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Abstract Here, we report an improved method to analyze
antioxidant activity using the europium tetracycline assay
developed by Duerkop and Wolfbeis (J Fluor 15(5):755–
761, 2005). The europium tetracycline hydrogen peroxide
reduction assay (EHRA) accurately measures antioxidant
activity based on hydrogen peroxide scavenging. Several
known antioxidant compounds were assessed with the EHRA
and a stoichiometric relationship between the number of ox-
idant molecules trapped per molecule of antioxidant was
identified. Various extracts of hops were also tested to validate
this method for use with natural extracts; water extraction
yielded the highest level of antioxidant activity. Hop leaves

were shown to be a better source of antioxidants relative to the
traditional hop cones. The data also indicate that the EHRA
may serve to breach the hydrophilic/lipophilic gap in antiox-
idant screening as the europium tetracycline probe is effective
in many solvents. The EHRA thus provides a robust and
inexpensive measure of antioxidant activity.
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Abbreviations
EHRA Europium tetracycline hydrogen peroxide

reduction assay
EuTc Europium tetracycline
ROS Reactive oxygen species

Introduction

Reactive oxygen species (ROS) are a natural part of life and
are produced during aerobic growth due to the incomplete
reduction of oxygen [15, 30]. In addition, ROS may also be
produced following damage by ultraviolet (UV) light or
ionizing radiation. Various species of ROS have been found
to affect cellular function by impairing enzyme activity,
altering membrane permeability and damaging DNA [9,
19, 20]. Hydroperoxides are one of the major forms of
ROS which impact both cells and cellular environments
alike. ROS have also gained attention in the food and
beverage industry as they have been identified as key factors
in food spoilage [13]. Hydrogen peroxide (H2O2) was de-
termined to be the key ROS which caused staling during the
fermentation and maturation of lager beer [25, 43, 44, 50].
Prevention of early oxidation of beer during production has
been speculated to greatly increase subsequent shelf life,
flavor, and aroma characteristics [25, 45].
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A variety of natural compounds counteract these delete-
rious oxidants. These “antioxidants” include simple small
molecules such as sulfur dioxide as well as specialized
enzymes such as catalase or superoxide dismutase. Accord-
ingly, various techniques have been developed to measure
antioxidant activity. Free radical trapping reagents such as
1,1-diphenyl-2-picrylhydrazyl (DPPH) [2], 2,2′-azino-bis(3-
ethylbenzothiazoline-6-sulphonic acid) [4, 33], and the rad-
ical initiator 2,2′-azino-bis(2-amidinopropane) didryochlor-
ide [5, 27, 35] have been used for many years. Various other
approaches have also been employed, including chemilumi-
nescent methods involving luminol [46], electron spin res-
onance [22, 23], and enzymatic inhibition [39]. The majority
of these tests are either expensive or time-consuming and
often do not specifically test for biologically relevant oxi-
dants; the oxidant assessed is often generated by an enzyme
or a nonphysiological radical source. In addition, the anti-
oxidant–oxidant network is difficult to determine as there
are many pathways for assay inhibition, including interac-
tion with the probe, enzyme inhibition, and signal quench-
ing through interferents such as free ions.

Use of the europium tetracycline (EuTc) complex is a
novel approach to addressing these issues. EuTc is a
lanthanide-based fluorescent probe that has previously been
used to detect H2O2 [40], urea hydrogen peroxide [7], phos-
phate [11], glucose [47], and for catalase and peroxidase
activity assays [48]. Original studies by Rakicioglu et al.
[40] showed that H2O2 can cause a measurable increase in
the fluorescence of EuTc at 616 nm. Further studies by
Durkop and Wolfbeis [12] sought to optimize the assay
conditions and EuTc fluorescence finding that a near-
neutral pH gave an intense level of fluorescence and the
most significant difference between bound and unbound
hydrogen peroxide. The proposed mechanism of interaction
between the EuTc complex and hydrogen peroxide involves
the displacement of water molecules bonded to Eu3+ to form
a new ligand without undergoing any significant redox
reactions. The replacement of water with hydrogen peroxide
increases the level of sensitivity of the lanthanide ion caus-
ing an increased level of fluorescence when excited [12].
Lanthanide complexes are used due to their long lifetime,
sharp emission spectrum, large stokes shift, absence of self-
quenching, high quantum yield, and excellent solubility. In
contrast to the majority of antioxidant assays, this fluores-
cent probe works without the need for enzymatic reactions
or free radical generation, thus reducing complexity and
cost.

Here, we test the hypothesis that the method developed
by Durkop and Wolfbeis [12] could serve as a general
measure of antioxidant activity, which is defined here as
the reduction of hydrogen peroxide measured by the de-
crease in fluorescence of the EuTc compound. The europi-
um tetracycline hydrogen peroxide reduction assay (EHRA)

was found to be a low cost, high throughout antioxidant
assay, providing a quantitative measure of the ability of
various compounds to reduce H2O2. The utility of this assay
to measure the antioxidant activity of food components was
assessed using raw brewing materials in the form of hop
extracts. In addition, as the EHRA was also found to be
effective in different solvents, therefore it may well prove to
have a breadth of applications across clinical and industrial
research and testing.

Materials and methods

Reagents Six antioxidant compounds were purchased from
Sigma-Aldrich (Sydney, Australia): L-cysteine hydrochlo-
ride (cysteine), α-tocopherol (vitamin E), 4-hydroxy-3-
methoxycinnamic acid (ferulic acid), L-ascorbic acid (vita-
min C), gallic acid, and quercetin. Europium hexahydrate,
tetracycline hydrochloride, 3-(N-morpholino)propanesul-
fonic acid (MOPS), perchloric acid (70 %), were also
obtained from Sigma-Aldrich. Hydrogen peroxide (30 %)
was purchased from UNIVAR (Sydney, Australia). All sol-
utions and reagents were made using double-distilled water
(resistance018.2 mΩ/cm2). MOPS buffer (26 mM) was
adjusted to pH6.95 using 70 % perchloric acid. The EuTc
reagent was prepared by dissolving 2.33 mg EuCl3

.6H2O
and 1 mg tetracycline hydrochloride in 10 mL of MOPS
buffer (Durkop et al. 2005).

Antioxidants The six antioxidant compounds were dis-
solved in 60 % methanol (quercetin and α-tocopherol) or
water (L-cysteine, ferulic acid, L-ascorbic acid, and gallic
acid) to a stock concentration of 30 mM prior to running the
antioxidant assay based on the compounds solubility.

Extraction of antioxidants from hops Cones and leaves from
Pride of Ringwood hops (green, kiln or freeze dried) were
acquired from Foster’s Group, Australia. Prior to extraction,
dry weight percentage was determined following overnight
drying in an oven, 80 °C. The cones and leaf material were
finely chopped and crushed in a mortar to produce a coarse
powder. Several different extracts were produced for analysis.

1. Acetic acetate buffer. 50 mM solutions of acetic acid
and sodium acetate were mixed 41:9 (v/v, pH4.0). Ab-
solute ethanol (EtOH) was added to give a final con-
centration of 20 % (v/v). The ground hops (1 g) were
extracted using 29 mL of acetic acetate buffer. The
extract was autoclaved for 15 min at 115 °C, 15 psi
within a tightly closed vessel. After cooling, the extract
was centrifuged at 800×g for 5 min to remove debris.
The supernatant was then centrifuged at 9,000×g and
aliquots were stored at −20 °C for analysis. This
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extraction method closely resembles the kettle boiling
of hops in the brewing process.

2. Sequential. The ground hops (0.5 g) were extracted in
seven successive steps using round bottom flasks under a
condenser, with constant stirring. First, water was used as
the solvent, followed by 10, 20, 40, 60, 80, and 95% (v/v)
EtOH. Each step involved extraction for 1 h at either room
temperature (i.e., COLD, 21 °C) or with heating (i.e.,
HOT, 100 °C). The extract was then centrifuged at
5,000×g for 5 min (10 °C) and the resulting supernatant
from each extraction step was stored at −20 °C for future
analysis. The solvent used in the next step was then added
(30 mL) to the pellet and the process repeated.

3. Nonsequential. The ground hops (0.5 g) were extracted
in 30 mL of 95 % (v/v) EtOH (i.e., P95% EtOH).
Round-bottom flasks were used under a condenser with
constant stirring for 1 h under either COLD or HOT
conditions. Upon completion, the supernatant for each
sample was centrifuged at 5,000×g for 5 min (10 °C)
then stored at −20 °C.

Frozen samples from each extraction step were thawed
overnight at 4 °C and subsequently centrifuged at 10,000×g
for 10 min (4 °C) immediately prior to use.

EHRA standard curve H2O2 was diluted to yield a stock
concentration range of 0–4 mM, and 25 μL of each were
added to microtitre plate wells containing 140 μL of MOPS
buffer, 60μL of EuTc reagent, and 25μL of assay diluent (i.e.,
in ethanol, methanol, acetic acetate buffer, water, or MOPS
buffer). The resulting fluorescence was measured 20 min after
addition of the oxidant solution. Linoleic acid hydroperoxide
(LAOOH), cumene hydroperoxide (CHP), peroxynitrite,
menadione, and diamide were also tested in this way to
determine sensitivity of EuTc probe to various oxidants.

EHRA Prior to testing, 60 μL of EuTc reagent was reacted
with 25 μL of oxidant working solution for 20 min within a
microtitre plate well containing 155 μL of MOPS buffer. This
gives a final oxidant concentration of 200 μM, allowing an
antioxidant activity range of 0–200 μM. Fluorescence was
measured 20min after addition of the oxidant solution. Extract
or antioxidant compound (10 μL) was added and mixed on a
microtitre plate shaker. Fluorescencewasmeasured again after
20 min incubation. In order to determine the effects of extracts
and antioxidants on the EuTc reagent, water was added instead
of oxidant; this served as the assay blank to determine the
affects of the antioxidant tested on the background fluores-
cence. Antioxidant activity was calculated as the amount of
hydrogen peroxide that was reduced measured by a decrease
in fluorescence on the EuTc probe.

All fluorescence measurements were acquired on a Cary
eclipse fluorescence spectrophotometer with microplate

adapter. EHRA was conducted in a 96-well plate with all
samples run in triplicate. Fluorescence was excited at
400 nm and emission was measured at 616 nm. Band passes
were set at 5 and 10 nm for excitation and emission slits,
respectively. PMT voltage was set at 600–650 V. All incu-
bations and measurements were carried out at room temper-
ature (22 °C).

DPPH assay The DPPH assay was carried out as previously
described [2]. Briefly, a 125 μM DPPH solution was made in
100 % (v/v) methanol immediately prior to use (A492nm of
0.450–0.500). A calibration curve was generated using a
30 mM ascorbic acid stock solution diluted to a range of 0–
200 μM in methanol. Fifty microliters of sample was added to
150 μL of 125 μM DPPH and mixed vigorously on a micro-
titre plate shaker in the dark for 10 min at room temperature
(22 °C). The absorbance was read at a wavelength of 492 nm.
Absorbance measurements were acquired on a Multiscan EX
(Thermo Electron Corporation). Antioxidant activity was
calculated by the following equation: % reduction ¼
OD492nmDPPH control�ODsampleð Þ OD492nmDPPH=

controlÞ � 100.

Results

Determination of EuTc probe sensitivity to various oxidants
Several oxidants were incubated with the EuTc to determine
whether different forms of oxidation would cause a change in
fluorescence (Fig. 1). LAOOH and H2O2 caused an increase
in fluorescence in relation to oxidant concentration. CHP,
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Fig. 1 The effects of several oxidants on the fluorescence of the EuTc
probe. Linoleic acid hydroperoxide (LAOOH), hydrogen peroxide
(H2O2), cumene hydroperoxide (CHP), peroxynitrite, menadione and
diamide (final concentration, 0–200 μM) were incubated with the EuTc
probe and fluorescence was measured to determine level of sensitivity
to oxidant (errors bars ±SD, n03)
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peroxynitrite, menadione, and diamide were shown to have no
impact on the fluorescence of the EuTc probe over the con-
centration range tested (0–200 μM).

Determination of antioxidant activity of various compounds
Several common antioxidant compounds with one to five
hydroxyl groups (Fig. 2) were tested in parallel using the
EHRA and the well-established DPPH assay; as an example,
the calibration curves for ascorbic acid, generated by each of
these assays, is shown (Fig. 3). The antioxidant compounds
were chosen as they have been tested previously and shown
to have measurable levels of antioxidant activity. The result-
ing IC50 values from the standard curves indicated a com-
parable trend in the two assays in terms of assessing
antioxidant capacity (Table 1). Notably, the EHRA was
substantially more sensitive than the DPPH assay (i.e.,
requiring 5- to 50-fold less antioxidant to establish an
IC50), and had a larger dynamic range. In addition, the
EHRA was highly sensitive to the number of hydroxyl
groups in a given antioxidant molecule; there was a strong
correlation between the IC50 of an antioxidant and the
number of hydroxyl groups (R200.92 for the EHRA vs.
0.65 for the DPPH assay; Fig. 4).

Determination of antioxidant activity of hop extracts To test
the applicability of the EHRA in the food and beverage
industry, the antioxidant activity of hop extracts used in
the production of lager beer was assessed. In the first in-
stance, an acetic acetate buffer (pH4.0) with 20 % EtOH (v/v)
was chosen as it closely resembles the acidic environment of
lager beer fermentation. Autoclaving at 115 °C was used to
simulate kettle boiling as this process involves temperatures
between 100 and 120 °C. Although the apparent antioxidant
activity was always somewhat lower in the EHRA vs. the
DPPH assay, both showed that green cone extracts had the
highest level of antioxidant activity, and that kiln drying prior
to extraction resulted in a 50 % or greater loss of antioxidant
activity (Fig. 5). In contrast, the EHRA also identified a high
level of antioxidant activity in the green leaf extract that was
not detected by the DPPH assay (Fig. 5). Thus, the EHRA
indicated that kiln drying consistently reduced the antioxidant
activity in both cone and leaf extracts, a critical effect that was
not reproducibly detected by theDPPH assay. According to the
EHRA, the antioxidant activity of the green leaf extract was
∼70 % that of the green cone extract, and over 200 % higher
than that of the kiln-dried cone extract, the latter being the most
commonly used hop extract in lager beer fermentation.

In an effort to more fully extract potential antioxidant
compounds, further testing of hop extracts was carried out

Fig. 2 The chemical structures
of antioxidant compounds used
in this study. The bracketed
numbers represent the number
of hydroxyl groups on each
molecule

Fig. 3 Standard curves generated using ascorbic acid for both the
EHRA (R200.97, closed symbols) and DPPH assay (R200.98, open
symbols). Errors bars ±SD, n03. Each point represents the percentage
reduction of oxidant/radical after incubation

Table 1 Antioxidant compounds comparing EHRA and DPPH reduc-
tion (errors shown are ±SD, n03)

Antioxidant EHRAa DPPHa

Quercetin 1.41±0.45 51.86±0.79

Gallic acid 1.68±0.32 37.05±0.84

Ascorbic acid 9.33±1.06 181.64±1.93

Ferulic acid 16.22±2.01 186.64±9.87

Tocopherol 21.74±2.48 192.75±8.33

Cysteine 25.20±3.69 224.95±6.73

a Values shown are the IC50 (micromole)
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using both a sequential extraction process with increasing
concentrations of EtOH, and a nonsequential process with
95 % EtOH (P95% EtOH). Kiln-dried extracts were chosen
for this test as they are the most stable form of hop extract
and are also used most frequently in the industry. Again,
comparison of the EHRA and DPPH assay revealed similar
trends but differing specific results (Fig. 6). Except for the
P95% EtOH leaf extract, both assays showed that HOT
extraction offered little or no advantages over COLD, and
indeed, in the case of cone extracts, the DPPH assay indi-
cated that heating was detrimental to antioxidant activity in
some instances. In all cases, with the exception of the 80 and
95 % sequential EtOH extracts, the DPPH assay consistently
identified a higher level of antioxidant activity in the cone
extracts relative to those from leaf; except with water ex-
traction alone, the EHRA indicated that cone and leaf
extracts had comparable levels of antioxidant activity.
Nonetheless, both assays identified water as consistently
extracting the most antioxidant activity from both cones
and leaves. Thus, in comparing the water and the P95%
EtOH extracts, the results of both assays suggested that
antioxidant compounds in the leaves are largely soluble,

Fig. 4 Antioxidant compounds tested by EHRA (R200.92, closed
symbols) and DPPH assay (R200.65, open symbols). Each point rep-
resents the IC50 value obtained from the serial dilution of an antioxi-
dant compound (errors bars ±SD, n03). Symbols represent 1 cysteine
(square), 2 α-tocopherol (circle), 3 ferulic acid (diamond), 4 ascorbic
acid (upward triangle), 5 gallic acid (downward triangle), 6 quercetin
(right triangle)

Fig. 5 Antioxidant activity of hop extracts assessed using the a EHRA
and b DPPH assay. Errors bars ±SD, n03. Each point represents the
percentage reduction of oxidant/radical after incubation

Fig. 6 Antioxidant activity in EtOH and water extracts from kiln-dried
hops assessed using the a EHRA, and b DPPH assay (errors bars ±SD,
n03). Each point represents the percentage reduction of oxidant/radical
after incubation

J Chem Biol (2012) 5:143–150 147



whereas the cones may contain compounds that are more
readily extracted with the addition of EtOH.

Finally, three solvents (methanol, ethanol, and acetic ace-
tate buffer) were tested with EuTc to determine whether high
concentrations of solvent would alter the fluorescence of the
complex. Very little change in fluorescence levels were
observed with these solvents. Notably, however, the variance
in the data was lowest in organic solvents (Table 2). As a
whole, the data indicated that both hydrophilic and lipophilic
antioxidants could be tested in parallel in future application.

Discussion

The approach tested here enables the accurate determination
of antioxidant activity in terms of hydrogen peroxide scav-
enging. The EHRA is highly sensitive, showing a strong
correlation between antioxidant activity and the structure of
the antioxidant molecule. We propose that the EHRA can be
used to breach the hydrophilic/lipophilic gap in antioxidant
screening as the assay works with many solvents. We, and
others, also show that the EuTc probe is sensitive to a
limited number of oxidants including hydrogen peroxide,
linoleic acid hydrogen peroxide, and urea hydrogen perox-
ide [7]. Also, it is important to note that unlike many
conventional antioxidant assays, the reagents for the EHRA,
with the exception of the oxidant, can be made in advance.
In an initial test for breadth of applicability, particularly in
terms of potential applications in industrial testing, the
EHRA has also identified a difference in antioxidant activity
between extracts from hop cones and leaves.

The EHRA is thus both a robust and inexpensive assay to
determine antioxidant activity and its design allows for a
clear determination of antioxidant activity due to its pre-
incubation of the EuTc probe with hydrogen peroxide. Ad-
dition of sample after this pre-incubation forces the antiox-
idant/s to compete with the EuTc probe for hydrogen
peroxide; as hydrogen peroxide is reduced, water molecules
bind to Eu3+ resulting in a decline in the level of fluores-
cence of the sensitized lanthanide ion. This also aids in
limiting the level of interference from crude samples (i.e.,
containing high concentrations of ions or transition metals),

as the EuTc probe is close to saturation with hydrogen
peroxide. Several controls can be added to further validate
the potential of the EHRA. In this report, we have used a
measurement of activity based on background interference
due to the incubation of EuTc probe with antioxidant/extract
(i.e., without pre-incubation with hydrogen peroxide) and
the linear activity of hydrogen peroxide reduction over a
range of antioxidant/extract concentrations. It may be pru-
dent to further test the effects of ions or transition metals on
the fluorescence of the EuTc probe after saturation with
hydrogen peroxide in order to measure the reduction in
sensitivity. Overall, the EHRA is fast, simple, performs at
near-neutral pH, is minimally sensitive to the presence of
organic solvents, is not temperature dependent, and does not
use enzymes or radical generators.

In some ways, the EHRA can be compared to the com-
mercially available Amplex® Red assay kits. The Amplex®
Red reagent works by reacting with hydrogen peroxide to
yield Resorufin, a highly fluorescent compound. In order for
the Amplex® Red assay to work, there must be at least one
enzyme present, horse radish peroxidase, to catalyze the
hydrogen peroxide/Amplex® Red reaction [49]. While the
Amplex® Red reagent has been used for many applications
including glucose, cholesterol, uric acid, and phosphate
determinations, the compound exhibits a large spectral over-
lap for excitation and emission [49]. Also, as enzymes are
necessary, the price per assay is approximately 50 times
more expensive than the EHRA.

Common antioxidant assays used in the food and bever-
age industry are the DPPH assay and the oxygen radical
absorbance assay (ORAC) and derivatives [10, 42]. The
DPPH assay is cheap, simple, and uses a standard spectrom-
eter to measure a decrease in absorbance; although widely
used, the assay has some limitations in that it is not com-
petitive and DPPH is both the probe and the source of
oxidation [37]. Here, the DPPH assay appeared to indicate
higher apparent levels of antioxidant activity than did the
EHRA; however, this is due to the different method of
oxidation between the two assays; the EHRA uses hydrogen
peroxide and the DPPH assay uses free radical production
for antioxidant measurement. These comparisons are thus
relative rather than absolute. The ORAC assay was devel-
oped to determine the antioxidant activity of compounds
found in serum, and was later optimized to measure brewing
materials (i.e., wort, malt, and hops) [5, 27, 35]. This ORAC
assay has proven to be useful but has the added complexity
of being temperature sensitive and greatly affected by the
solvent system used for oxidation. The pattern of results is
similar for the EHRA and a derivative of the ORAC assay,
which measures the inhibition of oxidation of linoleic acid
by antioxidants [27]. That is, both assays determine a cor-
relation antioxidant activity in relation to the number of
oxidant molecules trapped per molecule of antioxidant.

Table 2 Comparing the
use of various solvents
with the EHRA (errors
represents ±SD, n03)

Solvent Fluorescence

Methanol 140.71±3.02

Ethanol 135.66±1.93

Acetic acetate buffer
(pH4.0)

129.38±5.61

Water 126.34±7.66

MOPS buffer (pH6.95) 126.33±4.37
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It is well established that hops play a crucial role in
protecting beer from spoilage through antioxidant activity
[31, 32]. Many factors have been shown to contribute to the
amount of antioxidant activity found in hops, including
cultivar, season, soil composition, and extraction process
[3, 6, 28, 36]. It has also been noted that hop leaves contain
some degree of antioxidant activity and that this activity is
not necessarily related to the activity found in the hop cones
[38]. We have shown using the EHRA and DPPH assay that
the assessed antioxidant activity of the hop extracts is based
on the extraction solvent, temperature, and whether or not
the material is dried. The green leaf and green cone material
tested using the EHRA, with extraction methods closely
related to brewing conditions, showed large amounts of
antioxidant activity compared to the extracts from kiln-
dried material. This has been shown previously using the
DPPH assay, although a reduction of approximately 5 %
was seen after kiln drying [24], in contrast to the EHRA
which showed ∼70 % reduction. In other food components,
heating/drying has also been shown to have a significant
effect, decreasing antioxidant activity in tea leaf and coffee
bean extracts by as much as 10 % using the DPPH assay or
prevention of linoleic acid oxidation [8, 41]. When using
water as the solvent on kiln-dried extracts, the EHRA
showed that leaf extracts contain a higher level of antioxi-
dant activity than the conventional hop cones used in indus-
try. This was not detected by the DPPH assay, most likely
due to the specificity of leaf extract activity towards H2O2 or
to a difference in solubility of active compounds between
leaves and cones. Both the DPPH assay and the EHRA
showed similar results for COLD and HOT extracts of
kiln-dried hops, pointing to the potential use of hop extracts
in preventing oxidative damage to lager beer prior to the
high temperatures of kettle boiling [26].

Hops have also been shown to be beneficial to health and
have gained appeal due to the high level of “active” poly-
phenols such as resveratrol which protect against cancer,
cardiovascular disease, and neurodegenerative disorders [1,
16–18]. Often, the link between level of protection, concen-
tration of polyphenols, and antioxidant activity is strong,
allowing for tests such as the EHRA to evaluate the potential
of natural extracts to promote health [29]. The use of leaf
material in the brewing industry could thus be a significant
step forward as today it is primarily seen as a waste product.

To date, there has been no standardized method to test
antioxidant activity. The International Congress on Antiox-
idant Methods was developed in 2004 for the purpose of
setting such standards, yet resulted in division among sci-
entists worldwide. It has been stated that one-dimensional
methods for testing natural antioxidants are irrelevant and
will not produce meaningful data [14]. For this reason,
many authors agree that several methods of testing should
be used to evaluate the complexity of antioxidant activity

[21, 34, 37]. Several “ideal” requirements for antioxidant
assays have been proposed in order to develop standardized
methods for application [37]. Briefly, the need for a clear
source of oxidation, a defined end-point and chemical mech-
anism, adaptability for both hydrophilic and lipophilic anti-
oxidants, and ability to show reproducibility with high
throughput. The EHRA is able to meet all these require-
ments and with minor adjustments can be made to work
under various conditions (i.e., oxidant, solvent, temperature
and pH). In combination with other methods, such as the
well-established ORAC assay, which test the various mech-
anisms of antioxidant action, including metal chelation, free
radical chain breaking, and oxygen scavenging, a wider
understanding of the antioxidant–oxidant network can be
established.

We thus propose that the EHRA can serve as a sensitive,
robust, high throughput, and inexpensive adjunct to the
arsenal of available antioxidant assays, equally at home in
basic research as well as industrial labs and applications.
This method allows for accurate determination of hydrogen
peroxide reduction by natural extracts, here demonstrated
for those important to the brewing process, which may help
to promote the use of particular hop varieties and extraction
processes.
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