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Abstract. Biochemistry coupled with electrochemical approach is employed in a fast, relatively simple,
yet highly precise detection of a plant extract antioxidant properties. Antioxidant capacity of dark red
corn grains was investigated electrochemically using cyclic voltammetry (CV) on glassy carbon
electrode (GC). The linear polarization resistance (LPR) measurements were performed for examining
the corrosion inhibitive behavior of polyphenolics on mild steel. The consistent positive correlation
(r=0.99) was established between total phenolic and flavonoid contents obtained by CV measurements
and spectrophotometric antioxidant assay (DPPH test). Both analyses confirm the high antioxidant
activity of tested pigments. Determination of the corrosion inhibition efficiency revealed that the red
corn pigments have anti-corrosion effect on mild steels.
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1.Introduction

Polyphenols which include a number of subgroups of phenolic compounds represent one of the
largest families of antioxidants [1]. Polyphenols are mainly correlated with carotenoids, ascorbic acid,
caffeic acid, gallic acids [2, 3]. The beneficial effect of polyphenols regarding their antioxidant
properties is well documented in the literature. The antioxidant capacity detection of polyphenolic
compounds is usually based on electrochemical, spectroscopic, chromatographic or some other
technique [2, 4]. Zili¢ et. al examined ten different colored maize genotypes from the aspect of
phenolic compounds, carotenoids, and antioxidant capacity [5]. Based on the results of total
anthocyanin contents they indicated that some of the colored maize kernels such as dark red, dark blue,
and light blue maize may have potential in the improvement of the development of natural colorants.
The antioxidant capacity of four maize varieties characterized by the kernel colors ranging from
orange to red and dark red have been determined by means of spectrophotometric antioxidant assays
showing that the red/dark red maize have greater antioxidant capacity [6].

The application of electrochemical methods to antioxidant capacity determination is based on fact
that antioxidant, i.e. free radical reactions involve the electron transfers who enable fast electro-
chemical screening of a large numbers of organic compounds even in complex or coloured samples
[2,3]. Cycling voltammetry examinations includes detection of oxidation-reduction activity of
examined samples by recording of the current intensity while varying of potential with time and the
antioxidant molecules will give voltammetric peaks on the current intensity axis. Integrating the
surface below the peak will yield the antioxidant capacity of these compounds. Literature data showed
that cyclic voltammetry at glassy carbon working electrode allowed the characterization of a wide
range of compounds such as phenolic acids and flavonoids. The antioxidant activity of these pigments
(flavonoids) can be evaluated using different free radical generators [7-10]. For example, phenolic
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groups of flavonoids can be electrochemically oxidized (most flavonoids will show an oxidation peak)
and based on the values of the potentials at which the maximum oxidation is achieved [11] and the
current intensity below the current peak, the antioxidant capacity of these compounds can be
determined. In a recent electrochemical study, several anthocyanins were determined by cyclic and
differential pulse voltammetry [12, 13]. It was shown that antioxidant activity of those compounds,
based on redox potentials, is in a very good agreement with results evaluated by a radical scavenging
method [12]. This antioxidant activity of polyphenolics was accompanied with the corrosion inhibiting
examination, since the most of the green corrosion inhibitors are recently found in the group of these
organic molecules [14, 15]. The quest for green inhibitors started with the awareness of widely used
inhibitors toxicity to humans and environment and the fact the best acid inhibitors are organic
compounds containing N, P, O and S which can donate lone pairs of electrons. Extracts of plants such
as Rosmarinus officinalis L, Lawsonia inermis, Punica granatum, but also their constituents such as
vitamin C, tannins, gallic acid and so on were confirmed to have corrosion inhibitive effect [16 - 18].

In order to establish a fast, sensitive and simple instrumental procedure without the demanding pre-
treatment of samples, in addition to traditional techniques, this paper aimed to use electrochemical
techniques to determine the antioxidant capacity of dark red corn grains using CV to analyse the
voltammetric behaviour of a red corn bioactive compounds and the LPR measurements to examine the
corrosion inhibitive behaviour of polyphenolics on mild steel.

2. Materials and methods
Plant material

Dark red corn (Zea mays L.) used in the study originates from Central America. Three cycles of
family selection for adaptation were conducted in each of four local populations of dark red corn. The
main criterions were earliness and tolerance to diseases. Equal seed quantity, from each population,
was then bulked and randomly mated in 2015 to produce NS-RB 01 population. The S1 progenies
were developed in 2016 breeding nursery by selfing of SO plants. At the harvest, 100 ears were
randomly chosen bearing in mind seed quantity for trials and selfing. Among these, several samples
were selected for the chemical analysis, and the main criterion was colour of the grain and the
phenotype of the S1 progeny. Grains of the selected population were tested for total sugars and
carotenoids, as well as total and individual polyphenolic compounds. Additionally, aqueous extracts of
these grains were tested for their potential antioxidant properties using biochemical and electro-
chemical methods.

Biochemical properties

Total sugars, carotenoids, polyphenolic compounds were determined in tested dry dark red corn
grains (approx. 8% moisture content). Total sugars were determined according to Luff-Schoorl method
(AACC 80-60.01) [19].

Total carotenoids content was determined according to slightly modified method reported by de
Carvalho et al. [20]. Milled grains (10 g) was homogenized in a chilled mortar, under the dim light and
placed into tubes (50 mL) with cold acetone (6 mL) and petroleum ether (3 mL). After covering with
aluminium foil, 1h extraction (in a cooled ultrasonic bath) and 10 min centrifugation (at 12.857 ),
absorbance of the petroleum ether phase (additionally diluted with a petroleum ether) was recorded on
the spectrophotometer (A=450 nm). Total carotenoid content was expressed as [-carotene equivalents
in mg gt dry weight (dw).

Determination of total phenolic content

Milled dark red corn kernels (0.5 g) were extracted in a cooled ultrasonic bath (1 h) with 70%
methanol (10 mL) containing 3 % (v/v) formic acid. After centrifugation (10 min) at 10669 g, extracts
were filtered through the Chromafil AO-20/25 polyamide filter (Macherey-Nagel, Diiren, Germany)
and analysed further (MeOH extract).
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Total polyphenolic (TPC) and total tannin contents of methanolic extract was determined by Folin-
Ciocalteau phenol reagent method [21]. All results were expressed as gallic acid equivalents (GAE) in
mg g dw. Determination of total flavonoids and anthocyanin contents in methanolic extract was
performed according to Pg¢kal and Pyrzynska [22] and Lee et al. [23], respectively, and slightly
modified as it was explained in Kiprovski et al. [24]. Total flavonoids content was expressed as mg
rutin mg g* dw and total monomeric anthocyanin content was expressed as mg cyanidin-3-O-glucoside
equivalents gt dw.

Antioxidant capacity (scavenging) tests

Aqueous extract of milled dark red corn kernels (50 g) was prepared in 1L of distilled water in
simmering water bath for 1 h. The aqueous extracts were centrifuged (10 min) at 10669 g and
supernatant was used in further analysis, along with MeOH extract used for contents of total
polyphenolic compounds. Total potential antioxidant activity of investigated methanolic and aqueous
extracts was tested based on their scavenging of 1.1-diphenyl-2-picrylhydrazyl (DPPH) free radicals
[25] and expressed as % inhibition.

Extraction and determination of individual polyphenolic compounds

Milled dark red corn kernels (1 g) were extracted in a cooled ultrasonic bath (1 h) with 3 mL of
70% methanol containing 3% formic acid and, to prevent oxidation, 1% 2.6-di-tert-butyl-4-methyl-
phenol was added (BHT). After centrifugation at 10669 g (10 min), the extracts were filtered
(Chromafil AO-20/25 polyamide filter, Macherey-Nagel, Diren, Germany) and transferred to a vial.
Phenolic compounds were analysed on a Thermo Finnigan Surveyor HPLC system and identified by
an HPLC-Finnigan MS detector and an LCQ Deca XP MAX (Thermo Scientific, San Jose, USA) by
Wang et al. [26] method slightly modified as it is explained in Kiprovski et al. [27]. Identified
individual phenolics were calculated using the corresponding external standard and expressed in pg g
of grain dw.

Electrochemical investigations

Voltammetric measurements were performed with a 402 Volta Lab (Radiometer Analytical, Lyon,
France). The three electrode electrochemical cell with GC (surface area 0.196 cm?) as working
electrode, platinum wire as counter electrode and saturated calomel electrode as reference one, was
used. All the potentials are given vs. SCE. The electrochemical studies were performed in 0.1 M
H2SO04. GC electrode was prepared by mechanical treatment, which involves abrasion with emery
paper, polishing with Al,O3 suspension (particle size 1, 0.3 and 0.05 pum) and washed with deionized
water. Solutions of aqueous extract of milled dark red corn kernels used in DPPH-test were prepared
by dilution of 0.25 - 1 mL of water extract in 50 mL of 0.1 M H2SOs for electrochemical
measurements (in further text red corn pigments).

The electrochemical corrosion measurements were carried out in a standard three-electrode cell, the
reference electrode was SCE and the counter electrode was Pt-mesh, while the working electrode was
made of mild steel. Measurements were performed by a GAMRY Reference 1010E Potentiostat
/Galvanostat/ ZRA. Linear polarization resistance (Rp) was determined using Gamry software after
measurement in the potentials range of -0.01 V — 0.01 V versus open circuit potential (Eoc). The active
electrode surface (0.785 cm?) was wet polished with emery papers (grit sizes 600-800-1000-2000)
before each measurement. The Rp measurements were performed in the electrolyte of pH 2, made of
0.3 mol L™ NaCl and 0.1 mol L Na;SOs, without and with addition of the corn pigments in the
concentration range of 0.4 - 2 mg L. The electrolyte was chosen so as to simulate usual atmospheric
conditions.
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Statistical analysis
Values of the biochemical parameters were tested using STATISTICA for Windows version 12
(Dell Software) and expressed as means + standard error.

3.Results and discussions
Electrochemical and biochemical behavior of dark red corn grains

Electrochemical behavior of the red corn pigments was firstly examined by CV for different
concentrations of aqueous extracts of dark red corn seeds, as is presented in Figure 1. CVs indicated
that the electrochemical oxidation of tested compounds was presented by two peaks in forward
direction and two peaks on the backward scan, indicating a quasi-reversible process. First peak was
attributed to the oxidation of the polyphenolic compounds containing a flavonoid structure, while the
second one was attributed to anthocyanins [28, 29]. The explanation of the obtained electrochemical
response is in accordance with the biochemical results presented in Tables 1 and 2. In addition, the
observed electrochemical behavior can be attributed to the well-described path for the oxidation of
phenols, hydroguinones, and derivatives [30]. No activity of pigments was observed in alkaline
solution. Electrochemical behavior of some phenolic acids and flavones also exhibited no activity at
pH > 8.0 [31]. Besides, it was noticed that successive scans have shown almost constant values of
currents after the first scan indicating that the poisoning of the surface electrode by adsorbing species
is negligible.

w04 T blank solution GC/0.1M HZSO4
| ——0.25 mg mI™* red corn v=50mVs*

3] —— 0.5mg ml” red corn
| ——0.75 mg ml* red corn

204 —— 1 mgml”red comn

j/ pAcm?

T T N B e
-0.2 0.0 0.2 0.4 0.6 0.8 1.0 12

E/V (SCE)

Figure 1. CVs of different concentrations of red corn pigments at
GC electrode in 0.1 M H2SO4; v =50 mV s

CV measurements provide the sum of total antioxidants and presence of each peak is associated to
different groups of phenolic compounds [31]. CV technique has been used to determine the phenolic
content of wines and to correlate the analytical response to the antioxidant capacity of these wines
[32]. The determination of the charge under the anodic peak was used as a measure of the quantity of
antioxidants. The obtained dependency of charge in the region -0.2 — 1.2 V on the concentration of
tested red corn pigments was presented in Figure 2a.

Rev. Chim., 71 (6), 2020, 31-41 34 https://doi.org/10.37358/RC.20.6.8167


https://revistadechimie.ro/
https://doi.org/10.37358/Rev

Revista de Chimie
https://revistadechimie.ro
https://doi.org/10.37358/Rev. Chim.1949

1 a) | b
O %
140 -
y =44.81 + 100.87 x 18
R=0.0998 o
120 - © y=129+6x -
" , " R = 0.995
o o
Q
= 100 EL 16 - &
o © e g
80
S
S ud
| T T T T T T T T T T T T T T T T T T
02 04 06 0.8 1.0 12 0.2 0.4 0.6 0.8 1.0
c/mgml* c/mgml*

Figure 2. The dependency of charge (a) and peak current density (b) from concentration

As it can be noticed from Figures 1 and 2, highest Q value was obtained for the most concentrated
solution, which has larger amount of phenolic compounds. Similar value of Q was obtained by
measuring human and horse plasma antioxidant activity applying CV on GC electrode [33]. The other
electrochemical parameter that was analysed is peak current density (jp) and its dependency from
concentration as is presented in Figure 2b. In addition, it can be noticed that significant and high linear
correlations were found for jp and Q from concentration.

The results obtained by CV measurements are consistent with total phenolic and flavonoid contents
and with spectrophotometric antioxidant assay (DPPH test) which confirms the same high antioxidant
activity (Table 1) in both, methanolic and aqueous extracts of dark red corn. Other authors presented
positive correlation between results obtained by tested methods, electrochemical and biochemical [34,
35]. In comparison to these published data, our results show up to 10 times higher electrochemical
responses than some wild, polyphenolic rich medicinal plants. When it comes to spectrophotometrical
methods and antioxidant capacity, earlier studies reported that red maize grain extracts had high
antioxidant activity, from 20-60% higher than Trolox which is standard antioxidant [36]. According to
other references [37-40], dark colored maze grains have 3.5-, 4.6-, 4.5-, 7.3-, 28-times and 100.9-times
lower antioxidant capacity than lemon, orange, red sorghum, black sorghum, blueberry and green tea,
respectively. When compared to available literature [36, 38, 41], total polyphenolic content was
similar or higher than our data (approx. 2 mg g). The same was found for total anthocyanin content
which were 0.5 mg g in red maize cultivars and 0.2 mg g in blue, in average [36, 41].

Table 1. Total contents of tested biochemical parameters and
antioxidant capacity of dark red corn grains (X+Se)

Content Dark red corn grain (dw)
Total sugars (mg g1) 155.29+2.55
Total carotenoids (mg g™1) 10.30+2.7
Total polyphenolics (mg g) 1.1+0.23
Total flavonoids (mg g%) 0.1+0.12
Total anthocyanidins (mg g%) 0.37+0.14

DPPH-test (% of inhibition) of

MeOH/aqueous extract 83.50£3.21/83.41%5.93

General biochemical properties and quality parameters of tested dark red corn seeds are presented
in Tables 1-2. The major anthocyanins compounds in dark red corn seeds are cyanidin and peonidin,
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followed with quercetin (flavonol) and apigenin (flavone) derivatives (Tables 2 and 3). Results from
previously reported data confirmed high and dose-dependent DPPH-scavenging capacity of mentioned
compounds, as well as carotenoids which are potent natural antioxidants. But it was shown that
presence of certain antioxidants do not represent their total antioxidant capacity due to the interactions
among the antioxidant compounds in a food mixture [42, 43].

Table 2. Individual polyphenolic compounds in dark red corn grains (X+Se)

M~ (m/z) MS" (m/z) Tentative identification ug gt dw
1 625 463, 301 quercetin 3,4'-O-diglucoside 7.45+0.99
2 507 285 phloretin 3',5'-Di-C-glucoside 23.57+3.36
3 595 503, 474, 354 apigenin-6,8-di-C-glucoside (vicenin-2) 1 21.31+2.63
4 579 489, 459, 399, 369 '“teo"”'é?&fc;g;?;ﬂz'i)&éi'c'ﬁ'D' 8.47+1.01
5 624 503, 383, 533 apigenin-6,8-di-C-glucoside (vicenin-2) 2 8.50+1.39
6 505 301 quercetin-3-0O-glucose-6"-acetate 46.25+7.26
7 563 473, 443,503, 954,564, 353, apigenin-6,8-di-C-glucoside (vicenin-2) 3 6.65+1.22
8 593 503, 473, 383 vicenin 4 4.37+0.85
9 533 473, 443, 353 apigenin 6,8-di-C-pentoside 3.40+0.31
10 577 457, 413, 353, 293, 473, 503 apigenin-8-C-hexoside-rhamnoside 25.97+4.56
11 609 301 quercetin 7-rutinoside 7.36+0.90
12 463 301 quercetin-3-galactoside 22.29+4.24
13 463 301 quercetin-3-glucoside 14.06+2.17
14 623 315 isorhamnetin-3-O-rutinoside 22.2243.37
15 477 315 isorhamnetin-hexoside 7.45+0.99

Table 3. Individual anthocyanin derivatives in dark red corn grains (X+Se)

M+ (m/z) MS" (m/z) Tentative identification Hg gtdw
1 493 449, 287 cyanidin-3-O-glucoside 82.63+8.86
2 463 301 peonidin-3-O-glucoside 36.79+4.82
3 535 287 cyanidin-3-(6'-malonyl-hexoside)1 37.2045.74
4 535 287 cyanidin-3-(6'-malonyl-hexoside) 2 145.19+21.27
5 549 301 peonidin-3-O-(6”-malonyl-hexoside) 1 13.55+1.89
6 549 301 peonidin-3-O-(6”-malonyl-hexoside) 2 55.31+8.42
7 621 287 cyanidin-3-0O-(3",6"-O-dimalonyl-glucoside) 32.68+4.85

Figure 3 represents the effect of the potential scan rate on the voltammetric response for the
oxidation of red corn pigments and was investigated in the range of 20-160 mV s*. The anodic peak
current varied linearly with the square root of the scan rate (inset of Figure 3), indicating that the
oxidation of red corn pigments was controlled by diffusion to the electrode surface.
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Figure 3. CVs of 1 mg mIL™ dark red corn seeds extract obtained
for scan rates 20 - 160 mV s™. Insert shows the linear plot of anodic
peak currents versus square root of scan rate.

Since the corrosion process in its most common sense is oxidation of metal in reaction with
oxidant, the voltammetric response for the oxidation of red corn pigments indicated that it could be
employed as a corrosion inhibitor.

The corrosion inhibiting effect was examined in acidic solution at pH value at which the highest
activity of investigated pigments is previously observed. To assess the inhibiting effect, the
polarization resistance (Rp) was determined as a slope of the potential versus current curve from LPR
data after measurement in the potentials range of -0.01 V — 0.01 V relative to Eoc. Afterwards, the
corrosion inhibition efficiency, ninn, Was calculated according to equation:

R
Ninh = (1 - ”—M> +100
Rp,inh

Here, Reme and Rp,inn are determined values of polarization resistance (Rp) for a metal in the
solution without and with inhibitor, respectively. The determined value of ninn, presented in Table 4,
may be considered also as anti-corrosion capacity of a solution containing red corn pigment in contact
with a mild steel. Although it is known that mild steels have poor corrosion resistance, they are still
widely used in many applications. It is important to find possible alternatives to aggressive, toxic and
harmful chemicals, which are now used for its corrosion protection.

Table 4. Determined corrosion inhibition efficiency of examined
red corn pigments on a mild steel
concentration / g mit 0 0.4 0.8 1.2 1.6 2.0
1inh / % - 29.6 333 55.4 58.7 68.9

Without detailed mechanism of corrosion inhibition analysis, it is evident that the inhibiting effect
increases with increase in red corn pigments concentration. It is proven that organic molecules
preferably adsorb on metal surfaces [14]. Upon consideration of CV of red corn pigments, obtaining
the higher currents for cathodic and anodic peaks for the same scan rate, indicates the decreasing of the
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diffusion layer, i.e. the quasi-reversibility. This also can indicate that the transfer of electrons takes
place via substances absorbed at surface [44]. It must be noted that it is not unambiguously known
which active component of the plant extract inhibits the corrosion to the greatest extent. Usually, a
mixture of components give better corrosion inhibiting effect than any of those components solely,
similar to antioxidant properties above mentioned.

To our best knowledge, the inhibitive effect of red corn have not been investigated before, but it is
reported that corn silk extracts have inhibitive effect in the range of 66-95% in acidic media for mild
steel, what is higher than red corn [45]. Abbasov et.al reported corrosion inhibition of mild steel using
surfactants obtained from corn oil, which is based on fatty acids [46]. Attained inhibitive effect ranged
from 80 to 99%. Comparing to this, the red corn has low to moderate inhibiting effect. The common
fact is that the corrosion inhibitive effect increased with inhibitor concentration.

4.Conclusions

Electrochemical and biochemical properties of dark red corn grains were investigated from the
aspect of antiradical and anti-corrosion capacity. Electrochemical behavior of the red corn pigments
was examined by CV and the electrochemical oxidation of tested compounds was presented by two
peaks, both in forward and the backward scan, indicating a quasi-reversible process typical for the
oxidation of phenols or hydroquinones. The quantity of antioxidants was determined from the charge
under the anodic peaks. The results obtained by CV measurements are in accordance with total
phenolic and flavonoid contents and with spectrophotometric antioxidant assay confirming high
antioxidant activity (83%). Biochemical investigations revealed that the major anthocyanins
compounds in dark red corn seeds are cyanidin and peonidin, followed with quercetin and apigenin
derivatives. The obtained antioxidant activity of polyphenolics was accompanied with the corrosion
inhibiting examination. The linear polarization resistance measurements on mild steel were performed
for examining the corrosion inhibitive behavior and the corrosion inhibiting effect of dark red corn
grains was established by calculating the corrosion inhibition efficiency ranged from 30 to 70%.
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