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Abstract

In this work, the design and development of a microfluidic paper-based device (uWPAD) for
the quantification of total phenolic compounds (TPC) in wines is described. The developed
uPAD was based upon the vertical flow concept and the colour reaction used was the known
Folin-Ciocalteu reaction using gallic acid as reference phenolic compound. After studying
operational parameters, namely type of paper, reagents and sample volume, a dynamic range of
5-50 mg L' was obtained with a limit of detection of 1.2 mg L. The described device proved
to have good precision (relative standard deviation < 5%) and no significant interferences were
observed from known compounds present in wines. Furthermore, the stability of the colour
product and of the device itself were assessed; the pPAD was stable for 30 days (in the dark at
room temperature) and it could be scanned up to 8 h after sample introduction. The developed
uPAD pose as a simple method for TPC quantification and was successfully applied to several
wine samples including sparkling and table wines with two different approaches: 1) using gallic
acid as reference compound with standard addition; and 1ii) using taniraisin with external
calibration. The accuracy of the proposed pPAD method was assessed by comparison with the
reference spectrophotometric method according to the International Organisation of Vine and

Wine (OIV) recommendations.

Keywords: cellulose paper, Folin-Ciocalteu, food samples, on-site analysis, phenolic

compound.
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1. Introduction

Wine is one of the oldest alcoholic drinks consumed in the world being an economically
important global industry for millennia. Wine is mainly composed of water and ethanol.
However, other compounds such as glycerol, sugars, organic acids, minerals, volatile
compounds and phenolic compounds (PC), among others, are present [1]. PCs are natural
substances composed of hydroxyl groups and benzene rings and they have been reported to
have anti-oxidant, anti-aging and anti-inflammatory properties [2]. Additionally, PCs are one
of the most important groups of chemical compounds for the perceived quality of wines,
contributing to sensory characteristics such as colour, flavour, bitterness and astringency, and
also to the wine stability through oxidative processes [3]. The total polyphenol content (TPC)
can be quite variable depending on grape variety and maturation and winemaking conditions,
being higher in red (1-5 g-L!) than in white wines (0.2-0.5 g-L!) [4]. The relationship between
the wine quality and its phenolic composition, together with authentication purposes, are two
major challenges in the Enology field [5]. As a result, TPC quantification has become one
common practice. Nowadays, the globally stablished methods for evaluation of TPC are based
on the well-known Folin-Ciocalteu (F.C.) colorimetric assay [6] or by the absorbance
measurement at 280 nm [7]. Both methods are widely accepted due to their simplicity and
reproducibility. Nonetheless, they require specific laboratory instrumentation with its related
costs as well as high volumes and long equilibrium times. In this sense, much effort has been
made to develop simple, fast, portable, and cheap methods to determine TPC. In this context,
microfluidic devices can be an efficient and interesting approach to meet that aim. They are
made from different resources such as polymers, glasses and papers [8,9]. The latter one, also
known as microfluidic paper-based analytical device (LPAD), have been gaining popularity
from its first appearance in 2007 by Martinez A. et al. [10]. There are two main reasons for

wPAD popularity: 1) the paper nature, providing a cheap hydrophilic support enabling reactions
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to occur by allowing the transport of aqueous solutions via capillary forces without the need of
external propulsion forces [11,12]; and 11) the advances in the miniaturization concept, detection
attained by image capturing [13].

Focusing on pPAD design, it must be composed of two regions: the hydrophilic area, and
the hydrophobic area. The former is provided by the cellulosic material, where the reactions
usually occur, and the second one has a fencing function to delimit the reaction zone [14].
Different approaches can be carried out to produce these barriers such as photolithography,
inkjet methods and wax printing [15]. However, all of them have some drawbacks that must be
considered in their production. For instance, wax technology requires an extra heating step and
it is relatively expensive due to the printer cost [14] or inkjet printing usually uses toxic organic
solvents [11]. To overcome these limitations, a low-cost and eco-friendly pPAD construction
is presented in this work using simple stationery materials (punchers, plastic sleeves and a
laminator), following a recent trend in the UCP research group [14,16—18].

Concerning uPAD application, these devices present several recognized characteristics that
have led to their use on-field analysis in remote locations or in places with few resources [15]
as a remarkable alternative. For instance: low cost, portability, ease of miniaturization, low
requirements of sample and reagents, etc. being most of them in agreement with the Green
Analytical Chemistry [19,20]. They have also been useful as sensors for a variety of
applications highlighting food evaluation, clinical analysis, environmental safety, among others
[21,22]. However, as far as we known, only few works have been reported in the literature
combining uPAD and colorimetric detection in order to stablish TPC in food samples [11,23—
27] and only two of them have evaluated stability [23,24], which is undoubtedly one of the
most important parameters for on-site applications with no laboratory instrumentation.
Furthermore, refrigeration was needed in Puangbanlang’s work [23] and also vacuum at 4°C

for the of Calabria’s group [24] work in order to maintain the initial uPAD performance.
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Among that, additional materials like wax printers [23,25], lab-case, dark boss and smartphone
holder [24] or treated cotton [27] were needed to perform the analysis. Consequently, the true
potential of these uPADs is still somewhat limited, due to less practicality and the device
longevity.

In this work, a novel and simple pPAD method has been designed for quantification of
TPC carrying out the renowned F.C. reaction. The strategy was to use the approach recently
developed at the UCP research group [14,16—18] based on vertical flow. For this purpose, two
individual layers of paper loaded reagents were placed in a 24-fold plastic sleeve. After a
heating process with a laminator, the pPAD was ready to use. The resulting analytical platform
was properly optimized including not only the chemical part (reagents concentration and
volumes), but also the physical aspect such as paper type, thickness, pore size, etc. Once the
optimum conditions were stablished, the developed device was successfully evaluated as sensor
using different wine samples. The accuracy was validated matching the results with

recommended conventional spectrophotometric method.
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2. Experimental

2.1. Reagents and solutions
All solutions were prepared with analytical grade chemicals and Milli-Q water, MQW
(resistivity > 18 MQ cm, Millipore, Bedford, MA, USA).

The Folin-Ciocalteu reagent, F.C. solution, was daily prepared by dilution from a
commercial solution of F.C. (2 M respect to acid, Sigma-Aldrich) in MQW to a final
concentration of 0.5 M (2 mL final volume).

Sodium carbonate stock solution was prepared weekly dissolving the appropriate amount
of anhydrous Na>COs (Sigma-Aldrich) to obtain a final concentration of 15% in a final volume
of 20 mL.

Stock solution of gallic acid (Sigma-Aldrich) 1000 mg L' was prepared dissolving 100 mg
of the solid in 100 mL of MQW and stored at 4°C. Working standards in the range of 1-100 mg
L were daily prepared from the stock solution and diluted in MQW. For the standard addition
approach, the same procedure was followed, the dilutions of the stock solutions were made with
diluted samples (see Section 2.5 for further details).

The preparation of taniraisin (Martin Vialatte, France) stock solution (1000 mg L) was
prepared by weighing 10 mg of solid in 10 mL of MQW. For the preparation of working
standards, used in the calibration curve method for the direct determination, proper dilutions of
the stock solution in the range 5-50 mg L' were done with MQW.

In the assessment of potential matrix interferences: ethanol solution (13-20 %) was
prepared by dilution from absolute ethanol (Sigma-Aldrich). For the rest, glycerol (1-7 g L),
sodium sulphite (25-300 mg L), D-Glucose (2-20 g L") and tartaric acid (3-5 g L") (Sigma-
Aldrich) were weighed to obtain individual solutions of 10 g L', 500 mg L!,20 gL' and 5 g
L', respectively. Then, proper dilutions from these stock solutions for the further studies were

performed, if necessary.
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2.2. Scheme of pPAD assembly

The uPAD construction consisted of 48 filter papers discs (two stacked discs per unit)
arranged in 4 x 6 units distribution (columns x rows) as 24 hydrophilic units (see Fig. 1A).
Information about the different types of paper used in this work can be found in the Table S1.
The top layer consisted of 24 papers (Whatman® 541) loaded with 10 pL of 0.5 M F.C. reagent
and placed in the oven for 10 min at 50 °C. The bottom layer consisted of 24 papers discs of
(Whatman® 3) loaded with 20 uL Na;CO3 15 % m/v and placed in the oven for 20 min at 50
°C. Both paper discs were cut with a diameter of 9.5 mm (puncher 3/8” EK tools, Lindon, USA).
Then, the uPAD was assembled stacking the two layers, unit by unit, in plastic pouches (75 x
110 x 0.125 mm, Q-Connect, Gent, Belgium), previously perforated with 4 mm holes (Knipex
puncher, Wuppertal, Germany). Next, a heating process with a laminator (United Office,
Cleveland, USA) was carried out and the plastic between the units was melted and combined

in a single layer.
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Figure 1 Schematic depiction of the uPAD assembly and the operating procedure (A); views from
top and bottom (B); and an example of real uPAD scanning capture after loading standards and wait 20

min (C).
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After this process, the pPAD card was finished and ready to use (see Fig. 1B). It should be
noted that the space between the different papers acts as hydrophobic area surrounding the
reaction/detection zone (physical barrier of approx. 1 cm) as well as avoiding cross-

contamination between units,

2.3. TPC quantification

For the quantification of TPC, 25 uL of standard/sample was loaded onto the hole placed
over the detection layer (top layer with F.C. reagent). While being absorb through the top paper
layer with F.C., the PCs (as reducing substances) reacted forming a blue chromophore of
phosphotungsticphosphomolybdenum complex (see Fig. 1C). The intensity of the blue colour
is directly proportional to the TPC in the sample. The chromophore production, and consequent
blue colour intensity is enhanced at alkali pH, so with sodium carbonate was placed onto the
second layer for pH adjustment and to decomposed the F.C. excess.

After standard/sample loading, approximately 10 min were necessary to achieve the
complete absorption of the total volume under atmospheric conditions. At that moment, the
pPAD was left for another 10 minutes to increase the signal response without exceeding the
total analysis time. After 20 minutes, the device top layer was scanned (Epson) and the resulting
images processed using free software ImageJ. The images were converted into RBG plots and
the intensity counts of circular segments (98 x 98 pixels) obtained using a red filter. The circular
segment corresponds to a perfect fit of the reagent paper discs’ area. It was stablished 6
replicates for each standard to ensure at least 4 measurements after removing the potential
outliers (see Fig. 1C). The intensities values were converted to absorbance following the
expression: A = log (Io/I), where I is the standard/sample intensity and I is the blank intensity,
obtained by loading MQW. Then, calibration curves were plotted with the calculated

absorbance for each standard and the F.C. concentration.
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In the sample analysis, different approaches can be follow, namely a direct procedure and

a standard addition procedure.

2.3.1 Direct determination with taniraisin as model phenolic compound

When taniraisin was used as reference compound, the wine samples were directly loaded
into uPAD card, following the previously described procedure. The concentration of TPC in
the sample was obtained by absorbance interpolation in the calibration curve established with

the taniraisin standards.

2.3.2 Standard addition with gallic acid as model phenolic compound

However, being gallic acid the most used reference compound for TPC analysis, an
approach using it was also developed. For the determination using gallic acid a standard
addition procedure was established, and gallic standards were prepared in wine sample. Then,
the standard addition standards were loaded in the uPAD following the describe determination
procedure. The concentration of TPC in the sample was obtained establishing the linear
regression of the obtained absorbance and calculating the interception corresponding to no

gallic acid addition.

2.4. Reference procedures and in vitro determination

To assess the uPAD accuracy, results obtained with the developed device were compared
to results obtained with the reference method from OIV (International Methods of Wine and
Must Analysis) Folin-Ciocalteu Index (OIV-MA-AS2-10) [28].

Concisely, 0.2 mL of wine (previously diluted) or standard were mixed with 5 mL of water.
Then, 1 mL of F.C. reagent was added, and the mixture was homogenised. Next, the pH was

buffered at alkali medium with 4 mL of Na,CO3 (20 %, m/v) and the final volume was adjusted
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to 20 mL with deionized water. After mixing, the solution was left at room temperature for 30
min and the absorbance was determined at 750 nm through a path length of 1 cm with a
spectrophotometer (Helios Gamma UV-Vis Spectrophotometer, Thermo Scientific,
Massachusetts, EUA). A blank solution was also prepared with deionized water in place of the
wine as reference. The appropriate absorbance for wine samples should be around 0.3 units;

otherwise, a proper dilution should be done.

2.5. Sample collection

Different wine samples (Table S2) were purchase, namely sparkling wines (SW1-SW4)
and table wines (TW1-TW6), and stored at 4°C until their use. All wine samples were diluted
prior to be analysed (Table S2).

The diluted samples were directly loaded in the uPAD when taniraisin was used as model
compound, in a direct determination approach. When using gallic acid as model compound, a
standard addition approach was used, so gallic acid standards were prepared in the diluted
samples, at least 5 standards with 5 mg L™! intervals (without exceeding the linearity 5-50 mg

L.

3. Results and discussion

3.1. Preliminary studies

The F.C. assay is the most suitable method to quantify the TPC in wines samples. However,
an optimization of reagents, with traditional spectrometric method, was done in order to obtain
the best operational conditions. In so doing, the general procedure was followed [28] varying
the F.C. and Na>xCOs concentrations (Table S3). The highest sensitivity was achieved using
0.75 M of F.C. reagent and 20 % (m/v) of Na,COs3 (conditions described in C7 in the Fig. S1).

The sensitivity enhancement was set about ca. 20 % compared to the initial conditions (CO in

10
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the Fig. S1 extracted from Hao and collaborators) [25]. Higher values than 1 M of F.C. reagent
were discarded since they produced white dispersions after 25 minutes as it has been also
indicated elsewhere [29,30].

From these batchwise in vitro studies, 0.75 M of F.C. reagent and 20 % (m/v) of Na,CO3
(C7 in the Fig. S1) were selected as starting point for the microfluidic approach. Additionally,
two observations were taken into account before initiating the uPAD experiments: 1) a single-
layer micro-PAD card was discarded since F.C. and Na>xCO3 are incompatible in direct contact
(see Section 2.3) and it would limit the standard/sample volume to 10 pL (it takes about 30 min
absorption under atmospheric conditions); and ii) the reading process must be done on the F.C.
layer, otherwise no linear relationship between signal and concentration was found (data not
shown).

At first glance, several assessments were done in the microfluidic devices for the evaluation
of their performance and the results are depicted in the Table S4. From group experience, when
3/8” of diameter disc is used, 10 uL of reagent solution perfectly fits the entire disc. The first
assay was directly tested using the conditions previously optimized in vitro (C7) and the
sensitivity was settled in 1.7-10° L mg™!. As it can be appreciated from the results, the lack of
sodium carbonate (C2 and C3 conditions) led to a loss of sensitivity around 50% (C1 compared
to C2). on the other hand, the addition of sample must be carried out on the F.C. reading layer
(C1 compared to C3) to obtain the maximum pPAD performance. In this sense, the C1

conditions were fixed as basis for the optimization process.

3.2. Optimization of developed uPAD for TPC quantification
Several parameters that influence TPC quantification on the puPAD were studied using
gallic acid standards. The layer’s disposition was set having the F.C. reagent in the top layer

and the carbonate solution in the second layer. The sample/standard was loaded through the

11
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F.C. layer which was also the scanned layer. The studies were performed establishing

calibration curves for each assessed parameter.

3.2.1. Study of the chemical parameters

First, the F.C. reagent concentrations were studied ranging from 0.05 M to 0.75 M (see Fig.
2A). Although no significant differences in sensitivity were observed between 0.1 - 0.5 M, the
best precision and lowest interception were reached when 0.5 M was used, indicating a
potentially lower limit of detection (LOD) [14]. Furthermore, it should be considered that, in
alkaline environment, the F.C. reagent quickly decomposes, which makes essential to use an
excess of the F.C. chemical to obtain a complete reaction without exceeding that can result in

white precipitates interfering in the image acquisition. Therefore, 0.5 M was chosen for further

Figure 2 Influence of reagent concentrations on the sensitivity and intercept values. A) optimization of
F.C, reagent on the top layer; B) optimization of Na,COs3 on the bottom layer. Experimental conditions:
W1, 3/8” papers; calibration range 5-100 mg L' of Gallic acid; sample volume 10 uL; reading time 20

min.

Then, the influence of the sodium carbonate concentration was also studied (see Fig. 2B).

In this case, 15 % (m/v) of Na;CO; was chosen from the studied range of 5 to 20 % (m/v)

12
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because it resulted in the best values of the calibration curve parameters (slope and intercept).

3.2.2. Study of the physical parameters — filter paper

The type of filter paper used for the reagent hydrophilic layer was evaluated, testing filter
papers with different pore sizes and manufacturing treatments (see Table S1). The linear range
for these tests was comprised between 5 and 100 mg L' and 10 pL of standard was used.
Regarding pore size, three qualitative papers were studied namely, W1 (pore size 11 pm), W4
(pore size 20-25 um) and W5 (pore size 2.5 um) (see Fig. 3A). The results showed that the
higher pore diameter, the better performance, probably due to the favoured fluidity between

layers. For this reason, 20-25 um of pore size was chosen.

Slope (L mg™!) Intercept Slope (L mg™") Intercept
0.004 - r 0.02 0.004 1 r 0.025
A) B) i
+ — F 0.02
0.003 - T . - 0.015 0.003 -
T L I | :%* F 0.015
0.002 - I r 0.01 0.002 1 —]’ -
] \{\ | | F 0.01
0.001 - - 0.005 0.001 -
T - 0.005
0 . : . 0 0 T T T T 0
3 11 20-25 Hardened| Hardened Ashless Qualitative
Pore size (um) ashless Low Ash qualitative

Figure 3 Influence of physical parameter — filter paper nature (top layer) on the sensitivity and
interception values. A) diameter pore size; B) manufacturing paper pretreatment. Experimental
conditions: W1 bottom layer, 3/8” papers; calibration range 5-100 mg L™ of Gallic acid; sample volume

10 pL; reading time 20 min. Error bars represents the standard deviation (n = 6).

13



O 1o U WN B

AN T N TR TGO TOTES D™D DEDASDDNEDNDNEDNWDLWOMWWWWWWWNONNNMNNNOMNNNONNNNRE PP ERRP R PR R
ad WNhPRrRrRrOoOoOwOoUJITourdhwNDNRPROVOJIOVUTdPd WNDNPFPOWOWOJITOOUDdWNRPFPOWOJOYOUTDd WNE OWOWTJoU D WN R O W

Then, four different treatments were tested using filter paper with similar pore size: W5,
qualitative; W42, ashless; W50, hardened; W542 hardened ashless (see Fig. 3B). The highest
sensitivity, calibration curve slope, was obtained for W50 and W542 with no statistic difference
between the two treatments. Both these papers have hardened treatment and the difference is
that W50 is low ash and W542 is ashless. Aiming to make an informed choice between low ash
or ashless another experiment with lower linear range, from 0 to 50 mg L™! was performed (data
not shown). In this case, the slope value achieved with hardened ashless treatment (W542) was
about 8% greater. In the end, based upon both paper testing Whatman® n°® 541, a hardened

ashless paper with pore diameter of 20-25 pm, was chosen.

3.2.3. Sample volume

Lastly, the sample volume was also tested, and several calibration curves were done with
volumes from 10 to 25 pL (see Fig. S2). the increased of the sample volume resulted in the
increased of sensitivity without a significant intercept variation. To ensure complete absorption
of the sample, for sample volume of 20 and 25 puL a thicker filter paper was used in the second
layer. The qualitative Whatman® 1 (W1, 0.18 mm thickness) was replace for qualitative
Whatman® 3 (W3, 0.39 mm thickness). Nevertheless, for sample volume above 25 pL, it did
not absorb in less than 30 min even with the W3. Therefore, 25 pL was selected as sample

volume ensuring the highest sensitivity within a reasonably absorption time (10-15 min).

3.3. Features of the developed uPAD method
3.3.1. Stability studies
The robustness of the present method was assessed in terms of colour and storage stability

(see Fig. 4).

14
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Figure 4 Colour stability in terms of sensitivity of the resulting blue chromophore over time (A)
and stability of pu-PAD cards (once they are assembled) during their storage at room temperature
(approx. 25°C) in the darkness (B). Experimental conditions: W541 top, W3 bottom layer, 3/8” papers;
calibration range 5-50 mg L' of Gallic acid; sample volume 25 pL; reading time 20 min. Error bars

represents the standard deviation (n = 6).

The former is an important factor due to the possibility of on-site sampling and posterior
pPAD reading in the laboratory, meanwhile the latter is a key aspect since it allows the storage
and transport of the ptPAD before its use. Both synergistically contribute to increase the
possibility of sampling in remotes zones and/or low-resources. The stability of the coloured
chromophore was investigated scanning the pWPAD over the time after loading the standards.
From Fig. 4A, it can be seen that the slope value (sensitivity) reached approx. 0.064 L mg™! at
20 min, but the colour intensity was increasing to its maximum at approx. 0.075 L mg™' until
2.5 h. This chromophore intensity enhancement is expected during the time in alkaline medium
as it is also described in the Folin-Ciocalteu reaction [6]. At this point, not significant
differences (£10%) were found in the following image captures over the time (up to 8 h).
Concerning storage stability, uPAD were prepared as previously described in Experimental
Section (see Figure 1A and 1B). Then, the devices were stored in the darkness at room
temperature (20-25 °C) without vacuum. After a certain period of time, the puPADs were used

and the results compared with freshly prepared ones using in both cases the same set of
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standards. As depicted in Fig. 4B, there is not statistical difference between the performance of
the different assays. However, at 2 months the upper linear range was decreased from 50 to 25
mg L. As consequence, 1 month was fixed as maximum time of pPAD card lifetime (in the

mentioned conditions) without loss of its performance.

3.3.2. Analytical characteristics of the developed pnPAD

The features of the uPAD method was assessed including the linear range, limit of
detection (LOD), limit of quantification (LOQ), precision and stability (Table 1).
Table 1. Analytical performance of developed pu-PAD for the quantification of TPC referred to gallic

acid (G.A.): gallic acid; LOD: limit of detection; LOQ: limit of quantification (* n=8; ®n=6; ¢ n=4; ¢
storage in darkness at r.t. without vacuum).

Analytical parameter, units Value

Linear range, mg L"! 4.1-50
Calibration equation?,
A=(66=+1.6)10*[G.A.]+ (8 £3)103
A = slope + SD [GA] mg L™ + intercept SD

LOD, mg L"! 1.2
LOQ, mg L"! 4.1
Precision intra-device, % RSD® 3.2 (for25mg L")
Precision inter-device, % RSD* 4.8 (for 25 mg L)
Sensitivity precision intra-day, % RSD? 2.2
Sensitivity precision inter-day, % RSD® 1.5
Colour stability after sample addition Upto8h
Storage stability? At least 1 month

A good linearity (correlation coefficient higher than 0.99) was achieved in the linear range
comprised between 5-50.0 mg L' using gallic acid standards. The LOD and LOQ were
calculated according to IUPAC recommendation [31], corresponding to 3 and 10, respectively,

the standard deviation of the intercept. The reproducibility and precision were assessed by
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calculation of the relative standard deviation (RSD) of the calibration curves slope and a single

gallic acid standard, respectively.

3.3.3. Assessment of potential matrix interferences

The potential interference of relevant components of wine, namely ethanol, glycerol,
sulphite (Na>S0O3), D-glucose and tartaric acid, have been assessed [28]. The studied range of
each compound as well as the maximum concentration without interfering in the signal response

can be found in Table 2.

Table 2. Effect of concentration of the major compounds in wine samples on the accuracy using
the developed uPAD method (*EtOH: 20 % (v/v); glycerol: 3 g L!; Na»SOs: 100 mg L!; D-glucose: 5

g L'!; Tartaric acid: 3 g L'!; standard deviation, n=6).

Interference Studied range Ma).(. conc. without Deviation range
interference (SDY)

EtOH 13-20 % (v/v) 20% (vIv) from -0.8 to 1.2 %
Glycerol 1-7gL! 1gL! -6 %
Na,S0; 25-300 mg L! 200 mg L"! from -8.5 t0 -9.7 %

D-glucose 220 gL 20g L from -3.3 to 1.8 %
Tartaric acid 3-5gL! 5gL’! from 3.4 to 10 %
All mixture? - -0.6 %

The study was carried out preparing a set of uPADs and loading a standard solution of 25
mg L' of gallic acid with and without the desired interferer. The average signal from 6
replicates for each test are compared and SD differences lower than 10 % are considered not
significant. It should be highlighted that the amount of ethanol, D-glucose and tartaric acid is

not problematic when the proposed method is used to quantify TPC. In any case, a mixture of
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all of them was done in order to simulate a synthetic wine matrix and the results shown that a
signal difference lower than 1 % was achieved, reinforcing the feasibility of the developed

method.

3.4. Application to wine samples

The proposed analytical method was applied to the TPC quantification in ten wine samples
including six tables wines and four sparkling wines (Table S2). The determination was assessed
using the two analytical approaches: direct determination with taniraisin standards and standard
addition approach with gallic acid standards prepared in the wine samples. The TPC values
obtained with the developed pPAD were compared with the spectrophotometric reference
method as recommended by the OIV organization [28] and relative deviation between the sets
of results calculated (Table 3). Although gallic acid is the most extended and recognised
phenolic compound used as standard for TPC quantification with F.C., when the wine samples
were analysed using the calibration curve from these standards there was no correspondence to
the OIV method. Then, a calibration curve with taniraisin standards was established and the
calculated TPC values for the wine samples were in agreement with OIV method. On the other
hand, to overcome the problem of the gallic acid standards, a standard addition approach was
performed, and satisfactory results were obtained).

In the end, conventional calibration curve approach could be used with taniraisin standards,
and standard addition approach could be used with gallic acid standards. A summary of the
results with both approaches has been made (Table 3) and for the accuracy assessment, linear
relationships were established between the results obtained with the OIV method and the pPAD
method in both approaches (Fig. S3), standard addition with gallic acid (WPAD.ga) and
calibration curve with taniraisin (WPAD.1). The established relationship proved that there was

no difference between the two set of results as the slopes and intercepts were not statistically

18



O 1o U WN B

AN T N TR TGO TOTES D™D DDASDDNEDLNDNDNWDLWOWWWWWWWWNONNNMNNNOMNNNONNNNERE PP PR PR R
ad WNhDRFrRrRrOoOwOoUJToourdhwNDNRPROVOJIJOUTdPd WNDNPFPOOWOJIOOUDdWNRPFPOWOJOYOUDd WNE OWOWTJIoUd WN P O W

different from 1 and 0, respectively: [TPClowv = 0.897( £0.011)-[TPC]upap.r + 46(£ 17), R2 =
0.9990; and [TPCJow = 0.970(% 0.011)-[TPClupap.ca + 13(% 8),R2 = 0.9990; where the values

in brackets correspond to the 95% confidence interval [32].
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4. Conclusions

In this work, a simple and robust uPAD method has been developed for TPC quantification
in wine samples using the F.C. reaction. For this purpose, the microfluidic device has been
optimized in terms of physico-chemical parameters and obtained limit of detection of 1.2 mg
L', was suitable for the target application to wine samples. The designed pPAD can be used
with two analytical approaches, namely calibration curve method with taniraisin standards and
standard addition method with gallic acid standards. Both approaches proved to be effective in
TPC assessment in several wine samples, namely table and sparkling wines establishing a
perfect correlation between values obtained with the spectrophotometric OIV method. The
developed device presents a low cost, fast alternative ideally for on-site application since there
1s no need of expensive equipment nor specialized personnel. Furthermore, both reagent
consumption and waste generation were decreased by up to 3 order of magnitude compared to
traditional spectrophotometric F.C. assays, which supposes an environmental friendly and
accurate alternative for this regard in agreement with Green Analytical Chemistry. The
presented uPAD method was compared with other recent reported studies for TPC

quantification using pPAD approaches and the F.C. reaction (see Table 4).
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Concerning sample volume, our method presents the highest value compared to those
recently reported [11,23—27,33], allowing to obtain the lowest LOD, which could be really
interesting in samples with low TPC as well as when sample dilution is needed due to the high
matrix complexity. The proposed pPAD method showed similar precision to other studies
(RSD values below 8%) based on polydimethylsiloxane microfluidic system [24] and kinetic
matching approach [25] or DNA-copper based method [33] and better to other pPAD
approaches [11,23,26,27]. With regards to concentration range, it is true that some works stated
higher linear range. For instance, Nuchtavorn and collaborators [11] and Vaher’s group [26],
although this is to be expected due to the low sample volume used in their approaches. On the
other hand, when stability over the time (once the uPAD has been assembled) is compared, few
works had studied this parameter [23,24,33] in spite of the robustness and durability
importance. As it can be seen from the Table 4, only two uPAD cards (this work and Duc Tran
et al. [33]) were able to maintain their performances for up to one/two months of storage from
their assembly even at atmospheric pressure and without refrigeration, unlike the other reported
stability studies [23,24]. Other strength of our pPAD method is the possibility of processing
high volume of samples due to the number of discs for each device and the high number of
detection zones. Furthermore, only one sample addition (by a simple dilution) is needed in
contrast with other works, where two addition steps are performed [25,26] and sample pre-
treatment is needed (e.g., sample extraction or clean-up processes).

Concluding, this work demonstrates that not expensive wax-printers neither toxic organic
solvents are needed to build pPAD designs in a rather simple manner and thus this approach
can be a smart option to perform field studies not only in wines, but also on other matrices (e.g.
grape musts) for the evaluation of TPC, and it opens new areas for advanced screening

approaches.
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