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ARTICLE INFO ABSTRACT

Keywords: A microfluidic paper-based analytical device integrating a chromoreactand - a formylazo dye- has been fabri-
HPAP o cated and used for a colorimetric assay of sulfites. The chromoreactand was covalently linked to paper by vinyl
SUIlﬁt? determination sulfone chemistry. This work presents two robust capillary microfluidic devices to determine sulfite in wine
CO_ Orlme“y_ without any pretreatment. One of them based on thread (UTPAD) useful to determine it in white wine and
Wine analysis . . . . . . .

another based on paper (UPAD) to specifically determine sulfite in red wine as well as in white wine. Both are

Point-of-Need
based on the selective recognition of sulfite by means of a chromoreactand that turns from orange to yellow in

WTPAD
the presence of sulfite.

The colour information acquired (H coordinate) using a digital camera readout allows for a range of appli-
cation of the yTPAD from 7.8-107° M (8.1 mg L™!) t0 2.7-107° M (279.3 mg L™!) with a limit of detection (LOD)

of 78 uM.

The strong interference caused by the dyes present in red wine is eliminated by including a laminated paper
channel in the pPAD structure that allows for the separation of colorants from red wine before the recognition of
the sulfite. This makes it possible to adjust the uPAD procedure to the usual sulfite concentration in wine, with an
LOD of 2.2:107* M (22.7 mg L™1) and a CV of 2.6%.

1. Introduction

Sulfite is a wine preservative that has been widely used since ancient
Rome times due to its extreme chemical reactivity. It has antioxidant
properties, inhibits enzymes and the Maillard reaction, is a reducing
agent and has antimicrobial properties. Sulfite is generally added as
calcium, sodium or potassium sulfites or hydrogen sulfites and belongs
to the group of preservatives (E220-E228). Furthermore, in the United
States, sulfite is designated as a GRAS (Generally Regarded as Safe)
preservative [1]. At the end of the 1990s, its use began to be restricted
due to the adverse reaction that occurs in people who suffer from asthma
or are allergic to this type of compound. Currently, presence in a product
must be indicated on the label if the sulfite concentration is higher than
the legally established limit.

Sulfites are a natural preservative in some products, such as wines or
beers [2], where they are produced during the fermentation process. In
the case of wine, the European Union has established that it is

mandatory to indicate the presence of sulfite if its concentration is
greater than 10 mg L™, and a maximum concentration range of
150-500 mg L ™! has been defined, depending on the type of wine as well
as its sugar concentration [3]. Therefore, sulfite determination is
required for beverages, and a variety of different methodologies are
available that must be performed in the laboratory, like redox titrimetry,
chromatography, capillary electrophoresis, spectrophotometry, fluo-
rimetry, voltammetry and amperometry [4]. Some of these have been
implemented in different flow systems [5].

There is a significant demand for the development of point-of-need
(PON) devices that can perform the analysis in-situ, by non-specialized
personnel. The smartphone is a viable device to meet this demand, as
it is widely used and inexpensive, and has the necessary computation
power and imaging technology [6]. In addition, PON devices have
another major advantage related to their ecological characteristics,
thanks to the low sample volume necessary to perform the analysis, the
inclusion of the necessary reagents in the device and the use of
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ecological supports, such as paper, thread or cloth [7].

Over the last few years, different microfluidic devices have been
proposed for the determination of sulfite in different beverages. The
first, based on quenching a phosphorescent sensing membrane by sul-
fite, was included in a flow-injection analysis (FIA) system (LOD 10 pM)
and applied to water and clear or turbid samples like vinegar or juice,
but was not useful measuring sulfite in red wine[8]. Another example
uses a microchip for the simultaneous determination of environmental
samples of sulfite and nitrite after fluorescent derivatization (LOD 1 uM).
Although the method represents a methodological simplification, a
pumping systems is needed to make the reagents and sample flow
through the system, which renders it non-portable and difficult to use
[9]. More recently, several optical methodologies based on the use of
smartphones or small homemade instrumentation have been applied to
sulfite determination. Fatibello-Filho’s group, for instance, proposes a
digital image method based on the reduction of Fe(III) by sulfite and the
complexation of Fe(II) with 1,10-phenanthroline (Phen) applied to
white and rosé wine, as well as fruit juice (LOD 32 uM) [10]. Chen et al.
have proposed a gas-diffusion pPAD using nano ZnO-paper disc in
conjunction with surface-enhanced Raman spectroscopy (SERS) for
sulfite determination in food and wines (LOD 25 pyM) [11].

Recently, two paper have been published using headspace micro-
extraction technique for separation of sulfite as SO and its collection on
cellulose paper impregnated with the ferric complex of Phen in one case
[12] and on the head of a cotton swab with the same reagent in the
second [13]. In both cases an homemade accessory is used to house a
smartphone to acquire an image used for the development of a colori-
metric method (LOD 0.5 pM [12] and LOD 1.5 pM [13]).

The elimination of interferents and colorants present especially in
red wine is proposed in the literature using headspace techniques, which
makes the procedure more complex and with a series of analytical
operations.

As can be seen, the application of all these new optical methodolo-
gies to samples with intense colours such as red wine is extremely
limited, due to the difficulty inherent in integrating the separation step
of red wine dyes in the PON device while maintaining its simplicity. This
work presents two capillary microfluidic devices based on thread
(LTPAD) and paper (uPAD) designed to determine sulfite content
without any type of pretreatment in different types of wine (red and
white) based on selective sulfite recognition by means of a chromor-
eactand, in this case a formylazo dye (Fig. 1).

2. Materials and methods
2.1. Microfluidic device fabrication

2.1.1. uTPAD
The cotton thread used as the support was first scoured by boiling in
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an aqueous solution of 10 mg mL~! NayCO; for 5 min to remove the
thread waxes. The thread was then washed several times until the rin-
sate was pH neutral. Finally, it was sonicated 3 times in purified water
for 5 min and left to dry at room temperature. To fabricate the uTPAD,
10 pL of pH 6.0 citric acid/citrate buffer 0.5 M was deposited at one end
of a 20 mm long thread, previously stuck on double-sided adhesive tape
and left to dry at room temperature for a few minutes. Then, a round
piece of 2.5 mm diameter of sulfite sensor paper was attached to the
other end of the thread. The prepared devices were stored in the dark
until use.

2.1.2. uPAD

This device was made up of a sampling area, separation area, sensor
paper and a passive pump. The sampling and separation area was pre-
pared using 1248 Filter-Lab paper (basis weight 80 g m~%; thickness
0.210 mm; retention 25-30 um) previously laminated on one side with
bioriented polypropylene (BOPP) lamination film at 100 °C. Once

A 2mm B C

9mm

34mm

' 7mm
2mm
Fig. 2. A: uPAD double channel design with sampling area (1), separation area

(2), sensor paper (3) and passive pump (4). B: pPAD before being used. C: uPAD
after being used for red wine sample.
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Fig. 1. A: Covalent immobilization of GJM-530 on cellulose paper; B: Sulfite reaction with GJM-530.
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laminated, the paper was used as an input material for a cutting plotter
(speed: 60 mm s_l; force: 75¢g), which cut the dual-channel shape
(Fig. 2). Then, 0.5 pL of pH 6.0 citric acid/citrate buffer 0.5 M were
added to a round piece (2.5 mm) of sensor paper, which was left to dry.
This round piece was then attached to the end of the separation area
(Fig. 2), which was stuck to a piece of double-sided adhesive tape. A
2 x 9 mm non-laminated rectangular piece of the same paper was
placed at the end of the sensor paper as a passive pump (Fig. 2 and
Fig. S14). The prepared devices were stored in the dark until use.

2.2. Image capture and processing

Both the yTPAD and pPAD were imaged after reacting with sulfite
with a Sony DSC-HX300 camera located in a fixed position in a cubic
light box to maintain the image acquisition conditions constant and
isolated from external radiation. For still images, the camera was set up
as follows: 3648 x 2736 pixel resolution, f/4 aperture value, 1/40 s
exposure time, ISO 80, 5600 K white balance (see Section S2). The
captured images were saved in jpg format (Joint Photographic Experts
Group). For video recordings, the camera was set up as follows:
1440 x 1080 pixel resolution, 25 frames per second, and 5000 K white
balance, and the file was saved in MTS (AVCHD) format. The image and
video obtained were analysed using ImageJ and Avidemux software to
select the region of interest (ROI) of the devices.

2.3. Analytical protocol

To determine the sulfite, 10 uL in the case of yTPAD and 20 pL for
uPAD of the sample was deposited in the sampling area of the device.
After 1 min, the reaction was complete, with the orange colour in the
sensor paper changing to yellow (Fig. 2). Then, an image from the device
was captured using a digital camera, as described above, and the hue (H)
chromatic coordinate of the ROI was calculated. The sulfite concentra-
tion was calculated from the calibration function obtained with the
standards. All the sulfite standards were prepared by dilutions from a
0.1 M NaHSOgs stock solution that was prepared daily and standardized
by iodimetric titration, using As;Os3 as the primary standard [4]. Wine
samples were analysed for sulfite without any pretreatment by dropping
10 pL of white wine samples onto the yTPAD sampling area or 20 uL of
red or white wine in the case of the uPAD. Each wine was analysed in
triplicate with the proposed devices and by iodimetric titration, and the
results were compared in terms of percentage of error.

3. Results and discussion

A typical example of carbonyl additions — a = bond addition reaction
— is the addition of sulfite, which occurs quickly with most aldehydes
with no need for a catalyst, due to the efficient nucleophilic character of
sulfite. Sulfite forms adducts by a reversible reaction with the aldehydes
and ketones present in many food components, naturally or intention-
ally as an additive, giving rise to the formation of a-hydroxysulfonates,
which accounts for most of the bound sulfite, at a pH between 1 and 8,
with dissociation occurring at a higher pH (sulfurous acid: pK; 1.81; pKy
6.91) [14,15] (Fig. 1).

We propose using this reaction to determine sulfite based on a for-
mylazo dye interaction, which changes the electron acceptor strength of
the dyes and, consequently, their colour. This concept — the use of spe-
cific indicator dyes immobilized in polymeric layers that undergo a
reversible chemical reaction with the analyte modifying their optical
characteristics [16-19] — was developed by G. Mohr under the name
chromoreactand.

The formylazo dye prepared as the reagent for sulfite is 4-[4-(2-
hydroxyethanesulfonyl)-phenylazo] —2-formylnaphthalen-1-ol  (GJM-
530), synthesized and characterized by us (see SI-3 and SI-4). To develop
the microfluidic devices, the GJM-530 reagent was covalently linked to
paper by vinyl sulfone chemistry. The cellulosic membrane was used as a
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sensor paper that turns from orange to yellow in the presence of sulfite.
3.1. Characterization of the immobilized chromoreactand

Once the GJM-530 reagent was immobilized in Whatman 1 paper
(see Section S5), it was necessary to characterize it as a reagent in terms
of the analytical parameter, working pH and reversibility. To that end,
2.5 mm diameter discs of the sensor paper were dipped for two min. in
ten different sulfite solutions buffered at a fixed pH using 1 M citric
acid/citrate buffer (see Section S6), and then digitized.

To choose the colour coordinate to be used as an analytical param-
eter (see Section S6), different sensor papers were reacted with different
sulfite solutions. Figs. S4 and S5 show that the H parameter is the colour
coordinate with the highest signal variation and the lowest error bars.

The influence of pH on the reaction was tested using sulfite solutions
buffered at pH 4.0, 4.9, 6.0 and 7.0. Fig. S6 shows that pH 6 causes the
greatest variation in H, and better precision, and was thus chosen as the
working pH. Additionally, at that value hydrogensulfite is the predom-
inant species.[2].

Finally, the reversibility of the sensor paper was studied by sub-
jecting it to an increasing concentration of sulfite and, subsequently, to
decreasing concentrations. Fig. S7 shows how the sensor paper only
recovers 43% of the signal when successively immersed in solutions of
increasing and decreasing sulfite concentration.

Although it has been described that this type of chromoreactand is
reversible in solution, [16] the immobilization on paper, the formation
of a hydrogen bond in the hydroxy-naphthalene group that stabilizes the
structure or the high chemical reactivity of the dye could be the reason
for the partial irreversibility observed with the sensor paper.

3.1.1. uTPAD optimization

As the material to make the capillary platform, we selected com-
mercial cotton thread in combination with paper to implement all the
necessary analytical operations: sampling, pretreatment and recognition
of the sulfites. The pTPAD designed for the determination of sulfites was
a 20 mm long cotton thread with a circular sensor paper at its end. To
obtain reproducible signals, as well as to simplify the measurement
procedure, the influence of the sample volume, the reaction time of the
sulfite recognition reaction and the buffering of the sample in the device
were studied.

To study the sample volume to use, the minimum volume of liquid
necessary to homogeneously wet the sensor paper was studied first
(Section S7.1); this value was 9 pL. The sample volume was then studied
to obtain the maximum signal compared to the value by immersion;
10 pL was the volume selected (see Section S7.1).

Once the sample volume was selected, the time required to obtain a
stable signal was studied. It was found that 60 s is sufficient to generate a
constant value of the parameter H (See Section S7.2).

The pH adjustment step was performed on the U TPAD device itself to
avoid sample pretreatment. For this, 10 uL of pH 6.0 citric acid / citrate
buffer 0.5 M was deposited directly on the yTPAD thread, which was
allowed to dry under ambient conditions. Fig. S12 shows that the signals
obtained with immobilized buffer and buffer in solution are similar, and
consequently, there is no need to adjust the pH in solution prior to
measurements.

In order to optimize the minimum amount of reagents and materials,
the size of the circular sensor paper was studied by testing circles 2, 2.5
and 3 mm in diameter (Fig. S13). The 3 mm diameter sensor paper
shows the lowest H variation (0.0416) and was not used for further
studies. Of the 2.0 and 2.5 mm diameter circles, 2.5 mm was chosen
because it presented the lowest CV, with 3.04% compared to 4.95% for
2 mm.

3.2. Calibration and analytical parameters

After optimization of the different variables, the uTPAD was
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analytically characterized. To this end, nine different sulfite solutions
ranging from 107° to 10~! M were used, obtaining the signal 60 s after
adding the sample. For this study, 27 yTPAD’s (n = 3) were used and the
H value obtained was adjusted to a Boltzmann equation against the
logarithm of the sulfite concentration Eq. (1).

A —A
y =+ A ) M
14+e

Fig. 3 shows the evolution of H experimental data from uTPAD as
well as its fit to a sigmoidal Boltzmann equation with a R? of 0.994.
Figures of merit (See Table 1) of the uTPAD were calculated obtaining a
CV lower than 5% (n =>5) and a limit of detection (LOD) of 78 uM.
Finally, the range of application of the yTPAD was found to be from
7.810°M (8.1 mgL ™) t0 2.7 1073 M (279.3 mg L™1).

3.3. Study of interferences

The possible interference of different major compounds present in
wines was studied, including lactic, acetic and tartaric acids, alcohols
like ethanol and sugars such as fructose, glucose and sucrose. The acids
and ethanol concentrations tested were close to the maximum concen-
tration found in wine: 1 gL™! of acetic acid, 3 gL~} of lactic acid,
5 g L ™! of tartaric acid, 40 mg L ™! cysteine, 100 mg L™! glutathione and
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Table 1
Figures of merit from the yTPAD and pPAD for sulfite determination.
Parameter uTPAD uPAD
A 0.04811 0.05153
Ay 0.14313 0.1466
Az -3.381 -2.8574
Ay 0.42116 0.35816
R? 0.994 0.998
LOD 7.8107°M 22107 M
Dynamic Range 7.8107°t02.7-10 > M 22107410 8.910 > M
Average precision (n = 5) 3.0% 2.6%
Analysis time 60 s 60 s
Sample White wine (10 pL) Red/white wine (20 pL)

a 13% (v/v) of ethanol, and compared to the signal obtained from a
blank and also from a 1.0 mM sulfite solution (Fig. 4a). No interferences
from these compounds were found. The sugars were tested at three
different concentrations, and the results were compared with the signal
obtained at a 1.0 mM sulfite concentration (Fig. 4c), as well as with
mixtures of sulfite (1.0 mM) and sugars (67.5 mg LY (Fig. 4b). The
results obtained from this study concluded that the presence of these
compounds does not interfere with the signal from sulfite.

The pTPAD method was successfully applied to seven white wines
from different Spanish wine regions. 10 pL of sample was added to the

0.16
®
e
.
0.12 A &
- /4
0.08 ¥
(]
¢
0.04 T T T T T T T T
-6 -5 -4 3 -2 -1 0
Log [Sulfite]
0.16
0.12 A
H
0.08 A
0.04 T T r T T T T T T T
-6 -5 -4 3 2 -1 0

Log [Sulfite]

Fig. 3. Calibration function and experimental data obtained from pTPAD (upper graph) and uPAD (lower graph).
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Fig. 4. A: H values obtained in uTADs for 3 g L™! lactic acid, 1 g L ™! acetic acid, 5 g L™! tartaric acid, 40 mg L™! cysteine, 100 mg L ™! glutathione and 13% (v/v) of
ethanol solutions and a 1 mM sulfite solution. B: H values obtained in uTADs for sugar solutions at 67.5 mg L™! and 1 mM sulfite compared with 1 mM sulfite
solution. ¢ H values obtained in pTADs for 5, 18, 45 and 67.5¢g L' fructose (blue), glucose (orange) and saccharose (grey) compared to 1 mM sulfite solu-

tions (yellow).

device, obtaining errors ranging from 3% to 19% (see Table 2) when
compared with the results obtained from the iodimetric titration [4].

3.4. Sulfite determination in red wine

The intense colour of red wine is mainly due to the pigments present

Table 2
Validation of yTPAD and pPAD using commercial wine samples.
Sample  Kind Designation of  pTPAD Iodimetric IErrorl
origin Sulfite titration Sulfite
mg L! mg L!
1 White Rioja 39.4 42.0 6%
2 White Rueda 42.6 43.1 1%
3 White  La Mancha 32.2 32.8 2%
4 White Rioja 57.6 57.0 1%
5 White Rueda 51.4 57.6 11%
6 White  Uriel-Requena 31.7 39.2 19%
7 White  Valencia 27.7 26.6 4%
Sample  Kind Designation of  pPAD Iodimetric IErrorl
origin Sulfite titration Sulfite
mgL~! mgL~!
8 Red Rioja 27.5 33.9 19%
9 Red Uriel-Requena 28.5 29.1 2%
10 Red Rioja 24.0 20.3 18%
11 Red Ribera del 20.1 23.9 16%
Duero
12 Red Rioja 29.6 27.4 8%
White Rioja 37.6 42.0 10%
5 White Rueda 52.2 57.6 9%

in grapes, especially different phenolic compounds like anthocyanins
that are transformed, during the wine aging process, into more stable
structures such as pyranoanthocyanins[20]. The presence of these pig-
ments means that the yTPAD device cannot be used due to the red
coloration that the sensor paper takes from the sample, which interferes
with the colorimetric measurement.

To determine sulfites using a colorimetric PON device, a prior
decolorization of the wine sample was required, without affecting the
sulfite content present, so that the solution that reached the sensor area
was colourless. To separate the colorants from the red wine, the intro-
duction of a separation step using filter paper in the device was pro-
posed. To perform the separation, seven different types of paper were
cut into 3 mm x 70 mm strips and deposited on a double adhesive tape;
then 10 pL of different types of red wine were deposited on one end and
a digital image was taken after five minutes. As a parameter to measure
the efficiency of the separation, Wg, was defined as the quotient between
the length of the discoloured area of the paper and the total distance
travelled by the wine sample (see Table S3).

The papers in references 1248 and 1249 provide the best separation.
To select the most appropriate, the reproducibility of the separation
process (n = 10) was studied, finding that paper 1248 presented a value
of 6.9%, compared to 11.6% for 1249, which is why the 1248 paper was
selected as the best support for pTAD in terms of separation and
reproducibility.

The width of the separation channel was studied by testing widths of
1, 2 and 3 mm. The 1 mm wide paper was rejected as having low sta-
bility. The 2 mm channel produced a better separation (Wg = 0.428)
than the 3 mm channel (Wr = 0.395), so that size was selected.
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In order to increase the separation performance of the colorants
present in the wine and also improve the physical properties of the paper
(wetness stability, consistency, rigidity), the lamination of the device
was studied. 2 mm x 70 mm paper strips, unlaminated, laminated on
one side, and laminated on both sides were tested using 10 uL of red
wine. The double lamination of the paper improved the separation
process (Wg 0.641); even single-sided lamination had a better factor (Wg
0.507) than non-laminated paper (Wgr 0.432). Both laminated papers
also improved the mechanical properties, presenting greater resistance
to wetting.

The amount of the wine sample used to separate the dyes, studied in
the range 7.5-12.5 pL, kept the separation factor constant (7.5 pL, Wg =
0.402; 10 pL, Wg = 0.405; 12.5 pL, Wg = 0.404) and the separation was
not affected in this volume range.

Finally, due to the separation process performed in the separation
channel, it was not possible to drop the buffer into the separation
channel as was described for the yTPAD, because the presence of the dry
buffer affected the separation process negatively. Therefore, the buff-
ering process was done directly on the sensor paper by adding 0.5 uL of
0.5 M of citric acid / citrate pH 6 buffer (see Section 8.3).

3.5. Calibration of uPAD for sulfite

Once the yPAD was optimized, it was calibrated (see Section 8.4), but
the analytical parameters obtained in terms of LOD (233 mg L1 made
it impossible to use in real wine samples, because the highest sulfite
concentration allowed is in the range from 150 to 500 mgL~},
depending on the kind of wine. The reason for the low signal obtained, is
because only a low volume of the sample reaches the sensor paper. This
is due to the fact that a high volume of sample is absorbed by the paper
support, compared to thread.

If a higher amount of the colourless wine sample can wick to the
sensor paper, it could be possible to obtain a higher signal at lower
sulfite concentration. Unfortunately, it was not possible to simply in-
crease the amount of the sample, because this also affected the separa-
tion process of the colorants from the sensor paper. For this reason, a
new uPAD was designed, with the single 2 x 21 mm channel replaced by
a double channel laminated on only one side. This made it possible to
add 20 pL of the sample instead of 10 pL and to increase the amount of
the decolorized sample that reached the sensor paper (Fig. 2). Moreover,
a passive pump at the end of the device composed of a piece of 2 x 9 mm
paper allowed a higher volume of sample to wick along the sensor paper.

The calibration of the bi-channel device was adjusted to a Boltzmann
equation with 0.998 of R% The changes made including the passive
pump, one sided laminate and bi-channel design improved the signal
significantly (see Fig. 3), obtaining an LOD of 2.2-10™* M (22.7 mg-L™1)
and a CV (n = 5) of 2.6% (see Table 1). Accordingly, this approach now
performs well for red wine.

3.6. Wine samples

The pPAD was used to determine sulfite concentration in white and
red wine, obtaining the results shown in Table 2 and compared to a
reference method, iodimetric titration. As can be observed, red and
white wines from different designations of origin were successfully
analysed, when compared with the reference method. The error calcu-
lated for the determination of the samples ranged from 1% to 19%.

4. Conclusion

This study presents two PON devices that permit the determination
of sulfite in wine. The first approach was a pTPAD that permits to
perform the determination in white wine where the colorants are not
going to interfere in the colorimetric signal obtained but being not
possible its application to red wines. To avoid this limitation, a second
device where paper was used as support pPAD was developed. The use of
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paper makes possible to separate the colorants in red wine from the
sulfites that reach the sensor paper.

This separation prevents the coloration of the sample from inter-
fering with the colorimetric signal obtained and, thus, affecting the
determination of sulfite and allowing it use on red and white wines.

Additionally, the use of GJM-530 chromoreactand immobilized on
the sensor paper via covalent bond improves the reproducibility of the
WPAD, preventing leaching from the paper to the sample, and making it
possible to obtain a selective signal from a complex matrix sample, like
white and red wine.

The pPAD allows for sulfite determination in the range of 2.2:10* to
8.9:10 3 M in 60 s using 20 L of the sample, and obtaining a precision
around 2.6%. The results obtained when applied to 12 different wine
samples were compared to a reference method, demonstrating the utility
of the sensor. Additionally, the proposed method is environmentally-
friendly, using a low volume of reagents and sample and generating
very little waste, all of which demonstrates the potential of this kind of
device in the agro-food industry.
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