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An electronic tongue was developed for the detection of lactose content in
commercial foods. This was accomplished by employing optimized detection
units comprised of gelatin films and information visualization methods for data
analysis. The films incorporating gelatin, tannic acid, and zein, served as the basis
for the sensors, whose electrodes were screen printed using carbon black ink.
Self-supporting films were produced using various combinations of these
materials, some of which had limited solubility in water (from 33% to 36%).
Theywere hydrophobic and yielded reproducible electrical impedance spectra to
be used as sensing units. Lactose detection experiments were conducted using
various standard concentrations and commercial food samples. Capacitance
decreased with lactose concentration at low frequencies, with films lacking a
hydrophobic coating showing higher capacitance signals (exceeding 200 nF).
Low limits of detectionwere obtained for themost sensitive films, as low as 2.03 ×
10−19 mol/L, comparable to existing biosensors to detect lactose. Combining data
from four sensing units in an electronic tongue allowed for the differentiation of
lactose concentrations ranging from 1 × 10−20 mol/L to 1 × 10−6 mol/L using the
interactive document mapping (IDMAP) projection technique, leading to a
silhouette coefficient of 0.716. The discriminatory power of the electronic
tongue was validated by distinguishing between lactose-containing and
lactose-free food products. These findings highlight the potential of electronic
tongues made with sustainable materials for applications in food quality
assessment and lactose intolerance management.
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1 Introduction

Lactose detection is important for both food quality control and the health of lactose-
intolerant individuals. Ideally, this detection should occur at the point of use or within the
food industry on a routine basis, which requires portable and cost-effective technology. The
main methodology fulfilling these requirements is based on biosensors (Bondancia et al.,
2022) that can be used with portable instruments (Buscaglia et al., 2021). While biosensors
offer high sensitivity and selectivity, they suffer from the drawback of requiring enzyme
immobilization, which compromises device robustness and shelf life. An alternative to
biosensors is electronic tongues, also used in food quality control (Coatrini Soares et al.,
2022; Soares et al., 2023). Electronic tongues operate on the principle of global selectivity;
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however, they tend to exhibit lower performance than biosensors
owing to the absence of specific analyte interactions. This limitation
can be mitigated through careful selection of sensing unit materials
and the application of statistical and computational methods to
process electrical response data (Neto et al., 2021; Coatrini Soares
et al., 2022; Soares et al., 2023).

In this paper, we present an electronic tongue capable of highly
sensitive lactose detection, including in food samples. Our goal was
to develop sensing units made of sustainable materials that are both
cost-effective and biodegradable, meeting essential requirements for
routine monitoring devices. To achieve this, we utilized substrates
derived from natural polymers suitable for biomedical devices and
food packaging due to their biodegradability and biocompatibility
(Song et al., 2020; Soares et al., 2023). The materials employed
included gelatin, zein, and tannic acid, with which wearable sensors
can be produced (Leite et al., 2020). Gelatin, derived from the
hydrolyzation of animal collagen, forms continuous,
homogeneous, and self-supporting films (Rattaya et al., 2009).
Tannic acid, a polyphenol extracted from oak trees, acts as a
protein crosslinker, enhancing film mechanical properties (Jia
et al., 2020). Zein, the principal protein found in corn, possesses
a hydrophobic character and can be used as an external layer for
films, thereby increasing moisture resistance and affinity to carbon
black (Soares et al., 2023). The sensing units of the electronic tongue
featured printed electrodes made from carbon ink on substrates
fabricated with various combinations of the materials mentioned. By
employing optimized materials and impedance spectroscopy as the
principle of detection, the electronic tongue achieved high sensitivity
in lactose detection, particularly when data were processed using
information visualization methods.

2 Materials and methods

Self-supporting films were produced with gelatin (Sigma
Aldrich), tannic acid (1,701.20 g.mol−1) and glycerol
(92.09 g.mol−1) (Sigma Aldrich), diluted in ultrapure water. We
employed the bench casting technique which consists in placing
solutions in containers for evaporating the solvent at room
temperature and in an air circulation oven (Zhang et al., 2010;
Keller et al., 2011; Otoni et al., 2017). The gelatin film-forming
solution was prepared as follows: gelatin powder at a concentration
of 5% (by total volume) and glycerol 20% (by weight of dry gelatin)
were hydrated with ultrapure water for 25 min at 80°C under
mechanical stirring. Then, tannic acid (4% by weight of dry
gelatin) was added, followed by mechanical stirring for 20 min,
and elimination of bubbles by allowing the solution to rest. The
solutions were then placed on a polyester substrate for solvent
evaporation, forming a self-sustaining polymeric film. Some of
the films were coated with a layer of zein and tannic acid
deposited using the Solution Blow Spinning (SBS) technique in
the aspersion mode of 20% zein in glacial acetic during 40 min, feed
speed 0.45 mL.min−1, and a nozzle-collector distance of 35 cm. For
the films containing a layer of zein and tannic acid, the
concentration was 15% (by weight of dry zein). The purpose of
this coating was to improve the moisture resistance of the films. The
films produced were named as follows: Film 1, containing 5% gelatin
+ 4% tannic acid, prepared at room temperature; Film 2, 5% gelatin

+ 4% tannic acid, dried at 80°C; Film 3, 5% gelatin + 4% tannic acid +
zein and tannic acid coating, dried at 80°C; and Film 4, 5% gelatin +
4% tannic acid + zein coating, dried at 80°C. The solubility of the
self-supporting films in water was measured in triplicate, using
samples with 0.05 g ± 0.01 g. The samples were placed in falcon
tubes with 50 mL of ultrapure water and left to rest for 3 h. The
falcon tubes were shaken every half an hour for 3 h. The non-
solubilized material was separated using a sieve, and dried in an air
circulation oven at 80°C for 30 min. These dry samples were weighed
to estimate the soluble mass percentage, with the soluble mass
calculated with Eq. 1 (Liu et al., 2020), where Mi is the initial
mass andMf is the final mass of the sample, weighed after drying in
the oven.

Ssol � Mi −Mf

Mi
(1)

The film morphology and the coating materials were assessed
using a scanning electron microscope (SEM, JEOL 6510) operating
at an acceleration voltage of 5 kV after sputter-coating the samples
with gold. The hydrophilic/hydrophobic character of the self-
supporting films was estimated with contact angle measurements,
using a CAM 200 goniometer (KSV Instruments, Finland), with
ultrapure water as a probe liquid. Ultrapure water was dropped on
the self-supporting films, followed by image capture every second,
with a total time of 60 s. The interdigitated electrodes shown in
Figure 1 were printed on the self-supporting films using the silk-
screen technique. The carbon ink made of carbon black Loctite
EDAG 423 A (Henkel, United States) was forced through by a screen
that contains the electrode shape. Before printing, the ink was
diluted in 25 µL ethyl acetate to adjust its viscosity and to pass
through the screen. Ink curing was carried out in an air circulation
oven at 80°C for 30 min.

2.1 Lactose detection

Lactose was chosen as analyte in samples diluted in a saline
buffer using an electronic tongue comprising an array of electrodes
printed on gelatin and tannic acid films, with and without
hydrophobic coating. Impedance spectroscopy measurements
were performed with a Solartron model 1260 A, in the frequency
range between 1 Hz and 1 MHz, with AC potential 50 mV and DC
potential 0 mV (see Supplementary Figure S1). Since the materials
employed in the sensing units were selected to be as biodegradable as
possible, robustness may be a problem with the ensuing difficulty of
reproducibility of the electrical properties. We have therefore tested
10 sensing units with distinct compositions, four of which were
found to be sufficiently reproducible for an electronic tongue. These
electrodes, listed in Table 1, exhibited reproducible electrical
responses from triplicate measurements when subjected to 10 µL
ultrapure water. Lactose detection was performed in aqueous
solutions, by measuring the capacitance spectra with these
4 sensing units for the concentrations: 1 × 10⁻2⁰, 1 × 10⁻1⁸, 1 ×
10⁻1⁶, 1 × 10⁻1⁴, 1 × 10⁻12, 1 × 10⁻1⁰, 1 × 10⁻⁸ and 1 × 10⁻⁶ mol/L.
Samples of commercial food were also measured: milk cream
(Piracanjuba, Brazil), with and without lactose; milk (Piracanjuba,
Brazil), with and without lactose; yoghurt (Itambé, Brazil) with
lactose and whipped cream with lactose, whose capacitance spectra
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were analysed using information visualization techniques (Coatrini
Soares et al., 2022).

3 Results and discussion

The solubility of the self-supporting films was a significant
concern since lactose detection was performed in aqueous
solutions, and maintaining the substrate integrity is crucial for
preserving the physical properties, selectivity, and sensitivity of
the electrodes. The average solubility of the gelatin and tannin
films, listed in Table 1, ranged between 33% and 36%, as
depicted in Supplementary Figure S2. The application of the zein
layer was achieved through solution blowing, resulting in a thin

coating on the gelatin films (Liu et al., 2020). Although minimal
changes in solubility were observed in our study, possibly due to the
deposition method, previous studies have reported significant
decreases in solubility for films containing both zein and gelatin
(Ahammed et al., 2020). To prevent potential interactions between
these polymers during solution preparation for casting or spinning,
a coating was applied to the gelatin. Such interactions could enhance
hydrophobicity due to differing polymer interactions (Ahammed
et al., 2020). Nevertheless, the zein-coated films yielded satisfactory
results during electrical measurements.

The wettability of the self-supporting films was assessed by
measuring the contact angle for water (Supplementary Figure
S3). Comparing Films 1 and 2, a higher drying temperature
favored surface hydrophobization of the films, as evidenced by an

FIGURE 1
Interdigitated electrodes printed on: Film 1: 5% gelatin + 4% tannic acid; Film 2: 5% gelatin + 4% tannic acid + 80°C; Film 3: 5% gelatin + 4% tannic acid
+ zein and tannic acid coating + 80°C; Film 4: 5% gelatin + 4% tannic acid + zein coating + 80°.

TABLE 1 Films selected for electrode printing and assembly of the electronic tongue for lactose detection: Film 1: 5% gelatin + 4% tannic acid, prepared at
room temperature; Film 2: 5%gelatin + 4% tannic acid dried at 80°C; Film 3: 5%gelatin + 4% tannic acid + zein and tannic acid coating and dried at 80°C; Film
4: 5% gelatin + 4% tannic acid + zein coating dried at 80°C.

Film Gelatin (wt%) Tannic acid (wt%) Temperature (oC) Hydrophobic coating

1 5 4 Room temperature (~25°C) No

2 5 4 80 No

3 5 4 80 Zein and tannic acid

4 5 4 80 Zein
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increase in the contact angle from 76° to 93°. The temperature can
alter the arrangement of the protein, leading to the opening of the
chain and exposure of nonpolar groups (Grossmann and
McClements, 2023). For Films 3 and 4, the presence of tannic
acid in the zein coating increased the contact angle from 67° to
90°. Tannic acid acts as a crosslinker between the amine and
hydroxyl groups of protein chains, rendering the polar groups
unavailable to interact with water, thus decreasing the surface
hydrophilicity (Firdous et al., 2023). Films without a zein coating
appeared to be the most hydrophobic. However, one should note
that the spray deposition of zein results in an uneven surface, which
can affect the contact angle (Wang et al., 2020). All films exhibited a
considerable hydrophobic character (Ɵ > 60°) (Pulla-Huillca et al.,
2021), with minor variations in the contact angle within a 60-s
period, making them suitable for detecting lactose in aqueous
solutions. Films with a hydrophobic coating may offer advantages
due to rapid drying, allowing for a larger number of consecutive
measurements within a specific time frame. Zein has a hydrophobic
character, but its wettability may be even higher than hydrophilic
biopolymers due to its microporous structure (Chen et al., 2019).
Previous work in our group has also shown that the solvent used
during zein deposition (glacial acetic acid) can cause defects on the
surface of the protein film that contribute to water adsorption and
mask the hydrophobic effect of zein. The SEM images in
Supplementary Figure S4 for films without (films 1 and 2) and
with zein deposition (films 3 and 4) showed a rough, thin, and non-
uniform zein coating that could affect water deposition/adsorption.
This led to a high hydrophobic character compared to natural zein.

Figure 2 shows the capacitance spectra obtained with the
4 sensing units corresponding to Film 1 through Film 4. In all
cases, the capacitance tends to decrease with the lactose
concentration, especially at low frequencies. A higher
distinguishing power at this spectral region was expected because
it is related to double-layer effects that predominate in organic film/
water interfaces (Riul et al., 2003; Barsoukov and Macdonald, 2005;
Riul et al., 2010; Lvovich, 2012; Elamine et al., 2019; Braunger et al.,
2020; Facure et al., 2021; Rodrigues et al., 2021). Evidence from the
literature (Riul et al., 2003; Barsoukov and Macdonald, 2005; Riul
et al., 2010; Lvovich, 2012; Elamine et al., 2019; Braunger et al., 2020;
Facure et al., 2021; Rodrigues et al., 2021) exists that at low
frequencies, double-layer effects are dominant. In particular, in
sensing the double-layer capacitance varies depending on how
the sample properties are changed. Also worth noting is that
Films 3 and 4 had considerably higher capacitances, thus
indicating that the self-sustaining films coated with SBS fibers
increased electrical charge accumulation.

To generate calibration curves, we employed the parallel
coordinates technique (Lvovich, 2012) to identify frequencies
where the differentiation between various lactose concentrations
is most pronounced. The parallel coordinate graphs representing
data from the four sensing units are presented in Supplementary
Figure S5. These graphs consist of equally spaced parallel axes,
determined by the intersection of the frequency axis at specific
points of the measurement (Soares et al., 2015a; Soares et al., 2020;
Coatrini Soares et al., 2022). From these graphs, one can discern the
distinguishing ability at each frequency; blue boxes indicate that

FIGURE 2
Capacitance spectra to detect different lactose concentrations obtained with sensing units fabricated with: Film 1: 5% gelatin + 4% tannic acid; Film
2: 5% gelatin + 4% tannic acid + 80°C; Film 3: 5% gelatin + 4% tannic acid + zein and tannic acid coating + 80°C; Film 4: 5% gelatin + 4% tannic acid + zein
coating + 80°. Note the higher capacitances measured for Films 3 and 4.
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capacitance values at certain frequencies differ among the samples,
while white boxes suggest that capacitance values at these
frequencies do not aid in sample differentiation. Frequencies
where using capacitance is detrimental to spectral differentiation
are marked with red boxes. The calibration curves in Figure 3 were
obtained at the most suitable frequencies, indicated in the figure. The
limit of detection (LoD) and the limit of quantification (LoQ) were
determined using IUPAC method (Currie, 1995; Soares et al., 2020)
using Eqs 2, 3, in which SD is the standard deviation of the control
samples, S0 is the capacitance signal in the 0 mol/L, SLOD is the
capacitance value for limit of detection (read on the calibration
curve), SLOQ is the capacitance value for limit of quantification (read
on the calibration curve) and 3 or 10 is a constant that depends on
the confidence level. Therefore, LoD and LoQ are the lactose
concentration values at the SLoD and SLoq point, read from the
calibration curves. The LoDs for Films 1, 2, 3, and 4 were 3.07 ×
10−12, 9.06 × 10−19, and 3.25 × 10−19; and 2.03 × 10−19 mol/L. The LoQ
were 9.21 × 10−12, 27.28 × 10−19, 10.72 × 10−19, and 6.09 × 10−19 mol/
L. The most sensitive units have superior performance to biosensors
to detect lactose in the literature (Tkáč et al., 2000; Yang et al., 2007;
Portaccio and Lepore, 2017; Gursoy et al., 2018; Gursoy et al., 2020;
De Brito et al., 2021).

SLOD � S0 + 3 × SD (2)
SLOQ � S0 + 10 × SD (3)

The ability of the sensing units to distinguish among the various
lactose concentrations was confirmed by projecting the capacitance

spectra on a 2-D map in Figure 4 using the IDMAP technique
(Minghim et al., 2006; Paulovich et al., 2011). This map is obtained
by calculating the Euclidean distances between the spectra in the
original space, and them projecting them on the 2D space (Minghim
et al., 2006; Paulovich et al., 2011). These projections are calculated
using Eq. 4 where δmax and δmin are maximum and minimum
Euclidean distances between the data instances, respectively. The
silhouette coefficient (S) varies between −1 and 1, where values close
to 1 indicate excellent distinguishing power, whereas S close to 0 or
-1 are not helpful to distinguish the different spectra (Paulovich
et al., 2011; Soares et al., 2015b). For the 4 sensing units, the
Silhouette coefficient (S) was 0.397, 0.655, 0.511 and 0.409 for
Films 1, 2, 3, 4, respectively, showing a high selectivity power for
some of the sensing units.

SIDMAP � ∂ xi, xj( ) − ∂min

∂max − ∂min
− d f xi( ) − f xj( )( ) (4)

The data acquired with the 4 sensing units were combined, thus
forming an electronic tongue. Taking advantage from the parallel
coordinates technique, we opted not to utilize the entire capacitance
spectra; instead, we employed a feature selection procedure and
included only the data corresponding to the frequencies marked
with blue boxes. The resulting IDMAP projection in Figure 5
demonstrates complete separation of samples with different
lactose concentrations, with increasing concentrations shifting
towards the left of the map. The Silhouette Coefficient of
0.716 confirms the excellent distinguishing power.

FIGURE 3
Calibration curves for the sensing units by taking the capacitance versus lactose concentrations at the most suitable frequencies for distinguishing
the spectra. For Film 1 (5% gelatin + 4% tannic acid), the frequency was 2.15 Hz; for the other films the frequency used was 1 Hz: Film 2 (5% gelatin + 4%
tannic acid + 80°C); Film 3 (5% gelatin + 4% tannic acid + zein and tannic acid coating + 80°C); Film 4 (5% gelatin + 4% tannic acid + zein coating + 80°C).
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The electronic tongue can be employed with commercial foods
readily available in supermarkets. To demonstrate this capability, we
selected various items, and the capacitance data—with feature
selection where only the most suitable frequencies were chosen in
Supplementary Figure S4—are projected in Figure 6. It is evident that

food samples devoid of lactose could be easily distinguished from
those containing lactose. Furthermore, lactose-free milk and lactose-
free milk cream were distinguishable from their lactose-containing
counterparts. While specific measurements to quantify lactose
concentration were not conducted, it is apparent that food samples

FIGURE 4
IDMAP projections of the capacitance spectra obtained for various lactose concentrations using the sensing units corresponding to: Film 1: 5%
gelatin + 4% tannic acid; Film 2: 5% gelatin + 4% tannic acid + 80°C; Film 3: 5% gelatin + 4% tannic acid + zein and tannic acid coating + 80°C; Film 4: 5%
gelatin + 4% tannic acid + zein coating + 80°C. The Silhouette Coefficients are 0.397, 0.655, 0.511 and 0.409 for Films 1, 2, 3 and 4, respectively.
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with higher lactose concentrations were positioned to the left of the
IDMAP plot. Despite some overlap observed, particularly in clusters
for milk and milk cream with added lactose, the electronic tongue
exhibits a high discriminating power, with a silhouette coefficient of
0.549. The electrodes obtained showed performance comparable to
regular electrodes, generally made of synthetic material (Tkáč et al.,
2000; Yang et al., 2007; Portaccio and Lepore, 2017; Gursoy et al.,
2018; Gursoy et al., 2020; De Brito et al., 2021). Due to the low toxicity,
biocompatibility, and low cost of fabrication, these electrodes have the
potential to be applied in the food, clinical, and environmental areas.
Furthermore, using a hydrophobic zein coating helped with the
stability of the electrodes in an aqueous medium, as they could be
reused, and improved the affinity between the hydrophilic gelatin
support and the carbon black ink. Normally, the electrodes are
disposable, leading to electronic waste generation. Therefore, the
use of biobased electrodes is an alternative to this problem.

4 Conclusion

We have shown that an electronic tongue consisting of self-
supporting gelatin films, on which electrodes from carbon ink
were printed, could detect lactose across various food samples,
exhibiting the lowest reported limits of detection and
quantification in existing literature. When the capacitance
spectra were projected using IDMAP with feature selection,
the discriminating power of the electronic tongue was
confirmed with high silhouette coefficients. These coefficients
were 0.716 for distinction of lactose concentrations from 1 ×
10−20 up to 1 × 10−6 mol/L, and 0.549 in distinguishing among
lactose-free and lactose-containing foods. Though no attempts
were made to verify the biodegradability of the sensing units, one
may expect that gelatin-based films will be biodegradable and
even edible. Once the feasibility of lactose detection was

FIGURE 5
IDMAP plot for the capacitance spectra with feature selection for amalgamated data obtained with the four sensing units, thus corresponding to an
electronic tongue: Film 1 through Film 4. Note that the high distinguishing power of this electronic tongue leads to a silhouette coefficient of 0.716.

FIGURE 6
IMAP projection of the capacitance spectra, with feature selection, for the electronic tongue comprising Films 1, 2, 3, and 4.
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demonstrated, further avenues to pursue in research on this type
of electronic tongue may explore surface functionalization.
Applications beyond lactose detection can be envisaged,
particularly with the expected biocompatibility of the self-
supporting gelatin films. There is potential for application in
implantable sensors and biosensors, broadening the scope of this
research into healthcare and biomedical fields.
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