Downloaded via BINGHAMTON UNIV STATE UNIV NEW YORK on April 2, 2023 at 13:41:40 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles

pubs.acs.org/acssensors Article

Chemiresistive Sensor Array with Nanostructured Interfaces for
Detection of Human Breaths with Simulated Lung Cancer Breath
VOCGCs

Guojun Shang, Dong Dinh, Tara Mercer, Shan Yan, Shan Wang, Behnaz Malaei, Jin Luo, Susan Lu,*
and Chuan-Jian Zhong*

Cite This: ACS Sens. 2023, 8, 1328-1338 I: I Read Online

ACCESS | [l Metrics & More ’ Article Recommendations | Q Supporting Information

challenging task for early diagnosis and treatment, which calls for

reliable, low-cost, and noninvasive detection tools. One type of ... L
promising tools for early-stage cancer detection is breath analyzers ‘ Bertovizhriot A 1
or sensors that detect breath volatile organic compounds (VOCs) ‘ T
as biomarkers in exhaled breaths. However, a major challenge is the 7~-Human Breath
lack of effective integration of the different sensor system (HB) ; e
components toward the desired portability, sensitivity, selectivity, AR Lung Cancer VOC
and durability for many of the current breath sensors. In this

report, we demonstrate herein a portable and wireless breath

sensor testing system integrated with sensor electronics, breath sampling, data processing, and sensor arrays derived from
nanoparticle-structured chemiresistive sensing interfaces for detection of VOCs relevant to lung cancer biomarkers in human
breaths. In addition to showing the sensor viability for the targeted application by theoretical simulations of chemiresistive sensor
array responses to the simulated VOCs in human breaths, the sensor system was tested experimentally with different combinations of
VOCs and human breath samples spiked with lung cancer-specific VOCs. The sensor array exhibits high sensitivity to lung cancer
VOC biomarkers and mixtures, with a limit of detection as low as 6 ppb. The results from testing the sensor array system in detecting
breath samples with simulated lung cancer VOC constituents have demonstrated an excellent recognition rate in discriminating
healthy human breath samples and those with lung cancer VOCs. The recognition statistics were analyzed, showing the potential
viability and optimization toward achieving the desired sensitivity, selectivity, and accuracy in the breath screening of lung cancer.

L)

ABSTRACT: Timely screening of lung cancer represents a E P

. Healthy HB " Healthy HB + Lung Cancer VOC

KEYWORDS: breath sensor system, volatile organic compounds, nanostructured film, chemiresistor array, sensor responses,
lung cancer detection

ancer has been one of the leading causes of death by and urgent. Among many different methods, one of the

disease worldwide, accounting for nearly 10 million emerging approaches to the early detection of lung cancer is
deaths in 2020, exceeded only by heart disease.’ Among all the noninvasive detection of volatile organic compounds
types of cancer, lung cancer is the most common cancer deaths (VOCs) in the exhaled breath. Extensive efforts have been
accounting for 1.8 million deaths in 20202 The hlgh mortality focused on searching for VOC biomarkers for lung cancer,
rate of lung cancer is mainly due to its indiscoverability in the either from the headspace of lung cancer cells or from the
early stages, and major symptoms such as coughing, chest pain, exhaled breath of patients. Since the earlier analysis of VOCs in

weight loss, etc., are often ignored by patients. The evaluation
of a patient’s prognosis of lung cancer requires (i) confirming
the presence of the disease and (ii) staging the disease.
Different methods for diagnosis and staging are used in clinical
practice, including blood tests, chest X-ray, computed
tomography (CT), magnetic resonance imaging (MRI), etc.
A total of 85% of lung cancer cases are diagnosed at a stage
when treatment is ineffective at curing the disease by utilizing
current diagnostic techniques.3 Overall, the S-year survival rate
is about 10—15% due to late diagnosis. However, if the disease
is diagnosed at stage 1, the S-year survival increases
dramatically to 80%." With lung cancer incidences rising
around the world, the need for an early detection tool is critical

exhaled breath from lung cancer patients using gas
chromatography mass spectrometry (GC—MS),” the clinical
diagnostic potential of breath analysis for lung cancer detection
has risen rapidly, revealing various panels of VOCs from lung
cancer breaths. One example involves a panel of 42 VOCs as
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Scheme 1. Block Diagram for the Integrated Breath Sensor System Consisting of a Sensor Array, Electronic Circuit and
Wireless Boards, and Breath Sampling and Flow Control Subsystems
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lung cancer biomarkers identified usmg GC—MS in combina-
tion with solid-phase microextraction.’ There is increasing
evidence showing that lung cancer can be detected by
analyzing patients’ breaths using different techniques. The
detection of the VOCs is done from the identified LC VOC
panel (e.g, ethyl benzene, undecane, and 2,3,4-trimethyl-
hexane or 4-methyl-octane only for lung cancer and 2,6,6-
trimethyl-octane only for healthy) using a chemiresistor array
consisting mostly short-length thiols featuring alkanes and
hydroxyls and an aromatic motif in the ligand structures”
(e.g, C1,SH, C(SH, C,SH, 2-C,-C(SH, C(SH, tert-C;,SH, 4-
CH;0-PhSH, and HO-C,;SH). For example, a group of VOC
characteristic of lung cancer was identified from a GC column
that was coupled with arrays of polymer-coated surface
acoustic wave (SAW) sensors.” In another study, an array of
semiconductive random network of single-walled carbon
nanotubes (SWCNTSs) was used to detect and differentiate
between the VOCs found in the breath of lung cancer patients
relative to the healthy controls.'® However, most of the widely
adapted methods involve GC—MS techniques, which are
highly sensitive and quantitative in the detection of VOCs, but
are time consuming, expensive, and nonportable, which
constitute as a major barrier for diagnostic screening and
earlier detection applications. There is a clear need of portable
and wireless sensors, which can be easily adapted for low-cost
screening of lung cancer.

We report here a portable and wireless breath sensor array
system for potential applications in screening lung cancer. The
sensing interfaces in the array consist of chemiresistive thin-
film assemblies of gold nanoparticles with different nanostruc-
tures.''” This sensing component is integrated into a portable
manifold with an electronic component for wireless signal
transduction and a flow control component for breath
sampling. We demonstrate the ability of the sensor system
for the discrimination of selected panels of known VOC
biomarkers in human breaths from both theoretical and
experimental perspectives. Theoretically, the chemiresistive
responses of the sensor array to selected panels of breath
VOCs with healthy and lung cancer compositions are
simulated in terms of the nanostructural parameters, showing
a clear indication of the ability in recognition of lung cancer
VOC:s. Experimentally, the sensor system is tested with healthy
human breaths spiked quantitatively with the lung cancer-
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relevant VOCs, demonstrating the viability of discrimination
between the specific VOC-spiked human breaths and controls.
The results have demonstrated the potential application of our
portable and wireless sensor system in a cost-effective, easy-to-
use, noninvasive breath screening of lung cancer.

B EXPERIMENTAL SECTION

Sensor Array Fabrication. Chemicals used include 11-
mercaptoundecanoic acid (MUA), 1,9-nonanedithiol (NDT, 95%),
1,4-butanedithiol (BDT, 97%), 1,S-pentanedithiol (PDT, 99%), 1,6-
hexanedithiol (HDT, 96%), decanethiol (DT, 96%), hydrogen
tetrachloroaurate (HAuCl,, 99%), tetraoctylammonium bromide
(TOABr, 99%), and sodium borohydride (NaBH,, 99%). Vapors
were generated from hexane (Hx, 99.9%), benzene (Bz, 99.0%),
toluene (TL, 99.9%), 2,3,4-trimethylpentane (98%), and 2-butanone
(99.0%). Water was purified with a Millipore Milli-Q water system.

Decanethiolate monolayer shell-encapsulated 2 nm diameter gold
nanoparticles (Au,,,) were synthesized by two-phase reduction of
AuCl,” according to Brust’s standard two-phase method'® and a
synthetic modification.'* The average size of the as-synthesized gold
nanoparticles is 2.0 + 0.7 nm; details were described previously.">"¢
Larger sizes of DT-capped gold nanoparticles were synthesized by a
thermally activated processing route developed in our laboratory.'>'®
Briefly, a measured amount of the as-synthesized DT-Au, ,,, solution
was heated at 150 °C for 1 h, followed by several cleaning cycles via
suspension in ethanol and acetone, and separated by centrifuge.
Aug ., particles used in this work were prepared by this method with
an average diameter of 5.2 + 0.5 nm. Morphology and size
distribution details of these nanoparticles can be found in our
previous reports.ls’16

The nanoparticle thin films prepared for the present work included
five types: (1) NDT-linked nanoparticles (NDT-Au,,,), (2) BDT-
linked nanoparticles (BDT-Au,,), (3) PDT-linked nanoparticles
(PDT-Au,,,), (4) HDT-linked nanoparticles (HDT-Au,,,), and (S)
MUA-linked nanoparticles (MUA-Au,,,). The thin films were
prepared via an “exchanging—cross-linking—precipitation”
route.'"'” ™" The reaction involved an exchange of linker molecules
(NDT, BDT, PDT, HDT, MUA) with the gold-bound alkanethio-
lates, followed by cross-linking and precipitation via either Au S
bonding at both ends of NDT, BDT, PDT, or HDT or hydrogen
bonding at the carboxylic acid terminals of MUA. The reaction was
carried out at room temperature with a controlled ratio of linker
molecules to gold nanoparticles. Typically, the Au nanoparticle to
ADT ratio was about 1:50—500 for Au,,,, and about 1:400—4000 for
larger size nanoparticles. For the MUA-Au film, a 50—500 ratio of
MUA to gold nanoparticles was usually used.”’
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The sensor arrays contain nanostructured sensing films assembled
on chemiresistor devices with patterned interdigitated microelectr-
odes (IMEs). A typical IME pattern consists of 100 pairs of gold
electrodes of 200 ym length, 10 gm width, 100 nm thickness, and S
pm spacing on a 1 mm thick glass substrate. The IMEs were
fabricated by a standard microfabrication technique using the Cornell
NanoScale Science & Technology Facility; details were reported
previously.'" The thickness of the coating was below or close to the
finger thickness.

Electronic Boards, Integration, and Measurement. The
multichannel electronic circuit board with a wide measuring range
from 30  to 300 M was used to measure the resistance of the
chemiresistors. Through serial connections, a Raspberry Pi board was
connected to the electronic circuit board and was used for wireless
data transmission. All experiments were performed at the same
conditions as the standard measurement. Compressed air gas
(breathing grade, Airgas) was used as a carrier gas. The gas flow
was controlled by a calibrated mechanical flow meter (Matheson
U002). The IME devices were housed in a Teflon chamber with
tubing connections to vapor and air sources; the electrode leads were
connected to the electronic circuit board. Human breath samples
were injected into the system for testing. The sensing experiments
were carried out by monitoring the chemiresistors and environmental
sensors (relative humidity and temperature sensors) while exposing to
human breath samples. Before exposing to human breath samples, the
test chamber was purged with compressed air for 1 h to establish the
baseline. A typical exposing cycle included a 1 min vacuum step,
followed by a 3 min exposure to samples and ended with a 2 min air
cleaning step.

All experiments were performed at room temperature, 22 + 1 °C.
N, gas (99.99%, Airgas) was used as a reference gas and as a diluent
to change the vapor concentration by controlling the mixing ratio.
The gas flow was controlled by a calibrated Aalborg mass-flow
controller (AFC-2600). Different concentrations of vapors were
generated using an impinger system. The vapor concentration (ppm
moles per liter) was calculated from the partial vapor pressure and the
mixing ratio of vapor and N, flows.

Breath samples were collected with healthy subjects including three
males and three females. All subjects were asked to take 3—5 deep
breaths before sample collections. Alveolar breath samples were
collected into 1 L Tedlar sampling bags through 1 feet long silicone
tubing by directly blowing via plastic mouthpiece as shown in Scheme
1. The volunteers were asked to be fasting for at least 12 h prior to
their alveolar breath collection. All samples were analyzed S h after
collection, and five repeated tests were conducted.

Simulated lung cancer patients’ breath samples were prepared by
spiking lung cancer-related volatile organic compounds (VOCs) to
the as-collected human subjects’ breath samples. The lung cancer
VOCs chosen are toluene, 2-butanone, and 2,3,4-trimethyl-pentane,
which were generated by the gas flow and mixing method. The gas
flow was controlled by an array of calibrated Aalborg mass-flow
controllers (AFC-2600), details of which were previously de-
scribed.'®"”

Simulation and Data Analysis Methods. Random forest (RF)
is a classification method, but it can also provide feature importance.
A forest contains many decision trees, each of which is constructed
with randomly sampled features. Output was computed by a majority
vote of all decision trees. First, the overall node probability could be
calculated as the number of samples that reach the node divided by
the total number of samples. Next, feature importance was calculated
by the product of decrease in node impurity (measured by the Gini
index) and the overall node probability. The “Random Forest
Classifier” algorithm in the Scikit-learn Python library was used to
obtain feature importance. The inputs for random forest algorithm are
noise-added sensor array responses from eight individual sensors.
Last, the output of feature importance was used as criteria for feature
selection of sensor arrays. Higher values of feature importance imply
more important features. Feature selection data were standardized
before applying the principal component analysis (PCA) algorithm.
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B RESULTS AND DISCUSSION

In this section, we first describe the results from theoretical
simulations of nanostructured sensor arrays’ responses to the
adsorption of different panels of VOCs and different
concentrations in connection with simulated breaths. This
description is followed by the discussion of the results from
experimental sensor responses to selected panels of VOCs of
different concentrations and human breaths spiked with
selected VOCs as simulated lung cancer breaths.

Simulation of Sensor Array Responses to Selected
Panels of Breath VOCs. Theoretical Model and Simulation
Results. Since the first report of the monolayer thiol-
encapsulated gold nanoparticles as chemiresistor thin films,”'
numerous researchers have explored the chemiresistive proper-
ties and applications of such nanoparticle assemblies. The
underlying mechanism involves a thermally activated con-
duction path®*

AR _ pBsAE/KT _
R; (1)

where AR/R; is the sensor response known as the relative
resistance change, f is the tunneling decay constant,  is the
edge-to-edge interparticle distance, E, is the activation energy,
ky is the Boltzmann constant, and T is the temperature, where
the activation energy (E,) is

¢ (1 1 ]
Y 8mee\r r+ 8 2)
where e = 1.6 X 107" C, g, is the dielectric constant and €, r,
and 0 represent the dielectric constant of the particle medium,
particle radius, and interparticle distance, respectively.
Considering the change of the dielectric constant in the thin-
film medium upon vapor adsorption, the AE, can be then
expressed as

2
PO N ER N R
8re, r r+d6+ A0 Egm\r T+

where &, represents the dielectric of the analyte swollen ligand
matrix, £g, is the dielectric of the sensing film, and A¢ is the
change of the interparticle distance upon sorption of the
solvent. By substituting eq 3 into eq 1, the sensor response
AR/R; equation can be expressed as

AR
= (o)

E

L(l_;]
e \r r+ 06+ AS

1 (1 1 ) .

Em\T 40 (4)
where, in addition to the regular constants (e = 1.6 X 1077 C,
g, = 8.854 X 1002 Fm™, R = 138 X 1002 J K™), T is
temperature, € is the dielectric constant of the medium, /3 is the
electron coupling term, and r and d (=5) represent the particle
radius and interparticle spacing (nm), respectively.””** The
dielectric of the analyte swollen thin-film matrix &y, can be
estimated as the volume-weighted average of the dielectric of
the analyte and the sensing film”’

Ew = ana ana + (1 - f;;na)eﬁlm

(8)
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Figure 1. (A) Plots of response (AR/R;) of a sensor array (PE type) of different parameters in response to VOCs. (i) Ethanol of different
concentrations on a sensor array with different particle radii (r, nm) and interparticle distances (8, nm), (r, §): a, (1.0, 0.844); b, (1.0, 1.75); ¢, (1.0,
2.78); d, (2.5, 0.844); e, (2.5, 1.75); f, (2.5, 6 = 2.78); g, (5.0, 0.844); h, (5.0, 1.75); and i, (5.0, 2.78). (ii) Ethanol vapor on a sensor array (r = 1.0
nm; & = 0.844 (a), 1.75 (b), and 2.78 nm (c)). (iii) Ethanol vapor on a sensor array (6§ = 0.844 nm; r = 1.0 (a), 2.5 (b), and 5.0 (c) nm). (iv)
Alcohol vapors (a: methanol, b: ethanol, c: 1-propanol, d: 1-butanol, and e: 1-pentanol) on a sensor array (r = 1.0 nm, § = 0.844 nm). (B)
Comparison of the simulated response sensitivities for the indicated panel of VOCs with 40—400 ppb (V) on a nine-sensor array derived from
nanoparticle assemblies with PE-type (SA1—SA3), PEO-type (SA4—SA6), and P4HS-type (SA7—SA9) structure characteristics (note that VOCs
with 1—40 and 400—7 ppm (V) ranges were also simulated, showing similar trend but subtle differences in sensitivities).

where €, is the dielectric of the analyte and f,,, represents the
volume fraction of the analyte within the organic matrix, which
can be expressed as

v KC, MM 77’

_ ana
Vﬁlm

+Vv._

ana

ana

Proa Viilm T KCVMM%iTr3 (6)
where V., is the volume of the sorbed analyte within the
sensing film, Vg, is the volume of the sensing film, K is the
partition coeflicient, C, is the concentration of the analyte,
MM is the molar mass of the analyte, p,,, is the density of the
analyte, and r. is the effective radius of the particle, which
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includes the gold nanoparticle core and the ligand shell with a
thickness of 6/2. Thus, the Vi, can be expressed as
4 3_ 3
Vi = —7e(tg” — 1
film 3 (eff ) (7)
The interparticle distance change AJ reflects the relative

volume increase of the ligand matrix upon analyte adsorption,

which can be expressed as

https://doi.org/10.1021/acssensors.2c02839
ACS Sens. 2023, 8, 1328—-1338


https://pubs.acs.org/doi/10.1021/acssensors.2c02839?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.2c02839?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.2c02839?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.2c02839?fig=fig1&ref=pdf
pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.2c02839?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sensors

pubs.acs.org/acssensors

/?malyte‘/ﬁlm
4 3 3
panalyte‘/ﬁlm - EEKCVMM(reff - r )

Ad = ZVeff 3 -1
(8)
where the partition coefficient (K) is related to the

permeability and correlated with the Hansen solubility
component,”® which can be expressed as”’

A MVanaIyte
K=—e
D xp{

RT

3
Z Ci[CEDi(analyte) - CEDi(ﬁIm)]

i=1

_ C4Mvana1y1e}
RT

)
where A is the pre-exponential factor related to entropy, D is
the diffusion coeflicient of the analyte in air, C; is the best fit
coeflicient, C, is the best fit coeflicient to the molar volume,
CEDj(4nalyte) is the ith component of cohesive energy density
for a given analyte, CED) gy, is the ith component of cohesive
energy density for the sensing film, and MV, is the molar
volume of a given analyte.

As described, the electrical conductivity of the nano-
composite film follows the thermally activated conduction
pathway in which the activation energy increases with the
interparticle distance and decreases with the particle size.”***
Equation 4 expresses the change of the electrical conductivity
in response to VOC adsorption in the film in terms of
thermally activated conduction theory as the relative change in
resistance (AR/R;).”>~*° There are two important parameters,
Ad and ¢, which are the change in interparticle distance (A5)
and the dielectric constant of the medium (eg,) upon the
adsorption of VOCs in the sensing film, respectively. Both Ad
and &, depend on the particle size, the interparticle distance,
and most importantly the vapor concentrations (C,). &,
contains contributions of the dielectric permittivity properties
of the VOC and the VOC-adsorbed film. A common
characteristic of Ad and &, is their dependencies on the
vapor partition equilibrium constant (K) of the VOC in the
film and C, in the gas phase. One approach to the theoretical
simulation involves the use of solubility parameters of the
VOC and the thin film to assess the K, which is a numerical
estimate of the degree of interaction between VOCs and films
(Ol = O + 0P2 + 8,2, where d,” = dispersion component, d,>
= polar component, and d,> = hydrogen bonding components.
Our simulations adopted the Hansen solubility parameters,*
and the cohesive energy densities for the polymers derived
molecular dynamics calculation and fitting coefficients.””*’
Based on our design of the nanocomposite sensing films for the
targeted VOCs and breaths, we considered a similarity
approach to polymer—carbon sensing films, including poly-
ethylene (PE), poly(ethylene oxide) (PEO) (including poly-
(ethylene glycol) (PEG), molecular weight of PEG < PEO),
and polgf(4-hydroxy styrene) (P4HS) (or poly(4-vinylphenol),
PVP).****73% The MD-derived interaction energy data are
used for the simulation in terms of solubility parameters.”® We
used the parameters derived for the carbon-particle embedded
PE-, PEO-, and P4HS-like structures by alkyl-dithiolate (e.g.,
noanedithiol NDT) linkers in combination with alkanethiol
capping molecules (RS), carboxyl-functionalized alkylthiol

e.g., mercaptoundecanoic acid MUA) linkers in combination
with RS, and composite matrix-derived dendrons/cellulose/
graphene in combination with MUA linkers, respectively.

Since solubility parameters are not available for the thiol
molecules, we performed the theoretical simulations for the
thin-film assemblies of thiolate-stabilized gold nanoparticles as
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chemiresistor sensors in response to different VOCs and
breaths using polymeric structures, which have available
solubility parameters.”® The selected polymer types feature
functional groups or backbones similar to the thiol molecules
in the thin-film assemblies of nanoparticles. To assume
reasonable solubility parameters for the thin films, the
solubility parameters for three polymer matrices’® were
adapted in the simulation, including the polyethylene (PE)
matrix for the NDT-Au,,, film, poly(ethylene oxide) (PEO)
matrix for the MUA-Au,,,, film, and poly(4-hydroxy styrene)
(P4HS) matrix for the dendron-Au,, film. For each sensor
array, three different nanoparticle sizes and three different
interparticle distances were selected for simulations. The
structural and physical parameters for the three types of arrays
used in this work are summarized in Table S1. Ten common
VOCs were selected as testing vapors, including methanol,
ethanol, 1-propanol, 1-butanol, 1-pentanol, acetone, benzene,
styrene, toluene, and n-hexane, in the concentration range of
400—3000 ppm.

Figure 1A shows a representative set of data for an array
constructed in terms of the interparticle molecular structure
type, gold nanoparticle radius, and interparticle distance to
illustrate the simulated sensor response sensitivity to ethanol
vapor of different concentrations. AR is the resistance changes
in response to vapor exposure, and R, is the initial resistance of
the sensing film. The sensitivity is reflected by the relative
differential resistance change, AR/R; vs the vapor concen-
tration, C (ppm). The PE sensor array exhibit linear response
toward ethanol concentrations. Similar linear relationships
were found for the other VOCs with subtle differences in
sensitivities (i.e., slopes).

The sensor array features a combination of the PE-, PEO-,
and P4HS-like structures in the presence of the assembled NPs
with variations in interparticle distances by the linker
molecules, which can be achieved based on our previous and
recent works using gold NPs of three different sizes (e.g, 2, S,
and 10 nm) linked by bifunctional molecules (e.g, NDT,
MUA, MHA, MBA, etc.) and dendrons as linkers and cellulose,
carbon nanotubes, and graphene as the sensing composite
scaffolds.”’ = These sensors display different sensitivities and
negative- or positive-going responses depending on the VOC—
film combinations (Figure 1B), which are also consistent with
our experimental results.

The sensitivities of the PE sensor array (slopes) are
compared with those of the NDT-Au,, sensors.' The
response sensitivities for the simulated PE sensor array are
slightly lower than those of NDT-Au,,, sensors, exhibiting a
similar magnitude (107> ppm™). The similarity demonstrates
that the simulation based on the PE-type sensor array is a
viable approach to study the sensor response characteristics of
the NDT-Au,, sensors. As the gold nanoparticle size and
interparticle distance changed, the response sensitivities for the
representative set of data to illustrate the simulated sensor
response characteristics to alcohol vapors with different
nanoparticle sizes and interparticle distances. As shown in
Figure 1A(ii) for ethanol vapor on an array with 2 nm gold
nanoparticle size and three different interparticle distances
(0.844, 1.75, and 2.78 nm), the response sensitivity increases
with the interparticle distance. This finding is consistent with
the NDT-Au,, sensor behavior both qualitatively and
quantitatively. From the qualitative aspect, as the interparticle
distance increases, the interaction space between the sensing
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film backbone and vapor molecules increases, leading to the
sensor response sensitivity increase. Quantitatively, such a
sensitivity increase is also in line with the sensor response
simulation eq 4. At a given particle radius, the increase of the
interparticle distance increases the relative differential resist-
ance change, AR/R;, and thus the response sensitivity. At a
given interparticle distance (e.g., 0.844 nm), the change of the
nanoparticle radius leads to a change of the sensor response
sensitivity, as shown in Figure 1A(iii) by a representative set of
simulated PE sensor response sensitivity in response to ethanol
vapor for different gold nanoparticle radii (1, 2.5, and S nm).
Similar results were also observed with other VOCs.
Simulations of the sensor response of the PE-type sensor
array to alcohol vapors of different carbon number were also
performed, as shown in Figure 1A(iv) for PE-Au,, -6 0.844
nm in response to five alcohols with increasing carbon
numbers. The sensitivity clearly increases with the alcohol’s
carbon number, showing a sensitivity of 1.488 X 107 ppm™
for methanol and 2.440 X 10™* ppm™ for 1-pentanol. This
indicates a stronger hydrophobic interaction between the
sensing film backbone and alcohol molecules with a longer
carbon chain.

Principal Component Analysis of the Simulated Sensor
Responses. PCA is used for variable dimension reduction
(feature extraction) and clustering purpose. The simulated
responses of the three different types of sensor arrays to
different lung cancer-related VOCs were analyzed. We first
compared some of the simulated results with the experimental
data. Figure 2A shows the PCA result for an example group

® 1,3-Pentadiene

2 © 2-Butanone
2-Ethyl-4-methyl-1-pentanol

® Ethanol

® Styrene

© Toluene

© Dimethyl ether
Ethylbenzene
Hydrazine
Methyl hydrazine
o-Xylene

1 2-Butanone

® 2-Butanone
® Styrene
® Toluene

0.00000
PC1

—0.00005 0.00005

(B)

Figure 2. PCA plot for simulated and experimental response data. (A)
For the indicated group of VOCs with 40—400 ppb (V) on a 9-sensor
array derived from nanoparticle assemblies with PE-, PEO-, and
P4HS-type structure characteristics (note that VOCs with 1-40 and
400—7 ppm (V), ranges were also simulated, showing a similar trend
but subtle differences in sensitivities and effective separation). (B) A
set of experimental sensor data from a sensor array in response to
three of the VOCs, 2-butanone, toluene, and styrene.

VOCs based on the simulation data of the nine-sensor array.
Clearly, the major VOCs can effectively be separated as shown
by PCA results. The separations among different VOCs
demonstrate the viability of the sensor array in achieving high-
recognition sensitivity and selectivity, indicating a promising
pathway for the development and optimization of the sensor
array combinations for the detection of the identified breath
VOC biomarkers. Figure 2B shows the PCA result for an
experimental data set for three VOCs (toluene, styrene, and 2-
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butanone) using a sensor array. There is a clear agreement
between the simulation and the experiment results.

The sensor responses to lung cancer-related VOCs have also
been examined using simulated VOCs. VOCs were selected
from a panel of lung cancer-related VOCs (Table $2°) for
sensor response simulations. Based on the abundance of the
VOCs in human breaths,® the selected VOCs fall into three
categories: (i) the abundance is greater in the breath from
healthy people (HP) than those in lung cancer (LC) patients
(HP > LC) (e.g, hydrazine, 2-butanone, 2,2,3-trimethyl-
hexane, etc.), (ii) the abundance is greater in LC breath than
those of HP (LC > HP) (e.g, toluene, styrene, o-xylene,
dimethyl ether, 1,3-pentadiene, methyl hydrazine, ethanol,
ethyl benzene, 2-methly-hexane, etc.), and (iii) the LC breath-
specific VOCs (LC only) (e.g,, 2-ethyl-1-hexanol, 2-ethyl-4-
methyl-1-pentanol, 2,3,4-trimethyl-pentane, 4-methyl-octane,
etc.). The PCA results for the simulated sensor responses to
the lung cancer-related VOCs are shown in Figure 2A. It is
evident that the lung cancer-specific VOC, 2-ethyl-4-methyl-1-
pentanol, is well separated from other VOCs. The two vapors
from the HP > LC group, 2-butanone, and hydrazine, fall into
a cluster group located at the left bottom area of the PCA plot
and partially overlapped with some of the vapors from the LC
> HP group. It can be concluded based on the PCA results that
the three types of sensor arrays are able to distinguish between
the VOCs from healthy people and the VOCs from lung
cancer patients’ breaths, thus showing a great potential for
application in lung cancer breath sensors.

This feasibility is further studied in the concentrations of the
lung cancer-specific VOCs. A set of simulated lung cancer
breaths with the LC-specific VOCs in different concentration
ranges is used to mimic the different stages of lung cancer.
Two LC-specific VOCs were selected from the panel of the 42
lung cancer-related VOCs and were mixed with 15% oxygen,
5% water vapor, 4% CO,, and ppm-level CO to mimic the
human breath composition.

PCA analysis is performed on the normalized sensor
responses from the simulation, as shown in Figure 3. It is
evident that, as the concentration of LC-specific VOCs
increases (Figure 3A—C), there is an indication of better
separation between the LC-specific VOCs and the normal
VOCs.

By comparing the PCA results of the sensor responses to the
simulated LC breaths in different concentration ranges with
and without the LC-specific VOCs, distinct clusters are
observed in the PCA plots (Figure 4). It is evident that the
separation distance for three LC-specific VOC groups in
different concentration ranges from that without the LC-
specific VOCs increases with the VOC concentration,
demonstrating the quantitative aspect of the sensor array in
recognition of breaths with LC-specific VOCs in different
concentrations. PCA analysis of the simulation data (Figure
1B) for different concentrations of VOCs has demonstrated
the possibility to separate H breath from LC breath with
different stages (Figure 4). First, the separation depends on the
VOC concentrations (Figure 1B), supporting the feasibility of
the separation of LCs with different stages. Second, the
separation of the LC breaths of the three different
concentration ranges and the H breath is also shown to be
highly viable (Figure 4). We also compared the results of PCA
separation between H and LC breaths in terms of the number
of array elements (9 vs 3), showing improvement of the
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separation with increasing the number of array elements and
ample room for improvement for mixtures of VOCs.
Experimental Sensor Array Responses to Human
Breath Samples with Lung Cancer-Specific VOCs. Sensor
Response Characteristics. The experimental response charac-
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teristics were determined for the sensor array system with
different nanostructured sensing materials in response to
human breath samples with and without lung cancer-specific
VOCs. The collection of the human breath samples is detailed
in the Experimental Section. Figure SA shows a representative
example of the sensor response profile; we first show the
results from the experimental determination of the limit of
detection (LOD) for the sensor array system. We analyzed the
sensor response to different VOCs in the low concentration
range. Figure SA,B shows a representative set of data for
hexane at the ppm-level concentration. The response exhibits a
linear relationship vs. hexane concentration (Figure SB), with
the response sensitivity being 2.67 X 107*. The LOD was
estimated from the sensitivity and the three times of standard
deviation (o) of the background noise (¢ of AR/R; ~ 4.65 X
1077). The estimated LOD is 6 ppb for hexane. Similar LODs
were obtained for other VOCs, ranging from sub ppb to a few
ppb.

The response profiles for an eight-sensor array consisting of
sensing films, ie, MUA-Au,,,, MUA-Aus, ., BDT-Au, .,
BDT-Au;,,, PDT-Au,,, HDT-Au,,, NDT-Au,,, and
NDT-Aus ., in response to human breath samples and those
spiked with lung cancer-specific VOCs were collected. The
tested lung cancer-specific VOCs are based on commercially
available ones, including toluene, 2-butanone, and 2,3,4-
trimethyl-pentane, each with a concentration of 9 ppm. Figure
SC shows a typical set of the sensor array response data for
healthy human breaths. Despite the highly humidified human
breath samples, almost no differences were observed in
multiple replicas of the testing in terms of the response
profiles. The data were highly reproducible, and the sensor
array was stable under the testing condition. Figure SD shows a
typical set of the sensor array response data for healthy human
breaths spiked with three lung cancer-related VOCs. Again, the
responses are highly reproducible for each replica. In
comparison with the data in Figure SC, the sensor array
showed a slightly higher sensor response magnitudes for the
breaths spiked with the lung cancer-related VOCs, which will
be analyzed by PCA to demonstrate the viability of the sensor
array to distinguish between the healthy and lung cancer
breaths.
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Figure S. (A) Typical sensor response profile: (i) air purge (2 min), (ii) air suction by a diaphragm pump (1 min), (iii) sample introduction by a
releasing valve connecting to the sample bag (3 min), and (iv) air purge (2 min). (B) Plot of the sensor response vs hexane concentration. (C—D)
Two typical sets of sensor response profiles to human breath samples (C) and human breath sample spiked with lung cancer-specific VOCs ((D),

toluene, 2-butanone, and 2,3,4-trimethyl-pentane, each at 9 ppm).

Principal Component Analysis of the Experimental
Sensor Responses. The responses of the eight-sensor array
to human breath samples with and without lung cancer-specific
VOCs are analyzed by PCA. The first two principal
components (PC1 and PC2) are used as the classification
features. PCA analysis is performed with the sensor response
data from each individual human breath samples with and
without lung cancer-specific VOCs, which is shown in Figure
6A—F. It is evident that the individual breath samples with and
without lung cancer-specific VOCs can be well separated. The
results demonstrate that the sensor array is promising for
distinguishing the human breath samples with and without
lung cancer.

Figure 6G shows the PCA plots of the sensor response data
to human breath samples with and without lung cancer-specific
VOC:s. It is evident that there are two almost-distinct cluster
groups representing the healthy and lung cancer breath
samples. There is a small overlap between the two groups
largely due to the limited sample sizes at this point of time.

The sensitivity and selectivity of the above data are further
assessed by performing data analysis using multiple neural
network modules with the Random Forest (RF) algorithm for
pattern recognition. The PCA results were analyzed in terms of
the classification rate, sensitivity, and selectivity. The Random
Forest classifier obtains 93.99% accuracy across testing data
and successfully classified 86.96% of the lung cancer breath
samples. For healthy breath samples, the RF model is shown to
reach a 100% accuracy.

The stability of the sensor responses to human breath
samples with (“LC”) and without spiked lung cancer-specific
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VOCs (“healthy”) was also studied. A set of the sensor array
response data from continuous 6-day human breath tests was
collected. PCA analysis of the data is performed with the
sensor response data from each day (Figure 7). It is evident
that the data for healthy and the LC VOC-spiked breath
samples are well separated with little (in the first S days) or
small (in the last day) overlap among all 6 days, demonstrating
high stability.

The sensor array stability can be further assessed by
examining the average and standard deviations of the sensor
responses toward the human breath samples (Table S3). The
average sensor responses of each sensor remain almost the
same over the 6-day testing period. The responses collected
from repeated tests exhibit a small standard deviation in the
10™* level. The relative standard deviation (RSD) is low as
0.627% for sensor responses to human breath samples and
0.542% for human breaths spiked with lung cancer-specific
VOCs. These findings demonstrate the long-term stability
performance for our sensor arrays.

B CONCLUSIONS

In summary, the results from both theoretical and experimental
evaluations of the sensor array system in the responses to
selected panels of VOCs in human breaths have demonstrated
the potential applicability of the system in the development of
portable and wireless sensors for breath screening of lung
cancer in two significant ways. First, the chemiresistive
responses of the sensor array to selected panels of breath
VOCs with healthy and lung cancer compositions are tunable
in terms of the nanostructural parameters, which is supported
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Figure 7. PCA plots of sensor array responses to human breath samples with and without spiked lung cancer-specific VOCs (toluene, 2-butanone,
and 2,3 ,4-trimethyl-pentane, each at 9 ppm) over a period of consecutive 6 days (A—F: day 1 to day 6).
which is supported by the results from testing healthy human
breaths spiked quantitatively with the lung cancer-relevant
VOCs. Moreover, the sensor system has shown high sensitivity
and selectivity in the detection, featuring a limit of detection as

by the theoretical simulation results showing the ability in
recognition of lung cancer VOCs. Second, the sensor system
has demonstrated the viability of discrimination between the
human breaths with lung cancer-specific VOCs and controls,
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low as 6 ppb. Moreover, the sensor system has also
demonstrated a stable performance in recognizing breaths
from simulated lung cancer breaths and healthy breaths under
ambient conditions. These results, in combination with the
device portability and wireless data requisition and processing
capabilities in terms of cost effectiveness, ease of use, and rapid
analysis time, also provide useful information for clinical
testing toward the development of a point-of-care sensor for
early-stage lung cancer detection, which are part of our on-
going investigations.
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