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Abstract: Spectrophotometric antioxidant assays can generally be divided into two funda-
mental categories: single electron transfer (SET)-based assays and hydrogen atom transfer
(HAT)-based methods. In SET-based assays, the progression of the electron exchange reac-
tion is determined by the redox potential of the substrates. In contrast, HAT-based methods
assess the antioxidant’s ability to transfer a hydrogen atom to a radical, thereby stabilizing
it. The objective of this article is to provide a critical evaluation of antioxidant spectropho-
tometric assays. Assessing the antioxidant potential of food should involve multiple assays
to ensure accuracy and reliability. A positive correlation among different methods enhances
the validity of the results. Moreover, antioxidants may interact with other food compo-
nents, such as amino acids, potentially leading to inaccurate outcomes—as observed in the
Folin–Ciocalteu assay. Among the various techniques, CUPRAC and ORAC exhibit greater
repeatability and reagent stability compared to other assays. Furthermore, these methods
are considered superior due to their closer resemblance to in vivo conditions. In contrast,
approaches such as ABTS+, DPPH, FRAP, and Folin–Ciocalteu are often criticized for their
non-physiological environments. There is a pressing need to establish a standardized
method that, to the greatest extent possible, reflects in vivo conditions and can serve as a
reference standard for other assays.

Keywords: antioxidant potential; plant food; spectrophotometric assay

1. Introduction
Reactive oxygen species (ROS), which are generated during normal metabolic

processes—primarily in the respiratory chain—pose a significant health risk. In mam-
mals, the energy essential for life is produced in the form of adenosine triphosphate (ATP)
through the utilization of oxygen (O2). This process involves the electron transport chain
(ETC), located in the inner mitochondrial membrane, and results in the generation of both
ATP and ROS [1]. Moreover, environmental factors, chronic diseases, and dietary habits
may contribute to elevated ROS levels in the body [2]. The most common ROS include the
superoxide anion (•O2−), singlet oxygen (1O2), and hydrogen peroxide (H2O2) [3–6]. These
species are implicated in the development of various diseases, including cancer [7].

Over the course of evolution, humans have developed both endogenous and ex-
ogenous defense mechanisms against ROS. Endogenous defense mechanisms primarily
involve enzymes that regulate ROS levels in living organisms, including superoxide dismu-
tase (SOD), catalase (CAT), glutathione S-transferase (GST), and glutathione peroxidase
(GPx) [8]. Exogenous antioxidants, such as phenolic compounds (e.g., hydroxybenzoic
acid and hydroxycinnamic acid), are obtained through the diet and play a crucial role
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in counteracting ROS [9–11]. These compounds are predominantly found in plant-based
foods, particularly in fruits, vegetables, and herbs [12–15].

The activity or functional capacity of food compounds is assessed using various an-
alytical approaches [16]. Numerous methods for analyzing antioxidant potential have
been extensively described in the scientific literature. These methods are generally clas-
sified into two main categories: chromatographic and spectrophotometric techniques.
Commonly used chromatographic methods for evaluating antioxidant activity include
high-performance liquid chromatography (HPLC), liquid chromatography–mass spectrom-
etry (LC–MS), liquid chromatography–electron capture dissociation (LC–ECD), and gas
chromatography–mass spectrometry (GC–MS) [17–22]. This article focuses on spectropho-
tometric methods, discussing their respective advantages and limitations. Given their
widespread use and the substantial discrepancies among spectrophotometric assays, a
critical evaluation is warranted.

Antioxidant assays are generally classified into two fundamental types: single electron
transfer (SET)-based assays and hydrogen atom transfer (HAT)-based methods. In SET-
based assays, the progression of the electron exchange reaction is governed by the redox
potential of the substrates. Consequently, antioxidants react with an oxidizing agent rather
than directly with free radicals [23]. This reaction is typically characterized by a color
change in the solution, which reflects the concentration of antioxidants. The magnitude of
absorbance change at a specific wavelength correlates with the concentration of antioxidants
in the sample.

Electron transfer-based methods include the ABTS+ assay, cupric reducing antioxidant
power (CUPRAC) assay, ferric reducing antioxidant power (FRAP) assay, 2,2-diphenyl-
1-picrylhydrazyl (DPPH) assay, and the Folin–Ciocalteu (FC) assay [24,25]. Hydrogen
transfer-based assays exploit the antioxidant’s ability to donate a hydrogen atom to a free
radical, thereby stabilizing it. The activity and capacity of an antioxidant can be assessed
using reaction kinetics by measuring changes in the absorbance curve in the presence
or absence of a reducing agent. This category includes the oxygen radical absorbance
capacity (ORAC) assay [26]. These methods are characterized by substantial variability
among individual assays. To date, no standardized spectrophotometric approach exists for
assessing antioxidant potential.

This article focuses on a specific niche: the assessment of antioxidant potential in
plant-derived foods. Although previous reviews have discussed spectrophotometry as a
method for evaluating antioxidant potential, they either concentrate on methodological
discrepancies without comparing actual results or address antioxidant activity across
all food types without differentiation [11,27,28]. The aim of this article is to critically
evaluate the most commonly used spectrophotometric assays for determining antioxidant
potential in plant-based food samples. The selected methods—FRAP; CUPRAC; DPPH;
ABTS+; Folin–Ciocalteu; and ORAC—were chosen for their widespread use in food analysis
and methodological diversity. A thorough evaluation of these techniques is essential for
identifying reliable, physiologically relevant, and reproducible approaches that can serve
as reference standards in antioxidant capacity assessment, particularly in the context of
diverse food matrices and their implications for human health.

2. Materials and Methods
During the preparation of this narrative review, scientific articles published after

2019 were retrieved from the PubMed, ScienceDirect, and Scopus databases and analyzed.
Older articles were included occasionally, only when they made a significant contribu-
tion to the field. The search terms included “antioxidant potential assay” in combination
with “fruit” and “vegetable” in the title, keywords, or abstract. The search using “an-
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tioxidant potential assay” and “fruit” yielded 25,984 results, while the combination with
“vegetable” produced 16,576 articles. The results were further refined by including the
names of specific spectrophotometric methods: “FRAP” (1295 results), “CUPRAC” (681 re-
sults), “DPPH” (1908 results), “ABTS+” (1408 results), “Folin–Ciocalteu” (5698 results), and
“ORAC” (1503 results). From this selection, the most relevant articles were analyzed. The
inclusion criteria were as follows:

• The study evaluated antioxidant potential using spectrophotometric assays;
• The samples analyzed were derived from plant-based foods.

A total of 149 articles met these criteria and were included in the final analysis.

3. Plant-Derived Antioxidants in In Vitro Assays
According to common knowledge, plant-derived foods are a natural source of an-

tioxidants. These foods can adequately meet nutritional requirements for antioxidant
vitamins, such as A, C, and E [29–31]. Plant tissues are significant sources of exogenous
antioxidants, including vitamins (ascorbic acid, tocopherols) and carotenoids (xanthophylls
and carotenes) [9,32,33]. Other bioactive compounds, such as flavonoids, lignans, stilbenes,
and condensed tannins, belong to the large phenolic family [11]. Phenolic compounds
exhibit strong antioxidant activity in in vitro spectrophotometric assays, primarily due
to their chemical structure and the presence of aromatic rings capable of stabilizing or
delocalizing unpaired electrons. Additionally, while these compounds share the same basic
aromatic structure, the position and number of phenolic groups influence their antioxidant
activity [34]. Plant tissues also contain by-products with antioxidant potential, such as
bioactive peptides [35,36]. The antioxidants used as standards in the methods discussed
may be either natural or synthetic chemical compounds (Figure 1). These antioxidants
typically have organic (e.g., Trolox, ascorbic acid) or inorganic (e.g., FeSO4) chemical struc-
tures. Their activity in in vitro methods relies primarily on two mechanisms: donating a
hydrogen atom or accepting a free radical [16]. The following section will describe spe-
cific spectrophotometric assays used to assess the antioxidant potential of plant-derived
food samples.

Figure 1. Division of chemical compounds with organic structure commonly used as refer-
ence substances in methods for assessing antioxidant potential. BHT—butylated hydroxytoluene;
BHA—butylated hydroxyanisole; TBHQ—tert-butylhydroquinone.
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4. Electron Transfer-Based Assays
All ET-based assays involve the donation of a single electron from an antioxidant to a

free radical, characterized by the presence of an unpaired electron [22]. This mechanism
underlies the methods discussed in this chapter, namely FRAP, CUPRAC, DPPH, ABTS+,
and FC.

4.1. Ferric-Reducing Antioxidant Power
4.1.1. Working Principle of FRAP Assay

The FRAP assay was developed in the 1990s by Benzie and Strain [37]. In their 1996
publication, they introduced a novel method for measuring antioxidant capacity based on
the reduction of Fe3+ (ferric) to Fe2+ (ferrous). This method was designed to be simple,
rapid, and reproducible. The FRAP assay is based on electron transfer to an iron (Fe)
complex with 2,4,6-tripyridyl-s-triazine (TPTZ):

Fe3+ + TPTZ → [Fe2+ − TPTZ]+

The reduced form of the complex exhibits a dark blue color. Its intensity is proportional
to the antioxidant concentration in the sample. The reaction is carried out at a low pH (<4),
maintained by an acetate buffer at pH 3.6 [37]. The reduced complex reaches its maximum
absorption at 593 nm. An increase in absorbance values corresponds directly to the content
of antioxidants in the sample. The results are expressed as moles of Fe2+ equivalents per
unit mass of the sample [38,39].

The FRAP reagent consists of an acetate buffer, TPTZ, and FeCl3 and is prepared ex
tempore, immediately prior to analysis [40]. This solution was originally used to assess
the antioxidant power of blood plasma based on its ability to reduce Fe3+ ions to Fe2+

ions [37]. Currently, the FRAP assay is used to evaluate ferric-reducing antioxidant power
by measuring total antioxidant capacity in both biological fluids and food samples [41,42].

The FRAP assay is widely recognized as a simple and cost-effective method, making it
suitable for use in various laboratory settings [43]. The reaction is highly reproducible, and
the results directly correlate with the molar concentration of antioxidants present. Notably,
no concentration-dependent stoichiometric variations have been observed, indicating that
the Fe(TPTZ)3

+ concentration in the FRAP reagent does not influence the final results [37].
Moreover, no decrease in absorbance was observed for at least 30 min, indicating the
absence of agents that inhibit Fe3+ reduction or cause Fe2+ reoxidation. However, these
conclusions were based on studies analyzing plasma antioxidant activity [37]. Although
Fe3+ naturally occurs in plant-based foods [44], no research has specifically investigated its
potential role as an interfering factor in the FRAP assay. However, the presence of such
ions in extracts may affect the measured antioxidant potential [45]. Therefore, it remains
unclear whether the iron content in plants affects the reaction mechanism. Additionally, it
has been shown that the results of the FRAP assay may vary depending on the solvents
used, potentially contributing to discrepancies in findings [46].

4.1.2. A Comparative Analysis of Methodological Approaches in Studies on
Plant Materials

Although the approach to conducting the FRAP method is similar across studies, it is
not identical (Table 1), with most using a measurement wavelength of 593 nm [38,47,48]
and some reporting 595 nm [39]. Results are typically expressed as the concentration
of antioxidants with ferric-reducing ability equivalent to a standard compound, usually
FeSO4, per 100 g of sample [38,48]. This consistency in reporting units is considered
an advantage of the FRAP assay, as it facilitates comparison of results across studies.
The type and duration of incubation vary, which may be attributed to differences in the
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food matrices used in the studies [39,49,50]. Furthermore, the extraction and incubation
conditions of antioxidant compounds are influenced by the composition of the matrix,
which may include proteins, fatty acids, fiber, and polysaccharides [47,48]. The efficiency
of antioxidant extraction depends on the chemical properties of the matrix; therefore,
factors such as temperature, incubation time, and specific reagents used during extraction
may vary [51,52]. These discrepancies may affect the final results obtained by the FRAP
assay, with the type of extraction being one of the main factors contributing to significant
variations in findings [53–55].

The FRAP reagent plays a crucial role in the reaction between Fe(TPTZ)3+ and antioxi-
dants. It is prepared ex tempore, and significant variations in its composition have been
reported (Table 1). However, no conclusive data are available to determine whether these
differences significantly affect the final assay outcomes.

Table 1. Comparison of methodological approaches in the FRAP assay.

Tested Material Standard Substrates Type and Time
of Incubation Wavelength Source

Various kinds
of fruits FeSO4

1.8 mL FRAP reagent (2.5 mL of a
10 mM TPTZ solution in 40 mM HCl,

2.5 mL of 20 mM FeCl3, 25 mL of
300 mM acetate buffer (pH = 3.6),

40 µL of tested sample, 0.2 mL MQ

10 min, 37 ◦C 593 [48]

Apple FeSO4

2 mL of FRAP reagent (10 mL of
10 mM TPTZ in HCl, 10 mL of 20 mM

FeCl3, 100 mL of acetate buffer
pH = 3.6), 50 µL of tested sample

10 min, room
temperature 593 [47]

Oat β-glucans millimolar
Fe2+

3 mL of FRAP reagent (1 mL of
20 mM FeCl3·6H2O, 1 mL of 10 mM

TPTZ in 40 mM HCl, 10 mL of
300 mM acetate buffer, pH = 3.6),
0.1 mL of sample, 0.3 mL of MQ

4 min, 37 ◦C 593 [38]

Wine FeSO4·7H2O

1 mL of FRAP reagent (1 mL of
20 mM FeCl3·6H2O, 1 mL of 10 mM

TPTZ in 40 mM HCl, 10 mL of
300 mM acetate buffer, pH = 3.6),

50 µL of tested sample, 0.45 mL of MQ

5 min, darkness,
37 ◦C 593 [49]

Radish Ascorbic acid

0.19 mL of FRAP reagent (2.5 mL of
20 mM FeCl3, 2.5 mL of 10 mM TPTZ,

2.5 mL of 10 mM acetate buffer
pH = 3.6), 10 µL of tested sample

10 min, 37 ◦C 593 [50]

Tomato juice
and carrot juice BHT

0.6 mL of FRAP reagent (50 µL of
20 mM FeCl3, 50 µL of 10 mM TPTZ,

0.5 mL of 300 mM acetate buffer
pH = 3.6), 100 µL of extract

6 min, 25 ◦C 595 [39]

Various meals in
kindergarten Ascorbic acid

3 mL of FRAP reagent (20 mM FeCl3,
10 mM TPTZ in 40 mM HCl, 300 mM

acetate buffer pH = 3.6), 100 µL
of extract

10 min, room
temperature 593 [56]

Maple syrup FeSO4

210 µL of FRAP reagent (20 mM
FeCl3, 10 mM TPTZ in 40 mM HCl,

300 mM acetate buffer pH = 3.6),
30 µL of extract

8 min, 37 ◦C 593 [57]

TPTZ—2,4,6-tripyridyl-s-triazine; BHT—2,6-di-tert-butyl-4-hydroxytoluene; MQ—Milli-Q water; HCl—hydrochloric
acid.
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4.2. Cupric Reducing Antioxidant Capacity (CUPRAC)
4.2.1. Working Principle of CUPRAC Assay

The CUPRAC assay was originally developed at the beginning of the XXI century to de-
termine the antioxidant potential of plant compounds (e.g., ascorbic acid or quercetin) [58].
The tested extract is combined with an aqueous solution of copper(II) chloride (CuCl2), an
ethanolic solution of neocuproine, and an ammonium acetate buffer at pH 7. This leads
to the formation of the [Cu(Nc)2]+ complex, which is responsible for the observed color
change [59]. After an incubation period of 30–60 min, absorbance is measured at a wave-
length of 450 nm. Upon addition of the extract or standard compound to the reagents, the
color changes from green-blue to yellow-orange. The underlying principle of the method
is the reduction of copper ions from Cu2+ to Cu+ by antioxidants. The intensity of the
resulting yellow-orange color is proportional to the antioxidant content in the test sample.
The reaction involved in the CUPRAC method is as follows [59]:

n Cu(Nc)2
2+ + n-electron reductant ↔ n Cu(Nc)2

+ + n-electron oxidized product + n H+

The CUPRAC assay is considered superior to other methods for measuring antiox-
idant potential because it operates at pH 7, which approximates physiological pH [60].
Furthermore, it has been demonstrated that CUPRAC is relatively unaffected by solvent
effects in alcohol-water mixtures of varying compositions [46]. However, some studies have
reported contrasting results, which were attributed to differences in the solvents used [61].
Methanolic and ethanolic extracts showed significantly higher antioxidant potential, as
measured by the CUPRAC assay, compared to acetone-based extracts [61]. The short in-
cubation time (30 min) at room temperature in the dark appears to be sufficient, yielding
satisfactory results for most biologically relevant antioxidants, including ascorbic acid,
gallic acid, and quercetin. Longer incubation times may be required for compounds such
as naringin or naringenin, likely due to their glycosidic forms [58,60,62,63]. The CUPRAC
assay is characterized by good linearity over a wide range of concentrations of standard
substances, reagent stability, simplicity, and low cost. Additionally, it can be applied to
both lipophilic and hydrophilic antioxidants [60,64].

4.2.2. Comparison of Methodological Approaches in Previous Studies of Plant Materials

The procedure and concentration of reagents in the CUPRAC assay are consistent
across the literature, with most researchers adhering to the original protocol presented by
Apak et al. [58], as applied in apricot [65], green tea [64], and cherries [66] (Table 2). The
standard assay involves CuCl2 (10 mM aqueous solution), neocuproine (7.5 mM ethanolic
solution), and an ammonium acetate buffer at pH 7, combined with the tested antioxidant.
However, some studies have reported alternative reagent concentrations [67]. For exam-
ple, Puangbanlang et al. used 5 µL of CuCl2 (150 mM), 5 µL of neocuproine (600 mM),
5 µL of ammonium acetate at pH 7, and 25 µL of the tested sample [67]. In some cases,
CuSO4·5H2O is used as a substitute for CuCl2 [63]. Although the stoichiometric ratio be-
tween copper ions and the chelator compound tends to be preserved, incubation time varies
between 20 and 50 min, depending on the food matrix and experimental conditions (e.g.,
temperature, light exposure) [63,68]. Since reaction time plays a critical role in the accuracy
of the results, optimizing the incubation period is essential when analyzing new food
matrices [63,69].
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Table 2. Comparison of previous approaches in the CUPRAC assay.

Tested Material Standard Substrates Type and Time
of Incubation Wavelength Source

Synthetic
mixture of plant

antioxidants
Trolox

1 mL of aqueous solution of CuCl2
(10 mM), 1 mL of ethanolic solution

of neocuproine (7.5 mM), 1 mL of
ammonium acetate buffer at pH = 7,

1.1 mL of tested sample

20 min, 50 ◦C in
water bath 450 nm [58]

Synthetic
mixture of plant

antioxi-
dants/green tea

extracts

Trolox

1 mL of aqueous solution of CuCl2
(10 mM), 1 mL of ethanolic solution

of neocuproine (7.5 mM), 1 mL of
ammonium acetate buffer at pH = 7,

1.1 mL of tested sample

30 min, room
temperature 450 nm [46]

Blackcurrant Ascorbic acid

1 mL of aqueous solution of CuCl2
(10 mM), 1 mL of ethanolic solution

of neocuproine (7.5 mM), 1 mL of
ammonium acetate buffer at pH = 7,

1.1 mL of tested sample

20 min, 50 ◦C in
water bath 450 nm [62]

Beetroot Trolox

1 mL of aqueous solution of CuCl2
(10 mM), 1 mL of ethanolic solution

of neocuproine (7.5 mM), 1 mL of
ammonium acetate buffer at pH = 7,

1.1 mL of tested sample

30 min, room
temperature 450 nm [68]

Tea extracts Ascorbic acid
2 mL of 1 g/L CuSO4 · 5H2O, 2 mL
of 0.25% solution of neocuproine in

ethanol, 6 mL of H2O

Mixed in rotator
for 20 min 450 nm [63]

Tea, wine, and
fruit juices Gallic acid

5 µL of CuCl2 (150 mM), 5 µL of
neocuproine (600 mML), 5 µL of

ammonium acetate at pH = 7, 25 µL
of examined sample

30 min, room
temperature 450 nm [67]

Apricot Trolox

1 mL of aqueous solution of CuCl2
(10 mM), 1 mL of ethanolic solution

of neocuproine (7.5 mM), 1 mL of
ammonium acetate buffer at pH = 7,

1.1 mL of tested sample

30 min, room
temperature 450 nm [65]

CuCl2—copper chloride.

4.3. DPPH
4.3.1. Operating Principle

The development of the DPPH assay dates back to the XX century [70]. Since then,
this method has undergone several modifications aimed at improving its stability and
reproducibility. Solvents used in the procedure, such as methanol, can influence the
reaction mechanism by affecting hydrogen atom release, often favoring SET over HAT [26].

The DPPH assay measures the reduction of the α-diphenyl-β-picrylhydrazyl radical
by antioxidants. This radical solution has a deep violet color, which serves as the reference
in spectrophotometric measurements [71]. Upon reduction, its color intensity decreases. As
a result, an inverse relationship is observed between absorbance and antioxidant concentra-
tion. The extent of decolorization is stoichiometrically related to the number of electrons
transferred during the reaction. However, the absorbance of the working DPPH solution
should not exceed 0.8 ± 0.02, in accordance with the Lambert–Beer law [70]. The reaction
involved in this method was presented in Figure 2 [42].
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Figure 2. The reaction involved in the DPPH assay.

Despite involving relatively stable free radicals, the absorbance of both the stock and
working DPPH solutions is not constant, even when stored at −70 ◦C. Therefore, a fresh
working solution must be prepared prior to each analysis to ensure reliable results. This is
essential for constructing an accurate calibration curve, which must be based on the same
working solution used for sample analysis [71]. All solutions should be protected from
light by storing them in the dark and using amber flasks or tubes during analysis. This
precaution is necessary because the DPPH radical is highly sensitive to light and unstable
under such conditions [72]. To date, no optimal storage conditions have been identified
that would ensure long-term stability of the DPPH solution [73].

A major limitation of the DPPH assay is the absence of a standardized unit of mea-
surement. Results are commonly reported as a percentage of antioxidant activity, as Trolox
equivalents, or as IC50 (half maximal inhibitory concentration) [71]. These variations make
it difficult to compare results across different studies. Moreover, expressing results as a
percentage of antioxidant activity fails to account for the initial concentration of the DPPH
solution, which significantly affects the outcome. The DPPH radical is also pH-sensitive,
with the optimal range for reproducible results being between 5.0 and 6.5 [74]. Another
limitation is that DPPH is an artificial and non-physiological radical, so the reactions it
undergoes do not reflect those occurring in the human body, where antioxidants exert
their biological effects [42]. Furthermore, DPPH has limited biological relevance because of
its low operating pH (~5) and structural dissimilarity to naturally occurring reactive free
radicals [73].

4.3.2. Comparison of Methodological Approaches Used in Previous Studies of
Plant Materials

In the DPPH assay, several inconsistencies exist, ranging from the preparation of the
stock DPPH solution to the calculation of measurement units. The concentrations of both
the stock and working DPPH solutions vary across studies (Table 3). Such variations can
compromise linearity, especially when the concentration of the dissolved substance is too
high. Ideally, the concentration of the working solution should range between 50 and
100 µM to achieve an absorbance of 0.8 ± 0.02 [71]. However, some studies either do not
report the concentration of the stock DPPH solution or use concentrations significantly
higher than 100 µM [75]. These discrepancies in DPPH concentrations make it difficult to
compare results across different studies. The absorbance measured in this assay depends
on the initial DPPH concentration, which directly affects the final results.

The most significant inconsistency in the DPPH method concerns the way results are
reported. Results are most often expressed as the percentage of neutralized radicals, i.e., the
percentage activity (I %) of the tested antioxidant [68,76,77]. It is expressed by the formula

I % = (A0 − As)/A0 × 100

A0—absorbance of control
As—absorbance of sample
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A key disadvantage of this unit is that it does not account for the initial concentration of
the DPPH solution, which directly affects the final absorbance measurement [71]. Moreover,
the percentage activity provides no information about the actual amount or concentration
of antioxidants in the test sample. Additionally, variations in the volumes of extracts used
for analysis are often not accounted for when calculating results in this unit. Therefore, if
the concentration of the test DPPH solution is unknown and the volume of extract varies,
comparing results across studies may lead to erroneous conclusions [26,71]. An alternative
unit is milligrams of Trolox equivalents per 100 g of sample (mg TE/100 g) [69]. However,
this approach also fails to consider the initial concentration of the DPPH solution during
result conversion. Some studies have reported results using both units—percentage activity
and mg TE/100 g—which allows for comparison of discrepancies between them [68,69]. In
addition, the results presented in these two units were not always directly proportional.

Due to the instability of the DPPH radical, the test solution should be prepared freshly
(ex tempore) and used as soon as possible. When not in use, it should be stored in the dark
at refrigeration temperature. Using the same test solution is crucial to ensure consistent
absorbance values in both the calibration curve and sample measurements. Only under
such conditions can the results be reliably referenced to the standard curve [71].

These discrepancies and limitations affect both the comparability and interpretation
of DPPH assay results. Moreover, many researchers optimize various methodological
factors, which further complicates comparison of the obtained results. Nonetheless, such
discrepancies and inconsistencies are common to all spectrophotometric methods used to
assess antioxidant potential.

Table 3. Previous approaches in DPPH assay.

Test Material Standard Substrates
Concentration of
DPPH Working

Solution

Type and Time of
Incubation Units Wavelength Source

Beetroot Nd 3.9 mL DPPH,
0.1 mL of extract 60 µM 30 min, darkness,

37 ◦C % 515 [76]

Carrot-
orange juice Nd 2 mL of juice

sample, 2 mL DPPH 60 µM 30 min, darkness,
room temperature % 517 [78]

Edible roots BHT 2.5 mL DPPH, 100 µM 30 min %, IC50 517 [77]

Carrot TBHQ 2 mL DPPH, 0.5 mL
of extract 1.5 mM 30 min, darkness,

room temperature %, IC50 517 [79]

Cocoa beans Trolox 3.9 mL DPPH,
0.1 mL extract 60 µM 30 min TEC 515 [80]

Grape Ascorbic
acid

2.97 mL DPPH,
0.03 mL of extract 15 µM 4 h, room

temperature

AAE
ascorbic
acid eq

515 [81]

Garlic Ascorbic
acid

0.5 mL extract,
0.5 mL DPPH 250 µM 30 min, darkness,

room temperature AAE 517 [82]

Grape Trolox 0.01 mL extract,
3 mL DPPH 150 µM 60 min, darkness,

room temperature TE 517 [83]

Tea fruit BHT 1 mL extract, 3 mL
DPPH 100 µM 30 min, 30 ◦C,

darkness %, IC50 517 [84]

Wine Trolox 0.075 mL extract,
1.425 mL DPPH 100 µM 60 min, darkness,

room temp TE 515 [49]

Tea Ascorbic
acid

1 mL extract, 1 mL
DPPH 200 µM 30 min % 517 [85]

Tea Quercetin,
EGCG

0.1 mL extract,
2.4 mL DPPH 60 µM 30 min, darkness % 516, 525 [86]
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Table 3. Cont.

Test Material Standard Substrates
Concentration of
DPPH Working

Solution

Type and Time of
Incubation Units Wavelength Source

Tomato juice
and carrot

juice

α-
tocopherol

1.0 mL extract,
0.5 mL DPPH 300 µM 15 min mol α-

TE/mol 540 [86]

Chlorella
vulgaris Nd 25 µL of extract,

975 µL DPPH 60 µM 30 min, darkness %, IC50 517 [87]

IC50—the concentration of a substance required to inhibit 50% of the DPPH radical activity, ND—no data; BHT—
butylated hydroxytoluene; EGCG—epigallocatechin gallate; DPPH—2,2-diphenyl-1-picrylhydrazyl; TBHQ—tert-
butylhydroquinone; TE—Trolox equivalent.

4.4. ABTS+ Assay
4.4.1. Mechanism of Action

The 2,2′-azino-bis-3-ethylbenzthiazoline-6-sulfonic acid (ABTS) assay is based on
the generation of the green-blue ABTS•+ radical, which can be reduced by antioxidants.
The reduction of the radical results in a decrease in the color intensity of the solution,
and this change is proportional to the reductant content in the test sample (Figure 3). In
spectrophotometric measurements, the wavelength used is 734 nm [72]. The ABTS•+ radical
reacts with potassium persulfate in a 2:1 molar ratio; thus, the ABTS concentration should
be at least twice that of potassium persulfate in the reaction mixture [88,89].

Figure 3. The scheme of reaction occurring between the ABTS radical and the antioxidant.

The ABTS•+ radical is soluble in both aqueous and organic solvents, which is a key
advantage of the assay, as it enables the determination of both lipophilic and hydrophilic
antioxidants. However, because the choice of solvent can affect the reaction kinetics [90],
results obtained using different media should not be directly compared [73]. The influence
of various solvents on reaction kinetics was investigated using butylated hydroxytoluene
(BHT) as the antioxidant agent [91]. The reaction kinetics and the concentration of unreacted
ABTS•+ after 60 min depended on the type of solvent used. The fastest ABTS•+/BHT
reaction was observed in 1-propanol, while the slowest occurred in methanol. Additionally,
the use of propranolol-1 resulted in a lower percentage of unreacted ABTS•+ compared to
other solvents [91].

Different solvents may also require adjustments to the measurement wavelength
and incubation time to achieve comparable results. It has been shown that an optimal
incubation time for ABTS•+ is 6 h [88]. Nevertheless, ABTS•+ has been shown to remain
stable in stock solution (with potassium persulfate) for up to two days when stored in the
dark at room temperature [88]. Among the two assays that employ free radicals (DPPH
and ABTS), the superior stability of ABTS•+ offers a distinct advantage.
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4.4.2. Comparison of Methodological Approaches in Previous Research on Plant Materials

The first protocol for the ABTS assay was developed by Re et al. [88]. In their method,
ABTS was dissolved in water to a concentration of 7 mM, and 2.45 mM potassium persulfate
was added, resulting in the formation of the ABTS•+ cation radical and a green-blue color
change. The reaction mixture was incubated in the dark at room temperature for 12
to 16 h. After incubation, the ABTS•+ solution was diluted with ethanol to achieve an
absorbance of 0.7 ± 0.02 at 734 nm. Subsequently, 1 mL of ABTS•+ solution was mixed
with 10 µL of the ethanolic plant extract, and absorbance was measured at 734 nm after 1 to
6 min, with the entire procedure conducted at 30 ◦C [89]. This protocol has been widely
adopted in subsequent studies [56,92–97]. However, in the following years, researchers
attempted to optimize this assay, which led to numerous methodological discrepancies
(Table 4). Variations have been reported in the concentrations and absorbance values of the
stock solution [98–100], as well as in the measurement wavelength [98–102]. Additionally,
discrepancies were observed in the incubation time of the ABTS•+ solution, which in some
cases was shorter than the recommended minimum of 6 h [100,103].

Table 4. Comparison of previous approaches in the ABTS assay.

Tested Material Standard Substrates Type and Time of
Incubation Wavelength Source

Apricot Trolox
1 mL of 10% ABTS radical diluted in

ethanol, 4 mL of ethanol, 0.1–0.5 mL of
sample extract,

6 min, room
temperature 734 nm [65]

Various plant
beverages Gallic acid

1.425 mL of ABTS working solution
[equal volumes of ABTS solution (mM/L)

and potassium persulfate solution
(2.45 mM) were mixed, and after 16–20 h
in the dark, it was diluted with water at

the ratio 1:30], 0.075 mL of sample

10 min, room
temperature 734 nm [67]

Meals in
kindergarten Ascorbic acid

3 mL of ABTS working solution [equal
volumes of ABTS solution (7 mM) and

potassium persulfate solution (2.45 mM)
were mixed and after 16 h in the dark at

5 ◦C, it was diluted with water at the
ratio 1:50], 0.1 mL of sample

30 min in
darkness, room

temperature
734 nm [56]

Various fruits and
vegetables Ascorbic acid

0.98 mL of ABTS working solution (equal
volumes of: 2.5 mM of ABTS solution,

1 mM of 2,2-azobis(2-
amidinopropane)dihydrochloride), and

10 mM PBS were mixed and incubated in
a water bath at 68 ◦C for 40 min, then

cooled to room temperature and diluted
with PBS until an absorbance of

0.65 ± 0.02 was achieved

10 min, 37 ◦C,
water bath 734 nm [72]

Synthetic mixture
of plant

antioxidants
Trolox

227 µL of ABTS working solution [equal
volumes of ABTS solution (7 mM) and

potassium persulfate solution (145 mM)
were mixed, and after 16 h in the dark at

room temperature, it was diluted with
PBS until absorbance of 0.70 ± 0.02],

22.7 µL of sample

6 min, room
temperature 734 nm [104]

ABTS—2,2′-azino-bis-3-ethylbenzthiazoline-6-picrylhydrazyl; PBS—phosphate buffered saline.
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4.5. Folin–Ciocalteu Method
4.5.1. Principle of the Method

The Folin–Ciocalteu method is considered one of the most widely used assays in
laboratories worldwide for quantifying the total polyphenol content [105]. It is based on
the oxidation of hydroxyl groups in phenolic compounds by the Folin–Ciocalteu reagent
(FCR) [106]. The blue color of the test solution corresponds to the reduced form of the FCR.
The intensity of this hue is directly proportional to the concentration of phenolic compounds
in the analyzed sample. An alkaline environment (pH ≈ 10), usually achieved by using an
aqueous solution of sodium carbonate (Na2CO3) or sodium hydroxide (NaOH), accelerates
the reaction. Under these conditions, phenols are more readily deprotonated to phenolates,
which have a lower redox potential and thus react more efficiently with FCR. During the
redox reaction, molybdenum (Mo) ions in the reagent are reduced from the +6 to the +5
oxidation state, leading to the characteristic blue color of the mixture [107]. Accordingly,
the FC assay operates via the SET mechanism and assesses the overall reducing capacity of
the sample, using the phenolic content as a primary indicator of antioxidant potential [108].
The general reaction mechanism between phenolic compounds and FCR can be represented
as follows:

MoO4
2− (in the reagent, yellow color) −−phenolic compounds−−> MoO3

2− (reduced form, blue color)

The popularity of the FC assay is attributed to its simplicity, speed, and low cost.
However, a major limitation of the FC assay is its lack of specificity. Originally developed
for protein quantification [106,109], the method is not selective for phenolic compounds.
The Folin–Ciocalteu reagent (FCR) can react with hydroxyl groups found in various non-
phenolic compounds, such as tryptophan and hydroxylamine [28]. Additionally, reducing
agents other than phenolic compounds—such as ascorbic acid and sulfites—can also
interfere with FCR reactivity [102]. Due to this lack of specificity, the FC assay should
not be directly referred to as a method for determining total phenolic content (TPC) [105].
Another important limitation of the FC assay is the absence of a standardized protocol.
Significant methodological variations across studies hinder the direct comparison of results
obtained from different experiments.

Due to a lack of specificity and inconsistencies in methodology, it is difficult to prop-
erly estimate the TPC in analyzed foods. Consequently, the content of the TPC may be
overestimated or underestimated. This may be the reason for the erroneous determination
of the antioxidant potential of food products.

4.5.2. Comparison of Analytical Approaches Plant-Based Studies

Organic solvents are commonly employed for extraction purposes; however, their
selection varies among studies (Table 5). The most commonly used solvents are n-hexane,
acetone, methanol, and ethanol, often combined with Milli-Q water [35,110]. The influence
of solvent type and concentration on the efficiency of polyphenol extraction has been
extensively investigated. For instance, higher polyphenol content was observed in extracts
obtained using 70% ethanol in water compared to those obtained with 70% methanol,
absolute ethanol, or absolute methanol [111,112]. Similarly, another study found 50%
methanol to be more effective than acetone or ethanol at various concentrations [113].
Ammar et al. [114] concluded that greater solvent polarity enhances extraction efficiency.
In their study, the effectiveness of the diluents followed the order: methanolic extract >
ethanolic extract > acetone extract > diethyl ether extract > ethyl acetate extract > hexane
extract [114].
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Table 5. Comparison of previous approaches in FC assay.

Tested Material Standard Substrates Type and Time
of Incubation Wavelength Source

Soybean, green
tea extracts Gallic acid 0.25 mL of extract, 0.25 mL FCR and

4.5 mL 20% Na2CO3

25 min, room
temperature 730 nm [115]

Strawberries Gallic acid
0.05 mL of extract, 0.43 mL MQ,

0.02 mL FCR, 0.05 mL 20% Na2CO3,
0.45 mL MQ

60 min, room
temperature 725 nm [116]

Black tea Gallic acid
1 mL of diluted extract, 1 mL of

3-fold-diluted FCR, 2 mL of
35% Na2CO3

30 min, room
temperature 700 nm [117]

Vegetable juices Gallic acid
0.2 mL of extract, 1.5 mL of

10-fold-diluted FCR, 1.5 mL of
6% Na2CO3

90 min, room
temperature 725 nm [118]

Berries Gallic acid 0.5 mL of extract, 2.5 mL of FCR,
2 mL 7.5% Na2CO3

60 min, room
temperature 765 nm [119]

Tomato and
apple juices Quercetin 0.5 mL of extract, 2.4 mL MQ,

0.1 mL FCR, 2 mL 2% Na2CO3

60 min, room
temperature 750 nm [120]

Fruit juices Gallic acid 0.1 mL of extract, 0.5 mL MQ, 0.1 mL
FCR, 1 mL of 7% Na2CO3, 0.5 MQ 90 min 760 nm [121]

Pickled Chinese
cabbage Gallic acid 0.5 mL of extract, 2.5 mL FCR, 2 mL

of 7.5% Na2CO3,

60 min,
darkness 760 nm [122]

Cabbage: white,
Chinese, and red Gallic acid 0.05 mL of extract, 0.1 FCR, 2 mL

1% Na2CO3,
90 min, room
temperature 750 nm [123]

Dovyalis caffra Gallic acid
0.3 mL of extract, 0.5 mL of FCR,

5.8 mL of MQ, 1.5 mL of
20% Na2CO3

2 h, room
temperature 760 nm [124]

Tea extracts Ascorbic acid 0.1–0.3 mL of tea sample, 0.5 mL of
FCR, 0.5 mL of 30% NaOH

30 min, room
temperature 630 nm [63]

Buckwheat Gallic acid 0.3 mL of sample, 1.5 mL of FCR,
1.2 mL of 7.5% Na2CO3

30 min, room
temperature 765 nm [125]

FCR—Folin–Ciocalteu Reagent; FC—Folin–Ciocalteu assay; MQ—Milli-Q water.

Therefore, solvents with higher polarity, particularly when mixed with water, tend to
yield more efficient polyphenol extraction.

5. Hydrogen Atom Transfer-Based Assays
5.1. Oxygen Radical Absorbance Capacity (ORAC)
5.1.1. Method Principle

The oxygen radical absorbance capacity (ORAC) method, developed by Cao, Alessio,
and Cutler [126], is based on measuring the decrease in the fluorescence of fluorescein
(3′,6′-dihydroxyspiro[isobenzofuran-1[3H],9′[9H]-xanthen]-3-one). Moreover, the ORAC
assay enables the assessment of peroxyl radical scavenging, with radicals generated by
2,2′-azobis(2-methylpropionamidine) dihydrochloride (AAPH). This compound gener-
ates peroxyl radicals that oxidize fluorescein; however, in the presence of antioxidants,
degradation is delayed, and fluorescence is maintained.

In this system, AAPH acts as a peroxyl radical initiator, fluorescein serves as the
molecular probe, and the antioxidant functions as the radical scavenger. Phosphate buffer
is used as a blank sample [127]. The ORAC reaction mechanism is illustrated in Figure 4.
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Figure 4. The reactions occurring during the ORAC assay. AAPH—2,2′-azobis(2-methylpropionamidine)
dihydrochloride.

The ORAC assay measures both hydrophilic and lipophilic antioxidant capacities
against biologically relevant peroxyl radicals. This feature makes ORAC superior to other
spectrophotometric assays for assessing antioxidant potential, as the radicals used in the
test are more representative of those found in biological systems [128,129]. The ORAC scale
is used by the United States Department of Agriculture (USDA) to compare the antioxidant
activity of various foods [130]. Notably, other oxidants present in the body, such as singlet
oxygen, are not accounted for in the ORAC assay [25]. However, the assay may be affected
by secondary reactions related to the radical chain-breaking process or the presence of
metal ions [131]. Elements like Cu, Fe, zinc (Zn), and aluminum (Al) can reduce the
antioxidant capacity measured by the ORAC assay. This effect is attributed to the formation
of phenol-metal complexes. The release of phenolic compounds can increase the antioxidant
potential of the test sample [132]. Moreover, the use of solubility enhancers, such as
cyclodextrins, in the ORAC assay may interfere with the measurement of antioxidant
activity, as demonstrated in previous studies [133,134]. Nevertheless, cyclodextrins are still
used in the ORAC assay [135].

5.1.2. Comparative Analysis of Methodological Approaches in Previous Studies on
Plant Materials

In the original ORAC protocol, β-phycoerythrin (β-PE) was used as the fluorescent
probe; however, it exhibited several disadvantages, including photosensitivity and batch-
to-batch variability. Consequently, fluorescein was adopted as a replacement for β-PE,
effectively eliminating these issues [136]. Pyrogallol red has also been evaluated as a fluo-
rescent probe; however, the results obtained showed no correlation with ORAC-fluorescein
values. Moreover, the antioxidant capacity measured with fluorescein was significantly
higher than that obtained with pyrogallol red [137]. Although the ORAC assay follows a
relatively standardized methodology, variations in wavelengths have been reported across
studies (Table 6). There is a need to establish the most suitable wavelength to enable better
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comparison of results across studies. In most studies, the wavelength is optimized within
each laboratory and depends on the food matrix (Table 6). These discrepancies can directly
influence the results, which are expressed as the net area under the curve (AUC). The rate
of fluorescence loss in the blank sample is compared with that of the test sample [24].

Table 6. Comparison of previous approaches in the ORAC assay.

Tested Material Standard Substrates Type and Time
of Incubation Wavelength Source

Various plants
extracts Trolox

0.3 mL of extract, 75 mM phosphate
buffer (pH 7.4), 1.8 mL of fluorescein
(70 nM), 0.9 mL of AAPH (12 mM)

60 min, 27 ◦C 530 nm [138]

Polyphenols Trolox

20 µL of sample (75 mM phosphate
buffer (pH 7.0) mixed with 10 mg of
test sample), 0.2 mL of fluorescein

(94.4 nM), 75 µL of AAPH (31.7 mM)

10 min, 37 ◦C 528 nm [139]

Oranges Trolox
50 µL of extract, 75 mM phosphate
buffer (pH 7.0), 50 µL of fluorescein
(78 nM), 25 µL of AAPH (221 mM)

15 min, 37 ◦C 535 nm [136]

Berries Trolox
100 µL of extract, 75 mM phosphate
buffer (pH 7.4), 60 µL of fluorescein
(200 nM), 40 µL of AAPH (60 mM)

10 min, 37 ◦C 527 nm [140]

Maple syrup Trolox
120 µL of extract, 75 mM phosphate
buffer (pH 7.4), 30 µL of fluorescein
(400 nM), 50 µL of AAPH (200 mM)

15 min, 37 ◦C 527 nm [57]

Chlorella vulgaris Trolox
100 µL of extract, 75 mM phosphate
buffer (pH 7.4), 800 µL of fluorescein
(40 nM), 100 µL of AAPH (400 mM)

nd 520 nm [87]

Acai pulp Trolox
100 µL of extract, 75 mM phosphate
buffer (pH 7.0), 2.6 mL of fluorescein
(40 nM), 300 µL of AAPH (200 mM)

30 min, 37 ◦C 520 nm [141]

AAPH—2,2′-Azobis (2-methylpropionamidine) dihydrochloride; nd—no data.

6. Summary and Future Challenges
This article critically reviewed widely applied spectrophotometric methods for evaluat-

ing antioxidant potential. A key challenge in this area is the lack of standardized protocols,
leading to considerable variability in standards, solvents, extraction procedures, incubation
times, and assay conditions [142,143]. These methodological differences can influence
reaction kinetics, potentially leading to inconsistent and inaccurate results.

Furthermore, the use of varying measurement units within the same assay hinders the
direct comparison of results. This is especially noticeable in the DPPH method, where a
wide range of units are in use. To date, no consensus has been reached on a universal unit
for reporting antioxidant capacity.

In addition, extrapolating in vitro findings to in vivo conditions remains challenging
due to significant differences in radical species and pH levels between experimental assays
and the human body [26]. Nevertheless, some methods show greater biological relevance.
The CUPRAC assay, for instance, operates at a near-physiological pH, while the ORAC
method targets peroxyl radicals commonly present in the human body. These characteristics
may improve the applicability of in vitro results to in vivo conditions.

The popularity of spectrophotometric techniques stems largely from their simplicity,
low cost, and ease of use. According to the Association of Official Analytical Collaboration
(AOAC), existing guidelines mainly focus on validation procedures [144]. This may explain
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why most researchers tend to optimize nearly all parameters of a given method, including
incubation time, temperature, solvent type, and wavelength.

Undoubtedly, the evaluation of antioxidant activity should not be performed by a sin-
gle assay. The use of multiple techniques, each representing different reaction mechanisms
of bioactive compounds, increases the likelihood of accurately assessing their antioxidant
capacity. A positive correlation between results from different methods strengthens the
validity of the overall outcomes.

Nevertheless, significant differences in methodology still pose a major problem to
comparing data across studies. Variations in reagent selection, experimental protocols, and
reaction conditions remain key factors contributing to this lack of consistency (Table 7).
Among the methods discussed, CUPRAC has shown the highest consistency. This was
confirmed in a study quantifying measurement uncertainty, which reported a relative
uncertainty of ±3.05% at a 95% confidence interval based on apple juice analysis [145].

In contrast, the DPPH method exhibits the greatest variability among all the ap-
proaches, encompassing both methodological differences and units that do not accurately
reflect the true antioxidant activity. Research indicates that any alteration in these elements
can significantly raise uncertainty levels, with relative standard deviations reaching up to
11%, depending on the tested substance [146–148]. Nonetheless, the results of antioxidant
potential assays are generally positively correlated [69,149], supporting the rationale for
using multiple assays to obtain a more reliable assessment.

Among radical-based techniques, ABTS•+ demonstrates greater repeatability and
chemical stability compared to DPPH, which is highly susceptible to environmental factors.
Moreover, none of the current spectrophotometric assays fully replicate physiological con-
ditions, as the reactive species and chemical reagents employed are not naturally occurring
in vivo. Still, certain protocols—such as ORAC and FRAP—incorporate biologically mean-
ingful elements like peroxyl radicals and iron ions. These are, however, constrained by
non-physiological pH levels: 3.6 in FRAP and 10 in the Folin–Ciocalteu assay. In contrast,
the CUPRAC method operates at pH 7.0, aligning more closely with human biological
conditions and offering an advantage among SET-based techniques.

Table 7. The advantages and disadvantages of antioxidant spectrophotometric assays.

Method Feature Advantage Limitation Explanation

FRAP

pH X pH = 3.6
below physiological pH

Wavelength X 593 nm
Repeatability

Biological molecules X The method includes Fe ions, which naturally occur in
the body

Substrates used in
the method X Various molar ratios between FRAP reagent and

the sample

CUPRAC

pH X pH = 7
similar to physiological pH

Wavelength X 450 nm
Repeatability

Biological molecules X There is a lack of biologically relevant molecules

Substrates used in
the method X Repeatability of substrates and the molar ratio

among reagents
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Table 7. Cont.

Method Feature Advantage Limitation Explanation

DPPH

pH X pH = 5.0–6.5
below physiological pH

Wavelength X Various
e.g., 515, 516, 517, 525, 540

Biological molecules X There is a lack of biologically relevant molecules

Substrates used in
the method X Lack of a standardized concentration of

DPPH solution

ABTS+

pH X pH ~ 4.5–7.0 (near neutral):
however, large pH deviations may affect the reaction

Wavelength X 734 nm
Repeatability

Biological molecules X There is a lack of biologically relevant molecules

Substrates used in
the method X Variability in the concentrations of ABTS radical in the

working solution

FC

pH X pH = 10
above physiological pH

Wavelength X 700–760 nm—results can differ significantly
(high discrepancy)

Biological molecules X There is a lack of biologically relevant molecules

Substrates used in
the method X

Lack of unification
FCR can interact with hydroxyl groups present in

various compounds, not just phenols

ORAC

pH X pH = 7.0–7.4
similar to physiological pH

Wavelength X e.g., 528, 530, 535 nm
High discrepancy

Biological molecules X It allows for the assessment of the scavenging activity
against peroxyl radicals

Substrates used in
the method X Divergent concentrations of AAPH

A further obstacle is the inconsistent reporting of antioxidant capacity, often using mul-
tiple units within a single assay framework. This inconsistency hampers data interpretation
and cross-study comparisons.

Currently, no standard method exists for evaluating the antioxidant potential of plant-
based foods. There is an urgent need to establish a reference method to guide and unify
future analytical approaches.

7. Conclusions
Numerous spectrophotometric methods are available for assessing the antioxidant

potential of plant-based foods, primarily due to their simplicity and low cost. However,
substantial methodological inconsistencies have been reported across different assays.
Given the widespread application of in vitro spectrophotometric techniques, there is an
urgent need to standardize current protocols or to establish a universal reference method.
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