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Abstract

Taurine plays an important role in a variety of physiological functions, pharmacological actions and pathological
conditions. Many methods for taurine analysis, therefore, have been reported to monitor its levels in biological samples. This
review discusses the following techniques: sample preparation; separation and determination methods including high-
performance liquid chromatography, gas chromatography, ion chromatography, capillary electrophoresis and hyphenation
procedures. It covers articles published between 1990 and 2001.
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1 . Introduction as a legal food additive has now been widely used in
many countries. Nonetheless, some researches show

Taurine (2-aminoethanesulfonic acid) is a free, that taurine of the right amount can protect liver
conditionally essential, non-protein, sulfur-contain- from free radicals, and excess taurine will do harm to
ing b-amino amino acid occurring widely in mam- liver [4]. A reliable method to analyze taurine in
mals’ especially halobios’ fluids and tissues. It is one foods for quality control purpose is required. The
of the final end-products of cysteine metabolism in results can be used to evaluate nutritional signifi-
mammals and is excreted in urine. Its levels varied cance of taurine. Since taurine analysis is one of the
significantly in different biological samples, ranging fundamental measurements of biological sciences,
from high mM concentrations (50–100mg/ml in with applications in every aspect of biological re-
plasma) in several vital organs to a very low search, clinical medicine, biotechnology (agriculture,
concentration in several tissues and physiological medicine) and food technology, depending on the
fluids (1–50mM). Considerable evidence has dem- purpose of analysis, and driven increasingly by a
onstrated that taurine not only has physiological need for higher sensitivity, analysis of taurine in
functions, which is able to act as a neurotransmitter, various biological samples is an active area at
antioxidant, modulator of intracellular calcium levels present.
and osmolyte, etc., but also has pharmacological Taurine is an organic weak acid with dissociation
actions, which are able to protect the liver and constant pK 54.96. It is an amphoteric compounda

benefit the gallbladder, to lower blood pressure and and is easily soluble in water, and can be extracted
increase anti-arrhythmia, etc. Its pathological func- directly with water. It keeps stable in the process of
tions show that changes of taurine levels in physio- cooking because of its high melting point (.3008C).
logical fluids and tissues also has a close relationship It also remains stable in acids and bases. It has no
with many diseases such as Alzheimer’s disease, ultraviolet chromophore and relies on derivatization
cardiovascular diseases, hypercholesterolemia, epi- to permit ultraviolet or fluorescence detection.
lepsy and other seizure disorders, etc. So, clinically, Based on these physicochemical properties, many
taurine has been used with varying degrees of separation methods for taurine analysis in biological
success in the treatment of a wide variety of con- samples have been reported. In this paper, only the
ditions, including: cardiovascular diseases, hyper- developments since 1990 in separation methods for
cholesterolemia, epilepsy and other seizure disorders, taurine analysis are reviewed.
macular degeneration, Alzheimer’s disease, hepatic
disorders, alcoholism, and cystic fibrosis. However,
the use of taurine as a drug to treat specific diseases2 . Sample preparation
has been limited. Thus, analytical methods with high
sensitivity, selectivity and rapidity for precise assay The most challenging thing in taurine analysis is
of taurine are required, and the results can be used to that taurine is present at low concentrations in
diagnose diseases. complex biological samples. The assay of taurine

Taurine is found in high concentrations at birth, therefore may suffer from interferences of biological
decreasing rapidly with age [1]. Human, nonhuman matrices. In addition, the concentrations of taurine in
primate species and cats have a very limited ability some samples were variable. So, developing a suit-
to synthesize taurine, so they are prone to develop able procedure for the collection and pretreatment of
taurine deficiency and largely dependent on an various biological samples was the first step for a
exogenous source. Patients with depleted taurine veracious determination of taurine.
concentrations may suffer from immunodeficiency,
cardiomyopathy, retinal degeneration and growth 2 .1. Sampling and storing
retardation, especially if deficiency occurs during
development [2,3]. All these findings have encour- The concentration of taurine in biological samples
aged the use of taurine in infant formula, nutritional was not only affected by the health condition, dietary
supplements and energy promoting drinks. Taurine habit [5], but also by the collecting time, sampling
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mode, pretreatment and storage method, etc. For [14] compared the differences between the untreated
example, blood samples should be pretreated imme- CSF sample and the just deproteinized sample. They
diately after collection. For this reason, how to found that when samples were stored at220 or
sample and store the samples without being contami- 280 8C for .14 days, the concentration of taurine
nated was the first factor for the accurate determi- showed a significant decrease in comparison with the
nation of taurine in all kinds of biological samples. content of taurine in the fresh aliquots. However,

For powdery and granular samples, such as milk when samples were deproteinized and centrifuged,
powder [6], infant formula [7], medicine [8], etc., it the clear supernatants were immediately adjusted to
is as simple as dissolving the samples in pure water pH 7.3 with sodium bicarbonate and stored at220
at a suitable concentration. Then, the sample could or280 8C, no significant difference was found in
be used for the next treating process or stored at 48C taurine concentrations of the CSF sample during the
until analysis. 30-day period. Therefore, In order to avoid artificial

Most liquid samples are physiological ones, such changes of taurine concentrations caused by in vitro
as urine, cerebrospinal fluid (CSF) and blood (in- modifications of amino acids and the tendency for an
cluding plasma and serum, etc.). For urine, all 24 h increased taurine value at high temperature in CSF
samples should be collected. For some animals, sample, the authors suggested that native CSF should
emiction does not occur every day, therefore a mid- be stored for no longer than a few hours. If CSF
time of 2 days should be used as reference time. If samples could not be determined in a very short
there is some hair or food debris in the sample, it period, it was strongly recommended to deproteinize
must be removed in the first place by centrifugation samples immediately following the sampling and
[5]. When urine was analyzed by ion chromatog- neutralize the supernatant of the acidified CSF after
raphy, the sample pretreatment was as simple as centrifugation. Then the sample could be stored at
dilution [8]. As for high-performance liquid chroma- 220 or 280 8C [13] for a relatively long time.
tography (HPLC) techniques, the urine sample must As for blood samples, the technique of blood
be deproteinized directly either by adding some collection will not give serious problems for the
protein precipitant [9] or be diluted with buffer, and quantitation of taurine. However, the time of blood
then adjusted to nearly neutral prior to the de- withdrawal and the allied problem of dietary intake
proteinization process [10]. With mass spectrometry may be another reason for varying results between
(MS) detection, urine sample could be hydrolyzed laboratories. Fortunately, this could be standardized
with 12 mol / l hydrochloric acid and then purified by by taking blood samples between 08.00 and 09.00 h
anion/cation-exchange chromatography [11]. If a after overnight fasting. Most laboratories collected
urine sample could not be treated in time, it should blood by venipuncture into tubes containing anti-
be stored frozen at224 8C until assay [9]. coagulant heparin [15], potassium ethylenediamine-

When a CSF sample was collected, much care tetraacetic acid [16] or sodium citrate [17] and then
should be taken to make the sample free of blood. centrifuged them into several parts such as plasma
Since CSF is quite ‘‘clean’’, derivatization could be and serum with various centrifugal conditions. When
done directly on the sample without any pretreatment the sample was collected with narrow-bore syringe
if they were diluted enough prior to derivatization needle and centrifuged at high speeds, platelet
[12,13]. However, the dilution step itself may intro- (which contain high concentrations of taurine) would
duce contaminants, which interfere with the assay of be ruptured and platelet-poor plasma was obtained.
taurine at sub-picomol levels and may produce So, care should be taken to prevent hemolysis, which
incomplete derivatization. Moreover, after a few would lead to false increase in the concentration of
runs, strongly adsorbed compound accumulated on taurine. However, when the sample was taken using
the top of the column, affecting precision and a large-bore butterfly syringe and centrifuged at no
accuracy of chromatographic performance [13]. more than 150g, it was possible to avoid rupture of
Therefore, the CSF sample should be deproteinized the platelet and platelet-rich plasma could be ac-
immediately and the supernatant be used for de- quired [18]. Therefore, a large-bore butterfly syringe
rivatization or stored at220/280 8C. Anesi et al. was a better choice to avoid cell damage [17].
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Following the centrifugation, the sample should be sample concentrations and viscosities would not
deproteinated immediately or stored at280 8C until affect recoveries of taurine in the ultrafiltration
analysis [16]. process, taurine was not retained on the filter in this

With regard to tissue samples such as liver [19], experiment and the spinning time is not a critical
brain [20], kidney [21] and heart [10], they must be factor affecting the results. It only needed to prolong
immediately homogenized and extracted in a the spinning time so as to get sufficient sample
homogenizer with glass pestle after the collection, filtrate, which is inconvenient for routine analysis.
and then deproteinize the extracting solution. The Kelly et al. [18] made a comparison of acetonitrile
solutions used for homogenization and extraction precipitation and ultrafiltration for the deproteiniza-
include borate buffer [22], phosphate buffer [10], tion of plasma. They found that in order to recover a
sucrose solution [21] mixed solution (water–sodium usable volume of filtrate, the ultrafiltration cartridges

220tungstate–sulfuric acid, 7:1:1, v /v) [23], acetate (1.98?10 cut-off filter) were spun at 2000g for 90
buffer [24], methanol [25] and ethanol [26], etc. min. However, with the acetonitrile precipitation

´Aristoy and Toldra [27] compared the recoveries of method, the recovery of taurine was 99.2%, and the
taurine extracted from fresh pork muscle and dry- method was more expediently to execute than the
cured ham with 0.03 mol / l phosphate buffer (pH costly and lengthy ultrafiltration method. McMahon
7.4), 0.05 mol / l acetate buffer (pH 4.5) and 0.1 et al. [17] reported that few of the lower molecular
mol / l hydrochloric acid. The results indicated that mass interferents were removed during the ultrafiltra-
the highest taurine recoveries was obtained by using tion. So, the ultrafiltration method was not widely
0.1 mol / l hydrochloric acid. Boiling water could also used.
be used to extract taurine from tuna or squid meat A mixed solution of water, sulfuric acid and
[28]. In order to get the maximal recovery during the sodium tungstate was used for deproteinization of
homogenization process, the time of homogenization urine, plasma and homogenate of liver [24,29].
should be well controlled. Homogenization for 8 min Excellent recoveries could be obtained. However, it
was enough to get the maximum yield [27]. was a little complex to prepare the solution, this

method therefore did not appear to have been widely
2 .2. Deproteinization adopted.

Tcherkas et al. [30] found that protein precipi-
Removal of protein from the sample is a pre- tation with methanol was most suitable in combina-

requisite for the accurate detection of taurine at tion with a mobile phase containing 18% methanol.
sub-picomol levels, derivative formation and the Marks et al. [16] reported that after deproteinization
precision as well as accuracy of chromatographic with methanol and derivatization with pentafluoro-
performance. Both ultrafiltration and protein precipi- benzoyl chloride, perfect recovery of taurine in
tation techniques have been reported for the accurate plasma could be obtained.
assay of taurine in various biological samples. The Acetonitrile was a widely used solvent for the
widely used protein precipitation reagents include deproteinization of biological samples. Uhe et al.
mixed solution, organic solvents (acetonitrile, metha- [31] compared the efficacy of acetonitrile, TCA and
nol), acids [sulfosalicylic acid (SSA), perchloric SSA as deproteinizing agents. The results indicated
acid, trichloroacetic acid (TCA)], etc. The advan- that the three reagents had almost the same capacity
tages and disadvantages of these techniques are for deproteinization when taurine was determined.

´discussed below. Aristoy and Toldra [27] investigated the efficiencies
Ultrafiltration is a physical deproteinization tech- of acetonitrile, perchloric acid, SSA and TCA for the

´nique. Aristoy and Toldra [27] tested the efficiency deproteinization of muscle extracts. The results
220 221 indicated that acetonitrile was the best one in theseof 1.65?10 and 1.65?10 g cutoff membranes

protein precipitants. McMahon et al. [17] suggestedfor the filtration of pork muscle extracting solution.
220 that deproteinization by acetonitrile proved to be theThe recoveries of taurine with the 1.65?10 and

221 most facile and reproducible method of sample1.65?10 g membranes were 99.1 and 101.6%,
preparation and was the easiest to execute.respectively. Nicolas et al. [7] reported that the
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Rizzo et al. [13] evaluated the effects of several impurities could be introduced in the samples. On
precipitating agents on the levels of taurine in CSF. this account, the method was only used in a limited
It was found that acid agents resulted in a twofold range.
overestimate of free taurine. However, taurine was The sample pretreatment methods for typical
stable in organic solvents. With low amount of TCA, samples are listed in Table 1.
more than 99% protein could be removed and
protein-free supernatant could be easily got. So, they
considered TCA as the optimum protein remover for 3 . Separation methods
biological samples, which was also confirmed by
other workers [14]. In addition, perfect recovery 3 .1. Chromatographic methods
(97.8%) of taurine was obtained [2].

Perchloric acid proved to be another efficient 3 .1.1. High-performance liquid chromatography
deproteinization reagent for many biological sam- (HPLC)
ples, such as the homogenate of human heart muscle Before 1990, taurine determinations had been
biopsies [10], plasma [32], tissues [20,22,33], etc. carried out mainly by means of various automated
However, McMahon et al. [17] considered that when ion-exchange post-column derivatization (mostly
perchloric acid was used as protein remover, it was ninhydrin) methods, namely the amino acid analyzer.
subsequently difficult to raise the pH reproducibly The specificity and sensitivity for taurine in this
prior to derivatization. system are not always satisfactory, and the chroma-

As a protein-precipitating agent, SSA has got tography is often affected by coeluting compounds.
many applications in various biological samples, In addition, the process is time consuming (par-
such as urine [9], plasma [15], human breast milk ticularly if determination of all the other amino acids
[3], serum [12], tissue homogenate [19], etc. Water- is also required) and expensive. The derivatization
field [5] reported that the use of SSA was an reagents must be kept under nitrogen protection,
effective method, which could result in a higher which is inconvenient for routine analysis.
recovery of taurine from tissue homogenates than With HPLC techniques, the number of articles
perchloric acid or TCA. Ferreira et al. [3] carried out using the amino acid analyzer decreased [7,36–39].
recovery studies on two infant formulae samples, Developments involving reversed-phase (RP) HPLC
which had very high and very low concentrations of have attempted to avoid some of the inconveniences
taurine, respectively. The results indicated that the of all above-mentioned approaches, predominantly
mean recoveries of spiked taurine at three different utilizingo-phthalaldehyde (OPA) pre-column deri-
concentrations in the two samples were 98.8 and vatization procedures. RP-HPLC either in isocratic
99.2%, respectively. So, it could be concluded that or gradient elution modes has been routinely em-
irrespective of some problems encountered by sever- ployed with much success and seems to be the
al investigators, SSA still was the most widely used method of choice for determination of taurine in the
precipitant for the deproteinization of biological greatest variety of biological samples due to its high
samples. sensitivity and flexibility. The published HPLC

When a biological sample contains large amounts methods outnumber all other separation methods.
of amino acids other than taurine, which may The bulk of these are relatively involving pre- or
interfere with the determination of taurine, purifica- post-column derivatization followed by ultraviolet,
tion procedures by a cation-exchange column fluorescence and/or electrochemical detection to

1(Dowex 50W, 2.0 ml, 5.530.7 cm I.D., H form) improve both the quality of separation as well as
[35] or an ion-exchange column filled with both an detection sensitivity. An obvious advantage of pre-
anionic and cationic resin (Amberlite AG138, 200– column derivatization relatively to post-column de-
400 mesh, 0.5 ml and Amberlite AG50W-38, 200– rivatization is that it requires a basic HPLC system
400 mesh, 1 ml) have been proved practical. Taurine without extra reagent pumps, mixing manifolds and
could be washed out with water and good recoveries reaction coils, etc. So, pre-column derivatization
could also be obtained [5,11]. Unfortunately, extra HPLC methods are more often applied when analyz-
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Table 1
The sample pretreatment and separation methods for the typical biological samples

Sample Collection and preparation Deproteinization Storage (8C) Derivatization Instrument Separation Recovery (%) Ref.

Oyster powder Dissolved – – DNFB HPLC–UV detector mBondapak Phenyl column 100.8 [57]

Urine 24-h samples collected, diluted, centrifuged Ion-exchange resin220/280 OPA HPLC–fluorescence detector LiChrospher 100 RP-18 column 99.5962.13 [5]

Tissue Homogenized with perchloric acid Perchloric acid 280 OPA HPLC–electrochemical detector C IP Ultrasphere column 107.461.3 [20]18

CSF Centrifuged TCA 280 OPA HPLC–electrochemical and fluorescence detector C Rosil HL – [13]18

Human milk Centrifuged SSA 240 DNFB HPLC–UV detector mBondapak Phenyl column 95.8 [34]

Plasma Centrifuged Acetonitrile 270 OPA HPLC–fluorescence detector LiChrospher 100 C column 105 [31]18

Serum Centrifuged SSA 280 OPA HPLC–fluorescence detector LiChrospher 100 RP-18 column – [5]
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ing taurine in complex biological samples. Two post- 3 .1.1.1. o-Phthalaldehyde derivatization. OPA, in-
column methodologies using thiamine have also been troduced as early as 1971, is probably the most
reported [29,40]. As different derivatization reagent commonly used in RP-HPLC for the determination
will vary in reaction rate and stability, on-column of free amino acids including taurine in complex
fluorescence derivatization for the determination of biological samples, such as tissue homogenates,
taurine in foods was reported [41]. On-column urine, infant formulae and serum, etc. [5,13,20,45–
reactions provided a means to obtain reproducible 48]. OPA reacts with taurine in the presence of a
labeling conditions, which enabled one to obtain reducing agent, such as 2-mercaptoethanol (2-ME)
precise analytical results. [5,13,46–49], urea [51] or sodium sulfite [52] to

Usually, HPLC methods developed for amino acid form a substituted isoindole ring. The derivative not
analysis could be applied to the determination of only has a strong absorbance at 260 and 340 nm but
taurine without any modification [9,15,19,24,25, also a strong fluorescence at 475 nm, which was at
30,31,33,42–44]. The main disadvantage of these least 20 times more sensitive than ninhydrin [45].
techniques was poor selectivity. In some cases, Most importantly, the unreacted OPA reagent does
taurine was more concerned than all the other amino not have the fluorescent characteristics, a property
acids. Therefore, rapid and sensitive HPLC methods known as fluorogenic. In addition, the derivative is
for only taurine (or small group) analysis in bio- also electroactive which could be detected with
logical samples are required to solve particular electrochemical detection. These properties of OPA
problems. Since derivatization techniques play a key have proved useful for the analysis of taurine in
role in getting higher sensitivity, shorter analysis various biological samples by HPLC methods.
time and better resolution of complex biological Short RP-HPLC columns packed with 3- or 5-mm
samples, some derivatization reagents with sensitivi- particles have been developed for the analysis of
ty, stability, selectivity, rapidity and simplicity are taurine. Murai et al. [20] used a combination of a
investigated in detail for analysis of taurine. Typical very short column (4534.6 mm I.D.) and higher
reagents include OPA, 2,4-dinitrofluorobenzene flow-rate (2.7 ml /min), 308C column temperature,
(DNFB), 1-dimethylaminonaphthalene-5-sulfonyl methanol (10%), and tetrahydrofuran (12%) con-
chloride (dansyl-Cl), 4-dimethylaminoazobenzene- centration, which was different from those generally
49-sulfonyl chloride (DABS-Cl), fluorescamine and used. The results showed that a short column packed
thiamine, etc. The features of these pre-column with smaller particle size (3 or 5mm) had a
derivatization methods for taurine analysis are shown remarkable advantage that permitted shortening of an
in Table 2. To be convenient, the published HPLC analysis time without an obvious loss of separation
separation methods were discussed according to the efficiency of the column. The determination of
derivatization reagents they used. taurine in rat brain tissues by electrochemical de-

Table 2
Summary of pre-column derivatization methods used for taurine analysis by HPLC

OPA DNFB Dansyl-Cl DABS-Cl Fluorescamine

Derivatization time (min) ,1 30 30 10 (708C) Instantaneous
Sample preparation Very simple Complex Simple Simple Simple
Automation of derivatization Yes No No No Yes
Removal of reagent by drying No Yes No No No
Quantitative yield Yes Yes Yes Yes Yes
Stable derivative No Yes Yes Yes Yes
Interfering side-products No Yes Yes No No
Detection Fluor 360 nm Fluor 430 nm Fluor
Sensitivity Femtomol Picomol Picomol Picomol Picomol
Reproducibilty Very good Good Good Good Good

Abbreviations: OPA5o-phthaldialdehyde; DNFB52,4-dinitrofluorobenzene; dansyl-Cl51-dimethylaminonaphthalene-5-sulfonyl-chloride;
DABS-Cl54-dimethylaminoazobenzene-49-sulfonyl chloride; fluor5fluorescence.



258 S. Mou et al. / J. Chromatogr. B 781 (2002) 251–267

tection could be completed within an analysis time of Yang and Zhang [46] separated taurine from food
only 2 min for each chromatographic run. Thus, by HPLC on a C (m-Bondapak) column using18

permitted the determination of up to 100 samples per methanol–acetone–water (the ratio was not given) as
working day. Moreover, the detection limit of the mobile phase and detected at 330 nm. They also
method was 0.1 pmol for taurine and was compar- investigated the stability of the taurine derivatives.
able to the lowest value (0.04–0.08 pmol) previously They claimed that the higher concentration of borate
detected by HPLC methods. However, with complex buffer, the more stable of the derivatives; the lower
amino acid mixtures containing components such as concentration of taurine, the faster decomposition of
leucine, valine and tryptophan, the separation based taurine derivatives. Zheng and Lin [47] determined
on this technique took much longer. taurine in eleven kinds of foods by HPLC on a C18

Waterfield [5] proposed that levels of urinary (Zorbax ODS) column using a mobile phase of 0.1
taurine might provide a useful non-invasive maker of mol / l NaH PO –methanol (40:60) buffer (pH 4.9).2 4

hepatotoxicity and perturbations in sulfur amino acid L-Glutamine was used as an internal standard. The
and protein metabolism as these conditions alter taurine level in oyster was reported to be 10.2 mg/g,
urinary and liver concentrations of taurine. He which was the highest among the above eleven kinds
utilized dual-bed Dowex resins to extract taurine and of foods. The samples were cleaned by dual-bed
remove all interfering amino acids. The cleaned ion-exchange resins, and then derivatized by mixing
samples were then derivatized by mixing equal equal volumes of OPA–2-mercaptoethanol for 3 min
volumes of OPA–2-mercaptoethanol for 1.5 min to form an amino acid adduct which was monitored
prior to injection onto a C column. Since the at 340 nm by UV detection. The detection limit was18

fluorescence of the adduct decayed with time, the 12 ng of taurine.
timing of the injection must be kept constant. The analytical results using pre-column derivatiza-
Isocratic elution of the adducts was carried out using tion HPLC methods for the analysis of free amino
NaH PO (0.05 M, pH 5.4) in methanol–water acids in CSF were found to be discordant among2 4

(43:57, v /v). Homoserine was used as an internal various researchers. Rizzo et al. [13] suggested that
standard to facilitate the standardization and quanti- the choice of the analytical methodology was the
tation of samples and the run time was within 6 min primarily responsible for the discrepancies among
with homoserine and taurine eluting after 3 and 4 the published data. Severe criteria for choice of
min, respectively. Low concentration to 0.5 pmol of several parameters, e.g., ionic strength of mobile
taurine on the column could be detected. When the phase, pH, concentration of organic solvent and
taurine levels were higher (1 nmol or more on the column temperature must be considered for a suit-
column, e.g., in rat urine samples), it was possible to able chromatographic separation. They gave a sys-
use UV absorbance detection at 350 nm. Ferreira et tematic evaluation of basic parameters (e.g., age, sex,
al. [3] proposed a similar HPLC procedure for severity of disease and CSF sample storage) to
routine and selective determination of taurine in obtain valid reference values and developed a highly
infant formulas and breast milk. The samples were sensitive chromatographic method forg-amino-
deproteinized and filtered through W42 paper. After- butyric acid (GABA), aspartate (Asp), glutamate
wards, taurine was derivatized with OPA–2-mercap- (Glu), glycine (Gly) and taurine (Tau) determination
toethanol. The derivatization reaction was allowed to in the CSF. The separation of OPA derivatives could
proceed for exactly 1.5 min, at that time an aliquot be completed by 25 mM potassium phosphate (pH
was injected onto a reversed-phase column C 5.960.02)–15% acetonitrile in isocratic elution with-18

(S ODS ). Isocratic elution was carried out using in 55 min. Other identified compounds, such as,10 2

0.05 mol / l phosphate buffer, pH 5.3–methanol glutamine, asparagine, histidine, citrulline, threonine
(60:40) mixture. The effluent was then detected at and arginine were found not interfering. In addition,
350 nm. The chromatographic run time of 5 min was electrochemical detection coupled with fluorimetric
comparable with the lowest reported time for detection of OPA derivatives offered improved ver-
fluorimetric determination and less than the run time satility and specificity. It was recommended to
reported for UV determination. No interference of analyze freshly collected CSF as described in Section
other amino acids was observed. 2.1. The CSF samples for the calculation of the



S. Mou et al. / J. Chromatogr. B 781 (2002) 251–267 259

reference values were taken from 40 healthy sub- six brain extracellular amino acids (aspartate, gluta-
jects, hospitalized for lumbar disk herniation, placed mate, glutamine, glycine, taurine andg-aminobutyric
on the same diet and kept drug-free for at least 1 acid) in anesthetized rat. The microdialysate was
week. The mean values (mmol / l) were: 0.27, 0.62, on-line derivatized with OPA through a mixing tee
5.32, 6.16, 0.16 for Asp, Glu, Gly, Tau and GABA, prior to the injection onto the HPLC column. The
respectively. efficiency of this on-line derivatization was equiva-

In general, the derivatization reaction between lent to that performed with an off-line manner.
taurine and OPA requires the presence of a thiol such Piepponen and Skujins [50] developed a rapid step-
as mercaptoethanol to ensure that derivatization gradient HPLC method for determination of Glu, Gly
occurs instantaneously. Unfortunately, the fluores- and Tau in striatal microdialysates. The amino acids
cent isoindoles are rather unstable, which influences were first pre-column derivatized with OPA–2-mer-
the accuracy and reproducibility of taurine analysis. captoethanol by using an automated refrigerated
The stability of the OPA–2-ME taurine adducts is auto-injector, and then separated on a new kind of
shown in Fig. 1 [30]. However, with the advent of non-porous ODS-C HPLC column with 3mm par-
microdialysis sampling technique, automated on-line ticle size followed by a wash-out step of late-eluting
derivatization techniques make the instability being amino acids. Good resolution and sensitivity for Glu,
of less importance. Bianchi et al. [48] used OPA Gly and Tau was thus obtained in less than 5 min.
derivatization and fluorescence detection for the Even with the wash-out step the analysis time
simultaneous determination of four amino acids remained less than 12 min, which solved the prob-
(aspartate, glutamate, taurine and 4-aminobutyric lems with the stability of OPA–2-MCE amino acid
acid) in perfusates obtained either in vitro, from derivatives.
superfusion of tissue slices, or in vivo from micro- Because of the toxicity [51] and pungent odor [52]
dialysis experiments. The chromatographic run-time of mercaptoethanol, alternatives to the use of mer-
was short (15 min) enough to allow the analysis of captoethanol have been reported. Xie and Zhang [51]
microdialysis samples ‘‘on line’’, as they were used urea–OPA at pH 6.8 instead of the commonly
collected during the experiment. This method was used mercaptoethanol–OPA under basic condition

1applied to the measurement of the basal and K - or (pH 9.5) for the analysis of taurine inLycium
veratridine-stimulated release of these four amino barbarum L. The derivative has a maximum absorp-
acids from perfused neostriatal and nigral tissue tion at 330 nm, which avoid the interference of the
slices and in the extracellular fluid during micro- derivatization reagent. The determined taurine level
dialysis of several brain areas. The apparatus were (3.21 mg/g) was in agreement well with an amino
not given. Yang et al. [49] combined a microdialysis acid analyzer (3.35 mg/g). Rowley et al. [52] used
perfusion technique with a HPLC system equipped sulfite–OPA under acidic conditions (pH 4.5) instead
with a fluorescence detector to automatically monitor of the commonly used mercaptoethanol–OPA under

basic condition (pH 9.5) for the analysis of amino
acid neurotransmitters including taurine in CSF. The
N-alkyl-1-isoindole sulfonate derivatives were elec-
troactive and odorless. It was stable at room tem-
perature for up to 30 min and up to 5 h if kept on ice,
which could be separated on a Rainin Dynamax C18

column in isocratic elution and then measured by
electrochemical detection. The method was sensitive
enough for the simultaneous determination of gluta-
mate, glycine, taurine andg-aminobutyric acid.

3 .1.1.2. 2,4-Dinitrofluorobenzene derivatization.Fig. 1. The stability of the OPA–2-ME taurine adduct (response
Taurine reacts with DNFB to form DNP derivativeafter 3 min was taken as 100%). (Taken from Ref. [30] with

permission). with UV absorbance at 254 and 350 nm, respectively.
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The derivative once formed is stable in the reaction used by Xie et al., but a different LC column to
mixture at room temperature for at least 3 days. The determine industrial synthetic taurine and its inter-
possibility of extracting DNP derivatives from other mediate product (2-aminoethyl sulfate) by HPLC.
interfered compounds and simplifying the chromato- The derivatives were separated on a Supelcosil LC-
graphic separation conditions makes this derivatiza- 18 column with acetonitrile–water–phosphate buffer
tion technique very attractive. However, the deri- of pH 7 (1:3:14) as mobile phase and detected at 360
vatization reaction usually takes more than 1 h at nm.
40 8C and thus is not suitable for the rapid assay of Polanuer et al. [28,55] established a rapid HPLC
large numbers of samples. method for the determination of taurine in biological

The derivatization catalyzed by dimethyl sulfoxide samples utilizing a different derivatization procedure
(DMSO, 0.5 ml) in a weakly-alkaline buffer (0.01 from the above procedures [34,51,53,54]. The bio-
mol / l NaHCO , pH 9.0) was reported to be com- logical sample, after extracted with water, was3

plete in 10 min at 408C to form their derivatives treated with 10ml 10% DNFB in acetone and 100ml
(DNP-taurine), which was suitable for the rapid 4% NaOH. Fifteen minutes later, 100ml 10% H PO3 4

assay of large number of samples. The derivative was added and the mixture was extracted with 500
was stable for several days and excess DNFB did not ml CHCl . The aqueous phase was extracted again3

interfere with the determination of taurine. Using this with 50ml CHCl . It was found that DNP-taurine3

derivatization reaction, Chen et al. [34] accurately and DNP-cysteic acid were the only DNP derivatives
determined taurine concentrations in milk and urine in the reaction mixture after chloroform extraction.
over a wide linear range (10–80mg/ml) by LC on a The pair of DNP derivatives was easily separated on
m-Bondapak Phenyl column at 408C with acetoni- a Silosorb C column with aqueous methanol18

trile–water (1:1) and 0.01 mol / l phosphate buffer containing 1% anhydrous acetic acid as mobile phase
(pH 5.0) as mobile phase in gradient elution (Fig. 2). and detection at 350 nm. The results obtained were

Xie et al. [53] reported that the derivatization compared with those obtained for the same samples
reaction, without catalysis of DMSO, was complete using the amino acid analyser. The two techniques
in 60 min at 608C in the dark. Then, the derivative gave similar results.
was analysed on a Spherisorb C column with18

phosphate buffer solution of pH 7–aqueous 50% 3 .1.1.3. 1-Dimethylaminonaphthalene-5-sulfonyl
acetonitrile (7:3) as mobile phase and detected at chloride derivatization. Dansyl-Cl, as a well-known
360 nm. The taurine levels in powdered oyster and fluorogenic reagent for the determination of primary
clam were 70 and 66.7 mg/100 g, respectively. Tang and secondary amines, was also reported in the
et al. [54] used the same derivatization conditions as HPLC determination of taurine in biological samples

[6,56–58]. The strongly fluorescent dansyl-taurine
derivative exhibits stability and chromatographic
advantages compared with other chromophores.
However, the derivatization reaction requires
quenching, high temperatures and a long time. Amiss
et al. [56] confirmed the suitability of dansylation for
feline plasma and whole blood by thermospray mass
spectrometry. Plasma or whole blood was diluted
with a mixture of acetonitrile–methanol–triethyl-
amine–water (25:22:3:50, v /v), filtered through a
molecular mass 10 000 exclusion filter, and then
derivatized with dansyl-Cl. Excess dansyl-Cl favors

Fig. 2. HPLC chromatogram of taurine in human milk. Column: the derivatization. The dansylation reaction, termi-
mBondapak phenyl column (30 cm33.9 mm I.D.); column

nated by a 10-ml volume of a 3.5% (v/v) aqueoustemperature: 408C; mobile phase: acetonitrile and phosphate
solution of ethylamine, can be completed in 30 minbuffer in gradient mode; detection: UV at 360 nm. (Taken from

Ref. [34] with permission). at room temperature (248C). Increasing the reaction
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temperature did not improve the reaction efficiency centration range of ca. 150–2400 mg/kg. A 400-mg
and may increase its variability. Spiked plasma amount of ground dry food or 800 mg homogenized
samples were reliably stable overnight (#18 h) at wet food was hydrolyzed to release bound taurine,
room temperature, if protected from light. Dansyl- and then derivatized with dansyl-Cl. The dansylation
taurine was separated from other compounds on a reaction was completed in 30 min at 658C. The
C column with a methanol–acetic acid–triethyl- method has been adopted Official First Action status18

amine (30:0.5:0.025) aqueous mobile phase. The by AOAC International.
effluent was monitored fluorimetrically at an excita-
tion wavelength of 329 nm and an emission wave-
length of 530 nm. Although the method was very 3 .1.1.4. Fluorescamine derivatization. Fluores-
simple, both sample pretreatment and separation camine, first used for the derivatization of primary
were time consuming (ca. 45 and 15 min, respective- amines and amino acids in the early 1970s, has been
ly). described for the pre-column derivatization of taurine

Based on the work of Amiss et al., Woollard and by HPLC with fluorescence [32] or UV absorbance
Indyk [6] developed a HPLC method for the evalua- detection [17]. Advantages of fluorescamine over all
tion of taurine in milk. The dansylation reaction, the above mentioned derivatizing reagents are that
stopped by the addition of 100-ml methylamine the reaction is instantaneous at ambient temperature
hydrochloride solution, could be completed in 2 h in in alkaline medium, the derivatives are stable in
the dark at ambient temperature. Separation of the aqueous solution, whereas the unreacted reagent is
taurine derivatives was accomplished on a Waters rapidly hydrolysed to a product that does not inter-
C Resolve cartridge within 10 min without inter- fere with the analysis. Using pre-column derivatiza-18

ference from other free amino acids using 0.1 mol / l tion with fluorescamine and separation on a Li-
acetate buffer–acetonitrile–tetrahydrofuran (81:17:2, Chrospher 100 RP-8 column, Sakai and Nagasawa
v/v) as mobile phase in a simple isocratic elution. [32] first reported the plasma taurine levels of
The procedure was suitable for rapid data collection yellowtail fish (125654 mg/ml), beef cattle
at sample concentrations above 1 mg per 100 g and (5.661.4 mg/ml), dairy cows (2.260.7 mg/ml) and
could be extended using fluorescence to assay prod- chicken (20.069.6 mg/ml). The mobile phase con-
ucts with lower taurine contents. UV detection was at sisted of 23% of acetonitrile in 15 mM phosphate
254 nm and fluorescence was monitored at 330 nm buffer (pH 1.9). The derivatization reaction pro-
(excitation) and 530 nm (emission). The derivatized ceeded for 15 min at room temperature in the
extract could be stored refrigerated at 48C in the presence of 20ml of phosphate buffer (200mm, pH
dark, without degradation, for 48 h prior to analysis, 7.8). Fluorescence was monitored at 400 nm for
which was a benefit for routine analysis. excitation wavelength and 480 nm for emission

To evaluate this isocratic HPLC separation of wavelength. The method required only 0.2 ml of
dansyl-derivative with UV and/or fluorescence de- plasma and only 15 min of analysis time. However,
tection, Woollard and Indyk [57] conducted a col- there was discrepancy in the stability of taurine-
laborative study. The statistical data confirmed the fluorescamine derivative.
suitability of this method for the determination of McMahon et al. [17] found that the fluorescence
taurine in both milk and infant formulae. They also intensity of taurine-fluorescamine derivative might
found that fully protein-hydrolyzed formulae might decrease over a few hours whereas the absorbance
occasionally be encountered, yielding chromato- remains unchanged for up to 1 week. Therefore, the
graphic complications requiring gradient elution derivative was by UV detected at 385 nm after
schemes for resolution of taurine. separation on a Bondclone C column with tetrahy-18

McCarthy et al. [58] conducted another collabora- drofuran–acetonitrile–phosphate buffer (15 mM, pH
tive study to evaluate a method, based on a gradient 3.5) (4:24:72, v /v) as mobile phase. The method was
HPLC separation of dansyl-derivative with fluores- simple, efficient and rapid for the determination of
cence detection for the determination of total taurine taurine in platelet-rich plasma, with comparable
in both wet and dry cat or dog food in a con- sensitivity to fluorescence methods.
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3 .1.1.5. 4-Dimethylaminoazobenzene-49-sulfonyl derivatization of alcohols and amines, yielding
chloride derivatization. DABS-Cl has also been used strongly UV-absorbing products. Masuoka et al. [23]
for the pre-column derivatization of taurine for the treated aqueous sample solution containing taurine
high sensitivity, reliability and perfect reproducibility and hypotaurine with freshly powdered 3,5-dinitro-
[2,35]. Stocchi et al. [2] presented a gradient HPLC benzoyl chloride in the presence of triethylamine.
method for the evaluation of taurine in human TheN-3,5-dinitrobenzoyl derivatives were stable
plasma samples with sensitivity at the picomol level. enough for analysis. About 5% of the hypotaurine
A 10-ml volume of plasma sample, either extracted derivative was oxidized by oxygen in the air to give
by 0.5 ml of 5% perchloric acid or filtrated by CF 50 N-(3,5-dinitrobenzoyl)taurine when the derivatized
Amicon membrane, was derivatized with 40ml of sample was left at room temperature for 2 days. The
DABS-Cl solution (4 nmol /ml acetonitrile, freshly derivatives were separated on a TSKgel ODS-80Ts
prepared) in the presence of 10ml of 0.1 mol / l column with a mobile phase of 16% acetonitrile in
NaHCO , pH 9. The reaction was performed at 708C 100 mM ammonium acetate buffer (pH 3.7) and then3

for 10 min. The derivatives were separated on a detected at 254 nm. The detection limits for both
Supelcosil LC-18T column and then detected at 436 compounds were 0.5mmol. Other amino acids and
nm. The analytical results showed that there was no ammonium could be simultaneously analyzed by the
difference between a perchloric acid extracted (3865 present method.
nmol / l) and a filtrated plasma sample (4264 nmol /
l). However, plasma filtration was a more rapid 3 .1.2. Ion chromatography
procedure, which also allowed the simultaneous Ion chromatography (IC) was a powerful tech-
evaluation of plasma acid-labile amino acids such as nique for the analysis of inorganic cations and anions
asparagines, glutamine and tryptophan. The recovery in aqueous systems. However, with the development
of taurine was higher than 96%. of IC technique went on, some IC methods pro-

Hypotaurine-taurine status in animal body is im- gressed to organic ion problem solving. The main
portant for the elucidation of the physiological roles advantage of IC methods over HPLC methods for the
of hypotaurine and taurine. Unfortunately, hypo- analysis of taurine is that it need no pre- or post-
taurine is unstable and is oxidized to taurine sponta- column derivatization steps, which is beneficial for
neously or by ultraviolet irradiation. This instability routine analysis. Usually, weakly ionized short chain
of hypotaurine hindered the development of simple organic acids are separated by ion-exclusion chroma-
methods for the determination of hypotaurine. Two tography with suppressed conductivity detection.
methods have been reported to successfully solve Since the dissociation constant pK (4.96) of taurinea

this problem [23,35]. One was by using DABS-Cl as is too large, it cannot be detected sensitively with
the pre-column derivatizing reagent. Futani et al. conductivity detection. It cannot be detected with
[35] found that dabsylhypotaurine once formed was UV detection due to the lack of an ultraviolet
very stable, and it was not converted into chromophore. Zhu and co-workers [59,60] showed
dabsyltaurine on storage at room temperature for that taurine, leucine and phenylalanine could be
several months or on flash evaporation at 408C. The separated on an IonPac AG4A-SC4 column with
oxidation of hypotaurine was minimized when 0.75 mM KCl–NaOH of pH 11.5 as mobile phase,
dabsylation was performed at 408C in 65% acetone followed by indirect suppressed conductivity detec-
solution. The derivatives were separated on a tion. There was no interference from sulfate, chloride
TSKgel ODS-80Ts column at 168C and then de- and phosphate, etc. The detection limits for taurine,
tected at 430 nm. The detection limit of both leucine and phenylalanine were 0.53, 0.38 and 8.3
dabsylhypotaurine and dabsyltaurine was 4.0 pmol. mg/ l, respectively. The sensitivity of suppressed
Average excretions of taurine and hypotaurine in rat conductivity detection of taurine is not high com-
urine were 270.5 and 2.5mmol /kg body mass per pared with HPLC methods. No real sample analysis
day, respectively. Another was by using 3,5-dinitro- was performed.
benzoyl chloride as the derivatization reagent: 3,5- Qu et al. [8] first reported an IC method with
dinitrobenzoyl chloride is a useful reagent for the electrochemical integrated pulsed amperometry de-
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tection to determine the taurine levels in medicine, The main difficulty of taurine analysis using GC is
nutrient capsule and human urine. They selected the formation of a volatile derivative of the sulfonic

¨CarboPac PA1 column as the separation column, function. Stampfli et al. [63] used the same de-
which has both ion-exchange functional group and rivative-N-pentafluorobenzoyl di-n-butyl amide as
significant hydrophobic character. It is the combina- Kataoka et al. [64] described, and slightly modified
tion of anion-exchange and hydrophobic interaction the derivative procedure to complete the measure-

15that gives the incredible power for retaining the ment of N taurine in cat urine by gas chromatog-
carbohydrate compounds, which have very high pK raphy–electron impact mass spectrometry (GC–EI-a

values and are poorly retained on other anion-ex- MS). The result showed that 85% of cat urinary
change columns. Taurine was thus well separated taurine was in the free form. Marks et al. [16]
from 10 kinds of common amino acids using 160 confirmed the validity of the GC–EI-MS technique
mM NaOH as the eluent. The chromatogram of and extended the use of this technique to human
taurine in human urine is shown in Fig. 3. The plasma. The plasma taurine concentration was found
detection limit of taurine is 0.034mg/ml, which is to be 56614 mmol / l, which was agreed well with
comparable with that of HPLC methods. available literature values determined by the com-

monly used high-performance liquid chromatograph-
ic method.

3 .1.3. Thin-layer chromatography (TLC)
In general, TLC is simple and does not require

3 .2. Electro-migration methods
special equipment. However, It was rarely applied to
the analysis of taurine in biological samples due to

Capillary electrophoresis (CE) is the mainly used
its low sensitivity and reproducibility compared with

electro-migration (electrophoresis) method for
HPLC. Until now, two papers dealing with the

taurine analysis. It is an analytical counterpart to
analysis of taurine in ‘‘energy drinks’’ have been

HPLC and offers a number of advantages over
reported [61,62].

HPLC: very little organic solvent in the running
buffer, short run time for the separation, high

63 .1.4. Gas chromatography (GC) separation efficiencies, 10 plates/m, etc. However,
There are also a limited number of publications CE has not been widely applied to the analysis of

involving the use of GC for the analysis of taurine. taurine in biological samples due to the complexity
of biological samples. At present, seven researches
[10,18,22,65–67] dealing with the analysis or identi-
fication [68] of taurine in biological samples have
been reported.

Among the above mentioned pre-column deri-
vatization reagents, only fluorescamine is a suitable
derivatization regent for CE analysis. Kelly et al.
[18] developed a rapid and highly selective capillary
zone electrophoresis (CZE) method for the determi-
nation of taurine in plasma. The separation is based
on the difference in ionization of taurine from that of
other amino acids due to the fact that taurine is a
sulfonic rather than a carboxylic amino acid.
Homotaurine was selected as internal standard be-
cause it had the better handling properties than

Fig. 3. Ion chromatogram of urine sample. Column: CarboPac aminomethane sulfonic acid. Following addition of
PA1 separation column (25034 mm I.D.) and PA guard column

homotaurine, plasma proteins were precipitated with(2534 mm I.D.); eluent: 160 mM NaOH; flow-rate: 1 ml /min;
acetonitrile and the supernatant was derivatized withdetection: Electrochemical in the electrochemical integrated am-

perometry detection mode. (Taken from Ref. [8] with permission). fluorescamine in the presence of a borate buffer. CE
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separations were carried out in the reverse polarity sulfonic acid (internal standard) and glutathione by
mode at 27.5 kV with a diode array detector set at using 0.05 mol / l sodium phosphate (pH 2.5) as
266 nm (Fig. 4). A capillary conditioning solution running buffer, and then sensitively detected by
was applied daily in order to suppress the residual fluorescence spectroscopy.
electroosmotic flow. The relative standard deviations Another procedure has appeared for the simulta-
(RSDs) of replicate analysis were less than 4.5% at 1 neous determination of six amino acid neurotrans-
mg/ml taurine in feline plasma and less than 3% for mitters including taurine in the dorsal root ganglion
2.5 mg/ml in human plasma. Recovery was esti- of rat by CE with a laser-induced fluorescence-
mated at 99.2% with an RSD of 4.85%. charge coupled device (LIF-CCD) [22]. The

Jellum et al. [10] measured taurine levels at sub- homogenated samples were acidified with concen-
milligram samples of biopsy of human heart muscle trated perchloric acid and then centrifuged. The
to diagnose and study human disease, particularly supernatants were derivatized with fluorescein iso-
metabolic disorders. The samples were homogenized thiocyanate (FITC) at 408C for 6 h. The derivatives
in phosphate buffer of pH 7.5 and then deproteinized were then separated on a fused-silica capillary at
by perchloric acid. The supernatant was neutralized 12.5 kV with 15 mM borate (pH 9.2) as the running
with trisodium phosphate solution and then deriva- buffer. A unique feature of the method was that CCD
tized with 9-fluorenylmethyl chloroformate (FMOC) was an image detector with a matrix array of
for 20 min at room temperature. The derivatized photoelements, the CCD readouts from single photo-
taurine was well separated from 3-amino-1-propane- elements could be summed up by on-chip analog

summation called charge binning, or by digital
summation in the computer. Hence, the detection
sensitivity could be improved dramatically. The
detection limits ranging from 1.2 to 17.2 nM was
obtained for the six neurotransmitters.

The fluorogenic reagent 5-furoylquinoline-3-car-
boxaldehyde (FQ) has proven valuable in the analy-
sis of proteins and small neurotransmitters. Wu et al.
[65] studied the reaction rate, activation energy, and
detection limit for the reaction of FQ with five
neurotransmitters including taurine in artificial cere-
brospinal fluid. A reaction time of nearly 1 h was
required to quantitatively convert these neurotrans-
mitters to their fluorescent products at 658C. De-
tection limits for the labeled neurotransmitters were

29 2810 –10 M, which corresponded to 0.3–7 amol
injected onto the capillary. No real samples were
analyzed.

Lillard et al. [68] characterized and identified
amino-containing components including taurine that
had not been determined previously in atrial gland
vesicles by CE–LIF. Amino-containing components
were on-line derivatized with naphthalene-2,3-dicar-
boxaldehyde (NDA), and then separated on a bare

Fig. 4. Electropherograms of (a) blank human plasma; (b) human fused-silica capillary. Although the NDA derivatives
plasma spiked with 5mg/ml taurine (T); (c) blank feline plasma are stable, but the reaction requires a cyanide salt
and (d) feline plasma spiked with 5mg/ml T and 20mg/ml

which is toxic to the environment. The presence ofhomotaurine (I.S.). Fused-silica capillary: 52.0 cm375 mm I.D.;
taurine was confirmed unambiguously in lysed vesi-temperature: 208C; sample tray temperature: 58C; detection:

diode array at 266 nm. (Taken from Ref. [18] with permission). cles using HPLC, nuclear magnetic resonance
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(NMR), CE (with LIF and absorbance), and electro- ophthalmic solutions by a mixed carrier system
spray ionization mass spectrometry (ESI-MS). containing SDS with dimethyl-b-cyclodextrin (CD)

Osaka et al. [66] presented a CZE method for and tetraalkylammonium phosphate (TAA) in CD-
analyzing nine major components (pyridoxine hydro- MEKC. They investigated the effects of five differ-
chloride, neostigmine methylsulfate, chlorphenira- ent CD types in the system on the separation and
mine maleate, allantoin, naphazoline hydrochloride, discussed the possible separation mechanism.
glycyrrhizic acid, chondroitin sulfate, taurine and Quantitation limits ranged from 1 to 80mg/ml and
cyanocobalamin) in eye lotion. Ferulic acid was used the RSD values ranged from 4.1 to 6.0%. The
as internal standard. The samples were separated on method is suitable for the simultaneous quantitative
a fused-silica capillary operated at 25 kV with 20 analysis as well as quantitative analysis in pharma-
mM borate buffer of pH 10 as run buffer and ceutical quality control.
detection at 200 nm. It was found that cyanoco- The derivatization, separation and determination
balamin could not be determined because its migra- methods for typical biological samples are summa-
tion time was the same as electroosmotic flow; rized in Table 1. The actual concentrations of taurine
chondroitin sulfate and aspartic acid were resolved at in body fluids of some healthy and unhealthy persons
pH 9. Although cyanocobalamin could be separated are listed in Table 3.
from other components by micellar electrokinetic
chromatography (MEKC) using 20 mM borate of pH 3 .3. Hyphenation procedures
10 containing 40 mM sodium dodecyl sulfate (SDS),
it was difficult to separate several ingredients in eye Yoshizawa et al. [69] presented a hyphenation
lotion simultaneously by a single MEKC method. method for the determination of taurine levels in

MEKC can separate not only ionic but also cosmetic and pharmaceutical preparations by high-
electrically neutral compounds. The simultaneous performance liquid chromatography with induc-
determination of ingredients in ophthalmic solutions tively-coupled plasma atomic emission spectropho-
is particularly required to keep the quality of the tometry (ICP-AES). Samples (10ml) were separated
preparations high. Therefore, Okamoto et al. [67] on a Capcell Pak NH column at 408C with 2 mM2

described the separation of 11 ingredients used in NH H PO –NH buffer (pH 8)–methanol (4:1) as4 2 4 3

Table 3
The concentrations of taurine in body fluids of healthy and unhealthy persons

Concentration (nmol /ml) Ref.

Healthy sample
Plasma 3865/4264 [2]
Plasma 38–197 [15]
Plasma 46611–7269 [16]
Plasma 6366 [19]
Platelet-rich plasma 127.9–151.8 [17]
Platelet-poor plasma 44.764 [17]
Urine 778.9671 [34]
Urine 75.1–998.9 [8]
Blood 159619 [23]
Serum 102.5617.3 [30]
Human milk 332.46136.9 [34]
CSF 6.5461.32 [14]
CSF 6.561.78 [13]
Blood 159619 [23]

Unhealthy sample
Plasma (diabetic patients with poor metabolic control) 6065 [19]
Serum (patients with progressing ischemic stroke) 146.5610.1 [30]
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mobile phase and cross-flow-nebulization ICP-AES However, there is still some room for improvement
detection at the S 180.73 nm emission line. The from the viewpoint of reproducibility.
detection limit was 43 ng and the RSDs were (7) Hyphenation techniques, such as HPLC–FT-
#2.2%. Vonach et al. [70] coupled HPLC with IR and HPLC–ICP-AES have been proved to be
Fourier transform infrared spectroscopy (FT-IR) to effective for the analysis of taurine in biological
determine sugars in nonalcoholic beverage. The samples. However, they have not been widely used
advantage of the flow-cell-based HPLC–FT-IR was due to the complex apparatus.
that the combination of retention time and spectrum
allowed an easy and unequivocal identification.
However, both absorption in the fingerprint region
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