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Introduction

ZEUS (ZIF-based electrochemical ultrasensitive
screening) device for isopentane analytics with
focus on lung cancer diagnosisT

Ivneet Banga,? Anirban Paul,® Abha Umesh Sardesai,? Sriram Muthukumar {2 2°
and Shalini Prasad () *a®

Breath analytics is currently being explored for the development of point-of-care devices in non-invasive
disease detection. It is based on the measurement of volatile organic compounds (VOCs) and gases that
are produced by the body because of the metabolic pathways. The levels of these metabolites vary due
to alteration in the endogenous oxidative stress-related metabolic pathways and can be correlated to
understand the underlying disease condition. The levels of exhaled hydrocarbons in human breath can
be used to design a rapid, easy to use method for lung cancer detection. This work outlines the
development of an electrochemical sensing platform that can be used for the non-invasive diagnosis of
lung cancer by monitoring isopentane levels in breath. This electrochemical sensor platform involves the
use of [BMIMI|BF4@ZIF-8 for sensing the target analyte. This synthesized nanocomposite offers
advantages for gas sensing applications as it possesses unique properties such as an electrochemically
active Room Temperature lonic Liquid (RTIL) and a crosslinking Metal Organic Framework (MOF) that
provides increased surface area for gas absorption. This is the first report of a hydrocarbon-based sensor
platform developed for lung cancer diagnosis. The developed sensor platform displays sensitivity and
specificity for the detection of isopentane up to 600 parts-per-billion. We performed structural and
morphological characterization of the synthesized nanocomposite using various analytical techniques
such as PXRD, FESEM, FTIR, and DLS. We further analyzed the electrochemical activity of the synthesized
nanocomposite using a standard glassy carbon electrode. The application of the nanocomposite for
isopentane sensing was done using a commercially available carbon screen printed electrode. The
results so obtained helped in strengthening our hypothesis and serve as a proof-of-concept for the
development of a breathomics-enabled electrochemical strategy. We illustrated the specificity of the
developed nanocomposite by cross-reactivity studies. We envision that the detection platform will allow
sensitive and specific sensing of isopentane levels such that it can used for point of care applications in
noninvasive and early diagnosis of lung cancer, thereby leading to its early treatment and decrease in
mortality rate.

study of exhaled air. It can help in biomarker discovery and
serve as a tool for assessing the diseased state of the body and in
prognosis.® Breathomics is evolving as a rapid, sensitive,

Breath analysis is emerging as a promising technique for non-
invasive disease diagnosis. More than 300 different metabolites
are reported to be present in human breath."* The levels of
these compounds in the breath have been correlated to
underlying disease conditions such as lung disease, cancer, or
inflammation.*>* Breathomics is defined as the metabolomics
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specific, and minimally invasive method for studying endoge-
nously produced volatile organic compounds and inorganic
gases that are released as a result of metabolic pathways asso-
ciated with body functions.® A relation between levels of
biomarkers in breath and lung cancer has been reported by
various researchers.”” As lung cancer has a very high mortality
rate, it raises the urgency for developing tools that can detect
the disease at an early stage. Today, the analysis of breath
Volatile Organic Compounds (VOC) holds good promise in the
field. Some of the biomarkers associated with lung cancer that
are found in the breath include propanol, isoprene, acetone,
isopentane, hexanal, toluene, and benzene. One of the pioneer
researchers in the field of breathomics, Michael Philips,
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performed three independent biomarker discovery studies for
the detection of lung cancer using GC-MS as the analytical
technique.”*®'* The results so obtained majorly involved the
presence of alkanes that were seen in all three studies. Iso-
pentane levels in breath above 200 parts-per-billion have been
reported to be associated with a diseased state. Gordon et al.
(1985) used gas chromatography mass spectrometry (GC-MS) to
study VOCs in exhaled breath.” Other studies used proton
transfer reaction mass spectrometry (PTR-MS) and ion-mobility
spectrometry.”*** However, these techniques need sophisti-
cated instrumentation and trained personnel in addition to
high cost of equipment and procedure.

For the field monitoring of VOCs, the sensors that are
currently being used, are based on the measurement of elec-
trical resistance. As a result, they lack sensitivity and speci-
ficity.'**®* However, researchers have used electrochemical
sensors for the detection of various VOCs and gas analytes.">*
Moreover, different materials have been explored for the
development of electrochemical sensors for VOC detection in
breath.**°

Metal Organic Framework (MOF) is a unique porous
compound, made of metal ions/cluster and coordinated to
organic ligand/fragment which forms one-, two-, or three-
dimensional framework. MOFs have widely been explored in
the past decade due to their exceptional ability for gas storage,
catalysis, and drug delivery.**** Recently, the electrochemical
properties of MOF have been explored extensively due to
multiple reasons such as its unique design and large surface
area along with uniform and tunable pore size.>* Among zeolitic
MOFs, zinc-imidazole framework 8 (ZIF-8) has emerged as
a sensing modality due to its unique chemical architecture.

From electrochemical point of view, bare ZIF-8 possesses
moderate to low capacitive property but does not have much
conductivity, which limits its direct use in electrochemical
applications. However, researchers have developed advanced
modifications like encapsulation of suitable nanoparticles
inside its porous matrix, which help use modified ZIF-8 for
various electrochemical applications.*>*® ZIF-8 has a rough pore
size about 3-5 A and a uniform cavity size of 11-15 A, which
makes it suitable to accommodate small molecules, nano-
particles, ionic liquids, and even biomolecules.*” This hybrid-
ization enhances the composite material to be effective for
various applications gas storage, chemical separation, catalysis,
drug delivery, and electrochemical sensing.*®*® In particular,
the incorporation of small molecules/nanoparticles in MOF
attracts much attention because of the benefits of novel chem-
ical and physical properties exhibited by certain classes of small
molecules/nanoparticles.”~* One such material is the Room
Temperature Ionic Liquid (RTIL) that is a subclass of ionic
liquid family, having zwitter ionic structure of cation and anion
and is stable at room temperature. Along with unique physico-
chemical property, it also possesses high thermal stability (up to
300 °C), superior ionic conductivity, as well as excellent elec-
trochemical capacity.® Due to this reason, it is known and
utilized extensively as electrochemical transducer for electro-
chemical application.>**> Our group has explored the potential
of RTIL and its role in an electrochemical platform for the
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detection of CO,.** There are many other reports where [BMIM]
BF, has been utilized for gas separation as well as electro-
chemical application. Encapsulation of such RTIL in MOF
matrix will show dual functionality toward gas adsorption and
diffusion and can be employed into successive electrochemical
gas sensor application. Computational study suggests the
stability of RTIL remains intact inside ZIF-8 and RTIL has been
used as an encapsulated agent into ZIF-8 matrix. There are other
reports where various RTILs have been encapsulated into ZIF-8
matrix for different applications.>*** Although there are reports
where RTIL encapsulation has been achieved into ZIF-8 matrix,
encapsulation of [BMIM]BF, has not been reported yet. There
are almost no reports of RTIL encapsulated ZIF-8 hybrid mate-
rial for electrochemical gas sensor application.

In this work, we have synthesized [BMIM|BF,@ZIF-8 nano-
composite by encapsulation of RTIL (used to allow diffusion of
target VOC molecules) in to the ZIF-8§ moiety (Scheme 1). We
effectively utilized the synthesized nanocomposite for the
detection of isopentane levels by using electrochemical trans-
duction mechanism. This work displays the development of
handheld sensing platform that serves as a proof-of-concept for
noninvasive detection of lung cancer by analyzing isopentane
levels in breath of the individual. We performed physico-
chemical and morphological characterization of the inhouse
synthesized nanocomposite [BMIM|BF,@ZIF-8 using tech-
niques such as PXRD, FESEM, FTIR, and DLS. The nano-
composite is used for detection of isopentane (up to 600 ppb as
limit of detection) and displays highly sensitive and specific
signal response. The inherent electrochemical properties of the
material have been explored using standard glassy carbon
electrode (GCE) and application of the material has been shown
using carbon screen-printed electrode (DROPSENS) for iso-
pentane sensing. Chronoamperometry was used as trans-
duction principle to determine the dose dependent response on
the -[BMIM|BF,@ZIF-8 modified electrode interface for sensing
isopentane levels ranging from 600 ppb to 12 ppm. We have
demonstrated the specificity of the nanocomposite toward the
target gas by performing cross-reactivity studies. We compiled
the data for three replicates with 95% confidence interval in
sensor response. The study demonstrates the functionality and
utility of an Internet of Things (IoT)-based microelectronic
prototype. The developed chemical sensor also serves as a proof
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Scheme 1 Schematic representation of the optimized electro-
chemical sensing approach.
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of concept and can be used to develop a robust and sensitive
platform for lung cancer detection. The screening device is
integrated with [BMIM|BF,@ZIF-8 modified electrode for the
detection of isopentane such that it can used for point of care
applications in noninvasive and early diagnosis of lung cancer.

Experimental section
Materials and methods

We purchased analytical grades of chemical such as zinc
nitrate, and 2-methylimidazole required for ZIF-8 synthesis
from Sigma-Aldrich and used them without further purification.
We purchased solvents such as methanol from Sigma-Aldrich
and used them without further purification. 0.1 M potassium
chloride (KCl) was used as supporting electrolyte for electro-
chemical sensing application. Ionic liquids such as 1-butyl-3-
methylimidazolium tetrafluoroborate [BMIM]BF,, with over
97% purity, and used for encapsulation inside the ZIF-8 cavity
was  procured from  Milipore  Sigma. 1-Ethyl-3-
methylimidazolium tetrafluoroborate [EMIM|BF, that is used
as an electrolyte for carbon screen printed electrode, was also
procured from Milipore Sigma. Trace Source™ disposable
permeation tube for isopentane was procured from KINTEK
analytical. All safety considerations and steps were followed
while handling isopentane. We placed the gas dilution setup
inside the fume hood. A bubbler setup was preset adjacent to it
for discarding any residual gases. While performing the exper-
iments, proper protective equipment was used at all times to
ensure that there was no skin and eye contact or accidental
inhalation/ingestion.

Synthesis of [BMIM|BF,@ZIF-8 nanocomposite

The synthesis procedure for [BMIM]|BF,@ZIF-8 was followed
stepwise from the previously reported method.*>*® Two separate
solutions of zinc nitrate (labeled as solution A) and 2-methyl-
imidazole (labeled as solution B) were prepared. Zinc nitrate
solution with 8 mM concentration was prepared by measuring
2.38 g of the compound and dissolving it into 60 mL methanol.
This was labelled as solution A. To this, we added 2.5 mM of
BMIM|[BF,]. Solution B was prepared by weighing 2.628 g of 2-
methylimidazole and dissolving it in 30 mL of methanol solu-
tion. After both the solutions were prepared, we mixed them
together in a single beaker and kept it for constant stirring at
600 rpm at room temperature for 10 h. The beaker was kept
covered with aluminum foil to avoid evaporation. After few
hours of constant stirring, it was observed that the solution
turned hazy in nature and the synthesized nanocomposite
could be seen settled at the bottom of the beaker. After the
process is finished, the solution is allowed to stand overnight
and is kept untouched to allow settlement of the nano-
composite. The settled precipitate nanocomposite solution was
removed using a 10 mL pipette. The remaining nanocomposite
was transferred to a 10 mL centrifuge vial. The solution was
centrifuged at 7000 rpm for 10 min. After this step, the solution
was washed and resuspended using methanol. This step was
repeated five time and the precipitate was removed and
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resuspended after every washing step. The nanocomposite
synthesis after all the washes were complete was collected and
stored in glass vials and left to dry overnight under vacuum. The
final dried nanocomposite [BMIM|BF,@ZIF-8 was stored at 4 °C
in a dark place.

We analyzed the structural and morphological characteris-
tics of the synthesized nanocomposite using various tech-
niques. PXRD (Powder X-ray Diffraction) was performed using
Siemens D500 PXRD to analyze the crystal lattice structure of
the synthesized nanocomposite. The morphology of the
synthesized nanocomposite was imaged using Field Emission
Scanning Electron Microscopy (FESEM) on Hitachi S-3000N
SEM/EDS tool. Moreover, the elemental composite of the
nanocomposite was determined using EDAX for both ZIF-8 and
[BMIM|BF,@ZIF-8. FT-IR measurements were taken using
Nicolet iS-50 FTIR (Thermo Scientific Inc.) in transmittance
mode for BMIM[BF,], ZIF-8 and [BMIM|BF,@ZIF-8. Dynamic
light scattering measurements were taken to determine the
hydrodynamic diameter of the synthesized nanocomposite
using Malvern Zetasizer Nano ZS (Malvern Instruments, UK).

Electrode modification and characterization using
synthesized nanocomposite

The synthesized nanocomposite, [BMIM |BF,@ZIF-8 was char-
acterized using electrochemical method of transduction. Stan-
dard three electrode, glassy-carbon electrode (GCE) was
employed and 0.1 M potassium chloride (KCI) was used as the
supporting electrolyte. The three electrode setup involves glassy
carbon having 3 mm diameter to be used as the working elec-
trode (WE), while reference electrode (RE) made of Ag/AgCl (sat.
KCl) and platinum wire forms the counter electrode (CE). This
setup was procured from CH instruments. The nanocomposite
is dissolved in methanol solution by weighing 1 mg and
dispersing it in 200 pL so as to form a slurry. The prepared
slurry is then sonicated for 15 min to have a uniform suspen-
sion. [BMIM|BF,@ZIF-8 is used for electrochemical sensing
application and ZIF-8 (parent compound) is used as a control
compound. ZIF-8 is also weighed and suspended in the similar
fashion. After the uniform slurry is formed, the nanocomposite
is drop casted on the GCE by placing the electrode in an upward
fashion and drop casting 10 pL onto the electrode surface. The
electrode is held in upright manner for 15 min and allowed to
dry at room temperature resulting in the formation of a thin
film. The surface modified GCE is then used for nanocomposite
material characterization using electrochemical transduction
mechanisms. Cyclic voltammetry (CV), chronoamperometry
(CA), and chronocoulometry (CC) was performed. For CV, the
parameters were selected as follows: potential in the range of
0V to +1.2 V vs. Ag/AgCl (sat. KCI) with a scan rate of 50 mV s~ .
Scan rate was varied from 25 mV s~ to 250 mV s~ ' to under-
stand the capacitive nature of the synthesized nanocomposite
material. Diffusion characteristics of the system were studied
using double potential chronoamperometry. Double step
potential was applied, that is +0.6 V for 30 s and —0.6 V for 30 s.
Additionally, chronocoulometry was also performed by applying
the same potential conditions. The application of the
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synthesized nanocomposite for sensing isopentane was
demonstrated using carbon SPE (DROPSENS). The carbon SPE
has working electrode (WE) and counter electrode (CE), both
made up of carbon, and the WE has diameter as 4 mm. The
reference electrode is made of Ag/AgCl. The sensors were
procured from Metrohm Dropsens USA. In the carbon SPE, the
WE was modified with the nanocomposite material by drop
casting 5 pL of the nanocomposite material ((BMIM |BF,@ZIF-
8). The three-electrode setup requires an electrolyte to form
connection between all three electrodes and serve as a trans-
ducer. For this purpose, we used 1-ethyl-3-methylimidazolium
tetrafluoroborate (EMIM[BF,]) as the electrolyte by drop
casting 50 pL of the RTIL such that it covers the entire electrode
surface area. For generation of isopentane in the vapor phase
VOC, we used Trace Source™ disposable permeation tube,
which was procured from KINTEK analytical. We followed
proper safety considerations while performing experiments and
working with the gas sensing setup. The setup was placed inside
the fume hood and inhouse nitrogen supply was used as
a diluent gas for the gas mixing. The electrochemical gas
sensing setup that was attached to the mixing setup has
a bubbler system present for gas disposal. The sensing setup
has been depicted in Fig. S1.T Chronoamperometry was used as
the transduction mechanism to study to dose dependent
response of the nanocomposite modified electrode to iso-
pentane levels ranging from 600 ppb to 12 ppm. Electro-
chemical Impedance Spectroscopy (EIS) was used to understand
the capacitive behavior of electrode-electrolyte interface upon
interaction with the target gas. Electrochemical characteriza-
tions were performed using Gamry series 600 potentiostat/
galvanostat. Demonstration of proof-of-concept prototype was
done using the Emstat pico development board, developed by
PalmSens and Analog Devices. It is a small form factor poten-
tiostat that includes a ADuCM355 microcontroller. The nano-
composite material modified electrode was soldered with the
development board and the entire device was enclosed in a 3D
design that was printed using the Form-labs Form 2 3D printer.
The handheld sensing prototype was used for sensing iso-
pentane for mainly three concentrations, 600 ppb, 4 ppm, and
12 ppm. The prototype via bluetooth connectivity and the data
was stored to google sheets from where the designed WebApp
extracts the transient diffusion current and displays the results.

Results and discussion

Characterization of the synthesized nanocomposite using
various physicochemical techniques

The synthesized nanocomposite [BMIM|BF,@ZIF-8 possesses
characteristic structural features due to the parent compound,
that is ZIF-8, which forms the backbone of the nanocomposite.
The nanocomposite was analyzed using different physico-
chemical techniques to study the surface morphological
features. The nanocomposite material was dried under vacuum
and was used for PXRD analysis for phase characterization. The
pattern so obtained for [BMIM|BF,@ZIF-8 (black line) nano-
composite and ZIF-8 (used as control compound) has been
depicted in Fig. 1. The PXRD result depicts the presence of
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almost all major planes of bare ZIF-8 into [BMIM|BF,@ZIF-8,
suggesting no structural deformity due to the encapsulation
of RTIL inside the ZIF-8 moiety. As RTIL is liquid in its bare
state, no characteristic peak of RTIL is identified in PXRD
pattern, indicating that RTIL is uniformly dispersed in bulk-
[BMIM|BF,@ZIF-8 at a molecular level. The standard peaks of
the parent synthesized ZIF-8 are also compared to simulated
ZIF-8 (JCPDS 00-062-1030; a = b = ¢ = 17.0116 Aa = f = v =
90°) and depicted in Fig. S2 ESL.1 The major phase peaks of the
parent synthesized ZIF-8 compound completely match with the
simulated ZIF-8, hence, suggesting the purity of the synthesized
crystal structure of ZIF-8. This observation suggests that the
synthesized hybrid MOF-RTIL microstructure, [BMIM]
BF,@ZIF-8, maintains the crystal lattice cubic structure of ZIF-8
even after encapsulation of RTIL. The cubic crystal structure of
the synthesized [BMIM|BF,@ZIF-8 is also consistent with the
FESEM observation, which strengthens our hypothesis of
encapsulation of RTIL inside ZIF-8.

The morphological characterization of the synthesized
nanocomposite, [BMIM]|BF,@ZIF-8 was done using FESEM.
Fig. 2 denotes a FESEM surface morphology characteristic of the
[BMIM|BF,@ZIF-8 at different magnifications. Fig. 2a repre-
sents an agglomerated homogenous cubic crystal structure of
the [BMIM|BF,@ZIF-8 at low magnification. On further increase
in magnification (Fig. 2b and c), we observe the presence of
units of cubic crystal lattice structures. Finally, at highest
magnification and by focusing on one cubic crystal structure,
we observe the highly magnified FESEM image (Fig. 2d). The
native morphology of the pure ZIF-8 has been reported as cubic
crystal.®® It has also been reported in literature that on modifi-
cation of ZIF-8 by incorporation of different nanostructures, the
native structure of the parent compound remains intact. The
encapsulation of RTIL inside the ZIF-8 should not disrupt the
morphology of parent compound, that is pure ZIF-8.***” The
result also aligns with PXRD result that strengthens our
hypothesis for its cubic shaped morphology. Therefore, the
FESEM images so obtained suggest that the morphology of ZIF-
8 remains intact after the incorporation of the ionic liquid
inside the lattice of the ZIF-8 and is in coordination with the
literature studies.

(110)

Intensity (arbitrary unit)

Fig. 1 PXRD patterns for the synthesized nanocomposite [BMIM]
BF,@ZIF-8 (black line) and ZIF-8 (red line) only.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Uniform distribution of the RTIL inside the nanocomposite
is studied using energy dispersive X-ray analysis (EDAX) for both
[BMIM|BF,@ZIF-8 hybrid and ZIF-8 parent compound. Both the
structures have C, N, Zn, and O uniformly present. This
supports our hypothesis that RTIL is successfully incorporated
inside the ZIF-8 moiety. The EDX spectra and the elemental
composition of the synthesized nanocomposite as well as ZIF-8
is depicted in Fig. S3 ESL.f

The chemical structure of the synthesized [BMIM|BF,@ZIF-8
was characterized using Fourier Transform Infrared (FI-IR)
spectroscopy to analyze the interaction and encapsulation of
RTIL inside ZIF-8 motif. FT-Infrared (IR) spectroscopy was done
using Nicolet iS-50 FTIR (Thermo Scientific Inc.) in Trans-
mittance mode. The IR spectra was collected using Germanium
crystal for 256 scans at a resolution of 4 cm ™" in the wavelength
range 500 cm " to 4000 cm ™ '. Three samples were analyzed, in
which ZIF-8 and [BMIM|BF,@ZIF-8 are powdered in nature,
when placed under crystal. FT-IR of bare RTIL is measured by
forming a thin film of RTIL onto a glass slide. See Fig. 3 for the
IR spectra, with blue line representing spectra for RTIL, black
line for ZIF-8, and red line for [BMIM]|BF,@ZIF-8. That the
figure shows that almost all major fingerprint FT-IR peaks of
bare ZIF-8 are present in the [BMIM]|BF,@ZIF-8 — at 3135 cm ™'
(aromatic C-H asymmetric stretching vibrations), 1585 cm™"
(C=N stretching vibration), 1458 cm~ " (depicts entire ring
stretching), and 1148 cm™' (aromatic C-N stretching mode).
Similarly, the peaks at 997 cm™ " and 752 cm ™" can be assigned
as C-N bending vibrations and C-H bending modes respec-
tively. The signature peaks of ZIF-8 can be seen in the synthe-
sized nanocomposite spectra, indicating that there is no
chemical deformation of the inherent ZIF-8 backbone. The FT-
IR of bare RTIL spectra has all the major peaks, but the peaks
are not visible in [BMIM|BF,@ZIF-8 hybrid structure, indicating
successful infusion or encapsulation of RTIL onto ZIF-8 matrix
without deforming ZIF-8's native structure.’”

Fig. 2 FESEM images of [BMIM|BF,@ZIF-8 nanocomposite. Scale
bars: (a) 10 um, (b) 5 um, (c) 1 um, (d) 0.4 um.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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4000 1000

Fig. 3 FTIR spectra of [BMIM]BF, (black line), ZIF-8 (red line), and
[BMIM]BF4@ZIF-8 (blue line).

Furthermore, the hydrodynamic diameter of the synthesized
nanocomposite was characterized using dynamic light scat-
tering (DLS) analysis (Fig. S4 ESIT). The diameter of the parent
compound, ZIF-8 was found to be 214 £+ 7.2 nm. According to
literature, the average particle size for ZIF-8 is reported as
approximately 200 nm and thus, supports our experimental
results.*” On incorporation of RTIL inside the ZIF-8 moiety, the
hydrodynamic diameter increased to 1097 + 6.7 nm, and hence,
supports our hypothesis that RTIL resides inside the ZIF-8
cavity.

Characterization of the synthesized nanocomposite [BMIM]
BF,@ZIF-8 using standard GCE by application of
electrochemical transduction techniques

The synthesized nanocomposite was characterized using DC-
based transduction technique. The WE has been modified by
drop casting the material onto the sensor surface. The modified
GCE was then immersed in an 0.1 M KCI solution. Cyclic vol-
tammetry measurement was carried out in the range of 0 V to
1.0 V with a scan rate of 100 mV s~ '. The measurement was
performed for bare electrode, [BMIM|BF,@ZIF-8 and ZIF-8 and
the graph so obtained is depicted in Fig. 4a. For the bare elec-
trode, we observed that there was no diffusion. On the other

10l (B) -
20 gzu
- H

50180 130 200 250
Scanrate (mvis)

160 4——ZIF-8
—rmL@zrs (A)
——BARE

Current (1A}

—25mVis
e SOMVIS
e 100mVis
20 ——150mvis
e 200mVis
250mVis

Current (uA)

00 02 04 05 08 10 12 00 02 04 06 08 10
Potential V vs Ag/AgCl (sat. KCI) Potential (V) vs Ag/AgCl (sat KCI)

Fig. 4 Electrochemical characterization of [BMIMIBF,@ZIF-8 using
standard GCE setup (a) cyclic voltammograms of [BMIM]|BF,@ZIF-8
and ZIF-8 in 0.1 M KCL (b) Scan rate variation study using [BMIM]
BF,@ZIF-8 modified GCE. Peak current plotted with scan rate to
validate Randles—Sevcik equation, showing strong correlation
between the two parameters.
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hand, the graph depicts typical non-faradaic nature of the
nanocomposite ([BMIM|BF,@ZIF-8) as well as the parent
compound, ZIF-8. This behavior can be attributed to the double
layer capacitance and the absence of redox species that can
cause charge transfer across the electrode-electrolyte interface.
We varied the scan rate from 25 mV s~' to 250 mV s ' to
understand the double layer modulation and get a better
understanding of the capacitive nature of the nanocomposite.
The result is shown in Fig. 4b and the inset of the figure shows
linear correlation between scan rate and peak current having
a R? of 0.99. The cyclic voltammogram shows that the increase
in scan rate correlates to an increase in peak current and follows
the famous Randles-Sevcik equation (eqn (1)).

1)

FOD
iy = 0.4463nFAC (” b )

RT

where all the terms denote their usual meaning.

The diffusion behavior of the nanocomposite was charac-
terized using double potential chronoamperometry. Double
step potential was applied, that is +0.6 V for 30 s and —0.6 V for
30 s. The chronoamperograms curves have been depicted in
Fig. 5a with the cathodic and anodic currents at 5 s shown in the
inset of the graph. Furthermore, the capacitive behavior of the
nanocomposite was studied using chronocoulometry (Fig. 5b).
The charging and discharging cycles were recorded at +0.6 V for
30 s and —0.6 V for 30 s respectively. The results support our
hypothesis that the synthesized nanocomposite possesses
excellent capacitive behavior and is reversible in nature as can
be seen in the charging-discharging cycles.

ZIF-8 possesses unique pore structure, with an approximate
pore size of 3.4 A and cavity size of approximate 11 A.** On the
contrary, [BMIM][BF,] is a viscous compound having molecular
weight of 226 g mol . As it is viscous in nature, it does not have
distinct molecular size, but due to high ionic conductivity and
zwitter ionic alike chemical structure, it prefers non-covalent
interaction along with conventional -H bonding. This
provides the driving force for RTIL to be encapsulated onto ZIF-
8 matrix. Along with physico-chemical property of bare ZIF-8,
the hybrid composite consists of suitable adsorption and elec-
trochemical property which enables the composite material to
mediate electrons. This will allow easy and rapid diffusion of
the target gas analyte across the modified electrode interface.

100
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- ——RTIL@ZIF-8 ~——RTL@ZIF-8
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Fig. 5 Electrochemical characterization of [BMIM]BF,@ZIF-8 using
standard GCE (a) double potential chronoamperometry scan was
performed for [BMIM]BF4@ZIF-8 and ZIF-8 (b) chronocoulometric
characterization of [BMIM|BF,@ZIF-8 and ZIF-8 showing capacitive
behavior of the nanocomposite.
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The synthesized hybrid nanocomposite has dual properties,
such that ZIF-8 allows the physisorption of target gas species
even in low concentration and RTIL acts as a transducer for
electrochemical detection.

Application of the nanocomposite for detection of isopentane
as a biomarker for lung cancer

The results obtained from the synthesized nanocomposite using
the standard GCE helped in understanding the electrochemical
nature of the nanocomposite. Therefore, the material was used
for the detection of isopentane as a biomarker for lung cancer.
Electrochemical transduction mechanism is used for the devel-
opment of Point of Care (PoC) platforms as they are robust,
sensitive and specific in nature especially for gas and VOC
sensing applications.”*"**** We used commercially available
carbon SPE as the electrode system for sensing application as it
can be easily integrated into a microelectronics platform. The
electrode design involves concentric three electrode system
wherein the WE and the CE are made of carbon and the RE is
made of Ag/AgCl. The WE has been modified by drop casting the
synthesized nanocomposite on the sensor surface at a fixed
concentration 1 mg dispersed in 200 pL methanol). The sensor
surface was allowed to dry at room temperature so as to form
a thin film on the electrode. In a three-electrode design, we
require an electrolyte that covers the entire electrode surface and
helps completing the circuit for electrochemical transduction. In
this application, we used [EMIM][BF,] as the electrolyte by drop
casting 50 pL on the electrode surface. RTIL are widely used as
electrolytes for gas sensing applications as they allow easy
diffusion of the target gas species across the electrode-electrolyte
interface. Cyclic voltammetry was performed in the presence of
the target gas to understand the gas diffusion characteristics and
capacitive nature of the electrode-electrolyte interface. CV
measurements were taken from —1 V to +1 V with varying the
scan rate from 25 mV s~' to 250 mV s~ ' for detection of iso-
pentane at 600 ppb concentration level. The cyclic voltammo-
grams so obtained show purely capacitive nature of the
electrode-electrolyte interface and hence supports our hypoth-
esis. The graphs so obtained have been depicted in Fig. S5 ESL.}
The diffusion limited behavior of the [BMIM|BF,@ZIF-8 modi-
fied electrode system is characterized using chronoamperometry.
The modified electrode-electrolyte interface behaves as
a semi-permeable membrane and creates a concentration
gradient at the interface to allow diffusion of the target gas
analyte. The equation of Fick's law of diffusion is as follows

aC
J = _Dax (2)

where J is the diffusion flux, D is the diffusion coefficient, x is
the position, and C is the concentration.

For studying diffusion characteristics wusing chro-
noamperometry as the transduction principle, we use the Cot-
trell equation as follows

nFAc?\ /D;
VTt

=

(3)
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where, i is the current due to diffusion, c}’ is the concentration of
the diffused species, and ¢ is time.

Chronoamperometric measurement was performed to
record the cathodic current as a result of the diffusion of the
isopentane molecules across the electrode-electrolyte interface.
To record transient diffusion current, chronoamperometry was
recorded at +0.6 V for 30 s. The chronoamperogram so obtained
was plotted and depicted in Fig. 6. The inset of the figure
depicts the transient cathodic diffusion current at 5 s with
increasing concentration. This transient current depicts the
dynamic gas diffusion phenomenon across the electrode-elec-
trolyte interface before the system reaches a steady state. Linear
fitting was done to analyze the calibrated dose response for
0.6 ppm to 12 ppm (Fig. S6 ESIt) and R* value of greater that
0.92 was obtained for both lower concentrations (0.6-4 ppm)
and higher concentration (4-12 ppm) range. Also, the limit of
detection (LOD) as 600 ppb was statistically calculated and was
significantly greater (3¢) from the baseline value (Fig. S7 ESIT).
It was calculated using the formula

LOD = 34/S (4)

where ¢ stands for standard deviation and S stands for slope of
the calibration curve.

The modified electrode with [BMIM]|BF,@ZIF-8 and EMIM
[BF,] as the electrolyte, serves as an excellent electrochemical
platform for sensing isopentane as a biomarker of lung cancer.
The electrochemical characterization was performed for iso-
pentane levels ranging from 600 ppb to 12 ppm. The chro-
noamperogram so obtained show that the sensor system has
linear response to the target gas concentration. This dose
dependent response supports our hypothesis that the modi-
fied electrode system can be used for isopentane sensing and
be applied for PoC diagnosis. The result also indicates
significant amount of diffusion of the target analyte across the
electrode electrolyte interface. This diffusion analytics is also
seen prevalent in EIS characterization. This system is unique
in the sense that it displays high ionic charge conductivity
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Fig. 6 Diffusion limited chronoamperometry response curve. Chro-
noamperometry measurement was taken at 0.6 V for 30 s on the
[BMIM]BF,@ZIF-8 modified electrode for sensing isopentane levels
ranging from 600 ppb to 12 ppm.
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owing to the synthesized nanocomposite as it allows easy
charge transfer and diffusion. The data reported in Fig. 6 has
been compiled and analyzed for three replicates and the dose
dependent response has been represented with 5% error bar.

The electrochemical mediated diffusion behavior of the
[BMIM|BF,@ZIF-8 modified electrode is explored using elec-
trochemical impedance spectroscopy (EIS). AC frequency
perturbation to the developed electrochemical interface aids in
understanding the diffusion limited behavior and capacitive
response of the sensor. Our group has previously established
and validated the use of EIS to understand the gas diffusion
phenomenon using the interdigitated electrode modified with
RTIL."?*% We leveraged similar concept in our experiment and
performed EIS in a frequency range of 1 MHz-0.1 Hz. The cor-
responding Nyquist plot is represented in Fig. 7 for low,
medium, and high concentrations. The associated Bode plot is
depicted in Fig. S8 ESL.f The Nyquist plot so obtained clearly
shows that there is absence of charge transfer along the elec-
trode-electrolyte interface, but presence of a capacitance driven
bulk diffusion output is also shown as Warburg diffusion. This
capacitive nature can be attributed to the presence of RTIL in
the nanocomposite. The Bode plot depicts variation in both Z
mod as well as phase angle with respect to increase in
concentration of isopentane levels. RTIL present in this elec-
trochemical system acts as both transducer and electrolyte. It
was observed that DC-based chronoamperometry technique
monitors the current due to diffusion phenomenon, and EIS
depicts the diffusion profile not due to any faradic charge
transfer phenomenon but can be attributed to bulk diffusion of
isopentane through [BMIM |BF,@ZIF-8.

Characterization of [BMIM|BF,@ZIF-8 nanocomposite
response in the presence of cross-reactive gases

The selective and specific sensing response of the novel
synthesized nanocomposite for detection of isopentane over
other environmental gases and VOCs that are existing as cross-
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g
2 -3000+
S
-2000 + .
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=600 ppb
-1000 + ——4 ppm
=12 ppm
0 sy T T T T T
400 500 600 700 800 900 1000
Zreal(Q)

Fig. 7 EIS-based analysis for [BMIMIBF,@ZIF-8 modified electrode—
electrolyte interface for isopentane sensing for low, medium, and high
levels. Nyquist plot showing the curve so obtained for different levels
of target gas.
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Fig. 8 Selectively and specific sensing response of the [BMIM]
BF,@ZIF-8 modified electrode for detection of isopentane over other
gases and volatile chemical compounds, including nitrogen, carbon
dioxide, nitric oxide, heptane, and isopentane.

reactive molecules was determined. The selective sensing
response of the target analyte isopentane at 600 ppb as equated
to nitrogen, carbon dioxide, nitric oxide, and heptane is
depicted in Fig. 8. The [BMIM|BF,@ZIF-8 modified electrode
displays a specific and selective chronoamperometry response
for isopentane sensing. The average transient diffusion
cathodic current at 5 s and 0.6 V is depicted in Fig. 8. The
specific signal for isopentane was found to be 5.59 pA and the
average non-specific signal for cross-reactive gases and VOC was
1.98 pA, which is assessed to be thrice larger signal as compared
to the non-specific signal.

Translatability of the [BMIM]BF,@ZIF-8 nanocomposite
modified electrode system toward portable microelectronic
prototype development to demonstrate on-field applicability

The results from benchtop experiments using standard
potentiostat setup have been analyzed and used for the
development of miniaturized form factor prototype for PoC
application. For this purpose, a handheld research device
integrated with an IoT based platform was designed and
fabricated, such that it can detect three different levels (low,
medium and high) of isopentane concentrations to be able to
provide actionable and useful data about the disease diag-
nosis. The prototype device depicted in Fig. 9a comprises of
[BMIM]BF,@ZIF-8 modified electrode coupled with Emstat
pico development board. Fig. 9a represents the sensing
scheme involved using the prototype device. CA has been
performed at 0.6 V for three different concentrations of iso-
pentane: 600 ppb (LOD), 4 ppm (medium) and 12 ppm (high).
After the exposure of the prototype to the target analyte
concentration, the software is run on the screening device and
the output data is stored on google sheets. The transient
diffusion current is then extracted using the developed
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Fig. 9 (a) Diagram representing the working scheme of research
prototype comprising of BMIMIBF,@ZIF-8 modified electrode con-
nected to Emstat pico board and results displayed via the WebApp. (b)
Dose dependent response of prototype device (x-axis) studied against
that of lab instrument (y-axis) for isopentane: 600 ppb (low), 4 ppm
(medium) and 12 ppm (high).

WebApp. The transient diffusion current at 5 s is used to
classify the sensor response to three categories - low (green-
600 ppb), medium (yellow-4 ppm), or high concentration
(red-12 ppm). The result is displayed on the webpage. We also
compared the output current from the prototype device to the
standard benchtop potentiostat (Gamry) and the result is
depicted in Fig. 9b. The CA signal correlation obtained for the
transient diffusion current at 5 s for the two devices, shows
alinear correlation relation having R* of 0.99. This strengthens
our hypothesis that fabricated IoT platform can be used for
healthcare applications.

Conclusion

Breath analytics is a promising methodology for non-invasive
diagnosis of lung cancer. However, no sensor platform has been
developed so far that can allow consistent, robust, sensitive, and
specific diagnostic response, with potential to be applied for
PoC applications. This is the first proof-of-concept of a hand-
held, IoT-based microelectronic platform for rapid and dynamic
detection of isopentane levels. Hydrocarbon levels, such as

© 2021 The Author(s). Published by the Royal Society of Chemistry
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those of isopentane, can be used as a biomarker for simple and
real-time monitoring of lung cancer. We synthesized [BMIM]
BF,@ZIF-8 nanocomposite to be used as a transducing element
for electrochemical detection. This nanocomposite was char-
acterized for morphological and structural features using
various analytical techniques. We performed FESEM, FTIR, and
DLS for both [BMIM]BF,@ZIF-8 and ZIF-8 (control compound)
to analyze the physico-chemical properties of the synthesized
nanocomposite. Electrochemical characterization of the nano-
composite was done using standard glassy carbon electrode and
its application for lung cancer detection was explored using
commercially available glassy carbon electrode that can be
easily integrated into a microelectronic platform. The presented
work demonstrates sensing capability up to 600 ppb as the level
of detection with high specificity and sensitivity in sensor
performance. Chronoamperometry was used as the trans-
duction method to determine the dose-dependent response of
the nanocomposite modified electrode interface. The high ionic
charge conductivity of the system can be attributed to RTIL
incorporated inside the ZIF-8 moiety. The nanocomposite
having RTIL and ZIF-8 together makes the system electro-
chemically active and allows easy diffusion of the target analyte
across the electrode-electrolyte interface. We observed a linear
dose dependent response of the sensor platform toward
increasing concentration of isopentane. The results so obtained
support our hypothesis that the developed electrochemical
platform is mediated by diffusion phenomenon and can be
used for sensing in the lower ppb range. The interaction of
isopentane with the electrode-electrolyte interface was also
studied using AC-based technique. EIS provided insights into
the capacitive behavior of the system because of bulk diffusion
of isopentane across the electrode-electrolyte interface. The
specificity studies for the system were carried by performing
cross-reactivity measurements. We demonstrate the proof-of-
concept of an electrochemical sensor platform using [BMIM]
BF,@ZIF-8 as the transducing element that can be incorporated
into a PoC microelectronic platform for non-invasive sensing.
We envision that the developed platform can help in early
detection of lung cancer, thus leading to its early treatment and
a significant decrease in mortality.
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