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Abstract: Background: The search for new natural or synthetic products with antioxidant activity is
commonly based on methods that involve reduction of either 2,2-diphenyl-1-picrylhydrazyl (DPPH) or
2-2’-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS). However, the reported values of the
effective concentrations are highly variable, even in controls. Herein, we optimize and validate both
methods of determining antiradical activity.

Methods: Optimization was carried out using both a fractionated factorial design and a basic sequential
simplex method, by monitoring the reduction percentage. Quercetin or Trolox were used as positive
control. Furthermore, for each method, linearity, precision, accuracy, robustness, plate uniformity,
signal variability, and Z factor, were established.
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Results: The optimized conditions for the DPPH method were: DPPH 280 uM in ethanol and 15 min
of reaction time in the dark. The linear range was between 7 and 140 uM with an R* value of 0.9987.
The optimized conditions for the ABTS method were: ABTS adjusted to 0.7 absorbance units, 70%
concentration in ethanol, and a reaction time of 6 min in the dark. The linear range was found to be
between 1 and 70% with an R* = 0.9991. For both methods, the accuracy and precision were within
limits and the Z factor value was higher than 0.89. The applicability of each method was assessed by
analyzing eight plant extracts.
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Conclusion: The DPPH and ABTS reduction methods were optimized and validated on a microscale
and could be expected to be implemented in any laboratory.
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1. INTRODUCTION 2,2-diphenyl-1-picrylhydrazyl (DPPH) and 2-2’-azino-bis(3-
ethylbenzothiazoline-6-sulphonic acid) (ABTS), and others
are based on specific mechanisms related to a particular ill-
ness (e.g., xanthine oxidase). Alam et al. (2013) published a
review in which they included 10 in vivo and 19 in vitro
methods [2]. The most commonly used are the in vitro tests

involving scavenging of free radicals, which are simple and

High-throughput screening (HTS) methods are widely
used for the discovery of new drugs because they provide in
vitro results that can be obtained on a microscale, and also
they are rapid, simple, and relatively inexpensive. In addi-
tion, the use of such methods can reduce both the amount of

waste produced and the need to use laboratory animals [1].

The search for products with antioxidant activity, either
natural or synthetic, has intensified in the recent years be-
cause such compounds play an important role in chronic
degenerative diseases as well as in aging and lifestyle
changes. The increasing number of products that require
testing has required the use of both in vivo and in vitro as-
says. Some of these assays can be used to evaluate general
mechanisms for the removal of oxidized species, such as
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rapid procedures that are properly known as antiradical ac-
tivity methods. Among these, the DPPH and ABTS assays
are the simplest to implement and tend to achieve the most
reproducible results [3].

There are numerous published methods that can be used
to measure total antioxidant capacity in vitro; these can be
classified into two types:

Assays based on hydrogen atom transfer (HAT) and as-
says based on electron transfer (ET). ET-based assays are
used to measure the capacity of an antioxidant to reduce an
oxidant, which changes color when reduced. The degree of
color change is correlated to the concentration of the antioxi-
dant in the sample. ET-based assays include DPPH and
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ABTS radical scavenging capacity assays. However, no sin-
gle method is sufficient; more than one type of antioxidant
capacity measurement needs to be performed to take into
account the various modes of action of antioxidants [3]. For
example, the ABTS assay is applicable to both hydrophilic
and lipophilic antioxidant systems, whereas the DPPH assay
is more suited to hydrophobic systems [4].

DPPH is a free radical that is stabilized through the delo-
calization of its free electron over the entire molecule in such
a manner that it does not dimerize, as can occur with other
free radicals. When the molecule is dissolved in ethanol, this
delocalization produces an intense purple coloration that
absorbs light at 517 nm. When the DPPH solution is mixed
with a hydrogen atom donor, the reduced form is produced
with concomitant loss of the purple coloration [2].

The ABTS method for free radical reduction is based on
electron transfer between the bluish-green radical and the
antioxidant agent. This reaction can be monitored at 750 nm
as a decrease in the intensity of the absorbance [2].

Both assays are convenient in their application and very
commonly used; nevertheless, their application is limited
because they use nonphysiological radicals [4]. Antiradical
activity potency is quantified through the percentage reduc-
tion of the amount of light-absorbing species (e.g., DPPH or
ABTS) using a defined concentration of the antioxidant
agent. Alternatively, it can be quantified by measuring the
antioxidant concentration required to reduce 50% of the
light-absorbing species (ECsp). Nevertheless, the reported
ECs values for the same compound (used as a positive con-
trol) have large variations. For instance, using the DPPH
method, Tacopini et al. (2008) determined an ECsy value of
1.66 pg/mL for quercetin [5], whereas Sadek et al. (2009)
reported a value of 36 ug/mL for the same compound using
the same method [6]. Presumably, the discrepancy between
these results arises because each laboratory or research group
“standardizes” its method without evaluating or optimizing
the slight modifications they make to the original reference
method.

The optimization of any analytical method is essential to
achieve acceptable performance. High-throughput methods
carried out in artificial environments (in vitro) may be unsta-
ble or exhibit activities below their potential. Considering
this, optimization can significantly improve stability and is
therefore a crucial step for the development of screening
methods [7].

The quality of a bioassay is defined by the robustness and
reproducibility of the signal. This allows the biological proc-
ess to be quantified both in the absence of a test compound
and in the presence of inactive compounds [8]. The purpose
of high-throughput methods is to produce reliable data that is
relevant for its application in humans. Therefore, the meas-
urements must exhibit low variability and a high signal-to-
noise ratio so that both false positives and false negatives can
be minimized [9].

Reported studies that include an evaluation of a particular
biological activity based on assays or methods rarely provide
comprehensive optimization and/or analytical validation
data. Generally, it is simply stated that a previously used
method has been adopted and that slight modifications have
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been made to it. However, several of these modifications are
made to critical conditions (variables or factors) of the re-
spective method. Thus, the method should be optimized and,
most importantly, it should be ensured that these “slight
changes” do not affect either the response or the potency of
the antiradical agent.

In this study, the optimization and validation of two
antiradical activity methods are reported; both of the meth-
ods were carried out with microplates. Their use in high-
throughput methods to trace antioxidant activity is proposed.

2. MATERIAL AND METHODS
2.1. Chemicals and Reagents

The following reagents were purchased directly from
Sigma-Aldrich: 2,2-diphenyl-1-picrylhydrazyl (DPPH); 2-2’-
azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS);
6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid
(Trolox); quercetin; potassium phosphate dibasic; potassium
phosphate monobasic; and potassium persulfate. Reagent
grade methanol and ethanol were purchased from J.T. Baker.
Polystyrene 96-well flat-bottom plates were purchased from
Corning, USA. All experiments were carried out with a Mul-
tiskan FC plate reader (Thermo Scientific, US).

2.2. Samples

Eight plant extracts from North of México were used to
evaluate the application of the optimized and validated
methods: The aerial parts of Quercus canbyira, Turnera dif-

fusa, Leucophyllum frutescens, Teucrium bicolor, Salvia

texana, and Salvia beateflora, as well the fruit peel of Vitis
vinifera and the root of Jatropha dioica, were used to obtain
hydroalcoholic extracts (90:10). All extracts were kindly
provided by researchers from the Analytical Chemistry De-
partment (Medicine Faculty, UANL,).

2.3. Optimization

Experimental design and data handling were carried out
using STATGRAPHICS Centurion XVI software (Statpoint
Technologies, Inc., USA). Optimization of the DPPH reduc-
tion method was performed with a half-fraction factorial
design 2”5-1, with no blocks, and with a random central
point and one replicate. The ABTS method optimization was
carried out using a full factorial design; this was randomized
and included one replicate, as the fractionated factorial was
not sufficient. Thirty-two experiments were conducted with
DPPH and 128 with ABTS. For both methods, the reduction
percentage of the light-absorbing species was calculated in
the absence of an antiradical agent (negative control) and in
the presence of an antiradical agent. This reduction percent-
age was considered the response of the method. In all cases,
the percentage reduction was calculated using Equation (1):

% Reduction=100 (1— E)

A )
where A is the absorbance of the negative control and B is
the absorbance in the presence of an antiradical agent.

For DPPH, the positive control was quercetin (4 pg/mL),
and for ABTS, the positive control was Trolox (3 pg/mL).
All experiments were performed in polystyrene 96-well
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plates with a final volume of 200 puL. Absorbance readings
were carried out with a microplate reader (Multiskan FC,
Thermo Scientific) employing the recommended wave-
lengths for each method.

Factors or variables included in the optimization process
for the DPPH reduction method were: DPPH concentration
(uM), incubation time (min), light/darkness, solvent, and
wavelength. Factors or variables included in the optimization
process for the ABTS method were: ABTS concentration
(%), ABTS absorbance, incubation time (min),
light/darkness, solvent, and incubation temperature (°C). In
all cases, the highest or lowest previously reported values
were used for subsequent experiments.

Pareto diagrams were employed to simplify the evalua-
tion of the effect caused by the variables included in this
study on the response of the system.

The factors with the highest influence on the response
were optimized using the basic sequential simplex method.
The number of initial experiments was calculated according
to N + 1, where N is the number of factors to be optimized.
Initial experiments were set with the highest or lowest levels,
as previously reported for each method. After each group of
experiments, one of the conditions was discarded, and new
conditions were calculated for each variable (V) according
to the basic sequential simplex method and Equation (2):

VNZ(quptimal )_(I/low) )

where Vy is the new value for each factor, x,pima i the aver-
age value of the factors that produced the optimal results,
and V7,,, is the value that produced the lowest response.

2.4. Validation
2.4.1. Linearity

An evaluation of the linearity of the method was carried
out using three experimental approximations:

A. A calibration curve was constructed by using only the
absorbance of the analyte (DPPH or ABTS) at different
concentrations to evaluate the response of the equipment.

B. A calibration curve was constructed using the percent-
age reduction of five concentration levels of the positive
control: quercetin or Trolox.

C. A standard curve was constructed using the percentage
reduction values of the five concentration levels of the
same positive controls used above, but added in extract
from Jatropha dioica that does not possess antiradical
activity.

All experiments were carried out in triplicate. The ob-
tained data were treated with the least-squares method to
obtain the plot’s equation as well as the determination coef-
ficient. For strategy A, the employed response was absor-
bance, whereas for strategies B and C, the percentage reduc-
tion (%) was calculated, which was represented as a function
of the concentration.

2.4.2. Precision

Precision was assessed using the same plant extract from
Jatropha dioica, either with or without adding the positive
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control at three concentration levels in triplicate. Quercetin at
8, 4, and 0.5 ug/mL concentrations was used for DPPH,
whereas Trolox at 5, 3, and 1 pg/mL concentrations was
used for ABTS. The relative standard deviation (%RSD) was
calculated for the respective percentage of free radical reduc-
tion, according to Equation (3):

%RSD =100
x 3)

where s is the standard deviation of each measurement and x
is the average of such measurements.

The procedure was evaluated on the same day to obtain
the inter-day precision, and on different days to evaluate
intra-day precision.

2.4.3. Accuracy
Accuracy was evaluated in two ways:

A. The error percentage was evaluated with a plant extract
from Jatropha dioica, either with or without positive
control at three concentration levels in triplicate. Quer-
cetin (8, 4, and 0.5 pg/mL) was used for DPPH, whereas
Trolox (5, 3, and 1 ug/mL) was used for ABTS. The er-
ror percentage was calculated according to Equation (4):

0
cx—cC
% %100
¢ x 4)
where C°, is the added concentration and ¢, is the experi-
mentally determined concentration.

Y% Error =

B. A calibration curve was constructed and regression
analysis was used to recalculate the standard concentra-
tions. Five concentration levels were used. Quercetin (8,
6, 4, 2, and 0.5 pg/mL) was used for DPPH, whereas
Trolox (5, 4, 3, 2, and 1 pug/mL) was used for ABTS.
Using the equation of a straight line, the concentration
of each standard was recalculated. Subsequently, the
correlation between both concentrations was studied us-
ing least-squares regression analysis. Accuracy was
evaluated from the determination coefficient value as
well as from the slopes from the recalculation curves.

2.4.4. Robustness

Robustness evaluation was performed by slightly modi-
fying those conditions that exhibited a significant effect dur-
ing the optimization process. In the case of DPPH, the ex-
periments were conducted by varying DPPH concentration
(275 and 285 uM). For the ABTS method, the effects of us-
ing 65 and 75% ABTS concentrations and varying the absor-
bance adjustment of the solution to 0.65 and 0.75 values
were evaluated. Additionally, in both methods, other vari-
ables, including solvent variations using DMSO (0.15 and
0.25%) as well as water addition to 25% of the final volume,
were examined.

All experiments were carried out in triplicate. The ro-
bustness of each method was evaluated using Tukey’s test
(0=0.05), which indicates whether there is a significant per-
centage reduction and hence whether the method is robust
with respect to the evaluated conditions.
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2.4.5. Plate Uniformity, Signal Variability, and Z Factor

Plate uniformity and signal variability were assessed
through absorbance measurements of the respective solutions
possessing different percentage reductions [6]:

e Maximum absorbance with 80% of the analyte (i.e.,
20% reduction of the light-absorbing species).

e Mean absorbance with 50% of the light-absorbing spe-
cies.

e  Minimum absorbance with 20% of the analyte (i.e., 80%
reduction of the light-absorbing species).

To obtain three different percentage reductions of the
light-absorbing species, quercetin was used at 1.26, 4.33, and
7.41 ug/mL concentrations, whereas Trolox was used at
1.22,2.95, and 4.7 pg/mL concentrations, for the maximum,
mean, and minimum signals, respectively.

Each solution was measured in 32 wells of the same 96-
well plate and the procedure was performed with three dif-
ferent plates. The position of each solution was changed in
each plate (rows or columns of wells). All assays were car-
ried out with reagents prepared independently and evaluated
on different days. %RSD was calculated for each solution.

The Z factor was also quantified in each plate according
to Equation (5):

@veragemax =38D, 0y / Jn ) @veragemm +38D/n )

Average,,,. — Average, (5)

7=

max

where 7 is the number of tests.

2.5. Applicability of the Antiradical Activity Reduction
Methods

Once the methods were optimized and validated, their
application was evaluated with eight methanol plant extracts.

The DPPH free radical reduction method was carried out
by mixing 100 UL of the plant extract sample at different
concentrations (250-0.25 pg/mL ethanol) with 100 pL of
DPPH (280 uM in ethanol). A negative control was included
(corresponding to 100% DPPH) in which ethanol was added
instead of the sample. The mixture was incubated in the dark
for 15 min at room temperature, and then the absorbance was
measured at 540 nm with a Multiskan FC microplate reader.

For the ABTS free radical reduction method, a 7 mM solu-
tion of ABTS in 2.45 mM aqueous potassium persulfate was
prepared. The solution was incubated for 12—16 h in the dark
to produce the ABTS" free radical. This solution was diluted
with ethanol to adjust the absorbance value to 0.7. To evaluate
antiradical activity, 60 UL of a plant extract sample solution
(150-0.25 pg/mL ethanol) was mixed with 140 puL of the
ABTS" solution (4=0.7). A negative control was included
(corresponding to 100% ABTS) in which ethanol was added
instead of the sample. The mixture was incubated in the dark
for 6 min at room temperature and the absorbance was meas-
ured at 750 nm with a Multiskan FC microplate reader.

For both DPPH and ABTS, the calculations used to ob-
tain the percentage reduction of the light-absorbing species
were those used for the optimization and validation of the
method (Eq. (1)). A linear regression plot was constructed
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using the respective percentage reduction from each sample.
The ECsy was assessed by curve interpolation for each of the
plant extract samples. The results were also expressed as
Quercetin equivalents for DPPH (umol QE/g of Fresh
Weight) and Trolox equivalents for ABTS (umol TE/g of
Fresh Weight) using standard curves. Quercetin standard
solutions were prepared at concentrations from 1.65 to 26.47
UM and the t concentration of Trolox standard solutions
ranged from 1 to 23.97 uM.

3. RESULTS AND DISCUSSION

A literature survey of assays for in vitro antiradical activ-
ity measurements that include full procedures, the positive
controls employed in the study, and their respective mean
effective concentrations, showed that the positive control
most used for the DPPH reduction method is quercetin;
Trolox is the most commonly used positive control with the
ABTS reduction method.

The bibliographic review revealed important differences
with respect to the mean effective concentrations of the posi-
tive control, i.e., quercetin and Trolox, although in many
cases, these were described as “slight variations”. Herein, to
optimize the method, these modifications were taken into
account using two different levels of positive control for
each of the working conditions. It should be noted that, al-
though the maximum absorption wavelength is known for
each species, our aim is to optimize high-throughput assays,
i.e., microscale assays; therefore, the wavelength used for
analysis was included in the optimization process. Further-
more, microplate reader filters that include wavelengths
close to the maximum absorption wavelength of the positive
control were used.

The design of the experimental approach involves vary-
ing all factors in a simultaneous and systematic manner, ena-
bling the measurement of either the effect of a specific factor
on the response or that of several interacting factors on the
response. Experimental design, such as screening, factorial
(full or fractionated), response surface, and experimental
schedules generated computationally, can be used during
optimization [10]. Generally, whereas the full factorial de-
sign is the easiest to implement and interpret, the fraction-
ated factorial design typically involves fewer experiments.
The choice of design is often based on the number of factors
involved in the experimental method [11].

The reported range for the factor values are generally
used to set the extreme operation values [12]. In this study,
optimization was also carried out using the extreme values of
each of the conditions identified in the initial search. Optimi-
zation of both DPPH and ABTS methods was undertaken
using a 2”5-1 fractionated factorial design with no blocks
and with a random central point and one replicate.

Percentage reduction of absorbance was monitored or
evaluated as the response. The influence of each factor on
the percentage reduction was plotted in a Pareto chart (Fig.
1). Variables that showed a significant influence on the
DPPH reduction response were: DPPH concentration, wave-
length, solvent, and the interaction between the three. Those
for ABTS reduction were: ABTS concentration, ABTS ab-
sorbance adjustment, solvent, and light/dark conditions.
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Fig. (1). Pareto diagrams obtained from the optimization of reduction assays: DPPH (A) and ABTS (B).

Subsequently, factors that influenced the response in
each method were optimized using the basic sequential sim-
plex method. A group of experiments was conducted for
each method, following the basic sequential simplex method
rules, and those with the worst responses were discarded.
New conditions were then calculated, and again, the worst
responses were discarded. The simplex procedure was
stopped when a negative value for some condition was
found.

In the case of DPPH reduction, the highest percentage re-
duction values and the highest absorbance were obtained
with the conditions established in the fourth experiment.
These conditions were considered optimal.

With the ABTS method, higher percentage reduction val-
ues were obtained using the conditions established in the first
experiment (with 60.1% reduction); under these conditions,
the ABTS concentration was 50% with an absorbance value
of 0.288. As previously noted, given that this method is used
to evaluate the ability of a compound to reduce ABTS, any
agent capable of reducing ABTS will also lead to a reduction
in the level of the absorbance. Therefore, the concentration
of ABTS should be optimized to obtain higher absorbance
values to increase the percentage reduction. Three assays
were conducted under the conditions established in the first
experiment, modifying ABTS concentration between 70 and
90% (classical optimization). The highest potency (ABTS
percentage reduction) was found using an ABTS concentra-
tion of 70%. Furthermore, under these conditions, an accept-
able %RSD and an optimal absorbance value were obtained.
Therefore, the conditions established from this experiment,

using an ABTS concentration of 70%, were considered op-
timal for the ABTS reduction method.

The optimized methods were validated by following the
recommendations and criteria set forth in international guide-
lines [8, 13, 14]. The figures of merit included in the valida-
tion process were linearity, precision, accuracy, robustness,
plate uniformity, signal variability, and Z factor.

According to the ICH guidelines [14], the linearity of an
analytical procedure is its ability (within a defined range) to
obtain results directly proportional to the concentration (or
amount) of the analyte in the sample. However, in biological
activity assays, in which the potency of a compound is
evaluated, linearity must be considered the ability of the pro-
cedure to obtain a potency interval (in this case, of reduction
percentages) directly proportional to the concentration (or
amount) of the test compound. Considering both definitions,
three approximations were included in this study to establish
the linearity of each method. In each case, the plots were
obtained using the least-squares method (Fig. 1).

A. The direct analysis of solutions containing different con-
centrations of the analyte. The determination coefficients
(R%) for DPPH and ABTS were 0.9987 and 0.9991, re-
spectively. The linear concentration interval of DPPH was
between 7 and 140 uM in ethanol (equivalent to DPPH
reductions of 86.6 and 0%, respectively), and that of
ABTS was between 1 and 70% in ethanol (equivalent to
ABTS reductions of 99.0 and 0%, respectively).

B. The analysis of positive control solutions at five concen-
tration levels. The determination coefficients (R”) for the
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DPPH and ABTS reduction methods were 0.9941 and
0.9947, and the slope values were 9.758 and 16.539, re-
spectively. The linear range for quercetin concentration
was between 8 and 0.5 pg/mL (with DPPH reductions of
86.59 and 10.49%, equivalent to 7.2 and 121.7 uM
DPPH, respectively), whereas for Trolox, it was be-
tween 6 and 0.25 pg/mL (with ABTS reductions of
96.43 and 2.10%, equivalent to 3.45 and 68.52% ABTS,
respectively).

C. The analysis of positive control solutions at five concen-
tration levels added to a extract from Jatropha dioica.
Determination coefficients (R%) of the DPPH and ABTS
reduction percentages were 0.9914 and 0.995, and the
slope values were 9.8482 and 14.734, respectively. The
linear range of quercetin concentration was between 8
and 0.5 pug/mL (with DPPH reductions of 86.69 and
7.80%, equivalent to 7.04 and 125 uM DPPH, respec-
tively), whereas for Trolox, the linear range was be-
tween 6 and 0.25 pg/mL (with ABTS reductions of 92.5
and 10.34%, equivalent to 5.25 and 62.75% ABTS, re-
spectively).

Based on the linear intervals, the maximum and mini-
mum potencies can be assessed for each method. In the case
of DPPH, its minimum potency is a 10.5% reduction
(equivalent to 121.7 uM DPPH) and its maximum potency is
an 86.6% reduction (equivalent to 7.2 uM DPPH). For the
ABTS method, its minimum potency was a 10.3% reduction
(equivalent to 62.75% ABTS) and its maximum potency was
a 92.5% reduction (equivalent to 5.25% ABTS). It is impor-
tant to note that these values relate specifically to the con-
centrations of the free radical (DPPH or ABTS).

Precision was expressed as percentage of the relative
standard deviation (%RSD). Results obtained are presented
in Table 1. In all cases, the precision values were within the
acceptable ranges recommended by the Biological Assay
Validation Guidelines [8, 13]. The %RSD was less than 6.8
and 9.75% for DPPH and ABTS, respectively. Therefore,
both methods showed good intra- and inter-day precision.

Accuracy was expressed as an error percentage and was
acceptable for both DPPH and ABTS methods at the three

Table 1. Precision and accuracy evaluation (n = 3).
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concentration levels used; the % error values lay between —
5.81 and 1.55%. Additionally, accuracy was evaluated
through back-calculation of the positive control concentra-
tion. A correlation coefficient (R*) value of 0.9914 and a
slope of 0.996 were obtained for quercetin concentration
using the DPPH method, whereas an R value of 0.9911 and
a slope of 0.999 were obtained for Trolox. These data con-
firm the accuracy of both methods [15], as they exhibit a
good correlation and their slopes approximate to unity.

To establish the robustness of both methods, slight
changes to variables that showed a significant effect on the
response during the optimization process were evaluated.

DPPH free radical concentration was the only significant
factor found during the optimization studies of the DPPH
reduction method. Given this, the effect on the response was
evaluated when a sub-optimal concentration of DPPH was
used. According to Tukey’s test, the results obtained with 5
UM variations of the DPPH final concentration did not pro-
duce significant changes in absorbance (with absorbance
ranges between 0.73 and 0.78).

In the ABTS reduction method, both initial absorbance
adjustment (after generation of the ABTS radical) and the
final free radical concentration were the most significant
factors identified during the optimization studies. Variations
in absorbance adjustment between 0.65 and 0.75, as well as
variations in the final ABTS concentrations between 65 and
75%, did not produce significant differences in the reduction
percentages compared with the optimized value.

Although ethanol is used as solvent in both methods,
compounds and extracts or fractions that are not soluble in
this solvent alone are sometimes analyzed. Therefore, it was
necessary to evaluate the effect of other solvents in which
the samples are solubilized. The inclusion of either water or
DMSO had no significant effect on the reduction percentages
compared with ethanol; however, the inclusion of 0.25%
DMSO in the ABTS reduction method resulted in a signifi-
cant difference. Therefore, it is recommended that water be
used at a final concentration lower than 25% and that DMSO
be used at a final concentration lower than 0.15% in the
ABTS method.

DPPH Reduction
Level Quercetin (Lg/mL) %RSD (Intra-day) %RSD (Inter-day) %error
High 8 1.75 2.64 1.55
Medium 4 6.80 6.79 -5.19
Low 0.5 1.57 2.64 -5.81
ABTS Reduction
Level Trolox (ng/mL) %RSD (Intra-day) %RSD (Inter-day) %error
High 5 6.34 0.77 -0.20
Medium 3 232 1.62 -1.98
Low 1 9.75 3.02 -1.82
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The guidelines for developing high-throughput assays
presented by Eli-Lilly [8] recommend assessing plate uni-
formity, signal variability, and the Z factor in all methods
that use microplates. Therefore, variations of the response
signal (absorbance) originating from differences in the mi-
croplates and microplate readers were evaluated to verify
that there was no significant difference between the mi-
croplate wells. Experimentally, signal detection was carried
out using three absorbance intensities (low, medium, and
high) with analyte solutions of different concentrations and
placed in different wells of three different plates. Using the
obtained signal of each solution, the %RSD was calculated
for each of the plates; %RSD values less than 15% indicate
good precision, good uniformity, and low signal variability.
The Z factor is used to quantify the advantages of using a
particular method as a high-throughput assay on a large
scale, and is defined as a signal window that is a function of
four parameters (mean and standard deviations of both posi-
tive and negative controls). It can be used to indicate the
extent of separation of noise from the signal [16], with the
recommended acceptance criterion being Z > 0.4 [17].

The results obtained with both methods are shown in Ta-
ble 2. In the case of the DPPH reduction method, the %RSD
values were between 1.22 and 12.7% for each of the signals
recorded on different plates. The %RSD of the reduction
percentages of the average signal in each of the plates were
between 5.27 and 13.88%. The Z factor for three plates was
higher than 0.94. Based on the acceptance criteria with re-
spect to the Z factor, the DPPH reduction method carried out
with a microplate is therefore considered an excellent proce-
dure with good plate uniformity and low signal variability.

For the ABTS reduction method, the obtained %RSD
values were between 3.34 and 13.16% for signals recorded
on different plates. The reduction percentages of the average
signal were calculated for each plate, and their %RSD values
were between 12.35 and 13.81%. The quantified Z factor for
all three plates was higher than 0.89. Based on the accep-
tance criteria with respect to the Z factor, the ABTS reduc-
tion method carried out with a microplate is therefore con-
sidered an excellent procedure with good plate uniformity
and low signal variability.

The analysis of complex samples, such as natural ex-
tracts, can be affected by interfering substances; therefore, it

Current Analytical Chemistry, 2017, Vol. 13, No. 6 505

is necessary to validate the method in the presence of poten-
tially interfering species. It is also important to note that the
antioxidant capacities depend on not only extract composi-
tion, but also the conditions of the test used. To address these
issues, several extracts obtained from different plants were
analyzed using both the optimized and validated reduction
methods. The ABTS assay is particularly relevant for analy-
sis of plant extracts because the wavelength absorption at
734 nm essentially eliminates color interference from the
sample. All extracts were kindly provided by researchers
from the Analytical Chemistry Department. Some of these
plant extracts have previously been shown to exhibit antioxi-
dant activity.

All samples were evaluated at concentrations between 1
and 250 pg/mL for the DPPH assay, and between 1 and 150
ng/mL for the ABTS assay. In each case, a plot was con-
structed using the least-squares method, and an interpolation
was performed to identify the effective concentration of
sample (ug/mL) that reduces 50% of DPPH or ABTS (ECs)
(Table 3). The ECs is also expressed as Quercetin or Trolox
equivalents, respectively (Table 4). It is important to note
that the values determined are specifically related to the con-
centrations of the free radical (DPPH or ABTS).

The results show that both methods can be used to distin-
guish between samples having antioxidant activity (Q. can-
byira and T. diffusa) and those without activity (J. dioica).
Q. canbyira and T. diffusa showed the lowest ECs, (Lg/mL)
and therefore the best antioxidant activity of the samples
evaluated. Moreover, the latter two plant extracts have a
higher effective concentration of antiradical activity as ex-
pressed as Quercetin and Trolox equivalents per gram of
fresh weight, and therefore a higher antioxidant capacity. In
contrast, J. dioica showed almost no antioxidant activity by
either methods; this extract exhibited the lowest number of
Quercetin and Trolox equivalents per gram of fresh weight.
These findings confirm that both methods are comparable.

CONCLUSION

Two methods for measuring antiradical activity were op-
timized and the conditions that produced the best potency
and signal (absorbance) were selected. Both methods were
validated, and the linearity, range, precision, accuracy and

Table 2.  Plate uniformity, signal variability, and Z factor.
DPPH Reduction Method ABTS Reduction Method

Plate 1 Plate 2 Plate 3 Plate 1 Plate 2 Plate 3

Max signal (%RSD) 1.39 1.22 2.13 13.09 11.18 13.16
Medium signal (%RSD) 5.77 5.74 2.04 5.08 5.08 5.56
Low signal (%RSD) 12.7 6.60 4.56 3.34 4.64 5.43

% Reducjfg‘;:lfmedium 42.56 41.69 42.19 49.55 51.95 50.19
%RSD of % reduction 13.88 13.53 5.27 13.44 12.35 13.81
Z factor 0.94 0.97 0.97 0.93 091 0.89
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Table3. Median effective concentration of antiradical activity in methanolic plant extracts.
DPPH Reduction Method ABTS Reduction Method
Test Sample ECs (ug/mL) SD (pg/mL) ECs (Lg/mL) SD (ng/mL)
Quercus canbyira 21.74 0.47 533 0.14
Turnera diffusa 23.97 0.68 10 0.3
Leucophylhum 5114 0.91 27.05 0.58
frutescens
Teucrium bicolor 53.52 2.13 16.9 0.47
Salvia texana 56.94 1.9 28.44 0.96
Salvia beateflora 92.1 1.93 25.42 0.39
Vitis vinifera 147.47 1.79 21.31 0.39
Jatropha dioica >250 > 150
Table4.  Median effective concentration of antiradical activity in methanolic plant extracts expressed in uM QE/g FW for DPPH

and in pM TE/g FW.

DPPH Reduction Method ABTS Reduction Method
Test Sample ECs) (LM QE/g FW) SD (UM QE/g FW) ECs, (LM TE/g FW) SD (UM TE/g FW)
Quercus canbyira 659.75 14.54 1350.63 36.79
Turnera diffusa 598.17 17.17 719.78 21.85
Leucophyllum frutescens 280.43 4.97 266.20 5.63
Teucrium bicolor 267.96 10.56 426.02 11.74
Salvia texana 251.84 8.35 253.15 8.62
Salvia beateflora 155.70 322 283.25 435
Vitis vinifera 97.24 1.18 337.92 6.11
Jatropha dioica <57.36 <28.80

robustness were established, as indicated by several guide-
lines for developing biological assays. The DPPH and ABTS
reduction methods were applied to eight plant extracts and
the ECso was assessed for each sample.

The DPPH and ABTS reduction methods described in
this study can be implemented in any laboratory by follow-
ing the procedure exactly as described since both methods
depend on the concentration of the reagent used. When
implementation is being performed, a validation must be
carried out with positive controls in solution. If a modifica-
tion of the conditions is necessary, an optimization process
is recommended to obtain the best response. Method vali-
dation is also recommended under the new working condi-
tions.
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