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Caffeine is an element that is consumed worldwide. It is present in many products such as beverages,
chocolate, coffee, tea, energy drinks and medicines. Portable 3D devices working together with
colorimetric and fluorimetric reactions have been able to determine the presence of caffeine in different
kinds of samples. Also, digital image-based methods using smartphones have conferred portability and
accessibility to miniaturized devices that are innovative and promising options for quick and low cost
analyses. This study proposes a miniaturized fluorimetric device to determine caffeine by digital image
using a smartphone. The OpenCamera app was used to capture images that were processed using
ImageJ software to obtain RGB channels values. The red (R) channel signal intensity was selected as the
analytical response. The device developed was applied to determine caffeine in an energy drink and
medicines. The method developed presented a linear range from 100 to 600 mg L™ of caffeine, and
quantification (LOQ) and detection (LOD) limits of 100 mg L™! and 30.0 mg L%, respectively. The
caffeine concentration found in the products analyzed was 328 mg L™t (+2.5%) for the energy drink,
345 mg L™t (+15%) for medicine A and 322 mg L—! (+7.3%) for medicine B. The proposed device
presented important characteristics such as low cost, required small volumes of reagents and samples,
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1 Introduction

Considered as a biomarker of anthropogenic activity,"” caffeine,
with molecular formula CgH;,N,40O,, is an organic compound of
natural occurrence from the alkaloid family belonging to the
methylxanthine class. It is a widely used compound in the
pharmaceutical and personal care products industries, food
industries and many others sectors, therefore it is present in
a wide variety of products consumed daily by the world
population.?

Proving this large presence in many products, for example,
soft and energy drinks, according to the Food and Drug
Administration (FDA), a can of soft drink contains around 30-
40 mg of caffeine, while just 236 mL of energy drink contain 40-
250 mg of caffeine.* The FDA recommends the highest level of
caffeine in beverages should not exceed 200 mg L™ ".°

For the determination of caffeine, the review of De Maria and
Moreira (2007)°® reports the most used analytical methods for
this purpose, such as gravimetry, spectrophotometry, gas
chromatography (GC) and liquid chromatography (LC).
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quick analysis, portability and suitable to be applied in complex matrices.

Nowadays, liquid chromatography coupled to sequential mass
spectrometry (LC-MS/MS) is the technique of choice to deter-
mine caffeine in many analytical matrices. However, this and
the other techniques aforementioned are not portable and
require trained professionals, solvent consumption and sample
pretreatment procedures. In turn, electronic and digital devices
have become powerful and useful tools for analytical chemistry
allowing the emergence of methods based on digital images for
the acquisition of qualitative and quantitative information of
a target analyte, in place of some high cost instrumental tech-
niques like LC-MS/MS.”*

Digital image analysis methods are based on the use of
a digital sensor like digital cameras, smartphones, scanners
and others used to capture images resulting from colorimetric/
fluorimetric reactions and posterior conversion of these images
into measurable data, such as values of the primary colors red
(R), green (G) and blue (B) in the RGB approach as suggested by
the International Color Consortium (ICC).*°

The literature shows smartphone devices are being used in
different proposals, such as detection of bisphenol A in water
samples,’® determination of ascorbic acid in fruits,** color in
honey," captopril in dosage forms,” sulfite in beverages,® copper
in sugar cane spirits® and formaldehyde in cosmetics.®

These colorimetric and fluorimetric reactions allied to the
development of 3D printed microsystems have shown promise
and a trend towards chemical analysis due to its easy
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implementation and increased analytical frequency that favor
a more accessible and easy method to be executed. Furthermore,
the amounts of samples and reagents are reduced, as well as the
analysis time, the chemical residues, and occupational exposure
of the analyst, which makes the colorimetric and fluorimetric
reactions a suitable alternative for quick and low cost analysis.****

For the caffeine detection in aqueous samples by digital
image methods, a fluorimetric reaction with the fluorescent dye
8-hydroxypyrene-1,3,6-trisulfonate (HPTS) could be used, as
previously published by Rochat et al.*® The reaction mechanism
involves the formation of a charge transfer complex, from the
interaction between caffeine and HPTS, that has fluorescence
properties in the visible ultraviolet (UV-VIS) region.

The reaction in miniaturized scale and the use of smart-
phones have shown a strong trend towards analysis using spot-
tests for varied kinds of chemical reactions, making it possible
to perform in loco analysis. Thus, the aim of this research is to
develop a portable, easy and low cost device for caffeine deter-
mination in energy drinks and medicines.

2 Experimental

2.1 Chemicals and samples

Caffeine standard (MM 194.19 g mol ", CAS 58-08-2) and HPTS
(MM 524.39 g mol ', CAS 6358-69-6) were purchased from
Sigma-Aldrich®. Caffeine stock solutions were prepared at the
concentration of 2000 mg L™ in ultrapure water. The buffer
solution was prepared from aqueous solutions of 1.00 mol L™ " of
monobasic potassium phosphate (KH,PO,, MM 136.09 g mol™?,
CAS 7778-77-0) and dibasic potassium phosphate (K,HPO,-
-3H,0, MM 174.18 g mol !, CAS 7758-11-4) both purchased
from Sigma-Aldrich®. The HPTS stock solution was prepared at
the concentration of 100 pmol L™" in phosphate buffer solution
of 0.100 mol L " at pH 6.3. Working standard solutions were
prepared weekly and stored in an amber bottle in a refrigerator
at 4 °C. The standard stock solutions used in this study were
prepared using ultrapure water (resistivity < 18.2 MQ cm at 298
K) from a Milli-Q water system (Synthesis MILLIPORE). Three
samples were analyzed by the proposed method: an energy drink
commercial sample, acquired from a market located in Arara-
quara, SP-Brazil, and two medicine samples purchased from
a drugstore in the same city. According to the labels, these three
samples contained caffeine in their composition.

2.2 Instrumentation

The reference method was developed in a spectrofluorimeter
RF-1501 (Shimadzu Corporation, Tokyo, Japan). The scanning
range was 480-700 nm, with emission and excitation wave-
lengths at 509 nm and 460 nm, respectively. The volume of 1500
uL of sample containing caffeine was reacted with the same
volume as the fluorophore prepared in buffer solution.

The portable system was developed using a 3D Cloner ST
printer (Ind. Schumacher Ltda., Marechal Candido Rondon-PR,
Brazil) for analysis of fluorescence decay reactions in reduced
sample volumes. The external structure of the device body was
printed in black PLA (polylactic acid). An insert was used as the
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analytical bucket for this system. An optical fiber (1.00 x 20.0
mm) was used to direct the light generated by the blue light-
emitting diode (LED) source to the wall of the bucket. The
LED was connected to an Arduino nano microcontroller system
(Atmega 328, Arduino, USA). An adjustable resistor (potenti-
ometer) of 100 kQ that divides the voltage of the system was
used to control the radiation intensity of the system. The system
was powered by an OTG cable that connects the Arduino to the
smartphone Motorola Moto G5 Plus which used its battery as
the power supply.

2.3 Data analysis

2.3.1 Image acquisition using OpenCamera app. The
image acquisition step was performed using a smartphone
Motorola Moto G5 Plus XT, with 12 Mpx rear camera (dual
autofocus pixel). OpenCamera app (version 1.40) was used in
this step in order to setup the flash, filters and scale adjustment
as demonstrated in Table S1 in the ESI.§ The capture mode was
manually adjusted.

2.3.2 Image processing using Image]. For image process-
ing, the freely-available Image]J software (version 1.50i, National
Institutes of Health, USA) (https://imagej.nih.gov/ij/index.html)
was used to obtain RGB channel intensities, according to the
procedure of Abramoff, Magalhdes and Ram." Fig. 1 illustrates
representatively the proposed portable device and the software
Image] with the captured image and the three color channels of
the RGB Model.

To ensure that the same region was analyzed a region of
optical interest (ROI) was defined and applied. This tool ensures
that the area analyzed shows fixed values and, consequently,
repeatability and reliability. The analytical signal was converted
to optical density (0.D.) and, then, was calculated using the
equation:

R
O.D. = flogR— (1)
o

where R, and R are the signal intensity values of the red channel
for the blank and the sample, respectively.

2.4 Figures of merit

The methods in this study were validated according to parameters
of precision (intra-day and inter-day), limit of quantification

Fig. 1 Schematic representation of the fluorimetric device, image
acquisition and processing step.

This journal is © The Royal Society of Chemistry 2019
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(LOQ), limit of detection (LOD), sensitivity and linearity. LOD was
determined by the ratio between LOQ and a factor 3.30 repre-
senting the lowest concentration value for the analyte to be
accurately detected by an analytical method. LOQ was determined
as the lowest analyte concentration at which it was possible to
quantify with specified precision (% RSD less than 20.0%), which
was the first point of the analytical curve in agreement with the
Food and Drug Administration (FDA)*® and International Council
for Harmonization of Technical Requirements for Pharmaceuti-
cals for Human Use (ICH).* Linearity was obtained by spiking the
samples of interest at increasing concentrations of caffeine for
arange of 100 to 600 mg L' (n = 5) in the reference and proposed
methods. Sample analyses by the standard addition method were
performed in triplicate (n = 3) and the means of the values were
obtained as analytical responses. The sensitivity was obtained by
the calibration curve slope. Intra- and inter-day precision of the
methods were evaluated based on the relative standard deviation
(% RSD) from the calibration curve performed in triplicate.

2.5 Application of the proposed method

The reference and proposed methods were applied to one
sample of energy drink and two samples of medicines. Matrix
effects and sample dilutions were evaluated for each one.
Among many strategies to evaluate the matrix effect, it was
chosen to compare the analytical curve slope obtained in the
blank sample (solvent) to the matrix after a dilution to achieve
1.00 mg L~ " where there was no caffeine analytical signal.>® The
matrix effect was evaluated using the following equation sug-
gested by Gros, Rodriguez-Mozaz and Barcel:?*

(6matrix -

6so]vcm

6solvcnt)

% matrix effect = x 100 (2)

For the reference method, the energy drink sample was
diluted to 1.00 mg L ~* and standard additions from 100 to
600 mg L " were performed. The same previous procedure was
applied in the fluorimetric device. Similarly, standard addition
calibration was performed to determine caffeine in the medi-
cines using both the reference and proposed methods. For the
analysis, an energy drink solution was prepared with caffeine
concentration of 300 mg L ~*. The same process was undertaken
for the medicines samples. Solutions of these medicines were
prepared in ultrapure water and, before the use, were filtered
using a 0.45 pm filter.

3 Results and discussion

3.1 Development of the reference method

3.1.1
in ultrapure water showed fluorescence quenching, increasing

Intensity evaluation. The reference method developed

caffeine concentration decreases the fluorescence intensity. This
reaction occurred according to the Stern-Volmer Kkinetic
model**** that described the fluorescence dynamic suppression
depending on the mutual collision between the excited molecule
(HPTS) and the suppressor (caffeine). The quenching effect
observed during the experiments can be see in Fig. 2.

This journal is © The Royal Society of Chemistry 2019
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As observed in Fig. 2, the interaction between HPTS and
caffeine was observed at a concentration ranging from 100 to
600 mg L~" in ultrapure water. The excitation spectrum at
460 nm showed the highest emission signal at 509 nm. The
maximum fluorescence intensity was observed close to 400 a.u.
values. Therefore, HPTS proved to be a potential alternative for
the caffeine determination.

3.1.2 Validation of the reference method. The matrix effect
could impair the reaction between caffeine and HPTS, then, the
method validation, through the standard addition or matrix-
matching calibration, is an important step in that study to
prevent errors and the lack of precision. Linearity was evaluated
through spiking caffeine from 100 to 600 mg L™ " in ultrapure
water. The linear model presented a slope and linear intercept
with a correlation coefficient (R*) of 0.994, as can be seen in
Fig. 3.

Analysis of variance (ANOVA) was applied to the spectro-
fluorimetric method data and demonstrated linearity without
lack-of-fit. Intra-day precision was 0.660 to 1.56% and inter-day
precision was 1.12 to 2.36% both in the same concentration
range. LOD and LOQ of the reference method were 30.0 and
100 mg L™, respectively.

3.2 Development of portable fluorimetric device method

3.2.1 Optimization of the reaction conditions. In
a previous evaluation, the reaction viability was studied based
on an analytical visual answer between equal volumes of
aqueous caffeine solution (100 mg L™') and the buffer phos-
phate solution (0.100 mol L', pH 6.30) that contained 100
pumol L' of HPTS. The system was irradiated by a blue colored
RGB source of wavelength around 460 nm and the volumes were
fixed as 50.0 pL for both solutions, totalling 100 pL final volume.
The irradiation used a support spot-test of a 3D printed PLA
plate. The reaction occurred in a flat bottom insert (ID 24701,
Supelco, Sigma-Aldrich®) with a maximum capacity of 300 puL
(dimensions 5.00 x 31.0 mm) and the reaction time was
maintained as 4 minutes. The results of the optimized condi-
tions, according to the caffeine concentration, can be see in
Fig. 4.

400

300 1

200 -

100 +

Intensity of fluorescence (a.u.)

0
480

I I

530 630 680

580
Wavelength (nm)

Fig. 2 Emission spectrum at 460 nm for caffeine solution in water at
concentrations of 0, 100, 220, 530 and 600 mg L.
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Fig. 3 Analytical curve of caffeine in aqueous solution with
a concentration range varying from 100 to 600 mg L™, in spectro-
fluorimeter RF-1501.

3.2.2 Validation of the proposed method. The color of the
image captured by the smartphone camera was green fluores-
cence. The Image] software provided the signal intensities of
the RGB channels according to the region of interest (ROI) that
was selected. The red (R) channel of the RGB color model was
chosen given that it is a complementary color and the signal
intensity increases as the caffeine concentrations increased. In
order to avoid errors in the image treatment, the ROI was
inserted in a fixed position in the bucket, as well as the smart-
phone support, ensuring the same region of each image was
captured and analyzed. Linearity was observed for spiking
caffeine in ultrapure water at concentrations of 100 to
600 mg L™ ". The linear relationship obtained between the O.D.
and caffeine concentrations in water corresponds to R* of 0.996
and y = 100 x 10 *x + 163 x 10~ 2. ANOVA was also applied
which demonstrated a linearity without lack-of-fit. The intra-day
precision was 0.100 to 0.610% and the inter-day precision was
0.340 to 0.670% both in that same concentration range. LOD
and LOQ of the reference method were 30.0 and 100 mg L™,
respectively.

Intensity of fluorescence (a.u.)

Concentration (mg L)

Fig. 4 Schematic diagram of the fluorimetric reaction between
caffeine (left) and HPTS (right) resulting in a product fluorescence
intensity varying with caffeine concentration.
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3.3 Comparison between the methods

According to the results obtained for both methods, a compar-
ison regarding the figures of merit is presented in Table 1.

Both methods did not present variations in the values ob-
tained for the LOQ and LOD. In both methods, the linear range
of the study was the same, and for the proposed method there
was no loss of linearity, demonstrating an advantage of the
proposed device, since the literature reports loss of linearity for
bands greater than 100 units of concentration in studies
involving image acquisition.*»* Furthermore, the proposed
method was shown to be applicable and precise for caffeine
determination in real samples, with a relative standard devia-
tion (% RSD) intra-day and inter-day lower than 1.00%.

3.4 Determination of caffeine in commercial samples

After the validation, the portable method proved to be adequate
for quantifying caffeine in medicines and the energy drink in
a linear range of 100 to 600 mg L™ '. Therefore, Table 2 shows
the caffeine concentrations in the studied samples as well as
their respective analytical curves and measured relative error in
the matrices.

The caffeine concentration expected in each sample was
300 mg L. The proposed method obtained a relative error of
lower than 15% for the energy drink and medicine samples
demonstrating the proposed method has suitable precision and
accuracy for this analysis.

The energy drink and medicine samples have different
compositions; those components could affect the interaction of
caffeine and HPTS, in addition to the fluorescence signal. The
standard addition was done for both samples in order to mini-
mize this effect. Although, the samples were diluted to
1.00 mg L~ of caffeine for analysis, there was a matrix effect. The
matrix effect obtained for medicine samples A and B compared to
the analytical curve slope performed in ultrapure water demon-
strated a signal suppression of 20 and 60%. There was analytical
signal suppression since HPTS could interact with the sample
components and was less available to react with caffeine.

The samples analyzed using the fluorimetric device and spec-
trofluorimeter were compared through test-F and test-¢t at 95%.
The F-test presented p-value (0.466) > « (0.0500) which means the
samples present equivalent variances. Thereafter, the ttest

Table 1 Figures of merit for fluorimeter and portable fluorimetric
device

Fluorimetric device
Ultrapure water

Fluorimeter

Analytical parameters Ultrapure water

Linear range (mg L) 100-600 100-600
LOQ (mg L) 100 100

LOD (mg L") 30 30

RSD intraday (%) 0.660-1.56 0.100-0.610
RSD interday (%) 1.12-2.36 0.340-0.670
Sensitivity 4.00 x 10? 1.00 x 10~*
Linear coefficient 8.53 x 10! 1.63 x 1072
R 0.994 0.996
Reaction time (minutes) 4 4

This journal is © The Royal Society of Chemistry 2019
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Table 2 Concentrations obtained for energy drink and medicines A and B using the respective analytical curves as the analytical model

Relative error

Matrix Analytical curve R Cs00 (mg L) (%)
Energy drink Yy =7.00 x 10 °x +9.25 x 10> 0.985 328 2.5
Medicine A Yy =8.00 x 10 °x +7.74 x 1072 0.989 345 15

Medicine B Yy =4.00 x 10 °x +7.91 x 107> 0.995 322 7.3

Table 3 Comparison of the main analytical parameters of the present study with the literature

Parameters
References Linear range (mg L") LOD (mg L") Setup Samples
Hernandez-Aldave et al.>® 9.70-970 4.65 Nafion graphite nanoplatelets Soft drink
Nemati et al.* 0.388-13.6 0.00970 Sulfur-doped quantum dots Soft drink
Deng et al.>! 5.00-30.0 1.00 Silver nanoparticles Soft drink
Siering et al.** 0.970-5.82 — Supramolecular fluorescence Soft drink
McCraken et al.® 100-400 100 Paper Water
McCraken et al.'® 2.20 x 107°-27.2 — Bucket Water
Rochat et al."® 0-776 — Cuvette Soft drink
Monteiro et al.** 0.485-194 0.570 Cork-graphite sensor Soft drink
Present study 100-600 30.0 Insert Soft drink and medicines

obtained p-value (0.883) > « (0.0500) that demonstrates the caffeine
concentrations in each sample using both methods (fluorimetric
device and spectrofluorimeter) are not different statistically.

In this study, the results obtained from the digital images
were compared with data reported in the literature. McCracken
et al.*® also used the HPTS fluorophore to determine caffeine in
a paper-based device. In another study, McCracken et al.*® also
presented a proposed fluorimeter response using HPTS for
bisphenol A (BPA), estradiol and nonylphenol as a promising
and low cost portable analytical alternative. In both studies,
smartphone image acquisition and Image] software were used.
However, the proposed method in this work has some advan-
tages over the previously mentioned studies, such as a linear
range broader than both cited studies and also the LOD is three
times smaller than the cited studies. Table 3 illustrates a brief
comparison between the proposed device and previous pub-
lished papers. According to Rochat et al.*® the reaction involving
HPTS and caffeine presented the highest quenching emission
compared to other compounds structurally similar to caffeine
such as adenine, adenosine, ephedrine, guanosine, histidine,
indole, paracetamol, phenylalanine, theobromine, theophyl-
line, tryptophan, tyramine, tyrosine and uracil. The same
authors obtained an analytical curve from 0 to 4 mmol L™*
which corresponds to 0-776 mg L™, a similar result is obtained
by the proposed method. HPTS dye presents a quantum yield
varying from 0.82 to 1.00.>”*® In the proposed method the
quantum yield calculated was 0.99.

As observed, the proposed fluorimetric device allowed the
determination of caffeine by using a portable, quick and low
cost device. Also, it allowed reduced reagent and sample
consumption that was fifteen times smaller when compared to
the fluorimeter analysis, and raised analytical frequency
without using classical and expensive analytical equipment,

This journal is © The Royal Society of Chemistry 2019

decreasing the analysis price. The estimated analysis cost,
including the system used to capture the images, was US $1.00,
not considering the smartphone cost, since it is a technology
widely used. The cost raises to US $7.50 including the optical
fiber, Arduino Nano and the glass insert used in this device.

4 Conclusions

The proposed device proved to be a promising analytical tool to
determine caffeine in commercial beverages and medicines with
advantages such as being portable and low cost. The matrix effect
demonstrated signal suppression for energy drink and medicine
samples, and it was minimized by standard addition calibration.
The linear wide range obtained for the energy beverage and
medicine samples was from 100 to 600 mg L~'. This is an
important analytical advantage for the proposed device, mainly
smartphone data acquisition, which usually presents a limited
work range of 100 concentration units. The proposed device is
suitable to be used for caffeine determination in an energy drink
and medicine samples with a reduced amount of reagent and
sample consumption, requiring only 50 puL of sample. Moreover,
the method and fluorimetric device proposed are suitable to be
used for caffeine determination in remote areas with limited
analytical resources requiring only a smartphone.
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