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Figure 4. Quenching of fiber transmissions can be analyzed not just for discrimination of two different alcohols but also for quantitative analysis of
the alcohol concentrations. (a, ¢) Quenching of fiber 2 transmission spectrum for different concentrations of (a) ethanol and (c) methanol. The
increase in analyte concentration results in more absorption of radiation within the fiber. (b, d) Quantitative analysis: three measurements were taken
at each concentration, showing the high linearity of the fiber response.

of alcohols in a ternary mixture by investigating the quenching
of fiber 2.

Sensor Array Parameters. The reproducibility, reusability,
and fast response time of the optoelectronic nose was
demonstrated by five repeated measurements of 5% methanol
and ethanol solutions and pure water. We observed that the
signal of the quenched fiber regenerates in less than a second by
simply flushing the fiber with the carrier gas, and it immediately
quenches again by introducing the analyte vapor. For instance,
Figure Sa shows such five repeated measurements performed
with fiber 2 and 5% methanol solution. The statistical error in
the intensity ratio of the repeated measurements (Figure Sa,
inset) was calculated as 0.75%, which revealed that the response
of the optoelectronic nose is highly reproducible. Intensity
ratios for all fiber and analyte sets are given in Supporting
Information (Table S3). The HCA analyses (performed using
minimum variance Ward’s method) of the repeatability
measurements (Figure Sb) demonstrated that the optoelec-
tronic nose successfully identified the mixtures, without a
mistake, for several repeated measurements. These results
revealed that the optoelectronic nose can rapidly, accurately,
and reproducibly discriminate 5% methanol and 5% ethanol
solutions.

Discrimination of Alcohols in Complex Environments.
Industrial-scale production of methanol-containing counterfeit
alcoholic beverages is a growing worldwide problem causing
serious health problems, including breathing difficulties and
blindness and even death.*** Conventionally, it is very
challenging to analyze alcohols in highly interfering alcoholic
beverage environment, which can be composed of water,
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ethanol, carbon dioxide, and many other volatile (aromas and
flavors) or fixed compounds.’® Besides the background
complexity, another challenge of alcohol analyses in counterfeit
alcoholic beverages is the highly similar physical and chemical
nature (i.e., functional groups, polarity, vapor pressure,
molecular size etc.) of methanol and ethanol. In fact, successful
discrimination of ethanol and methanol by an electronic nose,
even from their pure vapors, has been rarely reported.**~* On
the other hand, here we demonstrate discrimination of ethanol
and methanol in complex environments by taking advantage of
the high selectivity of the optoelectronic nose concept.”!
Spectral positions of the fibers were selected after investigating
the FT-IR spectra of ethanol, methanol, water, and carbon
dioxide, which are the main components of the vapor of an
alcoholic beverages, since their vapor pressures are higher than
the other compounds such as aromas and flavors. The
transmission bands of the fibers were adjusted to overlap
with the main absorption bands of ethanol and methanol and
not to overlap with water and carbon dioxide. Other volatiles in
the complex background have no significant effect on the
transmission of the sensor array since their concentrations are
very low compared to the other components. Therefore, our
sensor array can selectively discriminate ethanol and methanol
in a complex alcoholic beverage background.

In order to simulate the complexity of the alcoholic beverage
background, we used nonalcoholic beer and mixed fruit juice.
Both samples were spiked with 5% ethanol and 5% methanol,
and five repeated measurements were taken. The dendrograms
corresponding to HCA analyses of the samples in nonalcoholic
beers (Figure 6a) and mixed fruit juice (Figure 6b) revealed
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Figure S. (a) Transmission spectra of fiber 2 before and after 5%
methanol vapor introduction. (Inset) I/I, ratios of five repeated
measurements. (b) Hierarchical cluster analysis of ethanol and
methanol mixtures in water. Repeated measurements of 5% ethanol,
5% methanol, and pure water are correctly clustered by the algorithm.
This demonstrates the accuracy of the optoelectronic nose concept.
Abbreviations indicate analyte name and percentage, such that SE is
the solution containing 5% ethanol.

successful discrimination of these two alcohols from each other
in chemically complicated environments. The optoelectronic
nose classified the alcohol solutions correctly for all five
measurements in both environments.

Results of all measurements are provided in Supporting
Information (Tables S4 and SS). Interestingly, none of the
fibers respond to the nonalcoholic beer and mixed fruit juice
backgrounds. On the other hand, samples spiked with $%
alcohol resulted in a significant decrease in the fiber
transmissions, which is in good accordance with the results of
alcohol water mixture experiments. As we previously
reported,”” the sensitivity of the optoelectronic nose is around
low parts per million (ppm) levels (comparable with the
sensitivity of FT-IR spectroscopy) since a blackbody light
source was used in the optoelectronic nose design. The
sensitivity of the nose is not high enough to smell the volatiles
in these beverages, which might have concentrations in the
vapor phase lower than 1 ppm. Therefore, beer and fruit juice
vapor introduction did not affect the fiber transmissions. We
note that the sensitivity of the optoelectronic nose can be
simply improved by use of more powerful light sources such as
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Figure 6. Hierarchical cluster analysis of ethanol- or methanol-
adulterated (a) nonalcoholic beer (B) and (b) mixed fruit juice (FJ).
In an environment with various volatile organic compounds, it is
possible to distinguish methanol-adulterated beverages. Abbreviations
indicate analyte name and percentages, such that SE is the solution
containing 5% ethanol in beer or in fruit juice.

quantum cascade lasers (QCL).** However, for our case the
sensitivity of the optoelectronic is more than enough since a 5%
alcohol solution is equivalent to around a couple of thousand
ppm concentration in the vapor phase, which is almost 2 orders
of magnitude higher than the sensitivity of the optoelectronic
nose (57 ppm for ethanol and 157 ppm for methanol). In
addition, improving the sensitivity may make data evaluation
more complicated because the volatile chemicals in the
backgrounds become detectable by the optoelectronic nose.

B CONCLUSION

In conclusion, we investigated qualitative and quantitative
analytic qualities of the optoelectronic nose concept in complex
environments. The main technology of the developed artificial
nose is optofluidic Bragg fibers, which are employed as IR filter,
gas chamber, and waveguide simultaneously. Transmission
bands of the fibers can be controlled during fabrication, and
therefore a specific fiber array for a specific purpose can be
designed since IR absorption spectra of chemicals are well-
known. We chose two alcohols, ethanol and methanol, to
conduct analytical experiments, and we designed the fiber array
accordingly. The discrimination of these two alcohols is
particularly important to detect toxic methanol-containing
counterfeit alcoholic beverages. This is a challenging task for
artificial noses for two reasons: (i) beverage background
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contains several volatile chemicals that can interfere with the
sensor elements, and (ii) ethanol and methanol are very similar
in physical and chemical properties (molecular mass, vapor
pressure, polarity, etc.). In this study, we demonstrated that the
optoelectronic nose can selectively discriminate these two
alcohols independent from the background. In addition, other
analytical features of the optoelectronic nose, that is, sensitivity,
reproducibility, reusability, and response time, were demon-
strated. The optoelectronic nose concept is proved to be able to
discriminate ethanol and methanol mixtures of concentrations
down to 5% by volume in a couple of seconds. The
optoelectronic nose revealed excellent reusability; the signal is
totally regenerated by simply flushing the fibers with nitrogen.
Quenching experiments performed with fiber 2 revealed a linear
relationship between absorbance and concentration in the
range of 0.5% to 20% alcohol concentrations, which can be
exploited for a simple quantitative analysis. We shall emphasize
that the flexibility in the optoelectronic nose design and its
simple and cost-effective production makes this novel concept a
promising artificial nose candidate, which could be employed in
many aspects of our everyday lives.

B ASSOCIATED CONTENT

© Supporting Information

Additional text with details of HCA analysis, one scheme of the
experimental setup, two figures showing response of fiber 2 to
ternary mixtures and dendrogram plots of the response of
single fibers, and five tables containing I/I, values of all
measurements. This material is available free of charge via the
Internet at http://pubs.acs.org.
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We have provided the details of HCA analysis, scheme of the experimental set up, figures
showing the response of fiber 2 to ternary mixtures and dendrogram plots of the response of

each single fiber, and tables containing I/Io values of all measurements.

Yildirim, Ozturk & Bayindir | bg.bilkent.edu.tr| Smelling in Chemically Complex Environments 1/9



analy g co ey

Supporting Information

S1. Hierarchical cluster analysis

Hierarchical cluster analysis techniques are used for classifying data under groups with
similar properties, i.e. clusters. The dendrogram represents formed clusters and their

similarities (the proximity of the clusters) graphically.

The main parameters of a HCA technique are the linkage method which determines how the
clusters are formed and the distance metric which is used to calculate the distance between
data points. In this study we used ‘squared euclidean distance metric’ for all dendrograms and
‘single-link linkage method’ for the dendrogram at Figure 3c , ‘“Ward’s linkage method’ for
all the remaining dendrograms. These are so called agglomerative methods, in which each
data point is registered as a cluster initially and two of the closest clusters are merged at every
step. Basic steps utilized by built in HCA algorithms of the commercial software used are

provided below.!-?

Algorithm 1. Basic clustering algorithm with squared euclidean distance metric and single-

link linkage method.

1: Calculate the distance matrix, i.e. the matrix that gives the squared euclidean distances

between each dual data points P, Pm.

Py (X0, Y Zn) » Py (X Yo Zim)
dpm = (X — xm)z + (U — Ym)z + (Zn - Zm)z

2: Merge the two closest data points as a cluster.

3: Register each single data point as a cluster. Update the distance matrix by calculating the
distances between the new cluster and original clusters. Calculate the inter clusteral distances

as dnm where Pnand Pm are the closest points from the two different clusters Ci1 and Ca.

dpm = min{dist(B,,P,) : B, € C;,P, € C,}

4: Merge the two closest clusters.
5: If the number of remaining clusters is larger than 1; go to step 3.

6: End.
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Algorithm 2. Basic clustering algorithm with squared euclidean distance metric and Ward’s

linkage method.
1: Register each data point as a cluster.

2: Repeat steps 3-5 for each possible set of clusters which is to be formed by merging two of

the original clusters.

3: Calculate a mean ‘Pwm’ for each cluster:

Py (X1, Yar Zm)

N N N
_ 2i=1 X _ 2i=1Yi _ Xit1%
S A A A e T

where ‘N’ is the number of data points in the cluster.

4: Calculate the squared euclidean distances between each cluster mean ‘Pm’ and the data

points of that cluster ‘dim’, where subscript ‘i’ denotes the distance for each data point.

diy = (x; — xM)z + (i — YM)Z + (z; — ZM)Z

5: Add the calculated squared euclidean distances for each cluster:

N
i=1

where ‘N’ is the number of data points in the cluster.
6: Add the obtained ‘D’ values to get the sum-of-squares index ‘E’:

E=ZDL

K
i=1
where ‘K’ is the number of clusters in the set.

7: Merge the two clusters that form the cluster set which provides minimum value of ‘E’.

8: If the number of remaining clusters is larger than 1; go to step 2.

9: End.
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Scheme S1. Optoelectronic nose concept measurement system. Analyte vapors were
introduced into fibers with nitrogen as carrier gas using a mass flow controller (MFC). IR
light from broad band source of an FTIR was coupled to the fiber. Measurements were taken
from each fiber by rounds. IR detector of the FTIR (uncooled DLaTGS) was utilized for

measuring total transmitted intensities of the fibers.
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Figure S1. Hierarchical cluster analysis of alcohol mixture measurements for each fiber. a)
HCA of sensor response of fiberl, b) fiber 2 and c) fiber 3. Contrary to the analysis made with
using all three fibers (shown in Figure 3c of the manuscript), a meaningful, reliable

differentiation is not possible with using only one fiber.
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Figure S2. Response of fiber 2 to mixtures with same total alcohol concentrations but varying
in percentages of ethanol and methanol. 5% Ethanol + 5% methanol ternary solution quenches
the transmission of the fiber in a way which can be predicted as a combination of responses of

binary mixtures.
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Table S1. (I/Io) between total transmitted intensity before (Io) and after (I) interacting with the
analyte for ethanol (EtOH) methanol (MeOH) mixtures for concentrations varying in the

range of 5% to 40%.

Analyte (I/To) x 100 (Fiber 1) | (I/To) x 100 (Fiber2) | (I/To) x 100 (Fiber 3)
Water 97.64 97.87 98.63
EtOH 100% 77.24 59.33 73.75
EtOH 40% 82.81 62.66 79.94
EtOH 10% 88.99 74.98 93.58
EtOH 5% 95.71 88.10 94.03
MeOH 100% 76.44 495 70.25
MeOH 40% 85.51 61.84 79.41
MeOH 10% 95.81 73.94 89.67
MeOH 5% 97.08 82.95 94.47
EtOH+MeOH 20% 83.19 56.72 82.34
EtOH+MeOH 5% 93.54 74.76 90.99

Table S2. Averaged I/Io values and standard errors of several alcohol mixtures calculated

from at least three seperate measurements.

Analyte Average Standard Average Standard Average Standard
(I/To) x 100 error (I/To) x 100 error (I/To) x 100 error
(Fiber 1) (Fiber 1) (Fiber 2) (Fiber 2) (Fiber 3) (Fiber 3)
Water 98.92 1.01 99.65 1.74 99.84 1.12
EtOH 10% n/a n/a 77.09 1.51 n/a n/a
EtOH 5% 95.39 0.78 88.42 0.52 94.98 0.76
MeOH 10% n/a n/a 75.09 0.98 n/a n/a
MeOH 5% 96.8 0.22 82.97 0.46 94.92 1.18
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Table S3. (I/Io) between total transmitted intensity before (Io) and after (I) interacting with the
analyte for repeated measurements of 5% ethanol (EtOH), 5% methanol (MeOH) solutions

and water.

Analyte (I/Io) x 100 (Fiber 1) | (I/Io) x 100 (Fiber 2) (I/Io) x 100 (Fiber 3)
EtOH 5% #1 95.71 88.10 94.03
EtOH 5% #2 95.07 88.78 95.81
EtOH 5% #3 95.96 87.84 94.69
EtOH 5% #4 96.02 88.24 94.64
EtOH 5% #5 94.17 89.12 95.72
MeOH 5% #1 97.08 82.95 94 .47
MeOH 5% #2 96.95 82.80 93.68
MeOH 5% #3 96.80 82.42 96.72
MeOH 5% #4 96.58 83.69 95.40
MeOH 5% #5 96.58 83.01 9431
Water #1 97.64 97.87 98.63
Water #2 100.25 99.14 100.95
Water #3 98.97 100.70 100.71
Water #4 99.45 98.40 100.24
Water #5 98.29 102.12 98.65

Table S4. (I/Io) between total transmitted intensity before (Io) and after (I) interacting with the
analyte for repeated measurements of 5% ethanol (EtOH), 5% methanol (MeOH) adulterated

beer mixtures and unalcoholic beer.

Analyte (I/To) x 100 (Fiber 1) | (I/To) x 100 (Fiber 2) | (I/To) x 100 (Fiber 3)
Beer #1 99.20 98.50 100.64
Beer #2 98.32 97.93 98.45
Beer #3 98.22 96.56 100.05
Beer #4 98.48 97.38 98.99
Beer #5 98.72 97.94 99.97
EtOH 5% #1 96.54 85.33 95.05
EtOH 5% #2 95.51 85.35 9431
EtOH 5% #3 96.14 86.50 96.65
EtOH 5% #4 96.90 86.42 95.25
EtOH 5% #5 96.24 84.22 95.22
MeOH 5% #1 93.72 81.38 95.06
MeOH 5% #2 94.73 81.45 96.52
MeOH 5% #3 95.10 81.09 94.80
MecOH 5% #4 94.36 79.61 91.96
MeOH 5% #5 96.01 80.04 92.40
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Table S5. (I/Io) between total transmitted intensity before (Io) and after (I) interacting with the
analyte for repeated measurements of 5% ethanol (EtOH), 5% methanol (MeOH) adulterated

mixed fruit juice and unadulterated mixed fruit juice (FJ).

Analyte (I/Io) x 100 (Fiber 1) | (I/Io) x 100 (Fiber 2) | (I/Io) x 100 (Fiber 3)
Fruit Juice #1 99.73 100.66 99.88
Fruit Juice #2 99.05 97.45 101.34
Fruit Juice #3 99.36 99.77 101.83
Fruit Juice #4 100.18 101.29 102.34
Fruit Juice #5 99.75 100.92 100.00
EtOH 5% #1 98.40 87.01 96.00
EtOH 5% #2 97.20 87.24 94.28
EtOH 5% #3 96.08 87.61 94.32
EtOH 5% #4 95.44 89.25 95.67
EtOH 5% #5 95.16 88.85 96.82
MetOH 5% #1 96.74 83.99 94.07
MetOH 5% #2 97.24 83.82 96.52
MetOH 5% #3 98.16 82.84 94.39
MetOH 5% #4 96.08 82.22 95.98
MetOH 5% #5 97.38 83.55 94.12
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