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Paper-based platforms with coulometric readout
for ascorbic acid determination in fruit juicest

Estefania Ninez-Bajo and M. Teresa Fernandez-Abedul (=) *

There is growing interest in the development of simple, fast, sustainable and low-cost analytical method-
ologies on paper-based platforms. However, sensitive detection strategies that fit properly with these

devices are still required. In this work, a calibration-free method is proposed for analytical determinations
performed on paper-based electrochemical devices, in this case, for ascorbic acid. Carbon ink is de-
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posited on a hydrophilic working area of the paper delimited with a hydrophobic wax. This maskless pro-

cedure is fast and cuts down ink waste. The connection of this working electrode to the potentiostat is 20

provided by reusable gold-plated connector headers that provide also the reference and counter electro-
des. The thickness of the paper substrate defines the electrochemical cell and confines a sample volume,
ideal for thin-layer coulometry. Controlled-potential coulometry is performed applying a potential of
+0.6 V for 50 s. The charge is calculated by measuring the area under the fast chronoamperogram and
the concentration is determined following Faraday’s law (known number of transferred electrons). This
methodology was applied to the determination of ascorbic acid, with a limit of detection of 40 pM. Its
concentration in commercial fruit juices can be directly determined in diluted samples. The absence of
matrix eff ects is observed by comparing the results obtained before and after the enzymatic reaction

of
the sample with cucumber ascorbate oxidase. Good accuracy and precision makes this method suitable

for quality control of ascorbic acid in commercial juices. Underexploited coulometric readout can be
applied as a fast (calibration-free) and low-cost (standards not required) transduction principle to the
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exploited alternative that fits perfectly with low-cost,

newly developed paper devices.

Introduction

Paper-based analytical devices are an excellent example of plat-
forms extremely useful for decentralized analysis. After the
development of sensitive and selective methodologies based
on the use of sophisticated instruments, their miniaturization
together with the simplification of the procedures has paved
the way for the decentralization of analysis, a new milestone in
analytical chemistry. Low-cost materials, portable equipment
and easy-to-perform protocols are mandatory requirements for
this type of analysis. In this context, paper-based electro-
chemical platforms are gaining attention,>? and diff erent
techniques, mainly amperometry and potentiometry, are
employed.3-> However, coulometric readout is an under-
user-
friendly and fast-response devices. Moreover, this is an absol-
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ute electrochemical technique that does not require calibration
if 100% of the charge is employed in the electrolysis of the
analyte/indicator molecule. In addition, it is not aff ected by
solvent evaporation since it depends on the number of moles
of the analyte, not on its concentration. The analytical signal
(charge that passes through the working electrode, Q) and the
number of moles of electroactive species (N) are related
through Faraday’s law (Q = nFN), with a constant factor that is
the number of electrons multiplied by the Faraday constant
(F). If the number of electrons is known, the charge required
to electrolyze the analyte (or a related species) in a sample can
be directly related to the number of moles.

Then, coulometry (e.g., controlled-potential coulometry) is a
powerful tool in electroanalysis due to its ability to directly
derive the quantity (number of moles) or electron stoichio-
metry (n) of a substance without the use of a calibration
curve.®7 Since exhaustive electrolysis has to be ensured, faster
methodologies are achieved at high surface/volume ratios and
under eff ective mass-transfer conditions. The basis of thin-
layer coulometry at metal electrodes was long described.® It
has been demonstrated that the establishment of thin-layer
samples allows one to impose the total conversion/depletion
of the species of interest once an appropriate driving force (e.g.
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1 constant or linear sweep potential) is applied to the system.%0
If the sample level of the analyte can be quantitatively and
selectively depleted by the sensor, the current may be inte-
grated to give the total charge accumulated and then the

S amount of the analyte. To reduce the analysis time, the sample

layer thickness should normally not exceed that of the
diff usion layer (typically less than 100 pm).° If the entire
current can be ascribed to the reaction of interest (excellent
selectivity and nearly 100% coulometric efficiency) and the
sample volume is known, one may achieve a calibration-free
(bio)sensor.1°
Although many key characteristics of paper have been con-
sidered so far in the development of analytical devices since
Whitesides’™* and Henry’s'> groups developed the first colori-
metric and electrochemical (amperometric) devices on paper
substrates, the coulometric readout has not been sufficiently
exploited. However, the combination of confined thin-layer
samples with volumes on the order of a few microliters or less

20 in paper substrates would off er exhaustive analyte consump-
tion, resulting in an ideal calibration-free methodology that
would become truly useful in field situations. Recently, a
Nafion® membrane was used to separate two half-cells with
silver-foil electrodes as the working and reference (anodized in

25 chloride medium to generate AgCI) electrodes. Two pieces of
paper were located over the foils to perform thin-layer coulo-
metry for the detection of multiple halides by the application
of linear potential scans. Coulometric readout is performed
using cyclic voltammetry asthe interrogation technique and

30 calibration curves are obtained representing the charge (calcu-

lated by measuring the area under the voltammogram) and the

halide concentration.® On the other hand, the working elec-
trode can be incorporated in the porous paper substrate by
using conductive suspensions, which allowed performing con-
trolled-potential coulometry for enzymatic determination of
glucose.’®

Ascorbic acid (AA) or vitamin C is one of the most impor-
tant vitamins in the human diet since it is involved in various

40 biochemical pathways and acts as a powerful antioxidant.
Then, it is important to monitor AA levels in dietary sources
(fruits and vegetables, food supplements, and vitamin formu-
lations) as well as in biological liquids, such as urine and
serum. As an electron donor, ascorbic acid serves as one of the

45 most important low-molecular-weight antioxidants in the food
industry to prevent unwanted changes in color or flavor. It con-
tributes to the total antioxidant capacity, an important quality
indicator of foods and drinks.'* Due to the crucial role of
vitamin C in biochemistry and industrial applications, its

50 determination attracts high interest. Rapid monitoring of
vitamin C levels during production and quality control stages
is also important.

Determination of AA includes electrochemical®16:17-22
and spectrophotometric methods (with absorbance,?32*

55 fluorescence®® or chemiluminescence?®  measurements).
Electrochemical detection is low-cost, easily miniaturizable,
simple and fast, characteristics that are very convenient for
decentralized analysis. Although several electrochemical
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methods have been developed for AA determination using 1
unmodified'® or modified!>162! electrodes, direct coulometry
has not been further exploited. Related works deal with indir-
ect coulometry (coulometric titrations), which requires the
coulometric generation of the titrant agent (e.g., iodine,?” ©
employed for validation of an amperometric methodology
developed for mapping AA in oranges). A PDMS multicompart-
ment electrolysis cell has been designed for performing coulo-
metric titrations of acetic and ascorbic acids in vinegar and
vitamin C dietary supplement tablets.?® Endpoints of the titra- 10
tions were determined from the visual color change of an indi-
cator. Moreover, extensive electrolysis has been employed in
an origami paper device for complete elimination of interfer-
ents (ascorbate, urate and paracetamol) of a glucose enzymatic
electrochemical sensor, but further detection is performed
amperometrically.?®

Therefore, an electrochemical calibration-free method is
very promising for in situ control of AA levels in foodstuff s.
In
this work, the development of a controlled-potential coulo- 5
metric method on paper-based devices for ascorbic acid deter-
mination is presented for the first time. The sample diff uses
from the surface of the paper to the working electrode, placed
at the bottom of the electrochemical cell, by capillary action.
Since it is confined to the cavities/pores of the paper, the 25
sample can be considered as a thin film that is in direct
contact with the working electrode, a paper-based carbon
working electrode (PCWE). Gold-plated connector headers are
coupled to the PCWE, providing stable reference and counter
electrodes as well as connection to the potentiostat. As a proof 30
of concept, the coulometric method was applied to the deter-
mination of AA in fruit juices, opening the possibility of decen-
tralized determination of many analytes of interest, not only in

15

food but also in, eg., the environmental, clinical, pharma-
ceutical and industrial fields. 35
Experimental

40

Materials and methods

Reagents and materials. L-Ascorbic acid (AA), sodium acetate
and dimethylformamide (DMF) were purchased from Sigma-
Aldrich (USA). Sodium hydroxide and acetic acid (100%) were
supplied by Merck. All the solutions were prepared in Milli-Q 45
water (Merck Millipore). Orange, apple and multifruit juice
samples as well as cucumber were purchased from a local
grocery (Asturias, Spain).

Whatman chromatographic filter paper Grade 1  was
obtained from GE Healthcare Life Sciences (UK). Hydrophobic 50
areas were printed with a wax printer model ColorQube 8570
DS (Xerox, USA) controlled by Adobe Illustrator CC software.

Transparency sheets were acquired from local stationeries.
Carbon ink was manufactured by Gwent (UK).
Preparation of paper-based carbon electrodes. The 55

Whatman Grade 1 paper (180 um thick) was wax-printed with
a pattern designed with Adobe Illustrator CC software. The
pattern consisted of 7 mm diameter empty circles on the back-

This journal is © The Royal Society of Chemistry 2020
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Fig. T Schematic representation of the fabrication of paper-based

15 carbon working electrodes (PCWEs) and a complete electrochemical
cell: (a) Wax melting at 110 °C for 2 min after wax printing; (b) electrode
fabrication; (c) curing process at 70 °C for 1 h; (d) coupling of the PCWE
with golden-plated connector headers, the carbon ink is at the bottom
of the electrochemical cell; (e) addition of solutions on the electro-
chemical cell.

20

ground of the wax. Hydrophobic barriers were created by wax
melting in a hot plate at 110 °C for 2 min (Fig. 1a), which gen-

erated 4 mm diameter hydrophilic circles. Working electrodes
25 (carbon ink on paper) as well as auxiliary and reference electro-
des (gold-plated pins of a commercial connector) were de-
posited (in the case of the ink) or clipped to paper (wire elec-
trodes) to complete the electrochemical cell, as indicated

below. Depending on the carbon ink concentration, screen-
30 printing (100% C ink) or drop-casting (25 and 50% C ink) pro-
cedures were carried out (Fig. 1b). The viscosity of the ink does
not allow using micropipettes when a 100% carbon ink is
employed. In this case a screen-printing procedure is
employed. With this aim, 4 mm holes were cut on a transpar-
ency sheet with a paper punch and 100% carbon ink was
printed through the mask. Drop casting was performed on
each hydrophilic circle by dropping 2 pL of 25% or 50%
carbon ink suspensions in dimethylformamide (DMF). When
40 the ink solution is deposited on the paper (at the center,
approximately), two phenomena could be observed: (i) a radial
dispersion that happens by capillarity, where the solvent could
wet the hydrophobic wax. In some cases a small circumference

can be noticed surrounding the working area, and (ii) the
45 carbon ink remained in the hydrophilic circle, slightly separ-
ated from the circular wax borders. This can be perceived as a

white crown that surrounds the ink. Both phenomena, which

do not aff ect measurements, can be seen in Fig. 1e.

After solvent evaporation for 1 h at 70 °C, paper-based
50 carbon electrodes (Fig. 1c) were cut and coupled to gold-plated
connector headers as shown in Fig. 1d. The paper layer was
inserted between three gold-plated pins in such a way that the

one in the middle acted as a connection for the working elec-
trode (WE) and the other two were located at the opposite side
55 of the paper to avoid short circuits between electrodes.®® The
separation from the plane forms a clip that holds the paper.
Finally, 6 puL of solutions were added on the side where the
reference (RE) and counter (CE) electrodes are located (Fig. 1e).

35
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Equipment and measurements. Cyclic voltammetry (CV), 1
linear-sweep voltammetry (LSV) and chronoamperometry (CA)
were performed using a portable potentiostat model uSTAT
300 provided by DropSens (Spain) and controlled using
DropView 8400 software. 5

Cyclic voltammetry (CV) was performed in 1 mM AA solu-
tion in 0.1 M acetate buff er (AB) pH 3.5 using paper-based
working electrodes made of 25% carbon suspension. The
potential was swept from -0.4 to +1.0 V vs. gold pseudo-refer-

ence electrode at a scan rate of 100 mV s, 10
Coulometric determination of AA was carried out integrat-

ing the current of the amperometric signals obtained by linear

sweep voltammetry (LSV) and chronoamperometry (CA). In

the first case, the potential was swept from +0.0 to +1.0 V vs. 15

gold pseudo-reference electrode at 100 mV s'. The charge

(MC or pA s) was calculated by dividing the area under the

LSV curve, Aisv (MA mV), by the scan rate, v (mV s?).
Chronoamperometry was performed in two successive steps:

(i) a potential of +0.0 V vs. gold pseudo-reference electrode was o
applied for 10 s to get a stable baseline and (ii) AA was electro-

lyzed at +0.6 V vs. gold pseudo-reference electrode for 60 s. The

area under the chronoamperogram (JA s) proportionated the
charge directly.

All the electrochemical measurements were performed in 25
triplicate, using diff erent paper substrates (PCWES).

Sample preparation and determination of ascorbic acid in
real samples. To investigate possible matrix interferences in
coulometric and amperometric methodologies, selective enzy-
matic elimination of ascorbic acid was accomplished by using 30
cucumber,®! Cucumis sativus, a natural source of the enzyme
ascorbate oxidase. The peel of a cucumber was grated and an
optimized amount was added to 1.0 mL of the sample juice
(pH 5-6) or to 0.5 mM AA (concentration close to that present
in orange juices) solution in acetate buff er pH 5.0. Mixtures
were kept under vortex stirring for 15 min at room temperature
and the supernatant was diluted with 1.0 mL of acetate buff er
pH 3.5. Coulometric determination of AA in real samples was
performed and chronoamperograms were recorded before and 40
after the enzymatic pretreatment (as described in the previous
section). The concentration of AA in the sample was calculated
from the diff erence between the amounts obtained by applying
Faraday’s law to charges measured before and after the enzy-
matic treatment. 45

Results and discussion

Voltammetric study of the process of L.-ascorbic acid 50

The electrochemical behavior of AA on PCWEs was studied
and the influence of the pH on the electrochemical signal and
the driving force (in this case, the potential) required for the
total depletion of the analyte were first studied.

Ascorbic acid is an electroactive biological compound that 55
is easily oxidized. Due to its low stability, AA is rapidly oxidized
(Scheme S1t) to dehydroascorbic acid (DHA). This can be
induced by enzymes such as ascorbate oxidase, oxygen, alka-
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Fig. 2B (inset) is 0.59 + 0.01 (R? =

tic graphite electrodes modified with layers of

Paper

line pH, hydroxide ions, high temperature, the presence of
metals (copper and iron) or exposure to light and
radiation.3233:3435 The electrochemical oxidation of ascorbic
acid (AA) was further investigated on conventional
electrodes.36:37:383% Ascorbic acid undergoes an irreversible
process (oxidation) in aqueous solution above pH 4.0 at room
temperature.

Initial studies were performed to investigate the electro-
chemical behavior of AA at electrodes fabricated by depositing

10 25% carbon ink suspensions on Whatman Grade 1 filter

paper. A recent article? reviews past works related to screen-
printed electrodes, but also to stencil-printed, inkjet-printed,
and pencil/pen-drawn electrodes as well as to the use of micro-
wires or electrodes made following other procedures (e.g. sput-
tering). However, we consider the drop-casting method as very
advantageous compared to screen-printing because the use of
masks is not required and smaller amount of carbon is spent,
which reduces the cost and time of analysis.

Cyclic voltammograms recorded in 1 mM AA solution in

acetate buff er of pH 3.5 are shown in Fig. S1(a).t A
well-

defined and precise anodic process was obtained on PCWEs at
+0.43 £ 0.04 V vs. gold pseudo-reference electrode, with a peak
current of 21.7 + 0.5 pA. The anodic process shifted slightly
toward less positive potentials with increasing pH (from +0.43
+0.04 VatpH 3.5t0 +0.31 £ 0.05 V at pH 5.5 vs. gold pseudo-
reference electrode, Fig. S1(b),T demonstrating that protons
participated in the electrochemical reaction. The potential
shift is in consonance with previous reports.*® Lower currents
were obtained as the pH increased, with anodic peak currents
that changed from 20.2 + 0.6 yA (pH 3.5) to 0.4 + 0.1 pA ( pH
5.5). A pH value of 3.5 was chosen for the rest of the electro-
chemical measurements.

Having selected pH 3.5 as the optimum value for further
studies, the scan rate dependence of the anodic peak current
was evaluated for scan rates ranging from 10 to 200 mV s,
Previous works related to the AA determination on unmodified
carbon electrodes reported that the anodic oxidation peak of
AA has a direct dependence on the square root of the scan
rate,37:38:39-41 according to the Randles—Sevcik equation for a
flat electrode and diff usion-controlled processes at 25 °C.2742
Fig. 2A shows the LSV responses and the logarithmic plot of
the peak current vs. the scan rate. The slope of the line in
0.998), which does not
correspond to the value of 1 expected for adsorbed electroac-
tive species, neither to the 0.5 associated with the semi-infinite
diff usion of the electroactive species to the electrode. A
similar behavior was observed for the detection of nicotine on
pyroly-
multiwalled
carbon nanotubes.*® A gradient of 0.69 was obtained, which is
indicative of a possible mixed mass transport regime with thin-
layer diff usion within the porous conductive layer, and semi-
infinite diff usion outside the layer in solution.*® Paper is
also a porous material with channels and pores of variable
dimensions and mixed behavior can be observed.

On the other hand, the electrochemical behavior of AA on
PCWEs fabricated with 25 and 50% carbon ink suspensions

4 | Analyst, 2020, 00, 1-9
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Fig. 2 (A) Linear sweep voltammograms recorded in 1 mM AA solutions
(in acetate buff er pH 3.5) at 10, 25, 50, 100, and 200 mV s-L. Inset: plot
of the logarithm of the peak current (ip) vs. the logarithm of v. Error bars

10

correspond to the standard deviation of the measurements obtained in

diff erent PCWESs (n = 3). (B) Linear sweep voltammograms recorded 15

using PCWEs with 25% carbon ink in solutions of diff erent concen-
trations of AA (pH 3.5). Inset: Q vs. NF plot. Scan rate: 100 mV s-*. Error
bars correspond to the standard deviation of the measurements
obtained in diff erent PCWEs (n =3).

(in DMF) as well as with undiluted ink was compared. The
eff ect of the carbon concentration was evaluated by recording
LSVs in AA solutions of diff erent concentrations, in a range
between 0.01 and 1.00 mM in acetate buff er, pH 3.5. The 25
results obtained from the ip vs. C plots (Fig. S11) showed that
the sensitivity decreases with the concentration of carbon
from 24.5 + 0.7 pA mM-* for 25% carbon ink electrodes to 6.6
+ 0.8 yA mM-* for 100% carbon ink electrodes. Linearity and
precision are notoriously better for the suspension with 25%
carbon ink. Diff erent electroactive areas of the PCWEs will
probably be the reason for this diff erence.

The ratio between the electrochemical active areas can be
estimated from the slopes of the i, vs. C representation
(Fig. S21). Regardless of the mass-transport regime, the peak
current is proportional to the electroactive area and the con-
centration of the species in solution. Since all the parameters,
except the electroactive area, remain constant for all the
PCWEs used in this work, the ratios between the slopes for 40
two PCWEs made of diff erent carbon ink concentrations give
directly the ratios between theirareas. Then, lower areacorres-
ponds to undiluted carbon ink PCWEs. Diluted suspensions
could diff use better through the paper, filling the pores
and
increasing the active area. The area proportionated by 25% /5
carbon ink suspensions is 1.7 and 3.7 times higher than that
obtained using 50 and 100% carbon ink, respectively. Higher
dilution did not increase the signal probably due to lower
interconnection between more dispersed carbon particles.
Then, a 25% carbon ink suspension was chosen for the rest of
the work. The design of the electrochemical cell is very con-
venient due to several advantages, mainly (i) simplicity: there
is no need to use screen-printing since a carbon ink suspen-
sion can be deposited with the help of a micropipette on a
delimited working hydrophilic area; (ii) bifunctionality: the 55
paper acts as a container of both the conductive ink and the
sample; (iii) low-cost: apart from the paper-based component
(where the deposition of the ink avoids ink waste), the cell is

This journal is © The Royal Society of Chemistry 2020
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completed with commercial electronic connectors. Moreover,
low sample volumes are employed (uL); (iv) fast response: the
analyte is rapidly electrolysed with efficient mass transport to
the electrode surface (thin-layer samples); (v) portability: the
small size and the low number of components ( paper/ink and
connectors) make the platforms easy-to-transport and (vi) dis-
posability/reusability: although the paper platform is disposed
of after measurement, the gold-plated connectors can be
reused for following measurements with readily replaced
paper electrodes.

Regarding the technique, voltammograms have the benefit
of providing peak-shaped responses and can be better ana-
lyzed than the monotonous current decays observed with the

However, more compli-
cated instrumentation is required for LSV measurements
because a potential scan with controlled scan rate is per-
formed. Meanwhile, chronoamperometric measurements only
require the application of a constant potential, which could be

provided by using a simple battery.

Fig. 2B shows experimental voltammograms for diff erent
AA concentrations recorded in acetate buff er pH 3.5 with
well- defined peaks. The integrated charge corresponding to
LSV peaks recorded at 100 mV s' was found to be linear
in the
0.01-1 mM concentration range and followed the equation Q=
(110 + 4.3) € yC MM + (16 + 2.2) pC, with R? = 0.996. Good
precision was obtained using three PCWEs for each concen-
tration. The limit of detection (LOD) was 20 uM, calculated as
3Sa/m where m and Sa are the slope and the deviation of the
intercept of the Q vs. C calibration curve (not shown). To be an
absolute method and according to Faraday’s law, the slope of
the Q vs. NF plot should have the same value as the number of
transferred electrons. In this case the plot, shown in the inset
of Fig. 2B, shows that Faraday’s law is not fulfilled since the
value of the slope is 0.19 + 0.01 moles of electrons per mol of
AA, one order lower than n. If the experimental n value had
matched 2e-, a calibration curve would not be required. These
results indicate that probably the scan rate (100 mV s-1) pro-

vides too low time (ca. 2 s calculated from the peak width) to
deplete the AA. Lower scan rates off er higher times but also
a

decrease in the faradaic current (Fig. 2A).

Although LSV can be employed for AA determination using
an external calibration curve (Q or I vs. C plot), its determi-
nation by controlled-potential coulometry, a calibration-free
methodology, was evaluated.

Determination of L-ascorbic acid by controlled-potential
coulometry

Once the electrochemical behavior of AA has been explored by
linear sweep voltammetry on paper-based electrodes, no
further optimization was required to perform the coulometric
determination of AA. This design increases the coulometric
efficiency, related to the transfer of electrons in a fast and
eff ective way, when compared to traditional schemes. There
are several points responsible for this: (i) fast passive transport
by gravity and capillary forces to the porous electrode situated
at the bottom, (ii) high electrode area with conductive ink that

This journal is © The Royal Society of Chemistry 2020

Paper

fills the pores (on one side) of the paper when the ink is de- 1
posited, and (iii) generation of a thin layer of liquid over the
electrode surface that is integrated with the cellulosic micro

and nanofibers.

The total charge calculated as the area under the curve of 5
chronoamperograms, acquired for diff erent concentrations of
AA in acetate buff er pH 3.5, constitutes the analytical signal.
Double-step chronoamperometry was carried out applying a
first potential where redox processes do not take place in order
to get a stable baseline. Then, +0.0 V was applied for 10 s fol-
lowed by the application of +0.6 V for 50 s, enough potential
for AA oxidation. Fig. 3A shows the chronoamperograms
obtained in 1 mM AA solutions in acetate buff er pH 3.5 for
three diff erent PCWEs. Good precision was obtained, with an
integrated charge value of 1.21 + 0.06 mC. In addition, reorder-
ing Faraday’s Law the calculation of Q/NF (where N is 6 x 10-3
mmol) gave as a result a value of 2.1 + 0.1 moles of electrons
per mol of AA (number of electrons). This suggests that the
method could be suitable for calibration-free determination 5
since this value coincides with the reported number of elec-
trons transferred (2e-).

In order to demonstrate that Faraday’s law is accomplished
in a convenient interval of AA concentrations (fruit juices
contain 6-10 mg of AA per 100 mL, equivalent to a 25
0.35-0.57 mM concentration interval), chronoamperometry
was carried out in AA solutions prepared in acetate buff er pH
3.5, with diff erent concentrations ranging from 0.05 to 1 mM.
Chronoamperograms are shown in Fig. 3B. In the inset,
corresponding area under the graph (Q) is represented vs. NF, 30
showing a linear relationship. The error bars indicate the stan-
dard deviation of the measurements, performed in triplicate.
The average of the corresponding relative standard deviations
is 9.6%, which indicates adequate precision, in terms of
repeatability, of the methodology. Apart from this, the reprodu- 33
cibility of these paper devices had been previously studied for
glucose determination using a bienzymatic methodology with
electron transfer mediation.3 In that case the value of the RSD
for diff erent devices (diff erent WEs, REs and AEs) and a 40
2.5 mM glucose concentration was below 5%. The slope of the

10

15

the

A
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Fig. 3 Chronoamperograms recorded in acetate buff er -pH 3.5 with

1 mM (A) and diff erent concentrations of AA ranging from 0.05 to 1 mM 55
(B). Inset: Q vs. NF plot where Q is the charge obtained by measuring
the area under the chronoamperograms. Error bars correspond to
the standard deviation of measurements performed in several PCWEs
(n=3).
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representation, with a value of 1.9 + 0.1 moles of e~ per mol of
AA, confirms the accomplishment of Faraday’s law with an R?
of 0.996 and a limit of detection (LOD) of 0.05 mM, calculated
as 3Sa/m where m and Sa are the slope and the standard devi-
ation of the intercept respectively, of the Q vs. C calibration
curve (not shown). The determination of AA can also be
carried out using the calibration plot i vs. C, measuring the
current at a fixed time in chronoamperograms recorded for
diff erent concentrations of AA (Fig. S31) but the main goal of
not
require calibration, minimizing cost and time analysis.

Although in some cases evaporation can be a useful strategy
(as a preconcentration step*?), in most cases it is one of the
main concerns of paper-based devices. Concentration-depen-
dent detectors can see their precision reduced due to the evap-
oration of the solvent in liquid samples. An electrode with a
high surface-to-volume ratio is very convenient for favoring
exhaustive electrolysis. However, solvent evaporation can be an

important side eff ect, which provokes a consequent increase in
the concentration. In these cases, strategies such as sealing
the paper with an adhesive tape*® or enclosing it in a plastic
holder® could be utilized. In any case, since coulometry is a
mass-dependent technique, with the charge related to the
number of moles electrolyzed through the Faraday equation, it
is very convenient when evaporation is possible. Moreover,
solutions are not aspirated by capillarity but deposited on the
paper and the electrolysis time (60 s of measurement, with
most of the analyte electrolyzed after approximately 30 s, as
can be seen in Fig. 3) is lower than in traditional coulometry,
which minimizes evaporation. These factors are important to
ensure the accuracy of the devices, since the mass is main-
tained even when the volume could vary slightly.

Ascorbic acid has been chosen in many cases as a model
analyte to demonstrate the utility of diff erent designs of paper
devices. Although in most of the cases clinical samples are
analysed, designs can be translated to the agri-food sector.
Thus, AA can be determined in commercial tablets using

pencil drawn electrodes in an area delimited by laser-printed

toner lines.*® Using these devices and voltammetric tech-
niques, a linear behavior was obtained between 0.5 and
3.0 MM (LOD: 0.07 mM). Screen-printing and inkjet-printing
can be combined for depositing a base material (carbon) and a
modifying functional material ( polyaniline) on a filter paper.4’
The limit of detection in this case is 0.03 mM. In the area of
food surveillance, paper-based devices are very promising. One
of the main advantages is the versatility: both hydrophilic and
hydrophobic cellulosic substrates could be employed.*® One

50 example of the last one is a device constructed using the paper

employed in printed electronics and inkjet-printed silver and
carbon inks. A dispersion based on carbon black nanoparticles
can be used to modify the electrochemical sensor platform
and decrease the limit of detection of AA (from 0.25 to

55 0.15 mM), determined in dietary supplements by cyclic voltam-

metry.*® The value agreed with that reported on the label.
Apart from this, porous paper allows performing not only
static but also flow determinations. In the last case, fluids can
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be driven by both hydrostatic and capillary forces. Origami
folding paper (0PAD) and a movable reagent-stored platform
(rPAD) were employed in a flow-through configuration for AA
determination in vitamin C juices.’® A linear range was
obtained between 0.15 and 0.8 mM (LOD: 0.093 mM), and the
values obtained for real sample analysis agreed also with those
reported in the label. In our case, simplicity is the main advan-
tage over those diff erent and interesting examples commented,
since (i) electrodes are easily fabricated without
screens or stencils. Deposition of the ink from a micropipette
is a way to fabricate the working electrode precisely. In this
case it is not modified but it could be done previously or when
the ink has been already deposited. The reference and auxili-
ary electrodes are the pins of a connector header, which is
given a new function and can be reused, (ii) common hydro-
philic chromatography paper is employed as the -electro-
chemical cell, to contain the electrodes, electrolyte and
analyte, and (iii) a single-use static device is employed.
However, if several measurements need to be performed in a
fast way, instead of using sequential measurements (as in a
flow configuration), they could be performed simultaneously
in a multiplexed design.5t This design allows performing
diff erent techniques, in this work: cyclic voltammetry,
chron-

oamperometry and coulometry, the last one employing a cali-
bration-free methodology. The limit of detection was 0.05 mM,
which is in the same range (in most cases even below) as those
reported in the examples.

As an absolute method, the concentration of AA in real
samples can be determined by mere calculation of the reor-
dered Faraday’s law N = Q/nF. Considering that N = C x V
(where V is the volume of the sample), the concentration is
given by the formula C = Q/nFV. In this case, since the volume
is6 x10°L, C(mM) =0.86 (mM-mC-1) Q (mC). Three chron-
oamperometric measurements in 6 pL aliquots of the sample
are then enough for the determination.

Calibration-free determination of ascorbic acid in real samples

Real sample analysis of AA was performed for diff erent fruit
juices (orange, apple and multi-fruit). The only pretreatment
required was dilution with buff er to be included in the
dynamic linear range. A limitation of the coulometric method
is related to the 100% current efficiency requirement, i.e. the
selectivity. If substances that can be electrolyzed are present in 45
the sample (e.g. hydrogen peroxide) the current is not going to
be only due to AA oxidation and the results will not be accu-
rate. In any case, a cyclic voltammogram can be recorded to
observe the electrochemical processes that can be involved and
then the possible interferences. Modifications of the working 50
electrode can be made in order to diff erentiate between mole-
cules with close redox potentials.5? The strategy employed here
to solve this was the use of ascorbate oxidase to oxidize L-
ascorbic acid and convert it into dehydro-_-ascorbate.>® In
this way, a background signal can be obtained. This step has °°
been made off -line, as a previous pretreatment. An
integrated step, with the enzyme stored on paper, could be an
interesting approach.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (A) Linear sweep voltammograms recorded in enzyme-treated
and untreated 0.5 mM AA solutions in acetate buff er -pH 5.0. Samples
were then diluted 1 1 with acetate buffer pH 3.5. (B)
Chronoamperograms recorded in enzyme-treated and untreated
sample solutions in acetate buff er -pH 5.0, diluted 1 : 1 with acetate
buff er pH 3.5. Inset: zoom of signals obtained after the enzymatic treat-
ment of juice samples.

Then, to eliminate the influence of the matrix on the
response of the PCWEs for ascorbic acid, fruit juice
samples were measured before and after enzymatic treat-
ment with cucumber L-ascorbate oxidase. The cucumber L-
ascorbate oxidase contains 8 atoms of copper per mole-
a specific activity of
3500 §] mg—1.54,55,56

Studies were performed by LSV to know the lowest amount
of cucumber peel required to deplete all AA in solution.
Measured solutions were the result of mixing 10-200 mg of

30 cucumber peel with 0.5 mM AA solutions in acetate buff er pH

35

40

45

50

55

5.0, subsequently diluted with acetate buffer pH
3.5.

Voltammograms in Fig. 4A show the eff ectiveness of
ascorbate oxidase in eliminating ascorbic acid from the
solution, as indi- cated in Scheme S2.1

Total suppression of the AA signal is observed when 100 mg
of cucumber peel were added and no diff erences are observed
for higher amounts of cucumber.

Therefore, real samples were mixed with 100 mg of cucum-
ber according to the procedure described in the Experimental
section. In Fig. 4B the chronoamperograms recorded in
diluted juices, before and after the pretreatment, are shown
and the results indicate that there are no matrix interferences.
This fact is confirmed by cyclic voltammograms recorded in
pretreated and untreated sample solutions (Fig. S4t).

Table 1 shows the results obtained for AA determination
together with the nominal values reported on the label.
Although the comparison with a reference methodology would

Table 1 Results for AA determination obtained in fruit juices by the
calibration-free method and nominal values

Calibration-free Value declared

Juice coulometric method in the fruit
[AA] (mg per 100 mL) [AA] (mg per 100 mL)
Apple 55+0.6 6.0
Multi-fruit 59+0.6 6.0
Orange 9.6+04 10.0

This journal is © The Royal Society of Chemistry 2020
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also have been very adequate, ascorbic acid was chosen as a
model analyte to demonstrate the suitability of the coulo-
metric readout in paper-based devices. Thus, the results were
compared with the value declared in the label as in other
ascorbic acid determinations in food samples.*®5° The
charges calculated in enzyme-treated samples were subtracted
from those obtained in untreated samples in order to calculate
the charge due only to the presence of AA in the
diff erent

juices. The values of the relative standard deviation are 10.2,
10.6 and 4.2% for the apple, multi-fruit and orange juice
samples respectively. The application of Student’s t-test
demonstrated that there were no significant diff erences
between the nominal value and those obtained by the cali-
bration-free method on paper at a 0.05 significance level when
apple and multi-fruit juices were analyzed. This indicates the
good accuracy and precision achieved, even for colored and
turbid samples.

Conclusions

We have presented a promising controlled-potential coulo-
metric method using paper-based electrodes for the point-of-
need determination of AA. The simple calculation of the
total charge by integrating the area under the curve of a
chronoamperogram and the low volume required (6 pL)
provide a fast and accurate calibration-free method. This
methodology reduces enormously the cost of determinations
performed with more common electrochemical techniques,
such as CV, because calibrators are not needed and the time
of analysis is considerably reduced. Since coulometry is per-
formed at a constant potential the equipment can also be
simplified.

In addition, the platform employed is the combination of
reusable gold-plated connector headers with disposable paper
electrodes modified with 25% carbon ink suspensions and
provides reproducible, low-cost, simple, and portable devices,
suitable for decentralized analysis. We have demonstrated its
potential for the AA determination in real food samples with
good accuracy. Matrix interferences were studied by depleting
AA with ascorbate oxidase provided by a natural source, the
cucumber, low-cost vegetable available in any grocery. Samples
and sample-cucumber treated mixtures were directly measured
after their dilution, demonstrating the simplicity, user friendli-
ness, easy handling and great performance of the absolute
method. Incorporation of diff erent steps will simplify even
more the methodology and advance towards real lab-on-paper
devices. Integration of the sampling step using a microfluidic
“tongue” has already been demonstrated.>* Work isin progress

to incorporate dilution, the only pretreatment required for
these liquid samples.
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