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Abstract: Recent advances have allowed the monitoring of several volatile organic compounds
(VOCs) in human exhaled breath, and many of them are being utilized as a biomarker to diagnose
several diseases, including diabetes. Among several VOCs, isopropanol (IPA) has been reported as
a common volatile compound in the exhaled breath of patients with type 1 and type 2 diabetes. In
this article, an experimental approach is discussed to develop a highly selective and sensitive IPA
vapor sensor system. The fabricated sensor is comprised of a small and portable glass slide coated
with molecularly imprinted polymer containing specific binding sites compatible with IPA molecules.
The developed sensor is based on the wavelength interrogation technique. The fabricated device
is analyzed for the detection of IPA vapor with different concentrations varying from 50% to 100%.
The sensor exhibits maximum sensitivities of 0.37, 0.30, and 0.62 nm/%IPA, respectively, for 30, 60,
and 90 min, respectively, and an excellent sensitivity of 0.63 nm/%IPA for 120 min exposure along
with good selectivity among a similar class of VOCs. The major features of the sensor i.e., small size,
portability, cost-effectiveness, high sensitivity, and good selectivity, make it a potential candidate
for diabetes monitoring. The promising results of the sensor illustrate its potential in diabetes
monitoring applications.

Keywords: optical sensor; molecularly imprinted polymer; volatile organic compound; isopropanol;
biomarker; diabetes

1. Introduction

Investigations on volatile organic compound (VOC) vapors in exhaled breath have
been evolving for several years with the utilization of various procedures and approaches.
Breath analysis was introduced in ancient times when Hippocrates introduced the role of
breath odor in identifying diseases and their stages, including uncontrolled diabetes, liver
diseases, and kidney failure [1]. Afterward, in 1992, Michael reported the first literature
work on breath tests in the field of medicine, which discussed the test’s application in the
diagnosis of various diseases. Later, in 2012, Minh et al. reported certain odors in human
breath that are associated with specific diseases, e.g., the “fishy” smell is associated with
renal failure [2]. In 1798, the ”fruity” odor in exhaled breath was observed by John Gallo,
which was later described as acetone in 1857 [3]. It was the first VOC biomarker used to
predict the stages of diabetes. Thereafter, the monitoring and real-time analysis of VOC
biomarkers from breath samples has been recognized as a new frontier for several diseases,
including diabetes diagnostics and health inspections.

The exhaled breath of patients with type-1 and type-2 diabetes contains several other
VOCs besides acetone, such as ethanol, isopropanol (IPA), and methanol [4]. However,
acetone has already been well explored for its presence in other diseases, such as lung
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cancer [5], cystic fibrosis [6], and asthma [7], which may lead to misdiagnosis. Hence,
several researchers have focused on other VOC biomarkers to accurately identify di-
abetes, e.g., IPA [8–10]. The concentrations of exhaled IPA in a diabetic group (mean
85.44 ppbv) were observed to be significantly higher as compared to the healthy groups
(mean 17.99 ppbv, p < 0.001) [9].

The most conventional techniques for VOC monitoring include gas chromatography
mass spectrometry (GCMS) [11]. Although these approaches allow a high precision and
resolution for VOC detection, they are expensive and large in size. Moreover, a skilled
technician is required to operate the machine, which can limit their onsite use and real-time
monitoring. In addition, GCMS requires sample preparation, which can be time consuming.
To overcome these limitations, several researchers have explored the role of conducting
polymers, such as polydimethylsiloxane [12–14], polyaniline [15], and molecularly im-
printed polymer (MIP) [16], in gas sensing. Conducting polymers and their derivatives
have been used as the active sensing layer for gases since the 1980s [17,18]. Such polymers
possess several interesting features for gas sensing, including their fast response time due
to the swelling and shrinkage phenomenon [19]. They can achieve high sensitivity and
selectivity at room temperature (25 ◦C) [20–26]. Among several polymers, a recent study
reported MIP as a highly selective and sensitive material for VOC detection [16].

Molecular imprinting is a technique that is widely used for the synthesis of polymer
matrices with modified binding sites for the detection of a specific target, known as a
template molecule [27]. The procedure is performed by polymerizing a mixture of the
target template (atoms, ions, ionic assembly, molecule, or macromolecular) with a particular
monomer and cross-linking agent. Later, the target template is washed out from the
polymerized medium using a removal reagent. The process leaves nanocavities with an
identical shape and size as the target template in the polymer, which act as the recognition
site for the same target molecule. The exact shape and size of cavities make the recognition
of identical template molecules highly selective. This technique is very promising in the
development of vapor sensor systems with high selectivity and good sensitivity [28,29].

The present study proposes a VOC vapor sensor system utilizing MIP as the selective
and sensitive material. A very compact size of the glass slide was used as a sensing
platform for the deposition of MIP. The sensing configuration was based on the wavelength
interrogation technique, and the analyses were performed over IPA concentrations varying
from 20% to 100%. Furthermore, the exposure time was varied to optimize the time to
achieve the highest sensitivity. The sensing performance was characterized in terms of
sensitivity, selectivity, and repeatability. To the best of our knowledge, this proposed sensor
is the first of its kind developed for IPA vapor detection that can be implemented for
diabetes monitoring applications.

2. Materials and Methods
2.1. Materials

Ethylene glycol dimethacrylate (EGDMA), 2,2′-azobis-isobutyronitrile (AIBN), and
3-(trimethoxysilyl) propyl methacrylate (3TMPMA) were obtained from Sigma Aldrich,
Bangkok Thailand. Meanwhile, hydrochloric acid (HCl), sodium hydroxide (NaOH), and
toluene (C7H8) were obtained from Merck, Bangkok, Thailand. Methacrylic acid (MAA)
and IPA (C3H8O) were obtained from TCI and QReC, respectively. All chemicals were of
analytical grade and used without further purifications.

2.2. Synthesis of IPA–MIP

The MIP for IPA monitoring IPA–MIP was prepared using a classical non-covalent
approach. Here, IPA was used as the target template. MAA, EGDMA, and AIBN were used
as the monomer, crosslinker, and initiator, respectively [30]. The pre-polymeric solution for
IPA–MIP was obtained by mixing IPA templates (21 µL), MAA (45 µL), EGDMA (188 µL),
and AIBN (20 µL) in a small vessel. The amount of crosslinker content plays a very
important role in polymerization: more than 60% content yields a hard and cracked surface,
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and less than 60% results in a non-smooth and semi-liquid surface. Thereafter, the mixture
was uniformly dispersed via sonication and de-aerated with nitrogen for 5 min to obtain
a homogenous and transparent solution. The synthesis step of the IPA–MIP solution is
shown in Figure 1. Solutions for the nonimprinted polymer solutions for the nonimprinted
polymer (NIP) were synthesized similarly in the absence of an IPA template molecule.

Figure 1. Schematic diagram of the synthesis procedure.

2.3. Sensor Fabrication

Sensor fabrication requires pre-surface functionalization on the substrate surface. To
prepare the glass substrate for the IPA–MIP deposition, a glass slide of size 1 × 0.3 cm was
cleaned by immersing it in 0.1% HCl for 30 min and then in NaOH and for 1 h [31]. After
cleaning, the glass slide was washed with DI water and dried under nitrogen. Prior to the
deposition of IPA–MIP, the vinylization of the glass surface is needed to introduce a vinyl
group to improve the adhesion of IPA–MIP on the substrate. The vinylization step was
performed by immersing the glass slide into 10% of 3TMPMA in toluene for 1 h [32]. After
functionalization, the glass slide was placed in an oven at 70 ◦C for 2 h. The glass slide was
then coated with the IPA–MIP solution through the drop-casting technique [33]. A small
drop of IPA–MIP was placed on the glass slide to cover the whole surface and subsequently
polymerized under UV irradiation with λ = 365 nm. After the polymerization, the glass
slide was left for 24 h at room temperature. Then, the IPA template was extracted by
sonicating the sample in ethanol for 1 min [30]. This template removal step allows binding
sites to successfully entrap IPA molecules. To prepare for characterization, the sensor was
left for 48 h at room temperature to ensure the complete evaporation of the washing solvent
from the surface and avoid the possible mixing of two VOCs. The fabrication procedure of
the sensor coated with polymerized IPA–MIP is shown in Figure 2.

Figure 2. Schematic of sensor fabrication including surface functionalization and polymerization.

3. Experimental

A schematic diagram of the experimental setup used to monitor the sensing response
of the sensor is shown in Figure 3a. The sensing performance of sensor was analyzed using
UV-Vis spectrophotometer (LAMBDA 850+) containing a 50-watt halogen lamp operates in
the wavelength range varying from 100 to 900 nm with wavelength accuracy of ±0.080 nm
and a resolution of 0.05 nm. The experimental setup consists of a UV-Vis spectrophotometer
(with source and detector inbuilt) and quartz cuvette. To monitor the sensing response, the
sensor was attached to the inner wall of the cuvette filled with various IPA concentrations.
Thereafter, the whole assembly was sealed with paraffin tape for the maximum interaction
of IPA vapor with the IPA–MIP and placed in a UV-Vis spectrophotometer to measure
the sensing response. When the light was launched from the source, it propagated to
the detector through an IPA–MIP-coated sensing configuration. The entrapment of IPA
molecules in the IPA–MIP film caused the changes in the refractive index and other optical
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properties of the IPA–MIP, i.e., light absorption and transmission spectrum, which can be
recorded by the detector. The sensor is based on the wavelength interrogation technique;
hence, the shift in transmitted spectra is presented in this paper. The actual setup for the
characterization is shown in Figure 3b. It includes the actual assembly of the cuvette and
sensor and actual size of the fabricated sensor. The red arrow in Figure 3b shows the
direction of the light propagation from the source to the detector. For the characterization,
the cuvette was filled with 300 µL of the measurand. All the analyses were performed at
room temperature. The dissolution of IPA in the cuvette obeys Henry’s gas law, which
defines the solubility of IPA in water according to the partial pressure of gaseous IPA [34].
The Henry’s law constant is a temperature and pressure dependent parameter [35]. In our
case, we consider room temperature (25 ◦C) throughout the investigations.

Figure 3. (a) Schematic diagram of the measurement used to analyze the sensing response of the
sensor; (b) image of the actual setup and sensor size.

4. Material Characterization
4.1. FTIR Analysis

Material characterizations of the fabricated sensor are required to validate the polymer-
ization and surface morphology. Fourier-transform infrared spectroscopy (FTIR) is a useful
analytical tool to identify polymerization, which is important for determining storage,
exhibition, loan, and treatment conditions [36]. Figure 4 illustrates the comparative FTIR
spectrum for the monomer (MAA), NIP, and IPA–MIP. The peak at 2963 cm−1 corresponded
to the C–H stretching vibration in MAA. The next peak at 1689 cm−1 was assigned to the
C=O group, and the peaks at 1631, 1375, and 1200 cm−1, were assigned to the C=C, O–H,
and C–O groups for MAA, respectively.

The spectra of the NIP and IPA–MIP remained for several groups, such as the C–H
group, located at peaks 2958, 2957, and 2957 cm−1. Meanwhile, C=O was assigned at
peak 1716 cm−1 for NIP, and C–O was assigned at peak 1143 cm−1, which illustrate the
existence of an EGDMA cross-linker. The O–H bending vibration at 1375 cm−1 confirmed
the presence of carboxylic acid groups in NIP and IPA–MIP. The NIP and IPA–MIP were
successfully polymerized, which is confirmed by the reduced intensity of C=C at peak
1631 cm−1. The disappearance of this peak (1631 cm−1) strongly indicates the polymeriza-
tion between the cross-linkers and monomers [37]. The polymerization process is marked
with the lower transmittance intensity of C=C stretching (1635 cm−1) and double-bond C=O
bending (553 cm−1) in the NIP and IPA–MIP compared to the intensity of the double-bond
in the MAA monomer.
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4.2. Morphological Study of the IPA–MIP and NIP

Field emission scanning electron microscopy (FESEM) and atomic force microscopy
(AFM) are crucial and valuable analysis approaches for a clear understanding of the
surface morphology and roughness of polymers. The morphology of the representative
NIP and IPA–MIP on the glass slides was examined via FESEM ((JSM-7610F) JEOL) at
100,000 times magnifications over a bar scale of 100 nm. Figure 5 shows a clear image of
surface morphology of the polymer. In Figure 5a, the NIP surface is relatively smoother
and less porous as compared to that of the IPA–MIP shown in Figure 5b. The regular
texture for NIP was obtained because there is no template in the synthesis leading to no
specific binding sites for IPA. Meanwhile, the crack and porosity on the IPA–MIP surface
occurred due to the successful removal of the IPA templates. The increase in the wrinkled
structure and surface roughness in IPA–MIP images can be attributed to the increase in
the surface area due to the accommodation of the IPA template [38]. The uniform layer of
the IPA–MIP is the main reason allowing effective template extraction and quick binding
kinetics because specific binding sites are exposed to the surface [39], resulting in the good
performance of IPA–MIP particles.

An AFM analysis was performed for the same samples to obtain an intuitive view
of the surface roughness. Figure 6a,b illustrate the 3D image of the analyzed surface area
of 10 × 10 µm2 for the NIP and IPA–MIP, respectively. The 3D image clearly shows a
remarkable difference in the surface roughness of the NIP and IPA–MIP, which can be
defined in terms of the root-mean-square (RMS) value. An RMS roughness of 1.29 nm
obtained for the NIP, which was later increased to 1.76 nm following the formation of the
binding sites of IPA–MIP.
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Figure 5. FESEM images of (a) NIP and (b) IPA–MIP.

Figure 6. AFM image analysis for (a) the NIP and (b) IPA–MIP.

5. Results and Discussion
5.1. Saturation Time

Here, concentrations 50%, 80%, and 100% mean that the measurand contains 50%,
80%, and 100% of IPA in 50%, 20%, and 0% of deionized (DI) water in a 300 µL solution,
respectively. To prepare these concentrations, an appropriate amount of IPA was mixed
with DI water and stirred well to obtain a homogenous solution before the analysis. During
the characterization, the fabricated sensor was initially investigated for its saturation time
with 100% and 50% IPA concentrations. To monitor the saturation time, the sensor was
placed inside the cuvette, and the absorption spectra were recorded for 120 min, as shown
in Figure 7. As shown in the figure, a sharp increase in the absorbance appeared up to
60 min for both concentrations due to the accommodation of the IPA molecule on the
top layer of the MIP. After 60 min, a slow increment occurred due to the diffusion of IPA
vapor into the porous IPA–MIP, allowing IPA to be accommodated in the inner cavities.
The absorbance kept slightly increasing with time up to 120 min before the condensation
of IPA vapor occurs due to the heat from the source. This result might be possible due
to the greater number of nanocavities available compared to the IPA molecules in vapor.
Therefore, accommodating all IPA molecules in each of their cavities may take a long time.
Hence, this fabricated sensor has a potential for a long continuous monitoring time.
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5.2. Sensitivity

The transmittance spectra of the IPA–MIP sensing configuration were recorded when
the sensor was exposed to 50%, 80%, and 100% IPA concentrations at various exposure
times varying from 30 min to 120 min at an interval of 30 min. The experiment was
designed to optimize the exposure time required for the sensor to selectively entrap IPA
molecules in most of the available nanocavities. At exposure times of 30, 60, 90, and 150 min,
the transmittance spectra exhibited a small shift in the wavelength dip with increasing
IPA concentrations. However, each exposure time exhibited a good redshift in the dip
wavelengths due to the availability of specific binding sites in IPA–MIP. However, exposure
time of 120 min led to a larger shift in the dip wavelength as compared to other exposure
times. It might be possible that exposure time of 120 min is enough for the maximum
entrapment of IPA molecules in available cavities throughout the MIP layer. Figure 8
illustrates the shift in transmittance spectra for 120 min exposure time at various IPA
concentrations. Figure 8 shows that varying the IPA concentration exhibits a good redshift.
For a concentration lower than 50%, there is no significant variation to any exposure time.
This is due to the less IPA concentration, which may require a large vaporization time
(i.e., <150 min).

Figure 9 illustrates a linear relation between the IPA concentration and dip wavelength.
The calibration plot shown in Figure 9 illustrates a good linear relationship (r2 = 0.95)
between the IPA concentration and corresponding wavelength dip. The sensitivity (S)
of the sensor is defined as the variation in dip wavelength per unit change in the IPA
concentration in DI water, which can be explained by the following relation [40–42]:

S = ∆λdip/∆concentrationIPA (nm/%IPA) (1)

where ∆λdip shows the shift in wavelength and ∆concentrationIPA shows the variation in
the IPA concentration in DI water. The sensitivity of the sensor was calculated via linear
fitting, as shown in Figure 9. Exposure time of 120 min achieved the highest sensitivity
of 0.63 nm/%IPA at room temperature. Meanwhile, other exposure times, such as 30,
60, and 90 min, attained the maximum sensitivity of 0.37 nm/%IPA, 0.30 nm/%IPA, and
0.62 nm/%IPA, respectively. Hence, the investigation confirms that it takes 120 min for
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IPA molecules to selectively attach with their size specific cavities and hence give a high
sensitivity to devices.

Figure 8. Transmittance spectra at various concentrations.

Figure 9. Sensitivities of the fabricated device.

At 50% IPA concentration, an error bar of ±1.0% was calculated from the standard
deviation between the measurements. A smaller variation at the lower concentration
of IPA solution can be due to a larger ratio between nanocavities and IPA molecules.
Therefore, a constant dynamic change of the peak wavelength can be achieved, leading
to a smaller variation. At the higher concentration, the ratio between nanocavities and
IPA molecules is smaller as the number of IPA molecules is increased, but the number of
nanocavities remains the same. However, a maximum error bar of ±2.5% at 100% IPA
concentration was obtained for this sensor, which is considered to be a good repeatability
and consistency system.

To confirm the response of the IPA–MIP, a similar experiment was also performed
over an NIP-coated sensing configuration. The wavelength shift for NIP is very small,
i.e., 1.1 nm. Therefore, the sensitivity of the IPA–MIP sensor is significantly higher than
that of the NIP sensor. The result suggests that the recognition capability in MIP is more
effective for IPA sensing than the NIP.
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5.3. Selectivity

After analyzing the sensing response of the sensor, the same sensor was examined
to study its selectivity response. The adsorption properties of the IPA–MIP sensor with
other VOC biomarkers of diabetes were studied. The nano cavities in the polymer have
excellent matching with the IPA template in terms of size and shape, allowing the polymer
to selectively adsorb IPA vapor. To investigate the selectivity of the IPA–MIP-coated sensor,
the adsorption experiment was performed using 300 µL of pure ethanol, methanol, and
IPA. The choices of VOCs were based on their similar class of alcohols available in the
exhaled breath of patients with diabetes. To monitor the selectivity of the sensor, 300 µL of
pure VOC solutions were placed in the sealed cuvette, as discussed in Section 3. Figure 10
illustrates the absorption property of the sensor for pure IPA, methanol, and ethanol. The
presence of IPA apparently produces a stronger absorption intensity of 0.54% as shown by
the black line, compared to methanol (0.48%) and ethanol (0.43%) shown by the red and
blue lines, respectively. The stronger intensity for IPA occurs due to the selective absorption
of IPA in IPA–MIP nanocavities which confirm good selectivity feature of the IPA–MIP [43].
The interaction of methanol and ethanol also leads to the absorbance spectra due to the
swelling shrinkage phenomenon of polymer, leading to the change in its refractive index.
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6. Conclusions

In the present study, a cost-effective optical vapor sensor system on a glass slide coated
with IPA–MIP was fabricated and experimentally validated for the selective detection of
IPA vapor. An IPA–MIP film on the glass substrate was deposited as an adsorbent for IPA
vapor. The sensing configuration was optimized in terms of synthesis, polymerization, and
exposure time. The sensor comprises of an IPA–MIP layer deposited over a small glass
slide (1 × 0.3 cm) via a drop-casting method to attain the film uniformity. The sensor is
based on the wavelength interrogation technique. The obtained results exhibit that the
fabricated sensor has a good wavelength shift for a high IPA concentration and achieve
a maximum sensitivity of 0.63 nm/%IPA with a good linear response of 0.95 for 120 min
of IPA exposure. The fabricated device was also tested in the presence of other VOCs,
resulting in the highest adsorption for IPA compared to other VOCs. Hence, the promising
selectivity and sensitivity illustrate that the fabricated sensor could be helpful for the future
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development of gas sensors for IPA vapor biomarker detection and breath monitoring of
individuals suffering from diabetes.
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