buffer (10:90, v/v) pH 4.05, flow
rate 0.6 mL min~'. UV detection was at 210 and 230 nm.

Other proposed chromatographic methods for the determina-
tion of PCT are shown in Table 5.

4.2. Biological fluids

PCT is used extensively in the treatment of mild to moder-
ate pain and fever. It has been used in the treatment of pain in
combination with aspirin, caffeine, opiates and/or other agents.
PCT-opiates combination produces greater analgesic effect than
the produced by either acetaminophen or higher doses of the
opiate alone. Treatment of pain often requires parenteral admin-
istration of analgesics. However, acetaminophen is not available
for parenteral use. Contrary to the latter propacetamol HCI can
be easily solubilised and is suitable for parenteral administration.
Propacetamol, the diethylamino-acetic ester of acetaminophen
is a pro-drug that is very quickly and quantitatively hydrolysed
into acetaminophen by plasma esterases within 7 min after intra-
venous injection.

The preferred analytical method to emergency estimation
of the plasma acetaminophen concentration is HPLC. Several
assays for acetaminophen using HPLC are suitable for analy-
sis in pharmaceutical preparations, and others are suitable for
analysis in biological fluids at therapeutic to toxic concentra-
tions of the drugs (Table 3). Such methods are, however, not
enough sensitive when sub-therapeutic drug levels must be mea-
sured as frequently occurs in pharmacokinetic studies. Methods
reporting the sensitivity necessary to quantify pharmacokinet-
ics acetaminophen levels accurately have also been published
[280-282]. Most of these methods used HPLC in conjunction
with electrochemical detection, solid-phase extraction and sam-
ple extraction procedures that involve multiple time-consuming
organic extractions and solvent evaporation steps [282-285].
Only a few of these methods [280,282,286] are available for
rapid measuring the large number of samples that have to be
analysed in a pharmacokinetic study. All of these procedures
require at least 1 ml of plasma. Consistently, pharmacokinetic
studies after acetaminophen—drug combinations have not been
completed, as plasma samples of 3—4 ml cannot be repeatedly
obtained from human subjects. One method [280] is available for
measuring acetaminophen at toxic and pharmacokinetic levels.
Plasma concentrations of acetaminophen above 100 pgml~! at
4hand 50 wg ml~! at 12 h after drug ingestion cause hepatotox-
icity. Acetaminophen plasma concentrations below 0.1 wg ml~!
were found 12 h after 325 mg oral doses of acetaminophen.

For this reason, a simple method for the rapid estimation of
acetaminophen in plasma is investigated and described [287]. p-
Propionamidophenol was used as internal standard. The assay
involved a single ethyl acetate extraction and LC analysis at
a wavelength of 242 nm using a reversed-phase encapped col-
umn, with a mobile phase of acetonitrile and 0.005 M potassium
dihydrogen phosphate adjusted at pH 3.00. The limit of quan-
titation of acetaminophen by this method was 0.05 wgml~!,

only 0.1 ml of the plasma sample was required for the determi-
nation. Analytical methods have been developed that estimate
the concentrations of the major metabolites of paracetamol by
hydrolysing the paracetamol glucuronide (PG) and paracetamol
sulphate (PS) back to paracetamol, or reporting concentrations
of the metabolites as paracetamol equivalents [286,288]. Other
assays quantify the major metabolites but they involve rela-
tively complex liquid-liquid extraction techniques [289], or lack
the sensitivity required for single-dose metabolism studies in
humans [286,290], or gradient chromatography [291]. While
some assays report adequate sensitivity they lack the accuracy
and precision required in single-dose studies, and therefore have
not been applied [292]. Other document reports the successful
development and validation of a simple, selective and sensitive
isocratic HPLC method for the simultaneous quantification of
paracetamol in plasma and of PG and PS in both plasma and
urine [292]. A distinct advantage of this method is that it requires
minimal sample volume (<100 wl) allowing finger-prick blood
sampling during pharmacokinetic evaluation studies.

Aspirin is no longer recommended as an analgesic or
antipyretic for children and neonates because of reported asso-
ciations with Reye’s syndrome. As a result, PCT is now the
standard analgesic/antipyretic for such patients. However, it is
well known that PCT, which is extensively metabolised by the
liver mainly by conjugation to the sulphate and glucuronide, may
be converted to a highly toxic oxidative metabolite, N-acetyl-p-
benzoquinoneimine (NABQI) when administered in overdose.
The metabolite, which is formed through the intermediary of
cytochrome P450 mixed function oxidase, is usually detoxi-
fied by combining with glutathione. However, when PCT is
administered in overdose, glutathione stores are depleted and
toxicity ensues. Therefore, it is important to know how children
with chronic liver disease metabolise the drug. Young children
and neonates excrete more of an oral dose of paracetamol as
the sulphate than do adults. Indeed, in the young (<12 years),
conjugation to the sulphate is the predominant elimination path-
way, while glucuronidation is more important in older subjects.
As part of a study to investigate the safety of paracetamol in
children with liver disease, a HPLC method was developed for
assaying paracetamol and its metabolites in body fluids [290].
Moreover, the possible use of salivary samples for defining the
drug’s pharmacokinetics in such children was evaluated. The
method for quantifying the metabolism of paracetamol in chil-
dren with chronic liver disease and the good correlation between
plasma and salivary concentrations of paracetamol is demon-
strated. Despite an increasing bias between the two methods
with increasing concentration of paracetamol, it is concluded
that salivary assay is satisfactory for characterising paracetamol
pharmacokinetics in the group of patients studied.

Despite its common use, pharmacokinetic data about parac-
etamol is scarce, especially in young infants and neonates. Due
to differences in their metabolism, there is special interest in
the levels of PCT in neonates, particularly after multiple dos-
ing. In neonates, the volume of blood taken is limited by ethical
considerations and thus a method requiring only small volumes
of blood is desirable. The use of a collection card similar to
the Guthrie paper card used for the sampling of small volumes
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Table 5
Determination of paracetamol in formulations by chromatographic methods
Other components Method Remark Reference
- Reversed-phase Using a Cyg stationary phase with methanol-water (1:2, v/v) mixture at the flow rate of [249]
HPLC 1.78 ml min~! with detection at 193.3 nm; sulphamethoxazole is used as an internal
standard
Acetylsalicylic acid Stability-indicating In suppositories; samples were dissolved in chloroform and absolute alcohol (4:1) and [250]
GLC gentisic acid as internal standard; solvents evaporated and silylation accomplished by
adding BSA and BSTFA (1:1); using a flame ionisation detector; column of 2% OV-225
on Chromosorb W; nitrogen used as carrier
Chlormezanone Reversed-phase On a INERTSIL ODS-3V column at 228 nm [251]
HPLC
Chlorzoxazone HPLC Using salicylic acid as an internal standard [252]
Chlormezanone GLC In single and combined dosage forms; using 10% OV-17 column; flame ionisation [253]
detector; phenacetin as internal standard
Chlorzoxazone
Ibuprofen GLC Using on column derivatisation technique [254]
Mefenamic acid HPTLC On silica gel 60F,s54 HPTLC plates with toluene—acetone—methanol (8:1:1, v/v/v) as [255]
mobile phase; detection at 263 nm
Acetylsalicylic acid, ascorbic ~ Reversed-phase Using a Cg column; mobile phase was methanol-0.2 M phosphate buffer (pH 3.5)-water [256]
acid HPLC (20:10:70)
Acetylsalicylic acid, ascorbic =~ HPLC Simultaneous determination [257]
acid
Butalbital, caffeine Micellar Uncoated fused silica capillary (70 cm x 50 pm i.d., 50 cm to detector) was used for the [258]
electrokinetic separation at an applied voltage of 20kV. A phosphate run buffer (pH 9, 0.05 M)
chromatography containing 0.05 M sodium dodecyl sulphate was used for analysis. Separations of the
(MEKC) analytes were achieved within 12 min at ambient temperature with detection set at 220 nm
Caffeine, dipyrone HPLC Using a p-Bondapack Cg column by isocratic elution with a flow rate of 1.0 ml min~!; [259]
mobile phase was 0.01 M KH,PO4s—methanol-acetonitrile—isopropyl alcohol
(420:20:30:30); detection at 215 nm
Caffeine, propyphenazone Reversed-phase Mobile phase is a linear water—methanol gradient [260]
HPLC
Codeine phosphate, sodium Reversed-phase Using a stability-indicating method; in an elixir formulation; the reverse-phase paired-ion  [261]
benzoate HPLC method utilises UV detection at 214 nm, a C;g column at 50 °C
Chlorzoxazone, diclofenac GC, HPLC and The results obtained by the different techniques are comparable [262]
sodium HPTLC
Chlorzoxazone, diclofenac Reversed-phase Using ketoprofen as internal standard; on Zorbax Cg column using a mixture of [263]
sodium HPLC acetonitrile: 50 mM disodium hydrogen orthophosphate; at 220 nm
Chlorzoxazone, ibuprofen GC, HPLC and The results obtained by the different techniques are comparable [264]
HPTLC
Chlorzoxazone, ibuprofen Reversed-phase On Kromasil Cg column using a mixture of 0.2% triethylamine: acetonitrile; at 215 nm; [265]
HPLC using ketoprofen as internal standard
Chlorzoxazone, Reversed-phase - [266]
oxyphenbutazone HPLC
Diclofenac sodium, HPLC and SFC Using packed column SFC employing internal standard method. The analytes were [267]
methocarbamol resolved by elution with supercritical fluid carbon dioxide doped with 11.1% (v/v)
methanol on a Shendon-Phenyl (250 mm X 4.6 mm) 5 wm column with detection
monitored spectrophotometrically at 225 nm. SFC method was compared to an HPLC
assay
Ibuprofen, methocarbamol Reversed-phase A Bondapak(TM) phenyl column 30 cm from waters in isocratic mode, with mobile phase  [268]
HPLC 0.2% orthophosphoric acid and methanol (45:55, v/v); at 215 nm
Phenylephrine HCI, HPLC and HPTLC The results obtained by the different techniques are comparable [269]
triprolidine HC1
Pseudoephedrine HCI, Reversed-phase Isocratic; a wavelength switching programme to the use of a compromise wavelength for [270]
triprolidine HC1 HPLC all three compounds
Acetylsalicylic acid, caffeine, = HPLC - [271]
D-propoxyphene
hydrochloride
Acetylsalicylic acid, caffeine,  Thin-layer Densitometric determination; using an external standard for calibration; adsorption [272]
guaiacol glycerol ether, chromatography measurement (reflectance detection) in situ
propyphenazone
Acetylsalicylic acid, ascorbic ~ Chromatography Densitometric determination in UV at 280 nm [273]

acid, caffeine, salicylic acid
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Table 5 (Continued )

Other components Method Remark Reference
Caffeine, Chlorpheniramine HPLC With diode-array detection [274]
maleate,
glycerylguaiacolate,
phenylpropanolamine
hydrochloride
Ascorbic acid, caffeine, Mixed ion-pair HPLC ~ Dual-wavelength detection; using tetrabutylammonium hydrogen sulphate and pentane [275]
chlorpheniramine maleate, sulphonic acid
dextromethorphan HBr
monohydrate
Acetylsalicylic acid, caffeine, =~ Reversed-phase Using a Cyg Nucleosil column; mobile phase consist of two successive eluents: water [276]
codeine, pyridoxine, HPLC (5 min) and acetonitrile-water (75:25, v/v, 9 min)
thiamine
Caffeine, codeine, Reversed-phase A 10 pm Cjg silica gel stationary phase is used with a [277]
phenacetin, HPLC methanol-acetonitrile-water—tetrahydrofuran mixture (20:20:55:5, v/v/v/v); at 254 nm
phenyltoloxamine,
salicylamide
Guaifenesin, pholcodine, HPLC Using a chemically bonded octadecylsilane stationary phase with a mobile phase of [278]
pseudoephedrine, together methanol-water—acetic acid (45:55:2) containing the ion-pairing agent octanesulphonic
with a series of parabens acid
preservatives
Forty analgesic drugs HPLC On an ODS-silica packing material; using three isocratic eluents prepared from [279]

isopropanol, formic acid and aqueous phosphate buffer

of blood allows more frequent sampling while still complying
with ethical guidelines of a maximum 1 mlkg~! body weight
for blood sampling from neonates. The use of blood spot col-
lection cards is a simple way to obtain specimens for analysis
of drugs with a narrow therapeutic window. Oliveira et al. [291]
describe the development and validation of a microanalytical
technique for the determination of PCT and its glucuronide and
sulphate metabolites from blood spots. The method is based on
reversed-phase high performance liquid chromatography with
UV detection. The small volume of blood required (20 1), com-
bined with the simplicity of the analytical technique makes this
useful procedure for monitoring paracetamol concentrations.
The use of marker compounds for estimating drug metabolic
capacity or pharmacokinetic parameters is common in the bio-
logical sciences. Often small laboratory animals are used and
thus sample size is a limiting concern. Other study describes
an assay for measuring the concentration of acetaminophen
and its conjugated metabolites in low volume serum samples
[293]. Acetaminophen and metabolites were removed from
10 .l serum samples by a single-step 6% HCl1O4 deproteination
using theophylline as internal standard. Samples were separated
in a pH 2.2 sodium sulphate:acetonitrile mobile phase at a flow
rate of 1.5mlmin~! on a 15 cm octadecylsilyl column at room
temperature. Analytes were detected at a wavelength of 254 nm.
Many HPLC methods have been reported for the determina-
tion of PCT and ceterizine (CTZH) hydrochloride in biological
fluids, or in pharmaceutical formulations. But, none of these
methods demonstrate the simultaneous quantification of these
two drugs in combination in human plasma and pharmaceutical
preparations. Moreover, the reported methods are not satisfac-
tory for routine quality assurance for one or the other reason.
Some of these methods have low sensitivity or works out only
at higher concentrations of the drugs or need more time for
analysis. Hence, it was felt necessary to develop a simple and

sensitive HPLC method, which does not suffer from the above
limitations for the determination of binary combination of CTZH
and PCT in human plasma and pharmaceutical formulations.
An accurate, simple, reproducible and sensitive HPLC method
for the determination of CTZH and PCT has been developed
and validated [294]. The separation of CTZH, PCT and Nime-
sulide (the internal standard) was achieved on a CLC C1g (5 pm,
25 cm x 4.6 mmi.d.) column using UV detection at 230 nm. The
mobile phase was consisted of acetonitrile-water (55:45, v/v).
On the other hand, the practice of clinical and forensic toxi-
cology involves among other things, the screening of acidic and
neutral drugs in physiological fluids. Among the drugs of inter-
est are analgesics (including paracetamol and salicylic acid),
anticoagulants, antidiabetics, antiepileptics, barbiturates, diuret-
ics, hypnotics, muscle relaxants and xanthine derivatives. The
widespread use of PCT to counter a variety of ailments, such
as pains, insomnia, hypertension, etc., may have contributed
towards the high incidents of overdosage with these drugs. Of
the published analytical methods on acidic and neutral drugs
screen, reversed-phase HPLC-DAD offers a number of advan-
tages. As most of the drugs of interest are readily eluted by
the solvent systems used and are amenable to UV detection,
the HPLC-DAD method offers one of the most comprehen-
sive screens for the presence of these drugs. As UV response is
usually proportional to the concentration of a drug, the method
provides quantitative assay of these drugs over a wide concen-
tration range from sub-therapeutic to fatal levels. Furthermore,
the full UV/vis spectrum of a drug obtained by DAD provides a
simultaneous and yet independent confirmation of the identity of
the drug. These salient features make the HPLC-DAD method
one of the most desirable methods for the screening of acidic
and neutral drugs in blood. The HPLC-DAD method no matter
how perfect is not without shortcomings. Among the drugs of
interest, some are not amenable to UV detection while a number
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of others are not amenable to DAD confirmation because of lack
of UV absorption maxima and minima. A GC method with flame
ionisation detection (GC-FID) was instituted to complement the
HPLC-DAD method [295].

Blood previously acidified with aqueous saturated ammo-
nium chloride solution was extracted with ethyl acetate. The
dried extract was subjected to acetonitrile-hexane partition.
The acetonitrile portion was analysed for the presence of
acidic and neutral drugs by HPLC-DAD (200 mm x 2.1 mmi.d.
microbore ODS-Hypersil column) and GC-FID (25 m narrow-
bore x 0.25 mm i.d. HP-5 column with 0.33 pm film thickness).
The protocol was found to be suitable for both clinical toxicology
(including emergency toxicology) and postmortem toxicology.
At least 66 drugs of interest were unequivocally identified by
RRTs (HPLC) and UV spectra (DAD) match while another 12
were unequivocally identified by double RRTs match (HPLC
and GC). Quantitation was facilitated by incorporating calibra-
tion blood standards in each assay batch.

An analytical method for the determination of paracetamol
and chlorpheniramine in human plasma has been developed,
validated and applied to the analysis of samples [296]. The
analytical method consists in the extraction of paracetamol and
chlorpheniramine with diethyl ether, followed by the determi-
nation of both drugs by a liquid chromatography—tandem mass
spectrometry (LC-MS—-MS) method, using 2-acetamidophenol
as internal standard.

The purpose of other interesting study was to simplify,
to speed-up and to assay simultaneously paracetamol and
guaifenesin in human plasma using the LC-MS-MS tech-
nique which can be used for pharmacokinetic studies after
oral administration of multicomponent formulations, contain-
ing paracetamol, guaifenesin, pseudoephedrine and dextror-
phan [297]. After extracted from plasma samples by diethyl
ether—dichloromethane (3:2, v/v), the analytes and internal stan-
dard osalmide were chromatographed on a C;g column. Detec-
tion was performed on a triple quadrupole tandem mass spec-
trometer by selected reaction monitoring (SRM) mode via atmo-
spheric pressure chemical ionisation (APCI).

NMR spectroscopy is a powerful method for the analysis
of endogenous and exogenous components in biological fluids.
The main advantages of NMR spectroscopy for the analysis of
biofluids are that; (i) NMR is a non-selective detector, mon-
itoring the levels of all low molecular weight components in
free solution above the detection threshold, (ii) the technique is
fast and requires only low sample volumes, (iii) the informa-
tion content of NMR spectra is very high, with, for instance,
hundreds of human urine components being detected in 'H
NMR spectra of human urine, and most importantly and (iv)
NMR spectra are inherently rich in structural information on
each one of the components that are detected. For the struc-
ture elucidation of novel components in matrices as complex as
human urine, it is extremely advantageous to couple a separa-
tion technology to the NMR, as has been achieved by LC-NMR.
Improvements in NMR sensitivity and solvent suppression effi-
ciency have made LC-NMR a viable and important tool for the
identification of components in complex mixtures. The recent
introduction of suppression methods which can be tailored to

the width of the solvent peak allows the observation of signals
close to the solvent, on-flow. However, to solve the molecu-
lar structure of a novel substance by NMR spectroscopy alone
is often impossible. LC-MS is a well-established technology
for determining the molecular weights of components in mix-
tures with excellent sensitivity but, as the ionisation process used
for most LC-MS applications is relatively ‘soft’, little struc-
tural information is obtained. Coupled, on-line LC-NMR-MS
is the logical combination of these two powerful and comple-
mentary analytical techniques. This technology can be imple-
mented using commercially available equipment, paying par-
ticular attention to operation of the chromatograph and mass
spectrometer within the stray field of the NMR magnet. The
ionisation characteristics of biomolecules differ sufficiently that
the mass spectrometer used in the system should be equipped
to perform the full range of ionisation modes typically used in
metabolism studies. Using LC-NMR-MS its can obtain UV,
NMR and mass spectral data from components in mixtures as
they elute from an HPLC in a single chromatographic run. This
avoids the potential problem of mis-interpreting data from chro-
matographic components which change their elution order with
small variations in HPLC conditions. The LC-NMR-MS tech-
nique gives far more structure elucidation power than available
previously to solve the structures of components in complex
mixtures rapidly and efficiently. Burton et al. [298] demonstrate
the effectiveness of this new technology by its application to the
analysis of the structures of the metabolites of PCT in human
urine.

Finally, TLC remains a popular method for qualitative anal-
ysis and for the screening of samples such as urine for drugs.
However, when compounds of interest are detected by this type
of screening, confirmation of the identity of the compound(s) of
interest is then usually undertaken using another method such as
gas chromatography mass spectrometry (GC-MS). Very often
this requires that the sample be subjected to extraction and sub-
sequent derivatisation before the analyte is in a suitable form for
chromatography. However, if the aim of the analysis is confirma-
tion of identity, then the use of mass spectrometric techniques
directly on the material present in the TLC spot/band repre-
sents a practical alternative to GC/MS, etc. In previous studies
its have demonstrated the application of TLC/MS, and more
recently TLC/tandem mass spectrometry (MS/MS) to a variety
of compound types. This has included the use of TLC/MS and
TLC/MS/MS for the identification of natural products, drugs
and metabolite and industrial chemicals in a variety of matri-
ces and from various TLC stationary phases. The results of
studies using TLC/MS and TLC/MS/MS on non-steroidal anti-
inflammatory drugs, analgesics and metabolites, both as pure
substances and when present in urine extracts are presented
[299]. TLC was combined successfully with mass spectrom-
etry and with tandem mass spectrometry using silica gel and
diol-bonded silica gel high performance TLC plates. The diol-
bonded phase was found to be superior for use with biological
samples and enabled the identification of paracetamol, ibuprofen
and salicylhippuric acid (the major metabolite of acetylsali-
cylic acid) in human urine extracts following normal therapeutic
doses.
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Table 6

Determination of paracetamol in biological fluids by chromatographic methods

Other components Method Remark Reference

- HPLC Ether extraction; on a 10 pm particle size silica gel column, using a mobile phase [300]

of 10% chloroform in terehydrofuran; in urine

- Reversed-phase HPLC With a single-step extraction; in plasma [301]

- HPLC Applicable to single-dose pharmacokinetic studies; in plasma [302]

- HPLC Improved PCT assay sensitivity by modification of HPLC [303]

Its major metabolites Micro-HPLC In plasma and urine [304]

Theophylline HPLC Extraction from postmortem tissues and urine [305]

Its four major metabolites Reversed-phase HPLC In mouse plasma samples; an ODS column was used and the mobile phase [306]

(glucuronide, sulphate, consisted of an aqueous solution of 0.01 M tetrabutylammonium chloride and

cysteine and mercapturate 0.01 M tris buffered to pH 5.0 with phosphoric acid, with methanol as the organic

conjugates) solvent. The gradient elution started with 30% methanol. After a delay of 0.5 min
the methanol concentration was increased linearly to 75% over 7.5 min. The
column was returned to the initial conditions after a delay of 1 min

- HPLC with dual-electrode In blood and plasma; samples prepared by precipitation with trichloroacetic; in the ~ [307]
coulometric quantitation redox mode (oxidation at +0.25 V followed by reduction at —0.15 V)

- Micellar LC with a wall-jet The separations were carried out in an analytical column packed with Cyg [308]
cell/carbon fibre stationary phase and the mobile phase was 0.05 mol 1~! sodium dodecyl sulphate
microelectrode containing 3% (v/v) n-propanol at pH 7.15; direct injection of urine

Its major metabolites Reversed-phase HPLC Employing UV detection (248 nm), 5 wm resolve Cig as stationary phase and [309]

0.1 M potassium phosphate monobasic/methanol/glacial acetic acid (95:4:1, v/v/v)
as mobile phase; in urine

Pyrimethamine, sulphadoxine =~ HPLC In human plasma; after an automated liquid—solid extraction on a Cg cartridge, the ~ [310]

compounds are separated on a Cjg column by isocratic elution; the mobile phase is
methanol—acetonitrile-water (10:25:65, v/v/v) with triethylamine (1%) and
adjusted to pH 5.6 with phosphoric acid. The eluent is monitored with an
ultraviolet detector at 240 nm. Sulphadimethoxine is used as an internal standard

Sulphapyridine HPLC Indirectly indicative of gastric emptying and orocecal transit, respectively. [311]

Extraction of the drugs from serum was achieved with chloroform:isopropyl
alcohol (7:3). Analysis was performed with a mobile phase comprising 1.9%
tetrahydrofuran in 0.01 M sodium acetate buffer adjusted to pH 4.5 through a
YMC-Packed C g column at a flow rate of 1.0 mlmin~! and UV detection at
254 nm. The detection limit is 0.2 wgml~! for paracetamol and 0.1 pg ml~! for
sulphapyridine

- Reversed-phase HPLC In human serum; the time of proper analysis does not exceed 15 min. The linear [312]

response of the detector has been proved for the range of 1-80mg 1~

Acetanilide, phenacetin GC-MS By the use of deuterium labelled analogues; in plasma and urine [313]

- GC Plasma proteins precipitated with sulphotungstic acid, supernatant liquid mixed [314]

with pyridine, PCT extracted by salting-out with sodium sulphate

Phenacetin Capillary column Phenacetin and unconjugated paracetamol are analysed in a single [315]

GC-negative-ion MS

chromatographic run while total paracetamol is measured separately after
enzymatic hydrolysis. The two compounds, and the deuterated analogues used as
internal standards, are analysed as their trifluoroacetyl derivatives and the mass
spectrometer is operated in the electron-capture negative-ion chemical ionisation
mode

Other chromatographic methods proposed for determination
of paracetamol in biological fluids are summarised in Table 6.

5. Capillary electrophoretic methods

Capillary electrophoresis (CE) is a very sensitive separa-
tion technique that has been developed based on the knowledge
acquired from HPLC. CE allows the separation of biomolecules
with high performance where HPLC fails. Certain CE methods
are a hybrid between electrophoresis and chromatography, such
as electrochromatography.

With respect to PCT, CE is used in diverse instances for
resolving different questions. Therefore, in the last few years
several CE methods have been developed for determination
of PCT [316-318] using micellar electrokinetic capillary chro-

matography (MECC), which is a modification of CE combin-
ing the advantages of CE and chromatography. This technique
is employed when PCT has to be separated effectively from
plasma proteins [317]. However, these methods have not been
used for separation of paracetamol glucuronide and paraceta-
mol. For separation of glucuronides and their corresponding
aglycones like morphine and its 3- and 6-glucuronide or 7-
hydroxycoumarin and its glucuronide, there are some CE meth-
ods described in the literature, whereas no data are available
dealing with the separation of paracetamol glucuronide and
paracetamol. A CE method was developed using paracetamol
glucuronide as a novel probe for human 3-glucuronidase activ-
ity [319]. Using UV detection without prior sample clean-up
procedures, fast and reliable quantitation of the released parac-
etamol was possible. The new drug composite pseudoephedrine
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hydrochloride tablets are used for the treatment of the symptoms
of the common cold and influenza. The tablet contains pseu-
doephedrine (PSED) as a vasoconstrictor for reducing nasal con-
gestion, dextromethorphan hydrochloride (DEMP) as a cough
suppressant and paracetamol as an analgesia and antipyresis.
About PSED, PCT and DEMP, some analytical methods have
been reported. The official analytical methods are based on titra-
tion for PSED, spectrophotometry and thin-layer chromatogra-
phy for PRT and liquid chromatography for DEMP. But these
methods are only suitable for the general determination in sin-
gle ingredient of compounds. Several methods have appeared in
other literatures, including TLC, GLC, HPLC and spectropho-
tometry for monitoring the mixture which contain PSED, PCT
and DEMP. However, TLC and spectrophotometry need com-
plex procedures and LC requiring some solvents might result in
pollution and both of them consume long time to complete the
separation. Therefore, it is necessary to develop a new analytical
procedure, which can save separation time and decrease the cost
of the determination.

CE offers possible advantages over LC in terms of separa-
tion time, solvent pollution and analysis expense. It has been
reported as a powerful tool for a wide range of analysis, includ-
ing many applications to the determination of drugs, such as the
main component determinations, drug-related impurities esti-
mations, chiral separations, etc. The monitoring of PCT and its
metabolites in human body by CE has been reported [319-321],
but there were no papers for the simultaneous determination of
PSED, PCT and DEMP by CE. A simple, rapid and specific CE
method has been developed for the separation and determination
of PSED, PCT and DEMP with UV detection [322]. The CE
was performed in 20 mmol1~! sodium phosphate buffer solu-
tion (pH 7.0). The three ingredients were completely separated
within 5 min, and quantified with an UV detector at 200 nm.

Also, a simple, reliable screening method was developed
that allows identification of the drug and/or its metabolites
in urine after oral application of paracetamol, acetylsalicylic
acid, antipyrine, ibuprofen, naproxen, ketoprofen and propy-
phenazone by their migration in CE and by their UV spectra
recorded with a diode-array detector in a common CE-UV sys-
tem with 50 mM borax pH 9.4 as separation buffer [323]. For the
CE-electrospray (ESI)-MS coupling a volatile 50 mM ammo-
nium acetate buffer at pH 9.8 was used. In order to analyse
the metabolic pattern in more detail different methods were
developed for each drug. The separation of the metabolites of
acetylsalicylic acid could be improved by injection of the urine
sample at the cathodic side of the capillary. In order to identify
antipyrine as neutral compound as well as its neutral metabolites
a micellar electrokinetic chromatography (MEKC) method was
developed.

During the past decade, considerable interest has been
focused on micro-total analysis system (WTAS) or so called “lab-
on-a-chip”, and particular attention has been paid to capillary
electrophoresis microchips due to its advantages over conven-
tional analysis methods, such as rapid separation speed, high
separation efficiency, low reagent consumption, reduced pro-
duction of waste and use of energy and its potential portability
and disposability. As yet, the W TAS has been developed, refined

and applied to a variety of chemical and biological problem. The
microfluidic devices developed in the early years were mostly
fabricated from silicon and glass using photolithography and
etching technique. However, these fabrication processes were
costly, time-consuming, labour-intensive and clean-room condi-
tions were required. The fabricated microfluidic devices are also
fragile and mass production is not easy to be achieved. Recently,
polymeric microchips are of increasing interest because they
can offer attractive mechanical and chemical properties, low
cost, ease of fabrication, biocompatibility and higher flexi-
bility. Polymeric materials, including poly(dimethylsiloxane)
(PDMS), poly(methyl methacrylate) (PMMA), polycarbonate,
polystyrene (PS) and PET, have commonly been employed in the
fabrication of microfluidic devices, such polymeric chips have
been fabricated using laser ablation, plasma etching, imprint-
ing, hot embossing, injection molding and compression molding
techniques. Recently, it is described a very simple microfab-
rication process based on direct printing for mass production
of microfluidic devices at very low cost. Compared to pho-
tolithography approaches, this process is an attractive alternative
to other expensive, laborious and time-consuming methods for
microchannels fabrication. However, it is found that such chips
are not so durable during the operation procedures due to pos-
sible toner falling off the transparency in experiments. There-
fore, it is proposed an improved method for fabricating PET
microchips with high stability and durability. In this method,
PET films with adhesive film were finally plastified on the
microchips.

Since Mathies et al. developed a microchip-based CE-EC
system for indirect electrochemical EC detection of DNA, EC
detection has been offered great promise for designing self-
contained and totally disposable WTAS. There are several advan-
tages associated with EC detection such as extremely low cost,
low power requirement, high selectivity, remarkable sensitiv-
ity, inherent miniaturisation and high compatibility advanced
micromachining and microfabrication technologies. EC detec-
tion has been proven to be a promising detection method and the
most widely reported for microchip. Rapid separation and deter-
mination of PCT and its hydrolysate with end-channel electro-
chemical (EC) detection integrated on a plastified poly(ethylene
terephthalate) (PET)—toner microchip capillary electrophoresis
system was proposed [324]. In this separation and detection sys-
tem, a Pt ultramicroelectrode integrated on a three-dimensional
adjustor was used as working electrode.

CE with UV detection has been applied for determination
of paracetamol in tablets [325,326], and a CE/MS procedure
has also been reported for determination of paracetamol and
its metabolites in biological fluids [321]. Major drawbacks of
CE with UV detection are its sensitivity. Chemiluminescence
detection has been proven to be one of the most sensitive detec-
tion technologies, and the costs of the instrumental set-up for
CL detection are relatively low. Therefore, CL detection has
become an attractive detection scheme for sensitive detection
in CE. Indirect detection of paracetamol was accomplished
using a capillary electrophoresis—chemiluminescence (CE—-CL)
detection system, which was based on its inhibitory effect on
a luminol—potassium hexacyanoferrate(Ill) (K3[Fe(CN)g]) CL
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reaction [327]. PCT migrated in the separation capillary, where
it mixed with luminol included in the running buffer. The sepa-
ration capillary outlet was inserted into the reaction capillary
to reach the detection window. A four-way plexiglass joint
held the separation capillary and the reaction capillary in place.
K3[Fe(CN)g] solution was siphoned into a tee and flowed down
to the detection window. CL was observed at the tip of the sepa-
ration capillary outlet. The CL reaction of K3[Fe(CN)¢] oxidised
luminol was employed to provide the high and constant back-
ground. Since PCT inhibits the CL reaction, an inverted PCT
peak can be detected, and the degree of CL suppression is pro-
portional to the PCT concentration. Maximum CL signal was
observed with an electrophoretic buffer of 30 mM sodium borate
(pH 9.4) containing 0.5 mM luminol and an oxidiser solution of
0.8 mM Kj3[Fe(CN)g] in 100 mM NaOH solution.

Among the CE techniques employed for the analysis of ASA,
PCT and CAF, interesting results were obtained using capillary
electrochromatography (CEC) coupled with nuclear magnetic
resonance (NMR) [328], however, the analytical method is very
expensive and requires experience in the field.

The usefulness of CEC for the analysis of ASA or PCT was
demonstrated by Altria et al. [329] and CAF in combination with
other correlated substances and PCT using a normal-phase CEC
[330]. CEC is a recently developed separation technique com-
bining the best properties of capillary electrophoresis (high effi-
ciency) with those of HPLC, i.e. high selectivity and increased
sample loading which has recently generated great interest espe-
cially in the analytical field. In CEC the mobile phase and the
analytes, under the influence of a relatively strong electric field,
are driven to the detector through a capillary usually packed
with a stationary phase employed in HPLC. Solutes are sep-
arated according to their partitioning coefficient between the
two phases and, when charged, their electrophoretic mobility
should also be considered. A strong electroosmotic flow (EOF)
is necessary in order to speed up the CEC analysis and this can
be easily obtained by using classical reversed-phase stationary
phases where free silanol groups are present. As in CE, the EOF
has a nearly flat flow velocity profile with reduced dispersion
compared to LC, leading to a high efficiency. Reversed-phase
CEC has been successfully used for the separation of neutral
drugs and acidic compounds. The major factor holding back its
further development has been the perceived inability of CEC
to analyse basic compounds. In fact, the analysis of basic com-
pounds often results in broad peaks and serious peak tailing.
The same residual silanol groups that are essential for creating
the EOF cause this tailing. Pharmaceuticals (and their impuri-
ties) are often basic, and, therefore, the application of CEC to
pharmaceutical analysis can be often problematic. However, the
addition of a competing amine to the mobile phase at low pH,
has been proposed to improve the separation of basic substances
by reversed-phase CEC.

The separation and simultaneous determination of caffeine,
paracetamol and acetylsalicylic acid in two analgesic tablet for-
mulations was investigated by capillary electrochromatography
[331]. The effect of mobile phase composition on the separa-
tion and peak efficiency of the three analytes was studied and
evaluated; in particular, the influence of buffer type, buffer pH

and acetonitrile content of the mobile phase was investigated.
The analyses were carried out under optimised separation con-
ditions, using a full-packed silica capillary (75 pmi.d.; 30.0 and
21.5cm total and effective lengths, respectively) with a 5 um
Cg stationary phase. A mixture of 25 mM ammonium formate
at pH 3.0 and acetonitrile (30:70, v/v) was used as the mobile
phase. UV detection was at 210 nm.

6. Water analysis

Back in 1977, during water control studies, the penetration of
the aquatic environment by pharmaceutical products and their
metabolites became apparent. The pharmaceutical industry can
be exonerated because of the stringent guidelines and waste
control systems to which drug manufacture is subject. Neverthe-
less, the growing production of drugs for human healthcare and
veterinary applications results in increasing amounts of highly
biological active material being discharged into the environment.
Nowadays it is known that the ‘domestic’ pathway, via munici-
pal sewage treatment plants, is the main route of pharmaceutical
substances into the aquatic environment. Due to their polarity,
persistence and water solubility, most drugs and metabolites
are able to pass through the wastewater treatment plants. Low
adsorption on sludge and soil may cause the contamination of
surface and ground water. Consequently, the quality of drinking
water produced from this ground water or river bank filtrate may
be endangered. The monitoring of wastewater effluents, surface
and tap water has demonstrated the widespread distribution of
pharmaceutical substances. Although detailed knowledge about
the ecotoxicological effects of these compounds is still lack-
ing, these contaminants must be classified as environmentally
relevant.

The widespread occurrence of endocrine disrupting com-
pounds and the consequences for the ecosystem are often dis-
cussed separately from pharmaceutical substances. Extensive
ecotoxicological studies have revealed the variety of effects of
hormone-disrupting chemicals on organisms. A wide range of
industrially produced and applied chemicals, such as pesticides,
alkylphenols formed from surfactants and plasticisers such as
phthalates, display estrogenic effects. One of the main prob-
lems when collecting data about the occurrence, distribution
and behaviour of biologically active substances in the envi-
ronment is that trace analysis is required for a great variety
of compounds. The polar, water-soluble pharmaceuticals are
present in trace amounts, and in the case of surface water or
wastewater, they are accompanied by complex organic matter.
Nowadays, modern analytical methods combine sample enrich-
ment (solid-phase extraction, SPE), derivatisation and GC-MS
analysis using selected-ion monitoring for trace-level detection.

Investigations were often limited to the analysis of selected
individual compounds, because the diverse range of analytes
required highly specialised sample preparation and enrichment
procedures. A solid-phase microextraction (SPME) method for
determining trace amounts of polar, biologically active sub-
stances in water systems was developed and compared with
solid-phase extraction followed by derivatisation and GC-MS
[332]. SPME was examined with respect to the simultaneous
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determination of pharmaceuticals such as ibuprofen, parac-
etamol, phenazone, carbamazepine and nonylphenols known
to be xenoestrogens. The extraction performance of different
SPME fibre coatings was studied. Coatings like polyacrylate and
Carbowax—divinylbenzene proved to be the best suited. Meth-
ods for the determination of drug residues in water have been
developed based on the combination of liquid chromatogra-
phy (LC) or capillary electrophoresis with mass spectrometry
(MS). For HPLC-MS two types of interfaces (pneumatically
assisted electrospray ionisation interface or an atmospheric pres-
sure chemical ionisation interface, respectively) were employed
and compared in terms of detection limits [333]. Ammonium
acetate (2mM) at pH 5.5 and a methanol gradient was used
for the HPLC-MS allowing the separation of a number of
drugs such as paracetamol, clofibric acid, penicillin V, naproxen,
bezafibrate, carbamazepine, diclofenac, ibuprofen and mefe-
namic acid. A 20 mM ammonium acetate solution, pH 5.1 was
employed for the separation of clofibric acid, naproxen, bezafi-
brate, diclofenac, ibuprofen and mefenamic acid by CE-MS.
Sample pre-treatment was performed by solid-phase extraction
for HPLC-MS or by a combination of liquid—liquid extraction
and SPE for CE-MS. The applicability of both the HPLC-MS
and CE-MS method was demonstrated for several river water
samples.

A simple method is presented for the analysis of 13 pharma-
ceutical and pharmaceutical metabolite compounds in sewage
effluents and surface waters [334]. The pharmaceutical com-
pounds were extracted using a generic solid-phase extraction
procedure using Phenomenex Strata X as a stationary phase.
Extracts were quantitatively analysed by four separate reversed-
phase high performance liquid chromatography—electrospray
tandem mass spectrometry (HPLC-ESI-MS/MS) techniques
and quantified by comparison with an internal standard (["3cy-
phenacetin).

7. Conclusions

The first and principal conclusion is that there is very much
papers that report the determination of paracetamol in formu-
lations in comparison to the papers where it is described the
determination of this compound in biological fluids.

Numerous methods have been used for the determination of
paracetamol in pharmaceutical formulations including titrime-
try, UV/vis spectrophotometry, spectrofluorimetry, near infrared
transmittance spectroscopy and others. Recently, several flow-
injection (FI) methods for the determination of paracetamol have
been proposed using an UV/vis spectrophotometer, fluorimeter,
multioptosensor or Fourier transform infrared spectrophotome-
ter as a detector. However, some of these methods are less
convenient for the determination of paracetamol in pharmaceuti-
cal formulations because the methods are based on the hydrolysis
of paracetamol sample to 4-aminophenol, which then produced
a coloured complex compound by an appropriate reaction which
may increase the reagent consumption, time required for analysis
and possibility of sample contamination. A sample preparation
step prior to the determination makes the above-mentioned pro-
cedures somewhat laborious and less attractive for multisample

analyses. This is often a limiting factor in the chemical and phar-
maceutical industries, where a large number of samples must be
assayed for quality control purposes. Simpler procedures per-
formed in a shorter time are preferred and analytical procedures
that do not involve use of chemicals and/or sample pre-treatment
steps are then a good alternative. In this context, a proposed alter-
native is FI with CL.

Also, near infrared and FT-Raman spectroscopy have been
used for paracetamol determination in the solid phase. How-
ever, quantitative determinations with these techniques are only
feasible by applying chemometric algorithms, especially in rela-
tion to NIR, where the spectra do not have high resolution, and
complex-calibrating models must be constructed. In this way,
spectrofluorimetry in the UV/vis region can be used to per-
form the measurements directly in the solid matrix, leading to
favourable characteristics.

On the other hand, the resolution of the mixtures contain-
ing two or more different analytes without using a chemical
separation and a graphical procedure is one of the main prob-
lems of the classical analytical chemistry. With the develop-
ment of chemometric techniques such as classical least-squares,
inverse least-squares, partial least-squares and principal least
component regression, a lot of the problems of the simultaneous
analysis of two or multicomponent mixtures have been solved.
Although these methods are very easy to apply to spectrophoto-
metric, chromatographic and electrochemical quantitative anal-
ysis, they require data processing with powerful softwares as
well as the manipulation of the abstract vector space and its
application to regression analysis.

Also, in the spectrophotometric studies, normal derivative
and ratio spectra derivative spectrophotometry have been used
for the quantitative resolving of the binary and ternary mixtures
of paracetamol. Unfortunately, in some cases these two methods
have a great disadvantage: higher derivative process diminishes
the peak amplitude and it is difficult to find zero-crossing points.
For this reason, the sensitivity of the method decreases. On the
other hand, the ratio spectra derivative method leads us to an
infinite value of ratio spectra in some cases.

With respect to the determination of PCT in biological flu-
ids, there are few methods in the literature. The determination
of paracetamol and its metabolites in biological fluids (urine,
plasma and serum) has usually been carried out using either
chromatographic or electrophoretic techniques. Conventional
photometric and fluorimetric methods have occasionally been
reported for the determination of paracetamol and its metabolites
in biological fluids, as they are preferred for the determination
of this compound in pharmaceuticals.

Urinary screening of paracetamol is usually carried out using
either acid or enzymatic hydrolysis of the analyte to yield
p-aminophenol; there is growing interest in developing rapid
response analytical systems devoted to the determination of
clinical parameters, as the result obtained will condition the
course of treatment to be administered to the patient. A sam-
ple screening system provides a binary yes/no response, which
indicates if the target analytes are present above or below a
pre-set concentration; their potential in analytical chemistry
has been recently pointed out. The most favourable situation
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Table 7

Comparison of diverse methods for the determination for paracetamol

Method Calibration range Detection limit Recovery (%) R.S.D. (%) Reference
HPLC 1.5-200 pgml~! 50ngmi~! 97.9-102.8 0.2-12.3 [292]
Flow-through UV optosensing device 0.5-8.0 ugmil~! 0.022 pgml~! - 1.24 [94]
HPCE 1-100 pM 0.5 uM - 1.4-2.07 [317]
HPTLC 120-360 g ml~! 1.8 pgml~! 96-103 - [255]
MBKC 260520 pg ml~! 0.5pgml! 95-103 0.47-0.9 [258]
Flow solid-phase UV spectrophotometry 3-30 pgml~! 0.104 pgml~! Close to 100 0.6 [95]
HPLC and SFC 0.3-20 pg ml~! 0.1-0.2 g ml~! >99.2 2.69 [267]
IC 0.5-7mgl~! 0.06mg1~! - - [244]
FTIR spectrometry 2-10mg 1! 0.34mgl1~! - - [158]
CE 0.5-100 uM 0.25 uM - 24-11.8 [319]
MIP-BAW sensor 5.0x 1073 t0 0.1 uM 5.0x 1073 pM 93.3-106.7 4.69-6.55 [212]

is when the screening method can be used with no sample pre-
treatment.

Many analytical methods are employed for quality control,
stability testing, identification and clinical studies before bring-
ing a drug product from the discovery stage to the commercial
market. Analysts choose from a number of techniques, such as
NMR, MS, separations, spectroscopy and electrochemistry, each
having its own advantages. Electrochemistry has many advan-
tages making it an appealing choice for pharmaceutical analysis.
Most electrochemical techniques have excellent detection lim-
its and a wide dynamic range. The role of electrochemistry in
pharmaceutical analysis has been well defined, and is likely to
get preference when low analyte concentrations, small sample
volumes or complex sample matrices requiring high specificity
challenge the analytical method.

Comparison of the results of the determination of paraceta-
mol obtained by several methods is shown in Table 7. Compared
with several current techniques for the assay of paracetamol, the
MIP-BAW sensor has some advantages. It has the same specific
recognition selectivity as immunoassay but with the advantage
of stability and cheap reagents. Furthermore, the instruments
of the MIP-BAW sensor are simpler and cheaper than that of
high powered liquid chromatography (HPLC), CE and IC. At
the same time, the procedure and pre-treatment for the MIP
sensor are simple and easy. Also, flow-injection analysis with
biamperometric detection offers the advantages of the selectivity
of biamperometry due to low applied potentials and those from
the FIA methodology like increased reproducibility and sample
throughput of the inherently lower dispersion of FIA.

On the other hand, HPLC methods are simple, rapid and sen-
sitive and therefore suitable for the routine analysis of PCT and
other compounds presents in multidrug pharmaceutical prepa-
rations. Most methods for determining paracetamol in biologi-
cal samples use HPLC or gas chromatography. Other methods
include enzymatic and colorimetric techniques. Methods that
use a small volume of blood are desirable in situations where
the collection of larger volumes is not feasible. Also, other fea-
tures which are desirable are simplicity of sample preparation
and general availability of the analytical instrument required for
analysis.

Studies involving the disposition of paracetamol in humans
frequently require a sensitive, accurate and precise assay that
is capable of quantifying paracetamol and its major metabo-

lites within the same analytical run in both plasma and urine.
Very few analytical methods are available that measure the
two major metabolites of paracetamol directly and even fewer
have the accuracy, precision and sensitivity to analyse samples
from single-dose pharmacokinetic studies. HPLC is also used
for measurement of the concentrations of paracetamol and its
two major metabolites simultaneously in plasma and in urine.
An additional advantage of the method is that concentrations
in low volumes of plasma obtained from a finger-prick may be
measured with sufficient sensitivity to characterise the concen-
trations in plasma versus time profiles over almost two orders of
magnitude.

Finally, the capabilities of CE for the determination of drugs
and their metabolites in body fluids are demonstrated. In urine
samples, paracetamol and its main compounds could be deter-
mined directly by a simple, rapid and reliable assay. In particular,
the good separations of the conjugates reveal the advantages of
this analytical method for the investigation of metabolites. The
injection of a water zone behind urine samples prevented the
peaks from tailing and, thus, supported the direct determination
in complex media like urine. The use of CE-MS and CE-DAD
on-line detection accelerates and ensures peak identification in
electropherograms, especially when urine samples of patients
with co-medications, like patients under anticancer therapy, have
to be analysed. In order to analyse paracetamol and its metabo-
lites in serum, ultrafiltration was found to be the most suitable
preparation to solve the problems that arose.
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