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Abstract

A low-cost, simple method for in situ determination of total phenols and antioxidants in tomato, strawberry, and coffee through
digital imaging was developed and validated. The determination of total phenolic was based on the chelation reaction between
quercetin and ferric chloride forming a yellow complex. The antioxidants were quantified by the reaction between 2,6-di-tert-
butyl-4-methylphenol, potassium ferricyanide, and ferric chloride, forming a bluish-green complex. After optimization, analyt-
ical curves were built to monitor the green color channel within the concentration range of 0 to 31.8 mg L™" (= 0.9969) and of 0
to 5mg L' (r = 0.9995) for quercetin and 2,6-di-tert-butyl-4-methylphenol, respectively. The recovery of quercetin and 2,6-di-
tert-butyl-4-methylphenol ranged from 96.48 to 101.11% and from 99.00 to 106.00%, respectively. Limits of detection and
quantification were 0.03 and 0.11 for quercetin and 0.26 and 0.88 mg L™ for 2,6-di-tert-butyl-4-methylphenol. The proposed
method affords simple manipulation, fast response and environmental safety.

Keywords Digital image analysis - Food analysis - Total phenols - Antioxidants - PhotoMetrix® - Method validation

Introduction

Ingestion of phenolic compounds and antioxidants is impor-
tant to human health as these compounds control the oxidative
stress that causes diseases such as chronic inflammation, can-
cer, atherosclerosis, diabetes mellitus, and neurodegenerative
disorders (Karadag et al. 2009).

Tomato, strawberry, and coffee are among the most con-
sumed foods in the world. Brazil is one of the main producers
of strawberry and tomato, with an estimated annual produc-
tion of 4.5 million tons (IBGE 2017) in addition to being the
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largest exporter and the second largest consumer market for
coffee in the world (ABIC 2020). Thus, there is a great interest
in quantifying phenolic compounds and antioxidants in these
foods using a simple, fast, and inexpensive method.

In the literature, several approaches for the determination
of phenolic compounds and antioxidants report extraction
methods with organic or inorganic solvents followed by
high-performance liquid chromatography (HPLC) (Cho
et al. 2004; Stalikas 2007; Khoddami et al. 2013), gas chro-
matography (GC) (Shadkami et al. 2009; Khoddami et al.
2013), or their combinations with mass spectrometry, spectro-
photometric assays (Huang et al. 2005; Naczk and Shahidi
2006; Khoddami et al. 2013; Becker etal. 2019), and capillary
electrophoresis (CE) (Khoddami et al. 2013). Most of these
procedures are time-consuming, laborious, demanding large
amounts of reagents, while requiring the use of expensive and
sophisticated instruments. Also, the aforementioned classical
methods cannot be used for in situ analysis due to their low
portability.

To overcome these disadvantages, simple, inexpensive
methods that use minimal quantities of reagents employing
spectrophotometric techniques associated with image analysis
have recently been used to determine different compounds in
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diverse matrices. Common devices such as cameras (Paquet-
durand et al. 2012), scanners (Sorouraddin et al. 2015),
webcams (Silva Lyra et al. 2009; Santos and Pereira-Filho
2013), and cell phones are used and the images obtained are
correlated to a colorimetric and/or reflectance approach that
varies according to the concentration of the analyte of interest
(Intaravanne et al. 2012).

Benedetti et al. (2015) developed a simple and inexpensive
analytical procedure for the determination of sulfite in bever-
ages based on image capture, using the decomposition of sys-
tem colors, imaged in the primary colors (red, green, and
blue), RGB model. A digital flame emission spectrometry
(DIB-FES) method for determination of sodium diclofenac
in injectable drugs using a webcam to capture the digital im-
age was proposed Lyra et al. (2011). The paper chromatogra-
phy technique associated with colorimetry was used to deter-
mine diversified compounds in food while using a smartphone
camera. The contents of the evaluated compounds were ob-
tained by analysis of the images acquired using a software
(Monosik et al. 2015). Load coupled device (CCD), sensor,
and complementary metal oxide semiconductor (CMOS)
cameras, used in analytical chemistry, have rapid signal ac-
quisition, good stability, and linearity, and are suitable for the
development of new, fast, and high-quality analytical
methods, sensitivity, robustness, and low implementation
cost.

These sensors convert the intensity of the incident light into
storable digital values capable of generating responses from
an image based on the RGB color model, in which three arrays
are used to store information (Sena et al. 2011).

Digital images can be decomposed in color using dif-
ferent models, with RGB being the most used (Lopez-
molinero et al. 2010). In this model, red (R), green (G),
and blue (B), the primary colors, transmit light to display
color, and the other colors are generated through a linear
combination of these three colors. The generated color
intensities are stored in 256 levels on a scale from 0 to
255 for each primary color (R, G, or B), where 0 is pure
black (0 for each of the 3 primary colors) and 255 is pure
white (mixture of 255 for each primary color) (Paciornik
et al. 2006).

In the RGB model, the intensity of the color developed in
the chemical reaction is measured as a function of the primary
colors that compose it, being directly proportional to the con-
centration of the analyte. Moreover, the response in RGB
channels can be taken as an analytical signal and correlated
to the concentration of the analyte of interest (Ravazzi et al.
2018). The signal (S) is obtained differently depending on the
imaging program used. In the case of PhotoMetrix®, S is
obtained by subtracting the value R, G, or B from the color
developed in reaction (I) from the maximum level of color
intensity obtained in each R, G, or B (255) primary color,
according to Eq. 1.
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The combination of digital and colorimetric images or
chromogenic methods that can be analyzed from the RGB
model is a current possibility for obtaining direct and rapid
quantitative determinations (Lopez-molinero et al. 2010). In
this work, the digital images were acquired colorimetrically
through a reaction between ferric chloride and quercetin, pro-
ducing a yellow complex, and a reaction between ferric chlo-
ride, potassium ferricyanide, and BHT, generating a blue-
green complex to determine total phenolic compounds and
antioxidants, respectively, by applying the RGB model to
the strawberry (Fragaria spp. L.), tomato (Solanum
lycopersicum L.), and coffee (Coffea arabica L.). The pro-
posed method is fast, simple, uses small quantities of reagents,
and does not require skilled labor, being an economical alter-
native for food quality control in industrial or artisanal pro-
cesses in situ.

Experimental
Reagents and Samples

Ferric chloride hexahydrate (99%) and trichloroacetic acid (>
99%) were purchased from Merck (Wisconsin, USA).
Quercetin (> 95%), 2,6-di-tert-butyl-4-methylphenol (BHT)
(> 99%), and phosphate buffer 0.2 mol L' were obtained
from Sigma-Aldrich (Milwaukee, W1, USA). Potassium ferri-
cyanide (> 99%) and ethanol were purchased from Vetec (Rio
de Janeiro, Brazil). The purity of all compounds was con-
firmed by GC analyses.

Four tomato (green—S1, yellow—S2, orange—S3, and red—
S4) and three strawberry (green—S5, light red—S6, and dark
red—S7) samples, in different ripening stages, were obtained in
the local market in Vigosa, Minas Gerais, Brazil (20° 45’ 17"
S, 42° 52" 57" W).

Seven samples of Coffea arabica beans were used, com-
prising four stages of maturation (green—S8, yellow—S9, or-
ange—S10, and red-S11) and three degrees of roasting (dark—
S12, medium—S13, and light-S14). Samples at different rip-
ening stages of maturation (S8—S11) were obtained from
crops in Divino de Sao Lourengo city, in the southeastern state
of Espirito Santo, Brazil (20°37' 12" S, 41° 41" 13" W), while
those of at different degrees of roasting (S12—S14) were pur-
chased in the local market in Vigosa, MG, Brazil (20° 45' 17"
S, 42° 52" 57" W).

Solutions

Stock solutions of quercetin (106.0 mg mL™") and of BHT
(100.0 mg mL ™) in ethanol:ultrapure water (1:1 v/v) were
prepared to determine linearity, repeatability, accuracy/recov-
ery, and limits of detection (LOD), as well as quantification
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(LOQ) in the total phenols determination and antioxidants,
respectively.

A solution of ethanol:ultrapure water (1:1 v/v) has been
prepared to extract phenolic compounds and antioxidants
from the evaluated foods.

Solutions of potassium ferricyanide 1% (w/v) and trichlo-
roacetic acid 10% (w/v) were prepared in ultrapure water to
determine antioxidant activity.

Solution of ferric chloride 1% (w/v) was prepared for the
construction of analytical curves, validation of method, and
determination of total phenols and antioxidants in the evalu-
ated foods.

To prepare all solutions, the reagents were weighed directly
into the vials and the volume completed with the appropriate
solvent.

Sample Preparation

The samples were weighed with an analytical balance from
Shimadzu (capacity 10/220 g and accuracy 1 mg/0.1 mg). The
volumes were transferred using automatic pipette (Eppendorf,
Germany).

Tomato (Solanum Ilycopersicum L.), strawberry (Fragaria
spp. L.), and coffee (Coffea arabica L.) were washed with
distilled water and dried at room temperature. Samples of
approximately 1 g of these foods were then ground with the
aid of porcelain mortar and pestle, then gradually, the mixture
of ethanol:water (1:1) was added until reaching the final vol-
ume of 50 mL. Extractions were performed in triplicate.

Apparatus

A single-beam UV-Vis spectrophotometer (Shimadzu, UV
Mini 1240) equipped with a 1-cm quartz cuvette was used to
perform visible ultraviolet analysis.

A Samsung Galaxy J2 prime cell phone with a resolution of
8.0 MP with the PhotoMetrix® app installed for free from the
Google Play Store was used to perform digital image analysis
(Helfer et al. 2017).

A wooden box with dimensions of 15.8 cm x 17 cm X
11.5 cm (width x length x height) was made to minimize
the entry of external light, with a removable lid to allow
the exchange of vials containing sample at each analysis
(Fig. 1). A holder was placed on the outside of the case to
accommodate the mobile phone and a hole about 2.5 cm
in diameter was aligned with the mobile phone’s camera
and the sample reservoir holder. Another support for fix-
ing the vial of sample/standard solutions, positioned
5.4 cm from the cell phone, was constructed with white
ethyl vinyl acetate (EVA) to provide a neutral background
for the image to be obtained.

Determination of Total Phenols Content
PhotoMetrix® Method

An analytical curve was constructed with quercetin concen-
trations ranging from 0 to 31.8 ppm (n = 7 points) prepared
from quercetin stock solution (106 mg L™') in
ethanol:ultrapure water 1:1 (v/v) obtained from a Millipore
Milli-Q system (USA).

For this 340 uL of quercetin solutions, at different concen-
trations, was added to 10 uL of ferric chloride solution 1%
(w/v). The reading of this mixture was then performed, in
triplicate, in the PhotoMetrix® app (Santos et al. 2007) using
the green channel at A = 500-580 nm (Choodum et al. 2013).

The determination of total phenols content in tomato,
strawberry, and coffee extracts was also performed by pipet-
ting 340 pL of each extract. Sample preparation, into which
10 uL of 1% (w/v) ferric chloride solution was added. The
samples were read in triplicate, using the green channel (A =
500-580 nm) (Choodum et al. 2013) from the PhotoMetrix®
application (Santos et al. 2007).

Visible Ultraviolet Spectrophotometry (UV-Vis)

Total phenols content was also determined using the visible
ultraviolet spectrophotometry (UV-Vis) technique. To con-
struct the analytical curve, the same quercetin solutions pre-
pared to obtain the analytical curve using the PhotoMetrix®
app were used. To obtain the analytical curve and to determine
the total phenolic content in tomato, coffee, and strawberry
extracts, 2.0 mL of quercetin solutions and extracts were used,
respectively, and 70 uL of ferric chloride solutionl% (w/v)
were added to each. The reading was taken in triplicate at A =
294 nm.

Determination of Antioxidant Content (reducing
power)

PhotoMetrix® Method

Determination of antioxidants in tomatoes, strawberries, and
coffee was performed using standard 2,6-di-fert-butyl-4-
methylphenol (BHT), according to the methodology cited by
Yen and Chen (1995) with modifications.

Initially, an analytical curve was constructed with different
BHT concentrations (0.00, 0.10, 0.50, 1.00, 2.50, 3.50, and
5.00 mg L '; n = 7 points) prepared from stock solution of
BHT 100 mg L 'in ethanol:ultrapure water 1:1 (v/v). For this,
aliquots of the standard BHT solution (0, 10, 25, 50, 75, and
100 pL) were transferred to seven 25 mL test tubes, to which
2.5 mL of potassium ferricyanide solution 1% (w/v), 2.5 mL
of 0.2 mol L™! phosphate buffer (pH = 6.6) were added, and
the mixture was then incubated at 45 °C for 20 min. Next, 2.0

@ Springer



634

Food Anal. Methods (2021) 14:631-640

C

Fig. 1 Apparatus made for the determination of phenols and antioxidants in foods. Data collection box: overview front (a), internal view (b), LED cap

(¢), and photo test tube holder (d), window (e)

mL of trichloroacetic acid 10% (w/v) were added and the
volumes were completed to 10.0 mL with ultrapure water.

Three hundred forty microliters of this mixture containing
BHT in different concentrations was added to 10 uL of 1%
ferric chloride solution (w/v) and then read, in triplicate, using
the green channel (A = 500-580 nm) (Choodum et al. 2013) of
the PhotoMetrix® application (Santos et al. 2007).

To determine the reducing power in tomato, coffee,
and strawberry extracts, a 2.0 mL aliquot of each extract
prepared was transferred to a 25-mL test tube to which 2.5
mL of potassium ferricyanidel % (w/v) and 2.5 mL of
phosphate buffer 0.2 mol L' (pH = 6.6) were added.
The mixture was incubated at 45 °C for 20 min. Next,
2.0 mL of trichloroacetic acid 10% (w/v) and 1.0 mL of
ultrapure water were added to complete the volume to
10.0 mL. The reading using the green channel (A =
500-580 nm) of the PhotoMetrix® app was performed
on 340 pL of the mixtures containing extracts, to which
10 uL of the 1% (w/v) ferric chloride solution was added.
The experiments were carried out in triplicate.

@ Springer

Visible Ultraviolet Spectrophotometry (UV-Vis)

As well as the phenolic content, the reducing power was also
determined by UV-Vis spectra analysis. The analytical curve
was obtained using the same BHT solutions prepared to obtain
the analytical curve using PhotoMetrix® app.

The UV-Vis spectra reading was performed at A = 706 nm
of both the solutions for obtaining the analytical curve and the
mixture containing the tomato, strawberry, and coffee extracts
were performed using a volume of 2.0 mL (BHT solutions)
and the mixture containing the extracts and 70 uL of ferric
chloride solution 1% (w/v) (Santos et al. 2007).

Comparison Between the Methods Used to
Determine Total Phenols and the Reducing Power of
Foods

The comparison between the traditional UV-Vis spectropho-
tometry method and the PhotoMetrix® application used for
determination of total phenols and antioxidants in foods was
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performed by analysis of variance (ANOVA) and Tukey test
with a 95% confidence interval (Cerceau et al. 2019).

PhotoMetrix® Validation Method

Validation was performed for the determination of total phe-
nols and for the evaluation of the reducing power of foods.
The parameters evaluated were linearity, repeatability, accu-
racy/precision, and limits of quantification (LOQ) and detec-
tion (LOD) (ANVISA 2003; INMETRO 2011; Cerceau et al.
2016; Franco et al. 2017).

To evaluate the linearity of PhotoMetrix® method for
determination of total phenols, a concentration of 0.0, 5.30,
10.60, 15.90, 21.20, 26.50, and 31.80 mg L !of quercetin
were added to seven 10 mL volumetric flasks. Volumes of
500, 1000, 1500, 2000, 2500, and 3000 uL containing
quercetin (106.0 mg L") in ethanol:water (1:1 v/v) were
added to the volumetric flasks and the final volume was
completed to 10 mL with ethanol:water (1:1 v/v) at room
temperature. The volume transfers were performed using
automatic pipette (Eppendorf, Germany). The experiments
were performed in triplicate. For each of the RGB chan-
nels, a curve was obtained by plotting a graph using the
signal obtained from Eq. (1) vs. concentration of quercetin
in different concentrations.

S =255-1 (1)

where, S = signal; / = R, G or B are the value of the
color developed in the reaction, and 255 = maximum
level of color intensity obtained in each primary color
(R, G, or B).

The mathematical relationship between the signal
(response) and the concentration of the analyte of interest
was expressed by the analytic curve equation and its correla-
tion coefficient (») (Heleno et al. 2014).

To evaluate the repeatability of the method, the experi-
ments were performed by the same analyst, at the same labo-
ratory, using the same cell phone. The results were expressed
as coefficient of variation (CV) obtained by Eq. (2) (Cerceau
et al. 2016).

CV = g x 100 (2)
X

where, CV = coefficient of variation; X = average value be-
tween the observed concentrations in ten measurements, SD =
standard deviation between the observed concentrations in ten
measurements.

Accuracy/recovery was determined from recovery tests
using the quercetin solutions at concentrations of 5.30,
15.90, and 31.80 mg L™, prepared for the determination
of linearity. Ten analyses were performed for each evalu-
ated quercetin concentration. Results were expressed as

percent recovery (R), obtained by Eq. (3) (INMETRO
2011).
o Valuegpserved

= x 100 (3 )
Valuecxpcctcd

The limits of detection (LOD) and quantification (LOQ)
were calculated using the relations 3 x o/m and 10 x o/m,
respectively (Ravazzi et al. 2018; Santos et al. 2019). Where
o is the standard deviation of ten blank measurements and m is
the slope of the analytical curve obtained in determining
linearity

For the validation of the PhotoMetrix® method for deter-
mination of antioxidant content in foods (reducing power),
2,6-di-tert-butyl-4-methylphenol (BHT) solutions were pre-
pared at the following concentrations: 0.00, 0.10, 0.50, 1.00,
2.50, 3.50, and 5.00 mg L™ (n = 7 points), prepared from
stock solution of BHT 100 mg L™ in ultrapure water:ethanol
(1:1 v/v).

The calculations were performed in the same way as for the
validation of the method for quercetin determination, and in
the evaluation of precision, BHT solutions of 0.1, 1.0, and
5.0 mg L™! were used.

Results and Discussion

In this work, a simple and inexpensive method, which uses
digital imaging and a portable device, was employed to deter-
mine total phenols and antioxidants in tomatoes and straw-
berries, at different ripening stages, and in Coffea arabica
beans at different ripening stages and light, medium, and dark
roasting degrees.

For capturing digital images, the built system has been
greatly enhanced to ensure the reliability, precision, and re-
producibility of the obtained RGB data. First, the best position
for fixing the LED lamp plate located on the upper wall of the
compartment was evaluated, as well as the intensity of the
light emitted to improve the image capture. It is common to
find shadows that mainly affect the repeatability of the DIB
method evaluated by the relative standard deviation. Thus,
better placement of the dividing plate within the chamber is
performed to reduce shadows or excessive reflections on the
sample and on other regions to avoid erroneous results.

Construction of the analytical curve for determination
of total phenol content

Determination of total phenol content in the evaluated foods
was based on the chelation reaction between quercetin and
ferric chloride forming a yellow complex with absorption at
A =294 nm.

@ Springer
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Initially, an analytical curve for each RGB channel (Fig.
S1) was obtained by plotting the x-axis as the quercetin con-
centration (mg L—") and the y-axis as the signal (S), by which
S is obtained from Eq. (1).

Evaluating the analytical curves obtained in the R (y =
1.9879x + 47.821 r = 0.9528) G (green y = 1.5929x +
58.964 r=0.9969) B (y = 2.1214x + 59.93 = 0.9819) chan-
nels (Fig. S1), it is possible to notice that although B and R
channels are very sensitive to quercetin concentration varia-
tions (they have high angular coefficient, 2.1214 and 1.9879,
respectively), the analytical curves obtained from them are
nonlinear since it has correlation coefficient () less than
0.99 (ANVISA 2003).

The analytical curve obtained in channel G is linear (r
0.9969) and has good sensitivity (angular coefficient
1.5929), although it is less sensitive than those obtained in
channels R and B. Thus, the analytical curve obtained in chan-
nel G, with a wavelength in the range from 500 to 580 nm,
was used to determine the total phenols in tomatoes, strawber-
ry, and coffee extracts.

An analytical curve for the determination of total phenols
by the traditional UV-Vis spectrophotometry method was
constructed using the same quercetin solutions as the curves
of Fig. S2. The equation of the analytical curve (y = 0.0362x +
0.6395 »=0.9991) was obtained by using the x-axis quercetin
concentration (mg L") and the y-axis the UV-Vis absorbance
at A =294 nm (Fig. S2).

Construction of the analytical curve for determination
of antioxidants (reducing power)

The determination of reducing power of tomato, strawberry,
and coffee was evaluated based on the reaction between ferric
chloride (FeCls), potassium ferricyanide (K3[Fe(CN)g]), and
2,6-di-tert-butyl-4-methylphenol (BHT), generating a bluish
green complex with absorption at A = 706 nm. The color
intensity developed in the chemical reaction (complex
formed) is directly proportional to the concentration of the
analyte (antioxidants) present in the evaluated food.

Just as in determining total phenols, analytical curves for
antioxidant determination employing PhotoMetrix® method
were built using the R (y =37.6 x + 63.606 r =0.9944), G (y =
37.16 x + 57.397 r = 0.9995), and B (y = 15.494 x + 82.397 r
= 0.9929) channels (Fig. S3).

According to National Health Surveillance Agency
(ANVISA 2003), the analytical curves obtained in the RGB
channels are linear since they present r greater than 0.99 (Fig.
S3). The sensitivity of R and G channels to BHT concentra-
tion variation (37.6 and 37.16, respectively) is about the same
and twice that of the B channel (15.494). Because the analyt-
ical curve obtained in channel G (A = 500-580 nm) is the most
linear (» = 0.9995) and sensitive to BHT concentrations, it was
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used to determine antioxidants in tomato, strawberry, and cof-
fee extracts.

The analytical curve (y = 0.2995x + 0.1013 » = 0.9956) for
antioxidant determination by UV-Vis spectrophotometry is
shown in Fig. S4. It was built by plotting a graph with the x-
axis BHT concentration (mg L™") and the y-axis absorbance
obtained from UV-Vis at A = 706 nm using the same BHT
solutions prepared for the analytical curve construction using
the PhotoMetrix® application.

Determination of Total Phenols and Antioxidants in
Foods

With the analytical curves constructed, the content (100 mg of
analyte 100 g~ of food) of total phenols and antioxidants
obtained by using the PhotoMetrix® App in tomatoes, straw-
berries, and coffee at different stages of ripeness and different
degrees of roasting for coffee, were compared to those obtain-
ed by visible ultraviolet spectrometry method (UV-Vis) (Figs.
2 and 3). In the determination of total phenols using the
Photometrix App, the standard deviation varied from 0.11 to
438 mg 100 g ' in green (S1) and oranges (S3) tomatoes,
respectively (Table S9). When UV-Vis was used, the standard
deviation variation was 1.16 to 7.60 mg 100 g ' in yellow
coffees (S8) and green strawberries (S4), respectively
(Table S9). In the evaluation of antioxidant content using the
Photometrix App, the standard deviation ranged from 0.05 to
3.29 mg 100 g ' in green strawberries (S5) and dark roasted
coffee (S12), respectively (Table S10). Using UV-Vis method
was used, the variation of the standard deviation was from
0.01t05.57 mg 100 g ' in green strawberries (S4) and in dark
roasted coffee (S12), respectively (Table S10).

As seen in Fig. 2, the content of total phenols varies with
the degree of maturation of the foods. These results are in
agreement with Bravo (1998), who states that the amount of
phenolic compounds present in foods is strongly associated
with genetic factors and environmental conditions, such as the
degree of maturation, cultivars, and others. Although the total
phenolic content in red tomatoes (S4) 183.67 = 3.01 mg 100
g ' (see Supplementary Information, Table S9) did not vary
much when compared to orange tomatoes (S3) 172.10 +
4.38 mg 100 g~ ' (see Supplementary Information,
Table S9), a small difference is observed in relation to yellow
tomatoes (S2) 118.9 + 1.970 mg 100 g ' (see Supplementary
Information, Table S9). In addition, the percentage of total
phenols in red tomatoes is almost double that found in green
tomatoes (S1) 93.72 + 1.87 mg 100 g ' of sample (see
Supplementary Information, Table S9).

The total phenols content found in dark red strawberry (S7)
362.5 + 1.97 mg 100 g '; (see Supplementary Information,
Table S9) is twice as high as in light red strawberries (S6)
176.53 + 1.53 mg 100 g~ (see Supplementary Information,
Table S9). However, no significant difference was observed
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App methods S1

when the light red strawberry (S6) was compared to the green
fruit (S5) 168.29 + 0.72 mg 100 g ' (see Supplementary
Information, Table S9). The phenols content found in light
red and green strawberries agrees with that described by
Bravo (1998), between 218 mg per 100 g of fresh material.
Although, the phenolic content found in the dark red straw-
berry (S7) 362.50 + 1.38 mg per 100 g of fresh, dark red
strawberry was higher than that reported by Bravo (1998).
As can be seen in Fig. 2, the maturation stage does not have
a great influence on the phenols content in coffee, since the
green (S8), yellow (S9), orange (S10), and red (S11) beans
showed no significant difference in relation to the phenols
percentage 655.92 + 1.05, 738.07 + 1.20, 759.76 + 1.40,
810.71 + 1.74 mg per 100 g for red, orange, yellow, and green
coffee, respectively (see Supplementary Information,
Table S9). Moreover, it was observed that the highest total
phenolic content is found in coffee submitted to the light
roasting process S14 5358.99 + 1.03 mg 100 g ' of phenolic
compounds in 100 mg of coffee (see Supplementary
Information, Table S9). As the degree of roasting increases,
the phenolic content decreases gradually, as observed in
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Supplementary Information, Table S9; 358.99 + 1.03,
2280.06 £ 1.14, and 2243.32 £+ 1.18 mg of quercetin per
100 g of coffee subjected light (S14), medium (S13), and dark
(S12) roasting, respectively. These results show that the
roasting process has a direct influence on the chemical com-
position of coffee.

Studies report that the quality of the coffee drink has been
affected by the roasting procedure, changing the chemical
composition of the grains and their antioxidant compounds.
This is because during this process, transformations of differ-
ent chemical constituents occur (Narita and Inouye 2011), in
addition to the degradation of chlorogenic acid (Clifford
2000).

The antioxidant content was evaluated at different ripening
stages in tomato, strawberry, and coffee. Additionally, differ-
ent coffee roasting degrees were also evaluated (Fig. 3). It was
observed that the amount of antioxidants found in red tomato
(S4) 3.33 £ 0.12 mg per 100 g; (Supplementary Information,
Table S10) is similar to that found in orange tomato (S3) 3.10
+0.13 mg per 100 g; (Supplementary Information, Table S10)
and that the antioxidant content decreases in the yellow (S2)
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BHT (mg 100 g! of sample)
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Fig. 3 Content (mg 100 g ') of antioxidants (BHT) in the food samples
of green tomato (S1), yellow tomato (S2), orange tomato (S3), red tomato
(S4), green strawberry (S5), light red strawberry (S6), dark red strawberry
(S7), green coffee (S8), yellow coffee (S9), orange coffee (S10), red

S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 S14

Samples

coffee (S11), dark roasted coffee (S12), medium roasted coffee (S13),
light roasted coffee (S14) measured by visible ultraviolet spectrophotom-
etry (UV-Vis) and PhotoMetrix® App methods
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and green tomatoes (S1) 2.72 + 0.15 and 2.00 + 0.14 mg per
100 g, respectively; (Supplementary Information, Table S10).

The dark red strawberry (S7) 84.57 + 0.68 mg per 100 g;
(Supplementary Information, Table S10) has the greatest re-
ducing power when compared to other foods at the same mat-
uration stage 3.33 + 0.12 and 78.09 £ 0.26 mg per 100 g for
red strawberry (S4) and red coffee (S11), respectively;
(Supplementary Information, Table S10). However, the re-
ducing power of strawberries decrease considerably in the
other stages of ripening 84.57 + 0.68, 63.73 +2.43, 17.24 +
0.05 mg per 100 g for dark red (S7), S6 light red (S6), and
green (S5) strawberries, respectively; (Supplementary
Information, Table S10).

The results obtained agree with studies by Melo et al.
(2008), who found that the antioxidant capacity is influenced
by fruit type (species and varieties), stage of maturation, and
crop conditions.

Although there is no significant difference in antioxidant
content in the different stages of coffee maturation, the red
beans presented greater reducing power when compared to
the other maturation stages 78.09 + 0.26, 69.61 + 0.57,
64.73 £ 0.52, and 50.99 + 0.64 mg per 100 g, for red (S11),
orange (S10), yellow, and green coffee (S9), respectively;
(Supplementary Information, Table S10).

Studies report that coffee quality has been affected by the
roasting procedure which alters the chemical composition of
beans, including their antioxidant compounds, because during
this process, transformations of different chemical constitu-
ents occur (Narita and Inouye 2011), in addition to the degra-
dation of chlorogenic acid (Clifford 2000).

The relationship between the roasting degrees of the
coffee and the antioxidant capacity varies according to
the species and roasting conditions (Schwarz et al. 2001).
According to Narita and Inouye (2011), phenolic acids are
progressively destroyed and transformed during the
roasting process, resulting in products which may exhibit
antioxidant activity.

These results corroborate the work of Trugo and Macrae
(1984), who claim that this is probably due to the different
phenolic contents present in light and dark roasted coffee and
unroasted green coffee beans.

In fact, the results indicate that the roasting degree has a
direct influence on the antioxidant content of coffee (Fig. 3).
The antioxidant content found in light roasted coffee (S14)
120.72 £ 1.56 mg per 100 g (Supplementary Information,
Table S10) was twice as high as that found in dark roasted
coffee (S12) and green unroasted beans (S8) 56.80 + 3.29 and
50.99 + 0.64 mg per 100 g, respectively (Supplementary
Information, Table S10).

The results obtained agree with those reported by Santos
et al. (2007), who also observed that coffee samples with a
clear roasting degree presented the greatest reducing power.
Other researchers also reported that the antioxidant capacity of
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the beverage prepared with roasting the coffee beans was dou-
ble that of green unroasted beans (Stalmach et al. 2006).

The results obtained in this present study show that due to
the high amount of antioxidants contained in tomato, straw-
berry, and coffee, the intake of these foods is beneficial to
human health. This is because antioxidants are capable of
capturing free radicals in the human body, preventing diseases
caused by cellular damage resulting from these radicals, and
improving the immune system.

Comparison Between Methodologies

Statistical tests using ANOVA and Tukey’s test proved the
similarity of the methods (PhotoMetrix® App and UV-Vis)
used to quantify total phenolic compounds and antioxidants
for all evaluated foods. Thus, the developed method stands out
as a viable alternative to determine total phenolic compounds
and antioxidants in plant species, which is useful in laborato-
ries with limited financial and analytical resources in addition
to using techniques that corroborate with Green Chemistry.

PhotoMetrix® App Validation Method

The parameters linearity, repeatability, accuracy/recovery,
limit of quantification (LOQ), and limit of detection (LOD)
were evaluated for both total phenolic compound and antiox-
idant determinations (ANVISA 2003; INMETRO 2011).

To evaluate the linearity of the method, the equations of the
analytical curves were obtained in the green channel, with
seven points, by linear regression (y = 1.5929x + 58.964) in
the range 0 to 31.8 mg L™ and (y = 37.16x + 57.397) in the
range 0 to 5 mg L™ for quercetin and BHT, respectively. For
all results, the coefficient of correlation obtained was higher
than the minimum acceptance criteria described by Guide on
Validation of Chemical Testing Methods (INMETRO 2011)
and by Resolution RE 899 — Guide for Validation of
Analytical and Bioanalytical Methods (ANVISA 2003), (» >
0.99) (Figs. S1 and S3).

According to the results presented in Tables S2 and S6, the
PhotoMetrix® method was considered repeatable since the
values of coefficient of variation obtained (CV) were lower than
the maximum permitted by RE 899 (CV <5.0) (ANVISA 2003).

Quercetin recoveries were 101.11 £ 6.24% (5.30 mg LY,
96.48 £ 2.04% (15.9 mg L"), and 99.37 + 1.33% (31.8 mg
Lfl), as noted in Tables S3.1, 3.2, and 3.3, respectively. In the
case of BHT, the recoveries were of 106.00 +9.66% (0.10 mg
L"), 99.00 + 1.83% (1.00 mg L"), and 99.25 + 0.45%
(5.00 mg L"), as noted in Supplementary Information,
Tables S7.1, 7.2, and 7.3, respectively. Since RE-899 sets no
limits for the accuracy of the method, this parameter was
assessed according to the Brazilian Association of Technical
Standards recommendations NBR14029 (ABNT 2005).
According to this standard, the analytical procedure must be
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able to recover between 98 and 102%. Since most of the
values obtained are within or near this range, it can be con-
cluded that the recovery for total phenolic compounds
(quercetin) and antioxidants (BHT) is adequate.

The limits of detection (LOD) and quantification (LOQ) of
the method estimated by the analytical curve’s parameters were
0.03 and 0.11 mg L™" (Table S4) for total phenolic compounds,
and 0.26 and 0.88 mg L' (Supplementary Information,
Table S8) for antioxidants. These values show that the method
is able to detect and quantify total phenolic compounds and
antioxidants present in food in small quantities.

Conclusions

The digital image method developed using a smartphone is
adequate for determination of total in situ phenolic com-
pounds and antioxidants in tomato, strawberry, and coffee,
with good linearity, repeatability, accuracy/recovery, preci-
sion, and low detection and quantification limits.

Therefore, the method developed is suitable for determina-
tion of total phenolic compounds and antioxidants in foods,
with results comparable to those obtained by visible ultravio-
let spectrometry, but with the advantage of being simple, low-
cost, easy to operate, portable, fast, and environmentally
friendly in addition to being accessible to small producers
and family agriculture businesses as well as laboratories with
limited resource Supplementary Information
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