- QA

”
A4

Heoo®06

http://pubs.acs.org/journal/acsodf

Rapid and Label-Free Methanol Identification in Alcoholic
Beverages Utilizing a Textile Grid Impregnated with Chiral Nematic

Liquid Crystals

Mohammadreza G. Shemirani, Fatemeh Habibimoghaddam, Mohammad Mohammadimasoudi,*

Mahboube Esmailpour, and Ali Goudarzi

Cite This: ACS Omega 2022, 7, 37546-37554

I: I Read Online

ACCESS |

lihl Metrics & More

| Article Recommendations

ABSTRACT: Methanol contamination of alcoholic drinks can lead to severe
health problems for human beings including poisoning, headache, blindness, and
even death. Therefore, having access to a simple and inexpensive way for
monitoring beverages is vital. Herein, a portable, low cost, and easy to use sensor is
fabricated based on the exploitation of chiral nematic liquid crystals (CLCs) and a
textile grid for detection of methanol in two distinct alcoholic beverages: red wine
and vodka. The working principle of the sensor relies on the reorientation of the
liquid crystal molecules upon exposure to the contaminated alcoholic beverages
with different concentrations of methanol (0, 2, 4, and 6 wt %) and the changes in
the observed colorful textures of the CLCs as well as the intensity of the output

light. The proposed sensor is label free and rapid.

Bl INTRODUCTION

Methanol (methyl alcohol), as one of the most common
organic solvents, has a wide variety of applications including
paints, dyes, and chemical synthesis."” In addition, it has the
potential to be used as an alternative energy fuel for the
future.” Naturally, there is a small amount of methanol in
alcoholic beverages which is produced as a result of bacterial
fermentation under standard conditions during alcohol
manufacturing.”> This low concentration of methanol is not
particularly harmful. However, high levels of methanol in spirit
drinks could be converted into toxic formaldehyde and formic
acid in human organisms.“’6 Hence, it could bring about
serious health problems when ingested, inhaled, or absorbed
by the skin.” The ingestion of alcoholic drinks contaminated
with an unsafe amount of methanol will cause headache,
vertigo, nausea, vomiting, blindness, and even death. Some-
times it has been deliberately added to alcoholic beverages to
decrease the final cost.""'> Moreover, illegally produced or
homemade alcohols have threatened people’s health."> There-
fore, accurate detection of methanol in alcoholic solutions is
mandatory to avoid methanol poisoning. More interestingly, a
simple and inexpensive method for monitoring the presence of
methanol in wines is of great interest.

A number of methods have been reported to detect
methanol concentrations in alcoholic beverages such as
enzymatic,14 colorimetric,"® gas chromatography—Fourier
transform infrared spectroscopy (FTIR), horizontal attenuated
total reflectance (HATR),'® gas chromatography,'” and Raman
spectroscopy.'® All of the mentioned methods are expensive
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and demand bulky equipment. Thus, seeking a low-cost and
portable method for monitoring alcoholic beverages is of great
importance.

Liquid crystals (LCs) are proper candidates for sensing
applications due to their short-range interaction and long-
range orientation which could be altered by minor external
perturbations.'”*° Indeed, optical signals produced upon their
molecular ordering changes which are visible under crossed
polarizers enable a kind of detection. These anisotropic
materials are capable of transducing orientational changes at
the interface of LC which are caused by target molecules. In
fact, this reorientation of LC at the interface can further spread
out into the bulk LC phase up to 100 ym away. As LCs are
birefringent materials, the intensity of transmitted light and the
colorful textures can be changed and observed under polarized
microscope.m_26 However, polarized optical microscopes are
expensive and bulky. There are several attempts to address this
issue, two of which are Kuma et al.*' who designed and
fabricated a smartphone-based LC sensing device and Chen et
al.”* who reported a portable liquid crystal based sensor for the
detection of nitrite.
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Figure 1. Schematic illustration of the experimental setup.
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The reported LC based sensors can be classified in two
different styles of LC—solid interface sensing and LC—aqueous
interface sensing. The first style requires a LC cell with two
glass slides attached together with spacers. The second style
needs a transmission electron microscopy (TEM) grid fixed on
a glass slide or sandwiched between two glass slides and filled
with LCs. In both platforms the glass should be coated with a
thin layer of polymer and rubbed to induce specific alignment
to the LCs. The pattern is observable by placing the sensor
between two crossed polarizers, switching from dark to
bright.*

Chiral nematic liquid crystals (CLCs) have been proven to
demonstrate excellent sensing performances.”” These stimuli-
responsive materials form a helical structure and selectively
reflect specific wavelengths of the circularly polarized light with
the same handedness as the cholesteric helix. According to
Bragg’s law, the selective central reflection wavelength is
represented as A = npcos 0, where n is the average refractive
index of the CLC or (n, + n,)/2 in which n, and n, are the
ordinary and extraordinary refractive indices of the LC, 8 is the
angle of incidence, and p is the pitch length of the CLC. The
pitch length could be altered by changing the concentration of
chiral dopant as well as environmental stimuli such as chemical
agents. Alternation of the pitch changes the light reflection
band. Therefore, upon irradiation of light and in the presence
of a molecule on the CLCs distinctive colors can be generated
and these specific colors can be utilized in sensing
applications.”® Mujahid et al. utilized the CLCs to detect the
vapors of different organic solvents such as methanol.”” Chang
et al. reported a colorimetric sensor based on CLC polymer
networks to detect methanol.”

In this paper, in contrast to the above-mentioned papers, we
did not use the visible color shifting of the selective Bragg
reflection of CLCs. Instead, we benefited from observation of
the optical textures of the CLCs. Herein, for the first time a
polyester textile mesh with square holes fixed to a Plexiglas
framework is agitated with CLCs and used as a sensor for
detection of different concentrations of methanol in red wine
and vodka. The sensor is portable, rapid, and label free. There
is no need to prepare glasses with rubbing layers or utilize
expensive TEM grids which needs time-consuming and extra
work. Therefore, the final cost of the sensor will be reduced.
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B EXPERIMENTAL SECTION

Materials. The liquid crystalline mixture (E7) consists of 4-
cyano-4'-n-pentyl-1,1’-biphenyl (SCB), 4-cyano-4'-n-heptyl-
1,1’-biphenyl (7CB), 4-cyano-4'-n-octyloxy-1,1’-biphenyl
(80CB), and 4-cyano-4”-n-pentyl-1,1',1”-terphenyl (SCT).
The right-handed chiral dopant (BDH1305) and methanol
were purchased from Merck. The ordinary and extraordinary
refractive indices of the LC are 1.525 and 1.734, respectively.

Fabrication of the Textile Grid. In this work, a polyester
textile mesh fixed to a Plexiglas framework was used. We call it
the “textile grid”, which is similar to the commercial TEM
grids. The Plexiglas framework not only supports the polyester
textile mesh but also provides the circle holes with a diameter
of S mm surrounded with air at both sides (Figure 1).
Choosing the textile mesh with the right dimensions is of great
importance. Therefore, at the beginning of the work, different
polyester textile meshes with different dimensions (160 X 160
um? and 600 X 600 um?) were used to confine the LC, and the
outcomes were evaluated by a polarized optical microscope
(POM). Eventually, the textile grid containing square holes
with edges of 300 sm and height of 40 ym was chosen. We call
each square one “pixel”. Other dimensions were unable to
support the capillary forces for enclosing the LC. This sensor is
reusable many times. Before any use, it will thoroughly be
cleaned with acetone, rinsed with deionized water, and dried
under a stream of nitrogen gas. In the case of any damage to
the polyester textile mesh, it can be replaced with another one
as it is inexpensive. In addition, it needs only some glue to be
attached to the Plexiglas framework.

Preparation of the LC Sensor. Herein, various
concentrations of BDH1305 were added to the nematic liquid
crystal (E7) to induce a chiral structure. However, the
concentration of 1 wt % was selected for its special pattern.
A part of the textile grid was subsequently agitated with 0.01
uL of the CLC, and a number of square holes were filled
completely. Then the kit was placed between two linear
crossed polarizers of a polarized optical microscope (POM).

Measurements. The transmission mode of a POM (Leitz
ANA-006, Germany) was used for optical observation of the
textures. The images were captured utilizing a charge-coupled
device (CCD) camera (Samwon STCTCS83USB, Korea)
mounted on the POM. Figure 1 demonstrates the schematic
of the experimental setup. The alcoholic beverage containing
various concentrations of methanol (0, 2, 4, and 6 wt %) was
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Figure 2. Photograph images of the smartphone-based device. The process of sliding (a) the polarizer, (b) the textile grid, and (c) the analyzer. (d)
The overall image of the device, (e) the side view, and (f) the top view of the device.

Figure 3. (a) Microscopic and (b) SEM images of the textile grid.

SEM HV: 20,00 kV

PC:

SEM MAG: 100 x

WD: 49.17 mm
Det: BSE
Date(m/dfy): 10/24/20

10 550 pm

placed on the top surface of the CLC. The amount of alcoholic
spirit in each experiment was 0.1 pL. Red wine and vodka were
examined in this work. All the experiments have been
performed 3 times. Image analysis was performed on polarized
optical textures using an open-source image analysis software
Image].

Fabrication of a Smartphone-Based Device for Lab
on a Chip Application. Utilization of the microscope for
visualization of the textures limits the application of the sensor.
In order to make an applicable, portable, and easy to use sensor
a smartphone-based device is designed and fabricated. The
images of the device are shown in Figure 2. The device is
designed with CorelDraw software. The pattern is drawn on 3-
mm white Plexiglas. Then the Plexiglas was cut down with a
laser cutter (RT1390). Figure 2a—c demonstrates the process
of putting the polarizer, the textile grid, and the analyzer into
the box. The first polarizer and the textile grid are fixed, but the
second polarizer (analyzer) is rotatable in a way that it could
be perpendicular to the first one. The device has a backlight
light emitting diode (LED). A 3.8 V battery will be attached to
the LED through the socket. A booster circuit was used to
amplify the 3.8 V battery to 18 V. The dimension of the device
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is 10.5 X 6 X 3.5 cm®. The battery socket as well as the power
switch on and off is shown in Figure 2d. An objective lens is
used to magnify the images and a smartphone is used to
capture the images. Figure 2e shows the side view and Figure
2f the top view of the final device.

B RESULTS AND DISCUSSION

Figure 3 exhibits (a) microscopic and (b) SEM images of the
textile grid utilized in the sensor.

The configuration and dimension of the textile grid were
selected in such a way that to confine the LC molecules.
Furthermore, air is capable of providing boundary conditions
for aligning the LC vertically, which makes a glass substrate
unnecessary for the assay needless.”’ Therefore, the helical axis
of the CLCs are horizontal when the upside and downside of
the CLCs in the textile grid are surrounded with air. In this
state, a fingerprint pattern is anticipated to be observed.*”*
Figure 4a illustrates a scheme of one of the pixels of the sensor
as well as the relative crossed-polarized microscopic image.
The image with green color which was captured with a 10X
objective lens has a large mono domain in the center of the
pixel surrounded with a few network-like lines or defects called
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Figure 4. Schematics configuration of the sensor (a) when the top and bottom of the CLC is surrounded with air and (b) after adding the mixture
of alcoholic beverages at the top surface. (c) The output texture of the CLCs which are surrounded by air taken with a 40X objective lens. (d) The
focal conic texture created by adding methanol on the top surface of the sensor.

oily streaks. The origin of the oily streaks texture is from
inhomogeneities,34 In addition, a fingerprint texture can be
observed indicating the pitch length of the CLC is on the order
of micrometers. The fingerprint texture as well as oily streaks
with different widths can be visibly observed in its
corresponding polarized image shown in Figure 4c captured
with a 40X objective lens. (These two images were not taken
under the same conditions with the same sample. However,
they are somewhat similar.) Knowing that the selective
reflection will happen when the helical period is on the
order of visible wavelength, the origin of this green color might
not be from the selective Bragg reflection. In fact, in this helix
pitch range, the CLC is unable to act as a photonic crystal
demonstrating a reflection band gap in visible spectrum.’
Furthermore, according to the formula (4 = npcos 6)
mentioned above, at normal incidence with respect to the
helical axis of the CLC film, Bragg reflection does not happen;
demonstrating the origin of this color is not from selective
Bragg reflection.®® Therefore, birefringence or interference
driven by birefringence (interference between ordinary and
extraordinary lights) might give rise to the appearance of the
green color. In the latter in contrast to the former the colors
are visible without polarizers.”**° It should be mentioned that
in our work the colors can be observed without polarizers.

Adding methanol on the top surface of CLCs disturbs the
orientational order of LCs and randomizes the helical axes of
CLCs. Thus, the CLC texture switches an oily streak state to
scattering focal conic state.”” Optical observation of the focal
conic texture occurring in our sample in the presence of
methanol can be observed in Figure 4d. It can be deduced that
methanol tends to reduce the domains of the output pattern of
the CLC.

In the case of being surrounded with water on the top and
air from the bottom, the behavior of CLCs is peculiar. They
have hybrid alignment due to the homeotropic alignment on
the bottom and nearly planar alignment from the top.”* The

schematic configuration of the proposed sensing platform for
one of the pixels as well as its relative crossed polarized optical
image is illustrated in Figure 4b. In this work, the bottom of
the CLCs is surrounded with air, and the top is covered with
the alcoholic beverage with various concentrations of
methanol. The mixture changes the alignment of the CLC
molecules due to the material properties of the mixture such as
polarity. Therefore, the alignment of the CLCs depends on the
type of materials utilized on the top surface of the CLCs. Since
the bottom surface is in contact with air, the alignment of the
bottom surface will not change. The two different alignments
propagate to the bulk LC which form a specific hybrid
alignment for each concentration and mixtures. At the same
time, the green color of the CLC turns to different colors and
textures. The color change can be ascribed to alteration of the
alignment and order parameter of LC molecules as well as the
helical pitch which is different for each concentration and
mixtures. Thus, the optical path length and the condition for
constructive and destructive interference from this thin film
will be changed. The output texture related to the red wine
contains interference fringes covered with a low concentration
of oily streaks. The behavior of vodka is somewhat different
because its texture contains interference fringes in which the
colors are different and covered with a high concentration of
oily streaks as well as bubbles (Figure 4b). The presence of
bubbles can be ascribed to the diffusion of evaporated ethanol
molecules which are present in vodka in the thinner part of the
top surface of CLCs and a phase transition from nematic to
isotropic. The phase transition depends on the amount of
ethanol which is present in alcoholic drinks. It should be noted
that the concentration of ethanol in vodka is higher than in red
wine. This is the reason why in vodka we can observe the
bubbles.***’

To study the real-time performance of the CLC sensor, 0.1
uL of two kinds of alcoholic beverages including red wine and
vodka with various concentrations of methanol (0, 2, 4, and 6
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Figure 5. Crossed-polarized optical images of the CLC sensor taken every 10 s after pouring red wine containing various concentrations of

methanol (0, 2, 4, and 6 wt %).

wt %) are placed on the top surface of the CLC separately.
Then, the corresponding crossed polarized optical images of
the two pixels of the sensor were captured every 10 s after
pouring the mixtures (Figures S and 6). As is observable from
the images, the response time of the sensor is too low, which
can be attributed to the high sensitivity of the helical pitch of
the CLCs to target analytes in comparison to LC."" Within the
time interval of 10—100 s, the background color undergoes
some changes for all of the samples. This is related to alteration
of the interference pattern.® In red wine, domain areas
gradually increase as time goes on (Figure S). However, these
changes are not notable. In vodka (Figure 6) with 0 wt %, the
images have no significant change except the background color.
However, when the concentration of methanol in vodka is 2
and 4 wt %, a fair number of bubbles will appear at 30 s and
they gradually increase by passing the time. For the vodka
containing 6 wt % of methanol, the bubbles will emerge at 60 s.
It seems that methanol tends to postpone the formation of
bubbles.

To further evaluate the effect of the presence of methanol in
red wine and vodka, the median intensity line graphs were

processed with ImageJ software and presented in Figure 7a,b.
The graphs indicate the changes of the median intensity of one
of the pixels (the left one) of Figures S and 6 by passing the
time. While obviously increasing methanol concentration in
red wine results in a significant decline in intensity (Figure 7a),
this trend is completely opposite in vodka; increasing methanol
in vodka causes a dramatic rise (Figure 7b). Nevertheless, the
lowest intensity value for vodka is higher than the lowest
intensity value for red wine. When the concentration of
methanol in vodka equals zero, the graph is nearly linear,
demonstrating the stability of the intensity for vodka over the
time.

The cross-polarized optical images captured 50 s after
pouring the mixtures, selected from Figures 5 and 6, are
illustrated in Figure 8. A distinction between the patterns of
the two different alcohols is obviously clear, indicating the
capability of the proposed structure for determination of the
type of alcoholic beverages and proves the selectivity of the
proposed structure. The existence of methanol in alcoholic
beverages results in different behaviors. Increasing the
methanol in red wine increases the concentration of oily
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Figure 6. Crossed-polarized optical images of the CLC sensor taken every 10 s after pouring vodka containing various concentrations of methanol

(0,2, 4, and 6 wt %).
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Figure 7. Demonstration of the variations of the median intensity of the left pixel of the assay as a function of time for (a) red wine and (b) vodka.

streaks, and as a result the background pattern will be hidden.
The explanation behind this observation can be related to the
effect of methanol on the output pattern, i.e., the reduction of
the domain area. Raising the methanol concentration in vodka
decreases the generated bubbles gradually. Furthermore, there
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is an expansion in domains as a consequence of a reduction in
the concentration of oily streaks. The cause of the different
behavior in vodka can be related to the presence of two
mechanisms, one of which is the phase transition from nematic
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Figure 8. Crossed-polarized microscopic images of the CLC sensor in
contact with red wine and vodka with various concentrations of
methanol (0, 2, 4, and 6 wt %).

to isotropic caused by vodka and the other is switching from an
oily streaks state to a focal conic state caused by methanol.
To calculate the limit of detection (LOD) of the assay, each
experiment was repeated three times. Then the average gray
scale intensities and the standard deviations were calculated for
various concentrations of methanol. It should be noted that the
images used in the calculations were taken S0 s after pouring
the mixtures. Figure 9 demonstrates the correlation between
the gray intensity values and different concentrations of
methanol in red wine and vodka as well as their corresponding
standard deviations. It can be observed that by increasing the
concentration of methanol in red wine the intensity will be
decreased (Figure 9a), whereas by raising the concentration of
methanol in vodka the intensity will be increased (Figure 9b).
A linear curve was fitted to each diagram. The correlation
coefficients are 0.993 and 0.995, respectively. The LOD was
then calculated to be 0.98 wt % for red wine and vodka.*'

industrial wines. An unsafe amount of methanol in alcoholic
spirits could pose numerous adverse effects on people’s health.
Therefore, providing an inexpensive, easy to use, and portable
device for monitoring beverages is of great importance. In this
work, we addressed this issue by fabricating a hand-held sensor
utilizing a textile grid impregnated with chiral nematic liquid
crystal molecules. In fact, instead of using complicated, time-
consuming, and expensive commercial TEM grids, we used an
inexpensive textile grid which can be utilized many times. The
previous sensing methods based on chiral nematic LCs benefit
from changes occurring in the selective Bragg reflection in the
visible spectrum. However, our proposed sensing mechanism is
based on the optical observation of output textures. In this
work, the helical pitch of the chiral nematic LC, surrounded
with air, is in the order of micrometer which leads to the
formation of a fingerprint texture. In addition, the texture
contains interference fringes covered by some oily streaks
defects. These textures as well as the intensity of the
transmitted light can be altered by their surrounding materials
as a result of the reorientation of LC molecules, and thus, it can
be used for sensing. The proposed sensor is applied to detect
low concentrations of methanol i.e., 0, 2, 4, and 6 wt % in red
wine and vodka. Studying the sensor response to different
concentrations of methanol for red wine in contrast to vodka
demonstrates that the higher the concentration of methanol is
the lower the light intensity will be. The selectivity of the
proposed structure could be identified from observing distinct
textures of these two drinks. The proposed assay is rapid as it
can detect methanol in alcoholic beverages in less than 1 min.
The limit of detection (LOD) of the proposed system is
approximately 1 wt %.
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