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Abstract

A sequential injection system based on the ABTS'{aZno-bis-(3-ethylbenzothiazoline-6-sulphonic-acid) methodology was developed.

The proposed method, incorporating a mixing chamber in the side port of the selection valve, was evaluated to measure the total antioxidant
activity of several beverages and foods.

The ABTS" is generated by oxidation of ABTS with potassium persulfate and is reduced in presence of hydrogen-donating antioxidants
converting into a colourless product. The applicability of the developed method was tested by measurement of the antioxidant activity of pure
compounds as well as by analysing complex food and beverage samples. The antioxidant activity was pragehtestasbic acid equiva-
lence. The values obtained by this methodology were not significantly different from the results obtained by the original spectrophotometric
ABTS assay. For most of the studied antioxidants, antioxidant activity varied with pH and dilution. The proposed SIA system is suitable for
screening direct or diluted total antioxidant activity of pure compounds or food samples.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction their combined actiofi3,4]. The total antioxidant capacity
(TAC) is accomplished as a result of the synergetic redox
The activity of antioxidants is widely used as a parame- interactions between the proportions of the totality of the
ter directly related to enhance their protective role in human molecules present in foofb]. The quantification of this
organism. Antioxidants minimize the cellular damage from synergetic action can be based on electrochemical or spec-
reactive oxygen species (ROS) and reactive nitrogen speciesrophotometric detection. A wide range of spectrophotomet-
(RNS)[1,2]. Since free radicals are toxic to cells, body has ric methods, namely diphenylpicrylhydrazyl radical (DPPH)
developed a sophisticated antioxidant system that essentiall\y{6], N,N-dimethyl-p-phenylenediamine (DMPLOY], ferric
relies upon antioxidant nutrients in order to protect our health reducing ability (FRAP)[8], desoxiribose assaj9] and
from oxidative stresg]. The identification and measurement ABTS [10] have been tested for the study of the antioxi-
of the concentration of each potential antioxidant compound dant activity of pure compounds. Various limitations have
of a sample is possible but can be time consuming and expenbeen encountered for these assfiy, like slow reaction
sive. Moreover, there might be a synergistic effect between rates and solubility probleni€], possible interferences from
the antioxidants resulting in an over or under estimation of organic acidg7] or from any reducing compound8] and
elevated assay temperatuf@g
The most widely used spectrophotometric method for
_— measuring antioxidant activity in biological samples is the
* Corresponding author. Tel.: +351 22 5580064; fax: +351 225090351. ABTS assay3,4]. This methodology is based on the capacity
E-mail address: aorangel@esb.ucp.pt (A.O.S.S. Rangel). of antioxidant molecules to quench the ABTSblue-green
1 Permanent address: Escola Superiorakigr de Viseu, Instituto Supe- . q_ 1 . 9
rior Politecnico de Viseu, Campus Péliico, Repeses, 3504-510 Viseu, Chromophore with characteristic absorption at 414, 734 and
Portugal. 842 nm) converting it into a colourless product. The degree
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of this decolourisation reflects the amount of ABTShat excessive exposure of the sensitive compounds to ambient
was scavenged and can be directly monitored by spectropho-air.
tometric detection. This new approach for the determination of the TAC was

This methodology has suffered various modifications applied to pure substances and commercial food samples of
since its firstappearance, namely the selection of the adequatéliverse origin, presented aé+) ascorbic acid equivalence.
monitoring wavelength (734 nm, far from visible region, is
recommended)11]. Additionally, direct production of the
ABTS** through the reaction with potassium persulfate was 2. Experimental
introduced. This way, the interference of the antioxidant and
pro-oxidant compounds in the process of generation of the 2.1. Reagents, standards and samples
radical cation was avoidgdO0].

The application of flow analysis techniques to this par- All chemicals used were of analytical reagent grade and
ticular determination presents some important advantageswater from a Milli-Q (Millipore Corporation, Bedford, MA,
Characteristics like the reproducible timing of the whole ana- USA) plus system was used throughout. In order to minimize
lytical procedure are important when reactions with differ- bubble formation inside the tubes, solutions were prepared
ences in kinetics are involved in the determination. Another with previously boiled deionised water.
feature to be exploited is the computer control that makes The ABTS (2,2-azino-bis-(3-ethylbenzothiazoline-6-
the systems flexible, and easy to adjust the flow parameterssulphonic acid) solution was obtained by the mixture of
without physical manipulation in the manifold. Addition- equal volume ofa 2.45 mmoH! ABTS (Fluka 11557, Stein-
ally, the flow circuits are closed, excluding the potential heim, Germany) solution with a 7 mmotT potassium per-
prejudicial effects of oxygen from the ambient air in the oxodisulfate (Merck 5091, Darmstadt, Germany) solution,
determinations. both in water. This solution stands for 12 h in dark in the

Nevertheless, the implementation of flow methodologies fridge before use and a diluted 1:2 fresh solution was pre-
for the determination of the antioxidant activity in food is not pared daily.
yetvery exploited. Few works describe the applicationofflow  The phosphate buffer solution pH 7.4 was prepared by
injection analysis (FIA) for the study of antioxidant activ- dilution of 17.8 g of NaHPOy-2H,0 in 500 mL of deionised
ity using different detection techniques, like amperometry water by adjusting pH with HCI 2 molt!. The sodium
[12,13], chemiluminometrjl4,15], spectrofluorimetrji6], acetate buffer solution pH 5.4 was obtained by dissolv-
electron spin resonance spectrophotomgtidf and UV/Vis ing 8.20g of CHCOONa (Merck, Darmstadt, Germany)
spectrophotometrjl8-21]. The use of sequential injection in 500 mL of deionised water by adjusting pH with HCI
analysis (SIA), introduced by Ruzicka and Marshall in 1990 2 mol L.

[22], presents greater potentialities, as it allows more versa- To prepare antioxidants stock solutions, compounds were
tile sample manipulation inside the flow tubes with possible dissolved in appropriate solvents:tocopherol (Sigma Ref:
stop-and-go periods as well as possibility of adaptation for 89550, Dorset, UK) and caffeic acid (Sigma Ref: C0625,
multi-reagent techniques and multi-detection systems with- Dorset, UK) in ethanol and trolox (6-hydroxy-2,5,7,8-
out the need of manifold reconfiguration. This methodology tetra-methylchroman-2-carboxylic acid) Sigma Ref: 56510
has been tested for evaluating the antioxidant activity againstDorset, UK),L(+) ascorbic acid (VWR 20150.231 Fontenay-
hypochlorite ion by luminol chemiluminescence detection sous-Bois, France), gallic acid (Sigma Ref: G7384, Dorset,
[23], for the evaluating of relative antioxidant capacity of UK) and catechin hydrate (Sigma Ref: 22110, Dorset, UK)
wine samples by spectrophotometric and fluorimetric detec- in deionised water. These solutions were prepared daily.
tion [24] and for routine screening tests of the antioxidant ~ Samples for analysis were purchased on a local super-
activity of mushrooms extracts by spectrophotometric detec- market, and included fruit juices (apple, mango, pumpkin),
tion [25]. refreshing drinks (tea based), teas (black and green), bever-

Regarding the functionality of the original spectrophoto- ages (different type of beers) and dairy products (milk and
metric ABTS assaji 0], the control of the degree of mixingis  yoghurt). Tea infusions were prepared from 0.3 g of dry tea
critical. To accomplish this requirement in an automatic flow leaves with 200 mL of boiling water, and were filtered. No
system, a sequential injection incorporating a well-stirred previous sample treatment other than filtration and dilution
mixing chamber in the side port of the selection valve was was applied.
explored in this work. This approach seemed very adequate,
due to the possibility to achieve a perfect mixt{26] with a 2.2. Instrumentation
straightforward in-line manipulation of solutions. This incor-
poration was also considered positive, due to the possibility A Gilson Minipuls 3 (Villiers-le-Bel, France) peristaltic
of using one single standard to perform the calibration pro- pump, equipped with Gilson PVC pumping tubes, was used
cedure and simplify manipulation without the necessity of to propel the solutions. This pump was connected to the
increasing the analytical cycle. The decrease of sample andcentral channel of an eight port electrically actuated selec-
standard manipulation outside the manifold also avoids the tion valve (Valco VICI C15-3118E, Switzerland). The tubes
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connecting the different parts of the sequential injection sys-
tem were made of PTFE (Omnifit, Cambridge, UK) with
0.8mm i.d. A 386 personal computer Samsung SD 700
(Korea) equipped with an Advantec PCL 818 L (Taipei, Tai-
wan) interface card, running a homemade software written
in QuickBasic (Microsoft) was used to control the selection
valve position, the rotation sense and speed of the peristaltic
pump.
A mixing chamber (MC) with an internal volume of.
750pL made of acrylic containing a magnetic bar was used
and placed over a magnetic stirrer (Metrohm AG E649,
Herisau, Switzerland).
For the spectrophotometric detection, a Unicam (Cam-
bridge, UK) 5625 UV-VIS spectrophotometer£¥34 nm)
equipped with aHellma (178.713-QS, Mullheim/Baden, Ger-
many) flow-through cell with &L of internal volume was Fig. 1. Sequential injection manifold for the determination of total antiox-
used. idants in food, C, Carrier: water, acetate buffer pH 5.4 or phosphate buffer
The detection system was connected to a Metrohm E586PH 7-4; P, peristaltic pump; HC, holding coil; W, waste; RC, reaction coil; S,
Labograph (Herisau, SWitzerIand) chart recorder. standard or samples; UV/Vis spectrophotometer; MC, mixing chamber.

2.3. Sequential injection procedure empting MC and washing HC, respectively. At that point,
the system was prepared for the next analytical cycle.

The SIA system (Fig. 1) was designed to enable the  To assess the accuracy of the developed method, samples
sequential injection determination of the antioxidant activity Were also analysed by the batch procedure, based on the same
of pure compounds as well as of food and beverage samplesspectrophotometric determinati¢t0].

The protocol sequence for these determinations is presented
in Table 1.

The ABTS solution and the sample were sequentially aspi- 3. Results and discussion
rated (steps 1 and 2) to the holding coil. The flow was then
reversed and the stacked zones were propelled to the mixing3.1. System development
chamber (step 3). At this point, in order to enhance mixing in
the MC, the flow was stopped for a time period between 15  Firstly, the manifold physical characteristics and the pro-
and 240s (step 4). Afterwards, when recollecting the mix- tocol sequence were adjusted to guarantee similar conditions
ture, the first part of the resulting solution was dispensed to the batch spectrophotometric ABTS asgHy].
to waste (steps 5 and 6) in order to reduce bubble forma- The dilution of the ABTS solution was set to a value that
tion and improve repeatability. Consequently (steps 7-8), the produced a blank absorption of around 0.700 using the mini-
mixing chamber content was propelled to the detector and mum reproducible volume for injection in the systgifl]. A
spectrophotometric detection at 734 nm was carried out. ~ volume of 41.2.L and a concentration of 0.875mM pro-

Three washing steps were included at the end of the ana-duced a reproducible zero reading, with relative standard
lytical cycle (steps 9-11) corresponding to washing MC, deviations of less than 0.33% far= 10.

Table 1
Sequential injection protocol sequence for the determination of total antioxidant activity
Step Description Port Time (s) Pumping flow rate (wl-3) Flow direction Volume (uL)
1 ABTS aspiration 1 2 20.6 Reverse 41.2
2 Sample aspiration 2/3 1-3 20.6 Reverse 20.6-61.8
3 Dispense to MC 5 13 41.2 Forward 536
4 Stop period 5 15-240 0 - -
5 Aspirate to HC 5 2 41.2 Reverse 82.4
6 Washing HC 8 10 56.4 Forward 564
7 Draw up MC content 5 7 41.2 Forward 288
8 Propel content to detector 7 35 56.4 Forward 1974
9 Washing MC 5 40 56.4 Forward 2256
10 Empty MC 5 18 56.4 Reverse 1015
11 Washing HC 8 30 56.4 Forward 1692

2 Time was varied from 1 to 3 s corresponding to 20.6—@1.8or calibration using a single standard solution.
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substances, since this was one of the disadvantages presented
by other methodologie§s]. The aspiration of lypophilic
material dissolved in ethanol, usually leads to bubble for-
mation due to the pressure difference. In the present system
the bubbles always formed in a specific partr(¥ig. 1) of

the manifold. By incorporating the steps 5 and 6 (Table 1) in
the analytical cycle these air bubbles were removed and this
way repeatability was improved.

3.2. Application to pure compounds

The measurement of the antioxidant activity at different
dilutions, pH and assay time, provides information about the
radical-scavenging reaction. These parameters were studied
for individual substances by the ABTSmethod.

The individual contribution of each antioxidant to the
TAC is considered to be dependent on dilutiga8]. For

Fig. 2. Calibration curves obtained in the different calibration strategies; PUr€ a_ntiOXidant_ compounds a linear calibration line can be
sampling time of 1 s or 20,6L (O), 3s or 61.8.L () and variable volume established within the range of 20-80% decolourafid].
(@). Studies involving the pure antioxidants trolox, ascorbic acid,
caffeic acid, gallic acid, catechin hydrate asdocopherol
By including a MC in the manifold, two objectives could are depicted irTable 3. The selected concentrations indi-
be achieved. One was the employment of one single standardctated with ‘a’, correspond to better linearity with five possible
and different aspiration times to perform the calibration pro- calibration points within the linear range and these concen-
cedures. The other was to provide an efficient mixing between trations were adopted in further studies.
ABTS, the antioxidant compounds and the buffer solution,  Previous studies[29] refer that antioxidant activity
resulting in a uniform mixture where the final pH can be assessed by the ABTS assay depends on pH. In the devel-
adjusted by appropriate selection of the carrier solution. oped SIA system, it is possible to adjust pH of the reaction
The evaluation of precision in using one single standard by changing the carrier solution, without disturbing the sam-
with five different aspiration times (1-3 s) instead of five dif- ple composition. For our study, two different carriers with pH
ferent standards using fixed time (1 and 3s) aspiration is 5.4 and 7.4 were us¢a9] and another option without a buffer

shown inFig. 2. system (water) was also tested. Sensitivity was affected by
The percentage of decolouration was calculated from the pH, showing higher sensitivity with higher pHs for most of

absorbance values using the following equation: the antioxidants tasted, except for gallic acid and trolox that
Ao — Ay seemed to be not affected by changes in this parameter. It is

%decolouraton= ————— x 100 also to note that at non-buffered pH the value of sensitivity

Ao was different from those previously mentioned.
whereAg is the absorbance for the blank assay apds the For the reaction time study, three different times (15, 60
absorbance for the standard or sample solutions. and 240 s) for the stop period in the MC were tested to eval-

The regression parameters for the percentage ofuate the efficiency of the mixing and also to assess whether
decolouration as a function of the number of milimoles of the reaction can be considered complete between the antiox-
ascorbic acid presented Trable 2indicate that there is no  idant and the radical cation. Previous studies indicate a time
significant difference between these three approa@¥gs dependency of the reacti¢h0,28,29], resulting in different

Another important feature was the development of an antioxidant activity for different assay times. For the major-
automatic system that could concurrently perform the mea- ity of the antioxidants tested, it was found that assay time
surement of antioxidant content of hydrophilic and lypophilic has an important effect in sensitivity (slope Table 3) of

Table 2

Comparison of the regression parameters of the different strategies for calibration

Sampling volume (L) Intercept (% decolouration) Slope (% decolouratior mmol AA~1) n R
20.6 —4.16 (+13.18) 4.03x 10P (9.35x 10°)2 5 0.992
61.8 1.75 (£5.83% 3.49% 10P (+£4.68x 10P)2 4 0.999
Variablé® —5.56 (+8.65% 3.99x 10° (+£6.59x 10°)2 5 0.996

a Within brackets are the limits of the 95% confidence intervals.
b Calibration using a single standard solution and variable aspiration volume within the range of 20,8-61.8
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Table 3
Study of antioxidant activity of pure compounds
Antioxidant Study Values Slope (%dec./mmol) Intercept R?
Trolox Concentration (mM) 0.30 1.82E+06 159 0.987
0.4¢ 2.37E+06 0.5 0.998
0.50 2.65E+06 1.7 0.985
pH 5.4 3.24E+06 —-4.3 0.995
Water 3.02E+06 -6.0 0.998
7.4 3.58E+06 -8.8 0.992
Time (s) 15 3.02E+06 -6.0 0.998
60 2.84E+06 -34 0.998
240 2.55E+06 3.4 0.998
Ascorbic acid Concentration (mM) 0.25 1.76E+06 7.8 0.976
0.3¢ 4.60E+06 -95 0.996
0.35 4.31E+06 -12.2 0.987
pH 5.4 3.04E+06 -11 0.997
Water 4.60E+06 -95 0.969
7.4 5.12E+06 —-135 0.995
Time (s) 15 2.03E+06 -3.6 0.982
60 2.46E+06 -95 0.982
240 2.76E+06 4.8 0.985
Caffeic acid Concentration (mM) 0.20 4.99E+06 -3.2 0.987
0.3¢% 4.27E+06 1.8 0.988
0.45 4.21E+06 6.5 0.974
pH 5.4 4.64E+06 8.3 0.995
Water 4.27E+06 1.8 0.988
7.4 5.77E+06 9.2 0.957
Time (s) 15 4.12E+06 8.6 0.987
60 4.24E+06 6.2 0.990
240 4.94E+06 -0.3 0.985
Gallic acid Concentration (mM) 0.06 1.85E+07 -5.5 0.948
0.1¢ 1.16E+07 0.8 0.990
0.15 9.88E+06 9.1 0.971
pH 5.4 1.32E+07 12.7 0.999
Water 1.40E+07 8.8 0.990
7.4 1.27E+07 -8.1 0.991
Time (s) 15 1.16E+07 0.8 0.991
60 1.71E+07 3.6 0.999
240 1.50E+07 10.1 0.973
Catechin hydrate Concentration (mM) 0.08 9.37E+06 3.9 0.988
0.1¢ 9.83E+06 5.8 0.996
0.15 8.25E+06 9.7 0.971
pH 5.4 1.58E+07 20.0 0.989
Water 9.45E+06 7.8 0.995
7.4 1.48E+07 8.8 0.990
Time (s) 15 9.83E+06 5.8 0.988
60 8.65E+06 11.7 0.994
240 1.58E+07 20.1 0.997
a-Tocopherol Concentration (mM) 0.10 5.50E+06 22 0.948
0.15 6.64E+06 -1.7 0.997
0.2¢ 6.15E+06 -2.6 0.976
pH 5.4 7.37E+06 6.5 0.971
Water 6.44E+06 15.2 0.989
7.4 9.40E+06 -1.7 0.999
Time (s) 15 6.44E+06 15.2 0.989
60 8.44E+06 2.4 0.990
240 1.09E+07 3.9 0.968

2 Selected concentrations used for further studies.
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Table 4 Table 5
Comparison between the results obtained by the developed SIA method andResults obtained in the determination of total antioxidant activity, by the
by reference procedure in analysis of food samples of different origins slope comparison method
Carrier Sample Concentration ~ Concentration (mM Sample Slope R? Concentration
(mM of ascorbic  of ascorbic acid) by (mm)2
acid) by SIA the batch procedure Green tea 2 0.968 0.958 7106
Water Beerl 0.54+ 0.04 0.62+ 0.09 Tea based refreshing drink 2 0.925 0.991 0439.03
Beer 2 0.72+ 0.05 0.77+ 0.12 Apple juice 2 0.642 0.904 0.28 0.02
Pasteurised milk 1 0.6% 0.02 0.85+ 0.05 Pumpkin 2 0.679 0.986 0.26t 0.02
Pumpkin 0.36+ 0.04 0.42+ 0.03 Mango juice 0.526 0.974 3.8 0.3
Tea based refreshing 0.85+ 0.06 0.84+ 0.08 Tomato juice 2 1.471 0.987 4.3+ 0.4
drink Beer 3 1.439 0.997 0.42 0.03
pH7.4 Tea 0.37+ 0.09 0.39+ 0.02 Beer 4 1.444 0.994 0.42+ 0.03
Yoghurt,_ fgrt|f|ed 10.63£ 1.9 10.68+ 3.1 a Expressed as ascorbic acid content of the undiluted sample.
Tomato juice 1 2.19% 0.5 281+ 0.2
Pasteurised milk 2 13.1& 0.02 12.3+ 0.2 . . .
Pumpkin 1 1.184+ 0.04 1.33+ 0.1 of decolouration and’ is the aspirated volume. The values
Green tea 1 14.46+ 1.1 12.23+ 0.6 between brackets are the relative deviation of the parameters
Mandarine 5.00+0.03 4.33£0.3 corresponding to determinations at four independent days.
Apple juice 1 1.15+ 0.03 1.6+ 0.2

In conclusion, the presented approach for the determina-
tion of the TAC was successfully applied to pure substances
the reaction. In the case of ascorbic acid, caffeic acid, cate-and commercial food samples of diverse origin. The devel-
chin hydrate and-tocopherol the slope increased with time. oped system showed good stability and repeatability. The
As expected28], for trolox no significant change was found incorporation of the mixing chamber into the manifold made
between 15 and 240 s. Gallic acid showed no systematic ten-possible to use one single standard to perform the calibration
dency, although linearity was clearly better for the 60 s stop procedure and simplified the manipulation without the neces-

period. sity of increasing the analytical cycle. The decrease of sample
and standard manipulation outside the manifold also avoided
3.3. Analysis of food and beverage samples the excessive exposure of the sensitive compounds to ambient

air. The configuration of the system allows accommodating

To evaluate the applicability of the developed methodol- the'other spectrophotometric reactions for assessing the total
ogy, samples were analyzed by the developed method and byntioxidant capacity.
the comparison batch procedyi®].

Statistical treatment of results (Table 4) was made by
establishing a relation type afsia =Co+SChatch being Acknowledgements
Co=-0.021 (+0.573)§=0.923 (£+0.796) an& = 0.905 for
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