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A simple, low-cost, and rapid analytical method for determination of the total phenolic
content (TPC) in extra virgin olive oil samples (EVOOs) was developed, using digital images
as an analytical tool. The method is based on an optimized Folin-Ciocalteu (F-C) colorimetric
reaction, followed by digital image acquisition using a smartphone and processing with ImageJ®
software to obtain red, green, and blue (RGB) values. The method was successfully validated,
with recoveries between 73.11 and 112.65%, limits of detection (LOD) and quantification (LOQ)
of 0.41 and 1.38 mg L, respectively. The TPC determined for eight EVOOs from different
regions of the world were in the range of 186.38 to 378.87 mg gallic acid equivalent (GAE) kg™,
in accordance with some values reported in the literature. Statistical tests confirmed agreement
between the results obtained using the digital image method and a reference method employing
UV-Vis spectroscopy. The method complies with the principles of green chemistry, with reductions

of cost, solvent use, and analysis time.
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Introduction

Olive oil is extracted from the fruit of the olive tree
(Olea europaea L.), mainly employing mechanical
processes that involve pressing the olives.! Production
occurs in many countries, especially those surrounding
the Mediterranean,” as well as at a smaller scale elsewhere,
in countries including Brazil.? Olive oil is widely used in
nutritional diets, due to its health benefits and sensory
attributes.* According to European Union regulations,’ olive
oils are classified in three categories, based on their quality,
as extra virgin olive oil (EVOOQ), virgin olive o0il (VOO), and
common olive oil (OO), with maximum acidity contents
of 0.8, < 2.0, and > 2.0% per 100 g of oil, respectively.

EVOO is renowned for its health benefits, particularly
in the prevention or reduction of inflammatory processes
associated with conditions such as cardiovascular-cerebral
diseases and cancer.’ The benefits are mainly due to the
presence of high levels of fatty acids (comprising 98-99%
of the total weight of EVOO), especially oleic acid.” There
is also evidence that the phenolic fraction (1-2% of the total
weight) contains bioactive compounds (50-1000 mg kg')
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that may prevent oxidative damage and provide benefits
concerning plasma lipid levels in humans.®

To determine the total phenolic content (TPC) present
in EVOOs, the Folin-Ciocalteu (F-C) method is widely
used.’ The procedure is performed with a colorimetric
reagent formed by phosphotungstic acid (H,PW,,0,,) and
phosphomolybdic acid (H;PMo,,0,,), where the phenolate
ionis oxidized, while the phosphotungstic-phosphomolybdic
complex is reduced to form tungsten oxide (W;O,;) and
molybdenum oxide (MogO,;) (Figure S1, Supplementary
Information (SI) section). In addition, partially reduced
forms of phosphotungstic acid and phosphomolybdic
acid are formed, resulting in the production of byproducts
such as phosphate derivatives (PO,*") or other phosphorus-
containing compounds.'® The reaction produces a
blue color, enabling quantification of TPC by UV-Vis
spectrophotometry at a wavelength of 760 nm.*!" In
addition to the reference method, other techniques that have
been employed for the same purpose include analysis by
high-performance liquid chromatography with diode array
detection (HPLC-DAD),"? liquid chromatography coupled
to mass spectrometry (HPLC-MS),® and the use of solid
phase extraction (SPE) for sample preparation.'* These
methods aim to individually quantify phenols to obtain the
TPC.*34 However, all of them involve specific handling
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procedures, significant consumption of reagents and waste
generation, and lengthy analysis times.'s

In contrast, the use of the smartphone as an analytical
tool to perform qualitative and quantitative analyses by
the capture of digital images has emerged as an attractive
option, due to the cost reduction achieved by replacing
expensive instruments with portable devices, while at the
same time making analyses faster and more accessible.'®'8
Furthermore, the portability of the smartphone enables
analysis, processing of results, and sharing of data to be
performed in situ.'?' Recent studies have used digital
images as a tool for the determination of TPC in olive oil,*
beer,? fruits,'®** and vegetables.!’

Analysis using a smartphone requires software to
perform the acquisition and processing of digital images.
An example is Image]® software, developed by Wayne
Rasband at the National Institutes of Health (NIH).>2¢
This software allows the capture of images and their
subsequent processing using red, green, and blue (RGB)
channels for decomposition of a selected area of the
image.”” The values of the channels are directly correlated
with the color intensity of the solution and can then be
related to the concentration of the analyte.'” To ensure the
reproducibility of acquired images, they must be obtained
in an environment isolated from external interference and
with consistent environmental conditions. An example of
this is using an insulated box with an illumination system,
as mentioned in the literature.?*%

The aim of the present study was to develop a simple,
fast, and low-cost method for the quantification of TPC in
EVOO samples, using an optimized colorimetric reaction
with the Folin-Ciocalteu reagent and acquisition of digital
images with a smartphone. Three analytical protocols
were employed, as follows: (i) the reference method
employing the F-C reaction followed by UV-Vis analysis;’
(if) an adapted reference method with optimization of the
F-C colorimetric reaction followed by UV-Vis analysis;
and (iii) a digital image method using the optimized
colorimetric reaction followed by the acquisition of digital
images with a smartphone. Finally, the characteristics
of the methods, considering their compliance with the
principles of green chemistry, were evaluated using the
Green Analytical Procedure Index (GAPI).*

Experimental
Materials and reagents
The F-C reagent was purchased from Sigma-Aldrich

(Steinheim, Germany). Sodium carbonate was purchased
from Neon (Sao Paulo, Brazil). The solvents used were
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HPLC-grade methanol and hexane, purchased from Sigma-
Aldrich (Darmstadt, Germany). A gallic acid standard was
purchased from Sigma-Aldrich (Steinheim, Germany).
All the solutions were prepared with ultrapure water
(resistivity >18.0 MQ cm).

Analytical curve

A stock solution of gallic acid was prepared at
500 mg L' in a methanol-water mixture (80:20, v/v),
with subsequent dilutions to obtain seven solutions for
construction of the analytical curve, at concentrations
of 0.77, 1.92, 3.84, 5.76, 7.69, 11.00, and 15.38 mg L.
Chromogenic solutions were prepared using the F-C
reagent, following the procedures described in “Reference
method” and “Adapted reference method (optimization of
the colorimetric reaction)” sub-sections, for subsequent
analysis by the UV-Vis and digital image methods.

Samples

Eight different samples of EVOOs were purchased
locally in the city of Recife (Pernambuco state, Brazil).
The samples, labeled A1 to A8, were kept in amber bottles
under refrigeration, until extraction and analysis. Table S1
(ST section) provides information about the oils, including
code, bottling and expiry dates, and country of origin.

Sample extraction

The extraction of TPC was performed as described
previously by Ricciutelli er al."® For this, 2.5 g of the
sample were diluted in 2.5 mL of hexane, followed by
addition of 2.5 mL of methanol:water (80:20, v/v). The
mixture was then agitated using a vortex mixer (KASVI,
Brazil) for 5 min and separated in a centrifuge (Quimis,
Sao Paulo, Brazil) at 5000 rpm for 5 min. This procedure
separated the methanolic phase (containing the phenolic
components) from the supernatant. The same procedure
was repeated twice, obtaining a final 7.5 mL volume of
methanolic extract, which was washed using 2.5 mL of
hexane. The resulting extract rich in phenols was then
analyzed immediately.

Quantification of total phenolic content (TPC)

Reference method

The TPCs of the EVOOs were quantified using a
previously validated UV-Vis reference method employing
the Folin-Ciocalteu (F-C) reagent.” A 0.5 mL volume of
the methanolic extract obtained by the above procedure
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(“Sample extraction” sub-section) was transferred to a
50 mL volumetric flask and diluted by addition of 2.5 mL
of F-C reagent and then 7.5 mL of 20% (m/v) Na,CO,
solution. The final volume was adjusted with deionized
water and the reaction was performed for 120 min (in
the dark). Analysis was then performed using a UV-Vis
spectrophotometer (model UV-1280, Shimadzu, Japan) set
at 760 nm. The TPC values were expressed as mg gallic
acid equivalent (GAE) kg oil.

Adapted reference method (optimization of the colorimetric
reaction)

The reference method described in “Reference method”
sub-section was adapted to make it more accessible and
faster, since its original implementation required substantial
quantities of reagents and a long analysis time. For this
purpose, the colorimetric method was optimized using a
2* full factorial design (Table S2, ST section) with five central
points (21 runs), aiming to find the best condition, considering
the following parameters: F-C reagent volume (A), Na,CO;
solution volume (B), Na,CO; concentration (C), and
reaction time (D). The experiments were performed using
a random sample of EVOO, applying the same extraction
procedure described in “Sample extraction” sub-section.
The analytical response was the absorbance value for TPC,
which was measured using the UV-Vis spectrophotometer,
as described in “Reference method” sub-section.
The 2 full factorial design was implemented using
Design Expert v. 7.0 software® adopting a 95% confidence
level. The best conditions were then defined as follows:
0.25 mL of F-C reagent, 2 mL of 10% (m/v) Na,CO, solution,
and reaction time of 30 min. Evaluation was also made of
the stability of the colorimetric reaction during 120 min,
employing a 9 mg L' gallic acid solution and analysis at
10-min intervals using the UV-Vis spectrophotometer.

Proposed method using digital images

To perform the acquisition of digital images, a
homemade box was constructed that had inlets for a
smartphone camera and a sample cuvette. An internal
light emitting diode (LED) lighting system was installed
that allowed adjustment of the light intensity.” The
digital image acquisition parameters were established
after carrying out univariate tests to evaluate the effects
of LED intensity (off, minimum, and maximum), distance
between the sample and the camera (10, 13, and 16 cm),
and RGB channel selection. The response used was based
on the highest coefficient of determination (R?) from
analysis of the analytical curves (in duplicate) for the
solutions described in “Analytical curve” sub-section.
The best condition was as follows: minimum distance of
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10 cm between the sample and the smartphone camera,
LED light source at maximum intensity, and use of the
green channel, resulting in R? > 0.99, as shown in Table S3
(ST section, see runs 3 and 4). This digital image capture
condition was then used to obtain the analytical curves
and quantify TPC in the samples.

All samples were prepared according to the extraction
procedure described in “Sample extraction” sub-section,
followed by the optimized colorimetric reaction for the
samples and standard solutions, as presented in “Adapted
reference method (optimization of the colorimetric
reaction)” sub-section. The digital images were captured and
saved in JPG format, according to the primary color pattern
formed by the red (R), green (G), and blue (B) histograms.
The region of interest (ROI) of the digital images was
selected and processed using the Image]® software.?>2>2
The digital image of the blank (composed of the F-C reagent
mixed with Na,CO; and ultrapure H,O) was used as the
background. The default value adopted for the area of the
region of interest was 32 x 32 pixels. The analytical signal
was obtained using the equation S (signal) = —log(l/1,),
based on the Lambert-Beer law, where 1 is the R, G, or B
value of the sample or standard solution, and 1, is the value
measured for the blank. A diagram of the methodologies
described in “Adapted reference method (optimization of
the colorimetric reaction)” and “Proposed method using
digital images” sub-sections is provided in Figure 1.

Method validation

The validation parameters were determined as
stipulated by the National Institute of Metrology, Quality,
and Technology (INMETRO)?*? and National Health
Surveillance Agency (Anvisa).** The parameters evaluated
were precision, recovery, and limits of detection (LOD) and
quantification (LOQ), as described below.

Precision

Precision was determined using the coefficient of
variation (CV), calculated as CV (%) = (SD/x) x 100,
where x is the sample group mean and SD is the standard
deviation. A value < 5.3% was considered acceptable.

Recovery

Recovery (R, in percentage) was determined by analysis
in triplicate of three different samples fortified with gallic
acid standard at three concentration levels (2, 8, and
14 mg L"). The values were calculated using the equation
R (%) = (C,— C,/C,) x 100, where, C, is the concentration
measured in the fortified sample, C, is the concentration for
the unfortified sample, and C, is the added concentration.
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Figure 1. Diagram of the methodologies for preparation and analysis of the EVOO samples using the adapted reference method (“Adapted reference method
(optimization of the colorimetric reaction)” sub-section) and the proposed digital image method (“Proposed method using digital images” sub-section).

Limits of detection (LOD) and quantification (LOQ)

LOD and LOQ were determined using the formulas
3 x o/m and 10 x o/m, respectively, where o is the standard
deviation from ten measurements of the analytical blank,
and m is the slope of the analytical curve.

Statistical analysis

Statistical analysis of the precision and accuracy of
the methods was performed using the F-test to evaluate
similarity of the variances. Additionally, the significance
of differences was determined using the paired 7-test with a
95% confidence level. The analyses were performed using
the R (v. 2022.12.0) environmental software package.**

Results and Discussion
Optimization of the colorimetric reaction using F-C reagent

The results obtained by the 2* full factorial design were

Normal Plot

(a)
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analyzed using a normal plot graph (Figure 2a). The primary
effects were negative for F-C reagent volume (parameter A)
and positive for Na,CO, concentration (parameter C). The
effects associated with Na,CO; volume (parameter B),
reaction time (parameter D), and interactions among the
parameters were not significant. Hence, the best condition
was using F-C reagent volume at 0.25 mL, Na,CO, volume
at 2 mL, Na,CO; concentration at 10% (m/v), and reaction
time at 30 min, resulting in numerical optimization at the
93% desirability level, as shown in the response surface
graph of Figure 2b.

In addition, a univariate evaluation was performed of
the stability of the complex over time, in the interval from
10 to 120 min, comparing the optimized method and the
reference method. Figure S2 (SI section) shows the stability
graph, indicating that stability was reached in 30 min, in a
shorter time and with higher absorbance, when compared
with the reference method, which was described using
a reaction time of 120 min.’ Therefore, the optimized
colorimetric reaction provided significant decreases of

Figure 2. Normal plot (a) and response surface graph (b) referring to 2 full factorial design for optimization of colorimetric reaction.
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reagents consumption, reaction time, and waste generation,
relative to the reference method.

Analytical curves

For all three methods, linear correlation was observed
between the analytical signal and the concentration of gallic
acid (mg L") (Figure 3a), with R? > 0.99 for the reference
method (Figure 3b), adapted reference method (Figure 3c),
and proposed digital image method (Figure 3d), in
accordance with validation guidelines.*>* For the digital
imaging method, the green channel (G) (Figure 3d) was
selected for the quantification of TPC in the EVOO
samples. It presented greater analytical sensitivity (angular
coefficient = 0.1375), and exhibited the highest coefficient
of determination (R* = 0.9947), which indicates superior
analytical performance.

Methods validation

Table 1 shows the results of the recovery tests
using three random EVOO samples and three quality
control (QC) levels. The recoveries obtained were within
the range from 70 to 120%, which are the limits of the
validation guideline.?>333

The LOD and LOQ values for the adapted reference
method were 0.36 and 1.21 mg L, respectively, with CV
0f 0.42%. For the proposed digital image method, the LOD
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Table 1. Recovery values for low (2 mg L), medium (8 mg L), and
high (14 mg L") quality control (QC) levels, for the adapted reference
and digital image methods

Adapted reference  Digital image

Sample QC/(mg LY method / % method / %
2 87.00+12.10  77.75+4.70
1 8 94.00 + 1.30 81.19 +7.90
14 70.57 + 1.39 73.11 +2.58
2 110.5 + 8.20 81.44 + 12.0
2 8 79.5 + 6.40 74.78 + 13.50
14 81.15£0.39  96.18+ 11.58
2 11570 £3.10 112,65 + 10.40
3 8 88.00£880  106.95 % 13.50
14 81.70+8.89  80.78 + 10.08

and LOQ values were 0.41 and 1.38 mg L, respectively.
The simplicity and sensitivity of our method are notable
when compared to other studies in the literature. However,
Calabria et al.,”> who also utilized digital images, reported
LOD of 30 mg L', which is approximately 70 times higher
than our value. Hence, the values for the two methods were
very similar, with low coefficient of variation (CV), within
the maximum limit stipulated in the validation guideline.?>*
These values were lower than the LOD and LOQ of 0.946
and 2 mg L', respectively, found by Dini et al.* using the
F-C reaction and UV-Vis analysis.
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Figure 3. Color scale according to concentration (a), and analytical curves for the reference method (b), the adapted reference method (b), and the digital

image method for the three channels (R, G, and B) (d).
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Sample analyses

The methods were applied for quantification of TPC
in the EVOO samples (Table 2). The values, relative
errors (%), and statistical parameters are summarized in
Table S4 (SI section). The values for the reference method
were from 186.38 to 378.87 mg GAE kg'!, while those
for the adapted reference method were from 170.85 to
403.94 mg GAE kg'. Low relative errors were obtained
for comparison of the two methods, ranging from —1.40 to
9.72%. In addition, for all the samples, application of the
two-sided paired t-test (95% confidence level, p > 0.05)
revealed no statistically significant differences between the
methods. Application of the F-test resulted in values lower
than the critical F-value (19.00), indicating that the methods
were statistically the same. Therefore, the adapted reference
method was confirmed to be effective in quantifying TPC
in the EVOOs, with performance equivalent to that of the
reference method.

Table 2. TPC values for analysis of the eight extra virgin olive oil samples
(EVOOs) using the reference, adapted reference and digital image methods

Reference Adapted Digital image

Sample method / reference method / method /

(mg GAE kg™) (mg GAE kg™) (mg GAE kg™)
Al 304.69 £ 16.51 326.12+7.74 340.52 = 13.30
A2 227.70 £3.25 218.01 +6.17 236.08 £ 7.91
A3 33474 £ 18.11 308.87 = 11.79 358.85 + 6.64
A4 186.38 = 10.66 170.85 + 8.64 185.86 +3.58
AS 378.87 £ 17.59 403.94 +4.23 350.44 +7.28
A6 340.38 = 11.38 328.56 = 11.13 379.59 = 5.66
A7 329.11 £7.09 32449 £ 12.73 355.57 £8.28
A8 257.75 £ 12.28 282.79 +10.40 278.09 + 8.28

GAE: gallic acid equivalent.

The TPC values (Table 2), relative errors (%), and
statistical parameters for analysis of the EVOOs by the
reference and digital image methods are summarized in
Table S5 (SI section). For the digital image method, the
TPCs ranged from 185.86 to 379.59 mg GAE kg'. In
comparison with the reference method, the relative errors
ranged from 0.28 to 11.75%, highlighting the similarity
between them. For all the samples, application of the two-
sided paired #-test (95% confidence level, p < 0.05) revealed
no statistically significant differences between the methods,
with the calculated #-values being lower than the critical
t-value (4.30). In addition, the calculated F-test values were
lower than F ., (19.00). Therefore, the analytical results
and the statistical tests confirmed the similarity of the digital
image method to the reference method for determination
of TPC in the EVOO samples.
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Figure 4 provides a summary of the TPC concentrations
for all the samples, obtained using the three methods. In
all cases, the mean TPC values and the error bars for the
three methods were similar, indicating that satisfactory
results were obtained after optimization of the colorimetric
reaction, as well as by using digital images to determine
TPC.

Il Reference method
Adapted reference method
Digital image method
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Figure 4. TPC values and standard deviations for analysis of the eight
EVOOs using the reference, adapted reference, and digital image methods.

The TPC values obtained by the three methods
(Figure 4) were for EVOOs produced in Spain (n = 2),
Portugal (n = 5), and Uruguay (n = 1), and were within
the concentration range found in other studies, where the
TPC values ranged from 52.2 to 594.2 mg GAE kg'.363¢ It
should be noted that factors such as region, variety, growing
conditions, ripeness, harvest time, and processing can affect
the TPC in EVOO.?

Assessment of green metrics for the analytical methods

Evaluation of the compliance of the methods with
the principles of green chemistry was performed using
the Green Analytical Procedure Index (GAPI),” which
includes 15 criteria, as summarized in Table S6 (SI
section). The results for these criteria, divided into
five categories (P1-P5), are shown in Figure 5 for the
three methods, where the green color indicates stronger
alignment with the principles of green chemistry, yellow
is intermediate, red signifies lower proximity to a green
method, and white indicates that no sample collection or
transport step was performed.

For all three methods, P1 shows a green color
for criterion 2, as it does not require specific sample

J. Braz. Chem. Soc. 2025, 36, 4, e-20240214
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REFERENCE METHOD ADAPTED REFERENCE DIGITAL IMAGE

METHOD METHOD

Figure 5. GAPI evaluation of the reference, adapted reference, and
digital image methods. Pictogram categories: (P1) sample collection,
preservation, transport, and storage; (P2) sample preparation; (P3) reagents
and solvents; (P4) instrumentation; (P5) quantification.

preservation, and a yellow color for criterion 4 due to
storage under normal conditions. However, criteria 1 and
3 are colored white and do not require sample collection
or transport.

For P2, criterion 6 is yellow, criterion 7 is red due to
using non-green solvents, and criterion 8 is green because
no additional treatments are required for any of the
methods. In P3, criterion 9 is yellow for all methods because
a sample volume of 10-100 mL is required. Criterion 10
is green for all methods, as long as safety measures are
rigorously implemented. For criterion 11, the proposed
methods are yellow as they pose a special safety hazard
due to the solvents used. In P4, criterion 12 is yellow in the
reference and optimized reference methods, but green in
the digital image method due to lower energy consumption.

Criterion 13 is green for all methods due to hermetic
sealing. In criterion 14, the proposed methods are marked
in yellow, while the reference method is marked in red due
to the higher number of residues. For criterion 15, both
methods are indicated in yellow, as they require passivation
to reduce the harmfulness of the waste.

In category PS5, criterion 5 presented a red color for
all the methods, due to the need for extraction. Finally,
a central circle in the GAPI pictograms indicated that all
the methods were quantitative. It is important to highlight
that replacing expensive equipment by a smartphone, as an
analytical tool, results in significant reductions of energy
consumption, equipment costs, specialized labor, and
maintenance. The GAPI analysis showed that the developed
method provided enhancements in various aspects of green
analytical chemistry. It is also important to note that the
GAPI tool does not include criteria related to analysis time.
Considering this aspect, it should be highlighted that the
colorimetric reaction time in the developed method was
significantly reduced from 120 to 30 min, in comparison
to the reference method.

Conclusions

An adaptation of the reference method for the
determination of TPC in EVOO samples was successfully
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performed to obtain the best conditions for the colorimetric
reaction using F-C reagent, resulting in significant
reductions of reagent volume, colorimetric reaction
time, and waste generation. A digital image method
was then developed and validated, which also proved
to be suitable for the determination of TPC in EVOOs,
achieving satisfactory linearity, precision, and recovery,
as well as low limits of detection and quantification. The
digital image method was applied to determine TPC in
commercial EVOO samples, showing statistical similarity
with the reference method, but with the advantages of being
simpler, low-cost, easy to operate, portable, fast, and in
better compliance with the requirements of green analytical
chemistry. Therefore, the developed method stands out as a
viable alternative technique for the determination of TPC
in EVOOs, suitable for use in both routine procedures and
in situ analysis.

Supplementary Information

Additional information, conditions for optimizing the
analytical method and green analytical procedure index
(GAPI) are available free of charge at http://jbcs.sbq.org.br
as PDF file.
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