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Abstract: This work demonstrates the successful application of the picein wax carbon composite
electrode (PWCCE) for profiling both commercial and homemade plant milks. Picein wax was
utilized as an unconventional binder. The resulting electrode paste exhibited a solidified and hard
texture, enabling its use in a manner analogous to that of the glassy carbon electrode. Differential
pulse voltammetry (DPV) with an automated measurement and recording procedure was employed
to obtain plant-based milk profiles. The utilization of operator-independent measurement procedures
yielded high-quality electrochemical fingerprints suitable for subsequent calculations. To interpret
the data, unsupervised machine learning methods were implemented, such as principal compo-
nent analysis (PCA) and cluster analysis. These chemometric techniques confirmed the electrode
effectiveness of the construction for this type of research. Moreover, they proved valuable in distin-
guishing between plant-based milk and cow’s milk, including two different variants: whole milk and
lactose-free milk.

Keywords: picein wax carbon composite electrode; differential pulse voltammetry; plant-based milk
profiling; vegan diet; unsupervised chemometric models

1. Introduction

Plant-based or vegan milks are a food product that is an alternative to cow’s milk.
According to EU law, plant-based milks cannot be called milk, but plant-based drinks [1].
However, it is common practice to refer to these products as milk. Production of this type
of food is necessary due to the large and constantly growing demand in the consumer
market. These milks are the basis of the diet for people who follow a vegan diet [2] and
promote an ecological lifestyle [3], but they are also an excellent substitute for animal milk
for people who suffer from lactose intolerance [4]. Vegan milks are also a great choice for
people with heart disease due to their low cholesterol content [5]. The use of plant-based
drinks as a substitute for cow’s milk may affect the supplementation of micronutrients
provided to the body. Vegan milks have lower levels of natural proteins, calcium, and
vitamins [6]. Plant-based drinks can be produced in two different ways. The first is to
grind the plant material and create an aqueous slurry. The second consists of creating a
homogeneous emulsion of water, oil, and emulsifiers [7]. The technological development
of ways of producing vegan milk is caused by social pressure and awareness. Consumers
want to be able to use plant-based substitutes exactly the same way cow’s milk is used
(heating or foaming) without changing its texture, taste, or appearance [8].

In recent years, a significant increase in the consumption of plant-based milk has
been observed [9]. This situation creates the need to propose new methods to evaluate the
quality of the product, verify its authenticity, and detect adulteration in the drinks. Such
strategies must be characterized by high efficiency and a low price of analysis to be widely
used in the food industry. One of these approaches is the combination of voltammetry
and chemometrics. Numerous examples of the use of electrochemical fingerprints for
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profiling food samples can be found in literature reports. Profiles can be recorded using a
set of electrodes or a single sensor, and the response in the form of a signal is the subject
of further multivariate analysis. In [10], voltammetric measurements were applied using
the cyclic voltammetry (CV) method with the use of an electronic tongue (ET) to create
a database of vinegar fingerprints for subsequent chemometric analysis. Utilizing the
differential pulse voltammetry technique (DPV) and a glassy carbon electrode (GC), the
data was obtained during the study of medical plant profiles [11]. The same technique, but
in combination with ET, was used during the analysis of seasonal changes in honeys [12]
and while observing the maturation process of young wine [13]. An e-tongue consisting
of eight metal wires (Au, Pt, Rh, Ir, Cu, Co, Ag, and Ni) was utilized in conjunction with
LAPYV to profile five vegan milks [14]. In addition to profiling and classifying food samples,
voltammetry was also used to detect adulteration of food products. Voltammograms
obtained using the CV measurement technique and a GC electrode were used to study
the adulteration of olive oil [15], and a novel graphite/SiO; hybrid electrode was used in
cow milk analysis of the adulteration [16]. The DPV technique, or DPV combined with a
voltammetric ET, has also been applied to detect the presence of glucose-fructose syrup
added to apple juices [17].

In the most recently published articles, voltammetric food profiling uses a combination
of several types of ET with supervised and unsupervised machine learning methods.
However, there are examples of the use of a different type of working electrode. The
idea of a CPE has been known for many years [18]. Over the last 60 years, many works
have been published on its varieties, modifications, and proposals for new fabrication
methods [19,20]. Therefore, newly emerging CPEs are dedicated electrochemical sensors for
specific applications. Electrodes that use carbon paste in their construction can be modified
not only by adding various organic or inorganic compounds but also by changing the form
of carbon used to prepare the paste [21] or modifying the binder [22]. Such treatments aim
to increase the sensitivity of the electrode to specific substances. Conventional carbon pastes
consist of organic fluids that mechanically connect the individual graphite particles. Apart
from its primary role, the binder also contributes to the development of electrode properties.
Common criteria for selecting binder materials include chemical stability, electroinactivity,
high viscosity, low volatility, minimal solubility in water-based solutions, and immiscibility
with organic solvents. Mineral oils, such as paraffin, stand out as the most widely employed
binding agents for the preparation of carbon pastes [23]. Additionally, unconventional
substances as binders have been explored and described in the literature.

In [24], a novel heterogeneous carbon electrode was introduced, utilizing a solid binder
in the form of phenanthrene. This choice of binder offered significant advantages in terms
of its physical characteristics, including a melting point within the range of 98-100 °C
and minimal volatility in both solid and liquid states. Since the binder remained in a
solid state at room temperature, it allowed for the use of higher binder-to-carbon powder
ratios, resulting in a strong affinity for lipophilic substances. The paper [25] described the
construction and application of a mixed binder carbon paste electrode (MBCPE) containing
a dimethylglyoxime system, where the binder consisted of liquid paraffin and glycerol.
This sensor was used for the cathodic stripping voltammetric determination of mercury(Il),
cobalt(II), nickel(II), and palladium(II) in rice, tea, and human hair samples. The dispersion
of zeolite particles in the bulk of a carbon paste matrix containing solid paraffin as a binder
was proposed in [26]. This project displayed superior electrochemical performance in com-
parison to corresponding classical zeolite-modified carbon paste electrodes using mineral
oil as a binder. The proposed electrode was applied in the voltammetric detection of Cu(Il)
ions after accumulation by ion exchange at open circuit and the indirect amperometric
detection of non-electroactive species (i.e., Na(I)) in flow injection analysis. The replacement
of a non-conductive organic binder with a conductive room-temperature ionic liquid in
fabricating carbon paste electrodes was described in [27]. This new electrode, due to its en-
hanced conductivity, presented a very large current response from electroactive substrates
and may be applied in physical chemistry and electroanalytical chemistry fields. In the
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paper [28], the authors studied ion transfer across a liquid-liquid interface by employing a
carbon nanotube paste electrode in which an electroactive oil serves as the binding agent.
This approach was illustrated through the investigation of electrochemically facilitated
ion transfer processes at the interface between an aqueous solution and a redox liquid,
specifically N,N-didodecyl-N’,N’-diethylphenylenediamine (DDPD). A new approach to
constructing a carbon paste electrode involved mixing an ionic liquid, specifically 1-butyl-
3-methylimidazolium hexafluorophosphate, with paraffin oil as a binding agent [23]. This
electrode successfully addressed the challenge of high background current observed in
carbon paste electrodes that exclusively employed ionic liquid as the binder. Notably, it ex-
hibited superior signal-to-noise ratios and demonstrated enhanced electrochemical activity
when compared to the conventional carbon paste electrode, which relied solely on paraffin
oil as the binder. The research outlined in [29] detailed the utilization of uncured poly-
dimethylsiloxane (PDMS) as a binding agent in the construction of carbon paste electrodes.
The investigation demonstrated that PDMS stands out as a promising alternative binder,
characterized by enhanced chemical and electrochemical stability, leading to improved ana-
lytical performance. Experimental techniques such as cyclic voltammetry, electrochemical
impedance spectroscopy, and chronoamperometry consistently revealed that PDMS-based
CPEs exhibited superior attributes, including higher electrical conductivity, an increased
active electrochemical surface area, and a broader useful potential range when compared to
Nujol®-based CPEs. They displayed enhanced stability when exposed to aqueous mixtures
containing 50% (v/v) of ethanol or methanol. Furthermore, they exhibited higher sensitivity
and a lower limit of detection in the analysis of propranolol. In the paper [22], a novel
approach was introduced for the enhancement of carbon paste electrodes using natural
deep eutectic solvents (NADES) as a modified binder. The cyclic voltammograms revealed
notable improvements in both conductivity and charge transfer rates compared to the
unmodified carbon paste electrodes, as evidenced by the reduced peak potential separation.
The incorporation of a KCI solution into the NADES modifier effectively decreased the
viscosity of the binder layer, leading to improved diffusion of the probe material to the
graphite surface. The resultant carbon paste electrode, thus modified, exhibited superior
performance in the oxidation of both dopamine and ascorbic acid. This enhancement was
characterized by increased peak current values and a reduction in both the half-peak width
and potential peak separation, particularly for dopamine.

In the study [30], a total of 12 distinct ionic liquids (ILs) were incorporated as co-
binders in the preparation of modified carbon paste electrodes used for voltammetric
analysis of dopamine in Britton-Robinson buffer. This approach yielded a consistent im-
provement in both the sensitivity and reversibility of dopamine oxidation. Notably, in
square wave voltammetry experiments, the peak current exhibited a remarkable up to
400% increase when 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide was
employed as the co-binder, as compared to the response obtained with the unmodified CPE.
The measured data support the notion that electrostatic and steric effects play a predomi-
nant role as electrocatalytic factors in the anodic oxidation of dopamine on IL-CPEs. The
paper [31] introduced the development of a cost-effective electrode featuring a renewable
surface for the determination of sulfite via electroreduction. This innovative carbon paste
electrode was composed of multi-walled carbon nanotubes (MWCNTs) and employed a
binder comprising a blend of mineral oil and an ionic liquid, N-octylpyridinium hexaflu-
orophosphate. This novel electrode design facilitated the creation of high-conductivity
sensors that are not only economical and straightforward to prepare but also possess elec-
trocatalytic properties. In [32], an electrochemical sensor was developed using carbon
paste modified with CdO/SWCNT as a catalyst and 1-ethyl-3-methylimidazolium triflu-
oromethanesulfonate (LE3MITFS) as a binder for the quantification of bisphenol-A. The
heightened effectiveness of this new electrode can be attributed to the synergistic interaction
between the nanocatalyst and 1E3MITFS, resulting in an approximately 3.5-fold increase in
the detected signal for bisphenol-A. The augmentation of electrical conductivity facilitated
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the electron transfer process of bisphenol-A, consequently amplifying the electrochemical
sensitivity of the sensor.

The aim of the presented work is to introduce a picein wax carbon composite electrode
(PWCCE) made of graphite powder and picein wax for food profiling. In this study, we
are testing a single electrode for this purpose; however, chemometric calculations take into
consideration the entire recorded signal (voltammogram). We have previously employed a
similar construction in quantitative analysis for the determination of europium in aqueous
solutions [33]. For the purposes of this study, the design and manufacture of the sensor
have been optimized. Now, this electrode has been used as a sensor to distinguish between
various commercial and homemade plant-based milks. The study presents the profiling
of nine commercial vegan milks representing various groups of plants from which such
drinks are obtained, as well as five other drinks that were made in the laboratory just before
the experiment. For comparison purposes, two non-vegan milks, regular cow’s milk and
lactose-free milk, were considered.

2. Experimental
2.1. Apparatus

In this work, a multifunctional electrochemical analyzer M161 (MTM-ANKO, Cracow,
Poland) with a compatible electrode stand (MTM-ANKO, Cracow, Poland) was used to record
all voltammetric profiles of plant milk. The signals were measured using a standard electrode
system. A PWCCE was applied as the working electrode, a double junction Ag | AgClICl
(3 M) as the reference electrode, and a platinum wire as the auxiliary electrode.

2.2. Preparation of the Working Electrode

While using carbon paste electrodes, the key problem is preparing the appropriate
paste. In the construction of the proposed sensor, an electrode paste with picein (ROTH)
was applied as a binder, which is a solid, hard black wax and graphite powder (Acros
Organics, Germany; CAS: 7782-42-5). Previous experience has shown that the best quality
paste is made by mixing graphite powder with a binder in a 1:1 ratio. For this purpose,
exactly 1 g of both substrates were weighed. The portions were quantitatively transferred
to a quartz crucible, and the whole was flooded with about 5 mL of ether (Sigma-Aldrich,
St. Louis, MO, USA; CAS: 60-29-7). The addition of ether at this stage was intended to
dissolve the wax, ensure the best possible homogenization of the mixture, and not introduce
modifications to the final product. After 3 h and partial evaporation of the solvent, the
mixture was warmed in a heated sand bath at 100 °C until the wax dissolved while stirring.
The hot paste obtained in this way was placed in a previously prepared Teflon body with
a hole cut with a diameter of 3 mm and a depth of 8 mm for the electrode paste, and a
steel wire with a diameter of 1.4 mm passed through the center to ensure electrical contact
between the stand and the paste. After first smoothing the hot mixture, the filled body was
left at room temperature for 24 h to cool and harden the electrode paste.

The next day, the electrode was ground using abrasive papers with decreasing granular-
ity. After grinding, the electrode was polished on a polishing cloth using aluminum oxide
polishing pastes in a manner analogous to that used for traditional glassy carbon electrodes.

2.3. Automatic Measuring Procedure

To ensure the highest quality of the results, the profiles were recorded automatically.
To obtain a greater conductivity of the solution and, as a result, a higher profile resolution, it
was necessary to use a supporting electrolyte. The best results were obtained using 4.5 mL
of 0.1 M ammonium buffer, pH = 9.0, and 0.5 mL of sample. The voltammograms were
recorded in a wide window of potentials, from —1200 to 1000 mV, with a potential step of
2 mV. The waiting and sampling times were the same and were 20 ms each. Additionally, a
15-second preconcentration time at the initial potential was used. Under such conditions,
12 cycles were recorded for each milk sample.
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2.4. Plant Milk Sample and Preparation

In this work, nine commercially available plant milks from various producers were used
(Table 1). Milks have been selected so that none of them have added sugar and that they
represent all six types of plant raw materials used to produce this type of beverage [34]. The
oat and rice milks belong to the plant milks obtained from grains (cereals). Quinoa milk
is a drink obtained from pseudocereals. Soy milk is obtained from legumes. Hemp milk
represents a group of milks obtained from seeds. Coconut, almond, and cashew milk are
groups obtained from nuts, while tiger nut milk belongs to the group obtained from tubers.

Table 1. Summary of the tested plant milks and the composition declared by the producer.

No. Vegan Milk Type Producer Ingredients
1. Oat milk Ener Bio water, oat grain, and sea salt
2. Almond milk Alpro water, rice, almond, sunflower oil, and sea salt
3. Quinoa milk The bridge water, quinoa, rice, sunflower oil, safflower oil, and sea salt
4, Rice milk The bridge water, rice, sunflower oil, safflower oil, and sea salt
5. Coconut milk EnerBio water, coconut, tapioca starch, coconut flavoring, and sea salt
6. Cashew milk EnerBio water, cashew, and sea salt
7. Hemp milk EnerBio water, hemp seeds, hemp oil, tapioca starch, and sunflower lecithin
8. Tiger nut milk EnerBio water, tiger nut, sunflower lecithin, and locust bean gum
9. Soy milk Alpro water, soy, and sea salt

In addition, plant milk produced in the laboratory from various plant materials was
tested. For this purpose, according to the procedure described in Table 2, five different
plant milks were prepared, which also represented various sources of plant raw materials.
For comparison, during the research, two commercial cow’s milks (regular and lactose-free)
were used, which, according to the manufacturer’s declaration, contained 3.2% fat.

Table 2. The procedure for the preparation of homemade plant milk used in this work.

No. Ingredient Sample Preparation Procedure
1 Almond o Weight 25 g of the proper ingredient.
2 Cashew ° Add 100 mL of distilled water.
) Cover and leave for 24 h.
3. Oat grain ° After 24 h, grind the mixture with a blender for 2 min at 20,000 rpm.
4 Oatmeal e  Filter the resulting mass.
The procedure is similar to the one above. An added step is to heat the
5. Coconut

mass before grinding for 2 h at a temperature of 60 °C.

2.5. Software

In all measurements, the EAQt program with the EACfg extension (MTM-ANKO,
Cracow, Poland) was used for the automatic procedure to control the electrochemical
analyzer and record the voltammetric profiles. All calculations were carried out using
Matlab 2014b with PLS Toolbox and Matlab 2021a.

3. Results and Discussion

The concept of the entire work was to use a new carbon composite electrode to record
the voltammetric profiles of vegan milks of various origins. For this purpose, an electrode
paste with picein wax as a binder was prepared. It was used to obtain the electrochemical
fingerprints of each tested sample. The DPV technique was utilized with optimized
parameters. Measurements were performed automatically, recording the entire current in
the anodic and cathodic directions. The results obtained were analyzed using unsupervised
machine learning methods. A graphical presentation of the workflow is shown in Figure 1.
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Figure 1. Workflow of the proposed approach to plant milk voltammetric profiling with the construc-
tion of a picein wax carbon paste electrode.

Figure 2 shows examples of voltammetric signals for all milks that were used in the
work. The presented voltammograms did not undergo any preprocessing, data filtering, av-
eraging, or baseline correction. All voltammetric profiles were recorded using an automatic
procedure using a supporting electrolyte. The application of an automatic procedure made
it possible to ensure an ideal time regime during profile registration. The importance of this
approach to the registration of voltammetric fingerprints has been confirmed by numerous
previous experiences working with this type of sample. Figure 2a,b shows the recorded
anodic signals (Figure 2a) and cathodic signals (Figure 2b) for the nine tested plant-based
milks commercially available in the local supermarket. The recorded signals indicated the
great potential of the electrochemical sensor used to obtain high-quality data for profiling
this type of food product. Differences between recorded profiles can be observed in both
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the anodic and cathodic directions, which proves the effectiveness of the applied approach.
Figure 2c,d shows the recorded anodic and cathodic signals for home-made plant milks
prepared just before the measurements. When comparing the milk profiles obtained in
the laboratory with their analogous commercial counterparts, it can be noticed that the
signal for the milk produced immediately before the measurements is more extensive and
the recorded current has higher levels. For comparison and control of the results, cow’s
milk profiles were also recorded in two variants: regular cow’s milk and lactose-free milk
(Figure 2e,f). It can be observed that the milk profiles clearly differ from the profiles of its
vegetable substitutes.

Oat milk
Almond milk
Quinoa milk
Rice milk

Coconut milk

Cashewnut milk
Hemp milk
Tigernut milk
Soy milk

-500

E vs. Ag/AgCl /I mV

-1000 -500 0 500

0 500

-500

Coconut milk
Almand milk
Cashewnut milk

Qat grain milk
Qatmeal milk

0 500
E vs. Ag/AgCl I mV

1000 500 0 500
E vs. Ag/AgCl/ mV

Cow milk 3.2%

Lactose free
cow milk 3.2%

-1000

-500

E vs. Ag/AgCl /I mV

-1000 -500 0 500
E vs. Ag/AgCl / mV

0 500

Figure 2. Averaged DPV runs for: commercial plant milk: (a) anodic and (b) cathodic; homemade
plant milk: (¢) anodic and (d) cathodic; cow’s milk: (e) anodic and (f) cathodic.

Before comparing the DPV profiles of plant milk, a baseline correction with a third-
degree polynomial was applied to each recorded signal. The background was adjusted
for each of the plant milks individually, both for the anodic and cathodic directions. The
anodic signals that were used in further analysis are shown in Figure 3a—i. The profiles
of all milks have one thing in common: a clear peak at a potential of about —200 mV. The
elements that distinguish individual milks are other smaller peaks occurring at a potential
of about 200 mV (oat milk) or 450 mV (coconut and soy milk). It is possible to discern the
characteristic, asymmetric shape of the quinoa milk profile. Figure 3j shows the projection
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of points on the PC1/PC2 plane that describes 61.22% of the data variability. The effect of
using the PCA can be considered beneficial because individual samples form homogeneous
clusters at clear distances from each other.

Scores on PC 1 (36.56%)

Figure 3. All anodic signals for commercial plant milks with a subtracted background: (a) oat milk,
(b) almond milk, (c) quinoa milk, (d) rice milk, (e) coconut milk, (f) cashew milk, (g) hemp milk, (h) tiger
nut milk, and (i) soy milk; (j) projection of points in the PC1/PC2 plane for all milks (color of points
corresponds with color of voltammograms).

In the next stage of work, all home-made milks were analyzed. Various types of nuts
(almonds, cashews, and coconut) and seeds (oats) were used to prepare the plant drinks
according to the recipe in Table 2. The raw materials that have been used to produce
homemade vegan milks have been selected so that they have commercial equivalents.
Profile registration and baseline correction were analogous to commercial milk. Figure 4a—d
shows the averaged cathodic profiles of commercial milk (darker colors) and homemade
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milk (lighter colors). A comparison of homemade milk and its commercial counterparts
shows clear differences between them. The greatest differences are in the case of coconut
milk and cashew milk, while the smallest differences are in the case of almond drinks.
The differences between the profiles may be due to the composition of commercial milks,
which are very complex and extensive compared to their domestic counterparts. It should
be noted that homemade milk was prepared immediately before measurements and can
be characterized by an increased content of substances that can be subject to oxidation or
degradation. The observations were confirmed by PCA analysis and projection of points
onto the PC1/PC2 plane. The projection presented in Figure 4e describes 76.66% of the
data variability that confirms previous observations of differences between commercial
and homemade milks. Furthermore, the projection of points onto the plane of the first two
principal components, PC1 and PC2, shows that points representing commercial milks
form clusters at small distances from each other, whereas domestic milks form clusters
clearly separated from commercial milks and each other. An exceptional case is the group
of oat milks, in which two different sources of plant material, oat grains and oat flakes,
were used to produce home-made milk. Despite the significant differences between the
substrates used to prepare vegan drinks, the projections of these points on the plane of the
principal components are very close and form a single cluster of objects.

Since plant milks were created as a market response to consumer demand and are a
substitute for cow’s milk in the daily diet, the next step was to compare cow’s milk with its
vegetable substitutes. Cow’s milk was tested in two variants: regular milk with 3.2% fat
content and lactose-free milk, also with 3.2% fat. The cow’s milk profiles were registered in
a similar way as the others. The same was carried out with the baseline correction. The
anodic and cathodic profiles are shown for regular milk in Figure 5a and for milk without
lactose in Figure 5b. Most important, however, is the comparison of cow’s and plant milk
profiles, which was performed using a principal component analysis. The projection of the
points on the plane of the principal components (Figure 5c), describing 81.32% of the data
variability for the cathodic profiles, shows the effect of plant milk grouping into one cluster
with clearly spaced points representing cow’s milk in both variants.

To assess the repeatability of the electrode signal, the coefficient of variation (CV) for
milk and vegan profiles was examined. This coefficient was calculated as the ratio of the
standard deviation to the average value calculated from the values at maximum current.
The results obtained for all groups of signals are presented in Table 3. CV values oscillate
within the range of 0.26-3.97%, which, according to established standards, is within the
acceptable level of 5% variability.

Table 3. Evaluation of electrode signal repeatability. The values of the coefficient of variation for the
tested commercial plant and cow’s milk were calculated for the maximum value of the signal.

Coefficient of Variation/%

No. Milk Type
Anodic Direction Cathodic Direction

1. Oat milk 2.63 2.65
2. Almond milk 2.05 242
3. Quinoa milk 3.64 3.39
4. Rice milk 3.18 2.98
5. Coconut milk 3.97 2.58
6. Cashew milk 2.57 0.96
7. Hemp milk 1.92 2.20
8. Tiger nut milk 2.06 3.97
9. Soy milk 3.53 2.72
10. Cow milk 3.2% 1.24 1.06
11. Lactose-free cow milk 3.2% 0.26 0.49
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Figure 4. Comparison of the averaged cathodic signals for commercial and homemade plant milks
with a subtracted background: (a) dark red—commercial oat milk, red—homemade oat mil, light
red—homemade oatmeal milk; (b) dark magenta—commercial almond milk, magenta—homemade
almond milk; (¢) dark blue—commercial coconut milk, blue—homemade coconut milk; (d) dark
green—commercial cashew milk, green—homemade cashew milk; (e) projection of points in the
PC1/PC2 plane for all milks (color of points corresponds to color of voltammograms).

In the last stage, the collected profiles were analyzed using cluster analysis. The
dendrogram in Figure 6 shows that the tested commercial plant milks are clearly grouped
within their respective categories, and differences between individual classes of objects are
visible. A similar approach was applied to homemade plant milk, and the corresponding
dendrogram is illustrated in Figure 7. This visualization confirms the conclusions that can
be drawn from the analysis of Figure 4e. Homemade oat milks form a cluster on the PCA
plane and one branch of the dendrogram, while cashew, coconut, and almond milk form
the second group of objects.
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Figure 5. Comparison of cow’s milk profiles with plant milk profiles: (a) averaged anodic and
cathodic waveforms for regular cow’s milk 3.2%; (b) averaged anodic and cathodic waveforms for
lactose-free cow’s milk 3.2%; (c) projection of points in the PC1/PC2 plane, cathodic waveform:
green—plant milk, red—regular cow’s milk 3.2%, blue—lactose-free cow’s milk 3.2%.
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Figure 6. Dendrogram for commercial plant milks.
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Figure 7. Dendrogram for homemade plant milks.

4. Conclusions

This work shows that the proposed picein—carbon composite electrode can be used
as a dedicated sensor to profile milks of various origins. The optimized approach covers
the entire research process, from the production of the electrode paste to the optimization
of the measurement parameters and the performance of the measurements themselves,
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and finally to the chemometric analysis. Considering the limited number of reports in the
literature on the electrochemical profiling of vegan milks, this study can be considered an
introductory step in developing the proposed topic.

The use of the DPV technique combined with a dedicated automatic measurement
procedure ensured high-quality data. Plant-based milk profile analysis using electrochemi-
cal fingerprints was conducted in two stages. The first stage involved the study of nine
vegan milks from a local supermarket. It was observed that all milks under consideration
exhibited different profiles, which were visualized using the PCA technique. The second
stage focused on preparing homemade plant milks and subjecting them to similar analysis.
Each of the prepared homemade milks had a corresponding commercial milk counterpart.
All homemade plant-based drinks were prepared according to a standardized recipe just
before the start of measurements. The results showed that homemade plant-based milks
differed from their commercial counterparts. Particular attention should be paid to the
amount of ingredients used to prepare a homemade plant-based drink and the composition
of its commercial equivalent, as declared by the manufacturer.

Because plant milks were developed to replace cow’s milk in the daily diet, the profiles
of both groups of milks were compared. For this purpose, the profiles of regular milk and
lactose-free milk were recorded. The voltammograms collected in this way were compared
with the fingerprints of the plant milk. The profiles of plant drinks and cow’s milk were
shown to clearly differ from each other, while the difference in profiles between regular
milk and lactose-free milk was found to be small.
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