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Featured Application: The obtained results not only extend knowledge about the antioxidant prop-
erties of mixtures but can be helpful in the effective design of functional foods. This is a par-
ticularly important aspect from the point of view of both the manufacturer and the consumer,
whose consciousness regarding the promotion and propagation of a healthy lifestyle has recently
increased. The issue of the increase in the average age of many communities is also important. Tak-
ing into account the increasing tendency of the incidence of age-related diseases, more and more
attention is paid to supplementing the body with natural products with high antioxidant activity.

Abstract: Plants are a rich source of substances with antioxidant properties, including high amounts
of polyphenolic compounds, as well as other substances that do not necessarily have antioxidant
properties. The presented paper concerns the evaluation of the antioxidant properties of polyphenolics
and their binary mixtures in the presence of other components of the system that do not exhibit
antioxidant properties. Model systems containing chlorogenic acid and kaempferol were used
in the experiments, differing not only in the volume of the alcoholic antioxidant solution in the
measurement system, but also in temperature, content of water, metal ions and hydrogen ions. The
ability to neutralize free radicals in the systems was estimated using the ABTS method. In light of
the presented data, the dominant resultant antioxidant effect in the mixture is antagonism. Its value
depends not only on the mutual relations of individual compounds, but also on the presence of
other components in the tested system, not only antioxidants. The greatest effect on the antioxidant
properties was observed for systems containing iron ions, ethanol and in the presence of hydrogen
ions. The obtained results indicate an extremely complex nature of the assessment of antioxidant
properties, even in seemingly simple measurement systems.

Keywords: antioxidant activity of polyphenolics; mutual interaction of antioxidant; antioxidant effects
in model systems; solvent impact; temperature impact; metal ions impact; pH impact; water impact

1. Introduction

The formation of free radicals in living organisms is natural and most organisms are
able to neutralize these reactive oxygen species themselves [1,2]. Nevertheless, in addition
to their own neutralization system, they also use the antioxidant properties of certain
nutrients for this purpose. Hence, the role of antioxidants in nutrition is an area of growing
interest [3]. Supplementing the body with food containing substances with antioxidant
properties is the basic way to protect it against the harmful effects of reactive oxygen species,
including free radicals, which are the activators of many dangerous diseases [4,5]. Scientific
research carried out around the world proves that reducing the number of free radicals
with the help of a proper diet increases the body’s immunity, stops the development of
some cancers and, most importantly, prolongs life [6].
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Most of the food which is consumed by humans occurs in the form of complex mixtures
containing at least several antioxidants, each of which may have a different antioxidant
capacity. It is known that in the case of mixtures of antioxidants, their antioxidant potential
is not always an additive value consisting of the antioxidant properties of individual
components [7–9]. The results of performed experiments often indicate an antagonistic or
synergistic interaction of antioxidant compounds [10–12]. Moreover, other components
of mixtures which occur in nature, not only the antioxidants present in them, may affect
the overall antioxidant properties of the entire mixture. The experiments carried out in
simple measuring systems containing only single antioxidants have shown that factors
such as metal ions, water or reaction solvent, as well as pH, influence the estimation of
antioxidant activity of compounds in spectrophotometric methods (for example in DPPH,
ABTS and β-carotene bleaching assays) [13–15]. The presence of the above-mentioned
factors differentiating the measurement systems may also affect the resultant antioxidant
effect of the mixture. There is no information in the literature about research performed in
this regard. Therefore, the aim of this paper is to check how the selected factors affect the
resultant antioxidant effect of a simple mixture containing only two antioxidants. Due to the
fact that fruits and vegetables, which are components of the human diet, are a rich source
of polyphenolic compounds (exogenous antioxidants), two popular compounds from this
group were used in the research, i.e., kaempferol and chlorogenic acid. The choice of these
antioxidants was dictated by the fact that they are present in commonly consumed plant
products. For example, kaempferol is present in large amounts in onions, broccoli, chives,
tea, grapes, tomatoes or strawberries. In turn, chlorogenic acid is a bioactive phenolic
compound found in potatoes, eggplants, apples, plums or coffee beans [16,17]. Both of
these antioxidants occur side by side in cherry and elderberry fruits [18–20]. The study
of the influence of the presence of hydrogen ions, water, and metal ions on the properties
of these compounds and their binary mixtures, as well as the temperature and type of
solvent on these properties, was carried out using the ABTS method. The experiments used
the concentrations of antioxidants in which these compounds typically occur in plants. In
order to assess the impact of changing the concentration of each of them on the resultant
antioxidant effect of the mixture, the tests were carried out at different volume ratios of the
components of the measurement system.

2. Materials and Methods
2.1. Chemicals

Kaempferol, chlorogenic acid, 2,2′-azinobis(3-ethylbenzothiazoline-6-sulfonic acid)
diammonium salt (ABTS) and potassium persulfate (di-potassium peroxdisulfate) were pur-
chased from Sigma Aldrich (Poznań, Poland). Copper (II) chloride nine hydrate, disodium
hydrogen phosphate dehydrate, iron (III) sulphate (VI) pentahydrate, phosphoric acid (V),
sodium dihydrogen phosphate dihydrate, ethanol (EtOH) and methanol (MeOH) were
purchased from the Polish Chemical Plant POCh (Gliwice, Poland). Water was purified on
a Milli-Q system from Millipore (Millipore, Bedford, MA, USA).

2.2. Impact of Temperature

The effect of temperature on the antioxidant properties of kaempferol and chlorogenic
acid and their binary mixtures was studied at different volume ratios of reactants in each
mixture and at different temperatures (15 ◦C, 25 ◦C, 35 ◦C). For this purpose, methanolic
solutions of chlorogenic acid and kaempferol with a concentration of 0.06 mg/mL were
prepared, which were mixed in various volume ratios. The volumes of reagent solutions (an-
tioxidants and radical) used in the one-component systems (containing a single antioxidant)
and two-component systems (being a binary mixture) are presented in Table 1.
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Table 1. Volumes of solutions used for the determination of the antioxidant properties of chlorogenic
acid and kaempferol, and their binary mixtures.

Components’ Volumes
in µL

System Number

1 2 3 4 5 6 7 8 9

Chlorogenic acid 1 20 50 80 - - - 20 50 80
Kaempferol 1 - - - 20 50 80 80 50 20

MeOH or EtOH or
(MeOH + chosen factor 2)

180
(80 + 100)

150
(50 + 100)

120
(20 + 100)

180
(80 + 100)

150
(50 + 100)

120
(20 + 100)

100
(0 + 100)

100
(0 + 100)

100
(0 + 100)

ABTS+• 1 2800
Total volume 3000

1 Chlorogenic acid, kaempferol, ABTS+• dissolved in MeOH or EtOH. 2 Water or an aqueous solution of metal
ions or a buffer with a certain pH; ABTS+• and antioxidants dissolved in MeOH.

2.3. Impact of the Solvent

The influence of the solvent on the antioxidant properties of kaempferol and chloro-
genic acid and their binary mixtures was examined using methanol and ethanol as the
reaction medium. For this purpose, methanolic and ethanolic solutions of chlorogenic
acid and kaempferol with a concentration of 0.06 mg/mL were prepared, which were
mixed at different volume ratios. The effect of ethanol was determined using the same
volumes of components of the tested systems as in methanol, with the difference that the
solvent of all the solutions used to create the systems was ethanol. The volumes of reagent
solutions (antioxidants and radicals) used in the one-component systems (containing a
single antioxidant) and two-component systems (being a binary mixture) are presented
in Table 1.

2.4. Influence of the Addition of Water, Metals and Hydrogen Ions on the Antioxidant Properties of
the Examined Antioxidants and Their Binary Mixtures

The effect of the addition of water, metal ions and hydrogen ions on the antioxidant
properties of kaempferol and chlorogenic acid and their binary mixtures was determined
by adding 100 µL of the tested factor (water or an aqueous solution of copper (II) or iron
(III) ions with an ion concentration of 0.001 mg/mL and 0.022 mg/mL, respectively, or
buffer with a specific pH) to systems containing solutions of: antioxidant/antioxidants and
radical cation. The components’ volume of the measuring systems containing both single
antioxidants and their binary mixtures are presented in Table 1.

2.5. Preparation of the Radical Cation

The antioxidant properties of the examined antioxidants and their mixtures were
determined using the ABTS method. It consists of monitoring changes in the color of
the ABTS cation radical, which is formed as a result of the reaction of 2,2′-azinobis(3-
ethylbenzenethiazoline-6-sulfonate) (ABTS) with potassium persulfate (K2S2O8). Genera-
tion of the radical cation lasts 12 h after mixing 5 mL of 7 mM ABTS solution with 88 µL of
140 mM K2S2O8 at room temperature, away from light [21]. Before each measurement, the
radical cation formed is diluted with a solvent to an absorbance of 0.7 ± 0.02 at a wave-
length of 744 nm. As a result of the reaction with individual antioxidants, the blue–green
color of the solution disappears, which is related to the neutralization of the ABTS radical
cation. Changes in the absorbance of the solution were monitored at 744 nm using a UV
Probe-2550 spectrophotometer. Measurements were carried out in systems containing
specific volumes of antioxidants or their two-component mixtures and solutions of factors
differentiating the tested systems (the exact volumetric compositions of the measuring
systems are presented in Table 1). Inhibition percentages (%I) defining the antioxidant
properties of the tested substances and their mixtures were calculated from the equation

I(%) = (1− A60

A0
) · 100%
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where A0 and A60 are the values of ABTS•+ absorbance at 0 and 60 min of the radical
neutralization reaction, respectively.

2.6. Statistical Analysis

All results are presented as mean values of five independent measurements± standard
deviation (SD). The one-way analysis of variance (ANOVA) and Fisher coefficient (F) value
were used to assess the influence of experimental factors on the activity. The statistical
analysis was performed using Excel (Microsoft Excel 2010).

If the calculated value of F (Fcal) exceeds the tabular value F (Fcrit), this indicates
a statistically significant influence of the given parameter. To determine the significance
of each Fisher coefficient, the p-values were used. The values were considered to be
significantly different when the result of the compared parameters differed at the p = 0.05
significance level.

3. Results and Discussion

Figures 1–4 show the antioxidant properties, expressed as percent inhibition, deter-
mined for the one-component systems containing either chlorogenic acid or kaempferol
and for the systems that are binary mixtures thereof. The studies used methanol or ethanol
solutions of the tested antioxidants at a concentration of 0.06 mg/mL, which were mixed
with each other in different volume ratios to prepare their binary mixtures (20/80; 50/50;
80/20 v/v—see Table 1). Each of the presented graphs was created on the basis of data
obtained in various measurement systems, which were differentiated due to the tempera-
ture (Figure 1), solvent used (Figure 2) or the presence of water (Figure 3), or metal ions
or hydrogen ions (Figure 4). In each of the figures presented, the red curve shows the
changes in antioxidant activity in systems containing a variable amount of chlorogenic
acid, while the blue curve reflects the antioxidant properties observed in the systems with
different kaempferol content. Additionally, each figure contains two curves—the purple
one, which is called “the experimental curve”, and the green one, which is the so-called
“calculated curve”. The former shows the antioxidant activity changes for the experimental
systems containing different volumes of the test compounds in the binary mixtures and
the latter presents the calculated value of the antioxidant activity in the mixtures. The
calculated curve was constructed based on the summation of antioxidant activity obtained
for individual antioxidants in one-component systems containing the same amount of the
ingredient as in the two-component mixture. For clarification, for a mixture containing
20 µL of chlorogenic acid and 80 µL of kaempferol, the calculated percentage of inhibition
is 46.12 as shown in point “d” in Figure 1A. This value was obtained after adding up the
% of inhibition determined in the systems containing: 20 µL of chlorogenic acid solution,
i.e., 12.07% (value in point “a” on the graph, single-component system marked No. 1 in
Table 1) and 80 µL of kaempferol solution, i.e., 34.05% (value in point “b” on the graph,
single-component system marked No. 6 in Table 1). Point “c” is the experimental value
(Ie), the actual value obtained for a mixture containing 20 µL of chlorogenic acid and 80 µL
of kaempferol. The difference between the experimental value, the value in point “c” (Ie),
and the theoretical value, the value in point “d” (Ic), indicates the observed, resultant effect
of the antioxidant effect of the mixture—if it is negative, we are dealing with antagonism,
and if it is a positive value, we are dealing with synergism. It is worth noting at this point
that in the plots, the antioxidant amounts in the measuring system are expressed as the
volume of its solution of a given concentration in a 100 µL sample introduced to the system.
The solution volume of the chlorogenic acid in the pair, is shown on the lower X axis. The
volume of the kaempferol is shown on the upper X axis. Values on the axis titled “volume
for kaempferol” (top axis) should be read from right to left.
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Figure 1. The antioxidant activity changes assessed by the ABTS method for the systems containing
different volumes of chlorogenic acid solution (red line with squares), kaempferol solution (blue
line with diamonds), and their binary mixtures (violet line with “x”). The green line with triangles
corresponds to the expected activity values for the tested pairs of compounds. The experimental
values are the mean values for n = 5. The experiments were carried out at three different temperatures,
i.e., 15 ◦C (A), 25 ◦C (B) and 35 ◦C (C).
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Figure 2. The antioxidant activity changes assessed by the ABTS method for the systems containing
different volumes of methanolic (A) and ethanolic (B) solutions of: chlorogenic acid (red line with
squares), kaempferol (blue line with diamonds), and their binary mixtures (violet line with “x”). The
green line with triangles corresponds to the expected activity values for the tested pairs of compounds.
The experimental values are the mean values for n = 5.
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Figure 3. The antioxidant activity changes assessed by the ABTS method for the systems containing
different volumes of methanolic solutions (A) and methanolic with water addition (B) solutions of
chlorogenic acid (red line with squares) and kaempferol (blue line with diamonds), and their binary
mixtures (violet line with “x”). The green line with triangles corresponds to the expected activity
values for the tested pairs of compounds. The experimental values are the mean values for n = 5.

Tables 2–5 present the results of statistical analysis obtained for the differences between
the inhibition percent determined experimentally (Ie) and the percentages of theoretical
inhibition (Ic) being the sum of the inhibition percent determined for single antioxidants
(for a solution in which the amount of the component, i.e., chlorogenic acid or kaempferol,
corresponds to the amount present in the mixture). The tables contain data obtained for
% of inhibition determined at different volume ratios of antioxidants in their mixture. In
the interpretation of the results aimed at determining the resultant antioxidant effect of
the mixture, it was assumed that the lack of a significant difference between the Ie and
Ic values indicates the additive antioxidant effect of the mixture containing chlorogenic
acid and kaempferol. On the other hand, statistically significant differences (Fcal > Fcrit)
indicate an antagonistic or synergistic antioxidant effect of the mixture. In the case of the
first of the two mentioned effects, there is a negative value of the difference between Ie and
Ic, while its positive value is responsible for the second effect.

Table 2. Statistical significance (F and p values) of the difference between the experimental inhibition
percent (Ie) and calculated inhibition percent (Ic) for the binary mixtures of the chlorogenic acid and
kaempferol at three different volume ratios and at three different temperatures, together with the
difference (Ie-Ic) and with the observed effect (the resultant) antioxidant effect of the antioxidants in
the mixture (Fcrit = 7.71).

Temperature (◦C) System Number Volume Ratio (v/v) F–Values p-Values (Ie-Ic)-Values Observed Effect

15
7 20/80 34.91 0.0041 negative antagonism
8 50/50 40.19 0.0032 negative antagonism
9 80/20 56.49 0.0002 negative antagonism

25
7 20/80 13.83 0.0205 negative antagonism/additivism
8 50/50 11.03 0.0293 negative antagonism/additivism
9 80/20 21.07 0.0101 negative antagonism

35
7 20/80 34.47 0.0042 negative antagonism
8 50/50 47.33 0.0023 negative antagonism
9 80/20 56.98 0.0016 negative antagonism
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Figure 4. Changes in antioxidant activity assessed by the ABTS method for systems containing
different volumes of methanol solutions of chlorogenic acid (red line with squares), kaempferol (blue
line with diamonds) and their binary mixtures (violet line with “x”), with the addition of water (A),
ions iron (B), copper ions (C), buffer with pH = 1 (D) and buffer with pH = 3 (E). The green line with
triangles corresponds to the expected activity values for the tested pairs of compounds. Experimental
values are mean values for n = 5.

Table 3. Statistical significance (F and p values) of the difference between the experimental inhibition
percent (Ie) and calculated inhibition percent (Ic) for the binary mixtures of chlorogenic acid and
kaempferol at three different volume ratios and in different solvent, together with the difference
(Ie-Ic) and with the observed effect (the resultant) antioxidant effect of the antioxidants in the mixture
(Fcrit = 7.71).

Solvent Type System Number Volume Ratio (v/v) F-Values p-Values (Ie-Ic)-Values Observed Effect

methanol
7 20/80 13.83 0.0205 negative antagonism/additivism
8 50/50 11.03 0.0293 negative antagonism/additivism
9 80/20 21.07 0.0101 negative antagonism

ethanol
7 20/80 39.89 0.0032 negative antagonism
8 50/50 30.02 0.0054 negative antagonism
9 80/20 55.99 0.0017 negative antagonism
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Table 4. Statistical significance (F and p values) of the difference between the experimental in-
hibition percent (Ie) and calculated inhibition percent (Ic) for the binary mixtures of chlorogenic
acid and kaempferol at three different volume ratios and in the system with methanol and with
methanol in the presence of water addition, together with the difference (Ie-Ic) and with the observed
effect (the resultant) antioxidant effect of the antioxidants in the mixture (Fcrit = 7.71).

Solvent System Number Volume Ratio (v/v) F-Values p-Values (Ie-Ic)-Values Observed Effect

methanol
7 20/80 13.83 0.0205 negative antagonism/additivism
8 50/50 11.03 0.0293 negative antagonism/additivism
9 80/20 21.07 0.0101 negative antagonism

methanol with
water (100 µL)

7 20/80 29.21 0.0056 negative antagonism
8 50/50 33.96 0.0043 negative antagonism
9 80/20 35.19 0.0040 negative antagonism

Table 5. Statistical significance (F and p values) of the difference between the experimental inhibition
percent (Ie) and calculated inhibition percent (Ic) for the binary mixtures of chlorogenic acid and
kaempferol at three different volume ratios and in the systems with different additives, together with
the difference (Ie-Ic) and with the observed effect (the resultant) antioxidant effect of the antioxidants
in the mixture (Fcrit = 7.71).

Factors Volume Ratio (v/v) F-Values p-Values (Ie-Ic)-Values Observed Effect

water
20/80 29.21 0.0056 negative antagonism
50/50 33.96 0.0043 negative antagonism
80/20 35.19 0.0040 negative antagonism

metal ions

Fe3+
20/80 27.03 0.0065 negative antagonism
50/50 58.64 0.0015 negative antagonism
80/20 60.97 0.0014 negative antagonism

Cu2+
20/80 28.80 0.0058 negative antagonism
50/50 18.05 0.0132 negative antagonism
80/20 17.89 0.0134 negative antagonism

hydrogen ions

pH = 1
20/80 27.07 0.0065 negative antagonism
50/50 54.67 0.0018 negative antagonism
80/20 142.53 0.0002 negative antagonism

pH = 3
20/80 35.68 0.0039 negative antagonism
50/50 37.63 0.0036 negative antagonism
80/20 60.08 0.0015 negative antagonism

3.1. Influence of Temperature on the Resultant Effect of the Mixture’s Antioxidant Activity

As noted above, Figure 1 shows changes in the percentage of inhibition as a function
of concentration (volume) obtained for systems containing single antioxidants (chlorogenic
acid or kaempferol) and their binary mixtures. The experiments were carried out at three
different temperatures, i.e., 15 ◦C (see Figure 1A), 25 ◦C (see Figure 1B) and 35 ◦C (data in
Figure 1C).

As can be seen from the presented relationships, regardless of the temperature used,
an increase in antioxidant properties (increase in % of inhibition) is observed for individual
antioxidants with increasing concentration (volume) of the antioxidant in the measuring
system. This is not surprising because the more antioxidant, the better the antioxidant
properties. As for temperature, according to the literature [22], temperature is one of
the important factors affecting antioxidant activity. As it results from the presented data,
the temperature affects the % inhibition values obtained for systems containing single
antioxidants. At a higher temperature, higher % inhibition values are observed for the
same measurement system than at a lower temperature.
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In the literature, any changes in antioxidant properties resulting from an increase
in temperature are most often explained by changes in the oxidation initiation process
(acceleration with increasing temperature) and/or changes in the mechanism of antiox-
idant action [23]. Undoubtedly, the temperature also affects the kinetics of the radical
neutralization reaction by the antioxidant. It should be noted here that the measurements
of antioxidant properties were carried out in the 60th minute of the reaction, i.e., after a
certain time, not necessarily sufficient for the reaction to reach a steady state. Additionally,
the increase in temperature affects the dissociation of the antioxidant, which is necessary for
the neutralization reaction of the ABTS radical cation [24]. Moreover, under the influence
of temperature, the structure of the solvent may change (breakdown of clusters in the form
of which methanol is present), which may facilitate the transfer of the electron and/or
hydrogen from the antioxidant to the radical, thus resulting in a faster reaction [25,26].

In light of the presented data, it seems more important to compare the position
and course of the curves obtained for binary mixtures—experimental and computational.
These curves do not overlap; the theoretical curve is above the experimental curve, which
indicates the antagonistic antioxidant effect of the mixture containing chlorogenic acid
and kaempferol. There are not many reports in the literature about the antagonistic effects
of compounds in the mixture. For example, in [27] it was shown that the co-occurrence
of alkaloids and saponins significantly reduces the antioxidant activity of the quinine
tree (Rauvolfiacaffra sond) extracts (activity of alkaloids alone = 63%; activity of alkaloids
with saponins = 15%). A similar effect was described in [28] for mixtures of β-carotene
with flavonoids (daidzein, baicalein) or with green tea polyphenols ((−)-epicatechin (EC),
(−)-epigallocatechin (EGC), (−)-epicatechingallate (ECG) and (−)-epigallocatechingallate
(EGCG)). The last of the cited works is significant in that it confirms the results presented
in this paper. It was shown that although α-tocopherol with caffeic or ferulic acid has a
synergistic effect, its combination with chlorogenic acid shows antagonism. According
to the results presented in this study in Figure 1, this effect is observed regardless of
the measurement temperature used. This conclusion is also confirmed by the data in
Table 2—F > Fcrit at p < 0.05 are obtained in all tested systems.

Assuming that the size of the F value is an exponent of the size of the antagonistic
effect, it can be stated that the greatest antagonism is observed at 15 and 35 ◦C (F values
for these temperatures are the highest). Moreover, by comparing the F value with the
change in the concentration of chlorogenic acid, it is possible to observe a temperature-
independent increase in the F value (increase in the antagonistic effect) with an increase
in the concentration of chlorogenic acid. At room temperature, for the two volume ratios,
i.e., 20/80 and 50/50, the changes are the smallest because the F values only slightly exceed
the Fcrit value.

It is difficult to unambiguously explain the observed antagonistic effect, because it is
not only the result of the temperature effect on the individual components of the measure-
ment system, but it may also be the effect of the interaction of the components (antioxidants)
with each other. According to the literature, the antagonistic antioxidant effect may be the
result of a weaker antioxidant being rebuilt by a stronger one [7]. However, in light of the
presented results, the validity of this hypothesis in the case of the kaempferol–chlorogenic
acid mixture is questionable. According to the data in Figure 1B (see blue and red curves),
kaempferol is a slightly stronger antioxidant than chlorogenic acid. Therefore, it would be
expected that with an increase in the amount of kaempferol and not chlorogenic acid, an
increase in the antagonistic effect of antioxidants in the mixture would be observed. The
presented data therefore suggest that the observed antioxidant antagonism in the mixtures
of the tested compounds does not result from the interactions between the individual
components of the mixture, but rather from the difference in the kinetics of the reaction of a
given antioxidant with the ABTS cationic radical. It seems that in the binary systems, the
availability of the ABTS cation radicals for the weaker antioxidant molecules (chlorogenic
acid) is reduced; hence, the observed antagonism.
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3.2. Influence of Solvent on the Resultant Effect of the Mixture’s Antioxidant Activity

Figure 2 shows changes in % inhibition as a function of concentration (volume) in
systems containing single antioxidants (chlorogenic acid or kaempferol) and their binary
mixtures. These data were obtained using different reaction solvents—methanol (Figure 2A)
and ethanol (Figure 2B). At this point, it should be noted that the data in Figure 2A are
a repetition of the data in Figure 1B, and this repetition was made intentionally. The
methanolic system at 25 ◦C was taken as a reference system to facilitate the interpretation
of the results.

The analysis of the presented data allows us to conclude that while there are no clear
differences in the antioxidant properties of kaempferol and chlorogenic acid determined in
different solvents in one-component systems (compare the course of two red and two blue
curves in both figures), the comparison of the location and course of the experimental and
theoretical curves in Figure 2A,B for mixtures leads to the conclusion that in both cases these
curves do not coincide, which indicates the lack of additive antioxidant activity. Moreover,
this effect is more pronounced in the case of ethanol. The location of the theoretical curve
over the experimental one indicates the antagonistic antioxidant behavior of the mixture.
The antagonism is confirmed by the data in Table 3. In the case of analogous double systems
(mixtures of antioxidants with the same composition), in which ethanol was used instead
of methanol as the reaction solvent, the F values are higher, and the p values are lower
(see Table 3).

When analyzing the effect of different solvents, it should be taken into account that
the influence of the alcohol type on the antioxidant activity of the binary mixture may be
related to the structural differences of the bulk alcohols, which consist of hydrogen-bonded
clusters. These clusters exist in thermodynamic equilibrium. Borowski et al. [25,26] showed
that hepta-, hexa-, penta-, tetra- and trimeric cluster structures predominate in methanol
at room temperature, while monomeric structures are present in small amounts. On the
other hand, in ethanol, pentamer structures are mainly present. It cannot be ruled out
that different alcohol structures may affect the kinetics of the neutralization reaction of the
ABTS radical cation. And although this effect is not so visible in one-component systems, it
is more pronounced in two-component systems and different clustering is responsible for
the kinetics of the reaction, and thus for the antioxidant antagonistic effect.

3.3. Influence of Water Addition on the Resultant Effect of the Mixture’s Antioxidant Activity

Figure 3A shows changes in % inhibition as a function of concentration (volume) in
systems containing single antioxidants (chlorogenic acid or kaempferol) and their binary
mixtures for the system with methanol, while Figure 3B presents data obtained for indi-
vidual antioxidants and their binary mixtures in measurement systems to which water
was added (detailed volumetric components for all systems with water are presented in
Table 1). Studies on the effect of water addition on the antioxidant properties of antioxi-
dants commonly found in plants and their binary mixtures seems to be important because
water is a very significant component of all organisms and food products, including plant
products where it occurs in various amounts. It should be emphasized here that, similarly
to the above, in order to facilitate the interpretation of the results, the data for methanol
have been repeated.

According to the data presented in the figures, in the systems containing single antiox-
idants, the addition of water results in less effective properties for systems with kaempferol
(compare both blue curves in Figure 3A,B) and better in systems with chlorogenic acid (com-
pare red curves in both figures). No wonder, because kaempferol is a strongly hydrophobic
compound and in systems containing water, its solubility decreases, which results in its
poorer antioxidant properties [29]. On the other hand, the solubility of chlorogenic acid
in water is higher (40 mg/mL) than in organic solvents (25 mg/mL), and hence its better
antioxidant properties [30,31].

It seems more important to compare the experimental and theoretical curves in
Figure 3A,B. In both cases, the theoretical curve is above the experimental curve, which in-
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dicates the antagonistic antioxidant effect of the pair of tested antioxidants. However, it can
be clearly seen that the difference is greater in the case of systems with water (Figure 3B).

This observation is confirmed by the data contained in Table 4—in the case of systems
with water, higher F values and lower p values are observed than for analogous systems
in which only methanol is present. Hence, it can be concluded that water contributes to
the resultant antioxidant effect of the chlorogenic acid/kaempferol mixture. The fact that
the antagonistic effect is greater in the presence of water may undoubtedly result from the
poorer solubility of the stronger antioxidant (kaempferol) and its more difficult ionization,
which is necessary to transfer the electron and/or hydrogen to the radical. Moreover, the
better solubility and the related better ionization of the weaker antioxidant (chlorogenic
acid) do not compensate for the poorer antioxidant properties of kaempferol. The validity
of this theory is confirmed by the fact that increasingly higher F values and lower p values
are observed with the increase in the amount of chlorogenic acid in the tested measurement
systems (see data in Table 4).

3.4. Influence of the Addition of Metal Ions and Hydrogen Ions on the Resultant Effect of the
Mixture’s Antioxidant Activity

Figure 4 shows changes in % inhibition as a function of concentration (volume) for
the single antioxidants (chlorogenic acid or kaempferol) and their binary mixtures in the
systems with addition of water (Figure 4A), ferric ions (Figure 4B), cupric ions (Figure 4C),
buffer about pH = 1(Figure 4D) and buffer about pH = 3 (Figure 4E) (detailed volumetric
components for all water systems are presented in Table 1). The use of metal ions and
buffer solutions in research to check their impact on the antioxidant properties of the
systems seems justified, because natural systems (plant extracts) may differ not only in the
content of active substances (antioxidants), but also in the content of metal ions and the
presence of natural acids (variable pH). It should be emphasized here that Figure 3A is a
repetition of Figure 3B, necessary to ensure clarity of the discussion. In the studies aimed
at examining the effect of metal ions and hydrogen ions on the antioxidant properties
of the binary mixture, it was decided to assume that the system containing water was
the reference system. Such a procedure seems reasonable because when examining the
influence of a specific factor (metal ion or hydrogen ion concentration), its specific amount
was introduced into the tested system/systems in the form of aqueous solutions. It should
be emphasized here that the concentrations of metal ions that can be found in plants were
used in the experiments (assuming extraction of the entire amount of metal from 1 g of the
plant with 50 mL of the extractant) [14].

Comparing the position of the experimental and theoretical curves in each figure, it can
be seen that, as in previous studies, these curves do not coincide and that the experimental
curve is under the theoretical curve. As is known, this indicates antagonism, which is
confirmed by the data in Table 5.

As for the effect of metal ions, a greater one is observed for iron ions. In the systems
containing mentioned iron ions, higher F values and lower p values are observed, respec-
tively, compared to the same values for the reference system (with water). This confirms the
increase in the antagonistic antioxidant effect in the chlorogenic acid/kaempferol mixture,
and moreover, this effect is most pronounced with a higher content of chlorogenic acid (for
a mixture containing 80 µL acid and 20 µL kaempferol, the greatest difference between
the experimental and theoretical value is observed, F = 60.97). In the case of systems with
copper ions, the antagonism effect is also visible, but compared to the reference system, it
seems to be slightly smaller (lower F values).

It is difficult to clearly explain the observed resultant antagonistic effect of the mixture
in the presence of metal ions. It seems to be the result of many phenomena. On one hand,
the observed poorer performance of the mixture may result from the ability of both metals
to reduce as a result of attaching an electron from the antioxidant, which may inhibit the
radical neutralization reaction. On the other hand, these metals can be complexed by the
ABTS cation radical itself as well as by the antioxidants themselves [32]. As the literature
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data show [33], ABTS complexes have an intense color, which can cause falsification of
absorbance measurements and cause apparently poorer antioxidant properties [33]. Transi-
tion metal complexes with polyphenolic compounds are also known from the literature.
Moreover, in most cases, these complexes usually turn out to be more active than the
parent compounds [34]. On the other hand, less antagonism in the presence of copper ions
may result from a greater (than in systems with iron) predominance of the formation of
complexes with better antioxidant properties [35].

In addition to metal ions, the presence and concentration of hydrogen ions also influ-
ence the observed antagonism in the mixture containing chlorogenic acid and kaempferol.
Greater differences between the theoretical and experimental values are observed for sys-
tems with pH = 1 (greater F values than in the reference system). This is not surprising
because, as already mentioned, ABTS is a method in which the neutralization of the cation
radical occurs after the ionization and deprotonation of the active groups in the antioxidant.
As such, it is a pH dependent reaction and the ionization potential of phenolic compounds
decreases with an increasing pH value. Thus, in an acidic environment, the poorer antioxi-
dant properties observed for both single antioxidants and their mixtures may be the result
of hindered ionization of the antioxidant and poorer antioxidant properties.

4. Conclusions

The paper presents and discusses the influence of selected factors, such as temperature,
reaction environment and presence of water, and metal ions or concentrations of hydrogen
ions on the antioxidant properties of chlorogenic acid and kaempferol, as well as their
binary mixtures. The obtained results indicate that:

- A mixture of the above-mentioned polyphenolic compounds has an antagonistic effect.
- The magnitude of this antagonistic effect depends not only on the mutual quantitative

relationships of individual antioxidants in the mixture, but also on the presence of
other ingredients in the tested systems, which, although they do not show antioxidant
properties, affect the assessment (such as those listed above).

- It is difficult to clearly explain the cause of the observed effect of the mixture because it
is the effect of the action of a specific factor on a given antioxidant and of antioxidants
between themselves in the presence of this factor.

The obtained results indicate an extremely complex nature of the assessment of antiox-
idant properties, even in seemingly simple measurement systems, and that the antioxidant
properties of the mixture depend on many factors. In order to correctly predict the antiox-
idant behavior of a mixture of natural polyphenols, it is necessary to take into account
the impact of their interactions with each other as well as the interactions they enter into
with other components of the measurement system, not necessarily having antioxidant
properties. This is quite an important issue because improper selection of antioxidants may
have a negative impact on the body and instead of counteracting oxidative stress, it may
strengthen it [36,37].
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