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A flow injection method for antioxidant capacity assessment based on a low-cost laboratory-made
analyzer is reported. A sample of 30 µL is injected in acetate buffer stream, pH 4.6, that converges
with ABTS•+ reagent stream. Detection is achieved by monitoring absorbance at 414 nm. The
proposed method achieves a sample throughput of up to 120 samples h-1, the detection limit being
1.3 µM trolox. Precision was better than 5% relative standard deviation (n ) 4) and the linear range
was 4-100 µΜ, expanded to 250 µΜ trolox utilizing concentration gradients formed along the injected
sample bolus. Information on reaction kinetics is obtained through a single injection. The method
was applied to pure compounds and wine and honey samples. Good correlation was found between
antioxidant capacity assessed through the proposed method and phenolic content: r ) 0.94 for red
wines, r ) 0.96 for white and rose wines, and r ) 0.89 for honeys.
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INTRODUCTION

Free radicals and other reactive oxygen species can be formed
in human body and food systems and have been implicated in
the pathology of several diseases (1, 2). Antioxidant compounds
protect against these radicals, and their role in nutrition and
human health has come under attention (3).The effect of
antioxidants in complex mixtures where various interactions may
take place (4) and unidentified antioxidants could be present is
better described by antioxidant activity rather than concentrations
of specific antioxidants. On this basis, many assays have been
introduced for determining total antioxidant capacity, a widely
used parameter to characterize different pure compounds, body
fluids, plant materials, and food extracts (5, 6).

Among the methods that have been developed for the
assessment of antioxidant activity, the ABTS assay, based on
scavenging of the colored ABTS radical cation, is one of the
most popular (6-8). The stability of ABTS•+, the applicability
in both aqueous and ethanolic solutions, and the wide spectral
and pH working range resulted in the use of ABTS•+ for the
estimation of the antioxidant activity of pure compounds and
complex matrixes. The original ABTS assay is based on the
inhibition of ABTS•+ formation while in modified versions;
ABTS•+ is pregenerated chemically or enzymatically and then
allowed to react with antioxidant compounds (8, 9). Consump-
tion of ABTS•+ is measured spectrophotometrically at a fixed
time. Comparison with the trolox induced consumption provides
the trolox equivalent antioxidant capacity (TEAC) value.

Flow injection (FI) is a very efficient technique for automation
of wet chemical assays. Several FI methods for the evaluation

of TAC have been developed on the basis of chemiluminescent
(10) and electrochemical (11) detection, while recently two FI
methods based on spectrophotometric detection have been
reported (12,13). These methods are based on single-line
manifolds and achieve sample throughputs up to 30 samples
h-1. This study presents a modified FI assay that exploits the
inherent advantages of FI technique concerning high analysis
rates and concentration gradients formed along the injected
sample bolus (14). Strict control of mixing and timing in FI
allows assays to be carried out reproducibly, even when
chemical reactions involved do not reach completion (15).
Readouts in FI are the outcome of two simultaneously occurring
kinetic processes: physical dispersion and chemical reaction.
Physical dispersion results in reproducible concentration gra-
dients formed during mixing of the injected sample zone with
the flowing reagent streams (15,16). Beyond utilization of FI
as an automation tool, this work includes an approach using
concentration gradients for the assessment of TAC at different
end point times.

The proposed FI assay was applied to pure compounds and
food matrixes. Compounds studied are representative of different
classes of antioxidants widely spread in foods and biological
material. In addition, synthetic antioxidants commonly used in
the food industry were studied. For validation of the proposed
methodology, wines and honeys that contain various phenolic
antioxidants were assessed for TAC. Wines have been exten-
sively studied with various TAC assays (17) while there is a
increased interest in the beneficial health effects of honey (18).

MATERIALS AND METHODS

Chemicals.ABTS [2,2′-azinobis(3-ethylbenzothiazoline-6-sulfonic
acid)] in the crystallized diammonium form, trolox (6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid), caffeic acid, ferulic acid, gallic
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acid, uric acid,L-ascorbic acid, rutin, quercetin, BHA (butylated
hydroxy-anisole),t-BHQ (tert-butylhydroquinone), (+)-catechin, and
(-)-epicatechin were purchased from Sigma. HRP (horseradish per-
oxidase) was obtained from Serva. H2O2 (30% v/v) and other chemicals
of analytical grade were purchased from Merck. Distilled water was
used throughout.

Reagents and Samples.ABTS, H2O2, and HRP stock solutions of
20 mM, 20 mM, and 3.0× 106 units L-1, respectively, prepared in
0.020 M acetate buffer, pH 4.6, were stable for over a month when
stored at 0-4°C. ABTS•+ working solution was prepared by mixing
appropriate volumes of the ABTS, H2O2, and HRP stock solutions in
0.020 M acetate buffer, pH 4.6, and allowing 2 h for reaction. To check
ABTS•+ formation, the absorbance at 414 nm was monitored. Working
solution was stable for at least 2 days at 0-4 °C.

The stoichiometry of ABTS oxidation by H2O2 is 2 ABTS:1 H2O2.
To obtain an ABTS•+ working solution of 0.9-1.1 absorbance units
and prevent possible reactions between antioxidants and unreacted
hydrogen peroxide, a H2O2 concentration of 32µM and a 5-fold excess
of ABTS, 0.32 mM, were chosen.

To prepare 2.0 mM antioxidant stock solutions, compounds were
dissolved in appropriate solvents: trolox and uric acid in 0.020 M
phosphate buffer, pH 7.4;L-ascorbic acid, (+)-catechin, (-)-epicatechin,
and glutathione in distilled water; ferulic acid, caffeic acid, BHA, and
t-BHQ in ethanol; and quercetin and rutin in methanol. Stock solutions
were found to be stable for at least 1 week when stored at 0-4 °C.
Working solutions of 2-100µΜ in 0.020 M acetate buffer, pH 4.6,
were prepared daily.

Twenty-seven wines from different origins and vintages and 18
honey samples of several floral sources were supplied from local
producers.

Flow-Injection Assay. The laboratory-made FI analyzer depicted
in Figure 1 consists of an Ismatec IPC-8 peristaltic pump, a Milton
Roy Spectronic-20 spectrophotometer equipped with a Helma 18µL,
1-cm path length flow cell, a VICI Valco C22Z-3186E cheminert low-
pressure six-port valve with electric actuator, and an Advantech PCL-
818 interface card for data acquisition and control. PTFE tubing, 0.8-
mm i.d., was used for the construction of mixing and reaction coils.
The laboratory-made software package for data acquisition and control
provided modules for FI experiments; data treatment, measurement of
peak height and correction of drifting baseline; and data export to text
files. The MS-DOS based software was developed in C language and
provided for fast, up to 60 kHz, data acquisition rates by using direct
memory access data transfer from the AD converter. Control of the
pump, start and stop, and injection valve, load and inject, were achieved
through C language functions. The software developed has low system
requirements and was used with an 80486 personal computer. A C
language function was incorporated in the data treatment module to
overcome possible problems due to bubble formation. After bubble
detection, the function either replaces fault data points by fitting
previous and next points to a third-degree polynomial or marks the
injection as unusable.

Honeys and red, rose, and white wines are diluted 1:20, 1:250, 1:100,
and 1:50, respectively, with 0.020 M acetate buffer, pH 4.6. Standards
and samples are injected in the acetate buffer stream (Figure 1) that
converges with the ABTS•+ reagent stream while flowing to the
detector. The absorbance at 414 nm is continuously monitored resulting

in negative absorbance peaks (Figure 2). The reagent blank is the
baseline signal. Measurements are made on peak maximum at 12.3 s
and on the tail of the dispersed sample zone at 14, 15, 16, and 17 s.
The antioxidant capacity of the samples, expressed in TEAC units, is
calculated using the corresponding calibration curve of trolox.

Determination of Phenolic Content. The determination of total
phenolics was carried out by Folin-Ciocalteu method as described by
Singleton et al. (19). Honeys and red, rose, and white wines were diluted
1:20, 1:100, 1:20, and 1:10, respectively, with distilled water. Absor-
bance measurements were carried out with a Jasco V-550 spectropho-
tometer.

RESULTS AND DISCUSSION

Optimization. It is well-known that tests for antioxidant
activity are pH dependent (20, 21). In this context, as most plant
extracts are acidic, to measure antioxidant activity at pH relative
to the food systems tested, the pH was set at 4.6. The thermal
stability of ABTS•+ was assessed in the range of 15-50 °C by
monitoring the absorbance at 414 nm. It was found that over
40 °C the radical cation was not stable, so experiments were
performed at 25( 1 °C. ABTS•+ is stabilized in the presence
of unreacted ABTS (7). Although the ratio [ABTS]/[ABTS•+]
at pH 4.6 could be just 1 (20), to ensure that all H2O2 used for
the formation of the radical cation has been consumed, a 5-fold
excess of ABTS was chosen. The usually used wavelength for
the ABTS assay is 734 nm where the molecular absorption
coefficient of ABTS•+ is 1.33× 104 M-1 cm-1. However, to
achieve higher sensitivity, the wavelength was set at 414 nm
where a maximum with higher molecular absorption coefficient,
3.1 × 104 M-1 cm-1, exists (7).

A single-line manifold (12,13) in comparison to this two-
line manifold method is simpler. However, the two-line manifold
allows complete mixing of sample with reagent and widens the
dynamic range of the method by maintaining excess of reagent
throughout the sample zone (14). This manifold also eliminates
the sample blank that is a potential problem with single-line
manifolds. The mixing coil before the confluence point (L1,
Figure 1) was made as short as possible to prevent high sample
dispersion (22).

As antioxidant activity depends on a variety of antioxidant
compounds that show different kinetic behavior toward ABTS•+

(20), the determination of TAC by the ABTS assay is influenced
by end point time. End points between 0.1 s (23) and 20 min
(7) have been reported and make almost impossible the
comparison of results obtained through different variants of the
assay described in the literature. Therefore, considering that
antioxidant activity is a relative property and a main advantage

Figure 1. Laboratory-made flow injection analyzer for the determination
of antioxidant capacity. Acetate buffer: 0.020 M, pH 4.6; ABTS•+: 6.4 ×
10-5 M in acetate buffer; L1 3-cm mixing and L2 50-cm reaction coil; IV:
injection valve; D: spectrophotometer, λ ) 414 nm; W: waste; a: digital
control signals; and b: analogue data.

Figure 2. Flow injection peaks acquired through injections of gallic acid
solutions of 5 (a), 10 (b), 25 (c), 50 (d), and 75 (e) µΜ. Readings at
12.3, 14, 15, 16, and 17 s were used for gradient calibration.

4342 J. Agric. Food Chem., Vol. 53, No. 11, 2005 Labrinea and Georgiou



of FI is speed, optimization is aimed at increasing sample
throughput rather than reproducing TEAC values reported by
one specific procedure. To account for different reaction rates,
all optimization experiments were carried out using both trolox
and (-)-epicatechin as a fast and a slow reacting antioxidant,
respectively (20). The effect of the injected sample volume is
shown inTable 1. The slope of the calibration curve increases
while detection limit decreases by increasing the sample volume
for both trolox and (-)-epicatechin. However, linear range
decreases and sample throughput decreases from 120 to 80
samples h-1. A sample volume of 30µL was chosen as a
compromise between sensitivity and sampling rate. Results
obtained using various reaction coil lengths and flow rates are
shown in Table 2 and 3, respectively. As the reaction coil
increases and the flow rate decreases, the residence time and
the detection limit increase for trolox but no significant effect
is observed for (-)-epicatechin. This is due to the opposite
effects of (a) longer residence time that allows the reaction to
proceed and (b) higher dispersion. From these results, it is clear
that the optimization of methods that assess a property that
depends on a mixture of compounds demands the simultaneous
use of compounds exhibiting different reaction kinetics. A
reaction coil of 50 cm and a 2.3 mL min-1 flow rate were chosen
for high sample throughput and increased sensitivity. To achieve
efficient mixing, flow rates of both streams depicted inFigure
1 were equal throughout this study.

For the used experimental setup, the dispersion coefficient
was found to be 6.7. That means that this FI method is based

on a medium dispersion manifold and samples, on the way to
the detector, are diluted 1:5.7.

Method Evaluation. The analyzer stability was evaluated
during continuous operation for 8 h. Calibration equations for
trolox at the start and the end of this time period wereA ) (-2
( 3) + (6.7( 0.2)× Ctrolox(mM) andA ) (-4 ( 5) + (6.8(
0.1) × ctrolox(mM), respectively, while the linearity was excel-
lent, r ) 0.999, for both.

Precision was evaluated by multiple injections of trolox
standards of 10 and 50µΜ. Relative standard deviations were
2.7 and 1.4% (n ) 10), respectively. Baseline noise measured
for 8 h was lower than 0.3% RSD. Sample blanks obtained by
changing the ABTS•+ stream with buffer were equal to zero.

Calibration data for all studied antioxidant compounds, along
their TEAC values, are shown inTable 4. Ranking activities
are in accordance with data obtained using different versions
of the ABTS•+ assay (8, 9, 24) with the exception of quercetin.
However, reported TEAC values for quercetin vary from 3.1
to 6.4 (25). This variation could probably be ascribed not only
to procedural differences but also todifferent quercetincon-
centrations used (9).

Flow Injection Gradient and TEAC. Readouts at the tail
of the dispersed sample zone (Figure 2

) result in calibration curves of different slopes (Figure 3).
This approach was introduced in FI by Olsen et al. (26) under
the name of electronic dilution or gradient calibration and
exploits concentration gradients formed in FI manifolds. Using
this approach, that is, on the basis of the excellent reproducibility

Table 1. Effect of Sample Volume on the Characteristics of the Calibration Curve (A vs C, n ) 7) for Trolox and (−)-Epicatechina

antioxidant sample volume (µL) slope ± SD (A × mM-1) r %RSDb (n ) 4) detection limit (µM) linear range (µM)

trolox 15 3.5 ± 0.1 0.9990 0.1−5 2.6 8.6−200
30 6.8 ± 0.2 0.9992 0.2−4 1.3 4.4−100
60 11.4 ± 0.4 0.998 0.2−5 0.8 2.6−75

100 15.9 ± 0.5 0.996 0.5−6 0.6 1.9−50

(−)-epicatechin 15 4.5 ± 0.2 0.994 0.2−5 2.0 6.7−150
30 9.3 ± 0.4 0.996 0.2−4 1.0 3.2−75
60 13.2 ± 0.7 0.994 0.2−5 0.7 2.2−50

100 17.6 ± 0.8 0.994 0.5−7 0.5 1.7−35

a Total flow rate: 2.3 mL min-1, reaction coil: 50 cm. b Range for calibration standards.

Table 2. Effect of the Reaction Coil on the Characteristics of the Calibration Curve (A vs C, n ) 7) for Trolox and (−)-Epicatechina

antioxidant reaction coil (µL) slope ± SD (A × mM-1) r %RSDb (n ) 4) detection limit (µM) linear range (µM)

trolox 25 8.1 ± 0.2 0.993 1−7 1.1 3.7−60
50 6.7 ± 0.2 0.9997 0.2−5 1.3 4.5−100
75 5.6 ± 0.4 0.9999 0.6−6 1.6 5.4−120

100 4.4 ± 0.1 0.996 0.1−4 2.0 6.8−150

(−)-epicatechin 25 8.9 ± 0.4 0.994 0.6−6 1.0 3.4−50
50 9.3 ± 0.3 0.997 0.5−5 1.0 3.2−75
75 9.1 ± 0.3 0.996 0.7−5 1.0 3.3−75

100 8.9 ± 0.4 0.994 1−5 1.0 3.4−50

a Sample volume: 30 µL; other conditions as in Table 1. b Range for calibration standards.

Table 3. Effect of Total Flow Rate on the Characteristics of the Calibration Curve (A vs C, n ) 7) for Trolox and (−)-Epicatechina

antioxidant flow rate (mL min-1) slope ± SD (A × mM-1) r %RSDb (n ) 4) detection limit (µM) linear range (µM)

Trolox 1.8 6.2 ± 0.1 0.9992 0.3−5 2.9 9.6−100
2.3 6.8 ± 0.1 0.9991 0.2−4 1.3 4.4−100
2.8 6.9 ± 0.3 0.997 0.6−6 1.4 4.7−100

(−)-epicatechin 1.8 8.5 ± 0.2 0.997 0.4−5 2.1 7.1−75
2.3 9.2 ± 0.1 0.9997 0.1−4 1.0 3.3−75
2.8 8.8 ± 0.3 0.996 0.7−7 1.4 4.6−75

a Sample volume: 30 µL; other conditions as in Table 1. b Range for calibration standards.
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of FI peaks, samples that exceed the dynamic range of the
detector can be analyzed without manual dilution (27). For trolox
(Figure 3a), the calibration curve slope decreases from 6.7(
0.2 to 2.03( 0.07A × mM-1 while the linear range is shifted
from 4-100 to 10-250 µΜ when using readings at 12.3 and
17 s, respectively. Gallic acid shows almost the same behavior
(Figure 3b). The calibration slope decreases from 12.3( 0.2
to 4.56 ( 0.06 A × mM-1, while the linear range is shifted
from 2-50 to 5-100µΜ. The decrease of the calibration curve
slope is 70% for trolox while it is 63% for gallic acid. This is
due to the lower reaction rate of gallic acid. Flow injection
signals are the output of two kinetic processes occurring
simultaneously: physical dispersion (i.e., dilution) and chemical
reaction (15). Physical dispersion is the only process for trolox,

a fast-reacting antioxidant, and results in lower signals. How-
ever, signals from slow-reacting antioxidants, such as gallic acid,
decrease to a lower extent because of the longer reaction time
allowed. This is clearly shown inTable 5 where the TEAC
values for slow-reacting antioxidants, ferulic acid, gallic acid,
(+)-catechin, (-)-epicatechin,t-BHQ, and BHA, are shown to
increase using peak tail readings.

Method Application. Taking into account the variation of
reported TEAC values by different procedures, results from the
developed method were correlated to total phenolic content that
relates to antioxidant capacity of various food matrixes (6).

Wine Samples.TEAC values determined by the proposed
method for different types of wines along their corresponding
total phenolic content are shown inFigure 4. Good correlation
was found between total phenolic content and antioxidant
capacity: r ) 0.94 for red wines,n ) 15; r ) 0.96 for white
and rose wines,n ) 12. Similar correlation results have been
reported in previous study utilizing different assays (17). Total
phenolic content values ranged from 10.5 to 17.4 and from 0.96
to 2.79 mM gallic acid for red, and rose and white wines,
respectively. Similar ranges for wines’ phenolics have been
previously reported (17). Antioxidant activities determined
ranged from 3.57 to 6.39 and from 0.31 to 1.91 mM trolox for
red, and rose and white wines, respectively. Since measurements
performed at peak maximum allow reaction time of 12.3 s while
the original ABTS assay allows 6 min, lower antioxidant
capacity values are anticipated through the proposed assay.
Values determined from readouts at 17 s were about 40% higher.
However, relative activities and correlations with total phenolic
content were the same.

Honey Samples.The complex composition of honey that is
strongly dependent on floral source and influenced by seasonal
and environmental factors makes total antioxidant capacity a
useful tool for honey characterization. Results from honey
analysis are presented inFigure 5. Antioxidant activities
determined were in the range of 0.15-2.43 mmol kg-1 trolox
while phenolic content values ranged from 1.96 to 5.0 mmol
kg-1 gallic acid. The correlation between phenolic content and
antioxidant capacity (r ) 0.89, n ) 18) demonstrates the
contribution of phenolic compounds to antioxidant capacity
although other compounds contribute (28). Previous study of
limited numbers of honey samples showed even lower correla-
tion between antioxidant capacity, as assessed through the DPPH
assay, and phenolic content (28). In contrast to wines, readings
at the peak tail provided the same TEAC values as those at
peak maximum. This is probably due to the contribution of
unknown compounds that exhibit fast reaction kinetics. The
ABTS•+ assay is used for the first time for honey samples.

In conclusion, the proposed FI method provides for rapid
antioxidant capacity assessment facilitating the analysis of up

Table 4. Characteristics of the Calibration Curve (A vs C, n ) 7)

antioxidant slope ± SD (A × mM-1) r linear range (µΜ)
TEACb ± SD

(n ) 4)

L-ascorbic acid 6.7 ± 0.1 0.9992 4−100 0.99 ± 0.02
caffeic acid 7.0 ± 0.1 0.998 4−100 1.03 ± 0.02
ferulic acid 10.5 ± 0.4 0.996 3−50 1.54 ± 0.08
gallic acid 12.3 ± 0.2 0.9992 2−50 1.81 ± 0.07
(+)-catechin 8.2 ± 0.2 0.997 3−80 1.21 ± 0.03
(−)-epicatechin 9.3 ± 0.3 0.996 3−80 1.37 ± 0.09
rutin 7.5 ± 0.3 0.9995 4−80 1.10 ± 0.06
quercetin 9.1 ± 0.7 0.992 4−40 1.34 ± 0.09
glutathione 0.20 ± 0.04 0.998 50−800 0.029 ± 0.006
uric acid 7.3 ± 0.1 0.998 4−100 1.07 ± 0.02
t−BHQ 7.1 ± 0.2 0.998 4−100 1.04 ± 0.06
BHA 7.5 ± 0.3 0.997 3−80 1.10 ± 0.07

a Sample volume: 30 µL; total flow rate: 2.3 mL min-1; reaction coil: 50 cm.
b Calculated by dividing the slope with that of trolox.

Figure 3. Calibration curves recorded on peak maximum: 12.3 s and
peak tail: 14, 15, 16, and 17 s for (a) trolox and (b) gallic acid.

Table 5. TEAC Values Obtained along FI Peaksb

TEACa ± SD (n ) 5)

antioxidant 12.3 s 14 s 15 s 16 s 17 s

L-ascorbic acid 1.01 ± 0.01 0.99 ± 0.01 0.99 ± 0.02 0.99 ± 0.02 1.00 ± 0.02
caffeic acid 1.03 ± 0.02 1.00 ± 0.02 1.02 ± 0.01 1.03 ± 0.03 1.01 ± 0.02
ferulic acid 1.54 ± 0.02 1.69 ± 0.03 1.82 ± 0.02 1.94 ± 0.03 2.01 ± 0.04
gallic acid 1.81 ± 0.02 2.09 ± 0.03 2.25 ± 0.02 2.40 ± 0.03 2.53 ± 0.04
(+)-catechin 1.21 ± 0.02 1.32 ± 1.41 1.41 ± 0.02 1.53 ± 0.02 1.56 ± 0.03
(−)-epicatechin 1.37 ± 0.03 1.55 ± 0.02 1.64 ± 0.02 1.74 ± 0.02 1.79 ± 0.03
t−BHQ 1.04 ± 0.02 1.09 ± 0.02 1.14 ± 0.01 1.16 ± 0.02 1.18 ± 0.02
BHA 1.10 ± 0.01 1.21 ± 0.02 1.27 ± 0.01 1.34 ± 0.02 1.35 ± 0.02

a Calculated by dividing the slope with that of trolox. b Fifty micromolar
antioxidants solutions were injected.
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to 120 samples h-1. Another advantage is the use of gradient
calibration that provides automated dilution of concentrated
samples and increases reaction time without loss of sampling
rate. Moreover, information concerning reaction kinetics can

be obtained through a single injection. It is anticipated that the
proposed method will be a powerful tool for the rapid screening
of pure compounds and complex materials using other chem-
istries beyond the ABTS assay.

Figure 4. Results from the analysis of 27 wine samples. TEAC values expressed as mM trolox and phenolic content expressed as mM gallic acid.
Values are means of triplicate measurements.

Figure 5. Results from the analysis of 18 honey samples. TEAC values expressed as mmol kg-1 trolox and phenolic content expressed as mmol kg-1

gallic acid. Values are means of triplicate measurements.
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ABBREVIATIONS USED

TAC, total antioxidant capacity; TEAC, trolox equivalent
antioxidant capacity; FI, flow injection; ABTS, 2,2′-azinobis-
(3-ethylbenzothiazoline-6-sulfonic acid); ABTS•+, 2,2′-azinobis-
(3-ethylbenzothiazoline-6-sulfonic acid) radical cation; trolox,
6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid; BHA,
butylated hydroxy-anisole; t-BHQ,tert-butylhydroquinone; HRP,
horseradish peroxidase.
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