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a b s t r a c t

Thiol-type compounds are an important class of strong antioxidants and main determinants of total
antioxidant capacity (TAC) of cellular homogenates. The TAC of thiol mixtures and the correspond-
ing TEAC (trolox equivalent antioxidant capacity) values of individual thiols were determined by the
CUPRAC (CUPric Reducing Antioxidant Capacity) method, and the results were compared with those
found by reference assays for method validation. Synthetic mixtures of thiols were prepared, and the
expected and found TAC values (in mM trolox (TR) equivalents) of these mixtures showed a good agree-
ment. The technique of standard additions was performed for thiol mixtures and human serum, and
the absorbance results confirmed that apparent chemical deviations from Beer’s law were absent in the
system. The CUPRAC results were compared with those of reference methods, namely 2,2′-azinobis(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS)/persulphate and Ferric Reducing Antioxidant Power (FRAP).
As being a most important thiol (–SH) peptide at in vivo conditions, glutathione (GSH) showed a TEAC
erric reducing antioxidant power (FRAP)
ssay
PLC

value of 0.57 in the CUPRAC method, as opposed to the corresponding value (1.51) in the ABTS/persulphate
method. The ABTS/persulphate result was not in accordance with the reversible 1-e oxidation of GSH to
the corresponding disulfide that is expected to occur under physiological conditions. FRAP did not give
consistent results, and even at relatively high concentrations of GSH, the TEACFRAP value was only 0.07.
The thiol-type antioxidant-bearing pharmaceuticals of Brunac eye drop, Trom and Mentopin effervescent
tablets containing N-acetyl-l-cysteine (NAC) were assayed with HPLC for comparison, and the obtained

ccord
results for NAC were in a

. Introduction

Thiol-type antioxidants constituting a class of organic sulfur
erivatives (mercaptans) having the sulfhydryl functional groups
–SH) play a crucial role in protecting cells from oxidative dam-
ge by interacting with the electrophilic groups of reactive oxygen
pecies (ROS) as a first and major member of the physiological
ntioxidant defense system. Decreased levels of thiol compounds
n the organism have been shown to cause various disorders such
s liver failure, coronary artery disease, stroke, and other neuro-
ogical disorders, and recently, therapy using thiols has been under
nvestigation for these disorders [1].

Biologically derived thiols such as glutathione (GSH), cysteine
CYS), and homocysteine (HCYS) are often called biothiols. The

ide chain functional group: CH2–SH of cysteinyl residues serves
s an active site for most biologically important thiols (–SH
ype-antioxidants). On the other hand, disulfide linkages (–S–S–)
etween two –SH residues (S–S type-antioxidants such as cystine

∗ Corresponding author. Tel.: +90 212 473 7028; fax: +90 212 473 7180.
E-mail address: rapak@istanbul.edu.tr (R. Apak).

039-9140/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2010.11.048
ance with those found with CUPRAC.
© 2010 Elsevier B.V. All rights reserved.

(CYSS), homocystine (HCYSS), and lipoic acid (LA)) are impor-
tant determinants of protein structures [2]. Thiols as reducing
agents have negative standard reduction potentials, i.e., E0

GSSG,GSH =
−0.23 V, E0

CYSS,CYS = −0.34 V, and are relatively redox-stable under
physiological conditions. ROS frequently react with cellular thiols
under ‘oxidative stress’ conditions. In the case of a ROS–thiol inter-
action, the ROS is converted to a relatively less toxic byproduct
at the expense of the reducing power of thiol, which itself gets
oxidized to a disulfide (R–S–S–R). Thiols generally undergo one
electron oxidation with the formation of thiyl radicals (R–S•) by
losing the H atom from the –SH group or losing an electron from
the sulfur, followed by a proton or two electron oxidation with the
generation of sulphenic acid (R–SOH) by specific oxidants. Under
physiological conditions of pH, thiyl radicals are unstable and may
recombine to form the corresponding disulfide [3].

R–SH → R–S• + H+ + e− (1.1)
R–SH + H2O → R–SOH + 2H+ + 2e− (1.2)

There are various assays of estimating the total antioxidant
capacity (TAC) of food and vegetable extracts, beverages and bio-
logical fluids. One group of these methods, hydrogen atom transfer
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HAT)-based assays (ORAC, TRAP), is based on the quenching of free
adicals (generally peroxyl radicals) by H-atom donation. Another
roup of TAC assays, electron transfer (ET)-based assays (CUPRAC,
olin, FRAP, possibly ABTS/persulphate and DPPH), is based on the
easurement of the capacity of an antioxidant in the reduction of

n oxidant (a fluorescent or chromogenic probe), which generally
hanges color when reduced [4,5]. While the TAC of blood plasma is
ainly accounted for by urate, TAC of cell interior can be expected

o depend more on other antioxidants, especially glutathione and
rotein –SH groups. Alterations in cellular thiol content is the main
eterminant of changes of TAC of cell homogenates [6]. In spite of
eing the second largest shareholder contributing to plasma TAC,
rotein thiols are not efficiently estimated by most methods (espe-
ially FRAP, due to the low reactivity of thiols with ferric ions)
7]. Additivity of antioxidant capacities of thiol components is a
rerequisite for precise TAC estimation of complex mixtures, but
ew TAC assays give additive results for thiol antioxidants [8]. On
he other hand, there has been no conclusive study describing the
ntioxidant properties of various thiol-type compounds: –SH type
ntioxidants such as glutathione, cysteine, homocysteine, S–S type
ntioxidants such as cystine, lipoic acid, homocystine and other
ntioxidants (methionine) measured by widely used spectropho-
ometric TAC assays. Therefore this work is a first attempt for the
ystematic evaluation and comparison of TAC values of –SH and S–S
ype (S-containing) antioxidants – individually and in admixtures
using CUPRAC [9], ABTS/persulphate [10], FRAP [11] and Ellman

12] assays with HPLC validation.

. Experimental

.1. Chemicals and instruments

The following chemical substances of analytical reagent grade
ere supplied from the corresponding sources: neocuproine

2,9-dimethyl-1,10-phenanthroline) (Nc), glutathione reduced
thyl ester (GSHEE), (±)-�-lipoic acid (LA), lipoic acid reduced
DHLA), dl-cystine, dl-homocystine: Sigma (Steinheim, Germany);
-ascorbic acid (AA): Aldrich (Steinheim, Germany); potassium per-
ulphate (K2S2O8), glutathione (reduced, GSH), 1,4-dithioerythritol
DTE): Sigma–Aldrich (Steinheim, Germany); tris(hydroxymethyl)
minomethane (Tris), glycine, tri-sodium citrate 5,5-hydrate, urea,
odium dodecyl sulfate (SDS), trichloroacetic acid (TCA), cop-
er(II) chloride dihydrate, ammonium acetate (NH4Ac), iron(III)
hloride hexahydrate, hydrochloric acid, glacial acetic acid,
odium acetate trihydrate, sodium dihydrogen phosphate dihy-
rate, methanol (MeOH), ethanol (EtOH), sodium hydroxide,
hosphoric acid (85%) and zinc powder: Merck (Darmstadt,
ermany); 5,5′-dithio-bis(2-nitrobenzoic acid) (DTNB) (Ellman’s

eagent), N-acetyl-l-cysteine (NAC), cysteamine, glutathione (oxi-
ized, GSSG), l-cysteine, dl-homocysteine, dl-methionine, ABTS
2,2′-azinobis(3-ethylbenzothiazoline-6-sulfonic acid) diammo-
ium salt) (kept at +4 ◦C), 2,4,6-tris(2-pyridyl)-s-triazine (TPTZ):
luka (Buchs, Switzerland). The reagents were ‘analytical reagent’
rade unless otherwise stated. Brunac (Acetylcysteine 5%) eye
rop was purchased from Arz Ilaclari San. Tic. Ltd. Sti. (Ankara,
urkey), Acetylcystein 600 Trom effervescent tablet from Adeka
lac Kimyasal Urunler San. Tic. A.S. (Samsun, Turkey), and Acetyl-
ystein 600 Mentopin effervescent tablet from Vitamed Ilac Tic. Ltd.
ti. (Istanbul, Turkey).

The spectra and absorption measurements were recorded in

atched Helma quartz cuvettes using a Varian CARY Bio 100 UV-vis

pectrophotometer (Mulgrave, Victoria, Australia). For validation
f the proposed assay against HPLC on a drug sample (containing
AC), a Perkin Elmer Series 200 HPLC chromatographic instrument
quipped with an analytical stainless-steel column packed with
3 (2011) 1650–1658 1651

Hamilton H × Sil C18 sorbent (250 mm × 4.6 mm, 5 �m) (Reno, NV,
USA) was used in conjunction with a UV–vis detector (Perkin Elmer
Series 200), running a mobile phase consisting of 40% MeOH + 60%
phosphoric acid aqueous buffer (v/v) mixture at a flow rate of
1.0 mL min−1. The mobile phase for HPLC analysis with gradient
elution was prepared from primary phosphate (H2PO4

−) buffer and
MeOH. This buffer was prepared by dissolving 0.78 g of sodium
dihydrogen phosphate dihydrate in 500 mL of bidistilled water. The
pH of the mobile phase thus prepared was adjusted to pH 2.5 with
phosphoric acid.

2.2. Preparation of TAC assay solutions

For the CUPRAC test of TAC, the following solutions were pre-
pared: CuCl2 solution, 1.0 × 10−2 M, was prepared by dissolving
0.4262 g CuCl2·2H2O in water, and diluting to 250 mL. Ammo-
nium acetate buffer at pH = 7.0, 1.0 M, was prepared by dissolving
19.27 g NH4Ac in water and diluting to 250 mL. Neocuproine (Nc)
solution, 7.5 × 10−3 M, was prepared daily by dissolving 0.039 g
Nc in absolute ethanol, and diluting to 25 mL with ethanol. For
the ABTS test of TAC, the chromogenic radical reagent ABTS, at
7.0 mM concentration, was prepared by dissolving 0.1920 g of the
compound in water, and diluting to 50 mL. To this solution was
added 0.0331 g K2S2O8 such that the final persulphate concen-
tration in the mixture was 2.45 mM. The resulting ABTS radical
cation solution was left to mature at room temperature in the
dark for 12–16 h, and then used for TAC assays. The FRAP solu-
tions were prepared as follows: a suitable mass of FeCl3·6H2O was
weighed so that the final concentration of Fe(III) in solution would
be 2.0 × 10−2 M; 1 mL of 1 M HCl solution was added, dissolved
in some water and diluted to 50 mL with H2O. A suitable mass
of TPTZ was weighed such that its final concentration would be
1.0 × 10−2 M, dissolved in absolute EtOH, and diluted to 50 mL. In
order to prepare 0.3 M CH3COOH/CH3COONa buffer solution at pH
3.6, 3.1 g of CH3COONa·3H2O was weighed and 16 mL glacial acetic
acid was added, diluted with water to 1 L. The FRAP reagent was pre-
pared as follows: the pH 3.6 acetic acid buffer, 1.0 × 10−2 M TPTZ
solution, and 2.0 × 10−2 M FeCl3·6H2O solution were mixed in this
order at a volume ratio of 10:1:1. The FRAP reagent was prepared
and used freshly.

The standard solutions at 1.0 × 10−3 M concentration of NAC,
DTE, cysteamine, and LA; at 2.0 × 10−3 M concentration of DHLA
were all prepared in absolute EtOH. The standard solutions at
1.0 × 10−3 M concentration of GSH, GSSG, and methionine; at
1.0 × 10−2 M concentration of GSHEE were all prepared in water.

For converting the –S–S– type antioxidants (GSSG, CYSS, LA, and
HCYSS) to the CUPRAC- and ABTS-responsive forms (i.e., the cor-
responding thiols), the procedure originally developed by Tütem
and Apak for cystine–cysteine conversion [13] was slightly modi-
fied. Briefly, an aliquot of 20 mL withdrawn from 1 mM –S–S– type
(disulfide) antioxidant solution was transfered into a flask; 1 mL
concentrated HCl and 0.5 g Zn powder were added, and the flask
was kept in a microwave furnace for 60 s to aid reductive conver-
sion of the –S–S– functionality to the corresponding –SH groups.
The pH of the final solution was roughly adjusted to pH 3 with 2 M
NaOH, and the solution was diluted to 50 mL.

2.3. Preparation of protein assay solutions and buffers

Four different buffers were used in the experiments, all orig-
inating from the standard tris-buffer. Urea buffers prepared in

standard tris-buffer solution had three different pH: 6.8, 7.0,
and 8.0. The standard tris-buffer at pH 8.0 contained 0.086 M
tris(hydroxymethyl)aminomethane, 0.09 M glycine, and 4 mM cit-
rate; the final pH was adjusted to 8.0 with the addition of 2 M HCl
and used as diluent. Urea buffer at pH 7.0 (a suitable amount of
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rea was dissolved in standard tris-buffer, 6 M HCl was added to
djust the pH to 7.0, and diluted with distilled water so as to yield
final total urea molarity of 8 M) was also prepared. The protein
issolution buffer (pH 6.8) contained 50 mM tris, 2% SDS, and 8 M
rea (the final pH of the solution was adjusted to 6.8 with 2 M HCl)
8].

DTNB solution at 4 mg mL−1 was prepared with standard tris-
uffer. Urea buffer at pH 8.0 (the standard tris-buffer containing
ufficient urea was adjusted to pH 8.0 with the addition of 6 M HCl,
nd diluted with distilled water so as to yield a final total urea
olarity of 8 M) was also prepared for Ellman assay [12].

.3.1. Preparation of protein samples

.3.1.1. Egg white (EW). The egg white was completely separated
rom the yolk, weighed (36.80 g), and suspended in distilled water
o make a 250 mL final solution. A 5 mL aliquot was withdrawn, and
mL of 5% TCA (w/v) was added into it. The mixture was centrifuged

or 10 min, the upper liquid phase was decanted, and the precipitate
as washed twice with distilled water. The isolated protein fraction
as dissolved in 10 mL of protein dissolution buffer.

.3.1.2. Whey proteins (WP). The whey liquids sepa-
ated from the curd was passed through a glass fibre
GF)/polyethyleneterephtalate (PET) 1.0/0.45 �m filter, and
iluted as required with the standard tris-buffer prior to analysis.

.3.1.3. Gelatin (GL). Appropriate weight (1.0076 g) of bovine
elatin supplied from the herbalist was dissolved in distilled water
nd diluted to 10 mL. Gelatin solution was diluted at 1:1 ratio with
he standard tris-buffer prior to analysis.

.4. CUPRAC assay of total antioxidant capacity

.4.1. Normal (N) sample measurement
The CUPRAC method, as described by Apak et al. [9], is based

n the reduction of a cupric neocuproine complex (Cu(II)–Nc) by
ntioxidants to the cuprous form (Cu(I)–Nc). To a test tube were
dded 1 mL each of Cu(II), Nc, and NH4Ac buffer solutions. Antioxi-
ant standard (or neutralized reduction products of disulfides with
n/HCl), synthetic mixture or real sample solutions (x) mL and H2O
1.1 − x) mL were added to the initial mixture so as to make the
nal volume: 4.1 mL. The tubes were stoppered, and after 1/2 h, the
bsorbance at 450 nm (A450) was recorded against a reagent blank.
he standard calibration curves of each antioxidant compound was
onstructed in this manner as absorbance vs. concentration, and the
olar absorptivity of the CUPRAC method for each antioxidant was

ound from the slope of the calibration line concerned. The scheme
or normal measurement of antioxidants is summarized as:

1 mL Cu(II) + 1 mL Nc + 1 mL buffer + x mL antioxidant
oln. + (1.1 − x) mL H2O; total volume = 4.1 mL, measure A450
gainst a reagent blank after 30 min of reagent addition.

.4.2. Modified CUPRAC method applied to human serum
Serum samples separated from the bloods of healthy adult vol-

nteers (of age 25–30) were kept at 4 ◦C in a refrigerator just prior
o analysis; samples were freshly used, and EDTA was not added
s preservative. A volume of 0.4 mL of 1.0 × 10−2 M CuCl2·2H2O,
.4 mL of 7.5 × 10−3 M Nc, and 0.8 mL of pH 7.0 urea buffer were
ixed. To this mixture were added (0.4 − x) mL of pH 8 standard
ris-buffer and (x) mL whole serum sample (1:5 diluted with pH 8
tandard buffer) or standard antioxidant solution or a mixture of
oth. The final mixture at 2.0 mL total volume was let to stand at
oom temperature for exactly 30 min, and the absorbance at 450 nm
as recorded against a reagent blank.
3 (2011) 1650–1658

2.4.3. Incubated (I) sample measurement
The mixture solutions containing sample and reagents were

prepared as described in ‘normal measurement’; the tubes were
stoppered and incubated for 20 min in a water bath at temperature
50 ◦C. The tubes were cooled to room temperature under running
water, and their A450 values were measured.

2.4.4. Hydrolyzed (H) sample measurement
A suitable mass of the thiol compound was weighed such that

the final antioxidant concentration of the methanolic solution
would be 1 mM. Each standard was dissolved in a suitable volume of
50% MeOH. In a 100 mL flask, sufficient hydrochloric acid was added
to each solution until the final HCl molarity was 1.2 M, and diluted
to the mark with 50% MeOH. This solution was decanted to a distil-
lation flask into which a few pieces of boiling stone were added, and
refluxed at 80 ◦C for 2 h. The flask was cooled to room temperature
under running tap water. The hydrolyzate was neutralized with
1 M NaOH. The neutralized solution was then subjected to ‘normal
measurement’.

2.4.5. Hydrolyzed and incubated (H and I) sample measurement
The neutralized hydrolyzate was subjected to incubation at

50 ◦C in a water bath for 20 min. The A450 of running water-cooled
samples were ‘normally measured’ as described in Section 2.4.1.

2.5. ABTS/persulphate assay of total antioxidant capacity

The ABTS/persulphate method [10] was followed. Briefly, the
volumes of (4.0 − x) mL EtOH and (x) mL sample solution were
taken. The reagent blank was prepared with 4 mL EtOH. One
mL amount of 1:10 diluted ABTS radical cation solution was
added to each mixture at 15 s intervals, and well mixed (total
volume = 5.0 mL). The absorbance of the reagent blank (A0) dimin-
ished in the presence of antioxidants, the absorbance decrease
(�A) being proportional to antioxidant concentration. The decrease
in absorbance (�A) caused by antioxidants, recorded at 734 nm
against ethanol at the end of 6th minute, reflected the ABTS•+

radical cation scavenging capacity and was plotted against the
concentration of the antioxidant. The TEACABTS value of a given
antioxidant represents the ratio of the slope of the �A vs. con-
centration line of that antioxidant to that of trolox measured under
the same conditions of the ABTS decolorization assay. The TEAC
coefficient, being a slope ratio, is unitless.

2.6. FRAP assay of total antioxidant capacity

FRAP assay was carried out by the method of Benzie and Strain
[11] with minor modifications. The method is based on the reduc-
tion of a ferric 2,4,6-tripyridyl-s-triazine complex (Fe3+-TPTZ) by
antioxidants to the ferrous form (Fe2+-TPTZ). Antioxidant solu-
tion (x) mL and (0.4 − x) mL H2O were added to 3 mL of the FRAP
reagent (final volume 3.4 mL), and the increase in absorbance (�A)
at 595 nm was measured after 6 min. The TEACFRAP value of a given
antioxidant represents the ratio of the slope of the �A vs. concen-
tration line of that antioxidant to that of trolox measured under the
same conditions of the FRAP assay.

2.7. HPLC assay of individual constituents and TAC of synthetic
thiol mixtures

The chromatographic separation of NAC in some pharma-

ceuticals was carried out on a Hamilton H × Sil C18 column
(250 mm × 4.6 mm, 5 �m) (Reno, NV, USA) using an injection vol-
ume of 25 �L. The mobile phase consisted of methanol and 10 mM
of pH 2.5 phosphoric acid buffer in varying proportions. The gra-
dient elution program was run such that the initial composition
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2.8. Standard addition of thiols to protein fractions with modified
CUPRAC method – protein TAC assay

To investigate the “additivity of absorbances of mixture con-
stituents” when thiol compounds are added to protein matrices,
the modified CUPRAC method – protein TAC assay was used [8].
One milliliter of 1.0 × 10−2 M CuCl2·2H2O, 1 mL of 7.5 × 10−3 M Nc,
and 2 mL of pH 7.0 urea buffer were mixed. To this mixture were
added (1.0 − x) mL of pH 8 standard buffer and (x) mL protein frac-
tion sample or standard thiol solution or a mixture of both. The final
mixture at 5.0 mL total volume was let to stand at room tempera-
ture for exactly 30 min, and the absorbance at 450 nm was recorded
against a reagent blank. It should be noted that the users of the
original CUPRAC method [9] should revert to the pH 7.0 urea buffer
defined in this work, and should not use the ammonium acetate
buffer therein, which would otherwise cause the precipitation of
proteins. The pH 7.0 buffer used here is the one pertaining to Ell-
man’s method [12] of thiol determination, but adjusted to pH 7.0
instead of pH 8.0.

2.9. Standard addition of thiols to protein fractions with Ellman’s
method

A volume of (x) mL sample + (1.0 − x) mL standard tris-buffer
at pH 8 + 2.0 mL pH 8.0 urea buffer + 30 �L Ellman’s reagent were
added in this order to obtain a mixture of 3.03 mL final volume.
The absorbance at 412 nm was recorded after 2 min of mixing the
sample with reagents [12].

2.10. Statistical analysis

Descriptive statistical analyses were performed using Excel
software (Microsoft Office 2002) for calculating the means and
the standard error of the mean. Results were expressed as the
mean ± standard deviation (SD). Using SPSS software for Windows
(version 13), the data were evaluated by two-way ANalysis Of VAri-
ance (ANOVA) [14].

3. Results and discussion

The basic aim of this study is to apply the CUPRAC (cupric
ion reducing antioxidant capacity) assay [9] originally developed
in our laboratories to biochemically important thiol-type antioxi-
dants and compare the results with those of other ET-based assays
(ABTS/persulphate and FRAP methods) and also HPLC method.
Additionally, the addivity of TAC values found by the modified
CUPRAC procedure (for proteins) was tested for thiol antioxidants
alone and in admixtures with proteins.

3.1. CUPRAC assay results

The CUPRAC method, using a cupric neocuproine (2,9-dimethyl-
1,10-phenanthroline) chelate (Cu(II)–Nc) as the chromogenic
oxidant, is based on the redox reaction with antioxidants producing
the cuprous–neocuproine chelate (Cu(I)–Nc) showing maximum
light absorption at 450 nm [9]. The reaction equation with thiol-
type antioxidants can be formulated as:

2Cu(Nc)2
2+ + 2R–SH ↔ 2Cu(Nc)2

+ + R–S–S–R + 2H+ (1.3)

Thiol-type antioxidants such as reduced glutathione, oxi-

dized glutathione, cysteine, cystine, homocysteine, homocystine,
N-acetyl cysteine, lipoic acid, dihydrolipoic acid, cysteamine, glu-
tathione ethyl ester, DTE, and methionine, were used in standard
solutions, and assayed using the normal (at room temperature),
incubated (at 50 ◦C), hydrolyzed (at 80 ◦C), and hydrolyzed and
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Table 1
The trolox equivalent antioxidant capacities (TEAC) of various thiol-based antioxidants calculated with respect to the ABTS, FRAP, and CUPRAC methods.

Antioxidants TEACCUPRAC TEACABTS TEACFRAP

TEACN TEACI TEACH TEACH&I

–SH type antioxidants
N-acetyl cysteine (NAC) 0.43 0.40 0.43 0.41 0.53 0.48
1,4-Dithioerythritol (DTE) 0.84 0.68 0.17 0.21 0.76 0.86
Cysteamine (CYSA) 0.37 0.48 0.05 0.17 0.13 ND
Glutathione, reduced (GSH) 0.57 0.57 0.19 0.24 1.51 0.07
Glutathione reduced ethyl ester (GSHEE) 0.35 0.33 0.35 0.47 0.46 0.02
Cysteine (CYS) 0.39 0.35 0.16 0.20 1.28 0.14
Lipoic acid, reduced (DHLA) 0.48 0.48 0.87 0.79 0.29 0.36
Homocysteine (HCYS) 0.47 0.46 0.56 0.76 1.38 0.04

S–S type antioxidants
Glutathione, oxidized (GSSG) ND (0.58) 0.02 (0.54) 0.05 0.21 ND (0.74) ND (ND)
Cystine (CYSS) ND (0.82) ND (0.74) 0.04 0.15 ND (0.64) ND (ND)
Lipoic acid (LA) 0.22 (0.82) 0.40 (0.78) 0.01 0.06 0.11 (0.94) 0.06 (ND)
Homocystine (HCYSS) 0.04 (0.77) 0.23 (0.78) 0.34 0.91 ND (0.87) ND (ND)

Other
Methionine (M) ND ND ND ND ND ND

N
T the me

i
s
w
t
e
c
c

T
C

S
T

T
S

o

D: not detected.
EAC coefficients in the parantheses represent reduction products with Zn/HCl for

ncubated (at 50 ◦C) CUPRAC methods [9] against trolox as the
tandard reference compound. The same antioxidant solutions
ere cross-assayed with ABTS/persulphate and FRAP assays as
he reference spectrophotometric methods. The linear calibration
quations of the tested antioxidants (as absorbance in a 1-cm
ell vs. molar concentration) gave the molar absorption coeffi-
ient (ε) as the slope. The molar absorption coefficient of the

able 2
omparison of theoretical and experimental CUPRAC antioxidant capacities of synthetic m

Method Composition of mixture TACcomponent (mM TR-equ

Normal CUPRAC 0.1 mL 1 mM NAC 1.05 × 10−2

0.1 mL 1 mM HCYS 1.14 × 10−2

0.1 mL 1 mM DTE 2.05 × 10−2

Incubated CUPRAC 0.1 mL 1 mM NAC 0.98 × 10−2

0.1 mL 1 mM HCYS 1.12 × 10−2

0.1 mL 1 mM DTE 1.66 × 10−2

Normal CUPRAC 0.1 mL 1 mM CYSA 0.90 × 10−2

0.1 mL 1 mM CYS 0.95 × 10−2

0.2 mL 1 mM LA 1.07 × 10−2

Incubated CUPRAC 0.1 mL 1 mM CYSA 1.17 × 10−2

0.1 mL 1 mM CYS 0.85 × 10−2

0.2 mL 1 mM LA 1.95 × 10−2

Normal CUPRAC 50 �L 1 mM GSH 0.70 × 10−2

0.1 mL 1 mM NAC 4.24 × 10−2

0.1 mL 1 mM CYS 4.24 × 10−2

Incubated CUPRAC 50 �L 1 mM GSH 0.70 × 10−2

0.1 mL 1 mM NAC 0.98 × 10−2

0.1 mL 1 mM CYS 0.85 × 10−2

amples were analyzed in triplicate.
AC values (significantly different); (P = 0.05, Fexp = 1.527, Fcrit (table) = 6.608, Fexp < Fcrit (table)

able 3
tatistical comparison of the results obtained using the CUPRAC and HPLC methods for N

Sample Method Mean concn. (mM) Std. dev. (s)

Brunac eye drop CUPRAC 1.02 0.03
HPLC 1.11 0.05

Trom acetylcystein 600 CUPRAC 3.33 0.06
HPLC 3.74 0.13

Mentopin acetylcystein 600 CUPRAC 3.63 0.08
HPLC 3.58 0.06

a S =
[(

(n1 − 1)s2
1 + (n2 − 1)s2

2

)
/(n1 + n2 − 2)

]1/2
and texp = (ā1 − ā2)/S((1/n1) + (1/n2

f the two populations with sample sizes of n1 and n2, and sample means of ā1 and ā2, re
b Statistical comparison made on paired data produced with the proposed and referenc
ntioned antioxidants.

tested thiol-type antioxidants divided by that of trolox under the
same conditions gave the trolox equivalent antioxidant capac-
ity, or TEAC coefficient, of that antioxidant (Table 1). Among

the thiol-type antioxidants, DTE shows the highest capacity, and
CUPRAC-TEAC coefficients (in parentheses) decrease in the follow-
ing order: DTE (0.84) > reduced GSH (0.57) > DHLA (0.48) > HCYS
(0.47) > NAC (0.43) > CYS (0.39) > CYSA (0.37) > GSHEE (0.35).

ixture solutions of thiol-type compounds (as mM TR equivalents).

iv.) TACtheoretical (mM TR-equiv.) TACexperimental (mM TR-equiv.)

4.24 × 10−2 (4.41 ± 0.08) × 10−2

3.76 × 10−2 (4.01 ± 0.11) × 10−2

2.90 × 10−2 (2.90 ± 0.07) × 10−2

3.97 × 10−2 (4.03 ± 0.04) × 10−2

3.13 × 10−2 (2.93 ± 0.06) × 10−2

2.53 × 10−2 (2.77 ± 0.02) × 10−2

).

AC in pharmaceutical samples.

Sa,b ta,b ttable
b Fb Ftable

b Recovery (%)

– – – – – 102.00
0.04 2.76 2.78 2.78 19.00 111.00
– – – – – 90.73
0.10 5.02 2.78 4.69 19.00 101.90
– – – – – 98.91
0.07 0.87 2.78 1.77 19.00 97.55

))1/2 where S is the pooled standard deviation, s1 and s2 are the standard deviations

spectively, and t = (n1 + n2 − 2) degrees of freedom (n1 = n2 = 3).
e methods; the results given only on the row of the reference method.
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Table 4
Slope and intercept forms of calibration equations of the modified-CUPRAC method (protein assay) applied to various thiol-based antioxidants alone and in complex matrices
such as the solutions of egg white, whey, and gelatin.

Thiol-type antioxidants Matrix: alonea Egg white Whey Gelatin

N-Acetyl cysteine (NAC) A = 7.46 × 103 c + 0.02 r = 0.9999 A = 7.31 × 103 c + 0.389 r = 0.9999 A = 7.48 × 103 c + 0.14 r = 0.9999 A = 7.49 × 103 c + 0.269 r = 0.9899
1,4-Dithioerythritol (DTE) A = 1.43 × 104 c + 0.076 r = 0.9977 A = 1.38 × 104 c + 0.411 r = 0.9907 A = 1.32 × 104 c + 0.297 r = 0.9910 A = 1.48 × 104 c + 0.299 r = 0.9949
Cysteamine (CYSA) A = 6.05 × 103 c + 0.044 r = 0.9975 A = 6.03 × 103 c + 0.375 r = 0.9910 A = 5.74 × 103 c + 0.197 r = 0.9980 A = 5.82 × 103 c + 0.191 r = 0.9980
Glutathione (GSH) A = 8.18 × 103 c + 0.044 r = 0.9999 A = 8.10 × 103 c + 0.378 r = 0.9968 A = 7.76 × 103 c + 0.226 r = 0.9960 A = 8.27 × 103 c + 0.091 r = 0.9970
Cysteine (CYS) A = 7.23 × 103 c − 0.055 r = 0.9840 A = 7.06 × 103 c + 0.318 r = 0.9899 A = 7.26 × 103 c + 0.111 r = 0.9890 A = 6.60 × 103 c + 0.081 r = 0.9982
Homocysteine (HCYS) A = 7.81 × 103 c + 0.027 r = 0.9999 A = 7.53 × 103 c + 0.322 r = 0.9999 A = 7.92 × 103 c + 0.246 r = 0.9982 A = 7.82 × 103 c + 0.24 r = 0.9919

a Equations in the column represent calibration lines for mentioned antioxidant alone.

Table 5
Slope–intercept forms of calibration equations of the modified CUPRAC method applied to thiol compounds alone and in whole serum samples.

Thiol compound Thiol compound alone In whole serum (WS)

69
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Cysteine (CYS) A = 0.79 × 104 c + 0.0086 r = 0.99
Glutathione (GSH) A = 0.80 × 104 c + 0.1163 r = 0.99
Homocysteine (HCYS) A = 0.99 × 104 c + 0.0431 r = 0.99

The calibration curves of selected thiol-type antioxidants, GSH,
AC, DTE, and HCYS are shown in Fig. 1. Fig. 2 shows the calibration
urves of cysteine with respect to the four types of CUPRAC meth-
ds. In this figure, although εN and εI values are close to each other
or cysteine, there was significant decrease in ε value (possibly as
result of partial decomposition) with respect to the hydrolyzed
ethod.
Among the thiol-type antioxidants tested by the CUPRAC

ethod, glutathione ethyl ester (GSHEE) had relatively lower ε
alue (εN = 5.86 × 103 L mol−1 cm−1) than the two –SH bearing 1,4-
ithioerythritol (DTE) (εN = 1.40 × 104 L mol−1 cm−1). Structural
roperties of thiol-type antioxidants would normally dictate that
wo –SH bearing DTE and dihydrolipoic acid should exhibit higher
EAC coefficients than one –SH bearing GSHEE [15]. For thiol-
ype antioxidants having the same number of –SH groups, the
EACCUPRAC coefficients of DTE and DHLA were found as 0.84 and
.48, respectively. The antioxidant properties of these compounds
re naturally affected not only by the number of –SH groups but
lso by the overall extent of conjugation in the molecule, accessibil-
ty of –SH groups with the chromogenic reagent, and the presence
f additional substituents in the vicinity of –SH groups. Disulfide
orms of GSH and cysteine having the –S–S– groups, namely GSSG
nd cystine, respectively, could not be detected by the CUPRAC
ssay. Among the disulfide compounds, lipoic acid and homocys-
ine had considerably lower ε values, and when these compounds
ere assayed with the CUPRAC method following Zn/HCl reduction

13,16], the obtained ε values were approximately twice as much
f the corresponding simple –SH compounds, namely reduced
ipoic acid and homocysteine, respectively (Table 1). Thus, one
olecule cystine was reduced to two molecules cysteine (Cys-
ine + 2H+ + 2e− → 2 Cysteine).

The relatively higher CUPRAC antioxidant capacities of LA than
ther disulfides such as oxidized glutathione and cystine are
robably related to the position of the two sulfur atoms in the 1,2-

able 6
lope and intercept forms of calibration equations of the Ellman assay applied to various

Thiol-type antioxidants Matrix: alonea E

N-Acetyl cysteine A = 1.27 × 104 c + 0.0191 r = 0.9992 A
1,4-Dithioerythritol A = 2.39 × 104 c − 0.0188 r = 0.9952 A
Cysteamine A = 1.08 × 104 c + 0.0158 r = 0.9992 A
Glutathione A = 1.47 × 104 c + 0.0337 r = 0.9964 A
Cysteine A = 1.17 × 104 c + 0.038 r = 0.9996 A
Homocysteine A = 1.29 × 104 c + 0.014 r = 0.9996 A

a Equations in the column represent calibration lines for mentioned antioxidant alone.
A = 0.77 × 104 c + 0.2139 r = 0.9984
A = 0.78 × 104 c + 0.3728 r = 0.9995
A = 1.08 × 104 c + 0.3652 r = 0.9977

dithiolane ring, which results in a high electron density in this five
membered ring [17], showing a weak reactivity toward the CUPRAC
reagent (Table 1).

3.2. Comparison of the CUPRAC and ABTS/persulphate assays

As reference methods for comparison, the TAC measurement
methods of ABTS/persulphate and FRAP were used. The ABTS
method is based on the scavenging of ABTS•+ radical cation by
hydrogen atom-donating antioxidants, resulting in an absorbance
decrease of the chromophoric radical. As being a most important
thiol (–SH) peptide at in vivo conditions, glutathione showed a
TEAC value of 0.57 in the CUPRAC method, and has proven to
be a 1-e reductant. Since ‘trolox equivalent antioxidant capac-
ity’ (TEAC) is defined as the ratio of the molar absorptivity
of the tested antioxidant to that of trolox, and trolox having
a CUPRAC molar absorptivity of εTR = 1.67 × 104 L mol−1 cm−1

is a 2-e transfer agent, glutathione having a CUPRAC
molar absorptivity of �GSH = 9.47 × 103 L mol−1 cm−1 is a
n = 2 × 9.47 × 103/1.67 × 104 = 1.13 ≈ 1-e transfer reductant in
the CUPRAC assay. On the other hand, the TEACABTS value of
GSH was 1.51. The ABTS result was not in accordance with the
reversible 1-e oxidation of GSH to the corresponding disulfide
(2GSH ↔ GSSG + 2H+ + 2e−) that is expected to occur under phys-
iological conditions. The most significant of the multiple roles
of thiol compounds in vivo may be their critical function as
cellular redox buffers, regulating protein thiol/disulfide com-
position. Disulfide bonds are not only essential in maintaining
the structural stability of soluble proteins, but additionally,

reversible disulfide formation is involved in many enzymatic
and transport processes [18]. By similar reasoning, the TEACABTS
coefficients of cysteine and homocysteine were found as 1.28
and 1.38, respectively, not in agreement with their physio-
logical redox reactions, e.g., (2Cysteine ↔ Cystine + 2H+ + 2e−,

thiol-based antioxidants alone and in egg white and whey.

gg white Whey

= 1.19 × 104 c + 0.363 r = 0.9954 A = 1.20 × 104 c + 0.2040 r = 0.9992
= 1.99 × 104 c + 0.3749 r = 0.9986 A = 2.74 × 104 c + 0.232 r = 0.9997
= 1.14 × 104 c + 0.308 r = 0.9944 A = 0.98 × 104 c + 0.136 r = 0.9950
= 1.52 × 104 c + 0.6253 r = 0.9937 A = 1.52 × 104 c + 0.205 r = 0.9973
= 1.18 × 104 c + 0.4366 r = 0.9946 A = 1.17 × 104 c + 0.254 r = 0.9984
= 1.20 × 104 c + 0.336 r = 0.9942 A = 1.35 × 104 c + 0.189 r = 0.9890
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Homocysteine ↔ Homocystine + 2H+ + 2e−). The abnormally high
EAC coefficients of GSH, CYS, and HCYS as measured by the
BTS/persulphate method (Table 1) suggest that these thiols are

rreversibly oxidized by the ABTS•+ radical cation to higher prod-
cts such as sulphinic (–SO2H) or sulphonic (–SO3H) acids through
ulphenic acid (–SOH) intermediates that is not in accordance with
he physiological defensive roles of the mentioned thiols [19,20].
uch higher oxidations are less likely ‘in vivo’. The CUPRAC method
reats the thiol compounds at nearly physiological pH as opposed
o the ABTS method which optimally acts at more acidic pH.

Cystine, lipoic acid, and homocystine gave no or weak direct
esponse to both CUPRACN and ABTS antioxidant assays, but
hen these compounds were subjected to Zn/HCl reduction and
eutralized, their CUPRAC responses reached 1.7–2.1 times the
orresponding values measured with cysteine, dihydrolipoic acid
nd homocysteine, respectively, whereas ABTS/persulphate gave
rratic ratios (0.5–3.1) under the same conditions (Table 1). These
ndings confirm that, as a result of Zn/HCl reduction of the disulfide
o thiol, CUPRAC measures nearly twice as much molar absorptivity
or the reduced disulfide as that for the corresponding thiol, accu-
ately revealing the number of electrons transfered (as a simple
hole number of two) during disulfide reduction. In other words,

he number of electrons transfered in the CUPRAC redox reaction
an be measured as reasonable whole numbers, because CUPRAC
eactions are complete (within the protocol time of the assay) and
eproducible for well-defined oxidation products.

.3. Comparison of the CUPRAC and FRAP assays

The FRAP method is based on the reduction of
e(III)–tripyridyltriazine complex to Fe(II)–tripyridyltriazine
Fe(II)–TPTZ) at low pH by e-donating antioxidants, resulting
n an absorbance increase at 595 nm due to the formation of

blue-colored ferrous chelate. The FRAP method did not give
onsistent results, and even at relatively high concentrations of
SH, the TEACFRAP value was only 0.07 (in other words, the FRAP
ethod does not sufficiently respond to thiol-type antioxidants

uch as glutathione). Seemingly, cysteine (0.14), homocysteine
0.04), and GSHEE (0.02) had considerably lower ε values, whereas
ysteamine was not detectable with the FRAP method at all.

In order that a chromogenic oxidizing reagent be useful for
he determination of thiol-type antioxidants, it should meet both
hermodynamic and kinetic criteria. Thermodynamic favourability
equires a positive electromotive force (�E0) of the redox reac-
ion between the oxidizing reagent and the antioxidant, giving
ise to a large negative Gibbs free energy change (�G0) via the
quation �G0 = −nF�E0, where n is the number of transfered elec-
rons and F is the Faraday constant. For the oxidized and reduced
orms of glutathione: GSSG/2GSH, i.e., an important redox couple
eflecting the cellular redox status, the standard potential at pH = 0
s +0.180 V, and therefore the formal potential at pH = 7, �E0 ′, is
0.240 V [21,22]. Thus, for the Cu(Nc)2

2+/GSH redox equilibrium,
he electromotive force at pH = 7, �E0 ′, would be 0.84 V, providing
great thermodynamic favourability.

However, thermodynamic favourability of a reaction does not
lways guarantee that it would occur with fast kinetics, i.e.,
hat it would actually take place within the protocol time of a
edox-based spectrophotometric assay. The CUPRAC assay advan-
ageously responds much faster than FRAP to certain thiol-type
ntioxidants. Thiols are not effectively oxidized within the protocol
ime of the FRAP method. The possible reason for this observation

ith respect to electronic configurations is the kinetic inertness

f high-spin d5-Fe(III) having half-filled d-orbitals, while CUPRAC
tilizing d9-Cu(II) oxidant involves faster kinetics [9]. In relation
o this, Gorinstein et al. [23] studied the antioxidant activity of
aw and processed garlic sample extracts, and showed that FRAP
Fig. 3. Comparison of the experimentally found trolox (TR)-equivalent antioxidant
capacities (in �M TR units) of synthetic mixtures of thiol-type antioxidants as mea-
sured by four different methods.

values were significantly lower than CUPRAC values; the obtained
data verified the advantage of CUPRAC over FRAP in reflecting thiol
antioxidant content of food, because thiol-type antioxidants rich in
garlic responded to CUPRAC but not to FRAP assay. Besides, FRAP
reaction runs at acidic pH (pH = 3.6) and thus does not give a real-
istic estimate of in vivo antioxidant capacity of a sample. At more
acidic conditions than the physiological pH, the reducing capacity
may be suppressed due to protonation on antioxidant compounds,
yielding a lower total antioxidant capacity.

Mazor et al. [24] measured the trolox (TEAC)-, CUPRAC-, and
Fe(II)-equivalents (FRAP) antioxidant capacity of some antioxi-
dants, i.e., bucillamine (BUC), N-acetyl cysteine (NAC), glutathione
(GSH). The reduction yield of the CUPRAC reagent was proportional
to the antioxidant concentrations, and doubled for the 2-e reduc-
ing agents like BUC (containing 2 –SH groups), compared to the 1-e
reducing agents, NAC and GSH (containing 1 –SH group). On the
other hand, the widely used FRAP method, although being capable
of detecting BUC and NAC, was unable to detect the 1 –SH bearing
tripeptide: GSH [25].

3.4. TAC measurement of synthetic mixture solutions

Synthetic mixtures obeyed Beer’s law fairly well, as depicted in
Table 2. Synthetic mixtures of thiol-type antioxidants exhibited the
theoretically expected antioxidant capacity within ±9.0%, mean-
ing that chemical deviations from Beer’s law essentially did not
exist and the CUPRAC absorbances of constituents were additive.
The two-way ANalysis Of VAriance (ANOVA) comparison by the
aid of F-test of the mean-squares of ‘between-treatments’ (i.e., the-
oretically expected capacity with respect to CUPRAC method and
experimentally found capacities of different mixtures in Table 2)
and of residuals [14] for a number of real samples (consisting
of synthetic mixtures of thiol-type antioxidants) enabled to con-
clude that there was no significant difference between treatments.
In other words, the experimentally found capacity results and
theoretically expected capacity calculations were alike at 95% con-
fidence level (Fexp = 1.527, Fcrit = 6.608, Fexp < Fcrit at P = 0.05). Thus,
the proposed methodology was validated. On the other hand, there
was significant difference between samples with respect to com-
position of mixtures (i.e., the ‘residual’ mean-square was much
greater than ‘between-sample’ mean-square at 95% confidence
level).

In another experiment, possible binary or ternary mixtures
of antioxidants were analyzed for antioxidant capacity using the

CUPRAC, ABTS/persulphate, FRAP and HPLC assays (Fig. 3). The
expected and experimentally found antioxidant capacities were
generally in accordance with each other. The highest correlation
of HPLC was obtained with CUPRAC (r = 0.925).
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ig. 4. The chromatogram of a synthetic mixture of thiol-type antioxidants. (1)
ysteine; (2) glutathione; (3) N-acetyl cysteine.

.5. Comparison of HPLC and CUPRAC assays

Fig. 4 gives the chromatogram of a standard mixture composed
f three thiol-type antioxidants including cysteine, glutathione,
nd N-acetyl cysteine. Fig. 5 shows the chromatogram of Brunac
ye drop containing NAC. For N = 3 different pharmaceutical
amples containing NAC analyzed by CUPRAC and HPLC pro-
edures, the experimental values (i.e., |t| calculated from the
ooled-estimate of standard deviation, and F from the ratio
f variances) did not exceed the critical ones, indicating that
here were no significant difference in accuracy and precision
etween either synthetic mixtures or methods of determination
Table 3).

.6. Standard addition of thiols to protein fractions and human
erum followed by modified CUPRAC and Ellman assays

The slope–intercept forms of calibration equations of the mod-
fied CUPRAC method applied to various thiol-type antioxidants
lone and in complex matrices such as egg white, whey, and gelatin
re tabulated in Table 4. Regression analysis of the results shown
n Table 4 revealed that absorbance vs. concentration relation-

hips with the modified CUPRAC procedure were perfectly linear
r ranged between 0.984 and 0.999) for the thiol-type antioxidants
ested. Urea – in combination with SDS – as a buffer component
sed in the analysis of protein solutions significantly increase the

ig. 5. The chromatogram of Brunac eye drop containing NAC (initial concentration
f NAC = 0.3 M).
3 (2011) 1650–1658 1657

reactivity of thiols and disulfides that may be buried within the
protein matrix [26]. In this work, presence of 8 M urea is thought
to partly denaturate proteins and to lower the reduction poten-
tial of disulfide/thiol couples in peptides/proteins enhancing thiol
oxidizability [27].

Since the corresponding slopes of the calibration lines of plasma
thiols (CYS, GSH, and HCYS) were very close to each other in indi-
vidual and “in whole serum” determinations (as seen in a row of
Table 5), it can be deduced that the modified CUPRAC method was
interference-free for these thiols in serum, i.e., it did not show
chemical deviations from Beer’s law that may otherwise arise from
interactions among thiols and serum constituents.

Similar experiments were repeated using Ellman’s assay
(Table 6) which uses the thiol-specific reagent (DTNB) capable
of reacting with a thiol group to release 5-thio-2-nitrobenzoate
(TNB−), which ionizes to the TNB2− dianion (yellow chromophore)
in water at neutral and alkaline pH. However, it should be noted
that DTNB basically responds to thiols and not to other classes of
antioxidants including polyphenols.

4. Conclusions

This work reports for the first time the TAC assay of various
thiol-type antioxidants using CUPRAC and other spectrophoto-
metric methods. The calibration curves, molar absorptivities, and
linear concentration ranges of each antioxidant were established
in the proposed and reference systems. The antioxidant prop-
erties of these compounds are governed by the number of –SH
groups, the overall extent of conjugation in the molecule, acces-
sibility of –SH groups with the chromogenic reagent, and the
presence of additional substituents in the vicinity of –SH groups.
Synthetic mixtures comprised of thiol-type antioxidants gave the
theoretically expected CUPRAC antioxidant capacities (TAC values),
indicating that chemical deviations from Beer’s law were basically
absent, and the observed CUPRAC absorbances were additive. The
findings of this study demonstrate that CUPRAC, unlike FRAP, is
capable to assay thiol-type antioxidants alone, in mixtures, and
in admixtures with other antioxidants including proteins. More-
over, disulfide-type antioxidants can be similarly assayed after a
Zn/HCl preliminary conversion to the corresponding thiols, and the
CUPRAC results accurately reflect the 2-e reduction processes of
disulfide–thiol conversion as opposed to ABTS/persulfate.
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