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Abstract. The intricate dynamics of antioxidant interactions holds promise for innovating formulations
to reduce patient antioxidants doses and prolong efficacy, these aspects being also important for
other industrial applications, such as food preservation. In this context, the study presents data on the
antioxidant interaction between ascorbic (AA) and dihydroxyfumaric acids (DHF) determined
via DPPH" method, by applying EPR spectroscopy. Two calculations methods used demonstrated strong
and moderate synergistic effects, with antioxidant interaction parameter (Al) of 1.24 and 0.9, respectively.
The type of antioxidant interaction is dependent on the concentration ratio of the ascorbic and
dihydroxyfumaric acids, thus, at the mM DHF/mM AA ratios of 1.4 and 1.7 the highest synergistic effects
with Al of 1.24 have been noticed, but at the mM DHF/mM AA ratio of 1 — an antagonistic effect with

Al of 0.93 was registered.
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Introduction

The interaction between antioxidants in
terms of antioxidant activity can be synergistic,
additive or antagonistic [1], the synergistic
interactions being of most interest for science and
industries due to the advantages that they can offer:
increased efficacy, reduced amount of antioxidants
needed, replacement of synthetic antioxidants [1].
According to the reported data, there are several
mechanisms of mutual antioxidant interaction
that can generate synergistic, additive or
antagonistic effects: (1) the regeneration processes,
(2) formation of antioxidants™ intermolecular
complexes, dimers or adducts, and (3)
complementary effects that presume the effect of
the solvent, pH, concentration, solubility etc. [2,3].

The antioxidant interaction between
ascorbic acid and other antioxidant compounds has
been recently reported in the literature [2,4]. Strong
synergistic effects have been found for different
concentrations of ascorbic acid (AA) and
trans-aconitic acid assessed by DPPH" assay [5].
In combination with polyphenols, ascorbate has
flavonoid-protective and flavonoid enhancing
antioxidant activities [6]. AA regenerates quercetin
and catechin from their oxidised forms,
o-quinones [6]. By employing the Co(ll)-EDTA

© Chemistry Journal of Moldova
CC-BY 4.0 License

luminol chemiluminescence method, Choueiri, L.
et al. found that the mixture of quercetin and AA
has the highest antioxidant activity at the
ratio 2:1 [7]. The concentration of AA is equally
important for the type of antioxidant interaction
parameter (Al). Different catechin — AA ratios are
attributed to the formation of two distinct
oligomeric structures, and, consequently, to
different antioxidant outcomes [8]. At lower AA
concentrations, the catechin oligomerization and
formation of procyanidin structures is noticed,
which determine the enhancement of the
antioxidant behaviour of the mixture [8]. In the
solutions of AA and O-glucosylated flavonoids,
rutin or naringin, synergistic effects are observed,
unlike the case of AA and non-O-glucosylated
flavonoids [9]. Lo Scalzo, R. successfully applied
the EPR spectroscopy to investigate the Al of AA,
chlorogenic acid and cysteine in presence of
glucose or citric acid, by using superoxide anion,
hydroxyl radical and peroxyl radical [10]. Mainly
additive effects have been found for these
combinations [10].

While AA is one of the most studied natural
antioxidant, dihydroxyfumaric acids (DHF) has
gained high scientific interest in recent years due to
its role in the “glyoxylate scenario” of primordial
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metabolism [11,12]. Also, DHF is a constituent of
the cycle of dicarbonic acids — the Baroud’ cycle
of tartaric acid and its intermediate products'
transformation to oxalic acid [13]. Thus, both
compounds are present in various natural sources
and could easily interact [13,14].

In our recent studies, the improvement of the
total antioxidant activity when mixing AA and
DHF has been reported [15]. By employing the
Stopped-Flow technique, the antioxidant activity
of single compounds and their mixtures have been
determined via DPPH" assay in 98% ethanol and
wine simulated matrix [15]. Data obtained after
2 seconds of single antioxidant and free radical
interaction demonstrated that in wine simulated
matrix the DHF’s observed rate constants are
10 times higher than in ethanol, and 2 times higher
in case of AA [15]. By combining AA and DHF,
the results revealed a decrease of the observed rate
constants [15], however, because within 2 seconds
the reaction did not reach the steady state, further
investigations are needed to formulate a proper
conclusion regarding the type of antioxidant
interaction between the two antioxidants.

The importance of this investigation relies
on the application potential of synergistic effect of
the antioxidants in science and industries, as long
as the multicomponent systems similar to those
found in foods have the capacity to act through
multiple mechanisms of action and to inhibit
oxidation at many different stages [16]. Therefore,
the aim of this work was to investigate the type of
Al between AA and DHF with the DPPH" assay,
by applying the EPR spectroscopy.

Experimental
Materials

The following reagents and solvents were
used in the research: L-ascorbic acid (AA),
>99%, dihydroxyfumaric acid (DHF), 98%,
2,2-diphenyl-1-picrylhydrazyl radical (DPPH")
were purchased from Sigma-Aldrich, Germany;
the solvent — ethanol (EtOH), 96%, was purchased
from Mic-Tan, Republic of Moldova. Reagents and
solvents were used without further purification.
Methods

The antioxidant activity was determined
using the DPPH"test [17]. Stock solutions of each
antioxidant (130 pM) were daily prepared in
98% EtOH. The concentration of the DPPH" was
checked before every series of experiments to
correspond to 0.05 mg/mL initial concentration.
Each solution was sonicated for 5 minutes for a
complete dissolution of antioxidants or free
radical. The DHF/AA millimolar concentration
ratios needed to perform the reactions were as
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follows: 0.5, 0.6, 0.7, 1, 1.4, 1.7 and 2. The reaction
mixtures consisted of equal parts (0.5 mL) of the
antioxidants (single compound or mixture of
antioxidants) and DPPH'. The reaction time was of
30 min in the dark, to reach the steady stare redox
reaction. Each sample was prepared in triplicate.
Equations and formulas

The half-maximal efficient concentration
(ECso) parameter is defined as the concentration of
antioxidant required to annihilate 50% of the free
radicals, and is expressed as mole of antioxidant
per mole of DPPH" (mole AOX/mole DPPH).
To determine ECso, first, the percentage of the
remaining DPPH’ (% rem. DPPH") at the steady
state was calculated according to the Eq.(1);
afterwards, the results obtained for each sample
were plotted against the mole AOX/mole DPPH’
ratio.

% rem. DPPH'= (A“L”’) x 100 @)

control

where, Asample iS the absorbance of the sample at
the steady state;
Acontrol 1S the absorbance of the sample at
the time zero.

To find the type of Al, the calculation
method described previously [5,18] was applied.
First, the inhibition percentage (%) was calculated
by using the Eq.(2), this parameter being further
used for establishing the Al.

%I=1— (A“L’”) x 100 ()

control

The Al parameter of a mixture was
calculated from the ratio of the experimental value
of the inhibition percentage of the mixture
(%lmixwre) and the theoretical value (%lineoreticar),

Eq.(3).

Al= (M) 3)

%ltheoretical

where,

%laax%IpHF (4)

%l theoretica= %IAA + %IDHF - 100

where, %laa is the inhibition percentage of AA,
tested alone in reaction with DPPH’,
Eq.(4);

%Ipne is the inhibition percentage of DHF,
tested alone in reaction with DPPH’,

Eq.(4).
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Therefore, a synergistic effect is found when
the Al> 1; if Al=1, then the interaction is additive;
and a Al< 1 reveals an antagonistic effect [5,18].

Another method to calculate the type of Al
is by determining the fractional inhibitory
concentration (FIC) [19,20]. The FIC index is
calculated by summing the characteristic FIC
values of each tested compound. For this it is
necessary to know the ECs, value for each
compound tested individually and in combination.

The FIC calculation for the AA and DHF
antioxidant interaction was performed according to
Eqgs.(5-7), the FIC index for each compound being
determined by dividing the ECso value of the
combination of antioxidants to the ECso value for
the individual compound.

®)
FICinpice= FICaa + FICpHE
_ ECsg (of AAin presence of DHF)
FICaa=
ECsg (of AA alone)

_ ECso (of DHF in presence of AA) 7
FICone= ECsq (of DHF alone) ( )
where, FICan is the fractional inhibitory

concentration for AA;
FICowr is the fractional inhibitory

concentration DHF.

In the case of the FIC index, a synergistic
effect is found when FIC< 1; if FIC= 1, then the

interaction is additive; and a FIC> 1 demonstrates
the presence of an antagonistic effect.
Instruments

The samples were inserted into a standard
rectangular cavity of an EMX X-band EPR
spectrometer (Bruker, Germany) operating at
9.8 GHz with a modulation frequency of 100 kHz.
Spectra were recorded at r.t. (25°C) using the
following parameters: center field 3490 G, sweep
width 100 G, receiver gain 40 dB, modulation
amplitude 5 G, attenuation 10 dB (20000 mW),
time constant 40.96 ms. The EPR spectrum was
registered right after 30 minutes of reaction.

The data obtained were analysed with
ANOVA and Student’s t tests to evaluate the
statistical significance of the difference between
the means using the Microsoft Excel programme.
A p value of 0.05 was considered significant.

Results and discussion

EPR spectroscopy is a technique used to
investigate the radical species present or formed in
the chemical reactions, therefore the use of the
EPR spectroscopy is appropriate for investigating
antioxidant activity and interactions between AA,
DHF and DPPH". The Figure 1 illustrates the
spectra for 127 uM DPPH’, and 65 uM of AA or
DHF. Of the three compounds, DPPH" is the only
one that offers detectable by the EPR spectroscopy
signals; its spectrum is similar to the previous ones
reported in the literature [21]. From the same
figure, one can notice that the antioxidants AA and
DHF do not generate any signals, meaning that
these compounds are not in a free radical form.
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Figure 1. EPR spectra for 127 pM DPPH’, 65 pM AA and 65 pM DHF.
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After the interaction with different
concentrations of AA or DHF, the intensity of the
DPPH" signal decreases as a consequence of the
antioxidant activity of the acids (Figure 2). It was
established that in these experimental conditions,
50% of radical species were annihilated by
0.24+0.00 moles of AA and 0.18+0.00 moles of
DHF (Figure 2). The ECsy values determined
correspond to the previously reported results
[22,23] and highlight the ability to annihilate free
radicals more accentuated with DHF than AA, this
property being similar to the antioxidant capacity.
The EPR data reflect a direct relationship between
the signal intensity and the concentration of the
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free radical in the system, thus, the data in Figure 2
demonstrate the total annihilation of DPPH’, unlike
the UV-Vis method which is influenced by the
yellowish colour of the solution after the
scavenging the DPPH".

To determine the type of antioxidant
interaction between AA and DHF, several
concentration ratios of the antioxidants in the
reaction with DPPH" were analysed, as illustrated
in Figure 3.

Among the seven investigated cases,
the mM DHF/mM AA ratios of 1.4 and 1.7
demonstrated the strongest synergistic effect with
Al of 1.24, and high antioxidant activity (Figure 3).
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Figure 2. Graphical representation of the dependence of the % remaining DPPH" on the antioxidant/DPPH"
molar ratio for reactions: AA - DPPH" (linear fitting) (a) and DHF - DPPH" (exponential fitting) (b).
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Figure 3. Representation of the %DPPH" inhibition determined experimentally (black) and
theoretically calculated (plaid pattern) (left axis). Representation of the type of antioxidant interaction for
each mM DHF/mM AA ratio (right axis). Data are presented as mean values (n> 3). Significant difference

(p< 0.05) to 1.24 are calculated using one-sample Student’s t test.
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The ratios mM DHF/mM AA= 1 gave the
weakest result of 0.93, being characteristic of an
antagonistic interaction. This fact is also observed
by analysing the experimental and theoretical
DPPH" inhibition percentages (Figure 3).
Thus, for DHF/AA concentration ratios of 0.7 and
1, the theoretically calculated radical inhibition is
higher than the one determined experimentally
(Figure 3). At the same time, in the samples with
the highest synergism, the %DPPH" inhibition
established in the mixture is higher than the
theoretical one (Figure 3). Additionally, a
synergistic effect can be observed at the 0.5 and
0.6 mM DHF/mM AA ratios, although this
effect is of a lower magnitude compared to the
synergistic interaction between AA and DHF at
the 1.7 ratio.

Using the same calculation method,
Piang-Siong et al. reported similar synergistic
effects between natural antioxidants (AA, caffeic
acid, gallic acid) and trans-aconitic acid [5].
The highest synergistic effect of 1.24 was found for
the combination of gallic and trans-aconitic acids;
in the samples with AA and trans-aconitic acid the
largest synergistic effect recorded was of 1.15 [5].
The data reported demonstrate the importance of
the compounds’ concentration on the amplitude of
the synergistic interaction [5].

The concentration of the tested compounds
is equally important for the total antioxidant
activity of the mixture. At the mM DHF/mM AA
ratio of 2, where the concentration of DHF
is twice larger than that of AA, the %l. is the
highest — 66.8%; on the contrary, at the mM

120 +

100 A

% DPPH-" inhibition

DHF/mM AA ratio of 0.5, the inhibition of the
DPPH" is diminished — 56.4%, and the lowest
%I, of 36.4% is found for the ratio 1.

Finding the ratio MM DHF/mM AA= 1.7 to
be the one that possesses the strongest synergistic
effect and higher antioxidant activity, the
dependence of the synergistic effect on the total
concentration of antioxidants was further
investigated, respecting in all samples the ratio mM
DHF/mM AA= 1.7 (Figure 4).

This fact allowed the determination of
the FIC index, and to confirm the presence
of the synergistic Al between DHF and AA.
The given method is often used in
biochemistry and pharmacology to determine
synergistic/antagonistic  interactions  between
medicinal preparations [24], it is also used in
microbiology to evaluate synergistic effects
between antimicrobial agents [19].

Figure 4 demonstrates that by increasing the
antioxidants’ concentration (but maintaining the
mM DHF/mM AA ratio 1.7), the total antioxidant
activity of the mixture increases exponentially.
Using Egs.(5-7), the FIC index for the ratio mM
DHF/mM AA= 1.7 was determined to be 0.9, a
value that describes a moderate synergistic
interaction between the two antioxidants.

Data obtained by the EPR method are
consistent with our previous UV-Vis results, which
demonstrate the synergistic effect between AA and
DHF [25], showing that once the concentration of
both compounds increases, the total antioxidant
activity improves and the synergistic effect
increases.
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Figure 4. Dependence of the DPPH" inhibition percentage on the total concentration of
antioxidants (DHF+AA, pM) combined in the ratio mM DHF/mM AA= 1.7; Inset: fitting for
the exponential model. Data are presented as mean values (n> 3).
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The synergistic effect is frequently reported
to occur when the more efficient antioxidant
regenerates the less efficient one [9], taking into
account the oxidation potentials [16], which is in
agreement with our results. Although both AA and
DHF are effective antioxidants, the ECso values
indicated that DHF has a slightly higher
antioxidant capacity than AA. The study findings
revealed that when antioxidants are combined in
equimolar proportions, an antagonistic interaction
occurs, indicating that such mixtures are not
advisable for practical applications. On the other
hand, when the molar ratio between DHF and AA
exceeds unity, a synergistic antioxidant interaction
emerges, which suggests that this interaction is
directly supported by the presence of high amounts
of DHF, highlighting its pivotal role in this process.
The manifestation of synergism when the
component with higher antioxidant capacity is
predominant suggests alignment with the
previously proposed concept, wherein the most
effective antioxidant (DHF) regenerates the least
effective one (AA). The highest synergistic effect
is observed at a larger concentration of DHF
compared to AA due to its involvement in
competitive reactions, wherein it reduces free
radicals and facilitates the regeneration of AA. On
the other hand, at the 0.5-0.7 mM DHF/mM AA
ratios, where the concentration of AA is the largest,
the synergistic effects are lower (1.09 and 1.16).
It can be hypothesised that AA also regenerates
DHF, but with a lower efficiency, which is in
agreement with the data on its antioxidant activity
and ECso values (Figure 2). Therefore, analysing
Figure 3, it can be seen that the interaction of DHF
with AA does not lead to an unequivocal result.
Instead, the outcome depends on the deviation
from the equimolar ratio of the two antioxidants,
with the synergistic effect being linked to the
excess of one over the other. Specifically, a
synergistic interaction is observed when the
DHF/AA ratio deviates from 1:1 by approximately
+0.4 mM/mM and this interaction is more
pronounced when DHF is in excess. It appears that
DHF has a greater ability to regenerate AA than
vice versa, which is consistent with the superior
antioxidant activity of DHF compared to AA.

At this stage, it is a challenge to trace a
reaction path that describes their antioxidant
interaction mechanism at the molecular level. On
the other hand, recent findings show that the
solutions consisting of AA and DHF in EtOH
possess relatively high acidity [25], characterized
by the predominance of the keto- form of DHF
[26], which can cause the partial decarboxylation
of DHF. Therefore, further investigations using
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structural characterization methods (NMR, FTIR,
MS etc.) are needed to elucidate the mechanism of
synergistic interactions of AA and DHF at the
molecular level.

Conclusions

By using EPR spectroscopy and two
calculation methods, pronounced and moderate
synergistic effects between AA and DHF have
been demonstrated, as well as antagonistic and
additive interactions. The type of antioxidant
interaction depends on the concentration ratio of
the antioxidants, the highest synergistic effect
(1.24) being noticed for the mM DHF/mM AA
ratios of 1.4 and 1.7, but an antagonistic effect
(0.93) at the ratio 1. The FIC method confirmed the
presence of synergistic effects (0.9) of AA and
DHF. Studies have indicated that the DHF/AA
ratio plays a pivotal role in the manifestation of
synergism, occurring in the excess of one
antioxidant over the other. Therefore, the
alignment  between the slightly  superior
antioxidant activity of DHF over AA and the
superunitary molecular ratio (1.7), at which the
highest synergistic antioxidant interaction was
established, implies that this interaction occurs via
the regeneration of AA by DHF. The synergistic
interaction between DHF and AA is also observed
when AA is in excess compared to DHF, though to
a lesser extent.

Acknowledgments

This work is supported by the Institutional
Research Program of the State University of
Moldova for the period 2024-2027, subprograms:
»Chemical study of secondary metabolites from
local natural sources and valorisation of their
application potential basing on broadening
molecular diversity with multiple functionality”
(code 010601) and “Advanced research in
computational and  ecological  chemistry,
identification of technological procedures for
treatment, formation of water quality and quantity”
(code 010603).

References

1. Tsao, R. Synergistic interactions between
antioxidants used in food preservation. Shahidi, F.
Ed. Handbook of antioxidants for food preservation.
Woodhead Publishing Series in Food Science,
Technology and Nutrition, 2015, pp. 335-347.
DOI:  https://doi.org/10.1016/B978-1-78242-089-
7.00013-0

2. Olszowy-Tomczyk, M. Synergistic, antagonistic and
additive antioxidant effects in the binary mixtures.
Phytochemistry Reviews, 2020, 19, pp. 63-103.
DOI: https://doi.org/10.1007/s11101-019-09658-4


https://doi.org/10.1016/B978-1-78242-089-7.00013-0
https://doi.org/10.1016/B978-1-78242-089-7.00013-0
https://doi.org/10.1007/s11101-019-09658-4

C. Vicol et al. / Chem. J. Mold., 2024, 19(1), 29-36

3. Chen, X. Li, H.; Zhang, B.; Deng, Z.
The synergistic and antagonistic antioxidant
interactions of dietary phytochemical combinations.
Critical Reviews in Food Science and Nutrition,
2022, 62(20), pp. 5658-5677. DOI:
https://doi.org/10.1080/10408398.2021.1888693

4. Lo Scalzo, R. Organic acids influence on
DPPH scavenging by ascorbic acid. Food
Chemistry, 2008, 107(1), pp. 40-43. DOI:
https://doi.org/10.1016/j.foodchem.2007.07.070

5. Piang-Siong, W.; De Caro, P.; Marvilliers, A,
Chasseray, X.; Payet, B.; Sing, A.S.C.; lllien, B.
Contribution of trans-aconitic acid to DPPH
scavenging ability in different media. Food
Chemistry, 2017, 214, pp. 447-452. DOI:
https://doi.org/10.1016/j.foodchem.2016.07.083

6. Abou Samra, M.; Chedea, V.S.; Economou, A
Calokerinos, A.; Kefalas, P. Antioxidant/prooxidant
properties of model phenolic compounds: Part I.
Studies on equimolar mixtures by
chemiluminescence and cyclic voltammetry. Food
chemistry, 2011, 125(2), pp. 622-629. DOI:
https://doi.org/10.1016/j.foodchem.2010.08.076

7. Choueiri, L.; Chedea, V.S.; Calokerinos, A
Kefalas, P. Antioxidant/pro-oxidant properties
of model phenolic compounds. Part Il: Studies
on mixtures of polyphenols at different molar ratios
by chemiluminescence and LC-MS. Food
Chemistry, 2012, 133(3), pp. 1039-1044. DOI:
https://doi.org/10.1016/j.foodchem.2012.01.057

8. Mahmoud, M.A.A.; Chedea, V.S.; Detsi, A;
Kefalas, P. Ascorbic acid modifies the free radical
scavenging behaviour of catechin: An insight into
the mechanism. Food Research International, 2013,
51(2), pp. 907-913.

DOI: https://doi.org/10.1016/j.foodres.2013.02.023

9. Tavadyan, L.A.; Minasyan, S.H. Synergistic and
antagonistic co-antioxidant effects of flavonoids
with trolox or ascorbic acid in a binary mixture.
Journal of Chemical Sciences, 2019, 131, pp. 1-11.
DOI: https://doi.org/10.1007/s12039-019-1618-5

10. Lo Scalzo, R. EPR free radical scavenging activity
on superoxide, hydroxyl and tert-butyl
hydroperoxide radicals by common hydrophilic
antioxidants: effect of mixing and influence of
glucose and citric acid. European Food Research and
Technology, 2021, 247, pp. 2253-2265.

DOI: https://doi.org/10.1007/s00217-021-03785-z

11.Sagi, V.N.; Punna, V.; Hu, F.; Meher, G;
Krishnamurthy, R. Exploratory experiments on the
chemistry of the “glyoxylate scenario”: formation of
ketosugars from dihydroxyfumarate. Journal of the
American Chemical Society, 2012, 134(7),
pp. 3577-3589.

DOI: https://doi.org/10.1021/ja211383c

12.Ward, G.; Liotta, C.L.; Krishnamurthy, R;
France, S. Base-mediated cascade aldol addition
and fragmentation reactions of dihydroxyfumaric
acid and aromatic aldehydes: Controlling
chemodivergence via choice of base, solvent, and

substituents. The Journal of Organic Chemistry,
2018, 83(23), pp. 14219-14233.
DOI: https://doi.org/10.1021/acs.joc.8b01867
13.Duca, G. Homogeneous Catalysis with Metal
Complexes: Fundamentals and Applications.
Springer: Berlin, 2012, v. 102, 487 p.
DOI: https://doi.org/10.1007/978-3-642-24629-6
14. Cotea, V.D.; Zanoaga, C.V.; Cotea, V.V. Treatise on
Oenochemistry. Romanian Academy Publishing
House: Bucharest, 2009, v. 1, 684 p. ISBN 978-973-
27-1761-5 (in Romanian)
15.Vicol, C.; Cimpoiu, C.; Duca, G. Investigation
of synergic/anti-synergic interactions of
dihydroxifumaric acid and ascorbic acid with DPPH.
Studia Universitatis Babes-Bolyai, Chemia, 2021,
66(2), pp. 49-58.
DOI: https://doi.org/10.24193/subbchem.2021.2.04
16. Decker, E.A.; Chen, B.; Panya, A.; Elias, R.J.
Understanding  antioxidant ~ mechanisms in
preventing oxidation in foods. Decker, E.A.
Ed. Oxidation in foods and beverages and
antioxidant applications. Woodhead Publishing
Series in Food Science, Technology and Nutrition,
2010, pp. 225-248.
DOI: https://doi.org/10.1533/9780857090447.2.225
17.Brand-Williams, W.; Cuvelier, M.E.; Berset, C.
Use of a free radical method to evaluate
antioxidant activity. LWT-Food science and
Technology, 1995, 28(1), pp. 25-30. DOI:
https://doi.org/10.1016/S0023-6438(95)80008-5
18.Quiroga, P.R.; Nepote, V.; Baumgartner, M.T.
Contribution of organic acids to a-terpinene
antioxidant activity. Food chemistry,
2019, 277, pp. 267-272. DOl:
https://doi.org/10.1016/j.foodchem.2018.10.100
19.Hsieh, M.H.; Yu, C.M.; Yu, V.L.; Chow, J.W.
Synergy assessed by checkerboard a critical
analysis. Diagnostic Microbiology and Infectious
Disease, 1993, 16(4), pp. 343-349. DOI:
https://doi.org/10.1016/0732-8893(93)90087-N
20.Sharma, K.; Guleria, S.; Razdan, V.K.; Babu, V.
Synergistic antioxidant and antimicrobial activities
of essential oils of some selected medicinal
plants in combination and with synthetic
compounds. Industrial Crops and Products, 2020,
154, 1125609.
DOI: https://doi.org/10.1016/j.indcrop.2020.112569
21. Marano, S.; Minnelli, C.; Ripani, L.; Marcaccio, M.;
Laudadio, E.; Mobbili, G.; Amici, A.; Armeni, T.;
Stipa, P. Insights into the antioxidant mechanism of
newly synthesized benzoxazinic nitrones: in vitro
and in silico studies with DPPH model radical.
Antioxidants, 2021, 10(8), 1224, pp 1-17.
DOI: https://doi.org/10.3390/antiox10081224
22.Villafio, D.; Fernandez-Pachén, M.S.; Moya, M.L.;
Troncoso, A.M.; Garcia-Parrilla, M.C. Radical
scavenging ability of polyphenolic compounds
towards DPPH free radical. Talanta, 2007, 71(1),
pp. 230-235.
DOI: https://doi.org/10.1016/j.talanta.2006.03.050

35


https://doi.org/10.1080/10408398.2021.1888693
https://doi.org/10.1016/j.foodchem.2007.07.070
https://doi.org/10.1016/j.foodchem.2016.07.083
https://doi.org/10.1016/j.foodchem.2010.08.076
https://doi.org/10.1016/j.foodchem.2012.01.057
https://doi.org/10.1007/s00217-021-03785-z
https://doi.org/10.1007/978-3-642-24629-6
https://doi.org/10.24193/subbchem.2021.2.04
https://doi.org/10.1533/9780857090447.2.225
https://doi.org/10.1016/j.talanta.2006.03.050

23.

24.

36

C. Vicol et al. / Chem. J. Mold., 2024, 19(1), 29-36

Secara, N. Stopped-flow spectrophotometric studies
of the kinetics of interaction of dihydroxyfumaric
acid with the DPPH free radical. Chemistry Journal
of Moldova, 2010, 5(2), pp. 83-87.

DOI: https://doi.org/10.19261/cjm.2010.05(2).11
Meletiadis, J.; Pournaras, S.; Roilides, E.;
Walsh, T.J. Defining fractional inhibitory
concentration index cutoffs for additive interactions
based on self-drug additive combinations, Monte
Carlo simulation analysis, and in vitro-in vivo
correlation data for antifungal drug combinations
against Aspergillus fumigatus. Antimicrobial Agents
and Chemotherapy, 2010, 54(2), pp. 602—6009.

DOI: https://doi.org/10.1128/aac.00999-09

25.Vicol, C.; Duca, G. Synergistic, additive and

antagonistic interactions of grapes phenolic
compounds and organic acids. Acta Chimica
Slovenica, 2023, 70(4), pp. 588—-600.

DOI: https://doi.org/10.17344/acsi.2023.8214

26.Sazou, D.; Karabinas, P.; Jannakoudakis, D. Cyclic

voltammetric  study of the homogeneous
decarboxylation kinetics of dihydroxyfumaric acid
in acid solutions. Journal of Electroanalytical
Chemistry and Interfacial  Electrochemistry,
1984, 176(1-2), pp. 225-234. DOI:
https://doi.org/10.1016/S0022-0728(84)80320-4


https://doi.org/10.17344/acsi.2023.8214

