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Abstract

This study presents a new technology that can detect and discriminate individual chemical vapors to determine the
chemical vapor composition of mixed chemical composition in situ based on a multiplexed DNA-functionalized
graphene (MDFG) nanoelectrode without the need to condense the original vapor or target dilution. To the best of
our knowledge, our artificial intelligence (Al)-operated arrayed electrodes were capable of identifying the
compositions of mixed chemical gases with a mixed ratio in the early stage. This innovative technology comprised an
optimized combination of nanodeposited arrayed electrodes and artificial intelligence techniques with advanced
sensing capabilities that could operate within biological limits, resulting in the verification of mixed vapor chemical
components. Highly selective sensors that are tolerant to high humidity levels provide a target for “breath
chemovapor fingerprinting” for the early diagnosis of diseases. The feature selection analysis achieved recognition
rates of 99% and above under low-humidity conditions and 98% and above under humid conditions for mixed
chemical compositions. The 1D convolutional neural network analysis performed better, discriminating the
compositional state of chemical vapor under low- and high-humidity conditions almost perfectly. This study provides
a basis for the use of a multiplexed DNA-functionalized graphene gas sensor array and artificial intelligence-based
discrimination of chemical vapor compositions in breath analysis applications.

Introduction increased, particularly in the field of disease diagnosis, and

Chemical vapor sensors play a vital role in various
applications, such as in medical diagnosis, aerospace,
military, environmental monitoring, and industrial pro-
duction and safety’. Various gases are released in sig-
nificant volumes by industries as well as by the human
body. Even small amounts of such gases can negatively
affect the human body, organisms, and environment®™*,

Recently, interest in breath analysis technology has greatly
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several studies have been conducted on the detection of
complex biomarker gases related to physical conditions
and diseases; typical biomarkers include ammonia (NH3),
hydrogen sulfide (H,S), and nitric oxide (NO)>°. NHj is
present in the exhaled breath of patients with diseases
such as asthma, liver disease, kidney disease, stomach
ulcers, and duodenal ulcers. H,S is present in the exhaled
breath of patients with malodor, lung cancer, pancreatitis,
and asthma. NO is present in the exhaled breath of
patients with lung cancer and asthma’~'>. Furthermore,
related biomarker detection techniques enable the early
detection of diseases and are noninvasive and painless. To
enhance their development and determine the target gas
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content in a mixed gas state, gas species should be char-
acterized in a humid environment (~80% humidity) to
simulate the properties of exhaled human breath®.
Recently, wearable and stretchable gas sensors have
received tremendous attention. Lei Zhang et al. reported a
highly sensitive wireless gas sensor'*. In addition, Li Yang
et al. reported a novel gas-sensing platform based on
stretchable laser-induced graphene, and Yi Ning et al.
reported stretchable gas sensors for detecting biomarkers
from humans and in exposed environments'>'®, In addi-
tion, research on flexible gas sensors continues today'”'®,

Currently, several gas sensors are available; among
them, solid-state gas sensors offer considerable benefits
owing to their low cost, low energy demand, small form
factor, and high sensitivity. However, these sensors have
certain disadvantages—they may not perform consistently
over extended periods of use, and their measurement
precision may be restricted'®. Generally, to determine the
sensing performance of a gas sensor, four important
parameters are considered: the working temperature,
sensitivity, selectivity, and response/recovery time. Thus,
researchers have focused on the development of various
techniques to enhance or increase the selectivity, reduce
the response/recovery time, and decrease the working
temperature. Over the past few years, gas sensors based
on metal oxides such as ZnO, TiO,, and SnO, have been
widely used owing to their speed and high sensitivity in
gas detection®. However, the majority of general gas-
sensor metal oxides require high temperatures for their
operation, which limits their application in various fields.
Consequently, the development of high-efficiency gas
sensors remains a challenging task. In addition, such
sensors are often disadvantageous because they may not
yield uniform measurements, particularly under high-
humidity conditions. To overcome this, research is being
conducted to minimize the effect of humidity by utilizing
a membrane-type structure*'. Recently, graphene-based
sensors have attracted significant attention®*>°. Such
sensors can be operated at room temperature owing to
their unique structures and remarkable chemical, elec-
tronic, mechanical, optical, and thermal properties®.
Graphene-based materials can be used to measure sensing
characteristics owing to their large specific surface area
and desirable electrical characteristics, such as low elec-
trical noise, high electron mobility, and high conductivity
under atmospheric conditions. In this study, by utilizing
multiplexed DNA-functionalized graphene (MDFEG), a
large range of biomolecules, chemicals, gases, and vapors
were successfully detected®” >,

To enhance the gas-sensing performance of graphene-
based gas sensors, different techniques, such as oxidiza-
tion, doping, and decoration of graphene using nano-
particles, have been employed, and the compositions of
other materials have been investigated. All these methods
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were used to enhance the gas-sensing properties of gra-
phene®* ", The detection of mixtures of different gases is
a prerequisite for the practical applications of gas sensors.
Nevertheless, the in situ detection of gas mixtures under
high-humidity conditions via a single sensor is a complex
task because of the deterioration of the sensor signals®®*°.
This challenge can be overcome by employing a set of
corresponding sensors for the simultaneous examination
of numerous sensor signals through a normalized model
to appropriately detect the constituent gases through the
application of a single-stranded DNA-functionalized
graphene (ssDNA-FG) gas sensor. An ssDNA-FG gas
sensor has an additional ion conduction channel com-
posed of H;0O+ in the presence of water molecules, which
improves the performance of the sensor in high-humidity
environments*’. Therefore, a high-performance gas-sen-
sor array should be configured to resolve these problems.
In this study, we constructed a sensor array using gra-
phene, which was functionalized using single-stranded
DNA (ssDNA), to change the surface properties of a
sensor device. The ssDNA-FG gas sensor can improve the
sensor performance, such as the reactivity of the sensor
under high-humidity conditions, and can be implemented
in breath analyzers'”. Seven arrays of graphene-based
ssDNA gas sensors were constructed on a single chip to
detect NO,, NO, NH3, and H,S in an individual gas and a
combination of gas mixtures, and our sensor array
exhibited a high sensitivity.

A limited number of studies have been conducted on
the discriminative analysis of gas species in gas mixtures
of exhaled breath in situ. Furthermore, sufficient infor-
mation regarding the detection of mixed gases has not
been established, and the recognition rate for mixed gases
under high-humidity conditions is considerably low. In
this study, an artificial intelligence algorithm was
employed for the discrimination of gas mixtures. This
approach was applied for the discrimination of gas species
via the Boruta algorithm, which is a feature selection
machine learning algorithm. For the performance analysis
of feature selection, we also conducted gas species dis-
crimination using a support vector machine (SVM) clas-
sification algorithm. According to the obtained results,
the algorithm performed satisfactorily under dry condi-
tions, and the gas mixture was effectively classified under
high-humidity conditions, thereby verifying the applic-
ability of the MDFG for breath analysis. Through these
analyses, we successfully enhanced the classification
accuracy; an analysis accuracy of up to 98% was achieved.
In addition, in this study, the discrimination of gas species
in mixed gases was performed with a deep learning model
designed based on a 1D convolutional neural network
(CNN), which is widely used for processing time series
data®. By achieving faultless discrimination of the mixed
gas composition at random under low- and high-humidity
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conditions, we demonstrated that the algorithm devel-
oped in this study efficiently classified the species within a
gas mixture and confirmed that it outperformed machine
learning. We expect that the evolution of highly sensitive
sensor arrays and strategies involving the utilization of
artificial intelligence will contribute to the discrimination
of gas species in chemical vapor compositions that are
uncommon in the real world.

Results

The process of diagnosing lung and liver diseases using
exhaled breath is illustrated in Fig. 1***, The chemical
vapor mixture under humid conditions is released from
the exhaled breath of humans. We injected NH;, NO,
NO,, and H,S under low- and high-humidity conditions.
These chemical mixtures were verified by our graphene-
based ssDNA sensor array and output as an electrical
signal, which was used to identify the mixed state of the
chemical vapor composition through artificial intelligence
via feature selection, SVM, and 1D CNN. Based on these
results, diseases such as asthma, liver diseases, kidney
diseases, stomach ulcers, and duodenal ulcers can be
diagnosed”™ "2,

Design and fabrication of a gas sensor array
The sensor array was fabricated using monolayer gra-
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functionalized by employing one of the following char-
acteristics: nanoparticles, DNA, and organic materi-
als®*%, First, we functionalized graphene using ssDNA
and subsequently fabricated a sensor array, which exhib-
ited increased reactivity to the gas through the imple-
mentation of DNA. In addition, this method of
preparation offers certain advantages, such as simple
synthesis and sensor array production based on the DNA
sequence. Six graphene-DNA sensors and one pristine
graphene sensor were fabricated; the DNA sequences
AAA-AAA (A6), TTT-TTT (T6), and GGG-GGG (G6)
were utilized for this purpose. Three sensors were used
for the A6, T6, and G6 sequences, and three sensors were
thereafter constructed by utilizing the A6T6, A6G6, and
T6G6 sequences. The sensor fabrication process is illu-
strated in Fig. 2a.

Graphene-ssDNA-based gas sensor arrays were fabri-
cated through the following three steps: (i) electrode
deposition, (ii) graphene deposition and patterning, and
(iii) ssDNA functionalization. The sensor array was fab-
ricated using SiO, (1 um)/Si (500 um) wafers through a
mass production process. A 100-nm-thick electrode was
molded via photolithography and Au sputter deposition,
as depicted in Fig. 2a. The graphene deposited through
chemical vapor deposition was patterned between the Au
electrodes via photolithography and an O, plasma pro-

phene. Prior to fabrication, graphene should be cess. After annealing, the ssDNA was functionalized using
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Fig. 1 Schematic diagram of the human exhaled gas diagnostic process. Schematic diagram of the process of diagnosing diseases by sensing
constituent chemical vapors of exhaled breath through a multiplexed DNA-functionalized graphene sensor and identifying gases through artificial
intelligence. NHs, NO, NO,, and H,S molecules that exist individually or in mixed states in exhaled human breath (under conditions of considerable
humidity) are detected by the gas sensor array to which the DNA sequence is applied; the presence of these molecules is conveyed through an
electrical signal. Their identification is achieved through artificial intelligence via feature selection, support vector machine (SVM), and 1D CNN for the
diagnosis of lung and liver diseases. Adapted with permission****
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b Optical and AFM images of the gas-sensing channel. ¢ The height difference between AFM measurements before and after ssDNA adsorption was
161 nm. G peak (d) of Raman shift. e Top-view SEM images of graphene using functionalized thymine, adenine, and guanine sequences and cross-
sectional-view SEM images (f) of graphene using functionalized thymine, adenine, and guanine sequences. g Mapping TOF-SIMS image of graphene
using functionalized thymine, adenine, and guanine sequences, showing the magnitude spectral peaks at masses of 125 (thymine), 134 (adenine),
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droplets under 100% relative humidity for 3 h. The fab-
ricated sensor arrays were 15 mm x 15 mm in size. The
formation of monolayer graphene was confirmed through
Raman analysis before and after annealing, and the peak
intensity ratio of 2D to G was 1.73 (I12D/IG) (refer to
Figure S1). In addition, optical and atomic force micro-
scopy (AFM) images are presented in Fig. 2b. Graphene
binds to s-DNA through m—m stacking, and after ssDNA
binding, the adsorption of ssDNA onto graphene based on
the differences in height was confirmed through AFM
measurements (refer to Fig. 2¢)***°. The current—voltage
(I-V) characteristics of the changed sensor array, which
confirmed the functionality of the ssDNA in the graphene,
are plotted in Fig. 2d*>*®, The binding of ssDNA is evi-
dent in the top and cross-sectional views of the SEM
images (refer to Fig. 2e, f). In addition, a time-of-flight
secondary ion mass spectrometry (TOF-SIMS) analysis
was conducted to confirm the sequencing of the sensor
array (refer to Fig. 2g). Thus, the DNA sequences of
thymine, adenine, and guanine exhibited nucleic acid
peaks of 125 (CsH5N,O,—), 134 (CsH4Ns5—), and 150
(CsH4N;0-), respectively47. Furthermore, the proper
implementation of the sensor array was confirmed
through the results of a mass peak analysis according to
the ssDNA mixture of the formed sensor array (Figs.
S2-S7). The sequence configuration of the graphene
ssDNA sensor array for sensing gases under low- and
high-humidity conditions is presented in Fig. 3a; the

results demonstrated that the ssDNA chemically doped
the graphene through a change in the G peak of the
Raman spectra of graphene after ssDNA binding; thus, the
sensor array was properly implemented (refer to Fig.

3b-f).

Sensing characteristics

The measurement conditions for the target gas under
dry conditions are listed in Table S1. For all three types of
individual gases, the three mixed gases were measured for
three distinct concentrations: the NO,, NO, and NHj
gases were measured at 2, 5, and 10 ppm, respectively, and
the mixed gas was measured by varying the mixture ratio.

The 1:1 mixing ratio was measured at 2, 5, and 10 ppm
and was optimized at 10 ppm. Consequently, a con-
centration of 10 ppm was kept constant for mixing ratios
of 2:1, 1:2, 3:1, and 1:3. The individual gases were mea-
sured three times for each concentration, and the mixed
gas was measured nine times per mixing ratio. The gas
measurement was performed for 368 s and had a recovery
time of 114 s. Our sensors detected small concentrations
of gas with a fast response and recovery time (refer to
Table S2)'>**7%!, The reactivity of the graphene-ssDNA
gas sensor array for NH; and NO, is presented in Fig.
3g—j.

The seven-sensor array exhibited a reactivity of
approximately 5-7.8% for NHj gas; notably, the reaction
rate increased with an increase in concentration (refer to
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Fig. 3 Sensing characteristics by gas concentrations. a DNA sequence and placement applied in the graphene-DNA gas sensor array for sensing
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.

Fig. 3g). A sensor consisting of a combination of ssDNA
T6 and G6 with an NH3 concentration of 10 ppm exhib-
ited a reactivity of approximately 15%. In contrast, the
response of the sensor array with NO, (refer to Fig. 3h)
exhibited a slightly lowered response of 5-12%, whereas
the array comprising the DNA sequence demonstrated the
highest reactivity with a response of approximately 12%
with a graphene-A6 sequence. According to the difference
in reactivities, data from a pristine graphene sensor sug-
gested a diminished performance under an in situ change
in concentration and selectivity compared to that of a
DNA-functionalized sensor, at approximately 10% for
NH; and NO,. Generally, the sensor array can contribute
to the improvement in selectivity by varying its reactivity
for each gas®*®, The ssDNA-functionalized sensor had an
improved selectivity for these two gases via graphene
functionalization. In addition to the responsiveness of the
sensor array, different features of the sensor array can be
applied for gas discrimination (refer to Fig. 3i, j). The time
constant is a feature related to the reaction diagram, and
the area is a feature related to the reaction rate and

reactivity. Evidently, the extracted features from the sensor
data exhibit selectivity depending on the type of gas, which
improves the classification rate for the determination of a
specific gas type. Thereafter, to determine the mixed gas
composition, the gas mixture ratios were measured. For a
mixing ratio of 1:1, the sum of the two gas concentrations
was measured at 2, 5, and 10 ppm, and the reactivity
gradually improved as the concentration increased.
According to the data, the reactivity changed slightly
according to the mixing ratio; this trend is identical to that
observed for the PCA plot. However, no obvious difference
in reactivity was observed. We chose to use artificial
intelligence for analysis to address this issue.

The measurements of NH; and H,S were conducted
under humid conditions to determine the applicability of
the sensor in breath analyzers. In an environment similar
to that of exhaled breath (80% humidity), individual gas
measurements at concentrations of 2, 5, and 10 ppm were
repeated three times for 368 s with an air recovery time of
114's. Mixing ratios of 1:1, 1:3, and 3:1 were measured
nine times at a concentration of 10 ppm to discriminate
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between the gas species under humid and dry conditions.
Consequently, compared to those under dry conditions,
we obtained an improved reactivity for NH; (20-32%) and
H,S (20-40%) under humid conditions. As with the data
under dry conditions, these data were also analyzed using
artificial intelligence.

Chemical vapor discrimination with feature selection

The incorporation of appropriate features significantly
positively impacts the performance of a machine learning
model®*®*>. A machine learning model possesses fewer
hyperparameters than a deep learning model. Therefore,
to fine-tune this hyperparameter and obtain the best
performance, features with minimum dimensions should
be extracted while maintaining as much of the data as
possible. The features extracted from the response data of
the gas sensor array should be representative, exhibit
appropriate physical and chemical significance, and be
able to account for the correlation between data points. In
this study, we used the Boruta algorithm for feature
selection (refer to Figure S15); the dimensions of the
extracted features were reduced by using this technique,
and it was subsequently applied for classification. The
process of sensing the mixed gas and discriminating the
gases with feature selection is illustrated in Fig. 4a. To
analyze the effect of the feature selection technique,
support vector machine (SVM) analysis was conducted by
implementing the extracted features without feature
selection; the results of feature selection were generally
higher than those without such an application.

Some errors in the form of noise may occur during gas
measurements for several reasons, and we applied the
filter for correction. First, ambient white noise may be
introduced into the measurements. Second, noise occurs
owing to the processes pertaining to the gases in the
chamber, such as desorption during the adsorption pro-
cess or adsorption during the desorption process between
gas measurements. Third, noise occurs owing to the time
difference of the input voltage in the multichannel
switching device during sensor array measurement.
Fourth, thermal noise is generated by the heaters used in
the metal oxide gas sensor, which is introduced into the
measurements. Finally, discrete reactions occur for cer-
tain gases in certain types of sensors. Therefore, we
employed the filtfilt function in the Python 3.7 package
SciPy 1.4.1, which is a forward-backward filter for cor-
recting such noise. This linear filter achieves zero-phase
filtering by applying an infinite impulse response filter
twice—once forward and once backward. All the hyper-
parameters in the filtfilt function were optimized. The
results of the filter were as follows: We extracted a total of
840 features to increase the recognition rate for gas spe-
cies, with 120 features for each of the seven sensors. The
feature sets included the magnitude, derivative, difference,
time constant, and area under the graph; these feature sets
are listed in detail in Table S3. The magnitude included
the maximum absolute value, which can be the maximum
or minimum magnitude depending on the selectivity
performance of the sensor, downsampled values of the
magnitude, and downsampled values of the normalized
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magnitude. The derivative included the maximum and
minimum derivatives of the graph, downsampled values of
the derivative, and maximum and minimum second
derivatives during both the injection and purging stages.
The differences were calculated on the basis of five
intervals (two in the reaction stage and three in the pur-
ging stage). The time constant and area were calculated
for eight intervals (four in the reaction stage and four in
the purging stage), and the time constant was calculated
based on the start and end points of each reaction.
However, in the MDFG data, certain features exhibited
minimal selectivity for certain gases, and certain data were
more noise-like than those of the reactions. These char-
acteristics prevented our feature extraction algorithms
from performing effectively. Therefore, we set the feature
value of the low-quality data to zero; this irrelevant fea-
ture was removed during the feature-selection stage.
Feature selection is an essential technique for machine
learning. By eliminating highly correlated, irrelevant, and
noisy features, the occurrence of overfitting is reduced,
and the performance of the model is improved by mini-
mizing the variance and maximizing the generalizability of
the model. The efficiency of this algorithm can be further
improved by reducing the operation time and computa-
tional load during feature selection. We considered three
types of mixed gases with various mixing ratios, namely,
NO,-NHj3;, NO-NHj3;, and NO-NO,, with mixing ratios
of 1:1, 1:3, and 3:1 under low-humidity conditions. The
gas response data from the sensor array, which are
depicted in Fig. 4b and c, were input to the model, and the
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model output the mixture ratio. The principal component
analysis (PCA) results for NO,—NH;3 mixed gas are illu-
strated in Fig. 4d. The results were obtained after opti-
mization of the hyperparameters, such as the percentile
using the Boruta algorithm and soft margin parameter
using an SVM. According to the Boruta algorithm with
feature selection, for the NO,—NH; mixture, the average
optimal number of selected features was 102.73. In
addition, the compression ratio was 7.01. The classifica-
tion accuracy from the Monte Carlo cross-validation
(MCCV) was 98.67%. For the NO-NHj3; mixture, the
average optimal number of selected features was 155.79.
Moreover, the compression ratio was 4.62, and the clas-
sification accuracy of the MCCV was 100%. Finally, for the
NO-NO, mixture, the average optimal number of selec-
ted features was 119.6, the compression ratio was 6.02,
and the classification accuracy of the MCCV was 99.33%.
Confusion matrices of the classification accuracy for each
gas mixture are illustrated in Fig. 4e—g and provided in
Table S4. The results of SVM analysis using the extracted
features without feature selection, such as the precision,
recall, and f1 score, are provided in Table S5 with the
results of classification with feature selection. The classi-
fication rate increased after feature selection, and a con-
siderably high recognition rate was obtained, as depicted
in Fig. 4h.

We considered five types of mixed gas, NH3—NO,
NH;3-H,S, and H,S-NO, with three mixed gases with
mixing ratios of 1:1, 1:3, and 3:1, and two individual
gases under high-humidity conditions, as depicted in
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Fig. 5a. The PCA and SVM analysis results for the NH;
and H,S mixed gas are illustrated in Fig. 5b and c. A
comparison of the classification accuracy of the two
algorithms is provided in Table S6 and Fig. 5g, and the
results of feature selection under high-humidity condi-
tions indicated higher accuracy than SVM analysis with
low-humidity conditions. Therefore, we confirmed that
our Boruta algorithm using feature selection for gas

mixture discrimination performed better than the SVM
analysis using only extracted features. According to
these results, our machine learning-based feature
selection algorithm can discriminate gas mixtures with
high accuracy and offers high performance in high-
humidity conditions, which suggests that it can be

effectively applied in exhaled breath analyzers for the
diagnosis of diseases.
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Chemical vapor discrimination with 1D CNN

The gas classification results of the machine learning
algorithm through feature extraction and the SVM
method were almost perfect; nevertheless, in this study,
we designed a deep learning algorithm by employing a 1D
convolutional neural network (CNN) for completely
automated and rigorous mixed gas classification®. For the
electrical signals of the experimental gas sensor array, 1D
CNN models were designed for conditions of high and
low humidity; these models were trained and tested for
each mixed gas because the number of classes for classi-
fying each humidity condition was different. For the low-
humidity condition model, three classes of classification
were performed with mixing ratios of 1:1, 1:3, and 3:1 for
each mixed gas combination of NH3—NO, NH3-NO,, and
NO,-NO. For the model under high-humidity conditions,
five classes of classification were performed with two
individual gases, and the mixing ratios for each mixed gas
combination of NH;—NO, NH3;—H,S, and H,S—NO were
1:1, 1:3, and 3:1.

Because the height of the data was not considered for the
classification of the types and proportions of the mixed gas,
the height of the data was unified to 1 through normalization,
and the data were augmented with noise because the volume
of experimental data for training was considerably small. The
data were randomly split into a training set and test set at a
ratio of 2:1 for all experimental conditions.

A schematic of the common structure of the models for
low- and high-humidity conditions is presented in Fig. 6a.
In the high- and low-humidity models, the processed data
were input into a 1D convolution layer with a sensor array
as the channels, and after three sets of convolution, acti-
vation, and dropout, the data were normalized. Then, the
normalized data were input into a linear layer sequence,
with three sets of linear, activation, and dropout*"***”.
The designed 1D CNN model was trained by repeating 20
epochs by inputting the training set, and the model was
optimized through logit and loss functions. As the train-
ing loss converged to O for a learning rate of 0.001, the
results confirmed that our model was trained well with
the experimental data. We checked our model perfor-
mance by inputting the test set into the trained model,
and the test loss converged to 0, which was similar to that
observed for the training loss.

The evaluation results of our 1D CNN model on the test
set are presented as confusion matrices and illustrated in
Fig. 6b—d under low-humidity conditions and in Fig. 6e—g
under high-humidity conditions. Although the training
and test sets were randomly divided such that they did not
overlap during dataset classification, a loss of 0% and a
classification accuracy of 100% were achieved. This result
was observed because the data possessed different char-
acteristics depending on the chemical vapor type and
mixing ratio of the chemical vapor composition.
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The classification accuracy results for all humidity
conditions and mixed gases using the 1D CNN method
were 100%, and these classification accuracy results are
provided in Tables S4 and S6 for comparison with the
machine learning-based feature selection analysis results.
Therefore, we confirmed that the 1D CNN algorithm
performed much better, with more stable and perfect
classification accuracy. According to the results of this
evaluation, mixed gas can be classified perfectly without
arbitrary feature selection by using the 1D CNN model
developed in this study. Therefore, we achieved the
development of a deep learning algorithm for mixed gas
classification that is more automated and offers greater
accuracy compared to machine learning. This algorithm is
expected to be the basis for the development of an
automatic disease diagnosis system using human exhaled
breath in the future.

Furthermore, we additionally verified the discriminative
performance of our 1D CNN deep learning on mixed gas-
sensing data randomly mixed for low- and high-humidity
conditions. Data sensed by our MDFG sensor were used
under low and high-humidity conditions for NH3;—NO gas
mixed at 1:1, 1:3, and 3:1 for deep learning performance
verification. Data were randomly shuffled, and the combi-
nation of NH3—NO mixed gas was discriminated. As a
result, our deep learning achieved 100% test results from
the model. We set most conditions of the model to be the
same as those of our previous model to target the perfor-
mance verification of our deep learning model, and the deep
learning analysis process and classification results are
shown in Fig. 6h. Thus, our 1D CNN model has been
shown to be able to classify a combination of mixed gases
even under random humidity conditions. As the humidity
contained in human exhaled breath and natural surround-
ings is not constant, this result is very important. Since the
aim of this study is to introduce a new device and approach
for future investigation and commercial purposes, this
result may suggest that this study is one step closer to
achieving that objective.

Discussion

We initially present the results of mixtures of gas dis-
tinguished with an early ratio under the real conditions of
human exhaled breath with Al integrated with an
arrayed-sensor platform. The characterization and ana-
lyses of gas mixtures under humid conditions are critical
to the application of sensors in the diagnosis of diseases
through the analysis of exhaled breath. Although typical
sensors may not be capable of detecting chemical vapor
composition under humid conditions, our graphene-
based DNA-functionalized gas sensors exhibited high
reactivity even in humid environments. We achieved a
reactivity of up to 20% under humid conditions through
the application of a gas sensor array via the ssDNA-
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functionalization of graphene. For the accurate dis-
crimination of chemical vapor composition, we proposed
two powerful artificial intelligence techniques. Feature
selection analysis achieved more than 98% classification
accuracy under humid conditions, but the 1D CNN
model showed perfect classification results. Therefore, we
found that our 1D CNN model was capable of perfect
mixed gas classification without arbitrary feature selec-
tion. The results obtained in this study demonstrated that
a sensor array and artificial intelligence-aided dis-
crimination techniques can be applied synergistically in a
real-time gas discrimination system and for the early
diagnosis of diseases through exhaled breath. Further-
more, this study provides a new approach for the detec-
tion or verification of gas molecule species in other
applications.

Materials and methods
Sample preparation and characterization

A negative photoresist (AZ-5214™) was patterned
using photolithography to manufacture the electrode
contact. Metal sputter deposition (Cr: 10nm; Au:
50 nm) was performed, and a lift-off process was utilized
to deposit the contact metal. The sensing component
was fabricated via graphene transfer. Graphene was
grown at 1000°C under methane and hydrogen gas
pressures of 285 and 40 mTorr, respectively, for 10 min.
After growth, the graphene was left undisturbed to cool
to room temperature. After coating poly(methyl
methacrylate) (PMMA) through a spin-coating method,
monolayer graphene was grown on Cu foil at 4200 rpm
and baked at 180 °C for 2 min. The copper was subse-
quently removed using a Cu etchant (ammonium per-
sulfate, Sigma-Aldrich, A3678) and transferred to a Si
wafer in deionized water; the PMMA was thereafter
removed using acetone. Single-stranded DNA (Xeno-
tech Co.) was used to functionalize the graphene by
utilizing a droplet under conditions of 100% relative
humidity for 3h. The thickness of the device was
determined via AFM (Atomic Force Microscope, Park
Systems, NX-10), and TOF-SIMS (Secondary Ion Mass
Spectrometry) was implemented to characterize the
ssDNA (TOF SIMS 5; IONTOE).

Sensor array measurements

The gas measurements were conducted in a chamber
with electrode tips. A constant voltage (0.1 V) was applied
to the electrode tips, and the change in conductance was
monitored by using a source measurement unit (Keithley
2602). For the measurements, the gas flow was maintained
at 1000 sccm, and the gases were controlled through
mass-flow controllers. The baseline gas was N, (99.9%),
which was employed as the baseline gas, and 50 ppm N,
was utilized as the target gas.
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Boruta algorithm

To classify the gas types with feature selection, we used
the Boruta algorithm. Boruta is a wrapper algorithm that
is used in random forests. This algorithm is implemented
via the following procedures: copies of all features are
added to the dataset (which are called shadow features),
they are shuffled, the random forest classifier is trained for
an extended dataset, and the feature importance scores
are finally gathered, which represent the Z scores. The
importance of the real features is verified by comparing
the Z scores of the real features against the maximum Z
score of the shadow feature and removing those real
features with Z scores lower than their shadow features.
This process is repeated until importance is assigned to all
features or until the algorithm reaches a specific set limit
for the random forest runs. Based on the Boruta algo-
rithm, the features were divided into confirmed and
rejected features.

Support vector machine analysis

To classify the gas types without feature selection, we
implemented an SVM. The working principle of an SVM
is to find a hyperplane that separates the features to the
maximum extent using nonlinear mapping. Accordingly,
the SVM considers features from different classes as
points in the high-dimensional feature space. Although
SVMs were originally designed for binary classification,
they can be extended to multiclass classification by
combining multiple binary SVMs. In particular, SVM
guarantees the global optimality of the trained model,
which is a major advantage. To assess the generality of the
trained model, we used a cross-validation technique.
Owing to the small size of the dataset, the Monte Carlo
cross-validation (MCCV) technique was more feasible
than the k-fold cross-validation technique. MCCV is a
validation technique wherein random subsampling vali-
dation is iterated. In the MCCV technique, the gas dataset
was split into training and test sets, the model was fitted
to the training data and evaluated through the test data,
and the average accuracy was obtained by repeating the
procedure for a sufficient number of iterations.

Thus, the data were used efficiently, and the models
were evaluated for approximately all possible use cases.
The greater the number of iterations applied, the greater
the number of cases that can be considered. In addition,
we compared the accuracies of the two types of models
for gas species analysis—an SVM model using feature
selection techniques and another with raw data features.

1D convolutional neural network analysis

In this study, we used a 1D CNN, which is a deep
learning technique used to extract features through con-
volution during the data scanning process for one-
dimensional vector-type data to classify the gas species
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in a mixture of chemical vapors. This technique offers
high efficiencies because it reduces the scan range to data
approximate to the feature through iterative convolution
in the presence of a repeating feature that is similar to that
of the experimental data*'. We utilized the Python 3.7 and
PyTorch 1.10.0 framework to create a 1D CNN
architecture.

For the experimental data, true classes were generated
using a one-hot encoding method for mixed-gas classifi-
cation. We set a kernel size of 7, stride size of 1, training
batch size of 64, test batch size of 16, learning rate of
0.0004, dropout of 0.09, and first input channels of the 1D
convolution layer of our sensor array for the low- and
high-humidity condition models. We employed the rec-
tified linear unit function as the activation function, the
binary cross-entropy function as the loss function, and the
Adam optimizer as the optimizer for the PyTorch
framework.

Because the model was applied as a test set, the weight
model featuring the minimum loss was applied in the
PyTorch 1.10.0 framework for model evaluation. The loss
was converted to the probability for one-hot encoding
classes by using the sigmoid function, and the class cor-
responding to the position with a probability of 0.5 or
more was used as the prediction class.
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