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Abstract

Reactivity of non-hydroxy- and hydroxy-derivatives of benzoic acid, benzaldehyde and cinnamic acid was investigated by FC, DPH, FRAP and TEAC methods. The non-
hydroxyderivatives were non-reactive with the methods. The reactivity of analysed compounds (expressed by micromolar absorption coeffi  cient) determined by the FC method 
depends on the type of phenolic compound, the number of bound hydroxyl groups, their positions on the benzene ring, and eventual presence of other substituents. The values 
were generally low. FRAP: only monohydroxy derivatives of cinnamic acid and other benzene derivatives having an additional one or two methoxy groups and o,m- or p,m- dihydroxy 
derivatives reacted. DPPH: from monohydroxy derivatives, only cinnamic acid derivatives having a methoxy group and benzene derivatives having two methoxy groups reacted. 
Dihydroxy derivatives reacted similarly as found for the FRAP method. TEAC: all analysed compounds containing hydroxyl groups reacted with various intensities. The method gave 
higher values than other methods used. Derivatives with substituents in o,p- or m,m- position (with the same electron density) were more reactive. Derivatives with three and four 
hydroxyl groups: higher reactivity had those with hydroxyl groups in o,m- or p,m- positions and greater molecule symmetry. TEAC method provides the best information about the 
antioxidant activity of the examined phenolic compounds.
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Introduction

Several methods are widely used for the assessment of 
antioxidant activity (AO). The values determined by these 
methods signifi cantly differ, depending on the reactivity of 
their prime reagents. Hydroxy derivatives of benzoic and 
cinnamic acids are secondary metabolites found in plants that 
participate in total AO [1] health-benefi cial compounds able 
to eliminate reactive oxygen radicals. [2] Several methods for 
the determination of AO have been developed and applied to 
food samples, food supplements, medicinal plants, algae and 
cyanobacteria, feed and fodder, etc. [3-7] The comparison of 
data from different sources is complicated due to different 
methods for analyte extraction and AO determination, often 
using different standards. [8] Extraction and isolation methods 
can be standardized, but it is not possible to eliminate the 
different reactivity of individual phenolic compounds with 

Abbreviations 

AAPH: 2,2´-Azobis(2-Amidinopropane) Dihydrochloride; 
ABTS: 2,2´-Azino-Bis-(3-Ethylbenzothiazolin-6-Sulfonate)
Diammonium Salts; AF: Acetophenone; AIBN: Azoiso-
butyrylnitrile; Aox: Antioxidant; BA: Benzoic Acid; Bal: 
Benzaldehyde; CA: Cinnamic Acid; DPPH: Diphenylpicrylhydrazyl 
Method; ET: Electron Transfer; FC: Folin Ciocalteu Method; 
FCR: Folin-Ciocalteu Reagent; FRAP: Ferric Ion Reducing 
Antioxidant Power Assay; HAT: Hydrogen Atom Transfer; IIAL: 
Inhibition Of Induced Auto-Oxidation Of Lipids; IOU: Inhibited 
Oxygen Uptake; MAC: Millimolar Absorptivity Coeffi cient; 
ORAC: Oxygen Radical Absorbance Capacity; PBS: Phosphate 
Buffered Saline; SET: Single Electron Transfer; TAA: Total 
Antioxidant Activity; TEAC: Trolox Equivalent Antioxidant 
Capacity; TPTZ: 2,4,6-Tris(2-Pyridyl)-S-Triazine; TRAP: 
Total Radical Trapping Antioxidant Parameter
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primary reagents of individual AO methods, which are given by 
the chemical properties of individual compounds. [9,10].

AO assays can be roughly divided into two categories: 
(1) hydrogen atom transfer (HAT) reaction-based assays 
and (2) single electron transfer (SET) reaction-based 
assays. The methods based on HAT, such as ORAC (Oxygen 
Radical Absorbance Capacity), TRAP (Total Radical Trapping 
Antioxidant Parameter), Crocin or ß-carotene bleaching, and 
IIAL (Inhibition of Induced Auto-oxidation of Lipids), all have 
alkylperoxyl radicals as primary reagents. Radicals are highly 
reactive with fatty acids, proteins, carotenoids, and various 
antioxidants. [11] Thanks to the primary reagents, HAT-
based methods provide similar results when compared to each 
other. 

The SET-based methods have different primary reagents 
with non-identical reactivity; therefore, they provide different 
values for the same compound. In the case of benzoic and 
cinnamic acid derivatives, some of the SET-based methods 
do not detect certain analytes at all, while others give strong 
responses. This study aimed to compare the reactivity 
of selected secondary metabolites found in plants – 43 different 
benzoic and cinnamic acid derivatives - determined by the 
most common AO methods: Folin Ciocalteu method (FCM), 
[12,13] often used for the determination of total phenolic 
compounds, diphenylpicrylhydrazyl (DPPH), [11,14] Ferric ion 
Reducing Antioxidant Power assay (FRAP) [15,16] and Trolox 
Equivalent Antioxidant Capacity (TEAC). [17-19] The reactivity 
is expressed and compared in values of Millimolar Absorptivity 
Coeffi cient (MAC). The millimolar absorptivity coeffi cient, 
usually marked εmM or εmM-1cm-1, measures how strongly a 
chemical compound absorbs light at a specifi c wavelength 
per millimolar concentration. A detailed description is given 
[20]. While the principles of the methods used are different, 
the same sets of standard solutions were used for the model 
study, and all measurements were performed using the same 
instrumentation to keep the results as comparable as possible. 
To our knowledge, more detailed information about the 
reactivity of individual derivatives of benzoic and cinnamic 
acid according to individual AO methods is so far not available. 
Results of this research can signifi cantly contribute to a better 
understanding of the primary reagent reactivity of the AO 
method according to antioxidant compound structure, to the 
evaluation of the objectivity of values determined by different 
methods, and to increasing possibilities to compare results 
obtained by individual methods. For some of the analytes, 
the most suitable method with the highest sensitivity can be 
selected based on the structure of monitored antioxidants.

Materials and methods

Chemicals

2,2-diphenyl-1-picrylhydrazyl radical (DPPH, »90.0%) 
and 2,2´-azino-bis-(3-ethylbenzothiazolin-6-sulfonate) 
diammonium salts (ABTS, »98.0%) were purchased from 
Sigma-Aldrich Chemical Co. (St. Louis, MO, USA).Folin-

Ciocalteu reagent (FC reagent) and 2,4,6-tris(2-pyridyl)-
s-triazine (TPTZ, puriss, »99.0%) were from Fluka Chemie 
(Buchs, Switzerland). Isofl avones, phenolic acids and their 
derivatives (see Table 1 and Appendix A) and all other reagents 
of ACS purity were purchased from Sigma-Aldrich. Other 
chemicals of p.a. purity were from Pliva-Lachema (Brno, Czech 
Republic). All reagents and standard solutions were prepared 
using Milli-Q deionized water (Millipore, Bedford, MA).

Real samples, sample pretreatment and extraction

7 algae and cyanobacteria samples with different content 
of antioxidants: Chantransia, Chlorococcum, Desmodesmus, 
Klebsormidium, Scenedesmus, Stigeoclonium and Cyanobacteria 
UTEX, obtained from the Institute of Microbiology, CAS, Centre 
Algatech, Třeboň, Czech Republic, were used as real samples. 
Lyophilised algae powder underwent acidic hydrolysis, 
sonication, and microwave extraction before the determination 
of antioxidant activity.

10 mg of algae sample (dried weight) was mixed with 0.5 
mL of 2 M HCl and extracted using an ultrasonic homogenizer 
SONOPULS mini20 (Bandelin electronic, Berlin, Germany) for 
1 min and microwave reactor Anton Paar (Anton Paar GmbH, 
Graz, Austria) under following conditions: power 80, ramp 15 
minutes, hold 90 minutes, maximum 120 °C and maximum 
pressure 25 bar. The samples were transferred to the nitrogen 
blow-down evaporator Stuart P-LAB (Bibby Scientifi c Ltd, UK), 
evaporated, mixed with 80% acetone and centrifuged using 
Microcentrifuge 5417R (Eppendorf AG, Hamburg, Germany) 
at 25 000 g and 4 °C for 10 min. The method was originally 
developed for cells; a more detailed description is given in the 
paper. [21]

Spectrophotometry and chromatography

For MAC determination, a spectrophotometer HELIOS b 
(declared reliability of measuring to 2.0 AU), controlled with 
the VISION 32 Software (Spectronic Unicam, Cambridge, GB), 
was used. Chromatographic analyses of real sample extracts 
were performed using Agilent 1200 Series RRLC (on-line 
degasser, binary pump, HPSL auto-sampler, thermostated 
column compartment, UV/VIS diode array detector) coupled 
to Agilent Technologies 6460 Triple Quadrupole MS detector 
with Agilent Jet Stream (Agilent Technologies, Waldbronn, 
Germany).  The Zorbax SB-C18 column (2.1 × 50 mm, 1.8 μm) 
was used under the following conditions: injection volume 
5 μL, fl ow rate 0.8 mL min-1, column temperature 26 °C, 
mobile phase consisting of 0.2% (v/v) acetic acid in water and 
acetonitrile, linear gradient elution. Applied: 0 min 8% ACN, 
0.79 min 8% ACN, 1.19 min 20% ACN, 1.99 min 20% ACN, 
3.0 min 25% ACN, 3.5 min 8% ACN. The method was developed 
for the determination of phenolic compounds from sea algae 
extracts and is described in detail in a previous paper: [22]. 
RSDs varied in the range 0.13-3.48%; individual S.D. values 
were <5% with two exceptions at very low concentrations, 
6.3% for vanillin and 7.02% for p(OH)benzaldehyde.
For more details on recovery and precision, full data on real 
sample measurements are given in Appendix B. Full detailed 
statistical analysis is also included in the same fi le.
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Methods

As stated above, AO assays can be roughly classifi ed as 
HAT or electron transfer (ET), although these two reaction 
mechanisms can be diffi cult to distinguish in some cases. 
TEAC, FC, and FRAP assays are ET-based; AO capacity is 
measured as reduction of an oxidant, which changes colour 
when reduced. [11] The degree of colour change is proportional 
to the concentration of the antioxidant. The DPPH method 
is regarded as based on electron transport; the splitting of a 
hydrogen atom is a side reaction. [11,14]

FC method: The FC method (Folin-Ciocalteu method) 
was developed in 1927 and used for protein determination, 
based on the reaction of FC reagent (FCR) with tyrosine. [12] 
Singleton and Rossi [13] improved the method by using the 
molybdate-wolframate phosphate heteropolyanionic reagent 
(today commercially accessible Folin-Ciocalteu reagent): 
3H2O–P2O5–13WO3–5MoO3–10H2O and 3H2O–P2O5–14WO3–
4MoO3–10H2O that reduces phenols more specifi cally (lmax of 
product is 765 nm). Singleton and co-workers enhanced this 
method for determination of total phenolics in wine, and since 
then it has been used for many different applications [23]. The 
method is based on the reduction of the phosphowolframate-
phosphomolybdate complex of probable constitution: (Ph-
MoW11O40)

4- / (Na2WO4 . 2H2O + Na2MoO4 . 2H2O) + H3PO4 + HCl. 
The coloured product has an absorption max. 745-750 nm. It is 
assumed that the molybdenum in this complex is more easily 
reduced and true electron transfer occurs among reductants 
(phenolate anion, Ph-O-) and Mo6+: 

Mo6+ (yellow) + e ® Mo5+ (blue)

Ph–OH ® Ph-O- +H+ 

Ph-O-+ FCR + e/2e ® (Ph-MoW11O40)
4- (blue)

The method measures the sample reducing capacity. FC 
reaction is non-specifi c for phenolic compounds, which react 
only in alkaline solution, at ca. pH 10. Phenolate anion capable 
of reducing FCR is formed at the dissociation of the phenolic 
proton (H+). Excellent linear correlation between total content 
of phenolic compounds and AO determined by FRAP, TEAC, or 
other methods) was described in many publications. [24]

Used procedure: For each compound and for each used method, 
reactions were carried out for 6 different concentrations, and 
micromolar absorption coeffi cients were determined. 500 mL 
of commercial FCR (10 times diluted) was pipetted into the test 
tubes together with 0, 20, 40, 60, 80 and 100 μmol/L of each 
phenolic compound and mixed. The concentration range was 
selected with regard to similar reactivity for all compounds. 
After 10 minutes, 400 mL of 7.5% Na2CO3 solution was added, 
the volume adjusted with water to 1000 mL, and mixed. After 
30 minutes, the absorbance was measured at 760 nm against 
blind sample (water in place of the tested compound). [8] 
Micromolar absorption coeffi cients as a measure of reactivity 
were determined by the spectrophotometer program VISION. 
Every compound was analysed three times by all used methods.

DPPH· method: The DPPH method (with 2,2-diphenyl-1-

picrylhydrazyl radical) is based on the ability of the stable free 
radical 2,2-diphenyl-1-picrylhydrazyl to react with hydrogen 
donors (AH), including phenolic compounds. It was developed 
for the detection of H donors in natural materials. [25] Sánchez-
Moreno and co-workers suggested a method with DPPH· radical 
for the determination of antioxidant capacity of vegetable and 
fruit juices and extracts. [18,19] DPPH· is one of the few stable 
organic nitrogenous radicals. It has dark purple (violet blue) 
colour (absorption maximum 515 nm) and is commercially 
available. DPPH method is based on electron transport, and 
split of a hydrogen atom is a side reaction [11,14] (Figure 1 and 
Figure 2). The radical DPPH· is an oxidizing radical; it means 
that it is reduced by antioxidants (AH): 

DPPH· + AH ® DPPH-H + A·

DPPH reagent is decolorized by reductants as well as 
by hydrogen transfer, which also contributes to the wrong 
interpretation of antioxidant capacity. Individual compounds 
react relatively quickly. The DPPH· radical is probably more 
selective with H-donors than the ABTS·+ radical. DPPH· is 
relatively stable; many antioxidants that react readily with 
reactive radicals react slowly or not at all with DPPH·. Unlike 
ABTS·+, DPPH· does not react with fl avonoids that do not 
contain an OH group on the B ring [19] nor with aromatic acids 
containing only one OH group. [28]

Used procedure: Working solution, 98 mg DPPH·.L-1, was 
prepared by dilution of the reagent with methanol. 950 mL of 
DPPH diluted solution with absorbance ca. 1.5 absorption units 
(AU) was pipetted into six test tubes and 0, 10, 20, 30, 40 and 
50 mL of solution of analysed phenolic compounds dissolved in 
H2O/MeOH (1:1, v/v). The highest concentration used depended 
on the reactivity of the individual tested phenolic compounds 
and was 10, 50, 100 and 1000 mmol.L-1. The volume was 
adjusted to 1000 mL with aqueous methanol. After 30 minutes 
of reaction, the decrease of absorbancy was measured at 515 
nm. [8] MACs were determined as a measure of reactivity, 
using the spectrophotometer. 

N N

NO 2

NO 2

NO 2
N N

NO 2

NO 2

NO 2

H
+H

.

Figure 1: Structure and reaction of 2,2´-diphenyl-1-picrylhydrazyl (DPPH•)

Figure 2: Three possible reactions of DPPH• [14]
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TEAC method: The TEAC method (Trolox Equivalent 
Antioxidant Capacity, or also TAA – Total Antioxidant Activity) 
is based on the reaction of antioxidants (Aox) with the long-term 
radical cation ABTS·+ (2,2'-azinobis-(3-ethylbenzothiazolin-
6-sulphonic acid). The ABTS reagent is oxidized by oxidant (Ox) 
to radical cation ABTS·+ that is intensely coloured (Figure 3).
[17] The redox potential (𝐸𝑜 ′ )   f o r  ABTS /ABTS ·+ is 0.68 V, high 
enough to react with most antioxidant compounds. [29] The 
radical ABTS·+ has a redox potential 68V a can reduce compounds 
with lower redox potential. Many phenolic compounds have 
redox potential low enough to react with ABTS·+. AO is measured 
by colour decrease at reaction of antioxidant with ABTS·+. 

 
·

           Ox e

ABTS  ABTS

             Aox







Metmyoglobin and H2O2 were originally used for the 
generation of ferrylmyoglobin radical that then reacted with 
ABTS to produce ABTS·+, [30] but the antioxidant could also 
react with an oxidizing compound, causing AO overvaluation 
[18], and the method was improved by using persulphate for 
ABTS oxidation. ABTS·+ is soluble in both polar and non-polar 
solvents and is not affected by ionic strength. The reaction 
mechanism can be infl uenced by pH; e.g., electron transfer 
is facilitated at acid pH. [19] An aqueous medium is more 
favourable for the reaction, though it can proceed in organic 
solvents. [31] Absorption maxima are at 415, 645, 734, and 815 
nm. The most often used wavelengths are 415 and 734 nm. 
[32] Trolox equivalent is used for the expression of antioxidant 
capacity. 

Used procedure: Working solution was prepared according to 
the original method. A solution of ABTS (7 mmol/L) was mixed 
with potassium persulfate, K2S2O8 (4.95 mmol/L) in proportion 
1:1 (v:v) and left for> 12 hours in the dark at room temperature. 
ABTS·+ radical was prepared by PBS dilution (phosphate-
buffered saline, pH 7.0) to a working absorbance of 1.0-1.5 AU 
at 734 nm. 975 mL of working solution was pipetted into six 
test tubes and 0, 20, 40, 60, 80, and 100 mL of each analysed 
phenolic compound solution of concentration 1 mmol/L. Total 

volume in the cuvette was adjusted with deionised water 
to 1000 mL. Absorbance was measured after 30 minutes of 
reaction time. [8] MAC was determined for each analyte. 

FRAP method: The FRAP method (Ferric ion reducing 
antioxidant power assay) was originally developed by Benzie 
and Strain, 1996 [15,16] for measuring the reducing ability 
of blood plasma and adapted for measuring antioxidants in 
plants. [33-36] The assay is based on the reducing power of 
a compound (an antioxidant). A potential antioxidant reduced 
the ferric ion (Fe3+) to the ferrous ion (Fe2+); the latter forms 
a blue complex (Fe2+/tripyridyltriazine (TPTZ)). The FRAP 
reagent consists of acetate buffer (pH 3.6), TPTZ in 40 mM 
HCl, and FeCl3∙6H2O. The FRAP reagent is prepared by mixing 
the acetate buffer, TPTZ solution, and FeCl3∙6H2O solution in a 
proportion of 10:1:1 (v/v/v). [37]

Redox potential of Fe3+ salt is comparable to that of cation 
radical ABTS·+, 0.68 V (Figure 4). Therefore, some compounds 
react similarly in these two methods. There should not be a 
big difference in chemical principle between the two methods, 
except that FRAP is carried out at acidic pH 3.6 and TEAC 
at neutral pH. Fe3+ cation and TPTZ reagent form a chelate 
complex in an ideal stoichiometric rat e  1: 2. Reaction of this 
complex with an antioxidant yields a coloured product due to 
reduction of Fe. 

   
                       antioxidant

3 2Fe TPTZ Cl    Fe TPTZ Cl2 23 3
                                e


 



The method in fact measures only reducing ability based on 
the Fe3+ ion, which is not relevant to antioxidant activity from 
the physiological viewpoint. The reaction detects compounds 
with reducing potential < 0.7 V (redox potential of Fe3+-
TPTZ). Reducing ability is in relation to hydroxylation and 
range of conjugation in polyphenols. [38] FRAP cannot detect 
compounds that infl uence inactivation of radicals (transfer 
of H), especially thiols and proteins. [39] FRAP values are 
usually lower than TEAC ones for the same set of antioxidant 
compounds. [39-41] The mechanism of the FRAP method is 
entirely electron transfer rather than a combination of SET and 
HAT. Reduced metals are active propagators of radical chain 
reactions over the reduction of hydroperoxides to RO·. High 
FRAP values might correlate with the tendency of polyphenols 
to become pro-oxidants under certain conditions. It was 
demonstrated for some fl avones [42] that also have high levels 
of FRAP. 

Used procedure: Solution 1: Acetate buffer pH 3.6 (3.1 g 
CH3COONa.3H2O and 16 ml of acetic acid/L). Solution 2: 10 

Figure 3: Structure of ABTS and its possible reaction [24] Figure 4: Reaction of Fe3+(TPTZ)2 binar complex, max absorbance at 593 nm
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Observations obtained in this study for benzoic and 
cinnamic acid derivatives are contrary to reports by other 
research groups. According to other studies, any phenolic 
compound, including phenol itself, reacts with DPPH. [44]

Reactivity of derivatives with two OH groups (12 
compounds) (Figure 6): The values for the dihydroxy 
derivatives were similar; m,p-, o,m3- and o,m5- derivatives 
of dihydroxy benzoic acids and dihydroxy benzaldehydes had 
approximately two times higher values than the derivatives 
with one OH group and other derivatives with two groups 
(Table 2). Dihydroxy derivatives of benzoic acids and dihydroxy 
benzaldehyde derivatives with hydroxy groups in the positions 
o,o-, o,p-, m,m- showed much lower values than those in 

mmol/L Fe3+-TPTZ in 40 mmol/L HCl. Solution 3: 20 mmol/L 
FeCl3.6 H2O. The working solution was prepared by mixing 10 
volumes of solution 1 with one volume of each of solutions 
2 and 3 and let react together for several minutes at 37 °C. 
Absorbance at 593 nm decreased from ca. 0.380 to 0.085 AU. 
900 mL of working solution was mixed in six test tubes with 
0, 20, 40, 60, 80, and 100 mL of analysed compounds. The 
highest concentrations depended on the reactivity of individual 
compounds and were 10, 20, 25, 50, 100, and 1000 mmol/L. 
The volumes were adjusted with re-distilled water to 1000 
mL. Absorbance was measured after 30 minutes of reaction. 
[43] MAC was determined for every compound by means of a 
spectrophotometer program.

Results and discussion 

Reactivity of analysed phenolic compounds

Reactivity of individual phenolic compounds, non-hydroxy 
and hydroxy-derivatives of benzoic acid, benzaldehyde 
and cinnamic acid was investigated by FC, DPH, FRAP and 
TEAC methods. Used shortcuts: BA = benzoic acid; BAl = 
benzaldehyde; CA = cinnamic acid; OH = hydroxyl group; Me = 
methoxy group; ~ = approximately the same value; < = higher 
value; ≤ = very similar value; o2, o6, m3 and m5 are o-, m-, and 
p- positions of substituents on the carbon atom of the benzene 
ring.

Reactivity of the compounds determined by the FC 
method 

Reactivity of derivatives with one OH group (13 compounds) 
(Figure 5): 10 investigated metabolites did not react at all 
(Table 1); the rest reacted in the following order: 4-OH-3,5-
Me, M-CA < 4-OH-3-Me-CA < 4-OH-3,5-Me, Me-BA. The 
strength of the OH group bond is following: o- < p- < m-. 
Thus, the reagent reacted with monohydroxy derivatives only 
if a methoxy or dimethoxy group was present (methoxy and 
dimethoxy cinnamic acid and dimethoxy benzoic acid). Only 
with those derivatives was the reagent able to form suffi ciently 
stable radicals. 

Figure 5: Comparison of absolute values of micromolar absorption coeffi  cients 
of individual phenolic compounds with one hydroxyl group determined by FCM, DPPH, 
TEAC and FRAP methods.

Table 1: Analysed compounds and their substituents.

Analysed compounds  

Name of compound Substituents

Benzoic acid -

Cinnamic acid -

4-Methoxybenzoic acid (p-Anisic acid) (1 OCH3)

3,4-Dimethoxybenzoic/veratric acid (2 OCH3)

2,6-Dimethoxybenzoic acid (2 OCH3)

3,5-Dimethoxybenzoic acid (2 OCH3)

3,4-Dimethoxybenzaldehyde (2 OCH3)

3,4-Dimethoxybenzaldehyde (2 OCH3)

2,4-Dimethoxybenzoic acid (2 OCH3)

2,5-Dimethoxycinnamic acid (2 OCH3)

3,4-Dimethoxycinnamic acid (2 OCH3)

4-Hydroxyacetophenone (OH)

4-Hydroxybenzaldehyde (OH)

2-Hydroxybenzoic / Salicylic acid (OH)

3-Hydroxybenzoic acid (OH)

4-Hydroxybenzoic acid (OH)

3-Hydroxycinnamic acid (OH)

4-Hydroxycinnamic/p-cumaric acid (OH)

2-Hydroxycinnamic/o-cumaric acid (OH)

4-Hydroxy-3-methoxybenzaldehyde (Vanillin) (OH, OCH3)

4-Hydroxy-3-methoxycinnamic acid (Ferulic a.) (OH, OCH3)

4-Hydroxy-3-methoxybenzoic acid (Vanillic a.) (OH, OCH3)

4-Hydroxy-3,5-dimethoxybenzoic acid (Syringic a.) (OH, 2 OCH3)

4-Hydroxy-3,5-dimethoxycinnamic acid (Sinapic a.) (OH, 2 OCH3)

3,4-Dihydroxy-cinnamic acid (Caff eic a.) (2 OH)

3,4-Dihydroxybenzoic/protocatechuic acid (2 OH)

2,6-Dihydroxybenzoic acid (2 OH)

2,4-Dihydroxybenzoic acid (2 OH)

3,5-Dihydroxybenzoic acid (2 OH)

2,3-Dihydroxybenzoic acid (2 OH)

2,5-Dihydroxybenzoic acid (2 OH)

2,4-Dihydroxybenzaldehyde (2 OH)

3,5-Dihydroxybenzaldehyde (2 OH)

2,3-Dihydroxybenzaldehyde (2 OH)

2,5-Dihydroxybenzaldehyde (2 OH)

3,4-Dihydroxybenzaldehyde (2 OH)

4, 7-Dihydroxyisofl avone/daidzeine (2 OH)

2,4,6-Trihydroxybenzoic acid (3 OH)

3,4,5-Trihydroxybenzoic/gallic acid (3 OH)

2,3,4-Trihydroxybenzoic acid (3 OH)

4´,5,7,-Trihydroxyisofl avone/genistein (3 OH)

Ellagic acid (4 OH)

Chlorogenic acid       (5 OH)



26

https://www.chemisgroup.us/journals/open-journal-of-chemistry

Citation: Stratil P, Lojkova L, PluhackovaH, Klejdus B. Why do the FC, DPPH, TEAC, and FRAP Methods give Different Sesults? Open Journal of Chemistry. 2026;12(1):21-32. 
Available from: https://dx.doi.org/10.17352/ojc.000048

the combination with meta position, i. e. in positions m,p-, 
o,m3-, o,m5: 2,6-(OH)2-BA ~ 2,5-(OH)2-BA ~ 2,4-(OH)2-BA ≤ 
2,4-(OH)2-BAl ~ 3,5-(OH)2-BAl.

Dihydroxybenzaldehyde was more reactive than 
dihydroxybenzoic acid. The 3,4-, 2,3- and 2,5-dihydroxybenzoic 
acid derivatives and 3,4-, 2,3- and 2,5-benzaldehyde gave 
approximately two times higher values than the derivatives 
with one OH group and other derivatives with two groups. 

Reactivity of derivatives with three and four hydroxyl 
groups (6 compounds) (Figue 7): The compounds with 
hydroxyl groups on the carbon atom of the benzene ring 
with substituents in m,o- or m,p- positions had relatively 
high values. Higher values were found for the symmetrical 
molecules. Ellagic acid had values between those of the 2,3,4- 
and 3,4,5- derivatives (Table 1).

Reactivity of the compounds determined by the FRAP 
method 

Reactivity of derivatives with one OH group (Figure 5): 
Some derivatives that did not react at all (4-OH-AF, 4-OH-
BAl, 3-OH-CA, 3-OH-BA, 4-OH-BA), and 2-OH-BA reacted 
only very slightly. The order of reactivity is given in Table 2.

Reactivity increased as follows: AF < BAl < BA < CA and m 
< o << p. Substituted methoxy groups considerably increased 
the reactivity (two groups more than one group). The order of 
reactivity was: p-OH-3-Me-BAl << p-OH-3-Me-BA << p-OH-
3-Me-CA < p-OH-3,5-Me, Me-BA < p-OH-3,5-Me, Me-CA. 
Monohydroxy derivatives without a methoxy group mostly did 
not react, except for o- and p-hydroxycinnamic acid. 

Reactivity of derivatives with two OH groups (Figure 6): 
Derivatives with substituted hydroxyl group on carbon atom 
of benzene ring with similar electron density, no matter if 
higher or lower, did not react; i.e. all derivatives that have OH 
groups in o,p-, o,o or m,m positions; namely 2,4-(OH)2-BA, 
2,4-(OH)2-BAl, 3,5-(OH)2-BA and 3,5-(OH)2-BA did not react, 
only 2,6-(OH)2-BA reacted weakly. 

Compounds with OH groups in combination of meta and 
ortho or para positions, it is m,o- or m,p- positions, that is 
substituted hydroxyl groups on carbon atoms of benzene ring 
with opposite electron density, reacted in the order: m,p-
(OH)2-CA < m,p-(OH)2-BA < o2,m3-(OH)2-BAl < o2,m3-(OH)2-
BA ~ o2,m5-(OH)2-BAl ~o2,m5-(OH)2-BA << m,p-(OH)2-BAl. 

Figure 6: Comparison of absolute values of micromolar absorption coeffi  cients of the 
individual phenolic compounds with two hydroxyl groups determined by FCM, DPPH, 
TEAC and FRAP methods.

Table 1: Reactivity of selected plant metabolites by individual methods.

Figure 7: Comparison of absolute values of micromolar absorption coeffi  cients of the 
individual phenolic compounds with three and more hydroxyl group determined by 
FCM, DPPH, TEAC and FRAP methods.
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Reactivity of derivatives with three and four hydroxyl 
groups (Figure 7): Compounds with hydroxyl groups on carbon 
atoms of the benzene ring with the same electron density had 
low values; those with substituents on carbon atoms with 
different electron density had relatively high values. Ellagic acid 
(4 OH) had notably higher values. The order was: 2,4,6-(OH)3-
BA << 2,3,4-(OH)3-BA ~ 3,4,5-(OH)3-BA << 3,4,3´,4´-(OH)4

Reactivity of the compounds determined by the DPPH 
method 

Reactivity of derivatives with one OH group (Figure 5): 10 
investigated metabolites did not react at all (see Table 2); the 
rest reacted in the following order: 4-OH-3,5-Me, M-CA < 
4-OH-3-Me-CA < 4-OH-3,5-Me, Me-BA. The strength of the 
OH group bond is following: o- < p- < m-. Thus, the reagent 
reacted with monohydroxy derivatives only if a methoxy 
or dimethoxy group was present (methoxy and dimethoxy 
cinnamic acid and dimethoxy benzoic acid). Only with those 
derivatives was the reagent able to form suffi ciently stable 
radicals. 

Reactivity of derivatives with two OH groups (Figure 6): 
Similarly to the FRAP method, the derivatives that have both 
substituted hydroxyl groups on the carbon atom of the benzene 
ring with similar electron density (compounds with OH groups 
in o,p-, o,o- or m,m- positions) almost did not react (see Table 
2).

Compounds with OH groups in meta and ortho positions or 
in meta and para- positions (m,o- or m,p-) reacted similarly 
as found for the FRAP method: only the analytes with a 
substituted OH group on carbon atoms with opposite electron 
density reacted. Their reactivity was similar with the exception 
of m,p-(OH)2-cinnamic and m,p-(OH)-benzoic acids, which 
gave approximately half values (see Table X). 

The reactivity of basic compounds increased in this order: 
cinnamic acid < benzoic acid < benzaldehyde, while 3,4-(OH)2-
CA ≤ 3,4-(OH)2-BA << 3,4-(OH)2-BAl; 2,3-(OH)2-BA ≤ 
2,3-(OH)2-BAl; 2,5-(OH)2-BA ~ 2,5-(OH)2-BAl and 2,3-(OH)2-
BA ≤ 2,3-(OH)2-BAl. 

Reactivity of derivatives with three and four OH groups 
(Figure 7): The compounds with hydroxyl groups on the 
carbon atom of the benzene ring with different electron density 
had relatively high values. Higher values were found for 
symmetrical molecules. Ellagic acid had values between those 
of the 2,3,4- and 3,4,5- derivatives (see Table 2).

Reactivity of the compounds determined by the TEAC 
method

The reagent used in the TEAC method is the most reactive 
and reacted with various intensity with all analysed hydroxyl 
derivatives. The order of reactivity is given in Table 2.

Reactivity of derivatives with one OH group (Figure 5): The 
derivatives of benzaldehyde were the least reactive among all 
monohydroxy derivatives. Reactivity of the basic compounds 
increases in a row: benzaldehyde < benzoic acid < cinnamic 
acid, and in a row: o < m < p. 

The reactivity also increased in the presence of one or two 
methoxy groups: o-OH-BA < m-OH-BA < p-OH-CA; p-OH-BAl 
< p-OH-BA < p-OH-CA; p-OH-3-Me-BA < p-OH-3-Me-CA; 
p-OH-3-Me-CA < p-OH-3,5-Me, Me-CA 

Reactivity of derivatives with two OH groups (Figure 6): 
In contradiction to the DPPH and FRAP methods, the more 
reactive derivatives were those which had substituents in o- 
and p- positions or m,m- positions, i. e., on carbon atoms of 
the benzene ring with the same electron density, not in m,o- or 
m,p-, except for the 3,4-dihydroxybenzaldehyde that gave the 
highest values for all four methods. It is the most important 
factor for this group of derivatives. Reactivity increases in 
row: m,p-(OH)2-BA < o2,m5-(OH)2-BA < o,o-(OH)2-BA ≤ o2,m3-
(OH)2-BA ≤ m,m-(OH)2-BA ≤ o,p-(OH)2-BA. 

Reactivity increases in the orders: for basic compounds: 
m,p-(OH)2-BA < m,p-(OH)2-CA; for benzaldehyde: o2,m5-
(OH)2-BAl < o2,m3-(OH)2-BAl < m,m-(OH)2-BAl < m,p-(OH)2-
BAl; for different o- and m- position: o2,m5-(OH)2-BA < o2,m5-
(OH)2-BAl < o2,m3-(OH)2-BA < o2,m3-(OH)2-BAl. 

Reactivity of derivatives with three and four OH groups 
(Figure 7): The reactivity was relatively high for all examined 
derivatives, but it was lower than in the FRAP method, with the 
exception of 2,4,6-(OH)3-benzoic acid. 

The highest values were found for ellagic acid (4 OH):

2,4,6-(OH)3-BA < 2,3,4-(OH)3-BA < 3,4,5-(OH)3-BA < 
3,4,3´,4´-(OH)4-ellagic acid.

TEAC values found for individual AO did not show 
unambiguous correlation among values of TEAC and the 
number of electrons that an antioxidant can release, and the 
number of hydroxyl groups, which can release a hydrogen 
radical H· [45]

Real samples

The results obtained for individual methods and analytes 
were compared with those obtained for real samples and 
found to be in good agreement. Extracts from 7 algae and 
cyanobacteria samples containing many of the above-studied 
analytes in different concentrations (Chantransia, Chlorococcum, 
Desmodesmus, Klebsormidium, Scenedesmus, Stigeoclonium and 
Cyanobacteria UTEX) were prepared, and their antioxidant 
activity was determined using all four investigated methods. At 
the same time, the concentrations of individual analytes in the 
extracts were measured accurately using RRLC with the 3QMS 
detector to fi nd out which analytes were present in which 
sample and responsible for the antioxidant activity. 

Antioxidation activity of the real samples

Antioxidation activity of real samples was determined by all 
four investigated methods using the same spectrophotometer. 
All measurements were done with n=3 on the same day, within 
several hours. Extracts from Chantransia and Chlorococcum, 
which had much lower concentrations compared to the others, 
were diluted 10x; the rest of the extracts were diluted 20x for 
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FCM and DPPH, 40x for FRAP, and 100x for TEAC to obtain 
values within the range of concentrations used for calibration. 
The values of antioxidant activities are given in Table 3, and 
the comparison is shown in Figure 8. It can be clearly seen that 
although the obtained values are very different, the samples 
generally follow the same pattern, but there are differences in 
the results of individual methods.

Liquid chromatography - mass spectrometry determina-
tion

8 of the investigated analytes with one OH group - 
p-hydroxybenzaldehyde, salicylic acid, p-hydroxybenzoic 
acid, o-cumaric acid, p-cumaric acid, ferulic acid, vanillin, and 
vanillic acid - were present in the samples, as well as phloretic 
acid, another compound with one OH group not included in the 
spiked samples study. The samples also showed the presence 
of three important analytes with two OH groups - caffeic acid, 
protocatechuic acid and 3,4-dihydroxybenzaldehyde - and 
an analyte with three OH groups - gallic acid. Hydrocynamic 
acid was also found in several samples. Phloretic acid and 
hydrocynamic acid were added to the group of monitored 
analytes, because hydrocynamic acid was found to be the 
component with the highest concentration in Klebsormidium 
and Stigeoclonium samples and the second major component in 
the Desmodesmus sample, while phloretic acid was the analyte 
with the greatest concentration found in Cyanobacteria UTEX. 

The amount of individual antioxidants in samples in μg.g-1 is 
given in Table 4; the comparison of total antioxidant content is 
shown in Figure 9.

Extraction recovery and stability of the analytes

Microwave-assisted extraction was newly applied to the 
given real samples. The authors expect some loss of analytes 
to occur due to effi cient extraction conditions, as fl avonoid 
compounds are known to show partial degradation, especially 
during longer extraction times. [46,47]. However, the results 
were in good accordance with those obtained previously by 
the same team using other methods, like supercritical fl uid 
extraction, accelerated solvent extraction, or hyphenated SFE/
SPE. [48-50].

Application of the model hypothesis to real sample re-
sults

Expectations for antioxidation activity: According to the 
hypothesis created based on individual model samples, the 
following behaviour of analytes found in real samples was 
expected:

· p-hydroxybenzaldehyde: FC method - reacts only slightly, 
FRAP method - doesn’t react, DPPH method - doesn’t react, 
TEAC method - reacts, but gives the lowest response from all 
investigated monohydroxy analytes that reacted

· salicylic acid: FC method - reacts, but gives the lowest 

FCM FRAP DPPH TEAC
c [μmol/L (gallic acid)] RSD [%] c [μmol/L (FeSO4)] RSD [%] c [μmol/L (Trolox)] RSD [%] c [μmol/L (Trolox)] RSD [%]

Chantransia 18.63 3.51 174.58 3.73 67.13 0.46 267.62 0.95
Chlorococcum 113.14 2.31 194.44 4.68 95.09 2.38 516.67 0.94
Desmodesmus 1391.76 3.89 2645.79 3.63 636.95 0.73 5139.85 1.09
Klebsormidium 892.16 3.31 1666.67 3.07 471.81 1.72 3340.36 1.25
Scenedesmus 1498.43 2.06 2303.70 2.49 716.25 1.44 5217.75 0.70
Stigeoclonium 1338.43 2.77 1905.05 1.13 570.52 1.91 3901.02 0.41
Cyanobacteria UTEX 1948.63 3.19 2859.26 3.74 606.08 2.55 5362.07 0.33

Table 3: Concentration of antioxidants in real sample extracts by individual methods. Note: The values obtained by individual methods are calculated according to common equivalents 
used for each method and are not directly comparable. However, the diff erences clearly demonstrate the eff ect of reacting and non-reacting target analytes present in the samples.

Figure 8: Concentration of antioxidants in real sample extracts by individual methods
Figure 9: Concentrations of metabolites with antioxidation activity determined in real 
samples by RRLC/MS
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response from all investigated monohydroxy analytes that 
reacted, FRAP method - reacts only slightly, DPPH method 
- doesn’t react, TEAC method - reacts, but gives the second 
lowest response

· p-hydroxybenzoic acid: FC method - reacts, gives the 
second lowest response, FRAP method - doesn’t react, DPPH 
method - doesn’t react, TEAC method - reacts, medium 
response

· o-cumaric acid: FC method - reacts, relatively low values, 
FRAP method - reacts, but gives the lowest response, DPPH 
method - doesn’t react, TEAC method - reacts, medium 
response

· p-cumaric acid: FC method - reacts, relatively low values, 
FRAP method - reacts, but gives the second-lowest response, 
DPPH method - doesn’t react, TEAC method - reacts, gives the 
second-greatest response from all investigated monohydroxy 
analytes

· ferulic acid: FC method - reacts, relatively low values, 
FRAP method - reacts, high response, DPPH method - reacts, 
medium response, TEAC method - reacts, gives the highest 
response from all investigated monohydroxy analytes

· vanillin: FC method - reacts, relatively low values, FRAP 
method - reacts, but gives low response, DPPH method - 
doesn’t react, TEAC method - reacts, gives medium response

· vanillic acid: FC method - reacts, relatively low values, 
FRAP method - reacts, gives medium response, DPPH method 
- doesn’t react, TEAC method - reacts, gives high response.

All 2(OH) and 3(OH) analytes reacted with all methods and 
always FM < DPPH < TEAC <FRAP.

· caffeic acid: low response except FRAP (medium)

· protocatechuic acid: low response except FRAP (high)

· 3,4-dihydroxybenzaldehyde: highest responses from all 
investigated dihydroxy analytes

· gallic acid: high responses. FC showed lower values 
compared to the others, but good compared to other analytes.

Other antioxidants present in the sample:

· phloretic acid, 3-(4-Hydroxyphenyl)propanoic acid, 
is produced by reduction of the unsaturated side chain of 
p-coumaric acid. It has one OH substituent in the same 
position as p-coumaric acid and according to the hypothesis, 
following behaviour can be expected: FC method – would react, 
low values, FRAP method – would react, low response, DPPH 
method – would not react, TEAC method – would reacts, high 
response is expected

. hydrocinnamic acid, phenylpropanoic acid – this compound 
does not have any OH or methyl substituent and according 
to the hypothesis, it should not be detected by the methods. 
Hydrocinnamic acid is used for food preservation, including 
its supposed antioxidant and antimicrobial effects and longer 
shelf life of food products, but none of the 202 papers devoted 
to hydrocinnamic acid studies and applications found in WOS 
state its AO values. Apparently, antioxidation activities of real 
samples can also be infl uenced by other compounds, to which 
proposed methods are not sensitive.

3,4diOH benzaldehyde caffeic acid ferulic acid galic acid hydrocinnamic acid

c [μg/g] RSD [%] c [μg/g] RSD [%] c [μg/g] RSD [%] c [μg/g] RSD [%] c [μg/g] RSD [%]
Chantransia g f f g e
Chlorococcum 0.714 d 2.469 0.028 f 3.118 0.973 e 1.105 4.035 e 0.623 e
Desmodesmus 1.642 b 1.905 1.754 d 1.902 3.634 c 2.581 5.652 a 1.801 27.197 b 1.387
Klebsormidium 2.029 a 1.900 2.123 c 1.333 4.663 b 1.542 5.156 b 1.185 30.493 a 0.733
Scenedesmus 0.103 f 2.441 9.287 a 1.080 3.639 c 1.391 4.974 c 1.355 3.365 d 1.181
Stigeoclonium 0.784 c 1.595 2.413 b 2.020 5.952 a 1.306 3.055 f 1.967 25.287 c 1.232
Cyanobacteria UTEX 0.502 e 2.493 1.389 e 2.390 2.696 d 1.441 4.554 d 1.977 3.040 d 2.140

p coumaric o coumaric pOH benzaldehyde pOHbenzoic acid phloretic acid

c [μg/g] RSD [%] c [μg/g] RSD [%] c [μg/g] RSD [%] c [μg/g] RSD [%] c [μg/g] RSD [%]
Chantransia 1.642 e 1.905 0.779 a 2.565 0.038 f 2.100 1.091 e 1.067 9.396 b 1.104
Chlorococcum 1.656 e 1.494 0.089 f 1.136 5.047 b 0.849 17.024 c 0.133 3.022 g 1.479
Desmodesmus 3.441 a 1.571 0.239 d 3.140 3.345 c 2.141 12.527 d 1.401 5.325 d 1.045
Klebsormidium 2.860 c 1.749 0.586 b 1.806 0.440 e 3.484 1.281 e 1.586 5.716 c 1.195
Scenedesmus 2.864 c 1.537 0.399 c 1.741 0.329 e 1.828 17.779 b 1.284 3.653 f 2.247
Stigeoclonium 3.278 b 1.688 0.117 e 2.172 0.781 d 1.946 1.445 e 2.069 4.062 e 2.250
Cyanobacteria UTEX 2.242 d 2.011 0.034 g 2.494 5.256 a 2.038 22.845 a 1.299 27.496 a 0.961

protocatechuic acid salicylic acid vanilic acid vanilin

c [μg/g] RSD [%] c [μg/g] RSD [%] c [μg/g] RSD [%] c [μg/g] RSD [%]
Chantransia 0.159 g 2.625 0.648 e 2.009 c 0.040 e 2.448
Chlorococcum 4.421 f 1.288 6.141 b 1.199 c 0.190 d 3.074
Desmodesmus 50.808 a 0.297 4.722 c 1.804 c 0.273 a 2.487
Klebsormidium 11.139 d 0.784 2.946 d 1.256 c 0.193 d 2.793
Scenedesmus 11.441 c 1.560 4.576 c 1.960 0.749 b 1.960 0.198 d 2.666
Stigeoclonium 7.267 e 1.413 3.109 d 1.624 c 0.246 b 1.941
Cyanobacteria UTEX 11.879 b 1.811 6.527 a 2.266 1.777 a 2.736 0.222 c 2.090

Table 4: Concentrations of metabolites known to have antioxidant activity in real sample extracts determined by RRLC-MS. 
*Statistical analysis note: One-way ANOVA; Tukey HSD, family-wise α = 0.05; Cultures with a common letter are not signifi cantly diff erent; cultures without a common letter are diff erent 
at p < 0.05; Shapiro–Wilk test
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Antioxidation activity of real samples according to 
methods: The results obtained for real samples support the 
presented hypothesis. 

Chantransia contains low levels of analytes and mostly 
gives low responses. FRAP shows a higher response thanks to 
protocatechuic acid; TEAC shows the best response thanks to o- 
and p-coumaric acid and p(OH)benzoic acid and, supposedly, 
phloretic acid.

Chlorococcum contains gallic acid, detectable by all methods. 
The major analyte is p(OH)benzoic acid, resulting in increased 
TEAC and slightly increased FC values. FRAP has a high 
response thanks to protocatechuic acid. DPPH has the lowest 
response; it is unable to detect p(OH)benzoic compounds and 
salicylic acid.

Desmodesmus has two major analytes, protocatechuic acid 
detected by all methods, but with high response only by FRAP, 
and hydrocinnamic acid, which is supposed not to react at all. 
In this case, however, prospected higher response of FRAP to 
protocatechuic acid was outweighed by the TEAC reaction to 
other analytes, esp. p(OH)benzoic compounds that do not react 
with FRAP, and total results are more favourable for TEAC.

In Klebsormidium, the main analyte is supposedly non-
reactive hydrocinnamic acid, followed by 

Protocatechuic acid (detected by all methods, high response 
to FRAP) and gallic acid were detected by all methods with high 
responses. In total, generally stronger responses to a wider 
range of analytes showed the highest results for TEAC (Figure 8),
despite the more favourable reaction of protocatechuic acid to 
FRAP. It can be seen that despite a high amount of hydrocinnamic 
acid, AO of Klebsormidium extract is much higher than that of 
Chlorococcum thanks to higher concentrations of analytes with 
stronger response to all methods (gallic, ferulic and caffeic 
acids, 3,4(OH)benzaldehyde). 

While Scenedesmus contains half the antioxidants 
compared to Desmodesmus (see Tab. 4), its antioxidant activity 
is comparable thanks to a more favourable distribution of 
analytes. Hydrocinnamic acid is a minor analyte here; TEAC 
response is high thanks to p(OH)benzoic acid, FRAP thanks to 
protocatechuic and caffeic acids. For most methods, measured 
values are slightly higher, except FRAP, where a high content 
of protocatechuic acid resulted in a stronger response for 
Desmodesmus.

The amount of analytes in Stigeoclonium is not much lower 
compared to Scenedesmus, but AO is much lower, although not 
as low as Klebsormidium, despite its higher amount of analytes, 
which is in good accordance with the content of hydrocinnamic 
acid. Stigeoclonium contains several analytes detectable by all 
methods; protocatechuic acid is responsible for high FRAP 
response, phloretic and p-coumaric acids increased TEAC 
values.

Cyanobacteria UTEX showed the highest values for all 
methods except DPPH, which is in good accordance with 
the low content of non-reactive hydrocinnamic acid and the 

hypothetical non-reactivity of the major analyte, phloretic acid, 
with DPPH. High TEAC values are caused mostly by phloretic 
and p(OH)benzoic acids, and FRAP by protocatechuic acid, 
together with compounds detectable well by all methods. FRAP 
results were better than those of Desmodesmus, despite a much 
lower amount of protocatechuic acid. Maximum FC values 
were measured for C. UTEX, despite higher concentrations of 
ferulic and gallic acid in the Scenedesmus sample, which were 
outweighed by low responses from high-content analytes.

Conclusion

Observed structure-response patterns

FCM reactivity: reactivity of compounds analysed by the 
FC method depended upon the type of phenolic compound, the 
number of bound hydroxy groups, their position on the benzene 
ring, and eventually on the presence of other substituents. 
Resulting reactivity is then given by a varied combination of 
these factors. Generally, the values were low. 

FRAP reactivity: from monohydroxy derivatives, only 
derivatives of cinnamic acid reacted, and from the others 
only the derivatives having an additional one or two methoxy 
groups. From the dihydroxy derivatives, only the derivatives 
with hydroxyl groups on carbon atoms of the benzene ring with 
opposite electron density (in o,m- or p,m- positions) reacted.

DPPH reactivity: from monohydroxy derivatives, only 
cinnamic acid derivatives having a methoxy group and other 
derivatives with two methoxy groups reacted. Dihydroxy 
derivatives reacted similarly as found for the FRAP method; 
i.e., with hydroxyl groups on carbon atoms of the benzene ring 
with opposite electron density (in o,m- or p,m- positions). 

TEAC reactivity: TEAC reacted with various intensity with 
all analysed derivatives containing hydroxyl groups. It provided 
relatively high values (higher than the other used methods). 
Reactivity of investigated compounds depends, similarly to the 
FC method, on the type of phenolic compound, the number 
of bound hydroxyl groups, their position on the benzene 
ring, and eventually on the presence of other substituents. In 
contradiction to the DPPH and FRAP methods, the derivatives 
that had substituents on carbon atoms of the benzene ring in 
positions with the same electron density were more reactive. 
The resulting values of reactivity were given by different 
combinations of these factors. 

Reactivity of derivatives with three and four hydroxyl 
groups: the derivatives with hydroxyl groups on carbon atoms 
of the benzene ring with different electron density and greater 
molecule symmetry had higher reactivity. The highest reactivity 
was found for gallic acid with three hydroxyl groups except 
for the DPPH method. Chlorogenic acid has 5 OH groups, but 
only two of them are on the aromatic ring; therefore, it reacted 
similarly to derivatives with two OH groups, in the following 
order: FCM < DPPH < TEAC < FRAP. Differences among these 
values were not too large.

The obtained results give us a better understanding of 
possible reactions for the investigated methods according to 
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the individual analytes, and real sample experiments support 
the hypothesis. Thus, it is possible to select either a method 
with high total response for a wide group of the analytes of 
interest or the best method for the individual selected analyte 
according to its structure. These fi ndings can help us to focus 
the strategy of selection of the method for antioxidant activity 
determination in the fi eld of real samples, like functional food, 
food supplements, plant material, algae and cyanobacteria, or 
any other real matrix rich with metabolites that have favourable 
antioxidant properties.
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