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Total acidity

In this work, an innovative fiber-optic sensor for measuring total acidity (TA: expressed as the % w/v of acetic
acid) in beverages was developed. For this purpose, we relied on the kinetic principles of heterogeneous solid-
phase reactions (slow reactions due to diffusion processes) to develop a novel pH-sensitive fluorescent mem-
brane calibration method for the quantification of TA. In the proposed calibration method, a linear relationship
between TA and the protonation rate of a pH-sensitive fluorescent membrane with a pKa > 9 (Paper-FM) is
established. Paper-FM was synthesized by the covalent immobilization of the pH-probe Nile Blue on a porous
paper membrane. In addition, a 3D-printed interface was designed to implement Paper-FM into a 0.5 mm
diameter optical fiber. The fiber-optic sensor developed in this work was tested by analyzing 21 vinegar samples
of different origins, and the results were successfully validated with a reference titration method. The results
presented in this work show that our fiber-optic sensor allows a direct, simple, and fast (15 s response time)
quantification of TA in vinegar samples. In addition, it is environmentally friendly, because, unlike titration
methods, it does not generate toxic waste, is reversible, and is extremely stable (a 0.9 mm diameter circle of
Paper-FM allows at least 50 consecutive measurements).

control pH [1,2]. Depending on the raw material (wine, cider, fruit,
malt, malt distilled spirit, cereal, honey, etc.) and the method used for its

1. Introduction

The acidity of food and beverages plays a fundamental role in the
food industry and its control and quantification is essential. The main
short-chain soluble organic acids present in vinegar are tartaric, citric,
malic, succinic, and acetic (these acids are produced naturally during
fermentation processes), with acetic acid being the one found in the
highest proportion, and thus the main responsible of TA of vinegar. In
addition to being natural components of many foods and beverages,
tartaric, citric, malic, succinic, and acetic acids are also widely used in
the food industry as antioxidants, flavor enhancers, or additives to

production (type of fermentation) [1,3-7], many kinds of vinegar are
currently available worldwide.

As stated above, acetic acid is the major acid component of vinegar,
with a percentage of the total mass of acid (sum of all the acids present in
vinegar) ranging between 50 % and 98 %, depending on the type of
vinegar [8,9]. A community method for the analysis of the TA of vinegar
(expressed as acetic acid concentration) consists of direct titration with
sodium hydroxide in the presence of phenolphthalein [10]. However,
titration has some drawbacks, such as the visual identification of the
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endpoint can lead to quantification errors, is time-consuming, and
non-eco-friendly (generating corrosive and toxic sodium hydroxide so-
lutions containing disposable pH colorimetric dyes) [10]. Alternatively,
conventional instrumental methods such as capillary electrophoresis,
ion exclusion chromatography with conductimetric detection, and
liquid and gas chromatography coupled with mass spectrometry can also
be used to determine the concentration of different organic acids and TA
in vinegar [8]. However, these techniques have many drawbacks,
including tedious sampling methods, sample transport and storage, very
expensive  equipment, specialized technicians, tedious and
time-consuming sample and analysis treatments, large quantities of not
environmentally friendly solvents, and they do not offer continuous
monitoring at real-time [11]. Therefore, the development of simple and
compact sensors capable of quantifying TA in real samples would pro-
vide the food industry with a valuable tool for process and quality
control [12]. Gas sensor devices are a promising alternative for real-time
monitoring of volatile organic acids in food samples [13]. Most gas
sensors are based on a metal oxide semiconductor (MOS), whose elec-
trochemical response is quite fast and reproducible [14]. However, these
gas sensors are commonly very sensitive to humidity and, other volatile
compounds such as alcohols, aldehydes, ketones, etc, which greatly
affect the precision and accuracy of the measurements [15]. Optical
sensors have some advantages over electrochemical sensors, such as the
absence of electrical interferences, and measurement at different
wavelengths with a wide variety of possibilities: transmittance, reflec-
tance, luminescence (with its multiple modes: intensity or polarization,
decay time, energy transfer, and quenching efficiency), infrared and
Raman spectroscopy, interferometry, and surface plasmon resonance.
Other advantages include the possibility to working in humid/ag-
gressive/corrosive/radioactive environments where electrochemical
sensors are not operational, cost-effectiveness, the possibility of
measuring remotely and at a distance, they can be read without physical
contact with the sample, easy miniaturization, etc [16,17]. Therefore,
portable fiber-optic sensors are, an attractive solution for real-time
monitoring of many parameters in the food industry [18]. Many
fiber-optic sensors have been developed to sense gaseous acetic acid and
other similar volatile compounds [18,19]. However, to the best of our
knowledge, only two fiber-optic sensors have been developed for the
quantification of the concentration of short-chain soluble organic acids
in solutions, but none of them meet the requirements for application in
real samples (e.g. vinegar, wine, kombucha, etc.). Kurauchi et al. [20]
reported a fiber-optic sensor having a chitosan/poly(vinyl alcohol)
cladding for the detection of the concentration of organic acids in an
aqueous solution. However, this fiber-optic sensor presents a strong
interference from ethanol, and the authors cannot use it to measure the
acetic acid concentration or TA of real samples. On the other hand,
Jesus et al. [12] have developed a sensing probe based on a fiber Bragg
grating (FBG) Fabry-Perot cavity, coated with a thin film of sol-gel-PVP
(polyvinylpyrrolidone) composite material. The polymeric thin film
renders the interferometric output sensitive to the presence of carboxylic
acid species. This optical sensor has a linear and reversible response and
short response times with adequate reproducibility and repeatability.
However, as the authors state, their results show that the sensor re-
sponds non-specifically to both short-chain carboxylic species and other
types of molecules of similar size such as alcohols, aldehydes, etc., which
does not allow its use for the analysis of real samples.

In this work, we have developed, for the first time, to the best of our
knowledge, a portable, simple, reversible, reusable, fast, cost-effective,
and environmentally friendly fiber-optic sensor for the quantification
of the total acidity in vinegar. More than 20 samples of vinegar of
different origins (wine, apple, rice, Sherry, and Modena) were analyzed,
and the results were successfully validated with a reference titration
method. Therefore, the reported fiber-optic sensor developed in this
work would be a clean and cost-effective device for the food industry,
ideal to replace titration methods in monitoring the total acidity of many
real samples such as vinegar, wine, juices, milk, etc.
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2. Materials and methods
2.1. Chemicals and materials

Divinyl sulfone (DVS), ethylene diamine (TEA), Nile blue chloride
(NB), methanol (MeOH), glacial acetic acid (AA), sodium carbonate
(SQ), citric acid (CA), potassium dihydrogen phosphate (PDP), tris
(hydroxymethyl)aminomethane (TRIS), potassium chloride (KCl), so-
dium tetraborate decahydrate (STBDH), sodium hydroxide (NaOH), and
hydrochloric acid (HCl) were purchased from Sigma-Aldrich, cellulose
filter paper (ref. 13058: 73 gm 2 and 170 ym thickness) from FIL-
TER-LAB® (Barcelona, Spain), and decolorizing-carbon (Cod. 434507)
from Grupo Montedison CARLO ERBA (Divisione Chimica/Milano/Ita-
lia). Throughout the experiment, all aqueous solutions were prepared
using reverse osmosis-type quality water (Milli-RO 12 plus Milli-Q sta-
tion from Millipore, conductivity 18.2 pQ-cm).

2.2. Synthesis of Paper-FM

Paper-FM was prepared by functionalizing porous filter paper (FIL-
TER-LAB 1305) with the pH probe Nile Blue (NB). Functionalization was
carried out in two steps [21,22] (see Fig. 1 and Supporting Information
(SI): Protocol-S-1): 1) Activation of the hydroxyl groups of the paper
with vinyl sulfone groups, 2) Covalent immobilization of NB by Michael
reaction between the vinyl sulfone groups of the activated membrane
and the amine groups of NB.

2.3. Equipment and measurement protocol

The fiber optic setup used in this work to conduct the fluorescence
measurements is based on a 0.5 mm diameter bifurcated optical probe
(from Ocean Insight) connected to a portable high-resolution spec-
trometer (measurement range: 100 nm to 1000 nm) equipped with
seven excitation LED sources with central wavelengths of: 310 nm
(power: 11.5uW), 365 nm(power: 645.9 yW), 405nm (Power:
991.6 uW), 457 nm (Power: 1071.9 uyW), 523 nm (Power: 331.9 uW),
590 nm (Power: 86.8 uW), and 660 nm (Power: 568.1 uW) from Spyr-
oistech company (Calle Tajonar 22, Edificio Jer6nimo de Ayanz. 31006
Pamplona, Navarra, Spain). To reproducibly fit a circular piece 0.9 mm
diameter of Paper-FM at a distance of 1 mm the optical fiber, a home-
made interface based on three assembled components was designed
and fabricated (by 3D printing) (see Fig. 2).

The excitation and emission wavelengths used for Paper-FM were
Aexe = 523 nm and ey = 630 nm, respectively. The measurement pro-
tocol is described in the SI (see Protocol-S-2). The TA of the non-
coloured samples (white wine, apple, rice, and cider vinegar) was
measured by introducing the membrane directly into the sample for
15 s. However, in the case of coloured samples (red wine, Sherry, and
Modena vinegar), colour significantly interferes with the TA measure-
ment. The interference due to colour was eliminated by decolorizing the
samples with activated carbon (see decolorizing protocol in SI: Protocol-
S-3).

2.4. Sensor validation

To validate the results obtained in the analysis of TA of the vinegar
samples using the fiber-optic sensor proposed, the samples were also
analyzed by the established reference method, which consists of direct
titration with sodium hydroxide. The titration was carried out using a
METTLER TOLEDO® Compact G20S according to the following proto-
col: Initially, the solution of NaOH was standardized with potassium
hydrogen phthalate (KHP). For titration, the sample (2 mL of vinegar)
was introduced into the sample cup, distilled water was added until the
electrode was covered, and then titration was performed. The operation
was repeated three times for each sample, and the volumes of NaOH
spent were recorded and used for the calculation of total acidity,
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Fig. 1. Synthesis of Paper-FM: Activation of the hydroxyl groups of the paper with vinyl sulfone groups (1), covalent immobilization of NB by Michael reaction
between the vinyl sulfone groups of activated membrane and the amine groups of NB (2).
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Fig. 2. Schematic of fiber optic set-up designed to measure the fluorescence changes in Paper-FM.

expressed as AA (%) w/v.
3. Results and discussion
3.1. Calibration method

Many fluorescent probes with different pKa values are available for
measuring pH in acidic or basic media [23,24]. However, to perform a
luminescent quantification of the total acidity in vinegar samples
through pH changes, a fluorescent pH probe with a pKa around 2.5 and
capable of detecting changes in the order of 0.01 pH units would be
required. To the best of our knowledge, there are no fluorescent pH
probes with such a high sensitivity in such a low pH range. Let us
quantitatively analyze the previous argument. To do so, we first assume
that the total acidity of vinegar is due only to acetic acid. This
assumption is quite reasonable because the other acids of vinegar

(tartaric, citric, malic, and succinic) are present in a much smaller
proportion than acetic acid and are also weak acids with acidity con-
stants on the order of that of acetic acid [8,9]. On the other hand, the
total acidity of commercial vinegar ranges between 5 % and 8 % (w/v)
[8,9], which can be translated into a minimum (0.83 M) and maximum
(1.33 M) concentration of acetic acid, respectively. Considering the
acidity constant of acetic acid (K;=1.75 ><10’5), the minimum con-
centration (0.83 M) is translated into [H30"] = 0.0038 M—pH=2.41,
and for the maximum concentration (1.33 M), we have [H30"] =
0.0048 M—pH=2.31. Hence, between the vinegar with the lowest
acidity (5 % w/v) and the one with the highest acidity (8 %w/v), there is
only a variation of 0.1 pH unit. Therefore, as mentioned above, to
quantify the total acidity of vinegar by measuring pH changes with a
fluorescent pH probe, it should be able to detect changes of 0.01 pH
units in the pH interval [2,3], which, to the best of our knowledge, far
exceeds the sensitivity limits of available pH probes.
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In this work, we have developed an innovative strategy that allows
simple, rapid, and clean quantification of total acidity in vinegar sam-
ples using a conventional pH-sensitive fluorescent membrane coupled to
a portable fibre-optic device. It is well known that the protonation of a
fluorescent pH probe in solution is an extremely fast reaction. However,
when the pH probe is covalently immobilized on a porous membrane,
the protonation reaction is much slower, because it becomes a hetero-
geneous solid-phase reaction, in which the proton must diffuse through
the pores of the membrane where the pH probe is located. In these cases,
the degree of protonation of the immobilized pH probe (fluorescent
intensity) should be dependent on four experimental variables: i) Acid
concentration in the solution (concentration of protons), ii) Reaction
time, iii) Physicochemical properties of the support used for immobili-
zation (type of material, polarity, porosity, thickness, etc.), iv) Tem-
perature. Therefore, on the basis of these arguments, we can formulate
the following hypothesis: “Using a pH-sensitive fluorescent membrane with
its maximum fluorescence intensity at basic pH, for a constant reaction time,
it would be possible to establish a relationship (calibration curve) between the
total acid concentration in solution and quenching of the luminescence of the
membrane”.

To validate our hypothesis, first, we focussed on the design of a pH-
fluorescent-sensitive membrane (Paper-FM) with the above-mentioned
characteristics (pKa > 9). For this, the fluorescent pH-probe Nile Blue
was covalently immobilized on a porous paper membrane (see Fig. 1 and
SI: Protocol-S-1). Then, the characterization of Paper FM was carried out
by introducing the membrane (0.9 mm diameter circle) into universal
buffer solutions at different pH values: 7, 8, 9, 9.5, 9.8, 10, 10.5, 11, and
12. Subsequently, the fluorescence spectra were measured using the
setup shown in Fig. 2, and the data were fitted using the following
equation [25]:

Iy

I=—— 2> 4B 1
1 + (10pH-PKa)~! W

where I is the fluorescence at each pH value, Iy is the fluorescence in-
tensity of the basic form, and B is the fluorescence intensity of the acid
form. Fig. 3 shows the results of the optical characterization of Paper-
FM.

As deduced from the results reported in Fig. 3, Paper-FM has an
apparent pK, of 9.60 + 0.08, which is ideal for developing our cali-
bration method. Subsequently, the relationship between luminescence
quenching of the membrane and acetic acid concentration for a fixed
reaction time of 15 s was studied (see SI: point 3 of Protocol-S-2). For
this purpose, stock solutions with different AA (%) w/v were prepared
(2 %, 4 %, 6 %, 8 %, and 10 %). On the other hand, Paper-FM was cut
into circles of 0.9 mm diameter, and the fluorescent intensity at pH=11
was selected as the maximum reference fluorescence value (Ref.IFay).
To set the Ref.IF.x value, the membrane was introduced in 10 mL of
universal buffer pH 11, 0.05 M for 1 min, and then its fluorescence was
measured using the setup shown in Fig. 2. Then, the membrane was
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introduced into the acetic acid stock solutions for 15 s, and its fluores-
cence (IFy) was also measured with the set-up shown in Fig. 2. The
sensor response (AIF=Ref.IF .- IFy) was the same for all acetic acid
stock solutions. This result may be because the selected AA concentra-
tion range (2 %-10 %) is too high, and thus the protonation rate of
Paper-FM is also extremely high over the entire calibration range,
causing the luminescence of Paper-FM to drop to zero in an extremely
short reaction time (much less than the selected 15 s). Therefore, to
determine the optimal concentration range of acetic acid, stock solutions
were progressively diluted, and the sensor began to respond when the
stock solutions were diluted 40 times (1/39, acetic acid stock solution
/distilled water, v/v). Fig. 4 shows the sensor response (AIF=Ref.IFx-
IFy) versus the concentration of AA (%) w/v after dilution: 0.05 %,
0.10 %, 0.15 %, 0.20 %, and 0.25 %.

The experimental results reported in Fig. 4 agree well with the pro-
posed hypothesis: by selecting a constant reaction time within the in-
terval [10s-39,40 s] a relationship (calibration curve) between the
concentration of acetic acid in solution and the luminescence quenching
of Paper-FM can be established. To represent the calibration curve (see
SI: point 3 of Protocol-S-2), stock solutions of acetic acid with the
following concentrations (AA (%) w/v): 1 %, 2 %, 3 %, 4 %, %5, 6 %,
7 %, 8 %, and 9 %, were prepared, and subsequently, they were diluted
40 times with purified water (1/39, AA stock solution/purified water, v/
v) to obtain the following standard solutions: 0.03 %, 0.05 %, 0.08 %,
0.10 %, 0.13 %, 0.15 %, 0.18 %, 0.20 %, and 0.23 %. Then, the sensor
response (AIF=Ref.IF,«-IFy) was measured for all standard solutions,
and the calibration curve was obtained by representing AIF= Ref.IFax-
IFy versus AA (%) w/v. Fig. 5 shows a schematic of the measurement
procedure and the calibration curve.

As shown in Fig. 5A, the response of the sensor versus the concen-
tration of AA corresponds to a type of sigmoidal curve in which two
linear ranges are observed, one at low concentrations (% w/v) of AA
[0.03 %-0.08 %] and, the other at higher concentrations [0.1 %-

1600

1400
. —o— 0.05%AA
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= 1000 + —6- 0.15%AA
E 1 —_—
e 800 —0— 0.25%AA
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0 5 10 15 20 25 30 35
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Fig. 4. Protonation rate of Paper-FM versus the % of AA.
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Fig. 3. Optical characterization of Paper-FM: Fitting the data to Eq. 1, where experimental data are denoted with the symbol (o) and the theoretical plot is indicated
with a grey dashed line (A), fluorescence emission spectra at different pH values of Paper-FM (B).
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Fig. 5. Schematic of the measurement procedure (A), Sensor response: AIF=Ref.IF .- IFy vs. AA (%) w/v of the standard solution for a constant reaction time of 15 s

(B), and linear range (C).

0.18 %]. This behavior is common in heterogeneous phase reactions in
which the immobilized fluorescent probe can be found in different
physicochemical environments within the membrane [26]. The pro-
tonation rate of the immobilized Nile Blue in a porous membrane may be
considered as a heterogeneous phase reaction governed by complex
diffusion mechanisms that mainly depend on the following variables: i)
Concentration of acid in solution (proton concentration), ii) Concen-
tration of Nile Blue immobilized in the membrane, iii) Physicochemical
properties of the membrane (polarity, type of pores, pore size distribu-
tion, membrane thickness, electrical charge of the membrane, etc.), iv)
Temperature. Therefore, the non-linear behavior of the calibration curve
of Fig. 5 may be due to the presence of the Nile Blue immobilized in two
different environments within the membrane. The lower linear range
could correspond to Nile Blue immobilized within large pores (micro-
pores) with a very polar microenvironment in which water (and there-
fore protons) can penetrate very easily, whereas the second linear range
could correspond to Nile Blue immobilized in smaller pores (nanopores)
with a less polar environment in which water has more difficulty
penetrating. Either way, the experimental data presented in Figs. 4 and 5
validated our initial hypothesis, leading to a novel and innovative
calibration method based on the relationship between acid concentra-
tion in solution and quenching of the luminescence of a conventional
pH-sensitive fluorescent membrane with a basic pKa.

Either of the two linear ranges in Fig. 5 could be used for the
calculation of TA (expressed as AA (%) w/v), we have chosen the higher
linear range (0.1 %-0.18 %) (see Fig. 5C) simply because of its greater
amplitude, and because it is closer to the TA of the vinegar, thus
requiring less dilution of the samples. The linear range (0.1 %-0.18 %)
has a good correlation coefficient (R%= 0.996) with detection and
quantification limits of 0.0024 and 0.0083 %, respectively. The detec-
tion and quantification limits were determined using the IUPAC method
(LOD = 3 sp/m; LOQ=10 sp/m). The standard deviation of the blank (sb)
was obtained by measuring (10 measurements) the response of the
sensor for a pH=11, 0.05 M universal buffer solution.

Considering that the proposed calibration method is based on the
kinetics of the protonation reaction of immobilized pH-probe, the rate
constants and diffusion coefficients of this reaction can be affected by
temperature. Therefore, to check the influence of temperature, the
calibration was carried out at different temperatures (15°C, 20°C, 25°C,

30°C, and 35°C). As shown in Fig. 6 between 15°C and 25°C calibration is
not affected by temperature, however, as expected, above 25°C the rate
of the protonation reaction increases considerably, and although good
linearity is still maintained, the slope of the calibration begins to
decrease (decrease in sensitivity). Even so, the sensitivity of the cali-
bration at 35°C (black line of Fig. 6) is still quite good, with a detection
limit (0.004 AA% w/v) and quantification limit (0.013 % AA w/v) well
below the TA values in the vinegar samples (TA in vinegar is between
5% AA w/v and 8 % AA w/v).

3.2. Stability of Paper-FM

To analyse the stability and reusability of the Paper-FM, short-term
precision (repeatability) and long-term precision (reproducibility) were
studied. For short-term precision, the sensor response (AIF= Ref.IFqx-
IFy) was measured for four concentration levels: AA (%) w/v: 0.10 %,
0.13 %, 0.15 %, and 0.18 % (10 measurements were performed for each
concentration), and all the measurements (50) were performed
consecutively in less than 2 h using a single membrane of 0.9 mm
diameter. As can be seen in Fig. 7, Paper-FM is extremely stable: each
membrane of 0.9 mm diameter can be used to perform at least 50
measurements.

The long-term stability was studied by measuring the sensor response
for a single concentration level (0.14 AA (%) w/v) for 18 days (after each
measurement, the membrane was dried at room temperature (RT) and
stored in the absence of light). All measurements were performed using
the same 0.9 mm diameter membrane. The results were interpreted
using a Shewhart diagram (Long-term stability was defined as the signal
that remains within the control lines on the Shewhart chart). As shown
in Fig. 8, after 18 days, the response of the membrane remained within
the established control limits, showing excellent long-term stability.

The results reported in Figs. 7 and 8 show extraordinary stability and
reusability of Paper-FM: a single 0.9 mm diameter membrane can be
used to perform more than 50 consecutive measurements, and can also
be stored and reused for at least 18 days (although after 18 days the
limits set in the Shewhart control chart are exceeded, the membrane is
still responsive, and thus it could be recalibrated and used further).
Therefore, with commercial use in mind, Paper-FM is extremely efficient
and cost-effective.
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Fig. 7. Short-term repeatability of Paper-FM: 10 measures for four levels of AA
(%) w/v: 0.10 %, 0.13 %, 0.15 %, and 0.18 %).

3.3. Real-world application and validation

To evaluate the efficiency in the analysis of real samples, 21 samples
of vinegar of different origins were analysed by both the proposed fiber-
optic sensor and the reference titration method (see section 2.4.4. Sensor

validation). In the case of coloured samples (red wine, Sherry, and
Modena vinegar), colour significantly interferes with the TA

0.1540 —+
0.1510 +
0.1480 —+

0.1420 ¢ <I>

01450 + ———————

measurement. The interference due to colour was eliminated by decol-
orizing the samples with activated carbon using the protocol described
in section 2.4.3. Each membrane of 0.9 mm in diameter was used for 24
measurements (four points for the calibration curve and three vinegar
samples: three replicates for each measure). Table 1 summarizes the
results of TA (expressed as % w/v of acetic acid) given by the manu-
facturer, obtained with our fiber-optic sensor, and those obtained by the
reference method (titration).

A correlation coefficient of 0.985 was calculated (Fig. S1 shows the
calculation of the correlation coefficient) [27] by comparing the TA
obtained with the proposed fiber-optic sensor, and with those obtained
by titration, which indicates excellent correlation between the two
methods.

The results reported in Figs. 5, 6, 7, 8, Fig. S1, and Table 1 demon-
strate, that our fiber-optic sensor allows simple, fast, cost-effective, and
environmentally friendly quantification of TA in vinegar samples.

4. Conclusions
In this work, a novel fiber-optic sensor for measuring TA in real

samples has been developed. For this purpose, an innovative calibration
method of a pH-sensitive fluorescent conventional membrane (with a
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Fig. 8. Shewhart control chart for checking the long-term stability of Paper-FM.
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Table 1
Results of TA by manufacturer, the proposed fiber-optic sensor, and titration
method.

Type of Brand TA TA TA
vinegar (Indicated by (By (By Titration
the Proposed Method)
manufacturer) fiber-optic
sensor)
Apple Hacendado 5 4.94+0.17 4.80+0.15
Consum 5 5.0540.05 4.954+0.03
Kania 5 4.78+0.05 4.68+0.16
White Hacendado 6 5.92+0.14 6.04+0.43
wine Consum 6 6.28+0.16 6.50+0.35
Kania 6 5.75+0.14 5.60+0.20
Rice Blue Dragon NSM* 3.30+0.16 3.45+0.08
Tiger Khan NSM* 4.40+0.17 4.31+0.08
Lockcheng NSM* 4.41+0.03 4.53+0.14
Cider Corte Inglés 5 4.56+0.24 4.66+0.20
Coviran 5 4.17+0.04 4.20+0.22
Femua 5 4.71£0.22 4.65+0.17
Modena Hacendado 6 5.38+0.22 5.41+0.02
(PGI) Comsum 6 5.42+0.19 5.51+0.27
Ferranini 6 5.994+0.05 5.964+0.13
Sherry Hacendado 8 7.01+0.13 7.15+0.15
(PDO) Comsum 7 6.21+0.10 6.31+0.09
Corte Inglés 7 6.34+0.20 6.36:0.31
Red Vine Consum 6 5.54+0.16 5.41+0.28
Corte Iglés 6 4.82+0.22 4.80+0.03
Rioja Corte 6 5.60+0.09 5.54+0.18
Inglés

NSM*: not specified by manufacturer.

basic pKa) for the quantification of TA has been developed for the first
time. The fiber-optic sensor was used to analyze 21 vinegar samples of
different origins, and the results were successfully validated with the
community titration method. In comparison with the titration method,
the fiber-optic sensor combined with a decolouration protocol (only in
the case of coloured samples) offers several important advantages such
as 1) It is a simple method in which the measurements are performed by
introducing the membrane directly into the sample, 2) It is fast, the
sensor response is obtained in 15 s, 3) It is environmentally friendly as it
does not require additional reagents (titration methods generate corro-
sive and toxic sodium hydroxide solutions containing disposable pH
dyes), 4) It is cost-effective, as Paper-FM is reversible, reusable and,
extremely stable (a membrane of 0.9 mm diameter can be used to carry
out at least 50 consecutive measurements), 5) It is portable and could be
easily implemented in a miniaturized optoelectronic device. Therefore,
the fiber-optic sensor developed in this work would be a clean and cost-
effective device for the food industry, ideal for in situ monitoring the
total acidity of real samples (e.g., vinegar, wines, juices, etc.).
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