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Portable electrochemical analytical devices such as
cholesterol sensors are widely used for disease diagnosis. However,
these tools are bulky and require bioreceptors for the specific
detection of cholesterol. Herein, a novel 3D electrochemical paper-
based analytical device (3D-ePAD) combined with a near-field
communication (NFC) potentiostat was developed and applied to
the nonenzymatic detection of cholesterol. This 3D-ePAD
platform was designed so that all working operations are
performed on a single device, which is separated into an origami
PAD (oPAD) and an inset PAD (iPAD). 5-Cyclodextrin (3-CD),
which is immobilized on oPAD, is used as a specific material for
the nonenzymatic detection of cholesterol. Through this device,
cholesterol detection is integrated with a battery-free NFC
potentiostat on a smartphone. The concentration of cholesterol was examined through a [Fe(CN) current signal as a redox
indicator, which was previously stored in the detection part of an iPAD. Under optimal conditions, 3D-ePAD/NFC exhibited a
linear detection efficiency of 1—500 M and a maximum detection limit of 0.3 M for cholesterol detection. Moreover, the proposed
sensor was successfully used to measure cholesterol in real serum samples from humans, and the results were consistent with those of
a commercial cholesterol meter. Therefore, the new NFC-operated 3D-ePAD platform can be used as an alternative tool for the
nonenzymatic quantification of various biomarkers. In addition, 3D-ePAD/NFC can support the diagnosis of other diseases in the
future, as the device is inexpensive, portable, and disposable and functions with low sample volumes.

NFC-operated 3D-ePAD platform
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of the protein in enzymes. Nonenzymatic cholesterol

Coronary heart disease (CHD) or coronary artery disease biosensors have rapidly gained significant attention and have

significantly causes one-third of all mortalities worldwide."”
CHD develops when the wall of the coronary artery has been
filled by the buildup of fatty acids, especially fat-like substances
created by the liver or consumed through animal products.’
For clinical diagnosis, cholesterol levels in human serum can be
measured to predict future CHD. The average cholesterol level
in human serum is between 200 and 240 mg/dL.** Elevated
cholesterol levels above 240 mg/dL indicate a risk of CHD,’
hypertension,6 Alzheimer’s disease,” Parkinson’s disease,® etc.
Therefore, analytical methods with high sensitivity and
selectivity are needed to measure cholesterol levels.

To date, the conventional methods for detecting the relative

been developed to improve the limitations of enzyme assays
and achieve sensors with a long shelf life, low cost, and
simplicity."'~"* Nonenzymatic sensing is operated through the
catalytic activity of the catalyst’s direct cholesterol redox
reaction; however, the sensors are limited by their poor
selectivity with the common electroactive species in the actual
sample, such as ascorbic acid and uric acid."*

p-Cyclodextrin (f-CD), a cyclic oligosaccharide, is charac-
terized by a hydrophilic periphery face and a hydrophobic
interior cavity. Therefore, the molecular recognition of $-CD is
generally based on the host—guest interaction mechanism

levels of cholesterol in a sample involve electrochemical March 11, 2024 Sy B
biosensors that utilize an enzymatic reaction between March 28, 2024

cholesterol and cholesterol oxidase.” Consequently, the sensors April 8, 2024 3
exhibit good selectivity and are highly sensitive.'"” However, April 15, 2024

enzyme-based sensors are traditionally associated with high
costs and inadequate long-term stability due to the denaturing
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Figure 1. Design and composition of the 3D-ePAD includes (A) origami PAD (oPAD) and (B) inset PAD (iPAD), (C) diagram showing the
concept of cholesterol detection in (i) the absence of cholesterol and in the presence of (ii) low and (iii) high cholesterol concentrations.

between guests and the host of f-CD. As a small hydrophobic
molecule, f-CD has been widely used to detect small
molecules, especially cholesterol, due to its highly selective
binding size and easy preparation.'>~"” Yang et al. developed a
B-CD/poly(N-acetylcholine)/Gra-modified electrode and
methylene blue (MB) as a redox indicator for highly selective
cholesterol detection.'” From the previous study,”’ the host—
guest interaction between S-CD and cholesterol involves
various factors such as hydrophobic interaction, hydrogen
bonding, and electrostatic interactions. The strong hydro-
phobic interactions were occurred by inserting the cholesterol
molecule into hydrophobic cavities of #-CD molecules. The
hydrogen bonding occurs when the hydroxy group in the
cyclohexanol portion of the cholesterol molecule forms a bond
with the hydroxyl group of B-CD. For the electrostatic
interactions, the negative charge on the surface of cholesterol
can interact with the positive charge on $-CDs. Nonetheless,
this proposed platform, which involves multiple steps for
sample preparation and a washing step, has a major problem,
i.e, the platform is not ready to use and is unsuitable for
clinical diagnostic applications. Therefore, obtaining a ready-
to-use biomarker sensor for clinical diagnosis has been a
significant challenge in recent years.

To overcome these challenges, we introduce a 3D
electrochemical paper-based analytical device (3D-ePAD) for
the first time to detect cholesterol nonenzymatically using f-
cyclodextrin (f-CD)-modified cellulose filter paper. Paper-
based analytical devices (PADs) are among the most promising
substrate materials utilized in this work due to their
advantages, including low cost, simplicity, and portability.'>"”
In particular, paper, which is a biodegradable and combustible
material, could be safely discarded after use to prevent
infectiousness from being in contact with assays. Moreover,
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PADs could be designed to generate high flexibility and
simplicity for even complicated analytical protocols (such as
point-of-care diagnostic assays). However, 3D-ePAD requires
medium to large potentiometers to detect electrochemical
signals and may not be suitable for on-site applications. Near-
field communication (NFC) potentiostats provide an alter-
native to potentiometers, are the size of an ATM card, and do
not require batteries. The device is a wireless communication
technology that creates a contactless connection between two

20-22

compatible devices. NEC readers are currently being used

in various biosensor applications, such as medical diagnostics*®
and food safety monitoring.24 Therefore, in this work, we
combined NFC with paper devices for the first time to detect
cholesterol.

Herein, 3D-ePAD was designed to integrate multiple steps
for the detection of cholesterol using f-cyclodextrin ($-CD)-
modified cellulose filter paper within a single device. In this
platform, reagents can be stored in an inset PAD (iPAD) and
transported sequentially to the origami PAD (oPAD) detection
zone. The presence of cholesterol was determined through the
electrochemical signal response of the redox indicator
[Fe(CN)s]*/*, as shown in Figure 1C. This signal was
tracked by an NFC reader combined with a smartphone. In
particular, to demonstrate the potential effectiveness for
practical use, we also applied the developed electrochemical
biosensing in real human serum samples, and the results were
compared with a commercial cholesterol instrument. Finally,
this developed device is potentially inexpensive, portable,
disposable, highly selective, and highly sensitive.
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Figure 2. lllustration of preparation of (A) oPAD, (B) iPAD, and (C) 3D-ePAD. The 3D-ePAD operation (D) for cholesterol detection consists of

sample loading (i), washing (ii), and detection steps(iii).

Details of the materials, equipment, and chemicals are presented in
Supporting Information (SI).

The 3D-ePAD comprises the following distinct components: an
origami PAD (oPAD) utilized for #-CD-modified cellulose filter paper
and an inset PAD (iPAD) designed for conducting multiple-step
cholesterol detection, as shown in Figure 1. This device was
meticulously designed using the Adobe Illustrator program, and
details of the dimensions are shown in Figure SI. To establish a
hydrophobic barrier, we implemented a wax-printing method was
implemented. During the process of fabricating the device, the
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designated pattern was printed onto filter paper (specifically,
Whatman No. 1) and subsequently subjected to an oven at a
temperature of 150 °C for 60 s, allowing the wax to permeate through
the paper. The oPAD (Figure 1A) was divided into three primary
sections, namely, the B-CD-modified paper zone, the zone for
introducing the sample and running buffer, and the waste reservoir
(insert absorbent pad), which can be visualized in detail in Figure 1A.

Moreover, the iPAD comprises two distinct parts, denoted as Parts
A and B, exhibiting mirror symmetry. Each of these components
consists of three crucial elements, specifically the sampling zone, the
washing zone, and the detection zone, all of which have been
illustrated meticulously in Figure 1B. Importantly, a graphene
conductive ink screen is printed on the front side of the detection
zone (Part A), serving as the working electrode. In contrast, the
counter electrode and reference electrode are represented by

https://doi.org/10.1021/acsmeasuresciau.4c00012
ACS Meas. Sci. Au 2024, 4, 432—441


https://pubs.acs.org/doi/10.1021/acsmeasuresciau.4c00012?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.4c00012?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.4c00012?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.4c00012?fig=fig2&ref=pdf
pubs.acs.org/measureau?ref=pdf
https://doi.org/10.1021/acsmeasuresciau.4c00012?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

80

Bare paper

= B-CD on paper

70

60

50

%Transmittance

1000 1500 2000 2500

Wavenumber (cm™)

3000 3500

Bare paper B-CD on paper

K

4000

2., = ™ .
= c . o
£ 3

10 H £ .
g () G . .
] had . .
o . . .

P o be=ts
30 ot ot
5,

“ - W

50 0

035 025 015 005 005 015 0z 03 0 2 40 &0 ®mo 10 nm w0

Potential (V vs Ag/AgCl ink) 7 (Q)

—essaanees B-CD-PAD + Cholesterol 100 uM

B-CD-PAD $-CD-PAD + Cholesterol 20 uM

Figure 3. FTIR spectra of bare paper and f-CD-modified PAD (A), images of (left) bare paper and (right) f-CD-modified PAD using (B) confocal
microscopy and (C) scanning electron microscopy (SEM), and the electrochemical behavior of each operation step using (D) CV and (E) EIS
technique in 0.1 M KCl solution containing 10 mM [Fe(CN)]*/*. The CV technique was performed with potential scanning from —0.3 to 0.3 V
vs Ag/AgCl at a scan rate of 0.1 V/s. The EIS analysis was conducted with a 0.1 V AC potential over a frequency range from 0.1 to 100,000 Hz.

graphene conductive ink and Ag/AgCl ink, respectively, both of which
were screen-printed on the backside of the detection zone (Part B).
Following this step, the iPAD was subjected to a drying process within
the confines of the oven, which was set at 55 °C for 1 h. Subsequently,
10 L of 10 mM [Fe(CN)4]*"* was dyed at room temperature for 1
h as the mediator (Figure 2B), which was expertly applied to the
detection zone, facilitating the current response within the label-free
system.

According to a method previously described in the literature by
Furusaki et al.,”® the preparation of #-CD involved an initial treatment
of 100 g of #-CD with 93 g of NaOH in a 16.3% v/v solution of
chloroacetic acid (270 mL), followed by sonication for 30 min.
Subsequently, carboxymethyl-$-CD was precipitated with methanol
and dried at 40 °C under ambient conditions. To create pf-
cyclodextrin on oPAD, a 25 mg/mL solution of carbodiimide,
which contained 3 mM phosphate-buffered saline (PBS) at a pH of 6,
was added to functionalize 10 mg/mL of carboxymethyl-3-CD. This
mixture was then sonicated for a total reaction time of 90 min. The
functionalized carboxymethyl-3-CD was subsequently applied to the
oPAD and incubated for 1 h; thus, the substance was covalently
immobilized onto the PAD surface after the carboxymethyl-$-CD
substituent was substituted with the hydroxy group (—OH) of
cellulose. After the reaction was complete, the modified paper surface
was washed using PBS at a pH of 6 (Figure 2A).

The 3D-ePAD was developed to integrate three key stages in the
detection of cholesterol using #-CD modified on a PAD (f-CD-PAD)
into a single device. These stages include sample collection, washing,
and analysis. The 3D-ePAD comprises the following components: the
oPAD, which is responsible for the #-CD modification on the PAD,
and the iPAD, which facilitates the execution of multiple steps within
the device. To assemble the device, the folded oPAD is inserted onto
the rear section of the iPAD, as depicted in Figure 2C(i—iii).
Subsequently, the sample inlet zone on the oPAD is folded onto the
iPAD, forming the first layer (Figure 2C(vi)). The final constructed
3D-ePAD is presented in Figure 2C(v). At this point, the device is
ready for utilization.

To facilitate the movement of the iPAD component in the
developed device, 3D-ePAD was covered with punched acrylic sheets.
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This conurbation can be observed in Figure 2D. In the first step, the
sample (50 L) was introduced into the inlet zone. Subsequently, the
sample flowed through the $-CD-PAD layer and underwent a 30 min
incubation at room temperature. This incubation led to the
immobilization of the target analyte within the cavity of the $-CD-
PAD, as depicted in Figure 2D(i). Once the reaction was complete,
the iPAD was slid upward, positioning the washing zone beneath and
in alignment with the S-CD-PAD layer of the oPAD, as shown in
Figure 2D(ii). To remove any unbound cholesterol, running buffer
consisting of 3 mM PBS at pH 6 (500 uL) was applied for S min.
After the washing step was complete, the iPAD was once again slid
upward. At this stage, the three-electrode system was situated between
the target analyte immobilized on the B-CD-PAD layer and the
remaining buffer solution. The current response was subsequently
measured by using the differential pulse voltammetry (DPV)
technique, as illustrated in Figure 2D(iii). The working operation of
the 3D-ePAD is displayed in the attached VDOSI in SI.

To achieve electrochemical detection, a voltammetric experiment was
conducted using the PGSTAT 128 N AutoLab potentiostat
(manufactured by Metrohm, Switzerland) under the control of the
corresponding software (Nova 2.0) and the SIC4341 potentiostat
sensor interface chip with NFC type 2 (Silicon Craft Technology
PLC., Thailand) under the control of Chemister Application. After
the samples were collected and washed, differential pulse voltammetry
(DPV) was employed, and a potential scan ranging from —0.15 to
0.50 V vs Ag/AgCl ink was utilized with an amplitude of 70 mV, a
potential step of 10 mV, and an equilibrium time of 3 s for the
AutoLab potentiostat; for the NFC potentiostat sensor on the
smartphone, potential begin of —0.3 V, potential final of 0.6 V
potential amplitude of 70 mV, pulse duration of 100 ms, potential step
of 10 mV, time step of 500 ms, and scan rate of 0.1 V/s were utilized.
For characterization, cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) were carried out. CV involved
scanning from —0.3 to 0.3 V vs Ag/AgCl at a scan rate of 0.1 V/s.
EIS was performed by applying an AC potential of 0.1 V across a
frequency range spanning from 0.1 to 100,000 Hz.

All of the serum samples were directly subjected to analysis using 3D-
ePAD without any preliminary treatment steps. To evaluate the

https://doi.org/10.1021/acsmeasuresciau.4c00012
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reliability and applicability of the proposed sensing method, these
samples were also validated in parallel with the use of a commercial
cholesterol meter called The EasyTouch GCHb.

First, functionalized carboxymethyl-$-CD modified on oPAD
was synthesized through a carbodiimide method consisting of
the following steps: (i) formation of a carboxyl group on -CD
using the reaction between chloroacetic acid and #-CD under
alkaline conditions and (ii) covalently bonding carboxymethyl-
p-CD onto cellulose on the PAD surface via carbodiimide
activation. To confirm that -CD was completely synthesized
on PAD, Fourier transform infrared (FTIR) spectroscopy was
performed in a wavenumber range of 400—4000 cm'. A
comparison of FTIR spectra results between bare paper and f-
CD-modified PAD is presented in Figure 3A (red line) and 3A
(blue line), respectively. The four characteristic stretching
vibration bands of $-CD appear at 945, 1030, 1157, and 1704
cm™1.>%%° First, the absorption peak at 945 cm ™ is assigned to
the R-1,4-bond skeleton vibration of #-CD. In addition, the
two characteristic absorption bands at 1030 and 1157 cm™!
correspond to the O—H bending and antisymmetric glycosidic
(C—0-C) stretching vibrations, respectively. In particular, the
successfully functionalized carboxymethyl on B-CD in this
work was confirmed from the peak spectra results of the C=0
stretching vibration at 1704 cm™". The peak is slightly different
from the bare paper due to the formation of various carbonyl-
containing linkages between the cyclodextrin and filter paper.”’
A similar observation was made by Joseph, Vincent et al. when
they modified the bare paper with -CD.”® Therefore, these
results indicate that carboxymethyl-3-CD was grafted onto the
surface of cellulose on the PAD surface as -CD-PAD.

In addition, the roughness and shape of 3D-ePAD were
evaluated to validate the successful modification of -CD on
paper by using confocal microscopy and scanning electron
microscopy (SEM). Figure 3B presents a comparison of the
confocal photographs, with the left side depicting the bare
PAD (left) and the right side illustrating the modification of /-
CD on paper (right). Figure 3B distinctly indicates that f-CD
on the paper displays diminished roughness, which was
substantiated by measuring the roughness area (Ra)* ™' of
B-CD on the paper (Ra = 9.97); the value obtained was lower
than that of the bare paper (Ra = 14.18). The reduction in the
roughness of carbon paper by -CD may be attributed to the
occurrence of cross-linking events, involving covalent bonding,
between carboxymethyl-3-CD and cellulose paper. The SEM
image (Figure 3C) is congruous with the confocal photo-
graphs; compared to the SEM image of the bare PAD (left),
the SEM image of 5-CD on the paper (right) contains small
scattered particles. As a result, it can be deduced that -CD can
be modified on PADs.

The process of constructing 3D-ePAD was characterized using
cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) experiments. Figure 3D shows the CV of
different electrode modifications in 10 mM [Fe(CN)4]>/* as a
redox probe prepared on iPAD. On the bare paper, a pair of
well-defined redox peaks with a peak-to-peak separation (AEp)
of 0.16 V was observed (blue line), indicating that the electron
transfer rate at the interface on this device was normal. On f-
CD-PAD, the redox peak currents of [Fe(CN),]>/* increased
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(black line), suggesting the presence of modified 5-CD on the
PAD, which would accelerate the electron transfer of
ferricyanide. Finally, the current response markedly decreased,
while the peak-to-peak separation (AEp = 0.23 V) increased
when pB-CD-PAD was incubated with cholesterol (red and
green line). This decrease in current and increases in AEp
correspond to an increase in cholesterol concentration. This
phenomenon was observed due to interaction between -CD
and cholesterol, which hinders the redox probe’s electron
transfer on the electrode surface.

Furthermore, an EIS plot was obtained to confirm that
surface immobilization occurs through surface charge transfer
resistance (Rct; Figure 3E and Table S1). The Ret decreased
after the bare paper (blue line) electrode was modified with /-
CD (black line), as confirmed by the lower resistance observed
in the CV results.”*® In contrast, the Ret values of the f-CD-
PAD/cholesterol electrodes increased due to the higher surface
resistance (red and green lines), indicating the success of
immobilization of f-CD- and interaction of -CD-cholesterol.
Thus, the consistency between the results obtained from CV
and EIS confirms that the 3D-ePAD device was successfully
constructed.

The electrochemical measurement of cholesterol was per-
formed utilizing the electrochemical response of the redox
[Fe(CN)4]*/* as an indicator through the DPV technique, in
which the electrochemical signals are measured from tradi-
tional benchtop potentiostat instrumentation (PGSTAT 128 N
AutoLab potentiostat) and an NFC potentiostat sensor (S341
potentiostat sensor). Herein, f-CD was covalently bonded
onto the PAD surface as a cholesterol recognition substance in
the proposed system. To evaluate the electrochemical
characteristics of S-CD-PAD on SPE by a commercial
potentiostat, DPV was performed by using 10 mM [Fe-
(CN)]*/* contained in the electrochemical detection zone in
the presence and absence of cholesterol. The differential pulse
voltammograms (DPVs) showed that the current signal of
[Fe(CN)s]*/* without target analyte appeared as a well-
defined peak at 0.15 V vs Ag/AgCl on the f-CD-PAD (Figure
4A: black line) higher than the bare PAD (Figure 4A: blue
line) using SPE. These phenomena clearly demonstrated that
the electrochemical performance was more improved with f-
CD-PAD combined with SPE because of its electrocatalysis
than with the bare PAD. The observed increase in peak current
can be ascribed to the supramolecular structures of f-CD,
which facilitate easier access of the [Fe(CN),]*/*" redox
species to the electrode, as has been previously reported.**~°
To obtain evidence of the proposed concept, 20 (red line) and
100 uM (green line) cholesterol were individually immobilized
on B-CD-PAD for 30 min and subsequently tested using
[Fe(CN)s]*/* as a redox indicator on SPE. As clearly shown
in Figure 4A, the current signal of [Fe(CN)4 >+ significantly
dropped with increasing cholesterol concentration; as a result,
the nonconductive complex between -CD and cholesterol (/-
CD-cholesterol) hindered electron transfer on the electrode
surface. Hence, in this work, #-CD-PAD combined with SPE
was used as an effective system for the nonenzyme electro-
chemical detection of cholesterol using [Fe(CN)¢]*/* as a
redox indicator. When this device was tested by an NFC
potentiostat, as shown in Figure 4B, a peak was observed at
0.15 V, and this response was in the same direction as that of
commercial instruments. Therefore, this research applied an
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Figure 4. DPV responses of bare PAD, B-CD/PAD, 20 uM
Cholesterol/#-CD/PAD, and 100 M Cholesterol/$-CD/PAD
using (A) the commercial potentiostat and (B) the NFC potentiostat.

NFC potentiostat with this device for cholesterol detection.
Moreover, the current difference between the target analyte
and buffer solution (AI = Ipjeserdl — Ipnx) Was used to
quantify cholesterol in the following experiment.

P-CD modified on PAD plays an essential role by improving
the sensitivity and selectivity for the quantification of
cholesterol. The recognition and capability of f-CD could
exhibit high specificity with cholesterol through the selective
binding size between an interior cavity and target molecule,
which is known as the size/shape-fit concept. Thus, how the -
CD concentration affects the detection of 0.50 mM cholesterol
was first studied over a range between 10 and 200 ug/mL after
incubation for 30 min. As clearly shown in Figure S2A, the
current difference response gradually decreased with increasing
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B-CD concentration and remained steady at 100 pug/mL. This
result could indicate that PAD contained a limited amount of
cholesterol-binding #-CD; therefore, the current difference was
stable at the oversaturation point. Beyond 150 pg/mL p-CD,
the current change slightly decreased as a result of the -CD
hidden electron transfer on the electrode surface. Con-
sequently, 100 ug/mL pB-CD was chosen as a modified
condition on PAD for the selective detection of cholesterol.
Afterward, the incubation time was subsequently investigated.
As shown in Figure S2B, the highest current difference was
achieved at 30 min and remained stable after this time.
Therefore, an incubation time of 30 min was used for further
experiments.

As a proof of concept, the analytical performance of the
proposed 3D-ePAD for the quantification of cholesterol under
optimal conditions was evaluated by using a commercial
potentiostat and NFC potentiostat, as shown in Figure S3 and
Figure 5, respectively. The current response gradually
decreased with increasing concentrations of cholesterol. As a
result of the commercial potentiostat, the calibration plot
presented an excellent linear logarithmic relationship between
the current change (AI) and the concentration of cholesterol
over a range from 0.1 to 1000 M with the regression equation
AI (uM) = 2.1233 log Cpojesterol + 3-692 (R* = 0.9901), as
shown in Figure S3. The limit of detection (LOD) (3SD/
Slope) and quantification (LOQ) (10SD/Slope) were as low
as 0.03 uM (30 nM) and 0.1 uM, respectively. A performance
study of the device with a NFC potentiostat is shown in Figure
S. A composition and photograph of the NFC-operated 3D-
ePAD are shown in Figure SA-B. The linearity range of
cholesterol detection was 1 to 500 yug/mL, and the LOD was
0.3 pg/mL. A comparison of the proposed paper-based device
and other cholesterol sensors is given in Table 1. Among free-
enzymatic cholesterol sensors, the limit of detection of the
proposed method is inferior to that of some previous work.
However, this proposed platform exhibits substantial advan-
tages, as it is inexgensive (approximately 10.1 US$, with a
division of 10 US$™* for the reusable NFC potentiostat and 0.1
USS$ for the 3D-ePAD), portable and disposable with a linear
wide dynamic range of cholesterol quantification. The
reproducibility was studied in terms of the relative standard
deviation (RSD). NFC-operated 3D-ePAD was used for the
detection of cholesterol at 10, 50, and 100 M with different
sensors. %RSD was found to be less than 4.25 (n = 7).
Moreover, the device was enclosed in a sealed pouch with a
desiccant and stored at 25 °C to examine its stability. After 90
days, the cholesterol detection current decreased to less than
80% compared with the initial reading. Hence, the device
exhibits good stability for 90 days or approximately three
months.

To further assess the selectivity of the proposed method, other
commonly interfering compounds/ions in the human serum
sample were evaluated including BSA, glucose, glycine, uric
acid, ascorbic acid, NaCl, KCI, MgCl,, and carbohydrates. The
influence of interfering species was first examined individually
at 100 #M on the analytical signal of 100 yM cholesterol. The
current change (Al = Iigeq species — Iblank) between the test
species and control after incubation is illustrated in Figure S4.
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Figure S. A composition (A) and photograph (B) of NFC-operated 3D-ePAD. (C) DPV responses of the NFC-operated 3D-ePAD sensor for
detection of cholesterol at various concentrations. (D) The plot of the Acurrent vs cholesterol concentration, (E) the linear relationship between

Acurrent and the logarithm of cholesterol concentration.

Negligible effects of signaling changes were found in the
nonspecific compounds. In addition, only cholesterol was
found to significantly increase the current change on 3D-
ePAD. Moreover, the current signal of the interfering
compound mixed solution containing 100 yM cholesterol
was not significantly different from that of the cholesterol
solution. The high specificity was established through the
selective binding size between the interior cavity of f-CD and
the cholesterol molecule. In addition, nonselective binding
compounds/ions were washed into the waste chamber before
analysis. These results indicate that no significant interference
from these common interfering compounds in human serum
occurred with the proposed platform. Therefore, the results
indicated that 3D-ePAD can be applied in real serum sample
applications with high specificity.

The analytical reliability and potential applicability of the 3D-
ePAD were investigated by comparing results obtained with
five human serum samples to those of a commercial cholesterol
meter, namely, EasyTouch GCHb. The experimental findings
are succinctly summarized in Table 2. The recoveries of
cholesterol levels were detected within a 99—104% range, with
relative standard deviations (RSDs) measuring less than 3.8%

438

(n = 3). Furthermore, a paired test was conducted at a 95%
confidence level, which yielded no notable disparities. The
calculated t value of 2.29 was significantly lower than the
critical ¢ value of 2.77, with 4 degrees of freedom. Based on
these findings, it can be concluded that 3D-ePAD is a reliable
and feasible method for the accurate and precise detection of
cholesterol levels in human serum.

In summary, we demonstrated a novel platform 3D-ePAD
device combined with an NFC potentiostat sensor to detect
cholesterol using -CD modified on cellulose filter paper for
the first time. The 3D-ePAD could eliminate undesirable
procedures that involve multiple steps, as the immobilization of
the target analyte, washing, and analysis step are combined into
a single assay. The sensor system exhibited good sensitivity
over a wide linear range from 1 to 500 M with a detection
limit of 300 nM. Furthermore, the developed 3D-ePAD sensor
was applied by using an antibody- or enzyme-free system for
biorecognition. In addition, 3D-ePAD could exhibit a high
performance in terms of selectivity in the presence of
interfering species to detect cholesterol efficiently in the
nanomolar range. Thus, an NFC-operated 3D-ePAD sensor
based on f-CD with unique features is the best alternative to
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Table 1. Comparison with the Previous Nonenzymatic Approach for Cholesterol Quantification®

Electrochemical workstation

Sensing system Substrate material Large Medium Small Linear range LOD ref
Pt NP/macroporous Au Au \/ Up to S mM 0.15 mM 11
Ag NP/chitosan/GCE GCE v 0.02-3.3 mM 0.18 mM 12
Pt NP/CNT/ITO ITO v 0.005—10 mM 2.8 uM 13
MWCNT@MIP/CCE CCE v 10-300 nM 1 nM 37
Pt NP Pt v 2-8 mM - 38
CNTs functionalized SPE v 1-50 yuM 17 nM 39
Cu,S NRS Copper rod v 0.01-6.8 mM 0.1 uM 40
L-MMT ITO v 1-20 mM - 41
p-CD/PNAANI/rGO GCE v 1-50 uM 0.5 uM 17
B-CD@rGO Dt wire v 0.001—-0.1 mM 1 uM 15
H+ modified L-MMT ITO v 1 mM 1 nM 42
B-CD@N-GQD/FC GCE v 0.5—100 uM 80 nM 43
Cu,0 NPs/TNTs TNTs v 24.4-622 mM 0.05 mM 44
B-CD/Fe;0, SPE v 2.88—150 uM 2.88 uM 16
MIP-MWCNTSs/Au NPs SPE v 0.01-8 uM 0.01 uM 45
Au@NiO/PPy-GCE GCE v 0.01-0.1 mM 0.58 uM 46
B-CD on PAD 3D-ePAD v 0.1-1000 uM 30 nM this work

v 1-500 M 0.3 uM

“Pt NP-platinum nanoparticles, Ag NP-silver nanoparticles, SPE-screen printed electrode, ITO-indium—tin-oxide, GCE-glassy carbon electrode,
CPE-carbon paste electrode, MWNT-multiwall carbon nanotubes, L-MMT-Laponite-Montmorillonite, MIP-molecularly imprinted polymer, CCE-
ceramic carbon electrode, Au NPs- gold nanoparticles, C,0 NPs-copper oxide nanoparticles, TNTs-titanium oxide nanotubes, Cu,S NRS-
copper(I)Sulfide nanoplates, f-CD-f-cyclodextrin, PNAANI- poly(N-acetylaniline), rGO-reduced graphene oxide, N-GQD-nitrogen-doped
graphene quantum dots, Fc-ferrocene, PLE-pencil lead electrode, Au@NiO-gold nanoparticles@nickel(II) oxide, PPy- polypyrrole

Table 2. Summarized Results for the Detection of ePAD biosensor; and the EIS qualitative results obtained
Cholesterol in Human Serum Samples Using NFC- from the different operation steps (PDF)
Operated 3D-ePAD Platform and a Commercial Video of the operation of the 3D-ePAD device (MP4)

Cholesterol Meter (n = 3)

Cholesterol Concentration (mg/dL) +
SD

Senglzs By e connanell e Ly SD-ERAD 69 Lesovay 69 LD Sudkate Chaiyo — The Institute of Biotechnology and Genetic
Serum 1 184 + 2.84 181 + 4.01 101.66 221 Engineering and Center of Excellence for Food and Water
Serum 2 150 + 3.21 145 + 5.51 10345 3.80 Risk Analysis (FAWRA), Faculty of Veterinary Science,
Serum 3 175 + 1.54 171 + 5.48 102.34 3.20 Chulalongkorn University, Bangkok 10330, Thailand;
Serum 4 219 +2.94 221 + 4.85 99.10 2.19 orcid.org/0000-0002-4527-7041; Email: sudkate.c@
Serum $§ 201 + 3.54 195 + 5.81 103.08 298 chula.ac.th

cholesterol nonenzymatic sensors due to its low cost, easy

fabrication, and robustness. Notably, the sensor can be used as Kanjana Kunpatee — The Institute of Biotechnology and
a prototype and further developed into a portable tool to Genetic Engineering, Chulalongkorn University, Bangkok
diagnose other diseases. This platform can be applied for home 10330, Thailand

to professional use. Kurt Kalcher — Institute of Chemistry, Karl-Franzens

University, Graz A-8010, Austria
Abdulhadee Yakoh — The Institute of Biotechnology and
Genetic Engineering and Center of Excellence for Food and

The Supporting Information is available free of charge at Water Risk Analysis (FAWRA), Faculty of Veterinary

https://pubs.acs.org/doi/10.1021/acsmeasuresciau.4c00012. Science, Chulalongkorn University, Bangkok 10330,
Thailand; © orcid.org/0000-0002-8392-5492

Kingkan Pungjunun — Sensor Technologist, Silicon Craft
Technology Public Company Limited, Bangkok 10900,

Materials, reagents, and equipment; details of the
composition and size of the oPAD and iPAD; the

stl_ldy of optimum copditions of cholesterol d_etection Thailand

using 3D-ePAD consists of f-CD concentration and ) o )

sample incubation time; DPV responses of the 3D-ePAD Complete contact information is available at:

using commercial potentiostat for detection of choles- https://pubs.acs.org/10.1021/acsmeasuresciau.4c00012

terol at various concentrations using the plot of the
Acurrent vs cholesterol concentration; the linear

relationship between Acurrent and the logarithm of Sudkate Chaiyo: Conceptualization, Writing - review and
cholesterol concentration; the Acurrent obtained for editing, Supervision, Project administration, Funding acquis-
studying various interfering substances using the 3D- ition. Kanjana Kunpatee: Conceptualization, Methodology,
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