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ARTICLE INFO ABSTRACT

Keywords: Several spectrophotometric assays, such as 1,1-diphenyl-2-picrylhydrazyl (DPPH) and oxygen radical absorbance

OXi.d?fqon kinetics capacity (ORAC), are commonly used to assess antioxidant activity. However, these methods often lack real-

Isnh‘b““’“ world relevance as they do not inhibit autoxidation in actual food substrates. Although direct measurement of
ynergy

oxygen consumption or peroxide formation during inhibited autoxidation offers certain advantages, it is labor
intensive and requires specialized equipment. In this study, we introduce a small-volume inhibited autoxidation
approach that utilizes a standard microplate reader and a food-derived oxidizable substrate, specifically stripped
sunflower oil (SSO), and styrene-conjugated BODIPY (STY-BODIPY) chromophores that oxidizes with the sub-
strate, enabling straightforward monitoring of the reaction progress without interfering with it. The rate of
initiation (R;) was controlled by using azobis(isobutyronitrile) (AIBN) at 30 °C (R; = 8.6 + 0.5 x 10°°Ms Hto
accurately determine the rate constant of antioxidant reaction with peroxyl radicals (kinn). The method was
standardized using the synthetic a-tocopherol analogue 2,2,5,7,8-pentamethyl-6-chromanol (PMC) as a reference
antioxidant and was successfully applied to evaluate its synergistic interactions with y-terpinene, quercetin, and
caffeic acid. The rate constant for the reaction of peroxyl radicals with STY-BODIPY was determined, ksr = 890
+ 52 M ! s7L. Induction time (t) of PMC increased in a concentration-dependent manner by the synergistic
interactions of PMC/y-terpinene, PMC/quercetin, and PMC/caffeic acid. The ki, value for PMC in SSO at 30 °C
remained constant at 1.5 x 10° M~! s™L. The validity of this approach was further confirmed using isothermal
calorimetry, demonstrating its potential as a reliable and accessible tool for antioxidant testing in food systems.

Sunflower oil
High-throughput
Small-volume

1. Introduction

The increasing demand for simpler and more accessible approaches
has driven the development of numerous assays for assessing “antioxi-
dant activity” (Gulcin, 2020; Karagecili et al., 2023). Common examples
include oxygen radical absorbance capacity (ORAC), cupric-ion
reducing antioxidant capacity (CUPRAC), ferric reducing ability of
plasma (FRAP), Folin-Ciocalteu’s reagent reducing ability, scavenging
effects in relation to 1,1-diphenyl-2-picrylhydrazyl (DPPH), and 2,2-
azino-bis(3-ethylbenzothiazoline-6-sulphonic acid (ABTS) (Boyaci,
Polat, & Kafkas, 2023; Fidan et al., 2020; Granato et al., 2018). These

methods typically rely on spectrophotometric techniques to determine
the stoichiometry of the reaction between an antioxidant and an
oxidizing agent with distinct absorbance properties. However, such as-
says do not involve peroxyl radicals and are typically conducted in polar
organic solvents devoid of an oxidizable substrate (Konopko & Litwi-
nienko, 2022; Litwinienko & Ingold, 2007), whose protection from
oxidation should represent the assay’s actual end-point (Amorati &
Valgimigli, 2018). Furthermore, when evaluating the antioxidant effi-
cacy of a substance in preserving foods, it is essential to use an oxidiz-
able substrate derived from food sources (Baschieri, Pizzol, Guo,
Amorati, & Valgimigli, 2019; Laguerre, Lecomte, & Villeneuve, 2007).

Abbreviations: DPPH, 1,1-diphenyl-2-picrylhydrazyl; ORAC, oxygen radical absorbance capacity; SSO, stripped sunflower oil; STY-BODIPY, styrene-conjugated
BODIPY (CAS 2383063-37-2); PMC, 2,2,5,7,8-pentamethyl-6-chromanol; CUPRAC, cupric-ion reducing antioxidant capacity; FRAP, ferric reducing ability of plasma;
ABTS, 2,2-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid); GC-MS, gas chromatography-mass spectrometry; BHT, 2,6-di-tert-butyl-4-methylphenol; DPPP,
diphenyl-1-pyrenylphosphine; THF, tetrahydrofuran; AIBN, 2,2-azobis(isobutyronitrile); PMC/y-terpinene, mixture of PMC + y-terpinene; PMC/quercetin, mixture
of PMC + quercetin; PMC/caffeic acid, mixture of PMC + caffeic acid.
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Considering that many of these assays also lack proper kinetic data
analysis (Angeli, Morozova, & Scampicchio, 2023; Asma et al., 2024),
the findings of existing spectrophotometric assays may have limited
relevance to real food systems (Granato et al., 2018).

Autoxidation methods assess the ability of antioxidants to protect
food-based substrates, such as triglycerides from vegetable oils from
oxidative degradation. By using suitable kinetic analysis, these assays
can offer valuable kinetic parameters that describe antioxidant action in
real-time, such as the induction period length and the rate of oxidation
in the presence or in the absence of an antioxidant (Baschieri et al.,
2019; Guo, Pina, Gabbanini, & Valgimigli, 2024). Autoxidation of lipids
can be monitored by measuring the amount of oxidized products. The
detection of hydroperoxides can be performed via iodometric titration,
or colorimetric assays that rely on the oxidation of Fe?" to Fe>" and the
subsequent formation of colored iron salts. Conjugated dienes can be
quantified by spectrophotometry, whereas volatile compounds, such as
hexanal, are typically measured by gas chromatography-mass spec-
trometry (GC-MS) (Thomsen et al., 2016). However, these techniques
are often susceptible to interferences and require discontinuous sam-
pling and analysis. Oximetry is a well-established inhibited autoxidation
technique that continuously measures the rate of oxygen consumption
during lipid autoxidation. However, this approach is limited by low
sensitivity and need for specialized instrumentation, which is often
unavailable in many laboratories (Baschieri & Amorati, 2021). In
addition, oximetry is constrained by low throughput, allowing only one
sample to be analyzed at a time (Amorati, Baschieri, & Valgimigli,
2017).

To address these limitations, the introduction of a suitable fluores-
cent molecular probe into the system presents a practical solution for
effectively monitoring the autoxidation process (Amorati & Valgimigli,
2018; Laguerre et al., 2007). Diphenyl-1-pyrenylphosphine (DPPP),
which is non-fluorescent, reacts with lipid hydroperoxides to produce
the DPPP = O oxide, a fluorescent compound with excitation and
emission peaks at 351 and 380 nm, respectively (Mosca, Cuomo, Lopez,
& Ceglie, 2013; Uluata, Durmaz, Julian McClements, & Decker, 2021).
However, DPPP reacts slowly with hydroperoxides, making its appli-
cation challenging in oxidation kinetics (Hanthorn, Haidasz, Gebhardt,
& Pratt, 2012). BODIPY (4,4-difluoro-4-bora-3a,4a-diaza-s-indacene)
dyes are small molecules with strong UV absorbance and sharp fluo-
rescence emission peaks, with notable insensitivity to changes in the
polarity and pH of the solvent and stability under physiological condi-
tions (Briils-Gill, Boerkamp, Hohlbein, & van Duynhoven, 2024; Yang
et al,, 2024). Among these, C11-BODIPY®81/591 g widely used for
monitoring lipid oxidation (Kusio & Litwinienko, 2022), because of its
susceptibility to oxidation in azo-initiated co-oxidation reactions with
methyl linoleate (Yoshida, Shimakawa, Itoh, & Niki, 2003). The addi-
tion of the antioxidant BHT (2,6-di-tert-butyl-4-methylphenol) has been
shown to inhibit this oxidation process. Pratt and co-workers further
modified the C11-BODIPY®®1/5°! into the less oxidizable styrene-
conjugated BODIPY (STY-BODIPY) for direct use in kinetic studies of
the peroxidation of styrene, cumene, and tetrahydrofuran (THF) in the
presence of an antioxidant (Haidasz, Van Kessel, & Pratt, 2016). These
modifications allow for the determination of the inhibition rate constant
of the reaction between the peroxyl radicals and antioxidants (ki;y) in
competition with the reaction between the peroxyl radical and the
probe. These fluorescent probes are unique in that they co-participate in
the propagation stage of the peroxidation process without interfering
with the kinetic chain reaction (Haidasz et al., 2016).

Ideally, a method for determining antioxidant reactivity should
combine the advantages of both traditional and inhibited autoxidation
methods, specifically by being simple and rapid, utilizing standard
laboratory equipment, using a food-derived oxidizable substrate, and
providing accurate kinetic data for reactions between antioxidants and
peroxyl radicals. With this aim, we introduce a continuous fluorescence-
based assay for quantitative antioxidant testing that monitor the reac-
tion progress during inhibited autoxidation. This approach involves the
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addition of a small amount of the fluorescent probe molecule STY-
BODIPY to stripped sunflower oil (SSO), a food-based oxidizable sub-
strate, allowing the reaction progress and its inhibition by antioxidants
to be continuously monitored via fluorescence measurements in a 96-
well microplate. The method is based on the competition between an
antioxidant and a lipophilic, highly colored, and oxidizable fluorescent
probe for peroxyl radicals that propagate autoxidation. The methodol-
ogy was standardized using the a-tocopherol analogue 2,2,5,7,8-pen-
tamethyl-6-chromanol (PMC) as a reference antioxidant in the co-
autoxidation of STY-BODIPY in SSO, as the inhibition rate constant
(kinn) for PMC in sunflower oil is well-documented (Baschieri et al.,
2019). The results were compared with those obtained by isothermal
calorimetry, which we recently demonstrated to provide reliable
autoxidation kinetics for studying antioxidants (Suhag et al., 2024). To
evaluate the effectiveness of the STY-BODIPY co-oxidation method in
addressing a relevant and compelling issue, synergistic interactions
between PMC and various antioxidants were investigated (Bayram &
Decker, 2024).

2. Materials and methods
2.1. Materials

Sodium hydroxide (>97 %), magnesium sulfate (>99.5 %),
aluminum oxide (basic, activated), activated carbon, AIBN (2,2-azobis
(isobutyronitrile)) (98 %), 2,2,5,7,8-pentamethyl-6-chromanol (PMC)
(97 %), quercetin (>95 %), y-terpinene (97 %), and caffeic acid (>98.0
%) were purchased from Sigma-Aldrich Chemical Co. (Milano, Italy).
y-terpinene was percolated twice through activated basic alumina and
once through silica to remove impurities and hydroperoxide traces.
Commercially available sunflower oil was obtained from a local market
in Bolzano (Italy). Stripped sunflower oil was prepared by removing all
naturally occurring antioxidants as described by Cui, McClements, and
Decker (2015). Although STY-BODIPY is commercially available, it was
synthesized by following a previously reported procedure (Haidasz
et al.,, 2016) (see Supporting Information). All solvents and reagents
were of analytical grade.

2.2. Co-autoxidation of STY-BODIPY in stripped sunflower oil

To a 96-well black, flat bottom polystyrene plate (Costar®, Corning,
USA), 130 pL of stripped sunflower oil containing the azoinitiator AIBN,
antioxidants and STY-BODIPY was added. After preliminary trials with
various sample volumes, this sample volume was selected to ensure
continuous oxygen diffusion, while maintaining a consistent oxidation
rate. The plate was incubated at 30 °C in a microplate reader (Infinite M
nano+, Tecan, Switzerland) with a shaking protocol (mode: linear and
amplitude: 2 mm) for 5 min and a total incubation time of 15 min. STY-
BODIPY in its reduced/native form emits a pseudo-red color; as chain-
propagating peroxyl radicals add to the styryl moiety forming non-
conjugated products its fluorescence is shifted from 565 nm to 518
nm, exhibiting a green color (Fig. 1). The reaction progress was followed
by monitoring the fluorescent oxidation product, STY-BODIPY ox (Aex =
488 nm, Aey, = 518 nm). The data were acquired by continuously
reading the fluorescence from the top (detector gain: 70) at a 5 min time
interval. Results were expressed as the concentration of STY-BODIPY 4
by dividing the fluorescence data, expressed in relative fluorescence
units (RFU), by a response factor of 7.5 x 104/pM STY-BODIPY, as
shown in Eq. (1). The response factor was determined in turn by plotting
the maximum fluorescence reached after complete consumption of the
fluorescent probe as a function of STY-BODIPY concentration in SSO and
was found to be in very good agreement with that reported for the co-
oxidation of STY-BODIPY in phosphatidylcholine liposomes (Shah,
Farmer, Zilka, Van Kessel, & Pratt, 2019).

[STY-BODIPY],, = RFU/75000 )
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Fig. 1. Reaction of STY-BODIPY with peroxyl radicals used as a signal carrier in co-autoxidation with SSO and a visual representation of the color change of STY-
BODIPY after reaction with peroxyl radical to STY-BODIPY, in a transparent vial and in a 96-well plate.

For a typical uninhibited co-autoxidation experiment, SSO was
added with AIBN (50 mM) and STY-BODIPY without any antioxidant,
whereas the inhibited co-autoxidation experiment contained PMC (3
pM) as a reference antioxidant. Furthermore, synergistic interactions
were studied with PMC (3 pM, fixed concentration) by adding different
concentrations of y-terpinene (6.3, 15.4 and 29.4 mM) — PMC/y-terpi-
nene, quercetin (3, 6, and 9 pM) — PMC/quercetin, and caffeic acid (10,
20 and 30 pM) - PMC/caffeic acid.

2.3. Co-autoxidation kinetics

The kinetics of SSO co-autoxidation in the presence of STY-BODIPY
were analyzed by following the treatment proposed by Pratt and co-
workers (Haidasz et al., 2016). Briefly, the rate of disappearance of
the probe in the presence of the antioxidant (Rjnp) is given by Eq. (2),
where kg is the rate constant for the reaction of ROO*® radicals with STY-
BODIPY, R; is the rate of initiation due to AIBN decomposition, and n is
the stoichiometry of radical-trapping (or the number of peroxyl radicals
trapped per molecule of antioxidant).

8[STY — BODIPY|,.  ks[STY — BODIPY|R;
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Under the reaction conditions, the amount of consumed AIBN was
negligible, thus, the initiation rate, R; is constant. The R; value was
determined using Eq. (3), with PMC as the reference antioxidant for
which n = 2 (Amorati et al., 2017).

2.4. Isothermal calorimetry
Isothermal calorimetry experiments were performed using a Thermal

Activity Monitor (Model 421 TAM III, TA Instruments, Milan, Italy), a
24-channel microcalorimeter operating in isothermal mode. Glass

ampoules (4.0 x 1072 L) were accurately filled with 100 mg of stripped
sunflower oil containing AIBN (50 mM) with (PMC alone, mixture of
PMC/y-terpinene and mixture of PMC/caffeic acid) and without anti-
oxidants. The ampoules were maintained at a constant temperature
(30 °Q) in the dark inside the thermostat. Initially, a 15-min equilibra-
tion step was performed, during which the ampoule was held at mid-
height inside the channel to establish temperature equilibrium be-
tween the sample and thermostat. The ampoule was then fully lowered
into the measurement position during the experiment. Heat flow was
recorded at 10-s intervals throughout the experiment.

2.5. Statistical analysis

Kinetic parameters including induction time (1), stoichiometric fac-
tor (n), and ki, are expressed as the average + standard deviation (SD)
from at least three independent kinetic measurements. One-way ANOVA
followed by Tukey’s post hoc test (p < 0.05) was used to determine
statistical significance. Figures showing the co-autoxidation traces were
prepared using OriginPro 2021 (version 9.8.0.200), OriginLab Corpo-
ration, USA.

3. Results and discussion
3.1. Standardization of STY-BODIPY co-autoxidation in sunflower oil

To develop a robust model for quantitative antioxidant testing,
stripped sunflower oil (SSO), a commercial oil depleted of its natural
phenolic and carotenoid components, was used as an oxidizable sub-
strate. The use of SSO was based on a previously established kinetic
calibration (Baschieri et al., 2019). Fig. 2 shows the concentration
profile of STY-BODIPY, over time during the AIBN-initiated uninhib-
ited and inhibited co-autoxidation of STY-BODIPY (1 puM) in SSO at
30 °C. In the uninhibited co-autoxidation, the concentration of STY-
BODIPY increased linearly with time when SSO containing AIBN (50
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Fig. 2. Co-autoxidation of STY-BODIPY in SSO, (1) initiated by AIBN (50 mM)
and, (2) inhibited by PMC (3 pM). R;uy: rate of inhibited co-autoxidation, Ry
rate of inhibited co-autoxidation, and t: induction time.

mM) was used, indicating a steady progression of the oxidation.

For the inhibited co-autoxidation experiments, PMC was selected as
a reference antioxidant because of its well-characterized inhibition rate
constant (kyy = 1.5 x 10° M™! s7) in SSO at 30 °C (Baschieri et al.,
2019). The presence of PMC (3 pM), effectively slowed the oxidation
process, as evidenced by a reduction in the rate of STY-BODIPYox for-
mation, resulting in an inhibited period shown in Fig. 2. The rate during
this inhibited period, referred to as the rate of inhibition (R), serves as
an indicator of the antioxidant efficacy in retarding oxidation. The
duration of this inhibited period, known as the induction time (1), in-
dicates the point at which all effective antioxidants within the sample
are completely consumed by radicals. The induction time is a critical
parameter for assessing antioxidant, with longer t values indicating a
greater antioxidant capacity (Guo, Baschieri, Amorati, & Valgimigli,
2021).

The autoxidation process was initiated with AIBN (50 mM) and the
induction time was used to estimate the rate of initiation (R;), which was
determined to be 8.6 + 0.5 x 10710 Ms~! (Eq. (3)) using PMC as a
reference antioxidant with a known stoichiometry (n = 2). Furthermore,
the Rjyn observed during the inhibited oxidation, together with R; and
the known kj,, for PMC (vide supra) allowed the determination of the
rate constant for the reaction of peroxyl radicals (ROO®) with STY-
BODIPY (ksy) using Eq. (2). The calculated value of ks7=890 + 52
M ! s7! closely aligns with the previously reported value of 894 M~ ! s~
for STY-BODIPY by Shah et al. (2019), thereby confirming the validity of
the experimental conditions and the fluorescence-based approach for
kinetic antioxidant testing using a microplate reader and a food-derived
oxidizable substrate.

After the induction time, the concentration of STY-BODIPYx
increased linearly, similar to the trend observed under uninhibited co-
autoxidation conditions, as depicted in Fig. 2.

3.2. Synergistic interaction of different antioxidants with PMC

To further validate the efficacy of our fluorescence-based assay for
evaluating antioxidant activity, the synergistic interactions between
PMC and various antioxidants were investigated. Specifically, we
examined the well-documented synergistic interactions of y-terpinene
(Guo et al., 2021; Mollica, Gelabert, & Amorati, 2022), quercetin
(Pedrielli & Skibsted, 2002; Zhang et al., 2023) and caffeic acid (Iglesias,
Pazos, Andersen, Skibsted, & Medina, 2009) when combined with PMC.

The synergistic mechanism between PMC and quercetin or caffeic
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acid involves a regeneration process. PMC acts as a chain-breaking
antioxidant by donating hydrogen atoms to alkyl peroxyl radicals,
thereby forming a PMC radical, that subsequently traps another radical
to form non-antioxidant products. Quercetin and caffeic acid can donate
hydrogen atoms to PMC radicals, regenerating active PMC and pro-
ducing quercetin quinone (Zhang et al., 2023). In contrast, the syner-
gistic mechanism of y-terpinene is based on the formation of
hydroperoxyl radicals (HOO®) during its oxidation, which possess both
reducing and oxidizing properties (Foti & Ingold, 2003). These radicals
can donate a hydrogen atom to the PMC radical, restoring it to its
original phenolic form (Guo et al., 2021). Due to this distinct mecha-
nism, y-terpinene is expected to be effective at relatively higher con-
centrations than quercetin and caffeic acid.

Fig. 3 (A) shows the concentration of STY-BODIPY 4 over time during
co-autoxidation in the presence of y-terpinene alone and in combination
with PMC. The data show that y-terpinene alone (Fig. 3 (A), trace (2)),
even in the millimolar range, only slows the co-autoxidation of STY-
BODIPY in SSO without producing a clear induction time. However,
the combination of PMC and y-terpinene significantly (p < 0.05)
increased the induction time (Fig. 3 (A), trace 4) compared with PMC
alone. Furthermore, testing various concentrations of y-terpinene in
combination with PMC revealed a linear relationship (R? = 0.99) be-
tween the concentration of y-terpinene and the induction time as shown
in Fig. 3 (B). Table 1 presents the kinetic parameters derived from the co-
autoxidation of STY-BODIPY with SSO in the presence of PMC and the
PMC/y-terpinene combination. The apparent rate constant of inhibition
(app.kiny) for the PMC/y-terpinene mixture was similar to that of PMC
alone (p > 0.05). From the STY-BODIPY 4 concentration vs. time plot,
the apparent stoichiometry value (n) for the PMC/y-terpinene combi-
nation was calculated using Eq. (2). According to the well-established
chain-breaking antioxidant mechanism, each molecule of phenol
(PMC) neutralizes two ROO* radicals, resulting in n = 2. The apparent n
values for the PMC/y-terpinene combination were significantly (p <
0.05) greater than 2, and increased with the concentration of y-terpi-
nene. This finding is consistent with previous oximetry studies at 30 °C
and 130 °C, which attributed the higher n values to the reducing activity
of HOO® radicals generated by y-terpinene (Mollica et al., 2022).

Fig. 3(C) and (E), along with Table 1, show the results of the syn-
ergistic interaction between quercetin or caffeic acid and PMC. The
addition of quercetin or caffeic acid at micromolar concentration, in
combination with PMC, significantly (p < 0.05) increased the induction
time compared to PMC alone. Both antioxidants extended the induction
time in a concentration-dependent manner, as shown in Fig. 3 (D) and
(F), respectively. Furthermore, both quercetin and caffeic acid pro-
longed the induction time without altering the oxidation kinetics
observed with PMC alone. These findings are consistent with previous
studies on the synergistic activity of quercetin (Becker, Ntouma, &
Skibsted, 2007; Nogala-Katucka et al., 2013; Pedrielli & Skibsted, 2002;
Zhang et al., 2023) and caffeic acid (Iglesias et al., 2009; Zhang et al.,
2023) when combined with a-tocopherol. Analysis of variance (ANOVA)
showed a significant effect of the synergistic interactions of antioxidants
on the induction time F(8,9) = 65.19, p < 0.001, n2 = 0.983 and stoi-
chiometry factor F(8,9) = 62.24, p < 0.001, 1]2 = 0.982.

The findings obtained from the continuous fluorescence-based
approach were further corroborated by isothermal calorimetry anal-
ysis. Isothermal calorimetry, which continuously measures the heat flow
of oxidation reactions, was previously validated by our group for
studying the oxidation kinetics of oils (Mosibo, Laopeng, Ferrentino, &
Scampicchio, 2022), emulsions (Suhag et al, 2024) and micro-
encapsulated bioactive compounds (Klettenhammer et al., 2023). The
synergistic activity of y-terpinene and caffeic acid with PMC in SSO to
inhibit AIBN initiated autoxidation at 30 °C was tested using isothermal
calorimetry. Consistent with the fluorescence-based assay results, the
induction time increased with the addition of both y-terpinene and
caffeic acid in concentration-dependent manner compared with PMC
alone (Supplementary information Fig. S3).
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Fig. 3. Co-autoxidation of STY-BODIPY in SSO initiated by AIBN (50 mM). In panels A, C, and E, trace 1: uninhibited co-autoxidation, trace 2: inhibited by
y-terpinene, trace 3: inhibited by PMC, trace 4: inhibited by mixture of PMC/y-terpinene, trace 5: inhibited by quercetin, trace 6: inhibited by mixture of PMC/
quercetin, trace 7: inhibited by caffeic acid, and trace 8: inhibited by mixture of PMC/caffeic acid. Panels B, D, and F show the induction time (t) vs the concentration
of different mixtures of PMC/y-terpinene, PMC/quercetin, and PMC/caffeic acid, respectively.

4. Conclusion

This study introduced a simple and continuous quantitative method
for assessing antioxidant activity based on inhibited autoxidation in

vegetable oil. By monitoring the fluorescence intensity of the STY-
BODIPY probe during its co-autoxidation in stripped sunflower oil, we
tracked the reaction progress. The method was calibrated using PMC as a
reference antioxidant and could successfully determine its synergistic
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Table 1

Kinetic parameters of mixture of PMC with different antioxidants during the co-
autoxidation of STY-BODIPY with stripped sunflower oil added with 50 mM
AIBN at 30 °C.

Antioxidant Concentration 7(10%s) n app. kinn (10°
-1 -1
M s)
PMC 3 M 7.5+ 0.2 2.0 1.5
PMC + 3 pM+6.3 mM 8.0 + 23+ 1.2 +£0.3*
y-terpinene 0.1¢ 0.1¢
3 uM+15.4 9.4 + 2.7 + 1.3+0.1
mM 0.1 0.1%¢
3 pM+29.4 12.1 + 3.3+ 1.2 4+ 0.2%
mM 0.2° 0.3%
PMC + quercetin 3 pM+3 pM 85+ 2.4+ 1.1 +£0.3%
0.2% 0.1%
3 uM+6 iM 9.3+ 27 &+ 1.2+ 0.2°
0.2¢d 0.2¢¢
3 UM+9 pM 10.5 + 3.0+ 1.2 4+0.12
0.2° 0.2°
PMC + caffeic 3 pM+10 pM 8.2+ 2.3+ 1.3+0.3%
acid 0.1¢ 0.2¢
3 uM+20 pM 9.1+ 2.6 + 1.2 £0.2?
0.2 0.1%¢
3 pM+30 pM 9.8 + 2.8+ 1.1+0.3°
0.3 0.2

Mean =+ SD that do not share a superscript letter are significantly different (p <
0.05). t: induction time, n: stoichiometry factor, app.k;;: rate constant of inhi-
bition reaction for the mixture of antioxidants. The n and k;,, data for PMC are
from literature (Baschieri et al., 2019).

interactions with y-terpinene, quercetin, and caffeic acid. A key
advantage of this approach is the use of a microplate, which enabled the
simultaneous analysis of multiple samples, resulting in a high-
throughput method. This setup minimizes variability and enhances the
robustness of the findings by allowing all samples to be processed under
identical conditions. It is particularly beneficial in kinetic studies, where
real-time monitoring of multiple samples improves precision. Further-
more, the reduced sample volume required per well makes this method
more cost-effective and efficient compared to single-cell fluorimeters,
which typically require larger volumes and individual processing.
However, for laboratories lacking access to this equipment, adaptations
using single-sample fluorimeters with temperature control can still yield
similar results, although they may result in lower throughput and
increased hands-on time. Future studies will address the use of different
food-relevant oxidizable materials (i.e. emulsions, gels), and initiation
strategies (i.e. heat, metals, peroxides).
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