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Sensor array based on silver nanoprisms for the
determination of ethanol content and resolution of

water—ethanol mixtures
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Determination of the authenticity of a drink as well as the existence or amount of its ethanol content is very

important. Herein, silver nanoprisms were successfully used for the discrimination of different water—
ethanol mixtures. The nanoparticles were characterized via transmission electron microscopy (TEM) and
UV-vis spectrophotometry. Moreover, using the color profile of the array, a reliable relationship was

established for the determination of ethanol content in water—ethanol mixtures. Silver nanoprisms were
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prepared via a green procedure using extracts of walnut peel, onion and red berry in the presence and

absence of sodium citrate. The color variation of the prepared silver nanoprisms was used for
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1. Introduction

Ethanol is a colorless, clear, volatile, flammable liquid that
mixes with water in any proportion and has a pungent odor. The
detection and quantification of alcohols with high sensitivity,
selectivity and accuracy are crucial in many different areas.
Accurate and rapid measurement of ethanol is important in
clinical and forensic analyses to analyze human body fluids,
e.g., blood, serum, saliva, urine, breath and sweat. The food,
beverage (wine, beer and spirits) and pulp industries require
simple, fast and economic analytical methods to control
fermentation processes and the quality of the obtained
products.

Ethanol content is one of the most important elements in
food items and is used to ensure their authenticity; ethanol in
higher doses can alter or damage the central neural system."?

The most common form of adulteration concerning ethyl
alcohol is the addition of water. This is because ethanol can be
easily mixed with water, and it is difficult to detect this adul-
teration visually.

Many analytical methods have been developed during for
determination of ethanol and other aliphatic alcohols, such as
methanol. These include the use of chemical methods, such as
redox titrations, colorimetric methods, specific gravity and
refractive index measurements, chromatographic and spectro-
scopic methods.?

In 2015, Zhang et al. reported a full evaporation headspace
gas chromatographic method for simultaneously determining
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discrimination. The RGB color indices of the sensor array were organized in matrices and processed via
principal component analysis (PCA) for discrimination and clustering.

the ethanol and methanol content in wines.* In 2005, Nordon
et al. reported a non-invasive NIR and Raman spectrometric
methods for determination of ethanol content.” In 2019,
Michalowska-Kaczmarczyk reported a redox titration method
for determination of ethanol content in beverages. However,
a prior separation of ethanol by distillation of the sample is
necessary.® In 2011, Pinyou and Youngvises reported a colori-
metric method for determination of ethanol content based on
the reaction of ethanol with ceric ion in acidic medium to
produce a red colored product having maximum absorption at
415 nm.” In 2009, Alemea and Costa reported a specific gravity
measurement method for determination of ethanol content as
a routine assay to evaluate the quality of gasoline with multi-
variate PLS calibration method.?

Although these methods are precise and reliable, they are
complex and time consuming and require prior separation
processes (distillation and pervaporation) and expensive
instrumentation. Conversely, colorimetric methods are simple
and inexpensive and can be used without complicated instru-
ments. The current colorimetric methods are commonly based
on sample imaging by cameras.

In the last decade, rapid advances in microelectronics have
resulted in the ready availability of digital and video cameras,
mobile phones, and scanners with continually enhanced spec-
ifications at a very modest cost. Thus, digital images obtained
by commercial devices, such as digital cameras, webcams,
smartphone cameras, scanners, and tablets, are currently
implemented in many different scientific and technical fields.
The most common way to extract the information from digital
images is their decomposition to color indices such as red (R),
green (G) and blue (B). The RGB system is an additive system,
which uses the combination of the colors R, G, and B to form
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awide variety of color tones." In colorimetric sensor arrays, such
devices and procedures are commonly employed to extract
signals, which are then analyzed by multivariate chemometrics
methods. Colorimetric sensor arrays constructed from diverse
chemo-responsive colorants have been successfully used to
discriminate different volatile organic compounds in breath,
which were related to lung cancer,”* and in beers."* A series of
common soft drinks were discriminated by a colorimetric
sensor array composed of different dyes."

Sensor arrays based on nanoparticles have been constructed
for the detection of different volatile or organic species.’>* A
colorimetric solvatochromic molecule-based sensor
designed that can discriminate between some solvents and
some water-tetrahydrofuran mixtures.”® For specific ethanol
detection, a sensor array was constructed by dyes.*

Amongst the nanoparticles, silver nanoparticles (AgNPs)
have been widely used to develop various sensors, including
fluorimetric,'”*®* UV-vis spectrophotometric and colori-
metric,"*® and electrochemical sensors.*** Herein, using silver
nanoprisms (AgNPrs), a colorimetric sensor array is introduced
for the analysis of mixtures of ethanol and water. This is the first
time AgNPs have been used for the discrimination of different
ethanol-water mixtures. Moreover, principal component anal-
ysis (PCA) and hierarchical cluster analysis (HCA) were used to
analyze the color indices of the sensor array to cluster the
samples.?®¢

was

2. Experimental

2.1. Materials and solutions

Ethanol (99.9%, w/w), ammonia (25%, w/w), silver nitrate
(99.0%) and sodium citrate (99.9%) were all obtained from
Merck (Darmstadt, Germany). For preparation of all solutions,
deionized water was employed.

Ammonia (10%), silver nitrate solution (0.01 mol L™"), and
sodium citrate solution (0.01 mol L") were used in the prepa-
ration of the silver nanoparticles (AgNPs). Different AgNPs were
prepared with extracts of walnut peel, onion and red berry in the
presence and absence of sodium citrate. Six different AgNPs
were obtained.

Different mixtures of ethanol-water were prepared by mixing
volumes (0.0-10.0 mL) of ethanol with doubly distilled water.
The mixtures have total volumes of 10.0 mL and different
percent ethanol contents (Table 1).

2.2. Synthesis of AgNPs

Six different AgNPs were prepared using walnut peel extract
without and with sodium citrate (A and B), onion extract
without and with sodium citrate (C and D) and berry extract
without and with sodium citrate (E and F).

The method was that used by Jin et al.>” with minor modi-
fications. To 300 mL boiling distilled water, separately, 1.5 mL
of extracts of walnut peel, onion and red berry were added. After
about 25 min, 4 mL of ammonia (10%, w/w) and 1.0 mL of
sodium citrate (0.01 mol L") were added, followed by the
addition of silver nitrate solution (5.0 mL, 20 mmol L") while
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Table 1 Different ethanol—water mixtures prepared for the analysis

Number (class) Percent of ethanol (v/v)

0.0
10.0
20.0
30.0
40.0
50.0
60.0
70.0
80.0
10 90.0
11 100.0
12 Unknown

O 00 N O Ul bW

stirring for 2 min. The yellow AgNPs formed after 50 min. Note
that, for preparing AgNPs without citrate as a capping agent,
sodium citrate was not added.

2.3. Instruments and software

Transmission electron microscopy (TEM) was performed using
a Zeiss EM900 transmission electron microscope. UV-vis spectra
of AgNPs in the presence of different ethanol-water mixtures
were recorded on an Agilent 8453 UV-vis spectrophotometer
with a diode array detector equipped with 1 cm path-length
quartz cells. Digital images of the colorimetric sensor were
recorded with the camera (50 megapixel) of a SAMSUNG Galaxy
smartphone. To extract red (R), green (G) and blue (B) color
indices as the analytical signal and for extraction of the profile
of the constructed sensor array, Image] version 1.54h was
employed. PCA toolbox for MATLAB version 1.5 was used to
perform principal component analysis (PCA) and hierarchical
cluster analysis (HCA).?®

2.4. Principal component analysis (PCA) and hierarchical
cluster analysis (HCA)

Principal component analysis (PCA) is a statistical method used
for dimension reduction of data, feature extraction, and data
visualization. It transforms a dataset of possibly correlated
variables into a set of linearly uncorrelated variables called
principal components (PCs), ordered by their ability to explain
variance in the data. In PCA, orthogonal directions (principal
components) in the data that maximize variance are identified.
The first PC captures the most variance, the second PC
(orthogonal to the first) captures the next most, and so on. This
allows dimensionality reduction while preserving as much
information as possible.*®

Hierarchical cluster analysis (HCA) is an unsupervised
machine learning method used to build a hierarchy of clusters,
enabling the exploration of data grouping at multiple scales.
Unlike flat clustering methods (e.g., k-means), HCA does not
require predefining the number of clusters and provides a tree-
like structure (dendrogram) to visualize relationships between
data points.**** In HCA, similar data points are grouped into
nested clusters based on pairwise distances.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3. Results and discussion

3.1. Characterization of the synthesized AgNPs

The AgNPs prepared and the codes used for them in this work
are reported in Table 2.

To investigate the morphology and size of the synthesized
AgNPs, TEM analysis was carried out. The TEM micrographs are
shown in Fig. 1. Analysis of the TEM micrographs showed
a distribution with a mean particle size of 22.1 £+ 4.9 nm. It is
evident from the images that the shape of the synthesized
AgNPs is as prism and its cross section is hexagonal. So, from
this point, the synthesized AgNPs are referred to as Ag nano-
prisms (AgNPrs).

Table 2 Different AgNPrs prepared for construction of the sensor
array

Coded silver nanoprisms
(AgNPrs)

Condition for preparation of
silver nanoparticle

A With walnut peel extract without
citrate

With walnut peel extract with citrate
With onion extract without citrate
With onion extract with citrate

With red berry extract without citrate
With red berry extract with citrate

HTEHgO®

Fig.1 TEM micrographs of the AgNPs synthesized in the presence of
citrate using walnut peel extract.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

1.6

141

1.2+

1»

0.8

0.6 -

Absorbance

04 r

0.2 -

0»

_0‘2 1 L 1 L 1 1 1
200 250 300 350 400 450 500 550

Wavelength (nm)

600

Fig. 2 UV-vis spectra of the six AgNPs prepared using walnut peel
extract with (A) and without (B) sodium citrate, onion extract with (C)
and without (D) sodium citrate and berry extract with (E) and without
(F) sodium citrate.

In Fig. 2, the UV-vis spectra of the prepared AgNPs are
shown. It can be seen that their maximum absorption peaks are
located at 410-420 nm. This peak is a characteristic surface
plasmon absorption band that indicates the presence of nano-
silver in the solution.*

The differences in the full width at half maximum (FWHM)
and maximum absorption wavelengths of the prepared AgNPs,
as can be observed in Fig. 2, can be related to the different sizes
of the AgNPs.***® This is the result of the different reducing
agents used to prepare them.**°

3.2. Construction of the sensor array

In order to introduce a method based on a sensor array for the
determination of percent of ethanol in mixtures with water, six
different AgNPrs were used (Table 2). The AgNPrs were prepared
based on the procedure explained in Section 2.2.%”

The sensor array was constructed in such a way that to each
row of the 72 well plate, 100 pL of one of the AgNPrs was added.
Then, to each column of the plate, 50 pL of one of the ethanol-
water mixtures was added and mixed well with the AgNPrs. After
5 min, an image of the plate was taken and used for analysis.
This procedure was repeated three times. The images of the
sensor array can be seen in Fig. 3. Because of the use of 6 AgNPrs
and 12 mixtures, in total, 72 wells of the plate were filled.

Eleven different mixtures of water and ethanol were prepared
(Table 1). To each mixture, a class was assigned. In addition,
a mixture was used as an unknown mixture. Therefore, in total,
12 different classes can be analyzed.

The color change of the AgNPrs in the presence of different
ethanol-water mixtures is clearly seen (Fig. 3). The color of the
AgNPrs is the result of the surface plasmon phenomenon.*” This
phenomenon is affected by the medium and the size and the
cap of the corresponding AgNPrs.*” Any physicochemical vari-
ations in Ag nanostructure can alter its surface plasmon;

RSC Adv, 2025, 15, 24247-24255 | 24249
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Fig. 3
column corresponds to the mixtures reported in Table 1.

simply, it is the base of a chemical sensor.*® The polarities of
water and ethanol are different. Moreover, ethanol possesses an
organic moiety which interacts with AgNPs in a different
manner. The capping of AgNPrs with citrate can change their
color and interaction with the medium.

Ethanol molecules can adsorb onto AgNP surfaces via
hydrogen bonding between the hydroxyl (-OH) group of ethanol
and oxygen-containing surface groups (e.g., citrate or oxide
layers).* In ethanol-water mixtures, the stability of AgNPs can
be modulated by altering the solvent's polarity. Ethanol reduces
the polarity of aqueous solutions, destabilizing AgNPs by

24250 | RSC Adv, 2025, 15, 24247-24255
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Image of three replicates of the constructed sensor array. Each row in the array corresponds to AgNPrs reported in Table 2 and each

compressing the electrical double layer, which promotes
aggregation. In these conditions, the presence of capping
agents like citrate can result in different aggregation behaviors
of AgNPs with and without citrate.*

3.3. Profile of the colors

To obtain an overview of variation of the color with the ethanol
content of the mixtures, using ImageJ version 1.54h, the overall
image of the plate with filled wells was selected and its profile
was plotted. The profile plots the variation in gray value of the
selected part with pixels in the horizontal direction. The

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 Profile plots of the plate showing the variation in gray value with
pixel (a), variation in gray value in minima with ethanol content (b) and
variation in gray value with logarithm of ethanol content (c). Values on
the curve (a) indicate the ethanol contents of the mixtures.

resulting profile can be seen in Fig. 4a. The maxima of the curve
belong to the boundaries between the wells. The important
parts of the plot are the minima. As can be seen, there exists
a gradual, relatively linear change in the intensities in the
minima with the ethanol contents of the mixtures. In order to
build a relation between the ethanol content and the calculated
gray values, the values in the minima were selected as signal
and were plotted against the ethanol contents of the samples.
By excluding the sample with 0.0% ethanol content, an excellent
logarithmic relation can be obtained (Fig. 4c). The coefficient of
determination for the linear semi-log relation is 0.9946 and the
F-statistic is 930. These statistics prove an excellent linear
relationship with high prediction ability. Using this calibration,
the ethanol content of the unknown sample was estimated to be

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Score plots obtained by analysis of the RGB data from the
image of the sensor array (Fig. 3) via PCA without preprocessing (a),
after mean centering (b) and after auto-scaling (c).
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67.7%. The true ethanol content of the unknown sample is
75.0%, which shows a 9.7% difference.

3.4. Principal component analysis

In order to quantify the signal, which is initially in the form of
color, different segments of the images (Fig. 3) corresponding to
each well were cropped and transferred to Image] version 1.54h.
Each mixture response is represented as the red (R), green (G)
and blue (B) values of each of the 6 AgNPs, i.e., an 18 dimen-
sional row vector. These vectors for 3 replicates of 12 analyzed
samples (Table 2) can be arranged row-wise to produce a matrix
with 36 x 18 dimensions.

The matrix constructed was used for analysis by PCA. PCA is
a chemometrics method which abstracts the initial data and
lowers its dimensions to more limited new dimensions (vari-
ables) named scores. In fact, scores are the coordinates in the
new axes. It must be mentioned that, during this transfer, the
information in the original data is retained.

The scores calculated by PCA for the analyzed data can be
seen in Fig. 5a. The first score (PC1) explained 99.77% of the
variation in the analyzed data. In this analysis, the data were not
preprocessed. As can be seen from Fig. 5a, a distinct clustering
of the mixtures was obtained for most of the mixtures. However,
overlaps of class 7 with class 10 and class 9 with class 11 can be
observed. Class 12, which is the unknown mixture is located
between classes 10, 11, 6 and 7. This result demonstrates that
the unknown mixture probably contains 70-80% ethanol. In
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reality, the unknown mixture is a 75% ethanol sample. There-
fore, the analysis based on the sensor array is confirmed to work
satisfactorily in its expected function.

Analysis of the data was also performed by preprocessing. By
mean centering and subsequently applying PCA, the scores
shown in Fig. 5b resulted. The figure shows that different
mixtures are distinctly clustered. In this case, the unknown
sample is located between classes 6, 7, 9, 10 and 11. Therefore,
its ethanol content can be estimated to be in the range of 70-
80%.

By auto-scaling the data as a preprocessing method and
subsequent PCA analysis, the scores shown in Fig. 5c were
calculated. Different mixtures are clustered distinctly. However,
an overlap between classes 5 and 6 can be seen. Here, the
unknown mixture can be observed between classes 5, 6, 7, 9 and
11. Therefore, an ethanol content of 65-70% can be attributed
to this mixture.

In PCA, for calculation of the scores, coefficients are
required. These coefficients are named loadings. For each
original variable, a loading is calculated. In the current work,
the variables are the R, G and B indices of different AgNPrs. In
fact, the magnitude of each loading reflects the significance of
the corresponding variable. Therefore, using loading plots, it is
possible to observe which original variable is important. In
order to eliminate the effect of the magnitude of the variables
on the loadings, the loadings for the case where the data have
been preprocessed by auto-scaling were studied (Fig. 6).
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Fig. 6 Loading plot obtained by PCA for the constructed sensor array after preprocessing of the data with auto-scaling.
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Fig. 7 Dendrogram obtained by HCA processing of the data of the constructed sensor array. For HCA, data were auto-scaled and Euclidean

distances were calculated for complete points.

Because of the higher variability of the data explained by
PC1, detection of the more significant variables was focused on
PC1. A variable is significant and effective in clustering when it
has a higher loading. It can be seen that AgNPrs with codes A
(v1,v2,v3), D (v10, v11, v12) and E (v13, v14) have a large role in
the clustering. These AgNPrs are those prepared respectively by
walnut skin without citrate, onion extract with citrate and berry
extract with citrate. Therefore, the capping of AgNPs with citrate
with organic characteristics facilitates the interaction of ethanol
with it.

Another clustering method, HCA, was also used. In this case,
the data were auto-scaled, and clustering was performed based
on the Euclidean distance calculated for complete data. In
Fig. 7, the resulting dendrogram is shown. The dendrogram
shows that, in most cases, the clustering was performed
correctly. However, one of the replicates in each of classes 5
(sample 13) and 6 (sample 18) has been displaced. The
unknown mixture with replicate numbers 34, 35 and 36 can be
seen in a major cluster with classes 9 (samples 25, 26 and 27)
and 11 (samples 31, 32 and 33). Therefore, an ethanol content of
about 90% can be predicted for it. Altogether, for the unknown
sample, an ethanol content in the range of 70-90% is predicted
by the applied clustering methods.

The method introduced can be used to predict the ethanol
content of an water-ethanol mixture. The method, needing no
instrument, can successfully be used for this purpose.

© 2025 The Author(s). Published by the Royal Society of Chemistry

4. Conclusions

Using AgNPrs in a sensor array, it was possible to differentiate
between ethanol-water mixtures. Differentiating and detecting
fraud in such mixtures and many foodstuffs is of great impor-
tance. Due to the success of the designed sensor array in the
current work, it is recommended to be applied for such
a procedure. The method can be utilized as an alternative to
sophisticated instrumental methods.
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