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Abstract: The topic of free radicals and related antioxidants is greatly discussed nowadays. Antioxidants 
help to neutralize free radicals before damaging cells. In the absence of antioxidants, a phenomenon called 
oxidative stress occurs. Oxidative stress can cause many diseases e.g. Alzheimer’s disease and cardiovascular 
diseases. Therefore, antioxidant activity of various compounds and the mechanism of their action have to be 
studied. Antioxidant activity and capacity are measured by in vitro and in vivo methods; in vitro methods are 
divided into two groups according to chemical reactions between free radicals and antioxidants. The fi rst 
group is based on the transfer of hydrogen atoms (HAT), the second one on the transfer of electrons (ET). 
The most frequently used methods in the fi eld of antioxidant power measurement are discussed in this work 
in terms of their principle, mechanism, methodology, the way of results evaluation and possible pitfalls.
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Introduction

Oxidation process is an important part of the meta-
bolic processes in the human body that produce 
energy to maintain some essential functions. How-
ever, it also has side effects as excessive production 
of free radicals leads to oxidative changes in the 
body (Nijhawan and Arora, 2019). Natural defense 
mechanisms of the human body can eliminate/
terminate free radicals. When the production of 
free radicals prevails over their elimination, they 
can interact with biological macromolecules (pro-
teins, lipids, carbohydrates) and DNA. The forma-
tion of free radicals is initiated by different types 
of radiation, unbalanced diet, stress, smoking, 
unhealthy lifestyle, etc. (Klaunig and Wang, 2018). 
Increased concentration of free radicals in the body 
can cause skin aging but it can also lead to more 
serious diseases such as cardiovascular diseases, 
progressive neurological diseases like Alzheimer’s 
disease, Parkinson’s disease, ulcerative colitis and 
atherosclerosis (Kimáková and Baranovičová, 2015; 
Yan et al., 2002; Li et al., 2012; Chiavaroli et al., 
2011). An antioxidant is generally defi ned as any 
substance in low concentration that inhibits or 
stops the proceeding oxidative damage to impor-
tant molecules (Yadav et al., 2016). Enzymatic and 
non-enzymatic antioxidants naturally occur in the 
human body and counteract the harmful impacts 
of free radicals (Lobo et al., 2010). An organism can 
obtain antioxidants from external sources, either in 
natural form such as from fruits or vegetables, or in 

synthetic form, for example from nutritional sup-
plements and cosmetics. Vitamin C, coenzyme Q10, 
beta-carotene, lycopene, uric acid, -tocopherol, 
selenium, fl avonoids and polyphenols are the best-
known natural antioxidants (Farajzadeh, 2016).
In order to compare the effects of individual anti-
oxidants to use them more appropriately, it is neces-
sary to know their antioxidant capacity. Antioxidant 
capacity of substances is determined by in vivo or in 
vitro methods (Joseph et al., 2018). The present work 
is focused on the methods of in vitro determination 
of antioxidant activity of both hydrophilic and lipo-
philic samples. In vitro methods can be categorized 
according to a few criteria depending on the kind 
of radical (peroxyl radicals, hydroxyl, alkoxy and 
other) they act, according to the chemical reaction 
or physical and chemical property of the analyzed 
substance, etc. (Moukette et al., 2015).

Hydrogen Atom Transfer (HAT) methods

DPPH (1,1-Diphenyl-2-picrylhydrazyl) assay
DPPH assay is one of the easiest and most fre-
quently used methods. It has been developed to 
measure the antioxidant capacity mainly in plants 
and food extracts (Alshaal et al., 2019). This 
method uses a commercially available organic com-
pound  —  2,2-diphenyl-1-picrylhydrazyl, with the 
acronym DPPH, generated just before applying the 
test to a sample. DPPH is a stable chromogen radical 
caused by electron delocalization in all molecules. 
This electron delocalization manifests itself in vio-
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let in ethanolic/methanolic solution which absorbs 
radiation with the same wavelength as DPPH radi-
cal emits (517  nm) (Pisochi and Negulescu, 2011; 
Shekhar and Anju, 2014). The DPPH scavenging 
assay is based on donating a hydrogen atom of 
antioxidants to 2,2-diphenyl-1-picrylhydrazyl radi-
cal to transform it into non-radical form (Fig. 1). 
The reaction is associated with discoloration of a 
blue-colored solution to pale yellow as a sign of the 
potential antioxidant activity of the sample (Alam 
et al., 2013).
According to Alam et al., 2013, the sample is diluted 
with a solvent depending on the character of the 
sample and then mixed with the DPPH solution. 
Such prepared mixture is fi rst incubated for 30 min 
at 25 °C and after an aliquot of the incubated solu-
tion is added to the spectrophotometer, the absorb-
ance at 517 nm is measured (Moran-Palacio et al., 
2014). The percentage of DPPH radical scavenging 
(ESC = experimental scavenging capacity) is calcu-
lated using Eq. 1:

 100 %br ar

br

A A
ESC

A

-
= ´  (1)

where Abr is the absorbance measured before the 
reaction and Aar after the reaction. The antioxidant 
activity is then expressed as the amount of anti-
oxidant sample needed to decrease the synthetic 
DPPH radical’s concentration to 50 % (also known 
as EC50) (Pisochi and Negulescu, 2011). In addition, 
the power of the antiradical potential can also be 
characterized by the μM Trolox equivalent for the 
initial amount of fresh mass (μM/g FM).
Although the DPPH method is simple, it is very 
sensitive and easily infl uenced by various factors 
such as the presence and concentration of hydro-
gen atom, amount of used solvent, presence of 
catalytically acting metal ions and freshness of the 
DPPH solvent (Zhong and Shahidi, 2015). What 
makes the DPPH radical reactive is the presence 
of nitrogen atom with an unpaired electron in the 
center of the DPPH molecule (Yeo and Shahidi, 
2019). However, this presents a steric limitation for 
large molecules as they cannot inhibit the radical 
portion of the DPPH radical located in the center 
(Holtz, 2009). Smaller molecules able to effectively 

overrun the steric barrier in the DPPH molecule 
include ascorbic acid and simple phenols. The reac-
tion between phenol and the radical can be slowed 
down if side chains or acid groups are connected on 
the aromatic rings of phenols (Schaich et al., 1985).
Yeo et al. (2019) studied limitations of the DPPH 
scavenging ability of pigments and dyes from plant 
extracts. The limiting factor was that dyes and pig-
ments reached their absorption maximum at the 
same wavelength as DPPH radicals. To overcome 
this limitation, different equipment and a different 
antioxidant activity of dyes determination method, 
such as electron paramagnetic resonance (EPR) 
spectroscopy, was used. Values obtained by the 
EPR spectroscopy differ by more than 16 % from 
those obtained by the standard spectrophotometric 
DPPH method.

TRAP (Total peroxyl radical-TRapping Antioxidant 
Potential) assay
TRAP method proposed by Wayner et al. in 1985 
was used to quantify the antioxidant capacity in 
human blood plasma. Since then it has undergone 
some modifi cations but its principles have been 
preserved. The effect of either free radicals or the 
presence of antioxidants on the fl uorescence gene-
rated by the fl uorescent molecule is monitored. 
This method monitors the amount of consumed 
oxygen during lipid peroxidation caused by the 
thermal brake down of substances such as ABAP 
(2,2´-Azobis(2-amidinopropane) (Figure 2) or 
AAPH (2,2´-azobis(2-methylpropionamidine) di-
hydrochloride) into simpler matters (Martín et al., 
2017).
The TRAP test is often applicable in the determina-
tion of the antioxidant activity of biological samples 
as human plasma or natural samples as plant 
extracts (Denardin et al., 2015). The TRAP method 
is sensitive to temperature and pH changes (Martín 
et al., 2017). Denardin et al. (2015) studied fruit ex-
tracts for their non-enzymatic antioxidant capacity 
using this antioxidant method. The peroxy radical 
was generated by mixing a solution of AAPH with 
Luminol to enhance chemiluminescence. A sample 
was added to the peroxy radical and the absorb-
ance after 30 minutes of incubation was measured. 

Fig. 1. Reaction of DPPH radical with hydrogen atom donors (Alam et al. 2013).
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They concluded that fruits with higher content of 
phenols also have higher antioxidant activity. More-
over, although Brazilian plant called Butía had high 
content of the well-known antioxidant  —  ascorbic 
acid, its power to fl uorescence quenching was lower 
than in other plants. This assay is very suitable for 
biological samples such as plasma, urine and others 
because they are able to perfectly react and combine 
with peroxy radicals (Munialo et al., 2019).

ORAC (Oxygen Radical Absorbance Capacity) assay
Advantages of the ORAC test include high adapt-
ability to antioxidants, biological samples and foods 
and the capability of assaying antioxidant potential 
of non-protein samples using a wide range of 
extraction agents (Prior, 2015). The reaction is 
conceptually simple but diffi cult in practice. The 
reactions start with heating of azide compounds 
to release nitrogen gas and generate two radicals 
(R•) (equation 2). During the radical generation, it 
is very important to keep the optimal heating tem-
perature to ensure total azide decomposition. If the 
required temperature is not maintained, unclear 
and incomparable results are obtained (Mellado-
Ortega et al., 2017).
The interaction between R• and suffi cient oxygen 
leads to the formation of peroxy radicals, ROO• 
(equation 3) which can either attack near colored 
or fl uorescent molecules (equation 4) or react with 
antioxidants (equations 5, 6). Fluorescence is lost 
when a fl uorescent molecule is attacked by peroxyl 
radicals. The less antio xidant participates in the 
reaction, the higher the decomposition of the fl uo-
rescent molecule and the higher the fl uorescence 
signal loss (Schaich et al., 2015).

 R—N=N—R 
t




 N2 + 2R• (2)

 O2 + 2R•  ROO• (3)

 ROO• + target molecule 
  ROOH + oxidized molecule (4)

 ROO• + AH  ROOH + A• (5)

 ROO• + A•  ROO—A (6)

Fluorescence intensity over time is monitored via 
the antioxidant activity evaluation. Trolox is used 
as a standard for evaluation where its different 
concentrations are used to obtain a fl uorescence 
intensity time-curve and compared with the test 
samples. Thus, quantifi cation of the ORAC test is 
based on the evaluation of the area under the time-
curve (AUC) (Schaich et al., 2015).

CB (Crocin Bleaching) assay
Crocin bleaching assay is suitable for the antioxi-
dant potential determination of both lipophilic and 
hydrophilic samples (Yeum et al., 2004). This 
method uses crocin (Figure 3) as a substance com-
peting with the added antioxidant and AMVN 
(2,2´-azobis-2,4-dimethylvaleronitrile) or AAPH 
(2.2´-azobis-2-amidinopropane: R—N=N—R) as 
the source of free radicals. AAPH is generally used 
for cuvette spectrophotometer, while AMVN is 
more frequently used for a microplate spectropho-
tometer. The degree of crocin whitening by a po-
tential antioxidant is measured at 450 nm (Prieto et 
al., 2015; Sotto et al., 2018).
Interaction between free radicals and crocin poly-
ene structure results in disruption of the conjugated 
system, which corresponds to crocin bleaching. The 
disruption of the crocin polyene structure depends 
on the form of the radical with which it reacts. Con-
versely, hydroxyl type of radicals cannot be used 
here due to their high reactivity with other organic 
substances (Ordoudi and Tsimidou, 2006).
Peroxyl radicals are formed in two steps; the fi rst 
one is thermal degradation of the initiator (equa-
tion 7) and the second one is the reaction with 
oxygen to generate peroxyl radicals (equation 8).

 NR=NR 
t




 2R• + N2 (7)

 R• + O2  ROO• (8)

 ROO• + crocin  ROOH + crocin• (9)

 ROO• + AH  ROOH + A• (10)

 A• + crocin  AH + crocin• (11)

Subsequently, radicals cause crocin bleaching 
(equation 9) leading to the solution color loss. More 
mechanisms of reaction of the resulting radical 
with an antioxidant can be considered depending 
on the type of antioxidant. In case of β-carotene 
or other carotenoid antioxidants, very common 
mechanism is hydrogen atom abstraction (equation 
10). Other radicals are also formed as intermediates 
which are further bound to the crocin structure 
and the bleaching process begins to cycle (Ordoudi 

Fig. 2. Chemical structure of ABAP.
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and Tsimidou, 2006). Bleaching reaction rates 
of antioxidant and sample without antioxidant 
were calculated simultaneously by monitoring the 
decrease in absorbance at 450  nm and a suitable 
temperature. Trolox, synthetic analogue of vitamin 
E, can be used as a reference at the same conditions 
as the analyzed samples. Then, the overall concen-
tration ratio (result) of crocin bleaching calculated 
as crocin inhibition in percentage or as relative 
constant of bleaching process rate (Bortolomeazzi 
et al., 2007).
Disadvantages of this method include the low re-
producibility, sample preparation by pre-heating 
and strict compliance of working temperature 
and pH, differences in reagent preparation and 
problematic quantifi cation of results (Prior, 2015).

TOSC (Total Oxyradical Acavenging Capacity) assay
The research groups of Regoli and Winston (1998) 
were the fi rst ones interested in quantifi cation of 
total oxyradical scavenging capacity by antioxidants 
(Franzoni et al., 2017). The TOSC method has a wide 
application as it can be used for one-component 
antioxidants but also in complexes such as tissues or 
biological fl uids in the body. Moreover, large devia-
tions of both hydrophilic and lipophilic substances 
cannot be observed despite their sometimes lower 
concentration range (Lichtenthäler et al., 2003). 

The TOSC test is based on the reaction between 
free radicals, especially oxyradicals (peroxyl, 
hydroxyl, and peroxynitrite radicals) (Ojha et al., 
2018), and -keto--methiolbutyric acid (KMBA) 
to form the simplest organic compound known as 
ethene (equation 12). Each radical is obtained in 
a different way. While generation of peroxyl radi-
cals and peroxynitrite requires heat processing of 

2,2´-azobis(2-methylpropionamidine) dichloride 
(ABAP) and 3-morpholinosydnonimine N-ethyl-
carbamide, respectively, the formation of hydroxyl 
radicals runs through the Fenton reaction (Garrett 
et al., 2010).

CH3S—CH2—CH2—CO—COOH + O•OH(R) 
 ½(CH3S)2 + RHOO– + CO2 + CH2=CH2 (12)

As mentioned above, when radicals interact with 
KMBA, ethene in gaseous state is formed and its 
formation can be monitored by gas chromatogra-
phy. The potential antioxidant is as strong as it can 
prevent oxidative decomposition of the acid in the 
presence of oxyradicals (Regoli, 2000).

DMPD (N1,N1-DiMethyl-1,4-PhenyleneDiamine) 
assay
Also in case of DMPD assay, oxidants in the sam-
ples are reduced and the color change is evaluated 
spectrophotometrically (equation 14). First, the 
DMPD•+ radical is formed by mixing a solution 
of DMPD (Figure 4) in acetate buffer and ferric 
chloride FeCl3 (equation 13) (Jiang et al., 2019). The 
prepared red colored solution of the DMPD cation 
is allowed to stand at laboratory temperature for 
12 hours before being used to assess antioxidant ac-
tivity of the sample (Askin, 2018). Oxidative status 
of the substance with DMPD•+ is readable at 515 nm 
(Kamer et al., 2019; Goosen, 2018).

 DMPD(colorless) + oxidant(Fe3+) + H+ 
  DMPD•+

(purple) (13)

DMPD•+
(purple) + AOH  DMPD+

(colorless) + AO (14)

Advantages of this method include short reaction 
time, long life time of the chemical reaction and 

Fig. 3. Chemical structure of crocin.
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low fi nancial costs. These advantages are the most 
important criteria for compatible global assays 
(Rodriguez-Nogales et al., 2011). Each method has 
its advantages and disadvantages; for example, 
lower applicability for hydrophobic substances as 
the reproducibility of the method decreases with 
the increasing hydrophobicity. Another serious dis-
advantage is in the compatibility of several solvents. 
The choice of methanol as a solvent for DMPD is 
not very suitable (Singh and Singh, 2008).

Fig. 4. Chemical structure of DMPD.

Single Electron Transfer (SET) methods

ABTS (2,2´-azinobis(3-ethylbenzothiazol-6-sulpho-
nate)) assay
The fi rst method based on single electron transfer 
described in this work is an ABTS decolorization 
test. The application of this method is wide due to 
its numerous modifi cations and it can be applied 
in antioxidant activity determination in both pure 
lipophilic and hydrophilic antioxidants, including 
carotenoids, fl avonoids (Granato et al., 2018) and 
food samples, beverages and plasma antioxidants 

(Ferrante et al., 2019), because this radical is so luble 
in water but also in several organic solvents (Re et 
al., 1999).
The ABTS•+ (2,2´-azinobis-(3-ethylbenzothiazo-
line-6-sulfonic acid)) radical can be generated in 
several different ways: less often electrochemi-
cally, enzymatically in case of biologic samples and 
chemically used potassium persulfate (Figure 6) or 
peroxide radicals. The original blue-green solution 
is decolorized while the decolorization is adequate 
to the power of the substance antioxidant activity 
(Floegel et al., 2011). An advantage of this method 
is that it has a short analysis time and synthetic 
ABTS•+ radical has a characteristic absorption spec-
trum with maximum peaks in the range of 414 to 
815 nm, which is an advantage in case of colored 
compounds (Lim et al., 2019; Wan et al., 2018).
Mixture of potassium persulfate with ABTS sub-
stance in the ratio 0.5:1  has to be maintained for 
at least 6  hours. A shorter interaction may result 
in partial oxidation, leading to unstable ABTS•+. 
The radical is stable for up to two days when stored 
in a container without light and oxygen at room 
temperature. As with previous methods, it is impor-

Fig. 5. Chemical structure of ABTS.

Fig. 6. Generation of ABTS cation radical (Zou et al. 2019; custom modifi cation).
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tant to differentiate the reaction time intervals at 
which ABTS•+ and the analyzed sample react (Re 
et al., 1999); which is 6  minutes according to Re 
et al. (1999), Pérez-Jiménez et al. (2008) and Van 
den Berg et al. (1999) while Alam et al. (2013) con-
sidered only a 5 min interval when determining the 
antioxidant activity of plant extracts. Pérez-Jiménez 
et al. (2008) determined polyphenols (Coffee acid, 
Ferulic acid, Gallic acid, Quercetin and Rutin) in 
extracts of white and red grape, which represents 
an excellent source of antioxidants. Re et al. (1999) 
investigated anthocyanins and fl avonoids. Van 
den Berg et al. (1999) investigated -tocopherol, 
β-carotene and Vitamin C and their combinations.
Determination of antioxidant activity such as 
DPPH but also ABTS methods are usually per-
formed using a spectrophotometer. A disadvantage 
is that it is not possible to separate the antioxidants 
present in the samples as complex matrices (Alam 
et al., 2013). Ma et al. (2019) proposed using liquid 
chromatography or capillary electrophoresis as a 
complementary method for online DPPH or ABTS 
assays to make these spectrophotometric methods 
full-fl edged and more informative (Koleva et al., 
2000; Murauer et al., 2017).

TEAC (Trolox Equivalent Antioxidant Capacity) 
assay
TEAC is a commonly used assay to assess the amount 
of radicals that can be scavenged by antioxidants able 
to offer their electrons. The TEAC method is very 
closely related to the ABTS method (Zablocka et al., 
2019). The name of the method indicates that the 
main component is Trolox with a chemical identifi er 
as 6-hydroxy-2,5,7,8-tetra methyl chroman-2-car bo-
xylic acid (Figure 7). It is easy to convert absorbances 
obtained from a spectrophotometer into the antioxi-
dant activity of Trolox and thus it is used as the 
comparing standard substance for measurements. 

Trolox is a chromanol, which means that it is a mem-
ber of the phenols group and a monocarboxylic acid. 
For pure substances, TEAC is defi ned as the milli-
molar concentration of Trolox corresponding to the 

antioxidant activity of the test sample at the concen-
tration of 1 mmol/L. In case of mixtures and com-
plex samples, the Trolox substance amount corre-
sponds to antioxidant activity of 1 g or 1 mL of the 
sample (Obón et al., 2005).
This method was developed by Miller et al. (1993) 
and it can be used spectrophotometrically with both 
synthetic radicals of DPPH and ABTS. The colored 
complex of radicals in the presence of a sample 
containing substances with a potential antioxidant, 
is discolored. Depending on the rate of solution 
discoloration, it is possible to determine the sample 
activity at a suitable wavelength. TEAC assay can 
also be adapted and automated to fl ow injection and 
microplates techniques (Zhong and Shahidi, 2015).

Fig. 7 Chemical structure of Trolox.

This method has many modifi cations. For example, 
Pérez-Burillo et al. (2018) introduced two types of 
the TEAC method — TEACOH, and TEACAAPH. 
TEACOH determines the quenching effect of 
hydroxyl radicals (OH•) with foodstuffs, while 
TEACAAPH analyzes the quenching effect of 
AAPH• radicals with beverages and different foods 
(Obón et al., 2005).

FRAP (Ferric Reducing Ability of Plasma) assay
Ferric reducing/antioxidant activity is a primary 
method for assessing the total antioxidant capacity. 
The FRAP method is sensitive, cheap and fast (Choy 
et al., 2000). Ferric ion of TPTZ (2,4,6-Tri(2-pyridyl)-
1,3,5-triazine) reduction by an antioxidant (Figure 8) 
in the presence of acetate buffer causes the forma-
tion of a blue colored ferrous-tripyridyltriazine com-

Fig. 8. Chemical reaction of TPTZ and antioxidant (Shalaby, 2013).
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plex. The reduction is indicated by the formation of 
intense blue color with an absorption maximum at 
593 nm (Benzie and Strain, 1999; Seesom et al., 2018). 
Basically, the FRAP value is evaluated as the reduc-
tion power of Fe(III) to Fe(II) (Haida and Hakiman, 
2019; Ononamadu et al., 2019). Another evaluation 
method employs equivalent concentration of Trolox 
to the initial sample amount (Lachowicz et al., 2018).
The FRAP working solution is made under heating 
(37 °C) when acetate buffer, TPTZ and FeCl3·6H2O 
are mixed together in the ratio of 10:1:1 (Benzie and 
Strain, 1999). Ideally, the solution is yellow if there 
is no reduction of ferric ions. Fresh frap working 
solution should be used in each experiment. Subse-
quently, optimal amount of the working solution is 
mixed with an aliquot and the change in absorbance 
can be seen at 593 nm after a 30 minutes interaction 
of the FRAP reagent with the sample (Oribayo et 
al., 2018).
Torre et al. (2015) introduced a modifi ed micro-
plate-based FRAP method (mFRAP) which leads 
to improved sample throughput compared to the 
manual FRAP assay. The main difference is that 
microplates are used instead of glass cuvettes 
and smaller volumes of samples are needed to 
determine the antioxidant activity. Burnaz and 
coworkers found that online or offl ine association 
of FRAP antioxidant evaluation with chromato-
graphic separation methods represents a signifi -
cant improvement in the awareness of antioxidant 
contributions of individual compounds of the 
complex samples. The HPLC method is one of the 
most used pre-treatment methods for the samples 
further determined by the FRAP method. The 
lengthy pre-treatment processes sometimes last for 
days, which is a big disadvantage. Shi et al. (2019) 
eliminated the pre-treatment by introducing of a 
microcolumn packed with a very small amount of 
solid sample, also the system of antioxidant evalu-
ation is faster.

CUPRAC (CUPRic Antioxidant Capacity) assay
Another method for antioxidant capacity in vitro 
determination is the CUPRAC method, where the 

redox properties of copper are the guiding prin-
ciple. It is used to determine both water- and oil-
soluble substances in the physiological pH range 
(Sundararajan and Ilengesan, 2018; Drouet et al., 
2018), providing a great advantage over FRAP, 
where acetate buffer is used to prepare the chemi-
cal reagent causing an acidic environment (Gupta, 
2015).
In this method, neocuproine is used as the chelat-
ing agent which, when reacted with an antioxidant, 
yields a CUPRAC chromophore. CUPRAC chromo-
phore is maximally detectable at 490  nm. The 
chelating agent has to be prepared in the correct ra-
tio of neocuproine:copper(II)chloride:ammonium 
acetate and protected from unacceptable environ-
mental factors as air and daylight (Celik, 2019).
The reaction most often proceeds at pH 7  for 
30  minutes. In case of antioxidants which react 
slower and harder, these need to be heated at the 
temperature of 50 °C for 20 min to improve their 
color visualization (Apak et al., 2008). The result-
ing color is orange-yellow. The antioxidant capacity 
of compounds is most often expressed as Trolox 
equivalents (TEAC values) (Alam et al., 2013).
The CUPRAC method is used to measure the 
antioxidant level of total phenolics, separately 
fl avonoids, vitamins, but also synthetic antioxidants 
to compare them (Gupta, 2015). As in many other 
methods, a spectrophotometer is required for the 
measurement, which is one of the disadvantages. 
Results obtained by combination of CUPRAC and 
TEAC assay modifi ed by Akar et al. (2019) were dif-
ferentiated with the original spectrophotometrically 
obtained TEAC values. Another modifi cation may 
be the use of a drip of the reaction sample for TLC 
chromatography in combination with CUPRAC 
and subsequent subtraction of probes in the image 
program.

FC (Folin-Ciocaltueau) assay
The Folin-Ciocalteu method was originally de-
veloped for the determination of protein com-
plexes, specifi cally for tyrosine which contains 
a phenolic group in the FC reagent molecule. 

Fig. 9. Reaction scheme for the CUPRAC assay.
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Thanks to Singleton et al. (1999), the FC method 
has evolved to determine total phenols in other 
sample matrices, especially in wine (Everette et al., 
2010). However, it has been shown that the reaction 
of an antioxidant with the FC reagent results in an 
increased electron transfer from the antioxidant 
compared to the hydrogen atoms, contributing to 
the degree of antioxidant activity evaluation of po-
tential antioxidants (Abramovič et al., 2018). The 
principle of this method is reducing the FC re-
agent composed of a mixture of phosphotungstic 
acid and phosphomolybdenic acid to a mixture of 
blue tungsten oxides and molybdenum oxides by 
oxidizing phenols present in the sample. The blue 
color is a result of Mo(VI) reduction to Mo(V) and 
it shows maximum light absorption in the wave-
length range of 750—760  nm (Figure 10) (Ains-
worth and Gillespie, 2007). The FC chromophore, 
namely molybdo-tungsto-phosphate polyanion 
(PMoW11O404

−), shows affi nity for hydrophilic 
greater extent as its negative charges are able to 
interact with molecules of water in a much more 
than with organic solvents. That is why the conven-
tional FC test is mainly used in hydrophilic phases 
and it is not suitable for lipophilic substances 
determination in a modifi ed form. Determination 
of lipophilic substances can be adapted by a modi-
fi cation of the original FC method — in isobutylal-
cohol (Berker et al., 2013). The difference between 
a conventional FC test and this modifi ed one is that 
the FC reagent is prepared in isobutanol (Minussi 
et al., 2003) and the test is realized in the presence 
of NaOH, thereby inducing suitable conditions 
for both types of substances (Wong et al., 2006).
The FC reagent is prepared by dissolving sodium 
molybdate (Na2MoO4·2H2O) and sodium tungstate 
(Na2WO4·2H2O) in deionized water. The mixture 
is then acidifi ed with concentrated HCl and 85 % 
phosphoric acid. Such prepared acidifi ed solution 
is boiled for 10  hours and Li2SO4·4H2O is then 
added at room temperature. The resulting solution 
can be yellow (Huang et al., 2005). In this case, the 
reducing agent is molybdate which should have 
stronger redox properties than tungsten (equation 
15). In the reaction with an antioxidant, blue color 
exhibits maximum light absorption in the wave-

length range of 750—760  nm and its intensity is 
directly proportional to the total amount of phenols 
initially present in the sample (Sánchez-Rangel et 
al., 2013).

 MoVI + e– (from phenolic
 or another reduced substance)  MoV (15)

The Folin-Ciocalteu assay has been widely used to 
determine the absolute phenolic content and anti-
oxidant potential of plant-derived food and biologi-
cal samples (Huda-Faujan et al., 2009; Al-Farsi et 
al., 2018; Shalaby, 2013). The in vivo results showed 
a strong indirect correlation between the phenol 
content and the prevention of serious diseases such 
as neurological or cardiovascular disease and DNA 
damage (Lamuela-Raventós, 2018).

ESR (Electron Spin Resonance)
Nowadays, methods allowing immediate monitor-
ing of free radicals alone and in reaction with a 
complex system (for example cells and tissues) are 
very important and widely used (Burlaka et al., 
2018; Bukhari et al., 2018; Borbat et al., 2001). 
These methods mainly include ESR and electro-
magnetic spin resonance, also called electron para-
magnetic resonance spectroscopy, EPR. Not only 
most complex food samples (Gardner et al., 1999) 
but also cosmetics or biological pharmaceutical 
samples are analyzed by ESR (Yamaguchi et al., 
1999; Zang et al., 2017). This method is specifi c to 
the detection of unpaired electron species and it has 
an incomparably higher detection sensitivity than 
the previous spectrophotometric methods (Davies, 
2016; Li et al., 2016; Yu and Cheng, 2008).
ESR uses microwave spectroscopy to detect spin 
state changes in substances containing unpaired 
electron spins (paramagnetic substrate). Spin state 
changes can be induced by microwaves with several 
milliwatts of energy when the substrate is placed in 
a magnetic fi eld with 3480 gausses at the frequency 
of 9.5 GHz (Figure 11) (Behzadnezhad et al., 2018). 
The resonance conditions directly depend on 
parameters such as the Planck’s constant (h), fre-
quency (n) and the type of magnetic fi eld (H) and 
on the Bohr magneton (β, equation 16) (Kleschyov 
et al., 2007).

Fig. 10. Reaction of FC reagent with sample containing a hydroxyl group.
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 hn = gbH (16)

Detection runs only with paramagnetic particles. 
Moreover, the presence of genetically active nuclei 
can also be observed in the spectrum (Davies, 
2016).
At present, EPR spectroscopy has become a trend in 
antiradical activity determination in organosulfur 
compounds containing a sulfur-hydrogen bond 
(Jiang et al., 2018), phenolic compounds (Gardner et 
al., 1999; Okazaki and Takeshita, 2018), metal ions 
or tocopherol analogues (Sakurai et al., 2019). In 
case of thiol-containing compounds, several assays 
can be used, such as TEAC (more detailed in the text 
above) or frequent assays for the reduction of Cu2+ 
ions to Cu+ by thiol compounds. In case of phenolic 
compounds, Okazaki et al. (2018) associated ESR 
with DMPO (5,5-dimethyl-1-pyrroline N-oxide) 
trapping and degradation by UV radiation while its 
adducts are quenched with phenols such as catechol, 
hydroquinone and resorcinol dissolved in a polar 
solvent (Okazaki and Takeshita, 2018).

Discussion

Antioxidant activity of substances can be studied by 
electron or hydrogen transfer methods. Determina-
tion of antioxidant activity should not be evaluated 
only by one test only because every method is rela-
tively specifi c and it characterizes the antioxidant 
activity of pure substances and mixtures by its own 
mechanism of action; e.g. by scavenging of syn-
thetic radicals, donation/acceptance of electrons or 
hydrogen atoms between antioxidants and oxidants 
or through the redox properties of substances or 
mixtures that are determined.

In the radical scavenging methods, reaction time of 
an antioxidant with a radical or with reagent varies 
considerably in various studies but it is usually in 
minutes (ABTS  —  6  min, DPPH  —  30  min, etc.). 
Reactivity depends on the structure of substrate 
molecules (inducing effects of substitutes and 
active groups present, steric hindrances), but also 
on solvent polarity, applied temperature and pH 
during the working assay and characteristics of 
reactive species. The fastest, simplest and cheapest 
method compared to others is the DPPH method 
(Alam et al., 2013). It has a widespread application 
in measuring antioxidant potential of beverages 
of fruit and vegetable origin, wheat grains, brans, 
edible vegetable seed oils, ascorbic acid, tocophe-
rol and polyhydroxyaromatic compounds. This 
method is suitable for the analysis of substances 
dissolved in polar as well as non-polar solvents 
since the synthetic radical is dissolved in ethanol or 
methanol (Kedare and Singh, 2011). Other methods 
applicable to lipophilic and hydrophilic substances 
include the CB, TOSC and ABTS methods. The 
DMPD method is specifi c for potential lipophilic 
antioxidants testing and FC method for hydrophilic 
potential antioxidants (Apak et al., 2018).
Methods mentioned in the previous paragraph 
(DPPH, CB, ABTS, FC) belong to the spectrophoto-
metric assays because they measure the absorbance of 
samples. In this work, methods based on the redox 
properties are also described. First, DMPD assay in 
which DMPD color is reduced. Second assay is FRAP 
in which ferric ions are reduced to ferrous ions and 
CUPRAC method using the reduction of copper 
from the oxidation number +2 to +1 (Gupta, 2015).
Each method has its advantages and disadvantages 
and they can be modifi ed for better application; 

Fig. 11. Electron Spin Resonance apparatus.
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however, these modifi cations represent an increase 
in either operating or equipment costs. Currently 
preferred methods applicable to hydrophilic and 
lipophilic antioxidants include DPPH, CB, TOSC 
and ABTS assay. In 2017, 0.17 % of all manuscripts 
published in journals (Scimago Journal & Country 
Rank) contained keywords DPPH, Folin-Ciocalteu 
assay or ABTS in the abstracts. According to 
Thaipong et al. (2006), it is very important to pay 
attention to the time and cost of assay necessary to 
determine the required parameters. A disadvantage 
of the ORAC method is its expensive work mecha-
nism, whereas in the FRAP, ABTS and DPPH 
assays commonly available optical instruments are 
applied for measuring of light intensity relative to 
wavelength. Extra advantage of ABTS and FRAP 
assay is the rapid reaction of reagents with the 
sample to be analyzed; while the reaction in DPPH 
and ORAC methods are much slower. The FRAP 
test is characterized by its high ability to reproduce 
and repeat. TOSC and ORAC assays can be used 
for complex biological samples such as fl uids and 
tissues. According to the study of Franzoni et al. 
(2017), the TOSC method is unique as it enables 
evaluating antioxidant potential of substances in 
the range of μM.

Conclusions

The review of relevant assays for antioxidant activity 
determination in various substances from 1985  to 
the present is provided. Classifi cation and charac-
teristics of antioxidant assays were included. Each 
assay has its own mechanism of action such as color 
change during the reaction (DMPD, CB, ABTS, 
FC, DPPH, FRAP, CUPRAC), disappearance of lu-
minescence (TRAP, ORAC), formation of ethylene 
(TOSC) or absorption of electromagnetic radiation 
(ESR). Then, the advantages and disadvantages of 
various antioxidant assays were compared by sum-
marizing various characteristics of their application 
methods.
Reproduction of the results in different labora-
tories is crucial. It is most preferred to combine 
several methods for antioxidant activity determi-
nation. Thus, the range of methods for analyzing 
the properties of potential antioxidants can be 
expanded leading not only to the development 
of improved methods but also to more successful 
implementation of different analytical mechanisms 
in antioxidant substances and mixtures.
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