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A new spectrophotometric assay for the determination of the polyphenolic content of olive oil is
presented. It is a substrate-recycling assay for phenolic compounds that employs tyrosinase in the
presence of excess NADH. The reaction of various phenols with the enzyme produces an o-quinone,
which is detected by recycling between reactions with the enzyme and NADH. The method offers
some advantages over the classical methods employed to determine the polyphenolic content of olive
oil, that is, ease and reproducibility of the analysis, highly increased sensitivity, and selectivity
toward phenolic compounds. The amount of total polyphenols was determined in virgin olive oils
both with the Folin-Ciocalteu reagent and with the proposed enzymatic method. The results suggest
a better estimation of the polyphenol content, as compared with the colorimetric method. This has
to be attributed to the different reactivities of the two methods toward phenols and catechols. Finally,
the enzymatic method demonstrates that there is a linear relationship between the olive oil phenolic
content and the antioxidative capacity of oil extracts.
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INTRODUCTION

Polyphenols are secondary metabolites occurring widely
in plant foods (Harborne, 1989). They exhibit antioxi-
dant and free radical-scavenging properties that render
them potential protecting agents against cardiovascular
diseases [reviewed by Visioli and Galli (1998a)].

As opposed to refined olive oil, virgin olive oil contains
a considerable amount of polyphenols that are respon-
sible for its pungent flavor and for its stability to
peroxidation. Olive oils are lower in tocopherols than
seed oils (Boskou, 2000); therefore, the presence of
phenolic compounds with antioxidant activity is of
particular importance because it correlates with the
resistance of oil to the development of rancidity (Gut-
finger, 1981; Papadopoulos and Boskou, 1991; Tsimidou
et al., 1992). Olive oil is the fat of choice in the
Mediterranean area, where the diet has been associated
with a lower incidence of coronary heart disease (Keys,
1995; Willet et al., 1995) and cancer (Trichopoulou,
1995; Lipworth et al., 1997). The major phenolic com-
pounds thus far identified in olive oil are caffeic, vanillic,
p-coumaric, o-coumaric, syringic, gallic, and p-hydroxy-
benzoic acids; tyrosol, hydroxytyrosol, oleuropein and
its aglycon, and ligstroside and its aglycons, together
with some nonphenolic compounds such as cinnamic
and elenolic acids (Boskou, 1996).

The most widely employed methods for evaluating the
polyphenolic content of olive oil are the Folin-Ciocalteu
colorimetric assay and high-performance liquid chro-
matography (HPLC). The former is quite simple and

requires few reagents, but it is limited by the low
specificity of the reagent toward polyphenols as any
reducing substance may interfere in the assay. The
method provides only quantitative information on the
phenolic content of the oil. An intrinsic limitation of the
method lies in the large number of phenolic compounds
present in olive oil. At present, at least 30 different
compounds have been reported to be present in virgin
olive oil (Boskou, 1996). As a consequence, the polyphe-
nol content of biological samples has to be referred to a
standard compound. On the other hand, HPLC is a very
sensitive and specific method, from both qualitative and
quantitative points of view, but it is time-consuming
because of the length of the chromatographic run. In
addition, as not all of the peaks revealed in the HPLC
chromatograms have been identified, it is impossible to
quantify the single phenols due to the absence of
suitable standard compounds.

Here we present a simple enzymatic assay aimed at
obtaining a selective and sensitive evaluation of phenolic
content of olive oil. It adopts a substrate-recycling
procedure that employs tyrosinase together with NADH
as a reducing agent. Tyrosinase (polyphenol oxidase, EC
1.14.18.1) is a multifunctional copper-containing enzyme
that catalyzes both the hydroxylation of phenols and the
oxidation of catechols to quinones (Figure 1). In the
presence of excess NADH, the resulting quinone is
reduced to catechol (Brown et al., 1994); the rate of
NADH oxidation is directly related to the phenol/
catechol content, thus allowing the estimation of the
total substrate amount. The recycling of the products
provides an amplification of the signal originally derived
from the enzymatic reaction (Brown et al., 1994).
Reduction of the quinones by excess NADH also in-
creases the stability of tyrosinase and prevents the
subsequent quinone polymerization that occurs in non-
recycling assays.
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EXPERIMENTAL PROCEDURES

Materials. Tyrosinase (3400 units/mg) and â-NADH were
from Sigma-Aldrich Co. (St. Louis, MO). Standard compounds
known to be present in olive oil (gallic acid, vanillic acid,
cinnamic acid, tyrosol, protocatechuic acid, p-hydroxybenzoic
acid, p-coumaric acid, and caffeic acid) were purchased from
Fluka (Buchs, Switzerland). All other reagents were analytical
grade products from Merck (Darmstadt, Germany). All of the
buffers and solutions used in the analyses were prepared by
the use of ultrapure water of the highest electrical resistance
(>18.2 MΩ‚cm2, obtained through a Milli-Q Millipore filter
system) to minimize the presence of metals that could catalyze
autoxidation of polyphenols.

Stock solutions of the standard phenolic compounds (1 mM)
were freshly prepared when needed by dissolving the com-
pounds in 7% acetic acid. NADH and tyrosinase solutions were
prepared in 50 mM phosphate buffer, pH 7.4. NADH concen-
tration was estimated by the molar extinction coefficient of
6220 at 340 nm.

Six different virgin olive oil samples were obtained from
various locations in Italy. An additional sample was a seed
oil (mixture of various seeds).

Polyphenol Extraction. Polyphenols were extracted from
oil according to the method of Montedoro et al. (1993). The
residues were kept at -20 °C until use. Immediately before
analyses, the extracts were dissolved in 1 mL of 7% acetic acid
(stock extract solutions) and kept in the dark in an ice bath.
Extracts labeled A-F were obtained from extra virgin olive
oils, whereas sample G is an extract of a seed oil devoid of
phenolic compounds that was used as negative control.

Tyrosinase-Catalyzed Oxidation of Phenolic Com-
pounds. The enzymatic oxidation of various standard phenolic
compounds by tyrosinase was monitored spectrophotometri-
cally with a Hitachi U-2000 doublebeam spectrophotometer,
with the scanning mode set between 200 and 600 nm. Incuba-
tion mixtures contained 20 µM phenolic compound and 20 EU
of tyrosinase in 1 mL of 50 mM phosphate buffer, pH 7.4. The
quinone products were estimated in the 380-420 nm range.
Kinetics of quinone production was followed continuously at
400 nm. In the recycling assay, incubation mixtures contained
20 µM phenolic compound, 150 µM NADH, and 20 EU of
tyrosinase in 1 mL of 50 mM phosphate buffer, pH 7.4. Kinetics
of NADH oxidation was followed continuously either spectro-
photometrically at 340 nm or fluorometrically, with excitation
wavelength set at 345 nm/5 nm slit width and emission
wavelength set at 450 nm/5 nm slit width, in a Jasco spec-
trofluorometer, model FP 770.

Colorimetric Evaluation of Total Phenols. The total
phenols were determined at 725 nm using the Folin-Ciocalteu
reagent. Five microliters of the stock extract solution was

diluted to 100 µL with 7% acetic acid. Then 50 µL of Folin-
Ciocalteu reagent was added. After 3 min, 100 µL of saturated
(∼35%) Na2CO3 solution was added. The solution was diluted
to 2.5 mL with water and vortex-mixed. Solutions were kept
in the dark for 90 min, and then the absorbance was measured
at 725 nm against a suitable blank. Caffeic acid, in the 0-50
µM range, was employed as a standard for the preparation of
the calibration curve. Results are expressed as milligrams of
caffeic acid equivalents per kilogram of olive oil (parts per
million).

Tyrosinase-NADH Recycling Assay. An aliquot of the
stock extract solution was diluted 1:20 with 7% acetic acid.
Forty microliters of this diluted solution was treated with 20
EU of tyrosinase and 150 µM NADH in 1 mL of 50 mM
phosphate buffer, pH 7.4. Reaction was followed by measuring
the rate of NADH oxidation to NAD+ at 340 nm. A calibration
curve of caffeic acid was prepared as described above. Results
are expressed as milligrams of caffeic acid equivalents per
kilogram of olive oil (parts per million).

DPPH Quenching Test. The radical-scavenging properties
of olive oil polyphenols were assayed by the 1,1-diphenyl-2-
picrylhydrazyl (DPPH) radical quenching test. Two microliters
of the stock extract solution was added to 1 mL of a 15 µM
ethanolic solution of DPPH and vortex-mixed. After 15 min of
incubation, the absorbance was measured at 517 nm (Visioli
and Galli, 1998b).

LDL Oxidation. LDLs were isolated by sequential ultra-
centrifugation from plasma obtained from healthy, normolipi-
demic human volunteers. Prior to their use, LDL samples were
desalted by size-exclusion chromatography. Protein content
was measured according to the method of Lowry et al. (1951).

LDLs were diluted with PBS and incubated at 37 °C in a
shaking bath throughout the experiments. Olive oil extracts
were added 30 min before the addition of 5 µM CuSO4 (final
concentration). Control samples were added with the vehicle
(ethanol) alone. Aliquots were withdrawn at 30 min, 1 h, 3 h,
and 6 h for the evaluation of oxidation markers.

The formation of thiobarbituric acid-reacting substances
(TBARS) and of lipid hydroperoxides (LOOH) was assessed
according to the method of Balla et al. (1991).

Statistics. Values are the mean of at least three determi-
nations ( SD. Linear regression analyses were performed with
appropriate software (Axum 6.0, Mathsoft).

RESULTS

Tyrosinase-Catalyzed Oxidation of Standard
Phenolic Compounds. Mushroom tyrosinase is well-
known for exhibiting a wide substrate specificity. Ac-
cordingly, it oxidizes a number of o-diphenols and
phenols such as catechol, 4-methylcatechol, phenol,
tyrosine, 3,4-dihydroxyphenylalanine, 2,4-dihydroxyphe-
nylalanine, dopamine, noradrenaline, adrenaline (Su-
gumaran et al., 1996; Prota, 1992), tyrosine amino-
terminal peptides, and tetrahydroisoquinolines (Rosei
et al., 1992, 1995). Given the broad tyrosinase specific-
ity, it was of interest to test tyrosinase activity on
phenolic compounds that are reported to be present in
virgin olive oil. Tyrosinase oxidation of standard phe-
nolic compounds was followed spectrophotomerically in
the range 200-600 nm. A list of the compounds tested
is reported in Table 1. The majority of the polyphenols
tested were found to be good substrates for tyrosinase.
Tyrosinase action on phenolic compounds gives rise to
the corresponding o-quinones, which exhibit a maximum

Figure 1. Schematic pathway of the reactions catalyzed by
tyrosinase and of the recycling reaction between o-quinone and
NADH.

Table 1. Substrates for Tyrosinase
compound reactivitya compound reactivitya

caffeic acid + p-hydroxybenzoic acid -
vanillic acid - p-coumaric acid +
tyrosol + protocatechuic acid +
hydroxytyrosol + gallic acid +
cinnamic acid -

a +, substrate; -, not substrate.
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absorbance at ∼400 nm. Typical spectral modifications
for the oxidation of caffeic acid are reported in Figure
2. The reaction rate can be monitored either by measur-
ing the rate of o-quinone production around 400 nm
(inset A) or, in the presence of excess NADH, by
measuring the rate of NADH oxidation to NAD+ at 340
nm (inset B). The rate of NADH oxidation is directly
related to the amount of phenolic compound present in
the incubation mixture. Also, the kinetics of the recy-
cling reaction is linear for a longer period of time and
the ∆A per minute is much higher, as compared to the
kinetics of the nonrecycling reaction. This phenomenon
makes it possible to calculate with great precision and
ease the reaction rate. Absorbance measurements of the
NADH oxidation rate enhance the assay sensitivity by
∼100-fold, as compared to the nonrecycling o-quinone
detection, yielding a detection limit of 0.20 µM for caffeic
acid. Fluorescence monitoring of the recycling reaction
achieved a further 10-fold enhancement of the detection
limit, being 0.019 µM for caffeic acid.

It is known that nonsubstrate compounds having a
structure similar to that of substrates may exert a
competitive inhibition on enzyme activity. A question
may arise as to whether nonsubstrates such as vanillic
or cinnamic acids may exert an inhibitory effect on the
enzyme activity. This hypothesis was investigated by
running experiments aimed at testing the effect of
nonsubstrates on the enzyme activity. No inhibitory
effect of these compounds on the kinetics of the enzyme
was observed (data not shown).

Evaluation of Phenolic Content of Olive Oil by
Enzymatic Assay. The polyphenol content of the oil
samples is given in Table 2. The results are obtained
both by the classic Folin-Ciocalteu colorimetric method
and by the enzymatic recycling assay. The values seem
to indicate a different phenolic content, as compared
with the colorimetric methods. However, a linear re-
gression analysis indicates that the two detection
methods are perfectly correlated, having an R2 value of
0.99 (Figure 3).

Antioxidant Capacity of Olive Oil Polyphenols.
In a first series of experiments, 5 µL of the stock extract

solution was added to the LDL samples that were to be
oxidized. As shown in Figure 4 and Figure 5, olive oil
extracts inhibited LDL oxidation in a manner that is
proportional to their phenolics concentration, as esti-
mated by the enzymatic assay. In particular, the degree
of potency of the extracts is D > E ) A > F > B > C.

To confirm the accuracy of the methodology, 30 ppm
of polyphenols (as evaluated by the enzymatic method)
from each extract was added to the LDL samples before
the addition of CuSO4. As shown by both TBARS and
LOOH evaluations, the inhibition curves of each extract
are superimposable, confirming that the enzymatic
method estimated the phenolic content of each extract
in a comparable manner (Figures 6 and 7).

Another series of experiments was made to assess the
radical-scavenging capacity of polyphenol extracts. A

Figure 2. UV-vis spectral changes of caffeic acid oxidized
by tyrosinase: (a) 20 µM caffeic acid in 50 mM phosphate
buffer, pH 7.4; (b) caffeic acid spectrum recorded after 3 min
of oxidation by tyrosinase. Incubation mixtures contained 20
µM caffeic acid and 20 EU of tyrosinase in 1 mL of 50 mM
phosphate buffer, pH 7.4. (Inset A) Kinetics of caffeic acid
oxidation at 400 nm. Incubation mixture was as above. (Inset
B) Kinetics of caffeic acid oxidation at 340 nm. Incubation
mixture contained 20 µM caffeic acid, 150 µM NADH, and 20
EU of tyrosinase in 1 mL of 50 mM phosphate buffer, pH 7.4.

Table 2. Polyphenol Content of Various Oil Samplesa

oil sample colorimetric assay enzymatic assay
A 66.0 ( 3.4 287.1 ( 5.6
B 40.6 ( 2.8 89.2 ( 3.4
C 34.6 ( 1.8 47.5 ( 0.8
D 114.3 ( 5.1 566.0 ( 6.2
E 68.3 ( 2.1 287.1 ( 3.1
F 62.4 ( 3.4 222.7 ( 2.8
G 0 ( 0 0 ( 0

a Values are means ( SD. Results are expressed as mg of caffeic
acid/kg of oil (ppm).

Figure 3. Linear regression between polyphenol content
estimated by the colorimetric method and by the enzymatic
method.

Figure 4. TBARS levels in oxidized LDL. Samples were
incubated with olive oil extracts as indicated under Materials
and Methods.
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stock extract solution (2 µL) was incubated in the
presence of 15 µM DPPH. The radical-scavenging ca-
pacity reveals that the activity is directly related to the
polyphenol content as assessed by the enzymatic method
(see Figure 8). The IC50 values for the polyphenol extract
are reported in Table 3.

DISCUSSION

In this paper, we propose a novel spectrophotometric
assay for the evaluation of the polyphenolic content of
olive oil. It appears from this study that estimating

polyphenol content in olive oil by the enzymatic method
may offer several advantages over the classical methods.
These advantages are as follows:

• The enzymatic method is rapid and easy, in contrast
to the Folin-Ciocalteu and the chromatographic meth-
ods, which need very long times.

• The enzymatic method had increased specificity and
sensitivity compared with the colorimetric method, as
the enzyme is able to specifically catalyze the oxidation
of phenolic or catecholic comopunds; also, the absor-
bance measurements of the NADH consumption rate
enhance the detection limit by 100-fold.

• In the case of weak activities or substrates giving
very unstable and reactive quinones, the recycling assay
allows a more accurate determination of the initial
rates. The duration of the linear period of kinetics is
increased, as compared to nonrecycling assay, allowing
a better estimation of kinetic values.

• The assay may be quickly and routinely performed
with standard laboratory spectrophotometers.

However, this method also presents some disadvan-
tages that can be summarized as follows:

• The assay provides only quantitative information
in contrast to the chromatographic method, which
allows both the identification of several compoundss
those for which authentic standards are availablesand
their subsequent quantitation.

• The enzyme does not catalyze the oxidation of
compounds such as cinnamic acid (not bearing a phe-
nolic group on the benzene ring), vanillic acid (bearing
an o-methoxyl group that does not allow the formation
of the o-quinone), and p-hydroxybenzoic acid [in which
the carboxylic function may deactivate the m-position,
thus preventing the oxidation to o-quinone (Prota,
1992)].

It is well-known that polyphenols have outstanding
antioxidant and free radical-scavenging properties that
render olive oils resistant to peroxidation. Previous work
by Gutfinger (1981) revealed that the stability to oxida-
tion is directly proportional to phenolic content, as

Figure 5. LOOH levels in oxidized LDL. Samples were
incubated with olive oil extracts as indicated under Materials
and Methods.

Figure 6. TBARS levels in LDL samples incubated with olive
oil extracts at the concentration of 30 ppm.

Figure 7. LOOH levels in LDL samples incubated with olive
oil extracts at the concentration of 30 ppm.

Figure 8. Linear regression between radical quenching effect
of the oil extracts and phenolic content, as estimated by the
enzymatic method.

Table 3. DPPH Quenching Test
extract IC50 (µg) extract IC50 (µg)

A 6.9 D 3.32
B 21.8 E 6.7
C 43.12 F 9.86

a The scavenging effect of olive oil extracts on DPPH was
evaluated as under Experimental Procedures, and IC50 values were
calculated by employing MacALLFIT as software.
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estimated by the colorimetric method. Hence, the anti-
oxidant activity is proportional to the phenolic content.
To validate the phenolic values obtained by the novel
methodology topic of this paper, a series of tests aimed
at evaluating the antioxidant capacity of the extracts
were performed. In particular, Figures 4 and 5 show
that the antioxidant capacity of the extracts, assessed
in a model of chemically oxidized LDL, was proportional
to their phenolic content, estimated according to the
enzymatic method. Similar results are obtained by the
DPPH radical quenching test (Figure 8). A second series
of experiments, in which the extracts were added at the
same concentration, confirmed that the values obtained
with the enzymatic method were reproducible regard-
less of the extract employed. In fact, when the extracts
were added at the concentration of 30 ppm, the inhibi-
tory effects of LDL oxidation were almost identical.

The colorimetric and enzymatic methods are thus
perfectly correlated, in terms of estimation of the
antioxidant activity of the phenolic extracts evaluated
with the two methods. Given this perfect correlation
between the two methods, the difference in the evalu-
ation of the polyphenol content may lie in the different
response of phenols and catechols to the two quantita-
tion methods. Actually, when equimolar amounts of
either phenolic or catecholic compounds are treated with
the Folin-Ciocalteu reagent, the colorimetric responses
are different: catechols yield higher responses. Con-
versely, when a phenol or a catechol is treated with the
enzymatic system, the ∆A per minute values are similar
for the two compounds, the only difference being an
initial lag-phase for the phenolic substrate (data not
shown). The different responses of the substrates may
therefore explain why the enzymatic assay seems to
overestimate the polyphenolic levels as compared with
the colorimetric method. Actually, in light of the above-
mentioned results, we conclude that the enzymatic
assay allows a more precise estimation of the phenolic
content because the response is similar regardless of the
substrates. It is noteworthy, though, that most phenolic
compounds are present in various aglycon forms, at the
moment unavailable as true standards. Future avail-
ability of pure compounds will allow the estimation of
complex mixtures.

In conclusion, the enzymatic method presented in this
paper is a valid and quick method to measure the total
amout of phenolics in olive oil. However, despite the
many advantages of the recycling assay, this method
cannot be proposed as the best way to identify and
quantify single phenolics. In fact, depending on the
purpose of the research, the chromatographic method
is to be employed as the only suitable method for a
simultaneous quali-quantitative determination of vari-
ous phenolic compounds. Finally, it will be very inter-
esting to test the enzymatic method for the detection
and measurement of polyphenols in biological fluids
such as human plasma, given the great importance of
phenolics in human nutrition.
ABBREVIATIONS USED

HPLC, high-performance liquid chromatography;
NADH, reduced nicotinamide adenine dinucleotide;
DPPH, 1,1-diphenyl-2-picrylhydrazyl; PBS, phosphate-
buffered saline; TBARS, thiobarbituric acid-reacting
substances; LOOH, lipid hydroperoxides; LDL, low-
density lipoproteins; UV-vis, ultraviolet-visible.
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