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A fully automated HPLC method for the simultaneous determination of total thiols in plasma samples
has been developed. The method involves reductive conversion of disulfides to their reduced counter-
parts with the use of tris(2-carboxyethyl)phosphine. After reduction the newly formed sulfhydryl groups
are reacted with 2-chloro-1-methylquinolinium tetrafluoroborate to form 2-S-quinolinium derivatives
followed by deproteinization by dialysis. The reaction products are separated by reversed-phase HPLC,
ysteine
ysteinylglycine
lutathione
omocysteine
PLC
n-line sample preparation

detected and quantified by UV absorbance detection at 355 nm. The recommended HPLC procedure
enables measurement of four main plasma aminothiols cysteine, cysteinylglycine, glutathione, and homo-
cysteine with low imprecision (mean relative standard deviations within calibration range, 3.47%, 5.34%,
4.25% and 3.26%, respectively) and good sensitivity. Accuracy, expressed as the mean measured amount as
percentage of added amount, was within 97.5–103.0%, 98.3–102.5%, 96.3–99.5% and 97.1–99.1%, respec-
tively. The lower limit of quantification for all thiols was 0.5 �M. The whole unattended instrument

13 m
hemical derivatization acquisition time amounts

. Introduction

Plasma sulfur amino acids, including cysteine, cysteinylglycine,
lutathione and homocysteine are being investigated as poten-
ial indicators of health status and disease risk [1]. Especially
ncreased plasma homocysteine, closely related with methionine

etabolism, is considered an independent risk factor for cardiovas-
ular disease [2,3]. Glutathione is recognized as a key physiological
ntioxidant that not only detoxifies reactive oxygen species directly,
ut also enhances the functional ability of other crucial antioxidants
itamin E and C [4]. In biological membranes, vitamin E is present in
low molar ratio in contrast with phospholipids, which are abun-
ant and highly susceptible to oxidative damage. Thiols such as
educed glutathione and dihydrolipoate support the recycling of
itamins C and E.

Thus determination of total homocysteine and related thiols

lays an important role in diagnosis and therapy of folate and cobal-
min deficiencies. Since the response of a cell to oxidative stress
ypically involves alterations in thiol content [5], plasma aminothiol
oncentrations are increasingly utilized for clinical and transla-

� This paper is part of the special issue “Analysis of Thiols”, I. Dalle-Donne and
. Rossi (Guest Editors).
∗ Corresponding author. Tel.: +4842 6355835.
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© 2009 Elsevier B.V. All rights reserved.

tional research involving oxidative stress [6], and for routine clinical
diagnosis and monitoring of various human diseases and metabolic
disorders [7,8]. Therefore, there is a need for fully validated, simple,
precise and sensitive assays capable of simultaneous determining
aminothiols in human plasma.

Chromatographic methods have been developed extensively for
total homocysteine determinations despite the recent introduction
of immunoassays. Among chromatographic methods, gas chro-
matography coupled to mass spectrometry [9], high performance
liquid chromatography [10–13] and capillary electrophoresis [14]
has been developed. To our knowledge only few fully automated
procedures for determining total homocysteine and other metabol-
ically related thiols has been described [15–17]. Aside from the
great susceptibility to oxidation, which can occur before or during
analytical process, most thiols lack the structural properties neces-
sary for the production of signals compatible with common HPLC
detectors such as UV absorbance and fluorescence. Therefore, the
analyst must resort to derivatization for signal enhancement and
labile sulfhydryl group blocking if fluorescence or UV–vis detection
methods are employed.

In this paper a new method that allows analyzing about

80 samples within 24 h by successful implementation in a
fully automated procedure: the (1) reduction of disulfide bonds
with tris(2-carboxyethyl)phosphine, (2) derivatization of thi-
ols with 2-chloro-1-methylquinolinium tetrafluoroborate, (3)
deproteinization by dialysis and (4) separation and quantifi-

http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:ebald@uni.lodz.pl
dx.doi.org/10.1016/j.jchromb.2009.06.012
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ation by reversed-phase HPLC with UV absorbance detection,
s described.

. Experimental

.1. Chemicals and reagents

2-Chloro-1-methylquinolinium tetrafluoroborate (CMQT) was
repared in this laboratory according to the procedure described
arlier [18]. For thiols derivatization prior to HPLC analy-
is, a 0.01 or 0.1 M water solution of CMQT was used.
erchloric acid (PCA), sodium hydrogen phosphate heptahy-
rate (Na2HPO4·7H2O), sodium dihydrogen phosphate dihydrate
NaH2PO4·2H2O), and HPLC-grade acetonitrile were from J.T.
aker (Deventer, The Netherlands). dl-Homocysteine (HCSH), cys-
einylglycine (CGSH), glutathione (GSH) and cysteine (CSH) and
heir disulfides were purchased from Sigma (St. Louis, MO,
SA). Tris(2-Carboxyethyl)phosphine (TCEP), trichloroacetic acid

TCA) and lithium hydroxide (LiOH) were from Merck (Darm-
tadt, Germany). Purified water from Millipore Milli-QRG system
Vienna, Austria) was used throughout the experiments. All
eagents were tested and found to be stable for unattended
nalysis.

.2. Calibration standards preparation and storage

.2.1. Standard solutions
Stock solutions of 10 mM HCSH, CSH, CGSH, GSH and their sym-

etrical disulfides needed in the method development procedure
ere prepared by dissolving appropriate amount of the compounds

n 2 mL of 0.1 M hydrochloric acid and diluting to the volume of
0 mL. These solutions were kept at 4 ◦C for several days without
oticeable change of the thiol content. The working solutions were
repared by appropriate dilutions with water as needed, and pro-
essed without delay.

.2.2. Plasma preparation
Blood was collected into evacuated tubes containing EDTA,

mmediately placed on ice, and centrifuged at 800 × g for 15 min

t room temperature. Plasma was then used for the determination
f total thiols without delay or stored at −20 ◦C. Majority of blood
onors were young school boys and girls (8–15 years old). For prepa-
ation of calibration standards, plasma samples from an apparently
ealthy donor were placed each in polypropylene tube and spiked

ig. 1. The schematic of the automatic analytical system; (A) phosphate buffer solution
C) 2-chloro-1-methylquinolinium tetrafluoroborate water solution (0.1 M).
r. B 877 (2009) 3400–3404 3401

with the appropriate amount of working standard solution of disul-
fides.

The sample processor collects the sample and the reagents and
dispenses them into a 700 �L derivatization vial, where reduction
and derivatization are carried out at room temperature.

2.3. Apparatus

A programmable sample procesor, ASTED XL (Gilson, Viliers-le-
Bel, France) consisted of dialyser, injection sample loop (100 �L),
model 402 dilutor fitted with a two 1 mL volume syringes, com-
patible with chromatographic system was used for unattended
determination of plasma thiols. The processor automatically and
on-line prepares the plasma sample for final chromatographic anal-
ysis. It operates in a concurrent sequencial mode with the HPLC
system; one sample undergoes the chromatographic analysis while
the next one is being prepared. The dialyser block with cellu-
lose acetate dialysis membrane (EZEE-MOUNT, 15 kDA molecular
mass cut-off) was used. The volumes of the donor and recipient
channels were 100 and 175 �L, respectively. Sample was aspirated
at a 3 mL/min flow rate into the donor channel of the dialysis
block. Recipient solution (175 �L) was aspirated (1.5 mL/min) by
402 syringe pump to the sample loop. After each dialysis the sam-
ple line and the donor channel were flushed with 5 mL of deionized
water. Final HPLC analysis was performed on a Hewlett-Packard HP
1100 liquid chromatograph (Waldbronn, Germany) encompassing
a quaternary pump, autosampler, thermostated column compart-
ment, vacuum degasser and diode-array detector. The schematic of
the automatic analytical system is shown in Fig. 1.

2.4. Analytical procedure for determination of thiols

The plasma samples were pipetted into the 0.7 mL vials placed
in the rack on the tray of the sample processor (80 samples for 24 h
analysis time). The vials in the second rack of the processor’s tray
(defined as “Reagent” in the manufacturer manual) were filled with
phosphate buffer (0.2 M, pH 7.4), TCEP phosphate buffer solution
(0.25 M), CMQT water solution (100 mM), and 3 M perchloric acid.

A 50 �L of plasma sample was automatically transported into

the vial of the Results Area (manufacturer’s manual) in the tray
of ASTED sample processor and mixed with 50 �L of phosphate
buffer followed by addition of 5 �L of TCEP solution. After 8 min
a 5 �L of CMQT derivatizing reagent was added. Just after mix-
ing of the reagents a 50 �L of 3 M PCA was added. A 100 �L of the

(0.2 M), (B) tris(2-carboxyethyl)phosphine phosphate buffer solution (0.25 M), and
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Table 1
Sample preparation programme including reduction, derivatization and deproteinization steps.

Gilson sample processor program steps Reagent Volume (�L) Concentration, pH

1. Begin cycle
2. Add reagent A and B to sample Phosphate buffer—reagent A 50 0.2 M, pH 7.4

Tris(2-carboxyethyl)phosphine—reagent B 5 0.25 M
Plasma—sample 50

3. Mix result method Asp/Disp 75
4. Rinse needle (inside/outside) Deionized water 250/500
5. Wait delay 8 min
6. Add reagent C to result 2-chloro-1-methylqunolinium tetrafluoroborate—reagent C 5 0.1 mM
7. Mix result method Asp/Disp 75
8. Rinse needle Deionized water 250/500
9. Wait delay 1 min
10. Add reagent D to result Perchloric acid—reagent D 50 3 M
11. Mix result method Asp/Disp 100
12. Dialyse result (static mode) 100
13. Inject trace coordination YES
14. Wash dialyser reservoir Donor channel—deionized water 3 × 175
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Recipient channel—trichloroacetic
5. Rinse needle Deionized water
6. End cycle

eaction mixture was drawn to a donor channel of the dialyser and
eld static for 3 min. After that the dialysate from recipient channel
as transferred into the 100 �L volume injection loop. Consecutive

teps of the sample preparation and injection programme are given
n Table 1. From the loop the sample was transferred to the analyt-
cal column using the HPLC mobile phase. As the separation was
roceeding on the analytical column, the dialyser donor and recip-

ent channels were flushed with 5 mL of water and 5 mL recipient
hannel solution, respectively. In this way the system was ready for
he next sample processing.

.5. Chromatography

For the separation of 2-S-quinolinium derivatives of homo-
ysteine and metabolically related thiols from each other and
erivatization reagent excess an Agilent Technologies Zorbax SB-
18 (150 mm × 4.6 mm i.d.) column, packed with 5 �m particles,
nd a gradient elution were used. The elution profile was as fol-
ows: 0–4 min, 11% B; 4–8 min, 11–35% B; 8–12 min, 35–11% B (A:B,
/v). Elution solvent B was acetonitrile and solvent A was 0.07 M
CA water solution, adjusted to pH 1.65 with LiOH of the same con-
entration. The flow rate was 1.2 mL/min, the temperature 25 ◦C and
nalytical wavelength 355 nm.

.6. Calibration

Calibration curves for plasma total homocysteine and metabol-
cally related thiols were constructed by processing 50 �L of
alibration standard samples of plasma, spiked with appropriate
isulfides and next processed according to the procedure described

n Section 2.4. The concentration ranges of GSH and HCSH were from
.0 to 30 �M, for CSH from 10 to 300 �M, and for CGSH from 1.0 to
0 �M of plasma. The calibration ranges can be easily extended up

f needed.

. Results

.1. Reduction and derivatization
Because of high susceptibility to oxidation more than 90% of
lasma thiols stores in the disulfide forms including 64% bound to
roteins. Thus, determination of total thiol content must comprise
isulfide bond reduction step. Moreover, reducing agent is neces-
ary both for the reduction of the disulfide bonds and to keep the
olution/acetonitrile (65:35, v/v) 3 × 100 0.07 M, pH 4
250/500

thiol in the reduced form until derivatization. Reducing agent must
be compatible with the thiol-specific derivatization agent. Thiols
such as 2-mercaptoethanol and dithiothreitol are not suitable as
reductants in our assay because they consume CMQT and may pro-
duce additional derivatives finally interfering with chromatogram.
The same was observed by other researchers [15,19] when mono-
bromobimane was used as derivatization reagent. Use of sodium
borohydride is very inconvenient and may lead to problems with
derivatization reaction because of pH control difficulties. Addition-
ally, sodium borohydride decomposition reaction during sample
preparation is concomitant with significant sample foaming. Thus,
for simultaneous determination of total thiols in plasma samples
TCEP, which react with disulfides at room temperature, was used.
TCEP reduces all dimer and mixed disulfides completely but not
protein bound cysteine. The latter is reduced in only 80% however
with good repeatability. The detailed study on TCEP capacity to
reduce protein bound cysteine are now in progress in our laboratory
and will be published soon.

In this assay we exploited CMQT a highly reactive and thiol
specific UV derivatization reagent [18]. The 2-S-quinolinium deriva-
tives resulted from the reaction are stable thioethers exhibiting
well defined absorption maximum at 348 nm and molar absorptiv-
ity coefficient about 2 × 104 M−1 × cm−1. Bathochromic shift from
reagent maximum (328 nm) to the maximum of the derivative
(348 nm) is analytically advantageous. It was thanks to this phe-
nomenon that we could recommend the use of large excess of CMQT
in order to drive the reaction to completion (in real world sample)
and avoid a huge peak of unreacted derivatization reagent on the
chromatogram.

3.2. Dialysis

In order to optimize a dialysis, pH and concentration of the
recipient dialyser channel solution, and dialysis time were opti-
mized. Finally the dialysis was performed with recipient dialyser
channel solution consisted of 0.07 M trichloroacetic acid solution
adjusted to pH 4 with 0.07 M LiOH and acetonitrile (65:35, v/v).
The dialysis was performed in static mode during 8 min. In order
to check between run dialysis repeatability a series of sequential

analyses (n = 6) were performed with water standards and normal
plasma samples spiked with different amounts, representing cal-
ibration ranges, of CSH, CGSH, GSH and HCSH (as disulfides) and
the standard deviation and the imprecision for the peak height was
calculated (Table 2). In all cases imprecision was less than 7%. The
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Table 2
The typical results for the between run dialysis imprecision.

Concentration
(�M)

Imprecision (RSD, %)

Water standard sample Plasma sample

GSH HCSH CSH CGSH GSH HCSH CSHa CGSH

1 4.8 6.3 3.8 2.5 5.6 6.5 2.1 3.9
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Fig. 2. Typical chromatogram of main plasma thiols. (A) Water standard solution

4. Discussion

Recently, we have reported an HPLC method for determination
of different forms of main plasma thiols based on manual sample

Table 3
Plasma calibration curves parameters for cysteine, cysteinylglycine, glutathione and
homocysteine.

Thiol Regression equation R2 Range (�M) Imprecision (RSD, %)
15 5.1 4.9 4.2 3.1 4.9 5.2 1.8 4.3
0 2.3 1.8 2.0 1.5 3.7 3.7 2.0 2.8

a Spiked concentrations of cysteine (as cystine) were 10, 150 and 300 �M.

ean recovery of the dialysis for CSH, CGSH, GSH and HCSH was
8.2%, 45.3%, 44.6% and 42.5%, respectively.

.3. Chromatography

For optimum HPLC conditions for separation of CMQT deriva-
ives of analytes from each other, reagent excess and other
nidentified matrix components, several mobile phase composi-
ions and concentration, as well as pH, temperature and flow rate
ere tested. Preliminary experiments within method development
ere carried out on standard solutions. After thorough study of

he above-mentioned chromatographic variables, the separation
onditions chosen constitute a necessary compromise between
aximum detectibility, mobile phase pH stability and chromato-

raphic resolution. Finally the mobile phase described in Section
was used. Under these conditions derivatives of GSH, HCSH, CSH

nd CGSH were eluted after 8.1, 8.4, 9.7, and 10.1 min, respectively.
ypical chromatograms, obtained during standard thiol solution
nd plasma sample analyses are presented in Fig. 2. Identifica-
ion of peaks was based on comparison of retention times and
iode array spectra, taken at real time of analysis, with correspond-

ng set of data obtained by analyzing sample containing authentic
ompounds.

.4. Linearity, precision and accuracy

The peak heights of thiol derivatives were plotted versus ana-
yte concentration and the curves were fitted by least-square linear
egression analysis. Calibration data including regression equations
re shown in Table 3. Standard errors for slope for CSH, CGSH, GSH
nd HCSH, were 0.00671, 0.001458, 0.00172, 0.00246, mAU, and
or intercept 0.86077, 0.03578, 0.022101 and 0.03156 mAU/mol × L,
espectively. The lower limit of quantification value (LOQ) for all thi-
ls was 0.5 �M. The LOQ values were assessed in buffered saline (a
roxy matrix, 0.9% NaCl in pH 7.4 10 mM phosphate buffer) samples
s the minimum quantity of thiol that could be measured without
nterference from the baseline noise (signal-to-noise ratio of 6:1,
mprecision within 15% and accuracy 85–115%).

The developed method was applied to the analysis of plasma
amples donated by 50 apparently healthy volunteers. Average total
lasma CSH, CGSH, GSH and HCSH content was 281.8, 37.0, 6.6 and
.1 �M of plasma, respectively. The maximum imprecision values
RSD%, n = 3) for determination of CSH, CGSH, GSH and HCSH, in
lasma were 7.1%, 6.2%, 6.5% and 4.8%, respectively. Notably, such
ood precision was obtained with no outliners excluded and with-
ut including an internal standard. Accuracy determination was
ccomplished by analysis of plasma spiked with known amounts
f thiols in their oxidized forms. Three concentrations represent-

ng the entire range of the calibration curve were studied: one

ear the lower end, one near the center and one near the upper
oundary of the standard curve (10, 150 and 300 �M for CSH;
, 30 and 60 �M for CGSH and 1, 15 and 30 �M for GSH and
CSH). The spiked plasma samples were processed according to

he recommended analytical procedure for total thiols determi-
(concentration of each thiol—5 �M); (B) chromatogram of the representative plasma
sample analyzed according to fully automated procedure. Peaks: 1; glutathione
(10.7 �M), 2; homocysteine (6.2 �M), 3; cysteine (142 �M), 4; cysteinylglycine
(30.2 �M), 5; excess of 2-chloro-1-methylquinolinium tetrafluoroborate.

nation. Measured concentrations were assessed by application of
calibration curve obtained on that occasion. Accuracy, expressed as
the mean measured amount as percentage of added amount, was
for CSH, CGSH, GSH and HCSH within 97.5–103.0%, 98.3–102.5%,
96.3–99.5% and 97.1–99.1%, respectively.
Max Min

CSH y = 0.2789x + 5.8385 0.9954 10–300 5.8 1.3
CGSH y = 0.,1404x + 1.6389 0.9991 1–60 3.9 2.1
GSH y = 0.1437x + 0.2035 0.9989 1–30 7.2 0.2
HCSH y = 0.1595x + 0.181 0.9981 1–30 5.1 0.0



3 matog

p
f
c
s
H
A
a
w
t
s
p
u
a
s
p
u
n
y
d
w
t
l
a
i
o
t
t
(
o
e
i
a
l
a

u
d
c
d
t
a
o
o
[
p
t
r
t
i
e
t
r
s
d
i
t
w
s
[
s

[

[

[

[
[
[

[
[
[

[

[
[

[

[

[

404 R. Głowacki, E. Bald / J. Chro

reparation [13]. In this report we propose a fully automated assay
or the title plasma thiols with a short turnaround time. The pro-
edure utilizes the same fast and simple derivatization chemistry
cheme with the use of CMQT [18] combined with a short time
PLC separation of the analytes ensuring high sample throughput.
utomation forced the change of previously applied [13] reducing
gent and HPLC separation conditions. Sodium borohydride [13]
as replaced by more user friendly TCEP. During optimization of

he method we carried out every experiment in such a way that the
teps could be performed by the Gilson ASTED XL automatic sample
rocessor. For simplicity these experiments were performed man-
ally; only the optimal design was programmed into the processor
nd then verified against manual sample preparation. Despite sub-
tantial dilution of sample during dialysis, procedure does not need
reconcentration step before the final HPLC analysis. The whole
nattended instrument acquisition time amounts 13 min with no
eed of manual sample preparation, and the method enables anal-
sis of 80 plasma samples for 24 h. Analytical figures of merit,
emonstrated during the method validation protocol, are well
ithin the criteria for biological sample analysis [20,21]. This high

hroughput method is precise, accurate, low in reagents cost and
inear. The method has also other advantages: (1) good solubility
nd stability of the derivatizing reagent in water, (2) high reactiv-
ty and selectivity of the reagent toward thiols, (3) low absorption
f the reagent at analytical wavelength and high optical yield of
he derivatives, (4) low hydrolysis rate of the reagent and deriva-
ives under slightly alkaline conditions of derivatization reaction,
5) short column equilibrium time, (6) simultaneous determination
f the four thiols with high precision, (7) high stability of all reagents
nabling unattended runs, and (8) the use of UV-detector known for
ts stability and low demand in terms of maintenance. In order to
void carry over effect, donor and recipient channels of the dia-
yzer have to be washed with deionized water and trichloroacetic
cid–acetonitrile, respectively.

Plasma aminothiols concentration monitoring has emerged as a
seful tool for diagnosing and monitoring the presence of human
isease and metabolic disorders including oxidative stress. An assay
apable of simultaneously determining multiple aminothiols is
esirable because of extensive interconversion between them and
he need to understand the dynamic relationship between all thiol
nd disulfide components [8,7,22] as well as to facilitate assessment
f the relationship between thiols and disease status. Few meth-
ds for determination of one or more thiols have been reported
15,16,23–29], but only three describe a procedure for the four
lasma thiols [13,23,27]. In numerous studies, total HCSH concen-
rations were found to be increased in patients with arteriosclerosis,
enal failure, or other diseases. Determination of CSH and GSH in
hese conditions was reported rarely. Since HCSH shows proox-
dative properties and GSH antioxidative, and because there is
xtensive interconversion between these metabolites, their simul-
aneous measurement in plasma can facilitate understanding their
ole in human health and disease. Automated assays depend on the
tability of the reagents, plasma samples and thiol derivatives if
erivatization step is employed. For example, monobromobimane

s subject to photolysis and is unstable in water and room tempera-

ure. Even under optimal conditions (2–3 ◦C, dark glass vials), there
as a time-dependent formation of multiple fluorescent peaks,

ome of which co-chromatographed with the thiol derivatives
15,16]. o-Phthalaldehyde (OPA) is a fluorogenic reagent, non-thiol
pecific since it reacts with all primary amino groups, so that the

[
[
[

[

r. B 877 (2009) 3400–3404

determination of aminothiols in plasma samples requires a very
good separation [30]. In addition, in some cases derivatization with
OPA, requires previous carboxymethylation with iodoacetate in
order to provide conditions for satisfactory fluorescence yield of the
derivative, rendering the assay more difficult for full automation.
Measurement of HCSH in plasma by an immunoassay appeared to
have become the preferred analytical approach [17], but despite
their low instrumental costs, immunoassays have a high reagent
cost compared to chromatographic methods. The advantage of
HPLC methods, as compared to immunoassay, is that they allow
the joint determination of different plasma thiol compounds.

In conclusion, a fully automated method for determination of
total main thiols in human plasma has been developed. It has
proved possible to use a sample preparation robot to success-
fully mimic a common manual process used for the preparation
of plasma for assessment of aminothiols content. The CSH, CGSH,
GSH and HCSH human plasma concentrations were measured using
automated precolumn derivatization, on-line dialysis and reversed
phase HPLC with UV absorbance detection and quantification.
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