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A kinetic‑based stopped‑flow 
DPPH• method
Lucrezia Angeli , Ksenia Morozova  & Matteo Scampicchio *

The reaction kinetics of antioxidants with free radicals is crucial to screen their functionality. However, 
studying antioxidant-radical interactions is very challenging for fast electron-donor substances, such 
as ascorbic acid, because the reaction ends in a few seconds. Accordingly, this work proposes a rapid 
and sensitive method for the determination of the absolute rate constant of the reaction between 
fast antioxidants and DPPH•. The method consists of a stopped-flow spectrophotometric system, 
which monitors the decay of DPPH• during its interaction with antioxidants. A kinetic-based reaction 
mechanism fits the experimental data. Kinetic parameters include a second order kinetics (k1) and, 
depending on the type of antioxidant, a side reaction (k2). Ascorbic acid was the fastest antioxidant 
(k1 = 21,100 ± 570 M−1 s−1) in comparison with other eleven phenols, showing k1 values from 45 to 
3070 M−1 s−1. Compounds like catechin, epicatechin, quercetin, rutin, and tannic, ellagic and syringic 
acids presented a side reaction (k2 from 15 to 60 M−1 s−1). Among seven fruit juices, strawberry was 
the fastest, while red plum the slowest. Overall, the proposed kinetic-based DPPH• method is simple, 
rapid, and suitable for studying the activity and capacity of different molecules, and food samples rich 
in fast antioxidants, like fruit juices.

The reaction between phenolics and DPPH• (2,2-diphenyl-1- picrylhydrazyl) radical is one of the most common 
assays that is used to determine the total antioxidant capacity of foods1. This mechanism is often used as model 
for the reactions of peroxyl radicals with phenolic compounds. Its working principle is based on the reaction 
between 2-2-diphenyl-1-pycrylhydrazyl (DPPH•) and antioxidants. DPPH• absorbs light at 515 nm (purple). In 
protic solvents, like methanol, there is an electron transfer from the antioxidant to the DPPH•, and the resulting 
DPPH-radical becomes yellow. The changes in the absorption observed before and after the addition of antioxi-
dants, during a fixed time (i.e., 30–60 min), are generally used to express the total antioxidant capacity (TAC). 
The total antioxidant capacity is generated by the complex chemical composition as well as by the synergistic 
effect generated by the multitude of active principles existing in the fruit, for example polyphenols, carotenoids, 
proteins, vitamins, amino acids, lipids. This index is influenced by the amount of antioxidants that reacted with 
a known amount of DPPH radicals and their interaction in a natural extract2,3.

Recently, the classical DPPH• assay has been turned into a more comprehensive kinetic-based DPPH• method, 
which allowed not only to express the TAC value of individual antioxidants and food extracts, but also to deter-
mine the absolute rate constants and the stoichiometry of the reaction4–6. This reaction was described by a two-
steps mechanism, as shown in Eqs. (1–2)4,7:

where AH is a general antioxidant, n is the stoichiometric factor, A• is the antioxidant radical, and DPPH-H is 
the reduced form of the DPPH• radical. The simulation and fitting of the transient changes of DPPH• allowed to 
express (a) the antioxidant activity in terms of absolute rate constants (Eq. (1)), (b) the antioxidant capacity in 
terms of the stoichiometry factor (the n value), and, finally, (c) to reveal the presence of side reactions (Eq. (2)).7

However, kinetic methods are difficult to be applied for studying fast antioxidants, like ascorbic acid. Ascorbic 
acid is a water-soluble vitamin, that is essential for human health, i.e., to treat scurvy, repair tissues and regu-
late the immune system8–10. Many edible plants, like fruits, vegetables, and their juices, are important dietary 
sources of ascorbic acid11. Vitamin C is also widely used as additive in foods to slow product deterioration, like 
enzymatic browning12. Despite its widespread use, the radical scavenging activity of ascorbic acid is not well 
characterized, likely, because its reaction with radicals, is so fast that the reaction goes to completion within a 
few seconds. This makes difficult to perform kinetic studies with spectroscopic measurements, i.e., performed 
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with classical glass cuvettes. In such cases, the reduced form of ascorbic acid falls rapidly to zero even during its 
mixing with radicals, like DPPH•13.

To overcome such limitations, the kinetic-based DPPH• method could be greatly improved if implemented 
with a stopped-flow technique. A stopped flow apparatus is especially suitable for studying fast reactions14–16, 
in which two or more reactants can be rapidly mixed, and delivered through a flow cell detector with a dead 
time of just a few microseconds. Accordingly, this work was aimed at developing a kinetic-based stopped-flow 
DPPH• method for the determination of the activity and capacity of fast antioxidants, like ascorbic acid, and 
food samples naturally rich in ascorbic acid, like fruits juices. Overall, the results will contribute to improve the 
understanding of the functional behaviour of fast antioxidants.

Materials and methods
Chemicals.  Methanol, DPPH•, Folin reagent, Na2CO3, and standards reagents (ascorbic acid, α-tocopherol, 
Trolox, catechin, epicatechin, quercetin, rutin, tannic, ellagic, 3,4-dihydroxybenzoic, and syringic acid) were 
all purchased from Sigma-Aldrich (St. Louis, MO, USA) at the highest available grade. Phloretin with a purity 
higher than 98% was purchased from Tokyo Chemical Industry (Zwijndrecht, Belgium). Stock solutions of each 
antioxidant were prepared in methanol at a final concentration of 10 mM. Stock solutions of DPPH• were pre-
pared in methanol at the concentration of 2.5 mM. All solutions were prepared daily.

Food samples.  Fruit samples (apple, apricot, grapefruit, kiwi, peach, red plum and strawberry) were pur-
chased from a local market. The juice was extracted from of 1 kg of ripen fruits by a kitchen extractor (Kenwood, 
Italy). An aliquot of the extract (30 mL) was centrifugated at 10,000 rpm at 10 °C (SL 16 R centrifuge, Thermo 
Scientific, Waltham, MA, USA) and the supernatant was filtered (qualitative filter paper, 301, 12–15 μm, VWR, 
Leuven, Germany). The resulting juice sample was weighted, labelled, and stored at −80 °C.

Total phenolic content.  Total phenolic content (TPC) was estimated with the Folin–Ciocalteu’s reagent 
using the method of Singleton et al. with slight modifications17. Briefly, a volume of the juice sample (130 μL) was 
mixed with distilled water (1 mL) and the Folin reagent (130 μL). After 5 min, 130 μL of Na2CO3 solution (20%) 
were added. The mixture was vortexed, incubated for 2 h in the dark at 25 °C and transferred in a microplate 
well (UV-Star® microplate, 96 wells, Greiner Bio one, Frickenhausen, Germany). The absorbance was read at 
765 nm with the spectrophotometer (Infinite M Nano+ , Tecan, Männedorf, Switzerland). Results were expressed 
as mg/100 mL of gallic acid equivalents (GAE) from a calibration curve built with standard solutions of gallic 
acid (R2 = 0.996).

Classical DPPH• assay.  The classical DPPH• assay was performed with the method of Ding et al. with slight 
modifications18. A methanolic 2.5 mM stock solution of DPPH• was prepared and diluted to 200 μM. Then, 100 
μL of the working solution and 100 μL of sample were added to a 96-wells plate and the absorbance was read after 
1 h in the dark at 515 nm with a spectrophotometer. The concentration of the fruit juices was standardized at 
60 μM of GAE, to make the results comparable with those of the kinetic approach (see below). The analysis was 
repeated in triplicates and results were expressed as % inhibition of DPPH•, using Eq. (3):

where t0 and t60 correspond to the sample absorbance of DPPH• observed at 0 and 60 min, respectively.

Stopped‑flow kinetic‑based DPPH• method.  The kinetic-based DPPH• method was performed with 
a stopped-flow system (RX2000, Applied Photophysics, Leatherhead, UK) equipped with a pneumatic pump, a 
quartz flow-cell and a Cary 60 UV–VIS spectrophotometer (Agilent Technology, Santa Clara, CA, USA). The 
stopped-flow system had two syringes, one loaded with 200 μM DPPH• solution, and the other with the anti-
oxidant at concentrations between 20 and 200 μM. It should be noted that the DPPH• and antioxidant solutions 
were prepared at a doubled concentration than the one desired, since there is a 1:1 dilution after the mixing 
of the two reagents. The concentration of the fruit juice samples was therefore standardized at 60 μM of GAE. 
Priming was performed before every run by flowing the two reagents in the system. As soon as the pneumatic 
drive was pressed, equal volumes of the two solutions were mixed and transferred into the quartz flow cell, with 
a max delay of 6 ms. The resulting absorbance of the reaction mixture was recorded every 18 ms, at a wavelength 
of 515 nm, by the UV spectrophotometer. The concentration of the DPPH• was calculated from the recorded 
absorbance signal by applying the Beer–Lambert law. At this purpose, the molar extinction coefficient of DPPH• 
in methanol (ɛ515) was determined from the absorbance of increasing standard solutions, leading to values of ɛ515 
equal to 11,200 ± 400 M−1 cm−1, in agreement with that found elsewhere19.

Simulation and fitting of the reaction kinetic data were performed with the software Copasi (version 4.29). 
Simulated od DPPH• consumption were obtained from solving a set of differential equations derived by the 
law of mass action applied to Eqs. (1–2). Optimal values of the kinetic parameters (k1 and k2) and the reaction 
stoichiometry (n) were obtained by minimizing, through iteration, the sum of squared errors between the experi-
mental and simulated data. In details, the stoichiometric factor was derived from the ratio between the optimal 
concentration found by the software Copasi and the known concentration added in the reaction mixture20. A 
detailed description of the steps needed to simulate and run the Copasi software are described as “Supplementary 
Material”. Each experimental point reported in the manuscript is the average of three independent replicates 
performed in different days with fresh solutions and reagents.

(3)%Inhibition =
t0 − t60

t0
∗ 100



3

Vol.:(0123456789)

Scientific Reports |         (2023) 13:7621  | https://doi.org/10.1038/s41598-023-34382-7

www.nature.com/scientificreports/

Statistics.  Statistical analysis of kinetic data was performed with Copasi software (version 4.29). Basic 
statistics, such as mean and standard deviation, were obtained by Microsoft Excel (Version 2211 Build 
16.0.15831.20098). For Pearson correlation tests, OriginPro was used (OriginPro 2023, learning edition).

Results and discussion
Application on antioxidant standards.  Figure 1 (right) shows the changes in the DPPH• concentration 
during its reaction with vitamin C. The reaction was so fast that an experiment had to be set up with a stopped-
flow technique to record enough absorption signals. Stopped flow is an experimental technique for studying 
rapid chemical reactions with a half-time of the order of milliseconds21. The setup here consisted in two syringes 
filled, respectively, with 100 µM of DPPH• and 10 µM of ascorbic acid (Fig. 1 left). Equal volumes of the two solu-
tions were rapidly mixed and driven into a high-efficiency mixer and transferred into a quartz flow cell, with an 
overall dead time of only 8 ms. The reaction was next monitored by recording the maximum absorbance signal at 
515 nm every 18 ms. This assured a sufficient number of data points that were necessary to robustly quantify the 
kinetics. It should be noted such experiments performed without a stopped-flow apparatus, i.e., with a classical 
quartz cuvette, are inaccurate because they do not allow the measurement of the initial part of the DPPH• decay 
curve, which is generally lost during the time required for mixing the reagents.

After having collected enough experimental points, the rate constants of the reaction between DPPH• and 
ascorbic acid were obtained by numerical methods. Briefly, a system of ordinary differential equations (ODEs) 
– one for each chemical species taking parts to the mechanism of Eqs. (1–2) – was derived by using the law of 
mass action. This states that the rate at which a chemical species is generated or consumed is equal to the product 
of the concentrations of the reactants times a rate constant (kx). Next, the resulting set of ODEs were numerically 
solved with the LSODA algorithm22 of the ODEPACK library23, by setting the initial “known” concentrations of 
ascorbic acid and DPPH•. LSODA algorithm was chosen because it can handle stiff differential equations, i.e., 
when fast and slow reactions occur simultaneously. Next, simulations of the transient changes of DPPH• were 
varied by changing the k1 and k2 values, until the distance to the observed time-courses was minimized. The entire 
iterative procedure was managed automatically by Copasi software. A detailed tutorial about this procedure is 
reported as “Supplementary Material” (see text in SI).

This approach led to a rate constant for ascorbic acid equal to k1 = 21,100 ± 570 M−1 s−1 (R2 = 0.998). Such high 
value is typical for fast interactions with the DPPH radicals. No significant contribution of the side reaction (k2) 
was observed. This was mainly because ascorbyl radicals produced in Eq. (1) oxidized to dehydroascorbic acid 
and later underwent irreversible degradation processes24. The stoichiometry of the reaction was 2.0. This was 
obtained as the ratio between the observed changes in DPPH• concentration and the initial concentration of 
ascorbic acid (n = ∆[DPPH•] / [AH]0). For instance, Fig. 1 (right) shows that when 10 µM of ascorbic acid were 
used, 20 µM of DPPH• were consumed, leading a stochiometric factor n = 2.025,26.

Figure 2 shows the rate constant values obtained for different initial concentrations of ascorbic acid. For 
higher concentrations, the rate constants were lower. Indeed, a plot of 1/k1 against the concentration showed a 
linear trend (R2 = 0.997). Variations in the rate constant as a function of the reactant concentration have been 
also previously reported with antioxidants having carboxylic functionalities4,7. A possible explanation is because 
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Figure 1.   (Left) A stopped-flow system consisting of two syringes with pistons that push the two reagents (e.g. 
DPPH• and ascorbic acid) into a mixing chamber and then in the quartz flow cell, driven simultaneously by the 
same driving motor. (Right) Kinetic curve and fitting of the reaction between 10 μM vitamin C and 100 μM 
DPPH• with the reaction mechanism and the kinetic parameters.
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for high concentrations of antioxidants, the formation of phenolic anions results inhibited (which is the reactive 
species), slowing down the overall electron transfer process19. This effect of the concentration on the resulting 
value of the rate constant highlights the importance of indicating the concentration of antioxidant used in the 
DPPH• method. Without such an indication, the DPPH• method, whether in its classical or kinetic version, is 
irreproducible.

The utility of the stopped-flow kinetic method was next extended also to other antioxidants. Figure 3 shows 
the transient signal of DPPH• (100 µM) after the rapid mixing with 50 µM of (a) phloretin and equimolar 
concentrations (10 µM) of, (b) α-tocopherol, (c) catechin, (d) epicatechin, (e) quercetin, (f) ellagic acid, and a 
diluted solution of (g) tannic acid (2 µM). These antioxidants were chosen because they represent different classes 
of antioxidants of food interest (i.e., hydrophilic vitamins, lipophylic vitamins, polyphenols). Table 1 sums up 
their kinetic parameters, also in comparison with % of inhibition obtained with the classical DPPH• assay. All 
compounds were much slower antioxidants than ascorbic acid as their rate constants were from 10 to 500 times 
lower than that of ascorbic acid.

The high reactivity of ascorbic acid in comparison with the other listed in Table 1 would not have been pre-
dicted based on the classical DPPH• assay27,28. Surprisingly, the results of the classical assay showed that ascorbic 
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Figure 2.   Rate constant values 1/k1 as a function of the concentration of ascorbic acid.
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Figure 3.   Kinetic curves with fitting of the reaction between 50 µM of phloretin (a), 10 µM of alpha-tocopherol 
(b), catechin (c), epicatechin (d), quercetin (e), ellagic acid (f), 2 µM of tannic acid (g) and 100 μM of DPPH•.
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acid was one of the antioxidants least able to inhibit DPPH• oxidation. However, this apparent contradiction is 
expected considering that the kinetic-based DPPH• assay highlights the velocity of the reaction (i.e., the antioxi-
dant activity), whereas, the classical DPPH• expresses only the amount of antioxidants that have reacted (i.e., the 
antioxidant capacity)19. Based on these findings, we agree with the recent criticisms raised around the abuse of 
the classical DPPH• assay in so many research studies for ranking antioxidants and natural extracts19,27. Instead, 
the kinetic-based DPPH• method offers several advantages.

One advantage is exemplified here with tannic acid. This commercial molecule is composed of several gallic 
acid moieties, resulting in 24 active hydroxyl groups. Accordingly, when 2 μM of tannic acid were added in the 
reaction mixture, the fitting program led to k1 and k2 respectively of 1,730 ± 65 M−1 s−1 and 21.8 ± 1.8 M−1 s−1, and 
a stoichiometric factor of 24. Contrarily to the classical DPPH• assay, the kinetic-based DPPH• method provides 
a stoichiometric value that matches the number of hydroxyl groups in the molecule29. Also, we could conclude 
that tannic acid is an antioxidant with medium activity (based on k1), but very high capacity (based on n value).

The next example is phloretin, a dihydrochalcone composed of two aromatic rings with hydroxyl 
groups in positions 2, 4, 6 and 4′ connected by a three-carbon carbonyl. Based on the main rate constant 
(k1 = 45.1 ± 2.6 M−1 s−1), phloretin showed lower antioxidant activity compared to other studied compounds. In 
addition, when 50 μM of phloretin were added in the reaction mixture, just 2 µM of DPPH• were consumed, 
resulting in a stoichiometry factor of 0.4. Although some authors consider phloretin as a potent antioxidant 
towards lipid peroxidation, it has also been demonstrated that the H-atom transfer mechanism is preferred 
than the electron-transfer8, which is involved in the DPPH• reaction30. This can explain phloretin showed lower 
antioxidant activity and capacity in the stopped flow DPPH• assay.

The mechanism of the proposed kinetic-based DPPH• method takes into account side reactions (see Eq. (2)), 
which explains its further utility. Several antioxidants like catechin, epicatechin, quercetin, rutin, tannic, ellagic 
and syringic acids in fact exhibited a side reaction (k2). This is related to the interaction between antioxidant 
radicals and DPPH• radicals7, leading to new stable, non-radical complex, which slows down the DPPH• con-
sumption. Foti reported that semiquinone radicals, that were produced by the reaction between DPPH• and 
ubiquinone, lead to several possible quenching process, one being their further oxidation to ubiquinone and the 
regeneration of DPPH-H31. Although the envisaging among the possible quenching processes of all phenolics 
is outside the scope of this work, however, it becomes evident that the contribution of a side reaction must be 
considered. From one side, the presence of a side reaction means that the DPPH• method is not a simple kinetic 
process. Therefore, the reaction kinetic behind the DPPH• method studied with pseudo-first order conditions, 
i.e., with [AH]0 >  > [DPPH•]0 might be an oversimplification.

On the other hand, the side reaction affects the resulting kinetic values of Eq. (1), as well as the reaction 
stoichiometry. This also implies that any kinetic result obtained using either pseudo-first order or elementary 
second orders rate laws29,32,33, i.e., if obtained without considering side reactions, should be deemed with caution 
because they may oversimplify the reactivity of phenols.

Finally, the correlation between the stoichiometry values determined with the classic vs kinetic-based DPPH• 
method is weak (R2 = 0.39, see SI). This is because the classical DPPH• assay is measured at a fixed moment (i.e., 
after 60 min of reaction), assuming that the reaction is finished at this point. Thus, the overall stoichiometry 
includes both the initial concentration of the antioxidant and also the scavenging of further DPPH• radicals 
related to side reactions, that causes an overestimation of the stoichiometry27. Instead, since the kinetic-based 
DPPH• method accounts for the possible contribution of even slow side reactions, the resulting stoichiometry 
is calculated from the initial concentration of the antioxidant28.

Application on food samples.  The utility of the stopped flow kinetic-based DPPH• method was finally 
extended to complex food matrices. Table 2 reports the results of both kinetic-based and classical DPPH• assay 

Table 1.   Values for the % of inhibition and stoichiometry obtained from the classical DPPH• assay and rate 
constant of the main reaction (k1), the side reaction (k2), the stoichiometric factor (n), and the correlation (R2) 
obtained from the stopped-flow kinetic method.

Sample name

Classical DPPH• Kinetic-based DPPH• assay

% Inhibition n k1 (M−1 s−1) k2 (M−1 s−1) n R2

Ascorbic acid 18.8 ± 0.1 1.9 21,100 ± 570 2.0 0.998

Rutin 48.3 ± 0.3 4.8 3070 ± 300 60.0 ± 4.3 1.8 0.994

Ellagic acid 64.6 ± 0.4 6.5 2900 ± 160 18.7 ± 1.4 3.7 0.991

Quercetin 48.6 ± 0.3 4.9 2380 ± 81 52.5 ± 1.3 2.0 0.997

Tannic acid 72.6 ± 0.6 36 1730 ± 64 21.8 ± 1.8 24 0.992

Epicatechin 57.6 ± 0.4 5.8 778 ± 43 30.3 ± 1.8 2.1 0.999

Trolox 19.6 ± 0.2 2.0 657 ± 47 2.1 0.999

α-tocopherol 18.5 ± 0.1 1.8 601 ± 11 2.1 0.999

Syringic acid 26.7 ± 0.2 2.7 401 ± 24 14.9 ± 1.3 2.0 0.999

Catechin 48.6 ± 0.4 4.9 252 ± 5 25.8 ± 1.1 1.7 0.999

Protocatechuic acid 25.2 ± 0.2 2.5 172 ± 13 2.1 0.998

Phloretin 40.5 ± 0.4 0.8 45.1 ± 2.6 0.4 0.998
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for seven fruit extracts, together with the total phenolic content (TPC) of the extracts. The latter measurement 
was needed because fruit extracts consist of mixture of different antioxidant compounds that can contribute to 
the total reactivity in different ways. Therefore, the measurement of the TPC was useful to estimate the initial 
antioxidant concentration [AH]0.

Based on TPC values, the results show that strawberry and red plum had the highest content in phenolic 
compounds, probably due to the high presence of anthocyanins, followed by the extracts from kiwi, grapefruits, 
and apples. Similar ranking was obtained by other authors34–36. Given the TPC values, the extracts were stand-
ardized to achieve a final equivalent concentration of 30 µM of GAE37.

The resulting diluted extracts were next used in the kinetic-based DPPH• method. Figure 4 shows the results of 
the assay together with the corresponding fitting curves. Thanks to the kinetic approach, a high number of kinetic 
points were recorded during the initial seconds of the reaction, allowing a robust fitting of the experimental time 
curves. The highest antioxidant activity was observed with strawberry extracts (i.e., the highest k1 value), followed 
by kiwi and grapefruit extracts. Again, the classical DPPH• assay leaded to some opposite results. This is exempli-
fied with red plum extracts, which showed the highest % of inhibition with classical DPPH• approach, but one 
of the lowest antioxidant activities with the kinetic-based DPPH• method. In summary, a kinetic-based DPPH• 
method provides more complete information about the antioxidant activity and capacity of natural extracts.

Conclusions
The kinetic-based stopped flow DPPH• method allowed to determine the antioxidant activity and capacity of 
individual antioxidants and fruit extracts. The stopped flow kinetic method offers much more information com-
pared to the classical DPPH• assay, leading to absolute rate constant of the reaction, its stoichiometry value and 
providing evidence on the presence of side reactions. The stopped flow method is simple, rapid (a few seconds) 

Table 2.   Values for the TPC (GAE), rate constant of the main reaction (k1), the side reaction (k2), n obtained 
with the kinetic approach, the correlation (R2), and the % of inhibition and n obtained with the classical 
method.

Sample name

TPC Kinetic-Based DPPH• Method Classical DPPH•

GAE (mg/100 mL) k1 (M−1 s−1) k2 (M−1 s−1) n R2 % inh n

Apple 20.1 ± 0.98 161 ± 16 – 0.3 0.99 17.1 ± 0.85 0.6

Apricot 13 ± 0.65 297 ± 19 – 0.2 0.99 18.5 ± 0.92 0.6

Grapefruit 26.7 ± 1.3 2260 ± 59 – 3.2 0.99 95.7 ± 4.8 3.2

Kiwi 41.3 ± 2.1 3550 ± 80 – 3.2 0.99 95.9 ± 4.4 3.2

Peach 9.6 ± 0.5 694.0 ± 6.3 – 0.7 0.995 49.0 ± 2.4 1.6

Red plum 58.7 ± 2.9 134.0 ± 5.1 – 1.0 0.995 63.4 ± 3.2 2.1

Strawberry 61.3 ± 2.8 4880 ± 100 17.1 ± 0.21 1.9 0.997 79.9 ± 3.8 2.7

0 30 60

D
PP

H
• (

µM
)

Time (s)

a

b

c

d

e

100

50

0

Figure 4.   Kinetic curves and fittings of the reaction between 100 µM of DPPH• and (a) apple, (b) red plum, (c) 
peach, (d) strawberry, and (e) kiwi extracts, standardized to 30 μM GAE. Other reaction conditions are in Fig. 1.
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and inexpensive. However, the kinetics observed depends on the wide variety of chemical constituents of fruit 
juices their concentration. Nevertheless, the kinetic based method extends the utility of the classical DPPH• assay: 
while the latter can be useful to provide a general screening of antioxidant compounds, the kinetic approach 
allows to go in depth on the different characteristics of fast molecules. Thus, food industries can benefit from 
an extended version of the DPPH• assay to focus on new antioxidants or on new fruit varieties with enhanced 
antioxidant activity. Future works should address their attention to elucidate the complex synergistic and antago-
nistic interactions between bioactive compounds to better estimate the activity and capacity of complex matrices.

Data availability
All the necessary data generated and/or analysed during the current study are included in this published article 
and its additional information, if needed, are available from the corresponding author on reasonable request.

Received: 17 February 2023; Accepted: 28 April 2023

References
	 1.	 Dawidowicz, A. L., Wianowska, D. & Olszowy, M. On practical problems in estimation of antioxidant activity of compounds by 

DPPH method (Problems in estimation of antioxidant activity). Food Chem. 131, 1037–1043. https://​doi.​org/​10.​1016/j.​foodc​hem.​
2011.​09.​067 (2012).

	 2.	 Fadda, A. et al. Reaction time and DPPH concentration influence antioxidant activity and kinetic parameters of bioactive molecules 
and plant extracts in the reaction with the DPPH radical. J. Food Compos. Anal. 35, 112–119. https://​doi.​org/​10.​1016/j.​jfca.​2014.​
06.​006 (2014).

	 3.	 Campos, A., Duran, N., Lopez-Alarcon, C. & Lissi, E. Kinetic and stoichiometric evaluation of free radicals scavengers activities 
based on diphenyl-picryl hydrazyyl (DPPH) consumption. J. Chilean Chem. Soc. 57(4), 1381–1384 (2012).

	 4.	 Foti, M. C., Daquino, C. & Geraci, C. Electron-transfer reaction of cinnamic acids and their methyl esters with the DPPH(*) radical 
in alcoholic solutions. J. Org. Chem. 69, 2309–2314. https://​doi.​org/​10.​1021/​jo035​758q (2004).

	 5.	 Litwinienko, G. & Ingold, K. U. Abnormal solvent effects on hydrogen atom abstraction. 3. Novel kinetics in sequential proton 
loss electron transfer chemistry. J. Org. Chem. 70, 8982–8990. https://​doi.​org/​10.​1021/​jo051​474p (2005).

	 6.	 Shojaee, M. S., Moeenfard, M. & Farhoosh, R. Kinetics and stoichiometry of gallic acid and methyl gallate in scavenging DPPH 
radical as affected by the reaction solvent. Sci. Rep. 12, 8765. https://​doi.​org/​10.​1038/​s41598-​022-​12803-3 (2022).

	 7.	 Angeli, L., Imperiale, S., Ding, Y., Scampicchio, M. & Morozova, K. A novel stoichio-kinetic model for the DPPH• assay: The 
importance of the side reaction and application to complex mixtures. Antioxidants. https://​doi.​org/​10.​3390/​antio​x1007​1019 (2021).

	 8.	 Rucker, R. B. Handbook of Vitamins 3rd edn. (Marcel Dekker, 2001).
	 9.	 Njus, D., Kelley, P. M., Tu, Y.-J. & Schlegel, H. B. Ascorbic acid: The chemistry underlying its antioxidant properties. Free Radical 

Biol. Med. 159, 37–43. https://​doi.​org/​10.​1016/j.​freer​adbio​med.​2020.​07.​013 (2020).
	10.	 Levine, M. New concepts in the biology and biochemistry of ascorbic acid. N. Engl. J. Med. 314, 892–902. https://​doi.​org/​10.​1056/​

NEJM1​98604​03314​1407 (1986).
	11.	 Kabasakalis, V. Ascorbic acid content of commercial fruit juices and its rate of loss upon storage. Food Chem. 70, 325–328. https://​

doi.​org/​10.​1016/​S0308-​8146(00)​00093-5 (2000).
	12.	 Varvara, M. et al. The use of ascorbic acid as a food additive: Technical-legal issues. Italian J. Food Saf. 5, 4313. https://​doi.​org/​10.​

4081/​ijfs.​2016.​4313 (2016).
	13.	 Foti, M. C., Daquino, C., DiLabio, G. A. & Ingold, K. U. Kinetics of the oxidation of quercetin by 2,2-diphenyl-1-picrylhydrazyl 

(dpph•). Org. Lett. 13, 4826–4829. https://​doi.​org/​10.​1021/​ol201​9086 (2011).
	14.	 Tonomura, B. I., Nakatani, H., Ohnishi, M., Yamaguchi-Ito, J. & Hiromi, K. Test reactions for a stopped-flow apparatus: Reduction 

of 2, 6-dichlorophenolindophenol and potassium ferricyanide by L-ascorbic acid. Anal. Biochem. 84, 370–383 (1978).
	15.	 Secara, N. Stopped-flow spectrophotometric studies of the kinetics of interaction of dihydroxyfumaric acid with the DPPH free 

radical. Chem. J. Mold. 5, 83–87. https://​doi.​org/​10.​19261/​cjm.​2010.​05(2).​11 (2010).
	16.	 Amorati, R., Menichetti, S., Viglianisi, C. & Foti, M. C. Proton-electron transfer pathways in the reactions of peroxyl and dpph˙ 

radicals with hydrogen-bonded phenols. Chem. Commun. 48, 11904–11906. https://​doi.​org/​10.​1039/​c2cc3​6531f (2012).
	17.	 Singleton, V. L. & Rossi, J. A. Colorimetry of total phenolics with phosphomolybdic-phosphotungstic acid reagents. Am. J. Enol. 

Viticult. 16(3), 144–158 (1965).
	18.	 Ding, Y. et al. HPLC-Triple detector (Coulometric array, diode array and mass spectrometer) for the analysis of antioxidants in 

officinal plants. LWT 162, 113456. https://​doi.​org/​10.​1016/j.​lwt.​2022.​113456 (2022).
	19.	 Foti, M. C. Use and abuse of the DPPH(•) radical. J. Agric. Food Chem. 63, 8765–8776. https://​doi.​org/​10.​1021/​acs.​jafc.​5b038​39 

(2015).
	20.	 Soliman, S. & Heiner, M. A. unique transformation from ordinary differential equations to reaction networks. PLoS ONE https://​

doi.​org/​10.​1371/​journ​al.​pone.​00142​84.​g001 (2010).
	21.	 Gibson, Q. H. Stopped-flow apparatus for the study of rapid reactions. Discuss. Faraday Soc. 17, 137. https://​doi.​org/​10.​1039/​df954​

17001​37 (1954).
	22.	 Petzold, L. Automatic selection of methods for solving stiff and nonstiff systems of ordinary differential equations. SIAM J. Sci. 

Stat. Comput. 4, 136–148. https://​doi.​org/​10.​1137/​09040​10 (1983).
	23.	 Hindmarsh, A. & Odepack, C. A systematized collection of ODE solvers. IMACS Tran. Sci. Comput. 1, 55–64 (1983).
	24.	 Kamrul, H. S. M., Schiraldi, A., Cosio, M. S. & Scampicchio, M. Food and ascorbic scavengers of hydrogen peroxide. J. Therm. 

Anal. Calorim. 125, 729–737. https://​doi.​org/​10.​1007/​s10973-​015-​5170-3 (2016).
	25.	 John C. Deutsch/J. Fred. Kolhouse. Ascorbate and dehydroascorbate measurements in aqueous solutions and plasma determined 

by gas chromatography-mass spectrometry.
	26.	 Deutsch, J. C. Dehydroascorbic acid. J. Chromatogr. A 881, 299–307 (2000).
	27.	 Villaño, D., Fernández-Pachón, M. S., Moyá, M. L., Troncoso, A. M. & García-Parrilla, M. C. Radical scavenging ability of poly-

phenolic compounds towards DPPH free radical. Talanta 71, 230–235. https://​doi.​org/​10.​1016/j.​talan​ta.​2006.​03.​050 (2007).
	28.	 Tsimogiannis, D. I. & Oreopoulou, V. The contribution of flavonoid C-ring on the DPPH free radical scavenging efficiency. A 

kinetic approach for the 3′,4′-hydroxy substituted members. Innov. Food Sci. Emerg. Technol. 7, 140–146. https://​doi.​org/​10.​1016/j.​
ifset.​2005.​09.​001 (2006).

	29.	 Guitard, R., Paul, J.-F., Nardello-Rataj, V. & Aubry, J.-M. Myricetin, rosmarinic and carnosic acids as superior natural antioxidant 
alternatives to α-tocopherol for the preservation of omega-3 oils. Food Chem. 213, 284–295. https://​doi.​org/​10.​1016/j.​foodc​hem.​
2016.​06.​038 (2016).

	30.	 Mendes, R. A. et al. Probing the antioxidant potential of phloretin and phlorizin through a computational investigation. J. Mol. 
Model. 24, 101. https://​doi.​org/​10.​1007/​s00894-​018-​3632-9 (2018).

https://doi.org/10.1016/j.foodchem.2011.09.067
https://doi.org/10.1016/j.foodchem.2011.09.067
https://doi.org/10.1016/j.jfca.2014.06.006
https://doi.org/10.1016/j.jfca.2014.06.006
https://doi.org/10.1021/jo035758q
https://doi.org/10.1021/jo051474p
https://doi.org/10.1038/s41598-022-12803-3
https://doi.org/10.3390/antiox10071019
https://doi.org/10.1016/j.freeradbiomed.2020.07.013
https://doi.org/10.1056/NEJM198604033141407
https://doi.org/10.1056/NEJM198604033141407
https://doi.org/10.1016/S0308-8146(00)00093-5
https://doi.org/10.1016/S0308-8146(00)00093-5
https://doi.org/10.4081/ijfs.2016.4313
https://doi.org/10.4081/ijfs.2016.4313
https://doi.org/10.1021/ol2019086
https://doi.org/10.19261/cjm.2010.05(2).11
https://doi.org/10.1039/c2cc36531f
https://doi.org/10.1016/j.lwt.2022.113456
https://doi.org/10.1021/acs.jafc.5b03839
https://doi.org/10.1371/journal.pone.0014284.g001
https://doi.org/10.1371/journal.pone.0014284.g001
https://doi.org/10.1039/df9541700137
https://doi.org/10.1039/df9541700137
https://doi.org/10.1137/0904010
https://doi.org/10.1007/s10973-015-5170-3
https://doi.org/10.1016/j.talanta.2006.03.050
https://doi.org/10.1016/j.ifset.2005.09.001
https://doi.org/10.1016/j.ifset.2005.09.001
https://doi.org/10.1016/j.foodchem.2016.06.038
https://doi.org/10.1016/j.foodchem.2016.06.038
https://doi.org/10.1007/s00894-018-3632-9


8

Vol:.(1234567890)

Scientific Reports |         (2023) 13:7621  | https://doi.org/10.1038/s41598-023-34382-7

www.nature.com/scientificreports/

	31.	 Foti, M. C. & Daquino, C. Kinetic and thermodynamic parameters for the equilibrium reactions of phenols with the dpph radical. 
Chem. Commun. 30, 3252–3254. https://​doi.​org/​10.​1039/​B6063​22E (2006).

	32.	 Marteau, C. et al. Boosting effect of ortho-propenyl substituent on the antioxidant activity of natural phenols. Food Chem. 196, 
418–427. https://​doi.​org/​10.​1016/j.​foodc​hem.​2015.​09.​007 (2016).

	33.	 Guitard, R., Nardello-Rataj, V. & Aubry, J.-M. Theoretical and kinetic tools for selecting effective antioxidants: Application to the 
protection of omega-3 oils with natural and synthetic phenols. Int. J. Mol. Sci. https://​doi.​org/​10.​3390/​ijms1​70812​20 (2016).

	34.	 Mullen, W., Marks, S. C. & Crozier, A. Evaluation of phenolic compounds in commercial fruit juices and fruit drinks. J. Agric. Food 
Chem. 55, 3148–3157. https://​doi.​org/​10.​1021/​jf062​970x (2007).

	35.	 Klopotek, Y., Otto, K. & Böhm, V. Processing strawberries to different products alters contents of vitamin C, total phenolics, total 
anthocyanins, and antioxidant capacity. J. Agric. Food Chem. 53, 5640–5646. https://​doi.​org/​10.​1021/​jf047​947v (2005).

	36.	 Ozcelik, F., Akan, E. & Kinik, O. Use of Cornelian cherry, hawthorn, red plum, roseship and pomegranate juices in the production 
of water kefir beverages. Food Biosci. 42, 101219. https://​doi.​org/​10.​1016/j.​fbio.​2021.​101219 (2021).

	37.	 Xie, J. & Schaich, K. M. Re-evaluation of the 2,2-diphenyl-1-picrylhydrazyl free radical (DPPH) assay for antioxidant activity. J. 
Agric. Food Chem. 62, 4251–4260. https://​doi.​org/​10.​1021/​jf500​180u (2014).

Acknowledgements
This work was supported by the Open Access Publishing Fund of the Free University of Bozen-Bolzano.

Author contributions
L.A for conceptualization, methodology, writing—original draft; K.M for conceptualization, statistical analysis, 
writing—review and editing, supervision; M.S for conceptualization, visualization, writing—review and editing, 
supervision.

Funding
Award Number: Project code PE00000003, Concession Decree No. 1550 of 11 October 2022 adopted by the 
Italian Ministry of University and Research, CUP D93C22000890001, Project title “ON Foods—Research and 
innovation network on food and nutrition Sustainability, Safety and Security—Working ON Foods”. Project 
funded under the National Recovery and Resilience Plan (NRRP), Mission 4 Component 2 Investment 1.3—Call 
for tender No. 341 of 15 March 2022 of Italian Ministry of University and Research funded by the European 
Union—NextGenerationEU. This work was supported by the Open Access Publishing Fund of the Free University 
of Bozen-Bolzano.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​023-​34382-7.

Correspondence and requests for materials should be addressed to M.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2023

https://doi.org/10.1039/B606322E
https://doi.org/10.1016/j.foodchem.2015.09.007
https://doi.org/10.3390/ijms17081220
https://doi.org/10.1021/jf062970x
https://doi.org/10.1021/jf047947v
https://doi.org/10.1016/j.fbio.2021.101219
https://doi.org/10.1021/jf500180u
https://doi.org/10.1038/s41598-023-34382-7
https://doi.org/10.1038/s41598-023-34382-7
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	A kinetic-based stopped-flow DPPH• method
	Materials and methods
	Chemicals. 
	Food samples. 
	Total phenolic content. 
	Classical DPPH• assay. 
	Stopped-flow kinetic-based DPPH• method. 
	Statistics. 

	Results and discussion
	Application on antioxidant standards. 
	Application on food samples. 

	Conclusions
	References
	Acknowledgements


