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We developed a colorimetric assay estimating the
adical-scavenging activity of human plasma. The test
s based on a measure, in 96-well microplates at 450
m, of the bleaching of carotenoid crocin by peroxyl
adicals generated during thermal decomposition of
,2*-azobis-(2-amidinopopane) dihydrochloride (ABAP).
he inhibition of this bleaching is a function of the
ntioxidant power of substances added to incubation
ixture. We determined the optimal conditions for a

ensitive, rapid, and reproducible assay of 50% inhib-
tory capacity (IC50) of a range of antioxidant sub-
tances and of plasma. Only a total of 200 ml of plasma
s required in a complete dose–inhibition curve. The
C50 of normal human plasma resulted of 2.70 ml of
lasma/250 ml assay volume. The total antioxidant
apability (TAC) of plasma was defined as the recipro-
al of IC50 and its value in a group of 19 healthy adults
esulted in 0.369 6 0.06. Intraassay and interassay co-
fficients of variation of plasma TAC were 6.13 and
.80%, respectively. Measurement of samples with dif-
erent uric acid concentration showed that antioxi-
ant activity of uric acid accounts for approximately
wo-thirds of TAC. © 1999 Academic Press

Key Words: antioxidant species; free radicals; uric
cid; plasma antioxidant capability; vitamins; micro-
late methods; crocin bleaching assay.

Plasma and other biological fluids abound in antiox-
dant molecules that scavenge free radical species to
revent or delay oxidative processes and the damage to
mportant macromolecules, membrane lipids, and li-
oproteins. A number of components have been shown
o possess chain breaking antioxidant capability, in-
luding ascorbic acid, vitamin E, bilirubin, uric acid,
nd protein thiols (1). The relative importance of each

1
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202978. E-mail: BLLPLA@borgoroma.univr.it.
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f these antioxidants in vivo and the relative contribu-
ions of each antioxidant to total antioxidant capability
TAC)2 of the biological fluid or tissue are still not well
nderstood. According to some authors uric acid would
ccount for almost all the antioxidant capacity of
lasma (2), while others claimed that ascorbic acid is
he most effective soluble antioxidant in humans, be-
ause it spares vitamin E and uric acid (3), or that
ulfydryl groups represent the most expendable source
f antioxidants in plasma (4, 5).
The antioxidant status of biological fluids can be

ssessed either by biochemical analysis of the levels of
ost relevant antioxidant species or by evaluating the

nhibitory power of whole plasma on the oxidation of
pecific probes by free radical generating systems.
hile the biochemical analysis has the advantage of

recise diagnostic value as regards the specific defects
hich may be concerned, the inhibitory capability of
hole plasma may better reflect the true ability of
atural antioxidants working in a complex mixture

ike plasma.
A number of methods have been developed over the

ast few years to measure the total antiradical poten-
ial of the organism. Most of these methods are based
n the inhibition of the peroxidation reactions induced
y thermal decomposition of azo-compounds. The reac-
ions are assessed by a variety of techniques, such as
xygen consumption during lipid peroxidation (6), lu-
inol-enhanced chemiluminescence (7, 8), fluorimetric
easurement of R-phycoerythrin bleaching (9, 10),

rythrocyte sensitivity to haemolysis (11), ferric reduc-
ng ability (12), and lipid peroxides generation (13). A
urther method is based on the bleaching of carotenoid
rocin by alkoxyl radicals derived from a donor which is
hotolytically or thermally decomposed. The latter

2 Abbreviations used: TAC, total antioxidant capability; ABAP,

,29-azobis-(amidinopropane) dihydrochloride; TRAP, total radical-
rapping antioxidant parameter; CV, coefficient of variation.
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39MICROPLATE ASSAY OF ANTIOXIDANTS
ethod was developed as a spectrophotometric kinetic
ssay (14, 15) and has been used in food chemistry for
ssessing the antioxidant capability of complex mix-
ures and foods (16).

In the present investigation we took advantage of
icroplate-based technology to make the crocin-

leaching test suitable for a rapid and precise assay of
number of samples, requiring only a humidified in-

ubator and a routine microplate reader, present in
ost clinical chemistry laboratories. We tested the
ethod using several antioxidant substances, and

hereafter this method was applied in order to assess
he protection provided by human plasma. The use of a
icroplate-based method requires small plasma sam-

les and enables performing multiple simultaneous
nd replicate assays that are necessary for the calcu-
ation of IC50.

ATERIALS AND METHODS

aterials

2,29-Azobis-(2-amidinopropane) dihydrochloride (ABAP)
as from Polysciences, Inc (Warrington, PA) and was
issolved in 10 mM phosphate buffer, pH 7.4, at a
oncentration of 5 mg/ml just before use; saffron and all
ther chemicals were purchased from Sigma Chemical
St Louis, MO). Crocin was isolated from saffron by
ater/methanol extraction after repeated extraction
ith ethyl ether to eliminate possible interfering sub-

tances (14–16). Five hundred milligrams of saffron
as suspended in 20 ml of ethyl ether, the mixture was
ently stirred for 2 min, and then the ethyl ether ex-
ract was discarded. This procedure was repeated for a
otal of three times, then the residual ether was evap-
rated in air. Saffron was suspended in 15 ml of 30%
ethanol (v/v) in distilled water and stirred for 5 min

t room temperature. The extract was collected and
ltered through a 0.45-mm Millipore filter. The extract
as diluted fivefold with 10 mM phosphate buffer, pH
.4, and the concentration of crocin was adjusted to 25
M with addition of the same buffer, using the coeffi-
ient e443 5 89,000 M21 cm21, reported for crocin in
queous solution (17). Crocin was protected from direct
ight throughout the preparation procedure, and the
tock solution was stored in 10-ml aliquots at 220°C in
he dark for a maximum of 2 months.

icroplate Assay

This assay is based on the competition of a parallel
eaction, where a donor of peroxyl-radicals, such as
BAP, bleaches carotenoid crocin. At the same time

he antioxidant inhibits bleaching by trapping formed
adicals. In the standard assay (final volume, 250 ml/
ell), the 96-well microtiter plates with flat-bottom

ells were supplemented with 100 ml of crocin solution

a
u

nd 50 ml of antioxidant or plasma. The external wells
f the microplates were not utilized because we some-
imes noted that in those wells the reaction rates were
ess reproducible, probably due to small temperature
ifferences. The plates were then brought to 37°C for
0 min. The bleaching reaction of crocin was started by
he addition of 100 ml of freshly prepared and pre-
armed (5 min at 37°C) ABAP (5 mg/ml, final concen-

ration 2 mg/ml) and the reaction took place at 37°C in
humidified thermostat. Blanks with crocin in the

bsence of ABAP (substituted by 100 ml of 10 mM
hosphate buffer, pH 7.4) were run to rule out inter-
erence by small changes of absorbance due to the
pontaneous decay of crocin absorbance (,2%) in the
bsence of the free radical donor during assay. The
lates were read at time intervals with a microplate
eader (Reader 400, SLT Labs Instruments) at 450 nm,
nd the absolute value of the difference in the o.d. of
BAP-free blank minus the o.d. of samples containing
BAP was taken as the value of crocin bleaching

Do.d.).
The antioxidant activity of the test samples was cal-

ulated on the basis of the percentage of inhibition of
rocin bleaching according to the formula

inhibition5

5

Do.d. total (no antioxidants)
2 Do.d. in the presence of sample
Do.d. total (no antioxidants) 3 100.

his value defines the response of the system and is
roportional to the antioxidant capability of the sam-
le. The antioxidant power of the sample was charac-
erized as the dose of the substance (or the volume of
lasma) which caused a 50% inhibition of crocin
leaching (IC50). Using plasma as the test sample, we
ound it useful to express the TAC as the reciprocal of
C50 (TAC 5 1/IC50) because by this way the TAC value
s directly proportional (and not inversely proportional
s in the case when IC50 is used) to the actual antiox-
dant power of the test sample.

lood Samples

Whole blood was collected after an overnight fast
etween 8.00 and 10.00 h in K2 EDTA tubes3 for bio-
hemical investigations and immediately centrifuged
3000g 3 10 min) to obtain plasma. For TAC measure-

ent, plasma was used immediately or stored at

3 Blood can be collected also in heparin tubes (10–20 international
nits/ml blood). We have recently observed that TAC of heparin-
nticoagulated blood is about 30% higher than TAC of K2 EDTA-

nticoagulated blood. Other results are not affected by the anticoag-
lant used.
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40 LUSSIGNOLI ET AL.
80°C until analysis. Preliminary experiments showed
hat this procedure had no effect on TAC when com-
ared with fresh plasma, at least within 1 month.
lasma was serially diluted in physiological saline to
chieve the desired final dose, before adding it to the
ssay mixture. A total of 200 ml of each plasma sample
as used for preparing serial dilutions necessary to
etermine TAC by a complete dose–inhibition curve,
erformed in duplicate. We noted that the best preci-
ion of the assay was achieved when 10 plasma dilu-
ions (corresponding to final volumes of 0, 0.25, 0.5, 1,
, 3, 4, 6, 8, and 10 ml of plasma) were distributed in the
late using the rows from B to G of the microplate and
tilizing row H for blanks. In this way, the TAC of
hree plasma samples can be assayed in duplicate in a
ingle microplate.
The control, healthy individuals were non-smoker

olunteers aged 21–43 years. They weren’t on any
edication, including vitamin supplements, 10 days

rior to the experiment. Informed consent to partici-
ate in the study was obtained after a clear explana-
ion of its experimental nature. Plasma samples of
ypouricemic and hyperuricemic patients were taken
rom samples in the hospital laboratory and utilized
mmediately after the determination of requested an-
lytical parameters. The only variable considered for
nclusion in the study was uricemia.

Uric acid assay was performed by an autoanalyzer
AX 96 (Bayer S.p.A.), using an enzymatic method
ased on the specific uricase-catalyzed oxidation of uric
cid to allantoin (18). This reaction was monitored
ndirectly by coupling a Tynder reaction (19).

The intraassay repeatability of the method was car-
ied out by determining (n 5 6) TAC on the same
lasma, and an interassay was carried out by four
ifferent people working at the same time, using the
ame sample, but independently preparing the plasma
ilution and the reagents.

tatistical Methods

Statistical analysis was performed using the Sigma
lot for Windows (Jandel Scientific Corporation) sta-
istical package. The data were expressed as means 6
D. IC50 was determined by regression analysis of
ose-dependence inhibition curves and by using the
egression results (x) at f(x) 5 50 from the curve which
est plotted the experimental data.

ESULTS

alidation of the Method and Application
to Standard Antioxidants

Figure 1 reports the absorption spectrum of the
rocin extract, in the absence and in the presence of

BAP. The spectrum showed an absorbance peak at

fl
m

40–443 nm and a shoulder at 464 nm, exactly as
eported for pure crocin (16, 17). A peak of optical
bsorption was present also in the UV region of the
pectrum, indicating that the extract contains compo-
ents other than crocin. However, Fig. 1 shows that
hese contaminants did not interfere with the mea-
urement of the absorption peak of crocin, which was
lmost totally quenched after addition of ABAP.
Microplate readers, working with filters, usually

ead at 450 nm and not at 440 nm, but from Fig. 1 it
an be seen that the absorption of crocin at 450 nm is
nly 6% lower than the maximum, indicating that mi-
roplate reading is suitable for sensitive assays. Using
icroplate reading as described under Materials and
ethods, a linear relationship between crocin concen-

ration and absorbance at 450 nm was obtained in the
ange between 1 and 20 mM crocin (y 5 0.0963x, r2 5
.99) (data not shown). Figure 2 shows the kinetics of
rocin bleaching obtained by thermal decomposition of
BAP at 37°C. After a slight initial delay, a linear
ecrease in absorbance was observed, independent of
he initial concentration, until 0.1– 0.2 o.d. was
eached, i.e., until the sufficient amount of crocin was
vailable. On the basis of these results, an initial con-
entration of crocin of 10 mM (optimal range: 8 to 12
M) was chosen as the most suitable for sensitive and
eproducible assays.
We determined the antioxidant IC50 of six well-

nown scavenger substances, namely, ascorbic acid, a
ajor soluble defence against free radicals in body

IG. 1. Spectral changes associated with oxidation of crocin by the
ree radical initiator ABAP. Absorption spectra were recorded by a
ouble-beam spectrophotometer (Kontron Uvikon 860) using phos-
hate buffer in the reference cuvette. (A) Crocin (7 mM) in 10 mM
hosphate buffer, pH 7.4, in the absence of ABAP. (B) Spectra taken
fter incubation of both sample and reference solutions with 2 mg/ml
BAP for 60 min at 37°C.
uids (3), Trolox C, a water-soluble analogue of vita-
in E (1); propylgallate and chlorpromazine, two syn-



t
c
(
o
m
h
a
p
g
C
s
t

T

o
u
v
a
T
r

b
s
b
c
i
t
s

n

a
u
a
s
a
t
u
t

i
b
t
i
p
r
m
m
(

F
1
i

41MICROPLATE ASSAY OF ANTIOXIDANTS
hetic antioxidants which showed high scavenging rate
onstant with hydroxyl radicals in previous reports
14); and hydroquinone and uric acid, two natural anti-
xidant compounds, the latter of which is probably the
ost important antioxidant molecule of plasma in

ealthy subjects (1, 2). These data (Fig. 3) showed that
scorbic acid is the most powerful of the tested com-
ounds, with an IC50 of 0.7 mg/ml, followed by propyl-
allate (0.85 mg/ml), uric acid (1.37 mg/ml), and Trolox

(1.38 mg/ml). Chlorpromazine and hydroquinone
howed an IC50 one order of magnitude higher than
hat of the four previously mentioned substances.

AC of Human Plasma

Figure 4 illustrates the dependence of the inhibition
f crocin bleaching on the volume of plasma, in a pop-
lation of 19 healthy subjects. The test appears to be
ery sensitive, because almost complete inhibition was
chieved by 10 ml of plasma and IC50 was 2.70 6 0.49.
he TAC of normal human plasma (expressed as the
eciprocal of IC50) resulted in 0.37 6 0.06.

The intraassay precision of the test was determined
y repeating the measurement of the same plasma
ample six times, utilizing two plates simultaneously
y the same technician. In these conditions, the coeffi-
ient of variation (CV) of TAC resulted in 6.1%. The
nterassay precision was determined by four different
echnicians using the same sample: CV of TAC re-
ulted in 4.8 %.

IG. 2. Decrease of absorbance of various solutions of crocin over
h after induction with 2 mg/ml ABAP. The concentrations of crocin

n the assay mixture are also reported.
Since it has been suggested that the major compo-
ent of antioxidant power of plasma is uric acid (2), we
ssessed TAC in subjects with different uricemia val-
es. As shown in Fig. 5, TAC was correlated with uric
cid concentration, but the line of correlation corre-
ponding to zero uric acid crossed the TAC value
round 0.12. Since the normal value of TAC is 0.369,
his indicates that most antioxidant activity is due to
ric acid, but a significant part—approximately one
hird—is due to other mechanisms.

One aspect which might be of particular importance
s the potential interference of bilirubin with the assay,
ecause this substance absorbs at 450 nm. However, in
his assay system plasma is markedly diluted and bil-
rubin absorbance becomes negligible in patients with
lasma bilirubin ,3 mg/dl. In fact, the absorbance
eading at time 0 of 10 ml of a plasma sample (maxi-
um dose used in determination of IC50) containing 3.5
g/dl of total bilirubin resulted in only 0.045 o.d. units

normal values, 0.015 6 0.014 o.d. units).
FIG. 3. Dose–inibition curves of six antioxidant compounds.
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42 LUSSIGNOLI ET AL.
ISCUSSION

The relative insufficiency of antioxidant defences is
ritical to the development of oxidative stress in pa-
ients affected by a number of diseases, including HIV
nfection (20, 21), neurodegeneration (22), diabetes

ellitus (5, 23–25), angina (26, 27), preterm births
28), and probably in aging (29, 30). These diseases are
haracterized either by an overproduction of free rad-
cals or are established when a deficit of defences of the
rganism against radicals occurs. The primary defence
gainst oxidative stress in extracellular fluids rests
ith low-molecular-weight antioxidant molecules, in-

luding ascorbic acid, vitamin E, uric acid, thiols, and
ilirubin (31). The levels of these antioxidants are suit-
ble not only as a protection against oxidation but may
lso reflect consumption during acute oxidative pro-
esses.

Methods that have been developed for the measure-
ent of the antioxidant power of fluids are all essen-

ially inhibition methods. A free radical species is gen-
rated, there is an end point by which the presence of
he radical is detected, and the scavenging activity of
he added sample inhibits the end point. Methods vary
reatly as to the radical which is generated and the end
oint that is used. Wayner et al. (1, 6) developed a test
o measure plasma antioxidant activity, which has be-
ome one of the most widely used. These authors in-
roduced the acronym TRAP, meaning total radical-
rapping antioxidant parameter (TRAP). Their test is
ased on the measure of oxygen consumption during

IG. 4. Dose–inhibition curve of human plasma. The values repre-
ent the average 6 SD of separate determinations from 19 healthy
ubjects.
hermal decomposition of ABAP, a water-soluble azo
p
c

ompound which yields peroxyl radicals at a known
nd constant rate. A major problem with the original
RAP assay method lies in the oxygen electrode end
oint, which is too lengthy (up to 2 h per sample) to
ermit analysis of large numbers and/or multiple doses
f samples. The TRAP assay was modified by other
uthors with respect to the end point (5, 7, 8, 10) or the
ource of peroxyl radicals (11). The existence of many
ifferent methods indicates that all of them have po-
ential advantages and shortcomings, and a series of
eports dealing with these methodological problems
an be found elsewhere (6, 28, 29, 32, 33).
In the present study the TAC plasma was measured

y the inhibition of crocin bleaching, which was
dapted to microplate assay. We set up a method based
n the following criteria: (a) by utilizing a known and
reviously validated free radical generating system
ABAP) (5, 7) and end point (crocin bleaching) (14–16),
b) by utilizing colorimetric measurement of sufficient
ensitivity in order to use small plasma samples, and
c) by utilizing flat-bottom 96-well microplates, which
re widely used in all laboratories and allow simulta-
eous assay of several samples. The latter point is
articularly important because, due to the complex
ompetition reactions occurring in the assay system, a
recise determination of antioxidant activity requires
dose–inhibition curve and determination of IC50, a

tep that is very time-consuming using either polaro-
etric measurement of oxygen or conventional spec-

rophotometry and fluorimetry. This time-limiting step
as until now prevented large-scale clinical application
f TAC assay.

IG. 5. Correlation between TAC and uric acid concentration in

lasma samples recruited on the basis of their different uric acid
oncentrations.
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43MICROPLATE ASSAY OF ANTIOXIDANTS
It is worth noting that using this procedure a com-
lete dose–inhibition curve with 10 points in duplicate
ssays can be performed using a total of 200 ml of
lasma, taking into account also the serial dilution
rocedures.
Pure crocin is not commercially available and com-

lete purification is very time-consuming (17). In these
ssays, we used a crude extract of crocin from saffron
fter extensive ethyl ether washing for the following
easons: (a) the absorption peak of crocin is at 440–443
m, a wavelength where other components present in
he mixture do not interfere with optical measurement;
b) as shown in Figs. 1 and 2, the quenching of crocin by
ree radicals generated during thermal decomposition
f ABAP is complete and follows an almost linear rate
n the time interval chosen for the measure, indicating
hat possible contaminants do not inhibit the crocin
xidation; (c) several purification steps reduce the yield
nd may cause loss of crocin (due to the well-known
ability of carotenoid pigments) without significant ad-
antage in the test procedure; and (d) crude methanol
xtracts of crocin have been successfully employed by
thers for the colorimetric determination of antioxi-
ants by competition kinetics (14–16).
One aspect which might be of particular importance

s the hydro- or lipophilicity of the substances under
nvestigation. Our method is applicable only to water-
oluble antioxidants, because testing of strongly hydro-
hobic compounds would require different incubation
onditions and/or addition of detergents, which would
robably change the competition reactions.
Another problem with the use of competition meth-

ds is the standardization in different laboratories and
he comparison of results obtained using different ex-
erimental conditions and end points. This problem
ay be partially solved using internal standards pro-

uced by known amounts of a reference antioxidant
usually Trolox C) (2, 8, 16, 18, 28). In our assay sys-
em, the normal value of IC50 is 2.7 ml of plasma/250 ml
f test volume, which corresponds to 1.38 mg/ml (5
.345 mg/250 ml of test volume) of Trolox C (Fig. 3). On
hese bases, it can be calculated that the normal anti-
xidant capacity of 1 L of plasma, assayed by our
ethod, is 0.345/2.7 3 106 5 127.7 mg of Trolox equiv-

lents.
As with other methods based on the same principle,

ur test does not allow identification of a specific defect
n antioxidants in clinical settings, but has to be re-
arded as a screening assay of biologically protective
ubstances of plasma. In any case, the potential advan-
ages of measuring total antioxidant activity are the
ollowing: (a) The total antioxidant activity is due to
he activity of several natural antioxidants (6, 25), and
herefore measurement of all these compounds is time-
onsuming; (b) many antioxidants may be as yet un-

iscovered (8); (c) the total activity may be greater than
he sum of the activities of individual antioxidants
ecause of cooperative interactions and reciprocal re-
eneration (10, 19, 25); and (d) other factors present in
erum (lipoproteins, iron, and polyols) may influence
he free-radical-scavenging activity of antioxidants.
or example, it has been demonstrated that when ab-
ormalities of metal chelation exist, ascorbic acid re-
ucing properties paradoxically transform it into a
rooxidant (34).
Good correlation with uric acid (Fig. 5) showed that

ypo- and hyperuricemia are respectively associated
ith a decrease and increase of TAC and that patients
ith almost no uric acid in their blood have only one-

hird of normal TAC. This value is in agreement with
he measurements obtained by Wayner and co-workers
6), according to whom uric acid accounts for 35–65% of
RAP and with a recent report where uric acid has
een shown, by a different method, to contribute to
pproximately two-thirds of the total antioxidant ac-
ivity of normal human plasma (24). The concentration
f uric acid of plasma in men is 25–80 mg/ml and 15–60
g/ml in women (35), a concentration that is in the
ame order of magnitude of its IC50 of pure substance
etermined with this method (Fig. 3). In fact, given
hat 1.37 mg/ml in an assay volume of 250 ml corre-
ponds to 0.342 mg and that this amount has the same
nhibitory capacity of 2.7 ml of normal human plasma,
e have the figure of 0.345/2.7 3 1000 5 126 mg /ml as

he IC50 of uric acid if all the assay volume was plasma.
n the other hand, as we have shown, a substantial
ortion of TAC depends on other molecular mecha-
isms, whose relative relevance has not been studied

n this work.
Thus, this global and simple test permits an antiox-

dant status evaluation in very small plasma samples.
t can be applied to various pathologies and allows
omparison with reference compounds or new antioxi-
ant drugs to be evaluated by dose–inhibition curves.
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