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A paper-based microfluidic detection device for the detection of ethanol is demonstrated in
this work. The method is based on a fluorophore consisting of short-chain conjugated
molecular unit susceptible to the protonation of its terminal pyridine groups, along with a
carboxyl-functionalized sidechain that acts as a binder and renders it water-soluble. The
resulting fluorescent paper device yields large fluorescence changes when exposed to
reactions that yield H,O, in aqueous solutions. Using an enzyme-catalyzed rection that
produces H,O, from ethanol, we developed a two-zone, cut-out paper device containing a
reaction zone in which the ethanol-containing analyte is placed, and an adjacent sensor
zone where we observe a fluorescence color shift proportional to the ethanol
concentration. The limit of detection of the fluidic ethanol biosensor was 0.05 v/A/%
and the dynamic range was 0.05-2 v/v%. This method was employed to detect the
alcohol concentration of consumer vodkas using only a paper sensor and a smartphone
camera.
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INTRODUCTION

Paper based analytical devices have several advantages for sensing
applications, including low cost and ease-of-use (Martinez et al.,
2010; Robidillo et al, 2019; Wang et al, 2020). Paper is
biocompatible and can be modified with various functional
groups to covalently bind proteins (Song et al., 2019), DNA
(Seed, 1982), and other biomolecules (Mahadeva et al., 2015). In
this work, the detection of ethanol (EtOH) will be accomplished
via an enzymatic ethanol reaction and subsequent detection of
produced hydrogen peroxide on a paper sensor. Owing to the
importance of H,O, in many technologies (Laloi et al., 2004;
Rhee, 2006; Droge and Schipper, 2007; Giorgio et al., 2007;
Trachootham et al., 2009; Chen et al., 2012; Liu et al., 2015;
Teodoro et al, 2019), numerous sensing strategies have been
developed (Wen et al., 2011; Chen et al., 2013; Hitomi et al., 2013;
Hu et al., 2013; Jia et al., 2013; Li et al., 2014; Zhang et al., 2015;
Narayanaswamy et al., 2016; Xiao et al., 2016; Zhao et al., 2016;
Shamkhalichenar and Choi, 2017; Khan and Cho, 2018; Ragavan
et al., 2018; Liu et al, 2019; Sanchez-Calvo et al., 2020;
Shamkhalichenar and Choi, 2020; Sharma et al, 2020).
Importantly for this work, it is produced in biochemical
reactions catalyzed by enzymes and hence is a useful
secondary analyte for the indirect detection of glucose (Hu et
al., 2013; You and Pak, 2014; Singh et al., 2017; Chang et al,,
2018), alcohols (Chinnadayyala et al., 2014; Thungon et al., 2017;
Aymerich et al., 2018; Thepchuay et al., 2020), and cholesterol
(Tsai et al., 2008; Saxena and Goswami, 2012; Sekretaryova et al.,
2014). The paper-based sensor developed here uses this enzyme-
catalyzed reaction method in combination with a new
fluorophore to demonstrate a novel paper-based EtOH
detection strategy.

A Paper-Based Alcohol Sensor

The detection mechanism for many fluorescence-based
sensors developed so far has utilized a change in the
fluorescence intensity (Wen et al., 2011; Hitomi et al., 2013;
Li et al,, 2014; Zhang et al., 2015), while colorimetric paper-
based sensing has been reported for H,O, (Xu et al., 2011;
Sanchez-Calvo et al.,, 2020; Priyanga et al., 2021). Quenching-
based methods often suffer from photo-bleaching and are
subject to power drift of the excitation source, while
colorimetric methods, which are affected by the ambient
lighting, can be difficult to quantify in a consumer setting.
In contrast, color-change fluorescent devices permit the
utilization of a ratiometric approach to the sensing signal,
which can sidestep the issues associated with quenching or
fluorescence turn-on methods. Paper-based fluorescent color-
change detection has, to our knowledge, never applied to
consumer alcohols even though this type of optical
behaviour can offer a robust detection signal.

The detection of ethanol is important for forensic sectors,
and for the clinical, chemical, pharmaceutical and
fermentation industries. Simple, inexpensive EtOH sensors
are also needed to verify the alcohol content of commercial
liquors and to help ensure their authenticity. With ethanol
possibly becoming a legislated biofuel in many countries, a
simple and rapid system for detection of ethanol in solution
may become increasingly important (Thungon et al., 2017).
Most paper-based alcohol sensors work on the electrochemical
method (Cinti et al.,, 2017; Kaushik and Goswami, 2018;
Séanchez-Calvo et al., 2020) only few use colorimetric
techniques [e.g., Ref (Thepchuay et al,, 2020)], and none are
fluorescent enzyme-based sensors to the best of our
knowledge. Some fluorescence-based alcohol sensors have
been developed, however. For example, silica-coated

TABLE 1 | Literature comparison of optical alcohol sensors.

Optical Detection element

transducer

Colorimetric Optical fiber coated with Single-walled carbon nanotubes
Optical fibers coated with graphene and graphene oxide (GO)
Optical fiber coated with reduced GO
AOx and magnetic nanoparticles as peroxidase mimic

Fluorometric Terphenyl-ol derivatives with a base embedded on nanofibrous

polymer scaffold
Trifluoroacetophone compound doped in ethyl cellulose (EC)
thin films

AOx with CdSe and ZnS quantum dots (QDs)
ADH & NAD* under single drop microextraction conditions

Fluorophore functionalized covalently onto cellulose
Polyvinylpyrrolidone (PVP)-modified Cu NCs
Fluorophores adsorb on paper strips

AOx and Fluorophore adsorbed on paper discs

AOx, alcohol oxidase; ADH, alcohol dehydrogenase.

LoD Linear Range Response Time References
<50 ppm 0-500 ppm 90 min Manivannan et al.
In vapor (2012)
1.330% 5-40% 15 s (graphene Girei et al. (2015)
coated)
18 s (GO coated)
0.065 ppm 0-550 ppm -- Kavinkumar et al.
ethanol vapor (2014)
25 UM 100-500 uM 40 min Kim et al. (2012)
~5% (liquid) 5-70 ViV % <1s Akamatsu et al.
8% (vapor) (2015)
9 ppm (ethanol) 0-15,000 ppm -- Fong et al. (2014)
13 ppm
(methanol)
0.05 mM 0.1-8 mM 6 min Fu et al. (2012)
0.09 uM 0.0003-0.1 mM 10 + 1 min Cabaleiro et al.
(2012)
4+1% 4-50% 60 s Gotor et al. (2019)
0.1% 0-100% 1 min Hu et al. (2021)
8.02 ppm --- 16 min Duan et al. (2021)
0.05% 0.05-2% 10 min present work
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A Paper-Based Alcohol Sensor

(a)

FIGURE 1 | Molecular structure of (A) np-P4VB and (B) c-P4VB.
Corresponding fluorescence images are shown in (C) and (D) of crystals
formed after evaporation from ethanol at room temperature. Secondary
electron SEM images are shown in (E) np-P4VB and (F) c-P4VB.

cellulose strips with a fluorescent chemical probe grafted to
them can detect EtOH in gasoline with a 0.5 v/v% limit of
detection (Gotor et al. 2019). A carborane derivative film
showed turn-on fluorescence whose strength and recovery
rate was different for ethanol and methanol (MeOH),
showing that the relative fraction of these two alcohols
could be distinguished to about 1% (Han et al, 2021).
Another sensor film with similar turn-on behavior also was
shown in Ref. (Duan et al., 2021), in which the fluorescence
spectrum for the two alcohols was similar but the rate of
increase was again faster for MeOH. Several additional sensors
are summarized in Table 1. This work will demonstrate a
simple, cost-effective fluorescent paper sensor for detection of
EtOH via an H,0,-producing enzymatic reaction sensitive to
alcohols but not to other VoCs.

RESULTS AND DISCUSSION

Structure and Basic Optical Properties of
np-P4VB and c-P4VB

The fluorescence sensing will be performed with c-P4VB
(suggested IUPAC name: carboxy-bis(4-pyridyl)dineopentoxyl-
p-phenylenedivinylene), a new fluorescent molecule derived from
the non-functional np-P4VB (neopentyl) form. The basic
structure of P4VB is illustrated in Figure 1, showing the 3-
ring conjugated backbone with the sterically accessible nitrogen
atoms on the pyridine end-groups. In contrast to the np-P4VB
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FIGURE 2 | (A) Absorption spectra of 0.02 mM c-P4VB in ethanol, with
the double Gaussian fit. This sample contains 0.057 mM toluenesulfonic acid.
The relative strength of each of the absorptions (relative absorption) was found
by taking the area under the peaks, and the results are shown as a
function of acid concentration for np-P4VB in (B) and c-P4VB in (C). The onset
of protonation occurs at higher acid concentrations) for the c-P4VB due to the
presence of the carboxylic group.

with its bulky neopentyloxy side-groups, the carboxy-
functionalized form (c-P4VB) has a methoxy side-group and
an oxy-hexanoate group at the central benzene ring that presents
an additional reactive site. When the pyridine groups are
protonated, the fluorescence undergoes a large redshift from
teal-blue to orange (Wang et al., 2020). Whereas the np-P4VB
formed prismatic solid crystals with a greenish-yellow
fluorescence, the c-P4VB showed a similar greenish-yellow
emission but instead formed much smaller aggregates of
fibrous or needle-like crystals in the solid form (Figure 1D).

A comparison of the protonation equilibria in np-P4VB and
c-P4VB was performed first. The fluorophore was protonated
with strong acid (toluenesulfonic acid) in ethanol, producing the
overall blue-to-orange color shift in the fluorescence and
corresponding changes in the absorption maxima. The
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TABLE 2 | Measured Sy and S, absorption peak wavelengths for np-P4VB and
the functionalized counterpart c-P4VB. Wavelength units are in nm. In
brackets are given the positions of the absorption peaks, as computed from DFT.

State np-P4VB c-P4vVB

S, S, S, $4
Unprotonated 327.0 401.9 326.5 [306] 400.7 [392]
Singly protonated 335.0 437.9 332.0 [332] 431.9 [439]
Doubly protonated 362.7 461.4 359.2 4591

absorption spectra in EtOH for both P4VB molecular types show
a double-peaked structure (Figure 2A) consistent with the S;
and S, excited states. The absorbance curves were modeled as a
combination of double-Gaussians and the un-protonated and
doubly-protonated peaks were found by fitting the un-
protonated starting spectra and the fully saturated (i.e., fully
protonated) spectra, respectively. The means and standard
deviations for these cases were then fixed for every
subsequent measurement. The mono-protonated absorption
peaks were found by modeling the spectrum that was shifted
halfway between the un-protonated and doubly-protonated
states by including one additional pair of Gaussian peaks to
best fit the spectrum, which were then also fixed for every
subsequent measurement. Only the relative intensities were
allowed to wvary. The peak positions for all three
contributions and their ratios at different acid concentrations
are summarized in Table 2 and Figure 2, respectively. The
results suggest that the first protonation constant is
approximately an order of magnitude higher than the second
protonation constant of the P4VB fluorophores. Thus, first one
of the pyridines is protonated and then, at higher acid
concentration, the second one becomes protonated. The
protonation of c-P4VB occurs at a higher concentration as
compared to that in np-P4VB.

A quantum chemical analysis was performed on the c-P4VB in
order to understand its electronic structure and solvent
interactions relevant to its sensing performance. The
calculations were based on density functional theory (DFT),

A Paper-Based Alcohol Sensor

performed using the Gaussian software package with the
CAM-B3LYP exchange-correlation functional and a 6-31++G
(d,p) Gaussian basis set, accounting for solvent effects with the
implicit polarizable continuum solvation model. The absorption
spectra were simulated in ethanol using time-dependent DFT for
the optimized ground and first excited state structures. Similar to
the case for the np-P4VB, the vinylene groups in the conjugated
backbone of ¢-P4VB can form cis and trans isomers (Figures
3A,B), (Wang et al., 2020) but a third stable structure was
identified where the counter-ion interacts with the carboxylate
group (Figure 3C). The cis isomer allows a sharing of the counter-
ion between the carboxyl tail and the pyridine site, which may
stabilize it and affect the prevalence of the trans isomer
(Figure 3A). For c-P4VB with a sodium counter-ion, the trans
form is more stable by about 15 meV in ethanol, in agreement
with the NMR results (see Supplementary Figure S1; using
methanol) which indicated only a trans component at room
temperature. Additionally, there was little experimental evidence
for the cis-related absorption peaks at 292 and 363 nm as
calculated by DFT. The un-protonated absorption maxima in
implicit ethanol were calculated to occur at 306 and 392 nm for
the most stable situation in which the Na* counter-ion is bound
to the carboxylate group, which are reasonably close to the values
of 326 and 400 nm observed experimentally (Supplementary
Figure S2, c-P4VB in ethanol).

Relevant to the sensing behavior of the functionalized c-P4VB,
the molecular properties for the three configurations were
investigated with a proton replacing the sodium counter-ion.
In this case as well, a single proton prefers to neutralize the COO™
site directly, with the second most favorable option represented
by a twisting of the alkyl chain toward a cis-oriented pyridine,
such that the two sites (pyridine and the hexanoate arm)
effectively share the proton (Figure 3A). Thus, the DFT
results conclude that a single counter-ion (Na® or HY)
interacting with c-P4VB prefers to neutralize the COOsite,
and when that site is saturated, then excess counter-ions can
bind to the pyridine. Thus, the protonation of the pyridines will
be require a higher concentration in ¢-P4VB until the carboxylic
group has been neutralized. This protonation effect is observable
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FIGURE 3| Simulated structures of c-P4VB with a sodium counter-ion. (A) “twisted” cis with the ion shared between the carboxy! tail and the pyridine site, (B) trans
with the ion interacting with pyridine site only, (C) trans with the ion interacting with carboxyl tail. (C) is the most stable form; (A,B) are higher in free energy by 15 and
87 meV, respectively, in EtOH. These differences change significantly in other solvents or with different counter-ions (e.g., H") but the trans form shown in (C) is always
the most stable. Blue represents nitrogen, red is oxygen, gray is carbon, white is hydrogen, and the sodium is violet.
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FIGURE 4 | (A) Absorbance spectra for different concentration (v/v%) of
H»0, in agqueous solutions of 0.02 mM c-P4VB (B) Fluorescence spectra of
aqueous H,O, solutions in 0.2 mM c-P4VB in ethanol. In all cases the reaction
solution had a 1:1 volume ratio of ethanol and water. The control refers to
pure ethanol solution with c-P4VB and 0% means that only pure water was
used. The aqueous H,O, solutions were prepared by dilution of commercial
30% aqueous H,O, with milliQ water. All spectra are normalized for visual
clarity.

in absorbance and fluorescence (Supplementary Figure S3)
spectra, in which the singly protonated state of c-P4VB
reaches maximum intensity at higher acid concentration than
it does for np-P4VB.

Optical Properties of c-P4VB in Aqueous

Solutions

The as-synthesized c-P4VB is soluble in water up to ~2gL™",
which is advantageous for developing sensors for aqueous
analytes. The absorption and fluorescence response of aqueous
c-P4VB solutions to H,O, was next tested, since the development
of the paper-based ethanol sensor depends on the proxy detection
of H,0,. Various concentration of H,O, prepared in fresh milliQ
were added to 0.02mM c-P4VB dissolved in ethanol for
absorbance and fluorescence study respectively, to form a (1:1)
solution by volume. The addition of small concentration of H,O,
(0.2 v/v%) caused the long-wavelength protonation-related
absorption tail to appear, while the fluorescence shifted from
teal-blue to orange (Figure 4), consistent with the protonation of
the pyridine groups. H,O, is widely known to behave as a weak
acid yet yields suitable protonation of c-P4VB at reasonably low
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FIGURE 5 | Photographs taken under a blacklight (top) and
corresponding fluorescence spectra of c-P4VB treated with different analytes
(bottom). The photographs were taken with a smartphone camera with no
filtering applied. (a) blank filter paper; (b) c-P4VB paper only and treated
with: (c) water; (d) zinc nitrate (500 mM); (e) HCI (5 mM) and (f) HoO» (10 v/Av%).

FIGURE 6 | Photographs under a blacklight showing (left) teal-
fluorescent c-P4VB-infused filter paper with a drop of HCI placed in the center.
Subsequently adding a drop of NaOH rejuvenated the disk to the original

color. This process could be repeated many times.

concentrations, presenting an opportunity to seize on the acidic
nature of H,O, as an alternative to the usual oxidation methods.

Properties of c-P4VB-Infused Paper

To create a disposable microsensor, c-P4VB was immobilized
into Whatman no. 1 filter paper (see the Experimental section).
The dye could not be removed even after 30 min of sonication in
methanol. In contrast to c-P4VB, the non-functionalized np-
P4VB was effectively removed by a single methanol wash
(Supplementary Figure $4), indicating its much poorer
affinity towards cellulose. Indeed, cellulose is known to show
excellent adsorption or hydrogen bonding to materials that
contain carboxylic groups (Chami Khazraji and Robert, 2013),
ensuring minimal leaching of adsorbed c-P4VB upon exposure to
aqueous solutions. The efficiency of infiltration of c-P4VB in the
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FIGURE 7 | (A) Photographs of c-P4VB paper treated with different
concentration of H,O,, taken under a blacklight using a smartphone camera
without any filtering. (B) Normalized fluorescence spectra corresponding to
the images of the c-P4VB paper under UV light when treated with various
concentrations (v/v%) of H>O.. (C) Calibration curve of the paper sensor for
low concentrations of H,O, in agueous solution. The error bars represent the

calculated standard error from measurements on three separate disks.

paper depended on experimental parameters such as its
concentration, volume of solution, and solvent, as well as the
type of paper used (likely because different paper production
methods or aging result in modifications of the cellulose
structure). Thus, the same batch of filter paper was initially
used in the experiments, to guarantee the reproducibility and
avoid side reactions. We subsequently used papers from different
boxes with different dates, without finding any significant
differences. Different brands of paper were also tested, but the
porosity, “stickiness,” and white coloring of the Whatman No. 1
made it the easiest to work with. The c-P4VB papers can be used
immediately after preparation but must be stored in dark and low
humidity conditions.

The c-P4VB-infused paper disks emitted blue fluorescence
under UV light but responded to different analytes by turning
green when treated with zinc nitrate, yellow-orange with HCI,
and reddish when treated with H,O, (Figure 5). This indicates at
least some level of distinction in the fluorescence response of
H,0, as compared to other possible interferents. The originally
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FIGURE 8| (A) Calibration image of the paper-based alcohol sensor; (B)
Photographs taken using a smart phone after the 5-min reaction with different
concentration of ethanol (v/v %); (C) Calibration plot for the raw hrgg values (in
radians) with a linear model fit. The error bars represent the standard
deviations from three separate disks.

blue-fluorescent c-P4VB paper could be turned yellow-orange by
placing a drop of HCl in the center and allowing it to dry, and it
could then be deprotonated using a low concentration (0.1 mM)
of NaOH solution, which recovered the blue fluorescence
(Figure 6). The red fluorescence for H,O, could be due to the
aggregation of the protonated dye molecules originating from the
formation of contact ion pairs between the weak acids and the
fluorophore (e.g., through hydrogen bonding), which does not
occur in case of strong acids. This aggregation can slowly lead to a
precipitation of c-P4VB from aqueous solutions (Supplementary
Figure S5). Aggregation seems to be an important factor
explaining the sensitivity of c-P4VB to hydrogen peroxide,
since intermolecular interactions are known to cause an
extended red emission in aggregates of conjugated polymers or
dyes (Nguyen et al., 1999).

Hydrogen Peroxide Paper Sensor

Performance

To understand the response of the paper sensor, 20 pL of different
concentrations of aqueous H,O, were dropped on different
c-P4VB paper disks and the fluorescence change was observed
on each separate disk (Figure 7A). A ratiometric signal given by
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S = Igps/L470, Where Igps and I,y are the measured fluorescence
intensities at wavelengths of 605 and 470 nm, respectively, was
used to extract the sensitivity. A ratiometric equation in which the
two wavelengths shift linearly with concentration was chosen to
model the data, given by S = ;= + d where a, b, and d are fitting
parameters and C is the concentration (Wang et al., 2020). The
data and resulting fits are shown in Figure 7C, where we find an
initially low sensitivity (as indicated by the slope) but which
increases with the concentration of H,O,. This response may be
associated with competition at the carboxyl side group, as
discussed previously. At higher H,O, concentrations (above
~0.4 v/v%) the fluorescence ratiometric signal yielded a higher
sensitivity as the pyridine groups become increasingly protonated
(Supplementary Figure S10).

The limit of detection (LoD) for H,O, in the paper sensor was
estimated as three times the standard deviation from 50
consecutive measurements of the blank divided by the slope of
the working curve at low concentration (Morrish et al., 2018). The
LoD for H,0, in these paper-sensors was 0.057 v/v% with a
dynamic range up to 10 v/v% H,O, for a single paper sensor
(Figures 7B,C). At higher concentrations where the slope of the
signal increases, the ability to detect changes in the H,O,
concentration was roughly an order of magnitude better due to
the increased sensitivity in this range. Variations amongst different
individual c-P4VB paper sensors were nearly three times larger
than the standard errors taken from 50 measurements of the blank.
This is likely due to variation in paper disks, the amount of solution
added, and other normal experimental variables.

Paper-Based Sensors for Ethanol

After characterizing the behavior of c-P4VB upon exposure to
H,0, and demonstrating that the paper sensors can detect
relevant concentrations of H,0O,, we then proceeded to the
main objective to show a paper-based ethanol biosensor. A
UPAD system was prepared by linking two paper disks by a
paper channel as described in the materials and method
section (Figure 8). The reaction disk was first permeated
with immobilized alcohol oxidase, while the sensor disk
was infused with c-P4VB. Next, 10 uL of aqueous samples
with various concentrations of reaction-grade ethanol were
dropped onto the reaction disk (R) and allowed to incubate for
5 min; 20 pL of milliQ was then dropped onto the same disk to
move the reaction-produced H,O, to the sensor disk (S) (see
the Experimental section). After 5 min’ wait time, the papers
were photographed under a blacklight, using a OnePlus 7
smartphone. In order to mimic consumer usage, the signal
was measured by selecting 5000 pixels in the sensor zone near
the input channel and taking the hue (hggp) values, defined as
(Preucil, 1953)  hpgp = tan ' [v/3 (G- B)/ (2(R-G - B))],
where R, G, and B are the intensities in the red, green, and
blue channels, respectively. Several different imaging modes
were tested, including Auto, Pro (no auto-adjustments), and
raw image modes as described in the Supporting Information.
Obviously, the Auto mode is subject to possible uncontrolled
variations in the photo settings, but the imaging conditions
(blacklight illumination in a dark room) yielded consistent
results. Notably, the method does not require a spectrometer
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which would add considerable cost; instead, a hand-held
blacklight and a smartphone are the only needed physical
accessories.

The first step was to calibrate the response to prepared ethanol
solutions. The signal changed monotonically with the
concentration of ethanol up to 2% by volume, consistent with
the enzyme-catalyzed conversion of ethanol to H,O,. The hggp
data fit well to a linear calibration curve (R* = 0.99) although we
note that the linear model is purely a matter of convenience.
Blanks using this sensing device without enzyme loading did not
show any response to ethanol. As before, the LoD (for ethanol)
was estimated as three times the standard deviation from separate
paper sensors divided by the slope of the working curve. The data
yielded a LoD of 0.05 v/v% using the smartphone sensor. This
comparatively low LoD compared to the one for H,O, sensing
was surprising. It could be owing to the relatively small number of
sample-to-sample repeats (in other words, the true uncertainty
could be larger than that reported from a few samples) and/or
because of the different sensing method (ratios of selected
wavelengths vs. RGB image analysis from several thousand
pixels). When using ethanol concentrations above 2% the
response of the sensor became erratic, likely because the
abundant H,0, produced in the reaction zone denatures the
enzyme, which can lead to a decreased enzyme activity (Cicek
etal., 2014). The enzyme was found to be functional for a period of
2 weeks, after which sensor performance began to degrade.

We finally demonstrate a “real world” sensing application
in two alcoholic beverages. Two vodka brands commercially
available in India, Smirnoff (SM) and Magic Moments (MM),
were chosen for this study. Both liquors have a stated 42.8%
alcohol content on the bottle. The samples were diluted by a
factor of 100 and were analyzed by placing 10 uL onto the
reaction zone following the same procedure described in the
previous paragraph. In addition, we performed a separate
check of the ethanol concentration in these beverages using
the enzyme assay method (Table 3). We also measured the pH
of MM and SM using a Mettler Toledo benchtop pH meter
and obtained values of 7.18 and 7.26 for these two vodkas,
respectively, indicating that acid-related interferences are
absent from the measurements. While there is some minor
scatter in the data, we find that the simple paper-based
ethanol sensor developed here performed quite well given
its simplicity, yielding ethanol contents of 43.3 + 0.9% and
42.5 + 0.4% for these two liquors, respectively.

This inexpensive paper-based sensor that could potentially
work in consumer alcohol sensing applications. Perhaps
surprisingly, it is founded on the acidic rather than on the
oxidizing nature of the hydrogen peroxide reaction product.
However, there are at least two caveats that need to be
acknowledged. First, the signal is prone to interference from
acids that may be present in some consumer liquors or other
samples of interest. For acidic samples, the same paper-based
ethanol sensor technique would require extra steps; for
example, calibrating the sensor at a similar pH to that of
the analyte or by first neutralizing the acidic species in the
liquor. Another potential option would be to removing any
excess H' in the sample using an anion exchange resin, which
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TABLE 3 | Measurement of ethanol concentration in two commercial liquors. The errors represent one SD from three repeats of each measurement. Quantification used the

linear hue model.

Sample Measured (v/v %), (n = 3)
SM 43.3 + 0.9
MM 425+ 04

has been reported to remove organic acids in biological and
alcohol solutions (Cren et al., 2009; Cui et al., 2016). The
second drawback is that the enzyme catalysis is sensitive to
short chain alcohols (Mangos and Haas, 1996). This means
that the method would not easily distinguish toxic alcohols
such as methanol. However, when comparing sensor response
to MeOH and EtOH, we observed a faster response for the
MeOH, which tended to quickly saturate the response even at
low concentrations (Mangos and Haas, 1996). Despite this
drawback which is common to all alcohol oxidase reactions, we
note that automated benchtop analyzers for alcohol detection
using these enzyme catalyzed reactions are being aggressively
developed (Azevedo et al., 2005) and laboratory detection kits
based on this method have become commercially available.

CONCLUSION

In this work, we first developed a functionalized color-change
fluorophore designed to be soluble in aqueous solutions and
sticky to cellulose. The carboxyl functionalization provides a
reaction site for organic molecules for chemical binding or
physisorption processes, as well as for making the
fluorophore soluble in water (Wang et al., 2019). Protonation
of the pyridine groups causes the fluorescence to shift from blue
to orange or red, enabling stable ratio-based analysis
approaches. The basic photophysics of the new fluorophore
were investigated by fluorescence and absorption spectroscopy
and by DFT simulations, which indicated that c-P4VB should,
in practice, be a good fluorescence-based sensor for protonation,
while also showing excellent aqueous solubility and good
binding to paper.

The basic optical properties of the c-P4VB fluorophore
allowed the development of a paper-based fluorescent ethanol
sensor via the proxy detection of H,O,. To accomplish this, we
infused c-P4VB into a standard filter paper from which it could
not be removed by aqueous solutions. The sensor responded well
to plain hydrogen peroxide: by simply placing a few drops into the
c-P4VB infused paper, a fluorescence color change is quickly
observed. We employed this feature to build an ethanol biosensor
by connecting a reaction paper infused with an enzyme catalyst
through a thin channel to a fluorescent sensor zone. The catalyst
converts ethanol to H,O, in the reaction zone, which was then
detected via fluorescence changes in the sensor zone. The
detection was performed by analysis of images captured
with a standard smartphone camera. Trial devices showed
that reasonable results can be obtained for commercial
liquors, potentially presenting a simple a paper-based check
against the stated ethanol content. Although sensitive to

Reported (v/v%) Enzymatic analysis (v/v%)

42.8 419+ 05
42.8 41.7£0.3
certain interferents, it demonstrates a good limit of

detection and because of its low cost and simplicity it could
potentially be used in consumer applications in which the
net alcohol content of a sample needs to be quickly estimated.

MATERIALS AND METHODS

Chemical and Reagents
All solvents and reagents used in the synthesis were purchased
from commercial sources and were applied without additional
purification unless stated otherwise.

Preparation of Functionalized Fluorophore

c-P4vVB

The synthesis of c-P4VB was performed according to the
following protocol. First, 6-(4-methoxyphenoxy)hexanoic acid
1 was prepared via the Williamson ether synthesis approach
under optimized reaction conditions starting from 4-
methoxyphenol and 6-bromohexanoic acid. This was
subsequently bromomethylated with paraformaldehyde and
HBr in acetic acid using a standard protocol. Thus obtained 6-
[2,5-bis-(bromomethyl)-4-methoxyphenoxy]hexanoic acid 2 was
reacted with excess of triethyl phosphite at 150°C to yield ethyl 6-
(2,5-bis-((diethoxyphosphoryl)-methyl)-4-methoxyphenoxy)
hexanoate 3, which was further converted to sodium 6-(4-
methoxy-2,5-bis((E)-2-(pyridin-4-yl)vinyl)phenoxy)hexanoate 4
(c-P4VB) by reaction with 4-pyridincarboxaldehyde (Horner-
Wadsworth-Emmons reaction conditions), producing a fine
yellow to orange powder after purification (see SI for details).
Nuclear magnetic resonance spectroscopy (Supplementary
Figure S1) was consistent with the molecular structure shown
in Figure 1B. The c-P4VB was then dissolved in DMSO, EtOH or
MeOH (0.2mM) for optical investigations. Different
concentrations of H,O, were subsequently added to some of
the solutions to measure the fluorescence response. For
comparative purposes, np-P4VB was also synthesized using
previously-described methods (Lane et al., 2018).

Optical Characterization

UV-vis spectroscopy was performed using a model Cary-50
single beam spectrophotometer from Varian. The solution-
based fluorescence spectroscopy was excited with the
combined 351 and 364nm lines of an Ar + ion laser
(~1.25 kW/m?), while the paper-based setup generally used
a 405-nm pulsed diode laser at lower power densities, which
minimized the weak fluorescence inherent to paper under UV
excitation. The fluorescence was collected directly with an
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optical fiber (numerical aperture = 0.5), passed through a 400
or 450 nm longpass filter, and measured with an intensity-
calibrated miniature spectrometer from Ocean Optics.
Fluorescence microscopy was performed with a Nikon TE
2000e inverted epifluorescence microscope.

Preparation of c-P4VB-Functionalized

Paper

Paper disks (0.5 inch diameter) made from Whatman No. 1
filter paper (pore size 11 um and thickness of 180 pm). were
prepared by using a puncher or simple cutting. A reaction
solution was prepared, consisting of 0.1 ml of 0.5 mM c-P4VB
(in EtOH) added to 0.9 ml of pH 8 potassium phosphate buffer
(50 mM). A slightly basic pH was chosen to prevent
protonation and to improve the fluorophore solubility
compared to buffers with lower pH. The solubility of the
fluorophore in the buffer solution depends on buffer
concentration, with a lower solubility at higher buffer
concentration (e.g., above 500 mM it becomes nearly
insoluble). 10 paper disks were incubated in this reaction
solution for 1h. Next, they were rinsed separately in water
twice and then methanol. Finally, the treated disks were
sonicated for 30 min in methanol in order to remove the
excess fluorophore. After the sonication, the disks were
placed in a fume hood to dry for 15 min.

Hydrogen Peroxide Sensing With
c-P4VB-Paper

To test the response of c-P4VB-paper, 20 uL of different
concentrations of H,0O, solution was dropped on the paper
disks and the fluorescence color changes were measured
immediately. To test whether the stabilizers (which are
sometimes acidic) in commercial H,O, solutions interfered
with the response, H,O, was distilled using a rotary vacuum
evaporator and the optical experiments were confirmed with this
“clean” hydrogen peroxide. The final concentration of the
distilled solution was measured using enzyme assay.

Ethanol Sensor

A pPAD ethanol sensor was prepared using two zones connected
by a microfluidic channel. The first paper disk was the micro-
reaction zone (R) (0.25 inch in diameter) with immobilized
alcohol oxidase (AOx: an enzyme that catalyzes the oxidation
of primary alcohol to the corresponding aldehyde and H,0,). The
R zone was pre-treated by dropping 10 pL of alcohol oxidase (20
U mL™" in water) onto it and allowing it to dry under a laminar
flow hood for 1 h. The second disk was the sensor zone (S) (0.5
inch in diameter) infused with c-P4VB. The entire set-up was
prepared on scotch tape for attaching the two zones with a linking
channel (Figure 7A). Next, 10 pL of ethanol (0-2% v/v) in water
was dropped on the reaction disk and allowed to incubate for
5min to complete the reaction with AOx to produce H,0,,
followed by 20 pL of milliQ to carry the reaction products into
the S zone. After 5 min photographs of the treated S zone were
taken using a smart phone. The signal was found by choosing a
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group of 5000 pixels near the input channel where the signal was
strongest, splitting the image into the three-color channels
(RGB), and dividing the average intensity in the blue channel
by that in the red. Error bars represent the standard deviation of
three separate measurements.

Vodka Sample Analysis

Two commercially available Vodka brands, Smirnoff (SM) and
Magic Moments (MM), were procured from a local liquor store
in India. Samples were taken from each bottle and were diluted
by adding 10 pL of each liquor to 990 pL of milliQ water. 10 uL
of the diluted samples were dropped from a pipette onto the
reaction zone and incubated for 5 min to allow the enzymatic
reaction sufficient time. Next, 20 pL of water was dropped on the
reaction zone to carry the products to the sensor zone. After
another 5 min, images of the S zone were taken under UV light
using a OnePlus 7 smartphone. The pixel intensity of the S zones
was then analyzed as described in ethanol sensor experimental
section. The pH of the samples was measured using Mettler
Toledo Benchtop pH meter. A further confirmation of the
alcohol content was done using an enzyme oxidase assay '.
The chromogen for the assay was 2,2'-Azinobis (3-
ethylbenzthiazoline-6-sulfonic acid) (ABTS) along with
peroxidase enzyme (62.5 ml™"). The reaction solution
consisted of 930pL ABTS solution (2mM in 100 mM
phosphate buffer, pH 7.5), 3 uL peroxidase (62.5ml™") and
30uL AOx (0.2ml"). 30 pL of varying concentration of
ethanol and consumer vodkas (either SM and MM) were
added to the reaction solution and the final solution was
incubated for 10min in room temperature. The alcohol
concentration is given by the absorbance at 405 nm, which
was performed with a Cary 300 Bio UV-vis
spectrophotometer. The blank for this assay was prepared by
using water instead of ethanol solution.
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