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Abstract

Purple waxy corn is a good source of antioxidant compounds such as anthocyanins and polyphenols. Promotion of its
use requires an appropriate assay to determine antioxidant activity. The aim of this study is to verify compatibility of
the antioxidant activity assays by comparing five different assays in daily kernel samples of the fresh purple waxy corn
during grain filling. The levels of antioxidants measured by 2,2-diphenyl-1-picrylhydrazyl, ferric reducing antioxidant
power, and chemiluminescence showed significant positive correlations with the levels measured by the other assays
(r=0.761-0.893; p<0.01) and with anthocyanin content (r=0.798-0.924; p < 0.01). Reducing capacity of 2,2"-azinobis
(3-ethylbenzothiazoline-6-sulfonic acid) and total phenolic content also showed significant correlations (r=0.764;
p<0.01). However, during late grain filling, the levels of antioxidants measured by all methods showed strong correla-
tions with each other (r>0.699; p < 0.05). The inconsistencies among the measurements are largely dependent on the
developmental stage of the corn kernel. The combination of at least two assays is required to ensure reliable antioxi-
dant activity estimates, especially for early grain-filling stages. These results will inform efforts to promote fresh purple

corn as a source of antioxidants.
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Introduction
Purple corn has attracted attention as a source of anti-
oxidant compounds as well as natural dyes [1-3]. These
antioxidant compounds, which include phenolics and
anthocyanins, are valued for their potential to reduce the
risk of a variety of diseases [4, 5] due to their anti-inflam-
matory [6, 7], anti-cancer [8—10], and anti-obesity effects
[11-13].

Waxy corn is mostly consumed as a fresh vegetable and
its production is increasing, especially in Asian countries
[14, 15]. The antioxidant qualities of corn are established
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during grain filling and various studies have evaluated the
antioxidant activity of diverse phytochemicals in purple
corn kernels. For example, Lopez-Martinez et al. [16]
reported that differences in free-radical scavenging and
reducing activities in purple corn kernel extracts depend
on the unique profile of anthocyanins and other phenolic
compounds present in each genotype. The seeds and cobs
of purple corn reportedly possess excellent antioxidant
properties, which might increase the potential for indus-
trial application of these natural pigments [17]. Hu and
Xu observed that black waxy corn contained a high level
of anthocyanins and phenolics, together with high anti-
oxidant activity compared with yellow and white corn,
which possessed a lower level of anthocyanins, phenolics,
and antioxidant activity [14].

Accurate measurement of antioxidant activity is
essential to inform the public, medical and nutritional
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experts, and researchers, about the antioxidant activi-
ties of foods. Many foods contain a variety of constit-
uents with the potential for synergistic interactions
between antioxidant compounds; however, the separa-
tion and individual identification of each antioxidant
compound is expensive and inefficient; therefore, many
studies assay total antioxidant activity [18, 19]. The
methods used to assay antioxidant activity in vitro have
been classified into three categories: (i) those involving
hydrogen atom transfer reactions (ROOH:-+ AH — A.);
(ii) those involving electron transfer reactions (M
(n)+e (from AH)— AH-+M (n-1); and (iii) those
with mechanisms involving enzymes, such as superox-
ide dismutase [19, 20]. Assays involving hydrogen atom
transfer reactions include oxygen radical-absorbance
capacity, total radical-trapping antioxidant capacity,
and the inhibition of oxygen uptake, linoleic acid oxida-
tion, or low-density lipoprotein oxidation. Assays based
on electron transfer reactions include the reducing
capacity of 2,2’-azinobis (3-ethylbenzothiazoline-6-sul-
fonic acid) (ABTS), ferric-reducing antioxidant power
(FRAP), scavenging capacity for 2,2-diphenyl-1-picryl-
hydrazyl (DPPH) free radicals, copper (II) reduction
capacity, and total phenolic content (TPC) as estimated
using Folin-Ciocalteu reagent. Assay methods that
employ other approaches include measurements of the
total oxidant scavenging capacity, the degree of inhibi-
tion of the Briggs—Rauscher oscillation reaction, and
chemiluminescence (CHE) or electrochemilumines-
cence. Huang et al. [19] suggested that the use of sev-
eral methods to analyze in vitro antioxidant activity can
cover a broad variety of potential antioxidant mecha-
nisms and thus may help to overcome the contradictory
results usually obtained by using different antioxidant
assays to analyze the same materials [21].

In the previous report, we showed that ‘Heukjin-
juchal’ has the highest level of anthocyanin in kernel
among purple cultivars, and it accumulated during
grain filling. Since the level of anthocyanin is gradual
during the grain filling stage [22, 23], it is an appropri-
ate material to check the consistency of different meth-
ods in various levels of anthocyanin contents.

To date, various methods have been applied to meas-
uring the antioxidant activity of corn kernels. However,
most of these assays used dry kernels and showed dif-
ferent results among many samples tested and across
experiments and laboratories. Thus, the aim of this
study was to compare the efficiency of DPPH, FRAP,
ABTS, CHE, and TPC assays to estimate antioxidant
activities and their correlations in fresh purple corn
kernels. We could evaluate the antioxidant activity of
‘Heukjinjuchal’ purple corn kernels using these differ-
ent methods.
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Materials and methods

Sample preparation

Maize (Zea mays) ‘Heukjinjuchal’ is a single-cross hybrid
cultivar developed at the National Institute of Crop Sci-
ence in South Korea [24]. It is one of the dominant cul-
tivars of fresh waxy corn in the South Korean seed
market and accumulates anthocyanin in the purple aleu-
rone. Kernels were collected daily starting from 15 days
after silking (DAS) to 31 DAS, for a total of 17 sampling
time points. Samples were collected from the middle of
the cob to reduce the variation in color. Harvested ker-
nels were immediately frozen in liquid N, and stored at
— 80 °C until use. All the following measurements were
done within a month from the first sampling time.

Determining the anthocyanin content

The anthocyanin content was measured as previously
described [25]. One gram of corn kernel powder was
mixed with 0.1 N HCI in methyl alcohol. The mixture
was shaken for 30 min in the dark at room temperature
and centrifuged at 4500xg for 20 min. The absorbance
value of the supernatant was measured at 535 nm with a
spectrophotometer (U-3900 Hitachi, Tokyo, Japan). The
standard curve was obtained with 1, 10, and 100 mg g~
cyanidin-3-glucoside (Extrasynthese, Genay, France)
and the values were converted according to the standard
curve.

DPPH assay

Kernel extracts of purple corn were assayed using DPPH
as described [26]. One gram of kernel powder was
extracted with 80% methyl alcohol for 24 h at room tem-
perature with stirring. The extracted solution was then
filtered through Whatman No. 42 filter paper. Reaction
mixtures were prepared by mixing 2.5 mL DPPH (Sigma
Aldrich, MO, USA) solution (0.35 mM DPPH dissolved in
50% EtOH) with 0.2 mL of each extract. The reaction was
incubated for 10 min at room temperature and changes
in DPPH absorbance at 517 nm were measured with a
spectrophotometer (U-3900 Hitachi, Tokyo, Japan). The
amounts were calculated as pmol Trolox equivalents g~
dry weight based on a standard curve generated with
Trolox solution (100-1000 pM).

FRAP assay

The reducing ability of each sample extract was deter-
mined using the FRAP assay [14, 26]. Briefly, FRAP
reagent (Sigma Aldrich, MO, USA) was prepared by
mixing 300 mM sodium acetate buffer (pH 3.6), 10 mM
2,4,6-tripyridyls-triazine solution in 40 mM HCI, and
20 mM FeCl; solution at a ratio of 10:1:1 (v/v/v). The
FRAP reagent was freshly prepared and warmed in
a water bath to 37 °C prior to use; 0.1 mL of sample
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extract was mixed with 1.8 mL FRAP reagent and 3.1 mL
ultrapure water (high-performance liquid chromatog-
raphy grade). The reaction mixture was incubated at
37 °C for 30 min prior to measuring the absorption of the
mixture at 593 nm. FRAP values were calculated from a
FeSO, standard curve (100-1000 uM) and reported as
umoles Fe (I) g~ dry sample weight.

ABTS assay

The ABTS assay measures the reduction of the radi-
cal cation of ABTS" and was carried out as previously
described, with slight modifications [14, 26]. Briefly,
ABTS" was generated by reacting 7 mM ABTS with
2.45 mM potassium persulfate. The reaction mixture was
allowed to stand in the dark at 24 °C for 16—24 h and was
then used within 2 days. The ABTS™ solution was diluted
with methanol to an absorbance of 0.700+0.050 at
734 nm. All samples were diluted to obtain 20-80% inhi-
bition of blank absorbance; 50 uL of each diluted extract
was mixed with 1.9 mL diluted ABTS" solution. Assays
were performed in triplicate and incubated for 6 min
at 24 °C prior to measuring the absorbance at 734 nm.
Trolox solution (100-1000 uM) was used as a reference
standard. The results were expressed as pumol Trolox
equivalents g~* dry weight.

CHE assay

The CHE assay was performed as described by Kim et al.
[27]. Briefly, sample extracts (10 puL) were mixed with
ARAW-KIT (anti-radical ability of water-soluble sub-
stance) from ABCD GmbH (Berlin, Germany). The signal
was directly measured using a chemoluminometer (mini-
lum L100, ABCD GmbH, Berlin, Germany) at 37 °C.
Ascorbic acid (Sigma Aldrich, MO, USA) was used to
make the antioxidant activity standard curve. The values
were further converted to ascorbic acid equivalents.

Measurement of total polyphenol contents (TPC)
Quantitative analysis of TPC was performed using the
Folin—Dennis colorimetric method [28]. Briefly, sample
extracts (0.5 mL) were mixed with 5 mL distilled water
and 5 mL Folin—Ciocalteu phenol reagent in screw-
top flasks. After 3 min, 2 mL 10% sodium carbonate
(Na,COg) was added and the mixtures were stirred in a
shaker chamber at 30 °C for 1 h. Absorbance of the solu-
tions was measured at 760 nm. A standard curve was
obtained using 1-100 ppm gallic acid (Sigma Aldrich,
MO, USA) and the results were expressed as pg gallic
acid equivalents g~ dry weight.

Statistical analysis
The antioxidant activities from the five different assays
for 51 samples (3 biological replicates from different
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ears X 17 time points) were used for principal component
analysis (PCA). Auto-scaling and PCA were conducted
using MetaboAnalyst 5.0 (https://www.metaboanalyst.
ca) [29]. The data obtained from these assays were also
analyzed using Excel (Microsoft Office 2016, WA, USA)
and SAS software version 9.3 for Windows (SAS Institute
Inc., NC, USA). Pearson’s correlation was used to com-
pare the measurements of assay methods for purple corn
during early grain filling.

Results and discussion

Measuring the anthocyanin content

Anthocyanin purple pigments accumulated during grain
filling and were first observed at 16 DAS in the middle
of a cob; the cobs were fully colored at 30 DAS (Fig. 1A).
When anthocyanins were measured using spectro-
photometry, the amount continuously increased and
reached a maximum of 2.44 mg g' fresh weight at 30
DAS (Fig. 1B, Additional file 1: Table S1). The increasing
accumulation of anthocyanins was sufficient for correla-
tion analysis, although the amount was larger than that
reported previously [16, 30]. A more precise quantifica-
tion of anthocyanins using HPLC would be necessary to
improve the correlation. Due to the gradual accumulation
of anthocyanins, daily samples represent a good source
material for investigating correlations among measure-
ments from different antioxidant activity assays.
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Fig. 1 Purple waxy corn samples used for the analysis and their
anthocyanin contents. A 'Heukjinjuchal’ cobs harvested at 15 to
31 days after silking (DAS). B Amount of total anthocyanins measured
by colorimetric methods during grain filling. Values are means from
three biological replicates and error bars represent the SD of three
biological replicates



https://www.metaboanalyst.ca
https://www.metaboanalyst.ca

Kim et al. Applied Biological Chemistry (2022) 65:1

Overview of the sample characteristics based on principal
component analysis

The two components, PC1 and PC2, covered 85% of the
total variation among samples (Fig. 2A). The all five anti-
oxidant values were positively loaded to PC1 with the
highest loading of FRAP. CHE and DPPH were positively
and consistently loaded to PC2 whereas, TPC and ABTS
showed negative loading to PC2 (Fig. 2B). The samples
were well arranged according to the DAS. The 23-28
DAS samples were clustered together in the middle of the
score plot. Three replicates at the same DAS were closely
located, where the 20 DAS samples showed relatively
high variation among biological replicates (Fig. 2A).

Measuring antioxidant activity with five different assays
The antioxidant activity of extracts of ‘Heukjinjuchal
purple corn kernels was evaluated during the grain fill-
ing period using five different assays. Radical scavenging
activity by DPPH tended to increase during grain filling
and ranged from 6.45 to 12.90%. The value was lowest
at 20 DAS and reached its highest level at 30 DAS. The
FRAP assay showed the largest variation among samples,
with high standard error among biological replicates.

The ABTS assay reflects the ability to reduce the stable
radical ABTST, relative to the activity of the antioxidant
standard, Trolox [31]. The ABTS activity was the high-
est at 15 DAS and then decreased until 22 DAS when it
reached the lowest value. The ABTS activity subsequently
increased until 31 DAS, when it reached its second
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highest value (Fig. 3, Additional file 1: Table S1). The
ABTS assay was developed by Miller et al. [32] and its
operational simplicity led to its wide adoption for meas-
uring antioxidant activity [19].

Chemiluminescence (CHE) is measurement of the
emission light that results from a chemical reaction [33].
The antioxidant activity estimated by the CHE assay gen-
erally increased during grain filling: the lowest and the
highest values were observed at 16 and 30 DAS, respec-
tively (Fig. 3, Additional file 1: Table S1). The increase
at the late grain-filling stages is thought to relate to the
increase in anthocyanin content with reduced moisture
content in the corn kernel.

The use of the TPC assay to measure the reducing
activity of sample extracts reportedly produced a linear
correlation between antioxidant activity and the phenolic
compound contents [14, 26, 30, 34]. However, informa-
tion concerning the change in TPC assay signal from
fresh corn kernels during grain filling is limited. The
TPC was highest at 15 DAS and lowest at 22 DAS (Fig. 3,
Additional file 1: Table S1).

A variety of assay methods have been used to deter-
mine antioxidant activity and the use of more than
one assay has been recommended, as these may pro-
duce inconsistent results [19, 20]. The FRAP, CHE, and
DPPH values showed a similar pattern during grain fill-
ing, fluctuating between 17 and 27 DAS, increasing from
27 to 30 DAS, and reaching a maximum at 30 DAS. The
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Fig. 2 Principal component analysis of the corn kernel samples during seed maturation based on the five different antioxidant activity
measurements. A Score plot showing gradual arrangement of samples according to their days after silking (DAS). B Loading plot of five different
antioxidant measuring assays for PC1 and PC2
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Fig. 3 Values for FRAP, ABTS, CHE, DPPH, and TPC during grain
filling in purple corn‘Heukjinjuchal’kernels. Values are means from
three biological replicates and error bars represent the SD of three
biological replicates

anthocyanin content also increased at 27-30 DAS, but
did not fluctuate at the earlier time points.

Although ABTS, DPPH, and FRAP are electron trans-
fer-based assays, they produced different results in this
study. Xu et al. [34] reported that antioxidant activity
measured by DPPH, FRAP, and TPC decreased during
grain filling and maturation in yellow corn kernels from
their 12-day interval samples, whereas the increase in
antioxidant activity in this study was likely due to antho-
cyanin accumulation.

Comparisons amond five antioxidant assays
We next investigated correlations among the antioxi-
dant levels as measured by the different assays to find an
appropriate combination of methods for analyzing the
antioxidant activity of fresh purple corn samples. The
correlations among the measurements generated by the
five different antioxidant assays and the anthocyanin con-
tent of purple corn kernels are shown in Table 1. The dif-
ferences among the antioxidant levels often showed weak
or no correlations. Nevertheless, highly significant corre-
lations were identified between DPPH and FRAP, DPPH
and CHE, FRAP and CHE, and ABTS and TPC levels
(r=0.828***, 0.893***, 0.761***, and 0.764***, respec-
tively; Table 1). The levels of DPPH, FRAP, and CHE were
strongly correlated and showed similar patterns to that of
anthocyanin accumulation.

Notably, significant correlations were observed among
the antioxidants measured by the five assay methods after
22 DAS (r=0.699* —0.961***; Table 2). The correlations
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Table 1 Correlation analysis between FRAP, ABTS, CHE, DPPH,
and TPC levels during grain filling (15-31 DAS) in purple corn
kernels

FRAP ABTS CHE TPC Anthocyanins
DPPH  0.828***  —0.081 0.893*** 0.179 0.9247x*
FRAP 0.153 0.761*** 0431 0.905***
ABTS —0.281 0.764%%* 0.798%**
CHE 0.043 —0.246
TPC 0.005

Numbers represent Pearson’s R

***Represents significance at p<0.001

Table 2 Correlation analysis between FRAP, ABTS, CHE, DPPH,
and TPC levels during late grain filling (22-31 DAS) in purple corn
kernels

FRAP ABTS CHE TPC Anthocyanins
DPPH  0.961**  0914***  0830**  0.729* 0.937%**
FRAP 0.849** 0.783**  0.699* 0.864***
ABTS 0.847%%  0.794** 0.891%**
CHE 0.918***  0.728*
TPC 0.559

Numbers represent Pearson’s R

*,** and *** represents significance at p<0.05, p<0.01, and p<0.001,
respectively

between DPPH and FRAP, DPPH and CHE, FRAP and
CHE, and ABTS and TPC levels at 22—-31 DAS were
higher than those at 15-31 DAS. This suggests that corn
kernels undergo huge physicochemical changes during
early grain filling, which leads to inconsistencies among
the levels of antioxidants measured.

Anthocyanin and phenols are two major antioxidant
compounds present in purple corn kernels [14] and anti-
oxidant activity has been shown to relate to phenolic
content [35]. Moreover, corn generally shows higher
TPC and antioxidant activity than other cereals, such as
wheat, oats, and rice [1]. In our purple corn samples, the
amount of phenolics remained stable during grain filling,
whereas the concentration of anthocyanins continuously
increased. The discrepancies among the methods seem to
arise from the differences in these two main antioxidant
compounds, anthocyanins and phenolics, which accu-
mulate differentially during grain filling. According to the
correlation analysis, the levels of DPPH, CHE, FRAP are
more correlated with each other and those of ABTS and
TPC are less-well correlated. The first three reflect antho-
cyanin content better than the latter two antioxidants.

Many researchers have reported the antioxidant prop-
erties of colored corn [14, 16, 36]. Pozo-Insfran et al.
[37] demonstrated that red and blue maize had higher
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phenolic contents than light-colored maize genotypes.
Although several studies have investigated the correla-
tion between antioxidants assayed by different methods,
no correlation between TPC and anthocyanin levels
has been demonstrated [20, 21, 26, 31]. The differences
among the reported antioxidant assay results can be
associated with the harvest time and types of plant sam-
ples, extraction solvents and methods, structures of the
antioxidant compounds, and the ratios between the levels
of these compounds [30]. Hu and Xu [14] reported that
TPC and total anthocyanin content had different effects
on the antioxidant activity of corn during grain matura-
tion. In addition, it is difficult to evaluate the antioxidant
activity of purple corn kernels during grain filling using
only one assay, because the phytochemical composition
of the sample varies greatly at different growth stages.
Therefore, combinations of antioxidant activity assays are
required to precisely estimate the antioxidant activities in
purple corn kernels during grain filling. The combination
of at least two assays, one from DPPH, CHE, and FRAP,
and the other from ABTS and TPC are recommended for
precise antioxidant activity measurement according to
the correlations among the five assays we found in this
study. Furthermore, additional studies with different gen-
otypes are necessary to make conclusions concerning the
use of such combinations.
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