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Preface to “Biomarkers Used for the Diagnosis of
Diseases”

Recent advances in chemical technology and biotechnology have rapidly changed the landscape
of molecular diagnostics. Research on the discovery of novel biomarkers that allow for the rapid
diagnosis of clinical ailments, where early detection is a key to survival, has seen exponential
growth in recent years. Interestingly, the discovery of novel biomarkers is supported by the
rapid growth in the development of platform technologies that allow for the highly sensitive and
specific detection of biomarkers. Nucleic acid biomarkers (micro RNA, cDNA, and ctDNA), protein
biomarkers (cTnT, PSA, CRP, and CYFRA 21-1), and small biomolecules (cysteine, homocysteine,
and glutathione) are some of the biomarkers that are always under the scrutiny of the scientific
community, who are working effortlessly to make disease diagnosis simple, rapid, and highly
applicable in resource-limited settings.

The detection and quantification with high precision of nucleic acid biomarkers and protein
biomarkers in resource-limited settings will be key to the early diagnosis of diseases and for
monitoring the effects of treatments. As there is an enormous demand for high-quality biomarker
detection platforms that are robust and highly applicable in resource-limited settings, this book is
devoted to exploring methods for detection and quantification of biomarkers, focusing on the recent

advances in this field.

Satish Balasaheb Nimse and Min Park
Editors
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Abstract: The measurement of cysteine in human urine and live cells is crucial for evaluating
biological metabolism, monitoring and maintaining the immune system, preventing tissue/ DNA
damage caused by free radicals, preventing autoimmune diseases, and diagnosing disorders such as
cystinuria and cancer. A method that uses a fluorescence turn-on probe and a portable fluorescence
spectrometer device are crucial for highly sensitive, simple, rapid, and inexpensive cysteine detection.
Herein, we present the synthesis and application of a benzimidazole-based fluorescent probe (ABIA)
along with the design and development of a portable fluorescence spectrometer device (CysDDev)
for detecting cysteine in simulated human urine. ABIA showed excellent selectivity and sensitivity
in detecting cysteine over homocysteine, glutathione, and other amino acids with the response time
of 1 min and demonstrated a detection limit of 16.3 nM using the developed CysDDev. Further,
ABIA also demonstrated its utility in detecting intracellular cysteine, making it an excellent probe
for bio-imaging assay.

Keywords: cysteine; biothiols; cystinuria; portable; fluorimeter; bio-imaging; cancer

1. Introduction

Biothiols such as cysteine (Cys), homocysteine (Hcy), and glutathione (GSH) play a
vital role in numerous biological reactions [1-6]. It is important to note that among other
biothiols, Cys deficiency exhibits several disorders, including edema, liver damage, muscle
and fat loss, narcolepsy, skin damage, and weakness [7-9]. On the other hand, elevated
cysteine levels are often correlated with cystinuria, a metabolic disorder characterized by
the urinary loss of amino acids including Cys, arginine, ornithine, and lysine [10]. Therefore,
measuring Cys in human urine and live cells is crucial for evaluating biological metabolism,
monitoring and maintaining the immune system, preventing tissue/DNA damage caused
by free radicals, preventing autoimmune diseases, and diagnosing disorders such as
cystinuria and cancer.

There have been tremendous advances in developing methods for detecting biothiols
in serum and live cells [11-14]. The development of fluorescent probes for detecting Cys
has attracted significant attention from the broader scientific community [15-18]. The
simplicity, high sensitivity and selectivity, and suitability for noninvasive and real-time
detection are the significant advantages of methods based on fluorescent probes [19-22].
Though there are numerous reports on mechanistically different fluorescent probes for
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detecting biothiols [23-26], only a few have been applied to simultaneously detect Cys in
human urine and live-cell imaging [27-29]. Therefore, using a fluorescent probe that can
detect Cys in human urine and live cells can result in an excellent method for diagnosing
cystinuria and Cys-related disorders [30].

There have been several reports on the colorimetric detection of Cys using paper-
based devices [31,32]. However, proteins and large quantities of amino acids can interfere
in color development reactions. The other disadvantage of paper-based devices is a
higher limit of detection (LOD) [33,34]. Hence, paper-based devices can only provide
qualitative information on urinary cysteine. Further, the fluorescence-based detection of
Cys in biological fluids is advantageous over other methods due to its simple operating
procedure, high sensitivity and selectivity for Cys in the presence of other proteins and
amino acids, lower LOD, and the possibility of developing a portable device applicable in
point-of-care settings.

Herein, we report on developing and applying a Cys specific fluorescent probe and
the portable device for detecting cysteine in urine. The probe ABIA (2-(anthracen-9-yl)-5-
methyl-1H-benzo[d]imidazole-acrylamide), an organic dye, was prepared in a two-step
reaction and was evaluated as the target probe for biothiols. ABIA demonstrated excellent
selectivity for Cys over other biothiols and amino acids, with a response time of a mere
1 min. The application of ABIA in live-cell imaging was evaluated by inverted fluorescence
microscopy in a lung cancer cell line (A549), proving that ABIA as a suitable tool for
tracking Cys in vitro. Its applicability in detecting Cys in live cells and simulated urine
prompted us to develop a portable fluorimeter. The design and development of Cys
detection device (CYsDDev) is also elaborated upon here. ABIA and CysDDev allow the
detection of Cys in simulated urine, with a LOD of 16.3 nM.

2. Materials and Methods
2.1. Materials and Instrumentation

Reagents and required chemicals were procured either from Sigma-Aldrich (Seoul, Korea)
or TCI (Seoul, Korea) and were used as received unless stated otherwise. The simulated
urine (product code, 84 0679) was obtained from Biozoa Biological Supply Company
(Seoul, Korea). The reactions were conducted under an inert atmosphere (argon gas).
Completion of the reaction was monitored using thin-layer chromatography (TLC) by
visualizing the plates under UV light (254 nm). DMSO-d6 was used as a solvent to char-
acterize synthesized compounds by 'H- and '*C-NMR spectroscopy on a Jeol FT-NMR
spectrometer (400 MHz; JEOL, Tokyo, Japan). The chemical shifts (5) and the coupling con-
stants (J) were reported as ppm and Hz, respectively. The Shimadzu UV-24500 (Shimadzu,
Tokyo, Japan) spectrometer and Agilent Cary Eclipse fluorescence spectrophotometer
(Agilent Technologies, Santa Clara, CA, USA) were used to record UV-visible spectra
and fluorescence emission spectra, respectively. A JMS-700 MStation Mass Spectrome-
ter (JEOL, Tokyo, Japan), a microplate Reader Spectramax Plus 384 (Molecular Devices,
San Jose, CA, USA), and a confocal laser scanning microscope (Carl Zeiss LSM710, Os-
nabriick, Germany) were also used in the present study. The material for 3D printing and
the electronic components required for the development of CysDDev were procured from
Devicemart (Seoul, Korea) and Mouser Electronics (Seoul, Korea). A CUBICON Single
Plus 320C (Jungwon, Korea) 3D printer was used to fabricate various parts and the body
of CysDDev.

2.2. Synthesis of Compound 3 (2-(Anthracen-9-yl)-5-methyl-1H-benzo[dlimidazole)

A solution of anthracene-9-carbaldehyde (0.84 g, 4.07 mmol) in ethanol (10 mL) was
slowly added dropwise to a solution of 4-methylbenzene-1,2-diamine (0.5 g, 4.09 mmol) in
ethanol (20 mL) with a dropping funnel for 2 h. Then, the reaction mixture was continually
stirred under air at room temperature until the completion of the reaction. The progress
of the reaction was monitored by TLC using an ethyl acetate:hexanes (3:7) mixture. The
precipitated product was filtered. The filter cake was washed with three aliquots of 10 mL
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ethanol followed by vacuum drying to obtain the final product: beige-colored powder.
Yield: 1.01 g (80%). "H-NMR (400 MHz, DMSO-dy) § 12.88 (s, 1H), 8.84 (s, 1H), 8.21 (d,
J =8.4Hz, 2H), 7.69 (d, ] = 8.7 Hz, 2H), 7.61-7.55 (m, 3H), 7.55-7.48 (m, 3H), 7.39 (s, 1H),
2.50 (s, 3H). '3C-NMR (100 MHz, DMSO-dg) & 130.68, 130.58, 128.74, 128.50, 126.80, 126.02,
125.65, 21.34; HR-EIMS*: m/z = 308.1311 (M)* (Calcd for CpoH14N>, 308.13).

2.3. Synthesis of Probe ABIA
(1-(2-(Anthracen-9-yl)-5-methyl-1H-benzold [imidazol-1-yl)prop-2-en-1-one)

A solution of compound 3 (0.1 g, 0.32 mmol), triethylamine (0.18 mL, 1.29 mmol),
and DMAP (0.004 g, 0.033 mmol) in anhydrous tetrahydrofuran (25 mL) was stirred at
0 °C under argon gas for 30 min. Then, prop-2-enoyl chloride (0.104 mL, 1.29 mmol) was
slowly added to the reaction mixture and continued to be stirred until the completion of
the reaction. The reaction progress was monitored by TLC using an ethyl acetate:hexanes
(3:7) mixture. After the completion of the reaction (1 h), 100 mL of CH,Cl, was added
to the reaction mixture. Then, the reaction mixture was washed three times with the
150 mL aliquots of saturated NayCOj3 followed by a single wash of 150 mL brine. The
separated organic layer was then dried over anhydrous MgSO,, and the solvent was
evaporated under reduced pressure to obtain the crude product, which was then purified
by column chromatography (SiO,, ethyl acetate /hexane = 1/20, v/v). The final compound
was obtained as a light yellow solid. Yield 82 mg (74%). TH-NMR (400 MHz, DMSO-dg) &
8.92 (s, 1H), 8.23 (d, ] = 8.0 Hz, 2H), 8.13-7.96 (m, 1H), 7.85-7.69 (m, 1H), 7.59 (dd, ] = 8.3,
44Hz,2H),7.54 (d,] =3.2Hz,4H), 7.38 (t,] =9.8 Hz, 1H), 5.99 (dd, ] = 16.9, 3.6 Hz, 1H), 5.71
(ddd, ] = 16.9, 10.5, 6.5 Hz, 1H), 5.27 (d, ] = 10.9 Hz, 1H), 2.54 (d, ] = 14.1 Hz, 3H). 13C NMR
(100 MHz, DMSO-dg) b 164.38, 164.20, 149.45, 148.87, 143.21, 141.05, 135.18, 134.53, 133.39,
132.52,131.19, 130.71 (A), 130.68 (B), 130.53, 130.01, 128.82, 128.37, 128.25, 127.81, 126.65,
126.25, 125.86, 124.75 (A), 124.62 (B), 119.90 (A), 119.63 (B), 115.16 (A), 114.89 (B), 21.60 (A),
21.08 (B). ((A), (B) represents peak separation due to tautomerization of ABIA, details are
shown in Supporting information Figure S7 and Table S1). HR-EIMS*: m/z = 362.1418 (M)*
(Calcd for C25H18Nzo, 362.14).

2.4. UV-Vis and Fluorescence Spectroscopy

The double-distilled water and spectroscopic grade DMSO were used to prepare the
stock and working solutions. The working solution of ABIA (10 uM) was prepared by
diluting the stock solution of ABIA (1 mM, in DMSO) with a mixture of 90% DMS0:0.01 M
HEPES buffer. The working solutions (1 mM) of amino acids were prepared by diluting
the stock solutions (10 mM, in double-distilled) with 0.01 M HEPES buffer. The UV-visible
absorption and emission spectra of ABIA (10 uM) dissolved in 90% DMSO0:0.01 M HEPES
buffer were recorded at room temperature (298 K) by adding the solution of various analytes
such as glycine (Gly), alanine (Ala), serine (Ser), proline (Pro), valine (Val), threonine (Thr),
isoleucine (Ile), leucine (Leu), asparagine (Asp), aspartic acid (Asn), glutamine (Gln), lysine
(Lys), glutamic acid (Glu), methionine (Met), histidine (His), phenylalanine (Phe), arginine
(Arg), tyrosine (Tyr), tryptophan (Typ), homocysteine (Hcy), glutathione (GSH), cysteine
(Cys), bovine serum albumin (BSA), and other biologically relevant ions, including Cl1—,
Br—, NO3;~, AcO~, SO42~, PO4*~, Na*, Cs*, Ca?*, and Cu?* to examine the selectivity
of ABIA.

For sensitivity study, the titration experiments were accomplished through a stepwise
addition of 1.15 equivalents of Cys (1 mM) to a solution of ABIA (10 uM). The absorbance
intensity and emission intensity were recorded in the range of 200-600 nm and 350-650 nm,
respectively, alongside a reagent blank. The effect of reaction time on the Cys detection
was determined by tracing the fluorescence intensity of ABIA (10 uM) in the presence of
five equivalent Cys (50 uM) for 0 to 60 min. The response of ABIA for reaction with Cys
obeyed pseudo-first-order kinetics. Therefore, the rate constant was calculated according
to the following equation (Equation (1)) [35]:
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where F is the fluorescence intensity at time f, Fjqy is the fluorescence intensity after
the reaction, and k is the rate constant. The fluorescence intensity was recorded at
Aex/Aem = 368/470 nm alongside a reagent blank with the excitation and emission slits set
to 5.0 nm.

2.5. Fabrication of CysDDev

The 3D models of various parts and the main case were created in Autodesk Fusion
360 software. The device’s overall size was 130 x 120 x 50 mm (W x D x H). CysDDev
was assembled with several parts, including the cuvette holder, mounting holes for the
LED and sensor, lid for the LED and sensor, the main case, and a top cap lid for the cuvette
holder. The cuvette holder could hold a plastic or quartz cuvette with the dimensions of
12.5 x 12.5 x 45 mm dimension. The main body had a hole connecting the device to the
computer. When completely assembled and when the top cap lid was mounted, there was
no significant light entering the measuring device. Apart from the top cap lid for the cuvette
holder, there were no moving components in the device, making it easy to fabricate and
assemble. The CysDDev prototype was optimized for fused deposition modeling (FDM)
3D printing. All three parts of the design were printed separately with black thermoplastic
filament to lower the reflectivity of the internal surfaces. The electronics parts of the
CYSDDev consisted of 9 V battery, a sensor (Hamamatsu micro-spectrometer C12666MA,
Japan) with the detection range A = 340-850 nm), a UV LED (15 mA, A = 370 nm), an Arduino
Uno R3 microcontroller for device control and data processing, and a computer connector
cable. The LED drew power from a 9 V battery, and the Arduino microcontroller received
the energy from the connected computer. The measured fluorescence profile of a sample
by CysDDev was automatically converted into a Microsoft Excel file (.csv) consisting of
the information on the wavelength (nm) and respective fluorescence intensity (a.u.).

2.6. pH Effect on Cys Detection by ABIA

The effect of pH (pH = 3-10) on the Cys detection using ABIA was examined by
fluorescence spectroscopy. The tetrabutylammonium hydroxide and perchloric acid were
used to adjust the pH of simulated human urine.

2.7. Detection of Cys Using ABIA and CysDDev in Simulated Human Urine and Real Urine Sample

Usually, urine pH is slightly acidic, with typical values of 6.0 to 7.5. However, the
range of urine pH is 4.5 to 8.0. Cys detection using ABIA and CysDDev was performed
using simulated urine with a pH of 6.5. A standard curve was obtained by diluting a stock
solution of Cys in analyte-free simulated human urine (0-150 tM). Each sample was serially
diluted with the analyte-free urine to obtain solutions with concentrations in the detection
range. The mean of ten fluorescence signal measurement values (SD in the range of
1.5-9.8%) for each calibration point was used to construct the standard curve. The LOD was
estimated by applying the IUPAC recommended equation, LOD = 30/slope [36]. Where o
is the standard deviation of (n = 10) blank samples and the slope for the calibration curves.

A real urine sample obtained from a healthy volunteer was used for the spiking test
and to validate the applicability of the ABIA and CysDDev in clinical samples. An amount
of 5 puL urine from a healthy volunteer spiked with various Cys concentrations was added
to the ABIA solution, and the fluorescence intensities were measured. Then, the percent
recovery was measured using the standard curve.

2.8. Cell Culture, Cytotoxicity Assay, and Bio-Imaging

The cytotoxicity assay (MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assay) of ABIA, Cys, and Cys combined with the probe ABIA was performed
using A549 cells (adenocarcinomic human alveolar basal epithelial cells), as reported
earlier [37,38]. In brief, about 7000 A549 cells per well were seeded in 96-well plates and
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were allowed to incubate for 24 h. Then, the solution in the wells was replaced by media
containing ABIA, Cys, and ABIA with Cys (1, 10, 25, and 50 uM) and was incubated for
another 24 h. The dimethyl sulfoxide (DMSO) was used as a control. About 200 uL of a
media containing MTT solution was added to each well and was allowed to incubate for
four hours at 37 °C. Finally, the absorbance was recorded at 570 nm to determine the cell
cytotoxicity. The experiment was repeated three times, and the results were presented with
mean and standard deviation.

The bio-imaging experiments were performed by seeding the A549 cells on glass-
bottom culture dishes and incubating them for 48 h. For control experiments, cells were
only treated with the culture medium and were observed under the confocal microscope
after being washed three times with 0.1 M PBS (0.5 mL). For treatment, cells were treated
with 500 uM of Cys and 25 uM of ABIA separately and were allowed to incubate for 1 h
at 37 °C and 5% CO, and were then washed three times with 0.1 M PBS (0.5 mL) before
observation. For the bio-imaging of Cys by ABIA, cells were incubated with 500 uM of Cys
for 1 h followed by replacing the media containing 25 uM of ABIA and incubating the cells
for another 1 h. Then, the cells were washed three times with 0.1 M PBS (0.5 mL) before ob-
servation. For another control experiment, cells were treated with 1 mM N-ethylmaleimide
(NEM, a biothiol scavenger) for 30 min at 37 °C followed by washing three times with
0.1 M PBS (0.5 mL). Then, the cells were incubated in the presence of 25 uM of ABIA for
1 h followed being washed three times with 0.1 M PBS (0.5 mL) before observation. In a
similar experiment, cells pre-tread with NEM (1 mM), as mentioned above, were treated
with Cys (500 uM, for 1 h) followed being washed with 0.1 M PBS (0.5 mL x 3) and then
incubated in the presence of ABIA (25 uM, 1 h) and finally being washed three times 0.1 M
PBS (0.5 mL) before observation. Finally, the PBS (1 mL) was added to each glass-bottom
culture dish, and then the fluorescence images were recorded using a confocal microscope
(Carl Zeiss LSM710).

3. Results
3.1. Synthesis and Characterization of the Probe ABIA

The probe ABIA was synthesized in a two-step reaction as depicted in Scheme 1.

/©i _EtOH, O from air. /@: /©:
DMAP THF

ABIA
Scheme 1. Scheme for the synthesis of the probe ABIA.

In the first step, a simple yet efficient method for the synthesis of compound 3 was
developed. The reaction of 4-methylbenzene-1,2-diamine (4.0 mmol) and anthracene-9-
carbaldehyde (4.0 mmol) in ethanol at room temperature in the presence of O, from the air
and visible light allowed us to afford compound 3 with 80% yield (see the Supplemental
Information Figures S1-S3). To the best of our knowledge, this is a first report on the
synthesis of compound 3. The reported synthetic procedures to obtain benzimidazole
derivatives are different than the one employed here [39,40]. The previously reported
methods used stringent reaction conditions, including dimethyl sulfoxide as a solvent,
the temperature of 110 °C, and I, as a catalyst. It is important to note that the procedure
employed here uses mild reaction conditions, including ethanol as a solvent and 25 °C
without using the additional catalyst. The method presented here allowed the synthesis of
compound 3 with comparable yield.

In a second step, compound 3 was reacted with the prop-2-enoyl chloride (1.29 mmol)
in the presence of triethylamine (1.29 mmol) and DMAP (0.033 mmol) to afford the final
compound ABIA (see the Supplemental Information Figures S4-S6) in comparable yield.
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(a)

The 'H NMR and '3C NMR spectra of ABIA demonstrate the 5(6)-methyl tautomerism
related to the N-substituted benzimidazoles (see the Supplemental Information Figure S7
and Table S1). According to previous reports, the tautomerism in benzimidazole derivatives
is a well-known phenomenon, and in most cases, the separation of tautomers by column
chromatography is not feasible [41,42]. Hence, we used the tautomeric mixture of ABIA
in further experiments. The photophysical properties of compound 3 (10 uM) and probe
ABIA (10 pM) in 90% DMSO0:0.01 M HEPES buffer solution did not indicate a significant
effect of tautomerism in ABIA. As shown in Figure 1, the optical absorbance spectrum
of compound 3 shows Aex at 368 nm and another two peaks at 353 nm and 388 nm. The
emission spectra of compound 3 show Aem at 475 nm (Aex = 368 nm), indicating Stoke’s
shift of 107 nm. Similarly, the probe ABIA demonstrates three distinct peaks (356, 372, and
392 nm) with the absorption maxima at 372 nm.

(b)

1000

—3 —_ —3
——ABIA E ——ABIA
010 < 500+
2
g 0.08 g
E £ 600
5 0.06- 8
3 & 400
< [*)
0.04 - g
S 200
0.02- i 1
0.00 r r x r r — r 0 r T r x
300 320 340 360 380 400 420 440 460 480 400 450 500 550 600 650
Wavelength (nm) Wavelength (nm)

Figure 1. (a) UV-vis and (b) fluorescence emission spectra of compound 3 (10 uM; Aex = 368 nm) and the probe ABIA
(10 uM) in 90% DMSO:0.01 M HEPES buffer solution (Aex = 372 nm).

Interestingly, ABIA showed fluorescence (Aem = 453 nm) that was almost 30-fold
lower than compound 3, indicating that the intramolecular charge transfer induced fluo-
rescence quenching due to the N1-substituted acrylate group. The acrylate group has a
strong electron-withdrawing ability that enhances the fluorescence turn-off effect in ABIA.
These results indicate that reaction-induced removal of the acrylate group in ABIA can
result in compound 3 with the fluorescence turn-on effect. Hence, the spectral charac-
teristics of compound 3 were studied using various ratios (10, 50, 70, and 90%) of the
DMSO0:0.01 M HEPES buffer solution. As shown in Figure S8 and Table S2, compound 3
shows aggregation-induced fluorescence quenching with the increasing water percentage.
It is important to note that 10% DMSO DMSO0:0.01 M HEPES buffer solution completely
dissolved 10 uM of compound 3. However, compound 3 showed maximum fluorescence
in 90% DMSO0:0.01 M HEPES buffer solution. Hence, other fluorimetric experiments were
conducted in 90% DMSO: 0.01 M HEPES buffer solution (Aex = 368 nm).

3.2. Determination of Selectivity of the Probe ABIA as a Chemosensor for Cys

The selectivity of the probe ABIA for Cys detection was investigated using fluores-
cence spectroscopy. The fluorescence spectra of ABIA (10 uM, in 90% DMSO:0.01 M HEPES
buffer solution) were recorded immediately (1 min) after adding the five equivalents of
various amino acids, BSA, anions (C1~, Br—, NO3;~, AcO~, 50427, PO43’), and cations
(Na*, Cs*, Ca%*, Cu®") to the solution containing ABIA. As shown in Figure 2a, ABIA
showed negligible fluorescence. However, the fluorescence intensity of ABIA increased
significantly in the presence of Cys (Aem = 455 nm) compared to the other analytes. Among
the mercapto group-containing amino acids, ABIA showed 6-fold and 15-fold higher se-
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lectivity for Hey (Aem = 460 nm) and GSH (Aem = 475 nim), respectively. In contrast, the
selectivity for Cys was 50-fold higher than other amino acids. Further, ABIA did not show
any interaction with biologically relevant ions such as CI~, Br—, NO3~, AcO~, S042-,
PO4*~, Na*, Cs*, Ca?*, and Cu?*. As shown in Figure 2b, in competition experiments
conducted in the presence of an excess of (five equivalents) other amino acids, including
Hcy and GSH, ABIA did not show any interference in the detecting Cys. However, among
the tested biologically relevant ions, only Cu?* affected the detection of Cys at tested
equimolar concentrations (50 uM). Cys forms a coordination complex with Cu?* ions using
the mercapto and carboxylate functional groups [43]. Therefore, the complexation of Cys
with Cu?* inhibits its nucleophilic addition ability to the acrylate group of ABIA. However,
the amount of Cu®* (180 nM) [44] is negligible compared to Cys in healthy human urine
(120 uM) and in the urine of cystinuria patients (2000 uM) [45,46]. Thus, Cu?* would not
interfere in Cys detection using the probe ABIA in the actual urine sample. These results
indicate that ABIA is a highly selective fluorescence turn-on probe for Cys, and it can be
applied to detect intracellular and urinary Cys.
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Figure 2. (a) Fluorescence spectra and (b) competitive study of ABIA (10 uM, Aex = 368 nm, Aem = 455 nm) in the absence

and presence of five equivalents of various analytes (50 uM). 1, Gly; 2, Ala; 3, Ser; 4, Pro; 5, Val; 6, Thr; 7, Ile; 8, Leu; 9, Asn;
10, Asp; 11, Gln; 12, Lys; 13, Glu; 14, Met; 15, His; 16, Phe; 17, Arg; 18, Tyr; 19, Typ; 20, Hey; 21, Gsh; 22, Cys; 23, BSA; 24,
Cl—; 25, Br—; 26, NO3~; 27, AcO~; 28, SO42~; 29, PO43~; 30, Na*; 31, Cs*; 32, Ca%*; 33, Cu?".

To estimate the minimum response time, we traced the time-dependent fluorescence
intensity of ABIA (10 uM) for 60 min upon the addition of five equivalents of Cys, as shown
in Figure S9. The fluorescence intensity almost reached the maximum (310 a.u.) in 10 min
after the addition of Cys. It is important to note that the fluorescence intensity was 121 a.u.
within 1 min after adding Cys, which was comparatively fast compared to the reported
probes, considering the structural simplicity of ABIA (see the Supplemental Information
Table S3). In addition, we calculated the pseudo-first-order rate constants of the reactions
between ABIA (10 uM) and five equivalents of Cys. The calculated pseudo-first-order rate
constants for Cys from the linear regression analysis of time-dependent changes in the
fluorescence intensity was 5.13 x 1072 s~ as shown in Figure S9. These results indicate
that the ABIA shows high specificity for Cys and a short reaction time (1 min). Hence,
ABIA is applicable for the detection and quantification of Cys in urine and live cells.

The Cys detection mechanism by ABIA was studied using 'H NMR spectroscopy
and mass spectroscopy. As shown in Figure 3, 0.5 and 1.0 equivalents of Cys were added
to the 90% DMSO0:0.01 M HEPES buffer solution (DMSO-dg and D,O were used to make
this solution) containing ABIA. Upon reaction, the peaks at 5.26, 5.71, and 5.97 ppm
corresponding to the acrylate group of ABIA completely disappeared with 1.0 equivalents
of Cys. These results indicate that the mercapto group in Cys undergoes the Michael
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addition with the double bond in the acrylate group of ABIA. Further, the appearance of
new peaks at 2.26,2.34, and 3.05 ppm indicates the intramolecular attack of the amine group
of Cys on the carbonyl of ABIA, resulting in the cyclized product along with compound 3,
as shown in Figure 3b. The formation of compound 3 after the reaction of ABIA with Cys
indicates the resultant fluorescence “turn-on” mechanism. Further proof for the proposed
mechanism presented in Figure 3b was deduced from the mass spectra of a reaction product
obtained by reacting equimolar ABIA and CYS for 60 min at 25 °C in 90% DMSO0:0.01 M
HEPES buffer solution. The solvent was evaporated at 40 °C under high-vacuum, and the
resultant residue was prepared for the acquisition of the mass spectra by dissolving it in
methanol. As presented in Figure 3b and Figure S10, the cyclization process of Cys after
the reaction with ABIA generates a seven-membered ring (calcd. (H*): 176.0376; found
m/z: 176.0) and compound 3 (caled. (H*): 308.368; found m/z: 308.0) upon the de-acrylation
of ABIA. Therefore, these results indicate the high applicability of ABIA as a fluorescence
turn-on sensor for Cys in live cells and urine samples.
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Figure 3. (a) Changes in 'H NMR spectra of ABIA upon the addition of 0.5 and 1.0 equivalents of
Cys in 90% DMSO-d4:0.01 M HEPES buffer solution (D,0); (b) proposed Cys detection mechanism
by ABIA.

3.3. The Design and Application of CysDDev for Detecting Cys in Simulated Human Urine

A schematic of the CysDDev prototype is shown in Figure 4. The LED was arranged
in a nozzle opening at a 90° angle to the sensor nozzle in the cuvette holder, allowing
efficient sample illumination by UV LED and detecting emitted light by the sensor. An
electric current of 15 mA was delivered to the UV LED (A = 370 nm) under a bias of 9 V
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using a rechargeable Li-ion battery. The analog signals from the sensor consisted of a train
of pulses correlating to the spatial position of 256 pixels corresponding to wavelengths in
the range of 340-850 nm. The analog data collected from the analog pin of the sensor were
digitized in a bit resolution of 10 bits using the Arduino Uno R3 microcontroller that sends
the processed data to the computer. The final data of individual sample readings were
saved as a Microsoft Excel file (.csv) in the pre-selected folder on the connected computer.

(a) (d)

(b) "

<
>

Figure 4. Schematic of various parts of the CysDDev (a): UV LED, sensor, and cuvette holder; (b) top
lids for UV LED, sensor, cuvette holder; (c) the main case with top lid; (d) electronic components
connected to the Arduino microcontroller; (e) assembly of CysDDev without the top lid; (f) CysDDev
prototype connected to the laptop computer.

We compared the performance of CysDDev with the commercial fluorescence spec-
trometer using the ABIA (10 uM) and compound 3 (10 uM) in 90% DMSO:0.01 M HEPES
buffer solution. As shown in Figure 5a, the CysDDev showed comparable results with the
commercial fluorescence spectrometer for compound 3 and the probe ABIA. These results
indicate that the CysDDev developed here can detect Cys in various solutions, including
in urine.
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Figure 5. (a) Fluorescence spectra of compound 3 (10 uM, Aex = 370 nm) and ABIA (10 uM, Aex = 370 nm) recorded using
CysDDev and commercial fluorescence spectrometer; (b) effect of pH on the detection of Cys (0, 50 uM) in simulated
human urine at various pH using ABIA and CysDDev (Aex = 370 nm, Aey = 455 nm).
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3.4. Effect of pH on the Detection of Cys by ABIA

The effect of pH (pH = 3-10) on the detection of Cys using ABIA was examined by
using CysDDev both in the absence and presence of Cys (50 M) in simulated human
urine, as shown in Figure 5b. The fluorescence intensity of the probe ABIA in the absence
of Cys did not show a significant change in the studied pH range of 3-10, indicating that
the ABIA has remarkable stability in acidic and alkaline environments. The fluorescence
intensity increased in the presence of various concentrations of Cys from pH 3.0-10.0. The
pKa values of the Cys for a-NH3* (pKa = 10.25) and —SH (pKa = 8.0) groups dictate that
below pH 8, the —SH is the only nucleophile reacting with the acrylate group of ABIA.
However, over pH 8, the nucleophilicity of Cys «—NH, increases. Hence, over pH 8, the
—-SH and -NH; groups of Cys can react with ABIA and can enhance the de-acrylation
process, resulting in higher fluorescence intensity with increasing pH. Unlike reported
probes for Cys detection that require use at pH > 9.0 [47-49], ABIA can detect Cys in the
physiological pH range and the typical urine pH values of 6.0 to 7.5.

3.5. Detection of Cys Using ABIA and CysDDev in Simulated Human Urine and Real Urine Sample

Cys detection using ABIA and CysDDev was performed using urine with a pH of
7.4. As shown in Figure 6, a calibration plot (0-150 M) was obtained by diluting a stock
solution of Cys.
(b)

w

=3

o
N

Fluorescence Intensity (a.u.)

400

Equ.  y=Y0+A'exp(ROX)
yo 318.80035 + 2.5027
A 31357022 £ 2.9001
RO -0.06228 £0.00165
R? 0.99833

300 4

3

Fluorescence Intensity (a.u.)

3 ‘ Equ. y=a+b%x
2001 200 4 < a  16.66498 + 3.24291
2300 b 11.57288 + 0.38714
K R? 0.9903
£
o 200
100+ g
100 ] e
3
= 2o
‘ 0 5 10 15 20 25
L ; : - 0- Cys (uM)
400 450 500 550 600 0 20 40 60 80 100 120 140 160 180
Wavelength (nm) Cys (uM)

Figure 6. (a) Changes in fluorescence spectra of ABIA (10 uM, Aex = 370 nm) recorded using CysDDev upon the successive
addition Cys (0-150 uM) in urine at pH = 7.3 (b) Calibration curves for the detection of Cys in urine using ABIA and
CysDDev (Aex = 370 nm, Aem = 455 nm) Inset is the linear regression curve in the range of 0-20 uM of Cys.

As depicted in Figure 6, the fluorescence signals of ABIA (10 pM) increase linearly
upon the successive addition of Cys until 20 uM and then reach the plateau around 50 uM
and remains the same until 150 uM. The LOD for detecting Cys by ABIA using CysDDev
was found to be 16.3 nM, with a linear detection range of 0-20 uM. It is imperative to note
that ABIA demonstrated relatively lower detection limits for Cys than the other methods
presented in Table S4.

Here, we used the standard addition method to quantify the Cys in the urine sample
of a healthy volunteer to minimize the interference from the urine components. The fresh
urine sample without any pretreatment was spiked with 3, 6, and 9 uM of Cys, and the
spiked recovery was measured using the standard curve (Figure 6b (inset)). The results of
the spike test are presented in Table 1. As shown in Table 1, the probe ABIA and CysDDev
can effectively detect the Cys in the real urine sample with statistically significant recovery
(99.20-104.9%) and precision (RSD < 1.45%).
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Table 1. Spike recovery test using real urine sample from a healthy volunteer.

Spiked Cys Found Cys Recovery RSD (n =3)
(uM) (uM) (%) (%)
3 3.14 104.9 1.45
6 5.95 99.2 122
9 9.77 108.6 0.50

RSD, relative standard deviation.

3.6. Cell Imaging Application of ABIA for the Detection of Cys

The MTT assay allowed us to estimate cytotoxicity by treating cells with 0.1, 10, 25, and
50 uM of ABIA, Cys, and ABIA + Cys for 24 h using DMSO as a control. The cytotoxicity
assay results are depicted in Figure 7a as the percent cell growth after treatment with
ABIA, Cys, and ABIA + Cys compared to the control. There was no significant cell death
even after 24 h of treatment at all tested concentrations. Therefore, 25 uM of ABIA was
used for the cell imaging applications. As shown in Figure 7b, the control cells, cells
treated Cys (500 M), and cells pretreated with NEM (1 mM) followed by treatment with
ABIA (25 uM) did not show significant fluorescence. However, the fluorescence intensity
was observed upon the treatment of cells with Cys (500 uM) followed by ABIA (25 uM).
Further, the fluorescence intensities were also observed in the cells pretreated with NEM
(1 mM) followed sequentially by the treatment of Cys (500 uM) and ABIA (25 uM). These
results indicate that the fluorescence turn-on probe ABIA has high potential in biological
applications detecting intracellular Cys in the in vitro assays.
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Figure 7. (a) Cytotoxicity’s of ABIA, Cys, and ABIA + Cys on A549 cells at concentrations of 0.1, 10, 25, and 50 uM after
24 h; (b) Dark field, bright field, and merged images upon treatment of A549 cells with control, Cys, ABIA, Cys + ABIA,
NEM + ABIA, and NEM + Cys + ABIA.

4. Discussion

There are several reports on the methods that are developed for detecting biothiols.
Fluorescence turn-on sensors have attracted attention because of their high sensitivity, ease
of operation, and fluorescence imaging in living cells. The Michael addition reaction [50],
cyclization with aldehydes [51], conjugate addition-cyclization reaction [52], cleavage of
sulfonamide, sulfonate esters [53], etc., reaction mechanisms have been reported for Cys
detection among these sensors.

Most of the reported Cys detection probes are based on the coumarin scaffold with
larger and more complicated structures [54,55]. Therefore, developing a synthetically acces-
sible fluorescent probe with a simple design that shows high sensitivity and selectivity for
detecting Cys can demonstrate several applications. Among the various fluorescent probes
used for detecting biothiols, acrylate groups provide a fast response to the mercapto group
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and have a higher ability to quench fluorescence due to their strong electron-withdrawing
effect [43,56,57]. Further, there are a few benzimidazole derivatives, such as fluorescent
chemosensors [58,59]. However, in most cases, the benzimidazole moiety demonstrates
fluorescence in the UV region (Aem < 400 nm) [60], which is not suitable for live-cell
imaging applications. The probe ABIA presented here contains an anthracene moiety,
due to which it demonstrates fluorescence in the visible region, unlike other reported
benzimidazole derivatives.

Compound 3, which was presented in this manuscript, exhibited high fluorescence,
upon which the subsequent reaction with acryloyl chloride resulted in the non-fluorescent
ABIA. The directly linked acrylate group to the benzimidazole skeleton triggered an
intramolecular charge transfer (ICT), resulting in a fluorescence turn-off effect. However,
the Michael addition of the Cys mercapto group to the acrylate of ABIA restricted the
ICT process and results in a fluorescence turn-on effect. ABIA shows selectivity for Cys
over Hcy, probably because the rection of ABIA with Cys generates a seven-membered
ring. In comparison, a reaction of ABIA with Hcy would produce an eight-membered
ring. The strain in an eight-membered ring is much higher than that in a seven-membered
ring; thus, a favorable seven-membered ring product forms easily. ABIA demonstrated
high selectivity and comparatively fast response time for Cys detection (see the Supporting
Information Table S3). The live-cell imaging study presented here provides evidence that
ABIA has high applicability for in vitro bioimaging for Cys.

Reported probes were used for either the bioimaging or detection of Cys in serum
samples. Only a few reports elaborate upon Cys detection in urine. However, the probe
ABIA presented here was evaluated for its dual application for detecting Cys in live cells
and urine. The CysDDev explained here allows the efficient detection of Cys in simulated
human urine. The LOD for Cys detection by the probe ABIA using CysDDev was found
to be of 16.3 nM. The CysDDev and ABIA demonstrated excellent clinical applicability
in terms of LOD for Cys detection compared to reported methods (see the Supporting
Information Table S4). Though the further evaluation of CysDDev for clinical application
is required, these initial results indicate that CysDDev is an excellent portable tool that is
deployable in resource-limited settings. The portability and the ease of use make CysDDev
a perfect point-of-care device for evaluating clinical samples.

5. Conclusions

The novel fluorescence “off-on” probe ABIA to detect the mercapto-group containing
amino acids was designed and synthesized. In addition, a portable device, CysDDev, was
also designed and developed to measure the Cys in urine. The probe ABIA and CysDDev
exhibited highly sensitive, simple, rapid, and inexpensive cysteine detection ability. The
acrylate group in ABIA reacted with the mercapto group in Cys by means of the Michael
addition reaction mechanism. The Michael addition reaction was followed by selective
intramolecular nucleophilic substitution, ensuring selective detection of Cys over Hcy
and GSH. The response time of 1 min and a detection limit of 16.3 nM signifies the high
clinical applicability of ABIA and CysDDev. Further, ABIA also demonstrated its utility
in detecting intracellular cysteine, making it an excellent probe for bio-imaging assay.

These results suggest that the ABIA and CysDDev will provide new insights into
developing convenient approaches in Cys and other biomarker detections through simple,
accurate, and portable health products for potential biological applications.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/bios11110420/s1, Figure S1: "H-NMR spectrum of compound 3, Figure S2: 3C-NMR spectrum
of compound 3, Figure S3: HR-mass spectrum of compound 3, Figure S4: "H-NMR spectrum of ABIA,
Figure S5: I3C-NMR spectrum of ABIA, Figure S6: HR-mass spectrum of ABIA, Figure S7: Structures
of the probe ABIA tautomer’s A and B, Figure S8: (a) UV-vis absorbance spectra, (b) Fluorescence
spectra of compound 3 in 10, 50, 70, and 90% DMSQ0:0.01 M HEPES buffer solution (Aex = 368 nm),
Figure S9: (a), (b)Time-dependent fluorescence response and (c) pseudo-first-order kinetic plots of
ABIA (10 uM) reaction with Cys (50 uM) in 90% DMS0:0.01 M HEPES buffer solution (Aex = 368 nm,
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Aem = 455 nm), Figure S10: Mass spectra of a reaction product obtained by reacting equimolar ABIA
and Cys for 60 min at 25 °C, Table S1: '"H NMR and '*C NMR chemical shifts (5 ppm) of the ABIA
tautomer’s A and B, Table S1. "H NMR and '*C NMR chemical shifts (5 ppm) of the ABIA tautomer’s
A and B; Table S2: Photophysical properties of compound 3 (10 uM) in varying percentages of
DMSO0:0.01 M HEPES buffer solution, Table S3: A comparison of response time for cysteine detection
by various methods, Table S4: A comparison of different probes used for cysteine detection.
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Abstract: Biosensors used for medical diagnosis work by analyzing physiological fluids. Antibodies
have been frequently used as molecular recognition molecules for the specific binding of target ana-
lytes from complex biological solutions. Electrochemistry has been introduced for the measurement
of quantitative signals from transducer-bound analytes for many reasons, including good sensitivity.
Recently, numerous electrochemical immunosensors have been developed and various strategies
have been proposed to detect biomarkers. In this paper, the recent progress in electrochemical im-
munosensors is reviewed. In particular, we focused on the immobilization methods using antibodies
for voltammetric, amperometric, impedimetric, and electrochemiluminescent immunosensors.

Keywords: immunosensors; electrochemical immunosensors; biosensors; voltammetric immunosensors;
amperometric immunosensors; impedimetric immunosensors; eletrochemiluminescent immunosensors

1. Introduction

A biosensor is an analytical device that can specifically quantify the target analyte
in a physiological sample, such as blood, serum, plasma, cerebrospinal fluid, urine, and
interstitial fluid [1,2]. Biosensors have the advantages of portability (because they are
miniature), simplicity, automation, cost-effectiveness, high stability, and a short detection
time [3-7]. Moreover, biosensors can provide real-time responses, and consequently, they
are suitable for point-of-care testing [8]. Biosensors are used in various fields, including
clinical diagnosis, agriculture, the food industry, environmental monitoring, and quality
control [9].

Biosensors are normally composed of three main parts: a molecular recognition layer,
a transducer, and a signal generator [2,10]. The molecular recognition layer of biosensors
is distinct from that of other sensors because the sample analysis generally involves a
complicated mixture in biosensors. The molecular recognition layer is produced by the im-
mobilization of bioreceptors that have specific binding properties to target analytes [11,12].
Antibodies are one of the most widely used molecules because of their high specificity,
affinity, and ease of production; therefore, they have been utilized in various applica-
tions such as chromatography, therapy, diagnosis, immunoassays, and biosensors [13,14].
Antigen—-antibody binding-based biosensors are called immunosensors, and the antibody
layers are called immunoaffinity layers.

There are various types of immunosensors depending on the transducer type, such as
thermal, optical, magnetic, piezoelectric, fluorescent, and electrochemical biosensors [15,16].
Electrochemical biosensors measure electrochemical signals using a chemically modified
electrode [17] and they have the distinct advantage of simplicity [18]. As described previ-
ously, electrochemical biosensors can be produced by the fabrication of chemically modified
electrodes. Owing to their simplicity, electrochemical biosensors have the characteristics
of good durability, easy miniaturization, small analyte volumes, and the ability to be
integrated with fluidic systems. Another key advantage of electrochemical biosensors is
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their broad detection range and excellent detection limits [18]. Therefore, electrochemical
biosensors, including electrochemical immunosensors, have been actively studied.

In this review, various types of electrochemical immunosensors are introduced and
discussed. In particular, the current information on voltammetric, amperometric, impedi-
metric, and ECL immunosensors is summarized (abbreviations are described in Table S1).
This review focused on electrochemical immunosensors, and recent studies are discussed
and summarized. In particular, the formation of an immunoaffinity layers for the fabri-
cation of the electrochemical immunosensors is discussed. Recently, a couple of reviews
focused on electrochemical biosensors have been published. Li et al. especially focused on
CMOS and summarized the instrumentation of CMOS biosensors [19]. Juska and Pemble
summarized the evolution of the electrochemical biosensor [20]. While this review focused
on enzymatic electrochemical biosensors, especially glucose biosensors, our review focuses
on antibody-based biosensors. Zhang and Yang focused on materials and techniques for
the fabrication of electrochemical biosensors [21]. They summarized materials used for the
electrode, immobilizing molecules, covering membrane and immobilization of molecular
recognition molecules, and discussed various construction techniques for the preparation
of biosensors. Schmidt-Speicher and Lange summarized electrochemical biosensors with
integrated microfluidics [22]. The difference from the reviews discussed above is that
our review focuses on immunosensors employing antibody immobilization techniques in
the transducer.

2. Voltammetric Immunosensors

In voltammetric immunosensors, the current is obtained from the analyte measure-
ments when the potential is changed. The potential between the working and reference
electrodes changes over time, and the current generated between the working and counter
electrodes vi the electrochemical reaction of the analytes is measured [23]. The signal origi-
nates from the oxidoreduction processes at the surface of the working electrode, caused by
the electroactive species. According to the function of the applied potential, voltammetry
is classified as LSV, DPV, SWV, or CV [24-27].

In voltammetric biosensors, the signal is normally collected from the peak or plateau,
and the amount of the target analyte can be quantified as a proportion of the height of
the peak. Voltammetry is an electrochemical analytical method for immunosensors that is
widely used owing to its minimal noise, good sensitivity, and applicability [28,29]. In addi-
tion, voltammetry can be utilized for multiplex detection based on the different positions of
the oxidoreduction peaks. The immune reaction cannot generate a voltammetric signal, so
signal-generating molecules are essential for the fabrication of voltammetric immunosen-
sors. From this reason, one of the major challenges in the development of voltammetric
biosensors is the synthesis of highly sensitive signal-generating or -amplifying compos-
ites for the immunoaffinity layer or detection antibodies. In this section, voltammetric
immunosensors employing various antibody immobilization methods are discussed, and
examples are presented.

2.1. Physical Adsorption of Antibodies

The formation of an immunoaffinity layer during the fabrication of electrochemical
immunosensors, especially the immobilization of antibodies on the electrode, is an im-
portant process. Carbon-based materials are among the most widely used materials for
electrode modification. Ribeiro et al. developed a reusable immunosensor by immobilizing
antibodies on carbon-modified electrodes through non-covalent interactions and utilized
them to detect CRP [30]. As shown in Figure 1A, the graphite electrode was first modified
with graphene by electrochemical reduction using GO. Then, the electrode was coated
with electropolymerized polytyramine. Antibodies against CRP were immobilized on the
electrode through the charge interaction between the ammonium ion of polytyramine and
the carboxyl group of the antibodies. After treatment with the analyte, CRP, the signal was
measured using DPV. The fabricated immunosensor showed an LOQ of 1.25 ug/L, with a

18



Biosensors 2021, 11, 360

linear range of 1.09-100 pg/L, and it could be reused four times. Trindade et al. fabricated
a label-free immunosensor for CysC detection [31]. The gold electrode was modified using
an AF-functionalized GO nanocomposite, and then it was coated with PEI. Subsequently,
antibodies against CysC were immobilized by simple drop casting. After the immunoaffin-
ity layer was formed, CysC was quantified using SWV. From the measurement, the LOD
and linear range were calculated to be 0.03 ng/mL and 0.1-1000 ng/mL, respectively.

Gold is another widely used material for electrode modification and antibody immo-
bilization because of its biocompatibility [32]. Zhou et al. developed an electrochemical
immunosensor based on antibody-immobilized AuNPs [33]. The transducer used in that
study was composed of antibodies immobilized on the AuNP layer for the detection of
PSA. HP5-decorated AuNPs were used for signal amplification. As shown in Figure 1B, the
hybrid HP5-AuNP was modified by coating it with graphitic carbon nitride through m—m
interactions between HP5 and graphitic carbon nitride. After the addition of methylene
blue, the detection antibodies were conjugated with the nanocomposite through physical
adsorption. The detection antibody conjugate was added after antigen treatment to form a
sandwich-type immunocomplex, and the amplified signal was measured using DPV. The
fabricated biosensor showed a 0.12 pg/mL LOD with a linear range of 0.0005-10.00 ng/mL.
Suresh et al. utilized enzyme-conjugated detection antibodies for signal amplification to
detect PSA [34]. AuNP was electrochemically synthesized on a CS-coated electrode, and
capture antibodies were immobilized on the electrode through physical adsorption. Af-
ter analyte treatment, HRP-labeled detection antibodies were added, and the signal was
amplified by the reduction of hydrogen peroxide by HRP. The signal was measured using
SWYV, and the LOD and linear range of the developed immunosensor were calculated
to be 0.001 ng/mL and 1-18 ng/mL, respectively. Zhang et al. similarly developed a
PSA immunosensor based on a sandwich immunocomplex [35] and they prepared an
immunoaffinity layer by sequentially coating the electrode with PANI, AuNPs, and anti-
bodies. Then, methylene blue was encapsulated in mesoporous silica NPs, which were
coated with PDA, and then detection antibodies were conjugated to the prepared par-
ticles. After the sandwich immunocomplex was formed, acid was added to release the
encapsulated methylene blue, and the released methylene blue increased the signal of
SWV. The fabricated immunosensor showed an LOD of 1.25 fg/mL with a linear range of
0.01-100 ng/mL. Li et al. fabricated a dual-mode immunosensor to detect procalcitonin,
where antibodies were immobilized on a simple electrolytic gold matrix [36]. For signal
generation, CuCo,0O4 hollow spheres were coated with AuNPs, and detection antibodies
were immobilized on the spheres. After the sandwich immunocomplex was formed, the
signal was measured using dual mode, SWV and chronoamperometry, and the LODs of
the developed immunosensor were calculated to be 82.6 fg/mL for SWV and 95.4 fg/mL
for chronoamperometry, with 0.0001-50 ng/mL as the linear range.

Various studies have utilized carbon-based materials together with gold. Amani et al.
developed an immunosensor utilizing graphene and AuNPs for the detection of NSE [37].
The electrode was sequentially coated with graphene, PPD, and AuNPs. Subsequently,
the antibodies were immobilized on the AuNPs through physical adsorption. After NSE
treatment, the signal was measured using DPV, and the fabricated immunosensor showed
an LOD of 0.3 ng/mL and a linear range of 1.0-1000 ng/mL. Khoshroo et al. fabricated a
CAI15-3 biosensor based on a cobalt sulfide-graphene nanocomposite [38]. In that study,
AuNPs were coated on a CoS,—graphene modified electrode, and antibodies were immo-
bilized on the AuNPs. CA15-3 was quantified using DPV, and the LOD and linear range
were calculated to be 0.03 U/mL and 0.1 150.0 U/mL, respectively. Zhao et al. introduced
platinum into an immunosensor to detect NMP22 [39]. They fabricated MOFs using AuNPs
and PtNPs, and these MOFs were coated on a graphene-modified electrode. After NMP22
treatment, the signal was measured using DPV, and the fabricated immunosensor showed
an LOD of 1.7 pg/mL with a linear range of 0.005-20 ng/mL. Assari et al. used CNTs to
develop immunosensors for the detection of PSA [40]. They sequentially coated electrodes
with MWCNTs, PANI, and AuNPs. Then, capture antibodies were immobilized on the
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modified electrode, and the signal measured with the immunosensor using DPV showed a
calculated LOD and linear range of 0.5 pg/mL and 1.66 ag/mL-1.3 ng/mL, respectively.
Chen et al. fabricated biosensors utilizing MWCNTs and AuNPs to detect PTH [41]. After
sequentially coating the MWCNTs and AuNPs, antibodies against PTH were immobilized
on AuNPs, and PTH was quantified using DPV and SWV (Figure 1C). The fabricated im-
munosensor showed an LOD of 886 fg/mL and 86 fg/mL for DPV and SWYV, respectively,
whereas the linear range was 1-300 pg/mL.
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Figure 1. Examples of voltammetric immunosensors with non-covalently immobilized antibodies. (A) Schematic diagram
of CRP immunosensor. Antibodies were immobilized on the polymer-modified electrode by the charge interaction.
Reproduced with permission from [30]. Copyright (2020) John Wiley and Sons., Inc. (B) Immunosensor with non-covalently
immobilized antibodies on AuNPs. Reproduced with permission from [33]. Copyright (2018) Elsevier. (C) Schematic
diagram of immunosensor using gold and carbon-based materials at the same time. Reproduced with permission from [41].
Copyright (2021) Elsevier.

2.2. Chemical Immobilization of Antibodies

The chemical immobilization of antibodies using primary bonds has the advantage
of providing robust, stable, and irreversible immobilization [2,42,43], which has led to its
widespread use for the fabrication of immunoaffinity layers [42]. Shamsipur et al. devel-
oped an immunosensor based on the cross-linking of antibodies with silanized magnetite
(Fe304) NPs to detect HER2 [43]. Magnetite NPs were functionalized with amine groups
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by treatment with APTMS, and antibodies were immobilized on the NPs by cross-linking
with glutaraldehyde. Antibody-conjugated particles were immobilized on the electrode.
The fabricated biosensor showed an LOD of 2.0 x 107> ng/mL with a linear range of
5.0 x 1074-50.0 ng/mL, based on the DPV measurement.

Similar to non-covalent immobilization, carbon-based materials have been widely
used to chemically immobilize immunoaffinity layers. Rauf et al. utilized carboxyl-
functionalized GO (GO-COOH) to fabricate a Mucinl immunosensor [44]. As shown
in Figure 2a, GO-COOH was assembled on the electrode and antibodies were immobi-
lized using EDC. After Mucinl was bound to the immunoaffinity layer, the signal was
measured using DPV, and the LOD and linear range were calculated to be 0.04 U/mL
and 0.1-50 U/mL, respectively. Devi et al. developed a microfluidic CysC immunosensor
based on a CS-GO nanocomposite [45]. The electrode was modified using a nanocom-
posite and the antibodies against CysC were immobilized using EDC/NHS chemistry.
The fabricated biosensor showed an LOD of 0.0078 mg/mL with a detection range of
1-10 mg/mL. Kalyani et al. fabricated a bio-nanocomposite using MWCNTs and mag-
netite NPs in CS, and used it to develop a CA19-9 immunosensor [46]. After depositing the
bio-nanocomposite on the electrode, the antibodies were chemically immobilized using
glutaraldehyde cross-linking (Figure 2b). The LOD and linear range were calculated to be
0.163 pg/mL and 0.001-100 ng/mL, respectively, based on SWV measurements.
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Figure 2. Examples of voltammetric immunosensors with covalently immobilized antibodies. (a) Immunosensor based on

carboxyl functionalized GO. Antibodies were chemically immobilized using EDC chemistry. Reproduced with permission
from [44]. Copyright (2018) Elsevier. (b) CA19-9 biosensor based on CS-MWCNT-Fe304. Antibodies were immobilized
using glutaraldehyde. Reproduced with permission from [46]. Copyright (2021) Elsevier.

2.3. Other Methods

In the above section, immunosensors with antibodies immobilized using physical
adsorption or chemical bonds were introduced. Unlike the studies described above, Sun
et al. developed a voltammetric HSP70 immunosensor based on antigen immobiliza-
tion [47]. They coated porous graphene onto the electrode and HSP70 was immobilized
using physical adsorption. Then, the analyte HSP70 was pre-treated with biotinylated anti-
bodies for a competitive assay. After the binding of the antibodies, streptavidin-conjugated
HRP was added to generate the signal, which was measured using DPV. The fabricated
immunosensor showed an LOD of 0.02 ng/mL with a linear range of 0.0448-100 ng/mL.
Song et al. utilized affinity binding for the immobilization of antibodies to fabricate an
electrochemical sensing system [48]. They immobilized avidin onto the ITO electrode
using physical adsorption, and biotinylated capture antibodies were immobilized by biotin—
avidin affinity binding. For signal generation, ALP-labeled detection antibodies were
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added after analyte binding. The fabricated immunosensor was tested to detect MMP-9
and Apo-A4 based on CV measurements. The developed immunosensor showed LODs
of 0.21 and 6.6 ng/mL, with detection ranges 0.4-100 and 10-100 ng/mL for MMP-9 and
Apo-A4 detection, respectively.

3. Amperometric Inmunosensors

In amperometric immunosensors, the density or magnitude of the current is deter-
mined by measuring the electrochemical reactions at a constant voltage [9]. This technique
has similar biosensing characteristics to those of other methods, such as the response time,
dynamic range, and sensitivity [49,50]. In amperometry, reducing or oxidizing potential
is generally applied to the working electrode, and the concentration of the reduced or
oxidized substances is proportional to the measured current [51]. Similar to voltamme-
try, amperometry is one of the most widely used electrochemical analytical methods for
immunosensors owing to its high selectivity. A high selectivity is achieved because the
potential applied in the amperometric method is the specific reducing or oxidizing poten-
tial of the target [52]. In addition, amperometric biosensors require a minimal amount of
analyte, so amperometric biosensors are suitable for monitoring analytes. Similar to the
voltammetric immunosensors, a signal generation molecule is required in amperometric
immunosensors, so the development of highly sensitive signal-generating or -amplifying
composites is a key challenge for the fabrication of amperometric immunosensors.

3.1. Physical Adsorption of Antibodies

The physical adsorption of antibodies is also one of the most frequently used tech-
niques for forming immunoaffinity layers. Chutichetpong et al. fabricated a disposable
immunosensor based on a sandwich immunocomplex to detect MPT64 [53]. Capture
antibodies were physically adsorbed onto the electrode to form an immunoaffinity layer,
and HRP-conjugated detection antibodies were applied after antigen binding (Figure 3a).
The signal was generated using the TMB reaction with HRP and measured using chronoam-
perometry. The fabricated immunosensor showed an LOD of 0.43 ng/mL, with two linear
ranges of 0.3-50 ng/mL and 50-1000 ng/mL with different slopes.

Various metal composite-based sensors have been studied for the fabrication of am-
perometric immunosensors. Yan et al. developed a label-free amperometric biosensor
for HBsAg detection [54]. In that study, AuPdCu ternary NPs were hydrothermally syn-
thesized on N-GQDs, and the synthesized NPs were immobilized on PEI spheres using
electrostatic attraction. The fabricated nanocomposites were immobilized on the electrode,
whereas anti-HBsAg was immobilized using physical adsorption. After antigen binding,
the signal was measured using amperometry, and the LOD and linear range were calculated
tobe 3.3 fg/mL and 10 fg/mL-50 ng/mL, respectively. Li et al. fabricated an amperometric
immunosensor based on PdAg mesoporous nanospheres for the detection of multiple
tumor markers [55]. As shown in Figure 3b, PdAg nanospheres were immobilized on
the electrode and two antibodies against CEA and AFP were immobilized using physical
adsorption. For signal generation, two types of detection antibodies were used: anti-CEA
antibodies conjugated with PdAgCeO, mesoporous nanospheres and anti-AFP antibodies
labeled with manganese dioxide (MnO,) nanosheets. After sandwich immunocomplex
formation, the first signal from the CEA and AFP was measured using amperometry. Then,
the MnO, nanosheet was eliminated using acid treatment, and the second signal was mea-
sured. The concentrations of AFP and CES antigens calculated from the signal difference
between the two measurements were 0.001 ng/mL and 0.0005 ng/mL, with linear ranges
of 0.005-100 ng/mL and 0.001-40 ng/mL, respectively.

Gold nanomaterials have also been widely used as amperometric immunosensors.
Zhang et al. developed an AFP biosensor based on antibodies physically adsorbed on
AuNPs [56]. AuNPs were coated on the electrode using electrodeposition and anti-AFP
antibodies were immobilized. For signal amplification, PDA-functionalized phenolic
resin microporous carbon spheres were decorated with silver-coated NPs for detecting

22



Biosensors 2021, 11, 360

antibody conjugation. The signal generated by the reduction of HyO, was measured
using amperometry, and the LOD and linear range were calculated to be 6.7 fg/mL and
20fg/mL-100 ng/mL, respectively. Zhang et al. fabricated an immunoaffinity layer us-
ing AuNPs for the detection of CEA [57]. As shown in Figure 3¢, an immunoaffinity
layer was formed by immobilizing antibodies on the AuNP-coated electrode, and then
microporous carbon spheres loaded with AgNP-spaced Hemin/rGO porous composite
materials were used as a label for the detection antibodies. This composite improves
the catalytic activity by reducing H,O,; thus, the amperometric signal was amplified by
composite detection antibody-binding. The developed immunosensor showed an LOD
of 6.7 fg/mL with a linear range of 20-200 ng/mL. Yola et al. developed an amperomet-
ric galectin-3 immunosensor [58]. In that study, the capture antibody was conjugated
with AuNP-functionalized g-C3Ny, and a Ti-based MOF coated with a covalent organic
framework was used as a label for the detection antibody for signal amplification. After
forming the sandwich immunocomplex, the amperometric signal was measured and the
results showed LOQ and LOD values of 0.10 pg/mL and 0.025 pg/mL, respectively, with
a 0.1 pg/mL-20 ng/mL linear range. Yan et al. fabricated immunosensors using AuNRs
and GO to detect HE4Ag [59]. They conjugated titanium oxide nanocluster-functionalized
nitrogen-doped rGO with Pd-functionalized AuNR (AuNR@Pd) using silanization and
modified electrodes with conjugated composites. The antibodies against HE4 were then
immobilized using physical adsorption. The developed immunosensor showed an LOD of
13.33 fM and a 40-60 nM linear range.

Sample Preparation MPT64 sensor Read-Out

—

1

Drug-free
©

- = seporter b )

TN i

RIF INH CE&RE: AgiAZCL

DS-TB
= A — pre
MTB sample - "o 1o

! WE: Carbon
Incubated for 2.6 days - i e
B portable "
’ poandomtat | . 3
/ / Tal

nsulator =300 mV, 150 s

(@)

Ok ‘
- Added 0.1M ascorbic

acid solution (AA)

T R —

HaminrGo. AGTIIRCS AYNRCSTemRGD g NPECS Thomin1 GO,

(9)

Figure 3. Examples of amperometric immunosensors with non-covalently immobilized antibodies. (a) Sandwich amper-
ometric immunosensor. The immunoaffinity layer was fabricated by the direct treatment of antibodies on the electrode.
Reproduced with permission [53]. Copyright (2018) Elsevier. (b) Composites-based immunosensor. Antibodies were immo-
bilized on the PdAg nanosphere-modified electrode by physical adsorption. Reproduced with permission [55]. Copyright
(2020) Elsevier. (c¢) AuNP-based immunosensor. An immunoaffinity layer was formed by immobilizing antibodies on the
AuNP-coated electrode. Reproduced with permission [57]. Copyright (2020) Elsevier.
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3.2. Chemical Immobilization of Antibodies

Various studies have used chemically immobilized antibodies for amperometric
biosensors. Martinez-Perifidn et al. fabricated an endoglin immunosensor based on chem-
ically immobilized antibodies [60]. For effective antibody immobilization, the electrode
was modified with pPPA using electropolymerization to obtain an abundance of car-
boxyl groups. Then, the capture antibodies were immobilized onto the carboxyl group
using EDC/NHS. After the analyte was bound, biotinylated detection antibodies and
poly-HRP-conjugated streptavidin were sequentially added to amplify the signal. This
biosensor showed an LOD of 140 pg/mL with a linear range of 0.1-600 ng/mL. Ehzari
et al. developed an amperometric immunosensor using magnetite NPs and MWCNTs
to detect HER2 [61]. The electrode was sequentially modified with TMU-21-decorated
Fe304 (Fe30,@TMU-21) and carboxylated MWCNTs, and the capture antibodies were
immobilized through EDC/NHS chemistry (Figure 4a). The LOD and linear range of
the fabricated amperometric immunosensor were 0.3 pg/mL and 1.0 pg/mL-100 ng/mL,
respectively.

AuNPs are also widely used for the chemical immobilization of antibodies. Hou
et al. immobilized capture antibodies using EDC/NHS chemistry on AuNPs to detect
EV71 [62]. The electrode was modified with AuNPs using electrochemical deposition,
and the AuNPs were modified with carboxyl groups by SAMs. Next, antibodies against
EV71 were chemically immobilized onto the electrode. Dual-labeled magnetic nanobeads
with antibodies and HRP were used for signal amplification, and the signal from the TMB
reaction was measured using amperometry. The fabricated immunosensor showed an
LOD of 0.01 ng/mL with a 0.1-600 ng/mL linear range. Razzino et al. also used AuNPs to
develop an amperometric immunosensor for the detection of tau protein [63]. As shown in
Figure 4b, the AuNP-PAMAM dendrimer nanocomposite was chemically immobilized on
the electrode. Capture antibodies were immobilized on the maximum amine group of the
PAMAM dendrimer using glutaraldehyde cross-linking. The signal was amplified using
HRP-labeled detection antibodies and the amperometric measurement showed an LOD of
1.7 pg/mL with a 6-5000 pg/mL linear range.
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Figure 4. Examples of amperometric immunosensors with covalently immobilized antibodies. (a) Magnetite nanoparticles
and MWCNT-based immunosensor. Antibodies were chemically immobilized with carboxylated MWCNTs through
EDC/NHS chemistry. Reproduced with permission [61]. Copyright (2020) Elsevier. (b) AuNP-based immunosensor.
Antibodies were immobilized on the amine group of the PAuNP-AMAM dendrimer nanocomposite using glutaraldehyde

cross-linking. Reproduced with permission [63]. Copyright (2020) Elsevier.

4. Impedimetric Inmunosensors

Electrochemical EIS is an electrochemical analytical method that analyzes combined re-
sistive and capacitive properties [51]. EIS measures electron and mass transfer by scanning
alternating current frequencies and quantifies dielectric properties, including resistive and
capacitive properties and impedance [64]. Impedance is usually expressed as a complex
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number consisting of a real component (ochmic resistance) and an imaginary component
(capacitive reactance), and Nyquist and Bode plots are generally used to analyze electro-
chemical impedance data [65-67]. In comparison with the voltammetry and amperometry,
an impedance biosensor has the strong advantage of not requiring labeling [68]. This
means that impedimetric immunosensors can detect the binding of an analyte without any
additional signal generation or amplifying molecules. In addition, impedance analysis
is highly sensitive with a high degree of accurate responses, as well as being stable and
reproducible. Therefore, impedance has been used in both biosensors and various other
applications, such as for clinical diagnosis, food analysis, environmental monitoring, and
battery analysis [69-71]. For impedimetric immunosensors, capturing antibodies that form
an immunoaffinity layer is one of the most important factors; therefore, effective antibody
immobilization on the surface of the electrode is directly linked to improved biosensor
performance [72].

4.1. Physical Adsorption of Antibodies

Han et al. developed an impedimetric immunosensor using AuNR for the detection of
Staphylococcus aureus [73]. They immobilized AuNRs onto an electrode using charge inter-
action. Before AuNR immobilization, positively charged poly-(diallyldimethylammonium
chloride) and PSS were sequentially added to the electrode, and then positively charged
AuNR was immobilized (Figure 5a). After AuNR immobilization, antibodies against
S. aureus were immobilized using physical adsorption, and after bacterial binding, the
signals were measured using EIS. The developed biosensor showed a 2.4 x 102 CFU/mL
LOD with a 1.8 x 10°~1.8 x 107 CFU/mL linear range.
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Figure 5. Examples of impedimetric immunosensors with non-covalently immobilized antibodies. (a) AuNR-based im-
munosensor. Antibodies were immobilized on the AuNR-modified electrode by physical adsorption. Reproduced with
permission [73]. Copyright (2020) Elsevier. (b) MWCNT-AuNP nanocomposite-based immunosensor. The capture antibod-
ies were immobilized on MWCNT-AuNP nanocomposite using physical adsorption. Reproduced with permission [74].

Copyright (2021) Elsevier.

Malla et al. fabricated a PTH immunosensor based on nanocomposites of AuNPs
and MWCNTs [74]. As shown in Figure 5b, the synthesis of AuNPs on MWCNTs and the
modification of the electrode with MWCNT-AuNP nanocomposites were conducted in
a single step using controlled-potential electrodeposition. After the modification of the
electrode, the anti-PTH antibodies were immobilized using physical adsorption, followed
by hormone treatment. Then, the signals were measured using both CV and EIS, and the
LOD of each measurement was calculated to be 0.092 pg/mL and 0.033 pg/mL, respectively,
with a linear range of 1-300 pg/mL.

4.2. Chemical Immobilization of Antibodies

Various impedimetric immunosensors based on covalently immobilized antibodies
have been developed, such as that of Nawaz et al., who immobilized antibodies on electro-
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grafted proteins through covalent bonds for the diagnosis of dengue virus [75]. BSA was
electrografted onto the electrode to induce antifouling properties and enhanced conduc-
tivity, and anti-NS1 antibodies were chemically immobilized using EDC/NHS chemistry.
The formation of an immunocomplex was confirmed using EIS measurement, and the
calculated LOD was 0.3 ng/mL with a 1-200 ng/mL linear range. Nessark et al. developed
an impedance immunosensor by electrografting a polymer to detect IL-10 [76]. For the
fabrication of the transducer, silicon dioxide and silicon nitride were sequentially deposited
onto a silicon substrate using chemical vapor deposition. Then, the immunoaffinity layer
was fabricated using silanization and polymerization. The electrode was silanized using
SPy and modified with PPy. Then, the polymer-modified electrode was electrochemically
modified with a carboxyl group. Antibodies were immobilized on the electrode through
the carboxyl group using EDC/NHS. The fabricated immunosensor showed a sensitivity
of 0.1128 pg/mL and an LOD of 0.347 pg/mL, with a detection range of 1-50 pg/mL.

Sadighbayan et al. and Aydin et al. fabricated various impedimetric immunosensors
with chemically immobilized antibody layers based on an ITO transducer [77-82]. For
IL-8 detection, antibodies were immobilized onto a PHA SAM layer using EDC/NHS
chemistry (LOD: 7.5 fg/mL) and an epoxy group was placed on PGMA and the CB-
functionalized electrode (LOD: 3.3 fg/mL) [77,78]. To detect tumor marker p53, a spin-
coated CS-CB composite layer and glutaraldehyde cross-linking were used (LOD: 3 fg/mL)
with an epoxy group on the PGMA spin electrode (LOD: 3.3 fg/mL) [79,80]. For CCR4
detection, an ITO electrode with acid-substituted PPy (PPy-COOH) was used to maximize
the antibody binding sites, and antibodies were chemically bound using EDC/NHS (LOD:
6.4 fg/mL) [81]. Recently, a SARS-CoV-2 impedimetric immunosensor was developed
using AuNPs [82]. The AuNPs were capped with a SAM layer to expose the carboxyl group,
and the modified NPs were immobilized onto the ITO electrode. Then, the antibodies
were immobilized through chemical bonds using EDC/NHS, and the fabricated biosensor
showed an LOD of 0.577 fg/mL with a 0.002-100 pg/mL linear range.

Carbon-based materials, such as MWCNTs, have also been used to fabricate impedi-
metric immunosensors. Simao et al. fabricated an MWCNT-AuNP-based immunoaffinity
layer to detect ALP [83]. As shown in Figure 6, the MWCNT-AuNPs on the electrode were
functionalized with carboxyl groups using cysteamine, and the antibodies were covalently
immobilized using EDC/NHS chemistry. After analyte binding, the signal was measured
using EIS, and the LOD was calculated to be 0.25 IU/L with a 0.5-600 IU/L detection range.
Vasantham et al. fabricated a paper-based immunosensor utilizing carboxyl-functionalized
MWCNTs to detect cTnl [84]. After covalently immobilizing the capture antibodies, the
EIS measurement showed a 0.05 ng/mL LOD and 1.85 m()/ng/mL sensitivity, with a
0.05-50 ng/mL detection range.
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Figure 6. Example of impedimetric immunosensors with covalently immobilized antibodies.
MWCNT-AuNP-based immunosensor was fabricated by the immobilization of antibodies on
carboxyl-functionalized MWCNT-AuNP using EDC/NHS chemistry. Reproduced with permis-
sion [83]. Copyright (2018) Elsevier.
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5. ECL Immunosensors
5.1. Physical Adsorption of Antibodies

ECL, also known as electrogenerated chemiluminescence, is a type of chemilumines-
cence in which luminophores generate electronically excited states by electron transfer on
the electrode surface [85,86]. Consequently, the ECL technique does not require any exter-
nal light source for excitation; therefore, it not only simplifies the measuring system, but it
also reduces the background noise signal from the scattered light source or the autofluo-
rescence of the analyte compared with a chemiluminescence system [87-89]. In addition,
the ECL technique has become a powerful analytical method owing to its high sensitivity
and stability [90-93]. Thus, ECL has been used for various applications, such as clinical
diagnosis, environmental monitoring, and food monitoring [94-96]. However, ECL has the
disadvantage of requiring instruments, including emission detection systems [97,98].

Liu et al. used AgNPs to form an immunoaffinity layer to detect cyclin D1 [99]. The
electrode was modified with a PDA-AgNP composite, and capture antibodies were immo-
bilized using physical adsorption. For signal generation, detection antibodies conjugated
with AuNPs and Bi;S3 QD-based nanoprobes were used. After forming the sandwich
immunocomplex, the ECL measurement showed a 6.34 fg/mL LOD with a 10 fg/mL—-
1 pg/mL linear range. Du et al. fabricated an ECL immunosensor with CdS QDs and
AgNPs for the detection of cTn-I [100]. In that study, the luminophore was firstly im-
mobilized on an immunoaffinity layer (Figure 7). The synthesized nanoluminophore,
MOEF-5-encapsulated CdS QD (CASQD@MOF-5), was coated with a PDDA-modified elec-
trode. Then, AgNPs-conjugated antibodies were immobilized to form an immunoaffinity
layer. ¢Tnl was quantified using an ECL-based measurement and the result showed a
5.01 fg/mL LOD with a 0.01-1000 pg/mL linear range.
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Figure 7. Examples of ECL immunosensors with physically adsorbed capture antibodies. Antibodies
were immobilized on AgNPs to form an immunoaffinity layer. Reproduced with permission [100].
Copyright (2020) American Chemical Society.

Various ECL immunosensors have been developed using an AuNP-based immunoaffin-
ity layer with physically adsorbed capture antibodies. Studies by Wang et al. and Yang
et al. from the Yuan group developed ECL immunosensors using physically immobilized
antibodies on electrodeposited AuNPs [101,102]. They used a compound consisting of RU
derivative (RUD), PEI, and ABEI as luminophores to increase the ECL signal using ECL
resonance energy transfer to detect Col IV [101]. This immunosensor showed a 0.17 pg/mL
LOD with a 0.5 pg/mL-7.2 ng/mL detection range. In another study, they used PFO
dots instead of RUD to fabricate a KIM-1 immunosensor [102]. The ECL emitter, an ABEI-
PER-PFO dot, was combined with rGO-PtNP for conjugation with detection antibodies.
After forming the sandwich immunocomplex, the LOD and linear range were calculated
to be 16.7 fg/mL and 50 fg/mL-1 ng/mL, respectively, using ECL measurement. Zheng
et al. fabricated a CEA immunosensor using an AuNP-Ab immunoaffinity layer [103].
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Antibodies were immobilized onto the AuNP-modified electrode using physical adsorp-
tion. To generate ECL signals, compounds consisting of PDDA-rGO and ZnSe/ZnS QDs
were conjugated with detection antibodies. CEA levels were then measured using ECL,
and the fabricated immunosensor showed an LOD of 0.029 pg/mL with a linear range of
0.0001-100 ng/mL. Lian et al. developed a label-free ECL immunosensor using Au-Co
alloy NPs (Au—Co NPs) for the detection of LDL and oxidized LDL (ox-LDL) [104]. Au-Co
NPs were immobilized onto an APTMS-silanized electrode, and each antibody against
LDL and ox-LDL was immobilized. After antigen binding and ECL measurement, the
calculated LODs were 0.256 pg/mL and 0.330 pg/mL, and the calculated linear ranges
were 0.420-100 pg/mL and 0.500-60.0 pg/mL, for LDL and ox-LDL, respectively.

Gold nanomaterials have also been used with carbon-based materials for the fabri-
cation of immunoaffinity layers. Qin et al. modified an electrode with a nanocompos-
ite consisting of Ru-5i0,, AuNP, and rGO (rGO@AuNP@RU-SiO,) to detect AFP using
ECL [105]. After sequential antibody and antigen treatment, the ECL. measurement showed
a 0.03 pg/mL LOD, with a 0.0001-100 ng/mL linear range. Khan et al. fabricated a label-
free ECL immunosensor using Ce;Sn;O7—-AuNP nanocubes for the detection of CEA [106].
For the fabrication of the immunosensor, nanocubes and capture antibodies were sequen-
tially treated. After antigen treatment, the ECL signal was measured, and the developed
immunosensor presented a linear range of 0.001-70 ng/mL and an LOD of 0.53 pg/mL.

5.2. Chemical Immobilization of Antibodies

Covalent immobilization is also frequently used for the formation of immunoaffinity
layers in ECL biosensors. Babamiri et al. fabricated an HBsAg immunosensor using mag-
netite NPs [107]. Antibodies against HBsAg were covalently immobilized onto carboxyl-
modified Fe3O4 NPs via EDC/NHS chemistry. For the amplification of the ECL signal,
CdTe/CdS QDs were used to form nanoclusters with PAMAM dendrimers, and detection
antibodies were immobilized onto the fabricated nanoclusters. After the formation of
the sandwich immunocomplex, HBsAg was quantified using ECL measurement, and the
results showed a 0.80 fg/mL LOD and a 3 fg/mL-0.3 ng/mL linear range.

Fang et al. developed an ECL immunosensor using a carbon-based nanomaterial,
g-C3Ny, to detect HE4 [108]. They synthesized carboxyl-wrapped g-C3Ny and made it
into a composite with mesoporous silica (g-CsN4@SiO;). The capture antibodies were
immobilized via the carboxyl group of g-C3N4 by EDC/NHS. For signal amplification,
detection antibodies were chemically immobilized onto the carbon nanohorn—polymer dot
composites. The fabricated ECL immunosensor showed a 3.3 x 107® ng/mL LOD with a
1.0 x 107310 ng/mL linear range. Ding et al. used another carbon-based nanomaterial,
MWCNT, to detect 5ShmC [109]. For the immobilization of antibodies, the electrode was
modified with MWCNTs, and capture antibodies were chemically immobilized using
EDC/NHS chemistry. After analyte treatment, detection antibodies conjugated with
PAMAM-silver nanoclusters and nitrogen-doped graphene nanocomposites were used as
ECL probes, and signals were measured using ECL. The calculated LOD and linear range
were 2.47 pM and 10 pM-30 nM, respectively.

Yang et al. used AuNPs for the detection of PSA [110]. In that study, PICA was elec-
tropolymerized onto electrodeposited flower-like AuNPs to form PICA-AuNP nanocompos-
ites (Figure 8). The capture antibodies were then chemically immobilized using EDC/NHS. For
the ECL probe, detection antibodies were immobilized onto GQDs and AuNP-immobilized
PEI-modified GO. The fabricated ECL immunosensor showed a 0.44 pg/mL LOD with a
0.001-10 ng/mL linear range.
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Figure 8. Examples of ECL immunosensors with covalently immobilized capture antibodies. The cap-
ture antibodies were chemically immobilized on a PICA-AuNP nanocomposite-modified electrode
using EDC/NHS. Reproduced with permission [110]. Copyright (2020) Elsevier.

6. Conclusions and Perspectives

In this review, various electrochemical, voltammetric, amperometric, impedimetric,
and ECL immunosensors have been introduced, as summarized in Table 1 and further
discussed. In particular, we focused on the immobilization of antibodies for the fabrica-
tion of immunoaffinity layers, by dividing them into those immobilized using physical
adsorption and those using chemical bonding. Generally, physical adsorption methods
use not only simple immersion, but also attractive materials known to have an affinity for
antibodies, such as AuNPs. To improve the performance of immunosensors, enhancing the
effectiveness of antibodies, especially by increasing exposed antigen binding sites, is a key
technique. Therefore, advanced antibody adsorption strategies, such as introducing the
orientation control of antibodies, scFv, or nanobodies, would be advantageous.

Table 1. Examples of electrochemical immunosensors.

Methods Immunoaffinity Layer Analyte LOD Detection Range Ref.
GO/tryamine/Ab ! CRP 1.25 ug/L (LOQ) 1.09-100 pg/L [30]

AuNP/Ab PSA 0.12 pg/mL 0.0005-10.00 ng/mL [33]
Graphene/PPD/AuNP/Ab NSE 0.3 ng/mL 1-1000 ng/mL [37]
CoS,-graphene/AuNP/Ab CA15-3 0.03 U/mL 0.1-150 U/mL [38]

Graphene/MOFs/ Ab NMP22 1.7 pg/mL 0.005-20 ng/mL [39]

brv MWCNT/PANI/AuNP/Ab PSA 0.5 pg/mL 1.66 ag/mL-1.3 ng/mL [40]
APTMS-Fe;04/Ab HER2 20 fg/mL 5 x1074-50 ng/mL [43]

GO-COOH/ Ab Mucinl 0.04 U/mL 0.1-2U/mL [44]

GO-CS/Ab CysC 0.0078 mg/mL 1-10 mg/mL [45]

Graphene/Antigen HSP70 0.02 ng/mL 0.0448-100 ng/mL [47]

oy MWCNT/AuNP/Ab PTH 86856;5% - 1-300 pg/mL [41]
AF-GO/PEI/Ab CysC 0.03 ng/mL 0.1-1000 ng/mL [31]

CS/AuNP/Ab PSA 0.001 ng/mL 1-18 ng/mL [34]

swy PANI/AuNP/Ab PSA 1.25 fg/mL 0.01-100 ng/mL [35]
CS-MWCNT-Fe;04/Ab CA19-9 0.163 pg/mL 0.001-100 ng/mL [46]

Amporometry Au/Ab procalcitonin sae ﬁjz’ffi 0.0001-50 ng/mL [36]
cv Avidin/biotinylated Ab Xpl\(fii %261 ;;;g //;I“LL ?3:1188 ,rfgg //;TLL [48]
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Table 1. Cont.

Methods Immunoaffinity Layer Analyte LOD Detection Range Ref.
Ab MPTé4 043 ng/mL o ggof‘ngg/ /“r‘;‘L 53]

N-GQD/AuPdCu/Ab HBsAg 3.3 fg/mL 10 fg/mL-50 ng/mL [54]

Peag/Ab i 0001 ng/mL oo 00ng/mi

AuNP/Ab AFP 6.7 fg/mL 20 fg/mL-100 ng/mL [56]

AuNP/Ab CEA 6.7 fg/mL 20 fg/mL-200 ng/mL [57]

Amperometry g-C3N,/AuNP/Ab galectin-3 25.0 fg/mL 0.0001-20.0 ng/mL [58]
TiO,-rGO/AuNR@Pd / Ab HE4Ag 13.33 fM 40 fM-60 nM [59]

pPPA/Ab Endoglin 140 pg/mL 0.18-20 ng/mL [60]

D HER2 0.3 pg/mL 1.0 pg/mL-100 ng/mL [61]

AuNP/Ab EV71 0.01 ng/mL 0.1-600 ng/mL [62]

AuNP-PAMAM/ Ab tau 1.7 pg/mL 6-5000 pg/mL [63]
PDDA/PSS/AuNR/Ab S. aureus 24 x 102CFU/mL 1.8 x 10°-1.8 x 10 CFU/mL  [73]

BSA/Ab NS1 0.3ng/mL 1-200 ng/mL [75]

SPy-PPy/Ab TL-10 0.347 pg/mL 1-50 pg/mL [76]

PHA/Ab IL-8 75 fg/mL 0.025-3 pg/mL 1771

PGMA-CB/Ab IL-8 33 fg/mL 0.01-3 pg/mL 78]

EIS Chitosan-CB P53 3 fg/mL 0.01-2 pg/mL [79]
PGMA/Ab P53 7 fg/mL 0.024 pg/mL [80]

PPy-COOH/Ab CCR4 6.4 fg/mL 0.02-8 pg/mL [81]

AuNP-SAM/Ab SARS-CoV-2 0.577 fg/mL 0.002-100 pg/mL [82]

MWCNT-AuNP/Ab ALP 0.251U/L 0.5-600 IU/L [83]
MWCNT-COOH/Ab cTInl 0.05 ng/mL 0.05-50 ng/mL [84]

& MWCNT-AuNP/Ab PTH s ggﬁi 1-300 pg/mL 74]
PDA-AgNP/Ab Cyclin D1 6.34 fg/mL 10 fg/mL-1 ug/mL [99]
CdSQD@MOE-5/AgNP-Ab cInl 5.01 fg/mL 0.01-1000 pg/mL [100]

AuNP/Ab Col IV 0.17 pg/mL 0.5 pg/mL-7.2 ng/mL [101]

AuNP/Ab KIM-1 16.7 fg/mL 50 fg/mL-1 ng/mL [102]

AuNP/Ab CEA 0.029 pg/mL 0.0001-100 ng/mL [103]

FOL APTMS/Au-Co NPs/Ab oxibL 020 Sﬁfﬁf 06?5%3%%? (1041
rGO@AuNP@RU-SiO, /Ab AFP 0.03 pg/mL 0.0001-100 ng/mL [105]
Ce,Sn,O7-AuNP/Ab CEA 0.53 pg/mL 0.001-70 ng/mL [106]

Fe;04/Ab HBsAg 0.80 fg/mL 3 fg/mL-0.3 ng/mL [107]

8-C3N,@Si0, / Ab HE4 33xx 107° ng/mL 1.0x x 107°-10 ng/mL [108]

MWCNT/Ab 5hmC 2.47 pM 10 pM-30 nM [109]

AuNP/PICA/Ab PSA 0.44 pg/mL 0.001-100 ng/mL [110]

I Antibodies.

For covalent immobilization, electrodes or binding materials are modified with func-
tional groups such as carboxyl, amine, and hydroxyl using various chemistry-based tech-
niques, including SAM and silanization. Among them, EDC/NHS chemistry is one of the
most frequently used methods for binding the amine groups of antibodies to carboxylated
surfaces. In addition, silanization methods are frequently used for hydroxyl surfaces, such
as ITO electrodes. Covalent immobilization can irreversibly immobilize antibodies to form
a robust immunoaffinity layer. However, most chemical reactions require the linking and
blocking of the functional groups in antibodies, which can affect the binding activity. In
addition, blocking the Fab region, including the antigen-binding paratope, would limit the
performance of immunosensors. Thus, Fc-binding strategies can improve the performance

30



Biosensors 2021, 11, 360

of electrochemical immunosensors by enhancing the functionalization of electrodes with
high density and efficiency.

Electrochemical biosensors have been developed in the past few decades, and re-
main active research areas in analytical chemistry that offer advantages such as small
sample volume, cost-effectiveness, simplicity, high sensitivity, reproducibility, and selec-
tivity. For electrochemical immunosensors, antibodies are used for the recognition and
specific binding of analytes onto electrodes, and the labeling of bound target analytes
with signal generating or amplifying molecules. In electrochemical biosensors, various
nanomaterials are introduced into the electrodes or labeling molecules for various reasons,
such as increasing conductivity, electron transfer, signal generation, and amplification.
Therefore, the synthesis of highly effective nanomaterials would increase the performance
of electrochemical biosensors. In conclusion, strategies for introducing highly effective
nanomaterials or their composite conjugated antibodies with high-density antigen-binding
sites need to be assessed in future studies.
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Abstract: Droplet-based microfluidics has been widely used as a potent high-throughput platform
due to various advantages, such as a small volume of reagent consumption, massive production of
droplets, fast reaction time, and independent control of each droplet. Therefore, droplet microfluidic
systems demand the reliable generation of droplets with precise and effective control over their
size and distribution, which is critically important for various applications in the fields of chemical
analysis, material synthesis, lab-on-a-chip, cell research, diagnostic test, and so on. In this study, we
propose a microfluidic device with a high-aspect-ratio (HAR) channel, which has a parallelogram
cross-section, for generating monodisperse droplets. The HAR channel was fabricated using simple
and cheap MEMS processes, such as photolithography, anisotropic wet etching, and PDMS mold-
ing, without expensive equipment. In addition, the parallelogram cross-section channel structure,
regarded as a difficult shape to implement in previous fabrication methods, was easily formed by
the self-alignment between the silicon channel and the PDMS mold, both of which were created
from a single crystal silicon through an anisotropic etching process. We investigated the effects of
the cross-sectional shape (parallelogram vs. rectangle) and height-to-width ratio of microfluidic
channels on the size and uniformity of generated droplets. Using the developed HAR channel
with the parallelogram cross-section, we successfully obtained smaller monodisperse droplets for
a wider range of flow rates, compared with a previously reported HAR channel with a rectangular
cross-section.

Keywords: high-aspect-ratio microfluidic channel; parallelogram cross-section; monodisperse droplet;
droplet generation

1. Introduction

Droplets have been widely used as biochemical reactors for chemical and biological
analysis and templates for polymer microbeads due to their unique features, such as high-
throughput, minimal reagent consumption, massive production of droplets, rapid response
time, and independent control of each droplet [1-5]. Therefore, droplet microfluidic systems
require the reliable generation of droplets with precise and effective control over their
size and distribution, which is critically important for various applications in the fields of
chemical analysis, material synthesis, lab-on-a-chip, cell research, diagnostic test, and so on.

Compared with conventional droplet production processes, such as mechanical agita-
tion [6] and membrane emulsification [7], methods based on microfluidic channels have
several advantages of easy and robust generation of droplets, excellent handling, and
monodisperse droplet size ranging from nanometer to micrometer scale [8]. There are
various types of microfluidic channel configurations according to the droplet breakup
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mechanism: T-junction [9,10] and flow-focusing [11] configuration based on shear stress
for droplet breakup and step emulsification [12,13], gradient of confinement [14], and HAR
(high-aspect-ratio) confinement [15] configuration based on interfacial tension for droplet
pinch-off. Using the T-junction structure, fluids with two immiscible phases generate
droplets by shear force, whose sizes can be adjusted by changing the relative flow rates of
these fluids. In order to generate a large amount of droplets with a uniform size, however,
it is necessary to precisely control the flow rate, and thus, microfluidic devices having a
precise flow control capability are required. On the other hand, in the step emulsification
configuration, the interfacial tension between two immiscible phases by a Laplace pressure
difference drives droplet pinch-off when passing through the stepped channel. This droplet
breakup mechanism can produce uniform-sized droplets regardless of the interference
of flow or pressure fluctuation, enabling massive droplet generation by parallelizing the
multiple-step emulsification configurations on a single device. However, one of the draw-
backs is that this configuration requires complicated multistep photolithography processes
to fabricate stepped channels. Recently, Yao et al. reported a HAR microfluidic channel de-
vice that has a similar droplet generation mechanism to the step emulsification device [15].
As the fluid exits the HAR channel into the chamber, the strong constraints of the interface
are released, and droplets are generated by the surface tension. In this case, the size of the
droplet is determined by the channel width. That is, uniform droplets can be generated
without being affected by the flow velocity when the aspect ratio (AR, the ratio of width
to height) exceeds 3.5. In order to fabricate such HAR microfluidic channels, however, it
requires the use of expensive deep reactive ion etching (RIE) equipment or a UV-based
LIGA process [16].

In this study, we present a microfluidic device with a high-aspect-ratio (HAR) channel,
which has a parallelogram cross-section, for generating monodisperse droplets. The de-
veloped HAR channel was fabricated using simple and cheap MEMS processes, such as
photolithography, anisotropic KOH (potassium hydroxide) wet etching, and polydimethyl-
siloxane (PDMS) molding. Compared with the previously used HAR channel fabrication
methods, the developed HAR channel was successfully fabricated without expensive equip-
ment, and more importantly, the parallelogram cross-section channel structure, regarded
as a very difficult structure to implement previously, was successfully integrated into a
microfluidic device, particularly droplet generation configuration. In addition, compared
with the above-mentioned HAR channel with a rectangular cross-section [15,16], our pre-
sented HAR channel with a parallelogram cross-section can generate more stable and
smaller droplets for a wider range of flow rates. Here, we investigate the effects of the
cross-sectional shape (parallelogram vs. rectangle) and height-to-width ratio (AR) of a
microfluidic channel on the size and uniformity of generated droplets. To the best of our
knowledge, the effect of the cross-sectional shape on the droplet generation has not been
examined yet, and the developed microfluidic device is the first platform that employs the
parallelogram cross-section channel in droplet production.

2. Materials and Methods
2.1. Design of a High-Aspect-Ratio (HAR) Microfluidic Channel with a Parallelogram
Cross-Section

The developed microfluidic device is composed of two inlets for sample solution and
carrier oil solution, an interconnecting channel for generating droplets at the interface
of the oil inlet (T§unction droplet generation region), and an outlet for collecting the
generated droplets (Figure 1). The middle interconnecting channel is designed to have a
HAR geometry of a parallelogram cross-section, where its base width (W), height (H), and
hypotenuse (HT) are 13.5, 51.0, and 62.4 um, respectively, displaying aspect ratios (ARs)
of 3.8 (H/W) and 4.6 (HT/W). The angle (6) between the base width and the side length
always forms 54.7° since this is the angle between (111) and (100) of single crystal Si. When
the HAR channel (AR > 3.5) is utilized to provide the sample solution in the Tjunction
configuration, the droplet breakup mechanism is mainly dominated by the interfacial
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tension, and the effect of the shear stress on the droplet formation can be neglected [12,13].
The developed microfluidic device employing the HAR channel with a parallelogram cross-
section enables the sample solution to self-break up into monodisperse droplets without
being affected by fluid properties and flow rates.

(B)
Generated
droplet

Clamped

Qil flow

HAR channel with a
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Figure 1. (A) Photographs of the developed microfluidic device comprising a HAR channel with a
parallelogram cross-section. An inset shows the microscopic image of a Tjunction droplet generation
region in the microfluidic device where sample solution flows through the HAR channel with a
parallelogram cross-section. (B) A schematic illustration of the HAR channel with a parallelogram
cross-section in the T-junction region, which induces self-breakup droplet generation.

2.2. Fabrication Process

Previously, we reported the fabrication process of a channel with a parallelogram
cross-section [17,18]. Photolithography, anisotropic KOH wet etching, plasma bonding, and
self-alignment between PDMS and Si were sequentially performed to fabricate channels
having parallelogram and rectangular cross-sections, as shown in Figure 2. First, a SiO,
thin film layer of 1000 A thickness was deposited on a (100) single crystal Si wafer using
low-pressure chemical vapor deposition (LPCVD) and patterned by photolithography and
RIE (reactive ion etch) (photomask designs are illustrated in Figure S1). Then, the Si wafer
was anisotropically etched with KOH solution at 70 °C (etch rate: 0.66 um/min). The Si
channels and the masters for PDMS molds for parallelogram and rectangular cross-sections
had the same etching depth, so it was possible to fabricate the Si channel and master for
the PDMS mold in one silicon wafer. The width of the channels (W = W1 — W), which
was determined by the photomask design for Si channel width (W;) and master width
(W) for PDMS molds, was fixed to 13.5 um, and their heights (H) were controlled by KOH
anisotropic wet etching time to fabricate the channels with various ARs. A PDMS mold was
replicated from the Si master, and then was self-aligned and bonded with the Si channel
by oxygen plasma treatment. A small amount of methanol (or DI water) was sprayed
between the Si channel and the PDMS mold to facilitate self-alignment, where the PDMS
mold could be mechanically aligned to one side wall of the Si channel by hand. Finally, the
methanol was evaporated on a hot plate to complete the formation of the channel, which
was composed of PDMS and silicon. Since the Si channel and the Si master for the PDMS
mold were fabricated on the same wafer, both had the same crystal plane and etching depth
(Figure 2). In other words, the geometrical similarity (including depth) between them
enabled the easy alignment. The assembled microfluidic device is illustrated in Figure 1A.
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Figure 2. The fabrication process of the microfluidic devices consisting of a HAR channel (A) with
a parallelogram cross-section and (B) with a rectangular cross-section. The Si channel and the Si
master for the PDMS mold are fabricated on a single Si wafer, allowing for both the Si channel and the
PDMS mold to have the same height. The channel width (W) in both parallelogram and rectangular
cross-section designs was determined by an initial photomask design, resulting in W = Wy — W,.
The channel height (H) can be easily controlled by adjusting the etching time.

2.3. Droplet Generation and Analysis

Channels in all fabricated devices were coated with Aquapel® (PGW LLC, Cranberry
Township, PA, USA) to make their surfaces hydrophobic, followed by rinsing with nitrogen
gas and carrier oil (NovecTM 7500, 3M™  St. Paul, MN, USA). To flow the sample solution
(deionized water) into the HAR channel, one of two inlets was clamped. Oil solution was
mixed with a surfactant (008-FluoroSurfactant, RAN Biotechnologies, Beverly, MA, USA)
ata 1% (w/w) ratio for stable droplet generation and storage. Both sample and oil solutions
were injected using syringe pumps (Fusion 200, Chemyx Inc., Stafford, TX, USA).

To compare the effect of cross-sectional shapes (parallelogram or rectangle) and ARs
on the droplet generation, microfluidic devices with 3 different interconnecting channel
designs (P-W13.5-H29.5, P-W13.5-H51.0, and R-W13.5-H51.0; having the same channel
width (W) but different shapes (P: parallelogram, R: rectangle) and heights (H), Figure 3)
were characterized. The flow rate of the carrier oil solution was fixed at 400 uL/h, and
droplet generation under various flow rates of the sample solution (10, 30, 50, 100, and
200 uL/h) was analyzed. For further precise comparison between P-W13.5-H51.0 and
R-W13.5-H51.0, even lower flow rates of the sample solution (1, 2, and 5 uL./h) were tested.
The hydraulic diameters (Dj) of 3 different interconnecting channel designs were calculated
from the definition of Reynolds number (Re) as below:

Q4A
_PVDy _PED _4Q _Q _4A
Re = " = n up V—A, Dh—P

where p is the fluid density, V is the characteristic velocity, Dj, is the hydraulic diameter,
u is the mean viscosity, A is the cross-sectional area of the flow, P is the wetted perimeter of
the cross-section, and Q is the flow rate.
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Figure 3. The SEM images showing the cross-section of the fabricated HAR channels. (A) Cross-section
of a parallelogram channel with AR lower than 3.5 (AR = 2.2, P-W13.5-H29.5). (B) Cross-section of
a parallelogram channel with AR larger than 3.5 (AR = 3.8, P-W13.5-H51.0). (C) Cross-section of a
rectangular channel with AR larger than 3.5 (AR = 3.8, R-W13.5-H51.0) (scale bar: 100 pm).

The developed HAR channel has a parallelogram cross-section structure, which is not
symmetric, and depending on the flow direction of oil solution, the sample solution would
experience different flow profiles at the interface (i.e., Tjunction region). For example,
when the oil solution flows towards the outlet, this carrier solution interacts with the
sample solution with an angle of 54.7°, while the oil solution meets the sample solution
with an angle of 125.3° when flowing towards the inlet. In order to examine the effect
of the different flow profiles at the interface, the droplet production under different oil
flow directions was compared (oil flow rate: 400 pL/h). In addition, flow rates of 200,
400, 600, and 800 uL/h in the oil solution were tested to investigate their influence on the
produced droplet size. The flow rate of the sample solution was maintained at 50 pL/h. For
this characterization, a HAR channel with a parallelogram cross-section (P-W11.8-H51.0;
W:11.8 pum, H: 51.0 um, HT: 62.4 um, H/W: 4.3, HT/W: 5.3) was utilized.

Droplet generation was monitored using an upright microscope (BXFM-F, Olympus,
Tokyo, Japan) equipped with a high-speed camera (MIRO EX4-4096MC, Phantom, Wayne,
NJ, USA). The generated droplets were collected through the outlet, and their sizes were
measured by bright-field microscopy and NIH Image] software. Each datum shown in the
manuscript was measured from at least 30 droplets.

3. Results and Discussion
3.1. High-Aspect-Ratio Microfluidic Channel with a Parallelogram Cross-Section

Figure 3 shows the scanning electron microscope (SEM) images of the fabricated
channels having parallelogram and rectangular cross-sections. These cross-sectional images
clearly demonstrate that the Si channel and the PDMS mold (replicated from the Si master)
were perfectly aligned and bonded because of their geometrical similarity. The width of
both fabricated channels was found to be 13.5 um, which was successfully determined
by the width of the initial photomask design. The height of the fabricated channels was
easily controlled by adjusting the anisotropic KOH etching time. For example, channels
in Figure 3A,B, both have a parallelogram cross-section and the same channel width of
13.5 pm, but exhibit different channel heights, 29.5 and 51.0 um (H/W = 2.2 and 3.8), where
a deeper channel height was achieved through the longer wet etching process. Figure 3C
illustrates the cross-section of the fabricated rectangular interconnecting channel, which has
the same width and height, resulting in the same AR (H/W = 3.8) compared with Figure 3B.
Both channels have the same cross-sectional areas and Reynolds number for a given flow
rate, but the hydraulic diameter is different. It means that the fluid would experience the
different force when it flows out from the channel.
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The HAR channel with a parallelogram cross-section was successfully fabricated
using simple and cheap MEMS processes without requiring any expensive equipment.
In addition, the parallelogram channel shape, which was challenging to implement in
conventional fabrication methods, was built and integrated into the microfluidic device.
To the best of our knowledge, the developed microfluidic device is the first platform that
utilizes the parallelogram cross-section channel for droplet generation.

3.2. Characterization of Droplet Generation with Different Channel Geometries

Time-lapse images showing the droplet generation process at the water—oil interface
are illustrated in Figure 4. When the sample solution (DI water) was introduced in the HAR
channel with a parallelogram cross-section, it was pressurized and formed a thin thread.
As the sample solution reached close to the Tjunction region, the thin thread pinched
off into a droplet. Once the formed droplet was released to an oil-flowing channel, the
elongated thread retracted, resumed the initial state, and repeated these steps, resulting in
monodisperse droplets being produced periodically (Video S1).

rated
let

Figure 4. Time-lapse images displaying the droplet generation process at the T-junction region.

The effect of the channel geometries, such as cross-sectional shapes (parallelogram or
rectangle) and ARs (larger or smaller than 3.5), on droplet formation was investigated. The
diameters of the droplets created from all the different geometries and flow rate conditions
(oil: 400 uL/h, sample: 1, 2, 5, 10, 30, 50, 100, and 200 uL/h) were measured and compared,
where all measurement results are summarized in Table 1. It can be seen in Figure 5A,B that
the modality of the droplet formation is different in accordance with the channel geometries.
For example, when the channel structure with an AR value of less than 3.5 (P-W13.5-H29.5,
AR = 2.2) was used, the droplet breakup profile followed a conventional T-junction droplet
generation principle, which is governed by the viscous shearing forces between oil and
sample solutions. In this case, the size of the produced droplet was strongly dependent
on flow variations, where larger-diameter droplets were formed as the faster flow of the
sample solution was applied (Video S2). In the P-W13.5-H29.5 channel design, the average
diameter of the droplets was 46.2 um under the sample flow rate of 10 pL/h, and then
their sizes began to increase as the sample flow rates became larger, where droplets with an
average diameter of 146.3 um were created under a sample flow rate of 200 uL/h.

On the other hand, when the HAR channel structure (AR > 3.5) was employed, the
interfacial tension became the dominant force for droplet generation, enabling monodis-
perse droplets to be formed regardless of flow fluctuations. In the P-W13.5-H51.0 channel
design (AR = 3.8), the average sizes of the droplets were kept almost consistent, where
less than 1.5% size variation was observed between sample flow rates ranging from 10
to 100 uL/h (Table 1, Figure 5B, and Video S3). In the R-W13.5-H51.0 channel design
(AR =3.8), the average diameters of the droplets created under the sample flow rate con-
ditions ranging from 10 to 50 pL/h were also almost uniform (Table 1, Figure 5B, and
Video S4), although this rectangular cross-section design had a smaller flow rate interval
for inducing the monodisperse droplet generation than the parallelogram cross-section
design (P-W13.5-H51.0).
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Table 1. Average diameter of droplets generated from different channel geometries and flow
rate conditions.

Sample Flow Rate (uL/h)
1 2 5 10 30 50 100 200
}:’:’ﬁ; Igﬁgms 462 663 720 1185 1463
AR Sae D e +14 423 +29  +56 1247
Channel fl;::’;‘;’j; I;Tr;? 453 453 456 463 469 4638 469 1519
geometry ARS A D 107 407 413 410 409  +09  +20 1609
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Figure 5. The effect of channel geometries (cross-section shape and AR) on droplet generation.
(A) Micrographs showing the droplets produced using different channel geometries under various
flow rate conditions of the sample solution. The flow rate of the oil solution was fixed at 400 pL/h
(scale bar: 100 um). (B,C) Analysis of the average droplet sizes by different geometries and sample

flow rate conditions.

To further analyze the effect of cross-section shapes, even lower flow rates (1, 2,
and 5 uL/h) of sample solutions were applied, and the droplet production profiles were
compared between the P-W13.5-H51.0 and R-W13.5-H51.0 channel designs. As shown in
Figure 5C, the parallelogram cross-section design (P-W13.5-H51.0) was able to produce
almost uniform-sized droplets irrespective of the flow rate changes even in this lower range.
However, the average droplet diameters created from the rectangular cross-section design
(R-W13.5-H51.0) showed the dependency on the flow variations (e.g., 75.8 um at 1 uL/h
and 81.2 um at 5 uL./h), indicating that the viscous shearing force was the dominant force
in the lower range, and uniform-sized droplets could not be implemented. In addition, the
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hydraulic diameters (Dj,) of three different channel designs were calculated and compared
(Table 1 and Figure 3), where the channel design with a larger hydraulic diameter (P-W13.5—-
H51.0, Dy, = 27.7 pm) showed the generation of monodisperse droplets within a wider
range of flow rates against other designs (P-W13.5-H29.5, D;, = 16.0 um, R-W13.5-H51.0,
Dj, = 21.3 um). From the above characterization results of droplet generation among three
different geometries, our developed HAR channel with a parallelogram cross-section clearly
demonstrated its outperforming capability, which could generate uniform-sized droplets
independent of flow variation within a wider range (flow rate range for uniform-sized
droplet generation: the developed HAR parallelogram channel = 1 ~ 100 uL/h vs. the HAR
rectangular channel = 10 ~ 50 uL/h).

Another interesting feature of the parallelogram cross-section design is that the pro-
duced droplets have smaller sizes compared with the rectangular cross-section design. In
the P-W13.5-H51.0 and R-W13.5-H51.0 channels, both designs have the same channel
width and cross-sectional area, so they would have to generate similar sizes of droplets
under the same flow conditions. However, when comparing the droplet sizes created
under the same flow conditions, the parallelogram cross-section design (P-W13.5-H51.0)
exhibits smaller sizes all the time. This size difference would be mainly due to different
cross-sectional shapes, particularly the hypotenuse of the parallelogram. When the sample
solution is filled inside the P-W13.5-H51.0 channel, the channel surface that interacts with
the solution thread to produce droplets is the hypotenuse of the parallelogram, not its
height. Thus, although the parallelogram cross-section channel has the same channel height
(same AR) and cross-sectional area compared with the rectangular cross-section channel,
this design can provide a larger surface interaction (the length of the hypotenuse = the
channel height/sin (54.7°) = 1.23 x the channel height = 62.5 um), which would result in a
larger interfacial tension. The larger interfacial tension might induce more frequent droplet
breakups along the parallelogram cross-section channel, and this would be the main reason
for smaller droplets being produced with higher generation frequencies (Videos S3 and 54).
In addition, the larger interfacial tension deriving from the interaction with a longer hy-
potenuse would be the main contributor for a wider range of flow variation that can create
the uniform-sized droplets in the parallelogram cross-section channel. Numerical simula-
tions based on the volume of fluid were also conducted to clearly understand the effect of
the channel cross-section geometries on the droplet generation, where the difference in the
droplet breakup mechanism as well as the sample flowing position among three different
designs was observed (Supplementary Information, Figures S2 and S3).

3.3. Effect of the Carrier Oil on Droplet Generation

As the developed HAR channel has the parallelogram structure, the channel cross-
section is tilted at an angle of 54.7° to the bottom surface. This asymmetric channel structure
can cause different flow profiles at a sample (water)-oil interface when the oil flow direc-
tions change in the Tjunction. To confirm whether the droplet generation was affected
by the oil flow directions, the flow rates of the sample and oil solutions were fixed at 50
and 400 pL/h, respectively, and the droplet formation was monitored only by varying the
oil flow direction (Figure 6A). As can be seen in Figure 6B and Video S5, no significant
difference in droplet generation (droplet diameter: 41.0 & 0.8 pm vs. 41.2 4= 0.9 pm, cor-
responding to oil flow direction towards outlet (forward flow) vs. oil inlet (reverse flow))
was observed from different oil flow directions (i.e., different flow profiles). In addition,
the effect of oil flow speed on the droplet production was tested (Figure 6C and Video S6),
where no significant difference was found from various oil flow rates ranging from 200
to 800 uL/h (droplet diameter: 41.1 &+ 0.8, 41.0 £ 0.8, 40.8 £ 0.7, and 41.4 & 0.8 um at oil
flow rates of 200, 400, 600, and 800 uL/h, respectively). These results from different oil flow
conditions verify that the droplet generation mechanism in the developed HAR parallelo-
gram channel is mainly dominated by the interfacial tension, which induces self-breakup
of droplets and is not affected by flow variation.
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Figure 6. The effect of the carrier oil flow on droplet generation. (A) Illustration and microscopic
images showing the droplet generation under two different flow directions of the oil solution (forward:
towards a device outlet; reverse: towards an oil inlet) (scale bar: 100 pm). (B) Comparison of the
average droplet sizes produced under two different oil flow conditions (sample flow rate: 50 pL/h;
oil flow rate: 400 uL/h). (C) Analysis of the average droplet sizes formed under various oil flow rates
(200, 400, 600, and 800 puL/h, sample flow rate was fixed at 50 uL/h).

One thing to note here is that the droplet size (diameter: 41.0 pm) generated from the
HAR parallelogram channel having a 11.8 um width is smaller than the previously used
channel design (P-W13.5-H51.0) comprising a 13.5 um width (droplet diameter: 46.8 pum).
Since both channel designs had the same height and hypotenuse, the different droplet
sizes were mainly derived from different lengths of the channel widths. This result clearly
demonstrates the capability of the developed HAR parallelogram channels to control the
droplet sizes by simply adjusting the channel width.

4. Conclusions

In this paper, we developed the microfluidic device comprising the high-aspect-ratio
(HAR) channel with a parallelogram cross-section for generating monodisperse droplets.
The developed device was fabricated using simple and cheap MEMS processes, where
the HAR parallelogram channel geometry, very difficult to implement previously, was
successfully created and integrated into the microfluidic device without requiring high-cost
equipment and processes. The droplet generation was characterized using the developed
channel design, and the effect of the channel geometries including the aspect-ratio and
cross-sectional shape was investigated. In addition, the performance of the developed par-
allelogram channel was compared with that of a previously developed rectangular channel.
The results successfully demonstrated the outperforming capability of the developed HAR
parallelogram channel, where uniform-sized droplet generation was confirmed in a wider
range of flow variation. To the best of our knowledge, the developed microfluidic device is
the first platform that utilizes a parallelogram cross-section channel for generating droplets.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/bios12020118 /51, Figure S1. Photomask designs of microfluidic
devices; Supplementary Information. Numerical simulations of the droplet generation in channels
with parallelogram and rectangular cross-section; Figure S2. Contours of the void fraction of the
dispersed phase in the cross plane; Figure S3. Contours of the void fraction of the dispersed phase
in the top plane of the interconnecting channel; Video S1. Droplet generation at the water—oil
interface (T-junction region) displaying the self-breakup into a monodisperse droplet; Video S2.
Droplet generation in the P-W13.5-H29.5 channel (parallelogram, AR < 3.5) under various flow rate
conditions; Video S3. Droplet generation in the P-W13.5-H51.0 channel (parallelogram, AR > 3.5)
under various flow rate conditions; Video S4. Droplet generation in the R-W13.5-H51.0 channel
(rectangle, AR > 3.5) under various flow rate conditions; Video S5. The effect of oil flow direction on
the droplet generation in the HAR channel with a parallelogram cross-section (AR > 3.5); Video Sé6.
The effect of oil flow rates on the droplet generation in the HAR channel with a parallelogram
cross-section (AR > 3.5).
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Abstract: Bladder cancer (BCa) and prostate cancer (PCa) are some of the most common cancers in the
world. In both BCa and PCa, the diagnosis is often confirmed with an invasive technique that carries
a risk to the patient. Consequently, a non-invasive diagnostic approach would be medically desirable
and beneficial to the patient. The use of volatile organic compounds (VOCs) for disease diagnosis,
including cancer, is a promising research area that could support the diagnosis process. In this study,
we investigated the urinary VOC profiles in BCa, PCa patients and non-cancerous controls by using
gas chromatography-ion mobility spectrometry (GC-IMS) and gas chromatography time-of-flight
mass spectrometry (GC-TOF-MS) to analyse patient samples. GC-IMS separated BCa from PCa
(area under the curve: AUC: 0.97 (0.93-1.00)), BCa vs. non-cancerous (AUC: 0.95 (0.90-0.99)) and
PCa vs. non-cancerous (AUC: 0.89 (0.83-0.94)) whereas GC-TOF-MS differentiated BCa from PCa
(AUC: 0.84 (0.73-0.93)), BCa vs. non-cancerous (AUC: 0.81 (0.70-0.90)) and PCa vs. non-cancerous
(AUC: 0.94 (0.90-0.97)). According to our study, a total of 34 biomarkers were found using GC-TOF-MS
data, of which 13 VOCs were associated with BCa, seven were associated with PCa, and 14 VOCs
were found in the comparison of BCa and PCa.

Keywords: bladder cancer; prostate cancer; urinary biomarkers; urinary VOCs; machine olfaction;
GC-IMS; GC-TOF-MS

1. Introduction

Early detection and diagnosis of cancer remains a key goal to improve the prognosis
and life expectancy of patients [1-4]. Globally, cancer results in some of the highest
mortality rates for any disease. In 2020 alone there were more than 19 million new cancer
diagnoses and almost 10 million deaths [5]. The UK is a major contributor to this, with
some of the highest cancer rates in the world. It is amongst the top 10% of countries, with
the highest number of new cases of cancer [6]. These figures emphasize the importance of
using screening methods to improve disease diagnosis and to reduce cancer morbidity [7].

Bladder cancer (BCa) is the ninth most common cancer worldwide and is also one of
the most difficult cancers to diagnose and clinically manage [8,9]. Cystoscopy followed
by transurethral resection of a bladder tumour (TURBT) with biopsy and histological
assessments are considered to be the ‘Gold Standard’ for the diagnosis of BCa [10]. How-
ever, cystoscopy is invasive in nature, and can cause pain, urinary infections, and blood
loss in some cases [11,12]. To aid in the diagnosis of BCa, a range of urine tests have
been developed including the bladder tumour antigen (BTA) test, nuclear matrix protein
22 (NMP22), urinary bladder cancer antigen (UBC), and fibrin degradation products (FDP).
Unfortunately, none of these tests have demonstrated sufficient specificity or sensitivity as
a screening test [13].
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Prostate cancer (PCa) occurs in men and is the sixth most common cancer worldwide [14-16].
For prostate cancer, PSA (prostate-specific antigen) is a commonly used blood test. How-
ever, it lacks sensitivity and specificity. PSA can be used for monitoring PC progression in
both symptomatic and asymptomatic patients [17]. The downsides of PSA, as a diagnostic
test for PCa patients, are mainly related to the high false-positive rate. PSA can be raised in
urinary and prostate infections or other conditions such as benign prostatic hyperplasia
(BHP) [18]. Therefore, a raised PSA level can lead to unnecessary biopsies, which may end
up causing fever, pain, bleeding, and infection to the patient [19-21]. Recent European As-
sociation of Urology guidelines advise undertaking a multiparametric magnetic resonance
scan on all patients prior to confirmatory biopsies; however, this is not always accessible,
especially in low-resource settings [22].

One area receiving significant interest is in the use of volatile organic compounds
(VOCs) to diagnose and monitor cancer. VOCs are chemical compounds that are either
produced in vitro or are introduced externally and can indicate the presence, or absence,
of disease in the body. The concept first emerged after reports indicated that dogs could
recognise cancer by sniffing biological samples [23]. Since this discovery, researchers have
reported that VOCs could be used to detect a broad range of cancers including lung,
colorectal and pancreatic cancer [24-27].

Urine is a common biological source of VOCs, as the components present are either
the intermediate products or end products of metabolic activities occurring inside the
human body [28]. A study published in 2016 provided significant evidence for the use of
urinary VOCs for distinguishing BCa, from a total of 72 urine samples the results showed
an accuracy of 89%, 90% sensitivity, and 88% specificity using PLS-DA (partial least squares
discriminant analysis) on GC-MS (gas chromatography-mass spectrometry) data [29].

Urine cytology is a non-invasive test which uses urine as biological modality for the
presence of cancer. Several studies showed that though it exhibits high specificity, the
sensitivity and specificity highly depend on collection method and cancer grade [30-32].

The gold standard for the analysis of VOCs remains GC-MS, but it is expensive,
requiring specialised equipment and trained staff, making it difficult to implement in
a point of care scenario. A variant of this is GC-TOF-MS (gas chromatography-time of
flight-mass spectrometry), which is a similar technique used for multidimensional analysis
of complex samples with the potential to identify an even greater number of VOCs [33,34].
However, more recently a range of other techniques have been reported that have the
potential to be used at the point of care. GC-IMS (gas chromatography-ion mobility
spectrometry) is one such technique, it provides high sensitivity and selectivity, and the
GC-IMS can be created in a portable form factor and can use nitrogen or air as the carrier
gas. However, it is less able to identify specific biomarkers and it is unable to identify
chemicals with a low proton affinity. Our group has reported the use of this method with
a range of different diseases [35,36]. Thus, the combination of GC-TOF-MS, which can
provide a means of identifying specific biomarkers, with GC-IMS, a lower cost platform,
using air as the carrier and thus facilitating ward use, is advantageous.

The study aimed to identify and test the potential of urinary biomarkers to distinguish
between two different cancers and healthy controls using both GC-TOF-MS and GC-IMS.
We believe this is the first time that GC-IMS has been used with these cancers in combination
with GC-TOF-MS.

2. Materials and Methods
2.1. Urine Samples

A total of 106 patients were recruited after providing informed consent at University
Hospital Coventry and Warwickshire NHS Trust, UK. Patients were recruited prior to
anti-cancer treatment. This study was approved by Coventry and Warwickshire and
North-East Yorkshire NHS Ethics Committees (Ref 18717 and Ref 260179). Urine samples
were collected in standard universal sterile specimen containers and frozen within 2 h at
—80 °C for subsequent batch analysis and according to standard operating procedures,
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compliant with tissue bank requirements under Human Tissue Act 2004. No chemicals
were added to the urine before freezing, as we have previously shown that urine samples
remain stable for extended periods of time at this temperature [37]. Prior to analysis the
samples were transferred to the University of Warwick and briefly stored at —20 °C. The
samples were defrosted in a laboratory fridge at 4 °C and aliquoted into 20 mL glass
sample vials with a crimp cap. We used 5 mL of each urine sample for the analysis with
GC-IMS and GC-TOF-MS. Of the 106 urine samples collected, 15 patients had confirmed
BCa, 55 were confirmed PCa, and there were 36 non-cancerous controls. The mean age
of the BCa patients was 70 years and the mean age of the PCa patients was 72 years. The
demographic data of the subjects are illustrated in Table 1.

Table 1. Demographic data for subject

groups.

Group Bladder Cancer Prostate Cancer Non-Cancerous
Number of samples 15 55 36
Mean Age (years) 70.0 719 62.5
Sex: Male/Female 12:3 All Male 24:12
Mean BMI (Kg/m? 24.4 27.5 30.9
Current Smoker o o o
n (% of patients) 1(6.7%) 6 (10.9%) 3(8.3%)
Mean PSA level (ng/mL) - 20.6 (3.6-153.90) -

Case01 4+5=9

Case(02 3+4=7

Case03 3+3=6

Case04 4+5=9

Case05 4+5=9

Case(06 3+4=7

Case(07 3+4=7

Case08 3+5=8

Case 09 5+4=9

Casel0 3+4=7

Casell 3+3=6

Case12 3+4=7

Case13 3+3=6

Case14 4+5=9

Casel5 3+4=7

Casel6 3+4=7

Casel7 3+4=7

Gleason score - Case18 3+4=7

Case19 3+4=7

Case20 3+3=6

Case2l 4+5=9

Case22 3+3=6

Case23 4+3=7

Case24 3+4=7

Case25 4+4=8

Case26 3+3=6

Case27 4+5=9

Case28 4+4=8

Case29 3+3=6

Case30 3+3=6

Case31 4+4=8

Case32 3+4=7

Case33 4+5=9

Case34 3+4=7

Case35 3+4=7

Case36 3+4=7
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Table 1. Cont.

Group Bladder Cancer Prostate Cancer Non-Cancerous

Case37 3+4=7
Case38 3+5=8
Case39 4+5=9
Case40 3+4=7
Case4l 3+4=7
Case42 3+4=7
Case43 3+5=8
Cased44d 3+4=7
Case45 5+5=10
Case46 4+5=9 -
Cased7 4+4=8
Cased48 3+4=7
Case49 4+3=7
Case50 3+3=6
Case51 4+5=9
Caseb52 4+4+8
Caseb53 3+3=6
Caseb4 3+4=7
Case55 3+3=6

Case 01 G2
Case 02 G3
Case 03 G3
Case 04 Gl
Case 05 G2
Case 06 G3
Case 07 Gl
WHO 1973 Grade Case 08 G3 - -
Case 09 G3
Case10 Gl
Case 11 G3
Case 12 G1
Case 13 G1
Case14 G2
Case 15 Gl1

Prostate cancer Gleason grading:
Score < 6, pattern < 3 + 3. This refers to Grade 1. Tumour cells look like normal prostate cells with only individual discrete
well-formed glands.

Score 7, pattern 3 + 4. This refers to Grade 2. Tumour with well-form glands and lesser component of poorly differentiated glands.
Score 7, pattern 4 + 3. This refers to Grade 3. Tumour has predominantly poorly formed/fused/cribriform glands with lesser
component of well-formed glands.

Score 8, pattern 4 + 4, 3 + 5 and 5 + 3. This refers to Grade 4. Tumour with only poorly formed/fused/cribriform glands.
Score 9 or 10, pattern 4 + 5,5 + 4 and 5 + 5. This refers to Grade 5. Tumour lacking gland formation (or with necrosis) with or
without poorly formed/fused/cribriform glands [38].

G1 low grade differentiation, G2 moderate grade differentiation and G3 is high grade differentiation [39].

2.2. Analytical Devices
2.2.1. G.A.S. FlavourSpec Gas Chromatography-lon Mobility Spectrometry (GC-IMS)

The G.A.S FlavourSpec (Germany) uses a GC-IMS measurement technique to analyse
VOCs. GC-IMS is a method used in various applications, such as detection of explosives and
chemicals [40-42], air quality [43], health and disease detection [44—46] and food [47—49].
The method is formed of two stages. The first stage is a GC component that pre-separates
chemicals based on their interaction with a retentive coating on the inside of a GC column.
Thus, chemicals elude from the GC at different times [50]. These chemicals are further
analysed using a drift-tube IMS method. Here, the chemicals are ionised (using a tritium
source in our case) and pass along a drift-tube, propelled by a high electric field. Against
the flow of ions, a buffer gas (using nitrogen in this case) is passed. The buffer gas and
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the ions collide resulting in a loss of momentum of the ions. Thus, the transit time along
the tube is a function of the interaction of the ion with the electric field and the number of
collisions with the buffer gas. This provides two-dimensional separation of the chemical
components [48,51].

For analysis, glass vials containing samples were transferred to an autosampler fit-
ted to the GC-IMS. The sample tray was chilled to 4 °C to reduce sample degradation
during sample analysis. Each sample was heated to 40 °C and agitated for 10 min before
sampling. The autosampler then took 0.5 mL of sample headspace and directly injected
it into the GC-IMS. Urinary headspace was defined as the volume of gas above the urine
sample inside the vial, which was in chemical equilibrium with liquid phase urine. The
machine settings for analysis were as follows: E1: 150 mL/min (for the drift tube IMS),
E2: 20 mL/min (for the GC column), and the pump was set to 25%. The total run time per
sample was 10 min. The temperatures were set to T1 (IMS): 45 °C, T2 (column): 80 °C, and
T3 (injector): 70 °C.

2.2.2. Markes Gas Chromatography Time-of-Flight Mass Spectrometry (GC-TOF-MS)

GC-TOF-MS operates by analysing the time of flight of ions and analyse them ac-
cording to their mass-to-charge ratio. The GC-TOF-MS system used was a combination of
a TRACE 1300 GC (Thermo Fisher Scientific, Loughborough, UK) and a BenchTOF-HD
TOEF-MS (Markes Intl., Llantrisant, UK). This system also included a high-throughput au-
tosampler and a thermal desorption unit, ULTRA-xr and UNITY-xr, respectively (both from
Markes Intl.). The GC separated the chemicals in the same way as explained previously.
The separated chemicals were detected by TOF MS once they entered the TOF ‘flight box’.
TOF-MS separates fragment ions instead of molecular ions as in an IMS. The ions are
detected depending upon the mass-to-charge ratio of the ions after passing through the
drift tube [52,53].

For analysis, a thermal desorption (TD) sorbent tube (C2-AXXX-5149, Markes Intl.,
Llantrisant, UK) was inserted through the septum and into the headspace above the sample
and then heated at 40 °C for 20 min. A pump was then attached to the TD tube, and
whilst still being heated to 40 °C, the headspace VOCs were then pulled onto the tubes at
20 mL/minute for a further 20 min. The sorbent tubes were then placed in an autosampler
for analysis. The analysis started with ULTRA-xr with a stand-by split set to 150 °C. The
GC run time for samples was 25 min with a programmed temperature ramp from 40 °C to
280 °C at 20 °C/min. Each sample was pre-purged for 1 min and then desorbed at 250 °C
for 10 min, with the trap purge time set to 1 min. These traps were then cooled at —30 °C
and the trap was purged for 3 min at a temperature of 300 °C. The temperature for both
transfer line and ion source were heated to 250 °C. The chemicals from GC-TOF-MS analysis
were identified using the national institute of standards and technology (NIST) list (2011).

2.3. Statistical Methods

For GC-IMS data analysis, the data were extracted using the G.A.S VOCal (v0.1.3, G.AS.,
Dortmund, Germany) software. This was followed by pre-processing steps to reduce the
data’s dimensionality. Among all the data points, the central section contained all the
computationally significant chemical information and thus all the other data were removed
through a cropping process. This was followed by applying a small threshold to remove
the background information, which was a value just above the background noise level. The
same data cropping and threshold values were used on all the data, and it was undertaken
using an automated program. The data were then analysed using a 10-fold cross-validation,
undertaken using a bespoke R program (version 3.6.2). Within each fold training set,
feature selection was undertaken using a Wilcoxon rank-sum test between the different
cancer groups and non-cancerous group. That resulted in the identification of the 20 most
discriminatory features between the two groups and the features trained by three models,
XGBoost, logistic regression, and random forest. The model was then applied to the test
set to create class probabilities. Once all the samples had been within a test set, statistical
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results were generated from the probabilities, including a receiver operator characteristic
(ROC) curve, area under the curve (AUC), sensitivity, specificity, positive predictive value
(PPV), and negative predictive value (NPV).

An analogous approach was used for GC-TOF-MS data analysis. For GC-TOF-MS,
the chemicals and the abundance of the chemicals were identified. Using the TOF-DS
software, a background correction was applied, and the chromatogram was integrated,
and the peaks were identified using the NIST list which was exported. The data obtained
from GC-TOF-MS were converted into text files of chemical lists and abundances. The
data were then processed using an ‘R’ program that was like that used for GC-IMS, where
chemical components of discriminative power were identified. Figure 1 provides a flow
diagram of the data analysis steps.

Urine Sample

=

GC-IMS and GC-TOF-MS Analysis
=

-

[Crop, Threshold and Alignmem%n GC-IMS only
=

i> 10-Fold Cross-Validation

<zo

Feature Selection <@mu \ilcoxon Test

=

Classification Models
> Extreme Gradient Boosting
Classification Model Training ll’ > Random Forest

= > Linear Regression

<o

=]

L——1 Test Model Predictions

@
ROC Curve
]
AUC
Performance Metrics Il* Sensitivity
Specificity

Figure 1. Data analysis pipeline.

3. Results

Figure 2 shows a typical output from the GC-IMS method from a urine sample in
which the x-axis represents the drift time of the IMS and the y-axis represents the retention
time of the GC. In the figure, the ‘dots” are the chemicals detected by the IMS and the
intensity of the peak represents the number of ions. Those ‘dots” in red are the most intense.
The red line in the figure is the default output of the instrument where no chemicals
are present. G.A.S VOCal (v0.1.3, G.A.S., Dortmund, Germany) was used to view the
GC-IMS data.

Figure 3 provides an example output from the GC-TOF-MS method. Here, the x-axis
refers to the retention time, and the y-axis, the total ion count.

The results of the statistical analysis of the GC-IMS gathered results between different
cancer groups and the non-cancerous group are given in Table 2. The results demonstrate
high sensitivity and specificity, indicating that there are significant differences between
the VOC profiles of the different groups. Importantly, good separation between the two
different cancers, BCa vs. PCa, was also achieved. The false negative rate calculated for
the GC-IMS analytical method in the study was 0.40 for BCa versus the PCa comparison,
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0.13 for BCa versus the non-cancerous group and 0.24 for PCa versus the non-cancerous
group, whereas the false positive rate was 0.02 for BCa versus the PCa group, 0.08 for BCa
versus the non-cancerous group and 0.12 for PCa versus the non-cancerous group.
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Figure 2. Typical output plot from the gas chromatography-ion mobility spectrometry
(GC-IMS) instrument.
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Figure 3. Figure illustrates a typical output plot of gas chromatography time-of-flight mass spectrom-
etry (GC-TOF-MS). The x-axis in the plot represents the retention time and y-axis lists the chemical
according to their abundance in the sample.

Table 2. GC-IMS diagnostic group results.

Comparisons Classifiers AUC Sensitivity Specificity PPV NPV
Logistic Regression with 0.97 0.60 0.98
BCavs. PCa Elastic Net Regularization ~ (0.93-1.00)  (0.38-0.80)  (0.95-1.00) 090 090
] Logistic Regression with 0.95 0.87 0.92
BCavs. non-Cancerous g, ic Net Regularization  (0.90-099)  (070-1.00)  (0.84-098) 081 095
PCa vs. non-Cancerous  Extreme Gradient Boosting 089 076 088 0.81 0.85

(0.83-0.94) (0.64-0.88) (0.80-0.95)
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The ROC curves obtained from GC-IMS data comparing BCa and the non-cancerous
group, BCa and PCa groups, and PCa and non-cancerous groups are shown in Figure 4.
The results indicate that among BCa patients and PCa patients, AUC (area under the curve)
was 0.97 (0.93-1.00) with sensitivity and specificity of 0.60 (0.38-0.80) and 0.98 (0.95-1.00),
respectively. However, the separation between BCa and non-cancerous samples was even
higher with a sensitivity of 0.87 (0.70-1.00), specificity of 0.92 (0.84-0.98) and AUC of
0.95 (0.90-0.99). Similarly, for PCa vs non-cancerous samples using GC-IMS, the separation
was significant with a sensitivity of 0.76 (0.64-0.88), specificity of 0.88 (0.80-0.95) and AUC
of 0.89 (0.83-0.94).
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Figure 4. Receiver operator characteristic for (a) bladder cancer vs. PCa; (b) bladder cancer vs.
non-cancerous group; and (c) prostate cancer vs. non-cancerous group using GC-IMS.

The results of the statistical analysis between different cancer groups for GC-TOF-IMS
are given in Table 3. The results demonstrate high sensitivity and specificity, indicating
that there are significant differences between the VOC profiles of different cancer groups,
which was also shown in the GC-IMS data. The results showed that the false negative rate
for BCa versus PCa comparison was 0.47, for BCa versus the non-cancerous group was
0.73 and for PCa versus the non-cancerous group was 0.22 for the GC-TOF-MS analytical
method. The false positive rate for BCa versus PCa comparison was 0.1, for BCa versus the
non-cancerous group it was 0.06, and for PCa versus the non-cancerous group it was 0.12.
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Table 3. GC-TOF-MS diagnostic group results.

Comparisons Classifiers AUC Sensitivity Specificity PPV NPV
Logistic Regression with 0.84 0.53 0.90
BCa vs. PCa Elastic Net Regularization  (0.73-0.93) (0.33-0.75) (0.83-0.96) 0.62 087
0.81 0.27 0.94
BCa vs. non-Cancerous Random Forest (0.70-0.90) (0.09-0.46) (0.88-1.00) 0.33 0.71
PCa vs. Non-Cancerous Random Forest 0.94 0.78 0-88 0.82 0.85

(0.90-0.97) (0.66-0.89) (0.80-0.95)

The ROC curves obtained from GC-TOF-MS data comparing BCa and non-cancerous
groups, BCa and PCa groups, and PCa and non-cancerous groups are shown in Figure 5.
The results indicate that GC-TOF-MS was able to differentiate BCa and PCa with AUC
0.84 (0.73-0.93), sensitivity and specificity of 0.53 (0.33-0.75) and 0.90 (0.83-0.96). The
separation between BCa and non-cancerous samples was very poor with sensitivity only
0.27 (0.9-0.46), specificity 0.94 (0.88-1.00) and AUC 0.82 (0.72-0.90). However, the separa-
tion was more significant with sensitivity 0.78 (0.66-0.89), specificity 0.88 (0.80-0.95) and
AUC 0.94 (0.90-0.97) for PCa and non-cancerous groups.
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Figure 5. ROC for (a) bladder cancer vs. PCa; (b) bladder cancer vs. non-cancerous group; and
(c) prostate cancer vs. non-cancerous group using GC-TOF-MS.
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In our results, we analysed different VOCs linked to BCa and PCa for the screening
and diagnosis of these cancers. A total of 34 biomarkers were found using TOF-DS software.
These VOCs were verified using PubChem, NIST (National Institute of Standards and
Technology), and previously published papers. Out of 34, 13 VOCs were found in the
comparison of BCa and non-cancerous groups specific to BCa, as shown in Table 4, seven
in PCa and non-cancerous groups specific to PCa, as shown in Table 5, and 14 VOCs were
found in the comparison of BCa and PCa group, as shown in Table 6, out of which 3 VOCs
do not overlap either with BCa or PCa, which may indicate that they are new markers.

Table 4. A list of possible biomarkers from the analysis of urine samples by GC-TOF-MS identified
using PubChem, NIST and publications significant to bladder cancer.

Chemicals p-Values Molecular Weight (g/mol)

1 Biphenyl <0.01 154.21
2 Nonanal <0.01 142.24
3 Tetradecane <0.01 198.39
4 Pentadecane, 2,6,10,14-tetramethyl- 0.012 268.5

5 2-Pentanone 0.012 86.13

6 Undecane 0.014 156.31
7 4-Heptanone 0.018 114.19
8 Dodecane 0.025 170.33
9 Hexadecane 0.026 226.44
10 Heptanal 0.026 114.19
11 Methyl Isobutyl Ketone 0.045 100.16
12 Naphthalene 0.046 128.169
13 Benzoic acid 0.049 122.12

Table 5. List of possible biomarkers from the analysis of urine samples by GC-TOF-MS identified
using PubChem, NIST and publications significant to PCa.

Chemicals p-Values Molecular Weight (g/mol)
1 Toluene <0.01 92.14
2 Phenol <0.01 3254
3 Acetic acid <0.01 60.05
4 1-Hexanol, 2-ethyl- 0.011 130.229
5 Disulfide, dimethyl 0.012 94.2
6 Cyclopentanone, 2-methyl- 0.017 98.14
7 Pyrrole 0.033 67.09

Table 6. List of possible biomarkers from the analysis of urine samples by GC-TOF-MS identified
using PubChem, NIST and publications significant to PCa and bladder cancer.

Chemicals p-Values Molecular Weight (g/mol)
1 Toluene <0.01 92.14
2 Methyl Isobutyl Ketone <0.01 100.16
3 Dodecane <0.01 170.33
4 Phenol <0.01 325.4
5 Cyclopentanone, 2-methyl- <0.01 98.14
6 2-Hexanone <0.01 100.16
7 Heptanal <0.01 114.19
8 p-Xylene <0.01 106.16
9 Nonane, 3-methyl- <0.01 142.28
10 Tetradecane <0.01 198.39
11 Nonanal <0.01 142.24
12 Biphenyl 0.019 154.21
13 Acetic acid 0.025 60.05
14 2-Pentanone 0.032 86.13
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4. Discussion

In our study, we found that both GC-IMS and GC-TOF-MS were able to separate differ-
ent cancer groups from each other as well as non-cancerous group. The separation between
BCa from non-cancerous group was highest using GC-IMS with 0.95 AUC (0.87 sensitivity
and 0.92 specificity). A similar study conducted by Weber et al. [54] suggested overall
accuracy of 70% (70% sensitivity and 70% specificity) using urinary headspace for the
analysis of BCa using gas sensors. Another study conducted by Khalid et al. [55] showed
very high statistical results using an in-house GC-sensor device. They used two models
for analysis suggesting 100% sensitivity and 94.6% specificity using a linear discriminant
analysis (LDA) model and 95.8% sensitivity and 94.6% specificity using PLS-DA.

The separation between PCa and the non-cancerous group was highest using GC-TOF-MS
method with 0.94 AUC (0.78 sensitivity and 0.88 specificity) whereas the study conducted
by Gao et al. [56] for the analysis of urinary VOCs for prostate cancer calculated 0.92 AUC
(0.96 sensitivity and 0.80 specificity). Another study conducted by Lima et al. [57] used
PLS-DA to discriminate PCa from non-cancerous group with an AUC of 0.83 (84% sensitivity
and 80% specificity) using urine headspace.

In this study, we developed urinary VOC profiles linked with BCa and PCa. Table 4
consists of the chemicals that have been identified in our study and have been cross verified
using PubChem, NIST and previously published research, which may have relevance to
BCa diagnosis.

Out of 13 VOCs found to be noteworthy to BCa, biphenyl, heptanal, and 2,6,10,
14-tetramethyl-pentadecane were the three distinct biomarkers found in our study that
did not overlap with other studies. Biphenyl has been identified as the most significant
biomarker in our study. Biphenyl has been linked to various diseases, including carcinoma.
It has been proven that biphenyl is a promoter of BCa in rats [58]. Biphenyl has been found
to be metabolized in the liver [59]. Heptanal is reported to present in the blood of lung
cancer patients [60]. According to the HMBD (Human Metabolome Database), the biologi-
cal activity of heptanal inside humans can cause digestive disorder including associated
with the bladder [61]. 2,6,10,14-tetramethyl-pentadecane is reported as carcinogens but
is mentioned far less in the literature [62]. Nonanal, tetradecane, dodecane, hexadecane,
naphthalene, and methyl isobutyl ketone were suggested by Rodrigues et al. [63] in their
study using GC-MS on BCa cell lines whereas 2-pentanone and 4-heptanone overlap with
the findings of Cauchi et al. [29]. Benzoic acid was another chemical found in our study
that overlapped in both Rodrigues et al. [63] and Cauchi et al. [29].

From the analysis of PCa urine samples, a total of seven distinct VOCs were identified
and are summarised in Table 5. In our study, we found toluene as the most significant
chemical for PCa. Toluene has been published previously as a significant biomarker for
PCa [64]. In addition, it has been reported that toluene has been found to be associated
with testicular diseases [65,66]. Pyrrole has been reported by Smith et al. in their study with
24 controls and 13 patients with PCa. They tested the urine samples to assess VOC profiles
and found pyrrole to be one of the significant markers for PCa [67]. 2-Ethyl-1-hexanol,
phenol and dimethyl disulphide [68], acetic acid [69], and 2-methy] cyclopentanone [70]
were also found in our study, which overlaps with previous studies.

Table 6 represents all the chemicals found in the analysis of urine samples for prostate
versus BCa. Most of the chemicals present in this list are like those found in Tables 4 and 5.
2-Hexanone, p-xylene, and 3-methyl nonane are the only significant chemicals out of 14 in
this list that are important for separating BCa and PCa. 2-Hexanone and p-xylene have
previously been reported as significant markers for the PCa [68,70]. There is no significant
evidence for both 2-hexanone and p-xylene as a potential biomarker for BCa. However,
3-methyl-Nonane has not yet been reported as a biomarker for either bladder or PCa,
although they have been reported as a biomarker for lung cancer in different studies [71,72].
This may signify the importance of 3-methyl-nonane as a potentially significant marker.
The results reported in this paper support the findings of other groups for the validation
of these chemicals as potential biomarkers in both PCa and BCa. It has been noted that
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the chemicals found in all the cancer groups were different and there was almost no
overlapping of the VOC fingerprints for BCa and PCa. This adds further support to the
unique VOC fingerprint in cancers of different cell origins [73].

The use of urinary VOC analysis is an attractive option due to the non-invasive nature.
It also has the potential to be used in early cancer diagnosis with further validation studies.
This approach may also prove to be efficient, whilst lowering the cost per patient, and
increasing patient compliance due to its non-invasive nature. The results of using GC-IMS
as an analysis tool are significant as the method is much simpler than using a high-end
analytical method, such as GC-MS, and without the need for a laboratory environment.
We believe that using VOCs to analyse human waste will be an important diagnostic tool
for the future. Cancer may well be one area of focus and may be used as part of the UK
2-week wait screening program to help reduce the number of unneeded procedures. The
key is to run more larger studies targeting these cancers and to have tools that are CE
marked (or equivalent) for cancer diagnosis. We plan to use urine VOCs in association
with other tests in future which help to improve the performance and achieve a more in
depth understanding of VOCs and their metabolic pathways.

Our results were limited by not accounting for the contributory factors that can also
lead to abnormal metabolism with subsequent excretion of differing concentrations of
these chemicals in the urine. These factors include stress, alcohol, smoking, certain food
products, medicines, and different environmental factors. Several studies have reported the
effect of smoking on VOCs [74,75]. Study conducted by A. McWilliams et al. showed that
active smoking had an impact on urinary VOC profiles associated with current smokers
and ex-smokers [76]. We aim to consider these further in the next study. We also did not
undertake full chemical identification with calibration standards. However, many of the
chemicals we found correlate with other studies and, therefore, there is evidence that these
are correct.

5. Conclusions

In this paper, GC-IMS and GC-TOF-MS methods were used to identify VOC finger-
prints using urine headspace and establish an interdependence between BCa, PCa and
non-cancerous samples. It was found that both GC-IMS and GC-TOE-MS have the po-
tential to differentiate between different cancer groups with respective AUC for different
diagnostic groups: For GC-IMS, BCa and PCa (0.97 (0.93-1)), BCa and non-cancerous
(0.95 (0.90-0.99)), PCa and non-cancerous (0.89 (0.83-0.94)) and for GC-TOF-MS, BCa and
PCa (0.84 (0.73-0.93)), BCa and non-cancerous (0.81(0.70-0.90)), PCa and non-cancerous
(0.94 (0.90-0.97)). A total of 35 VOCs were found to be relevant for identifying these
cancer groups, with several VOCs distinct to each cancer. VOCs from this study were
supported by findings from previous studies. This signifies that VOCs for both bladder
and prostate cancer have different profiles, which may be helpful in future to distinguish
them. In the future, the VOC profiles obtained from these analytical devices can be used as
a reference for developing low-cost devices. It is plausible that VOC profiles can be used as
an adjunct to diagnosis enabling selection of only high-risk groups to undergo cystoscopy
examinations which will be widely beneficial considering limited capacity and cost.
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Abstract: Recently, considerable interest has emerged in the development of biosensors to detect
biomarkers and immune checkpoints to identify and measure cancer through liquid biopsies. The
detection of cancer biomarkers from a small volume of blood is relatively fast compared to the
gold standard of tissue biopsies. Traditional immuno-histochemistry (IHC) requires tissue samples
obtained using invasive procedures and specific expertise as well as sophisticated instruments.
Furthermore, the turnaround for IHC assays is usually several days. To overcome these challenges, on-
demand biosensor-based assays were developed to provide more immediate prognostic information
for clinicians. Novel rapid, highly precise, and sensitive approaches have been under investigation
using physical and biochemical methods to sense biomarkers. Additionally, interest in understanding
immune checkpoints has facilitated the rapid detection of cancer prognosis from liquid biopsies.
Typically, these devices combine various classes of detectors with digital outputs for the measurement
of soluble cancer or immune checkpoint (IC) markers from liquid biopsy samples. These sensor
devices have two key advantages: (a) a small volume of blood drawn from the patient is sufficient
for analysis, and (b) it could aid physicians in quickly selecting and deciding the appropriate
therapy regime for the patients (e.g., immune checkpoint blockade (ICB) therapy). In this review, we
will provide updates on potential cancer markers, various biosensors in cancer diagnosis, and the
corresponding limits of detection, while focusing on biosensor development for IC marker detection.

Keywords: cancer markers; immune checkpoints; PD-1; PD-L1

1. Introduction

Cancer is one of the leading causes of death worldwide. The high incidence of cancer
and the corresponding elevated mortality rate has made the creation of new diagnostic
tools and therapeutic techniques a high clinical priority. Prognosis is best when cancers are
detected early, but this task is challenging due to the difficulties of detecting small, early-
stage tumors [1]. Tumor-specific signature markers expressed on the cell surface, i.e., cancer
biomarkers, can help in diagnosing cancer early. Combining these cancer marker signals
with biosensing tools (known as biosensors) should enable early cancer detection [2].

As a device, biosensors integrate analytes, receptors, transducers, and outputs to
measure the expression level of the cancer markers. These analytical and diagnostic devices
can be used to process biological samples (analytes) to collect specific information using a
combination of biological detecting molecules (receptors) and an electronic sensor system
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with a transducer (Figure 1). Biosensors are developed based on the target analyte, such as
cancer markers, immune markers, and DNA, found in biological samples. Some examples
of biosensors include bio-computers, glucometers, biochips, and resonant mirrors [3].

Elements of Biosensors

Analyte Receptor Transducer Signal Output

Optical

Enzyme Electrochemical

Eg. urease,
glucose oxidase,

Nucleic Acid Piezoelectric
Eg. anti-PSMA
aptamers, HeA2,

LXL-1-A

Antibody
Eg anti-PSA
antibody anti-

Thermal

Figure 1. General schema of biosensor device workflow.

In this schema we have depicted the significant parts in sequence used in for any
biosensor device. It shows analytes from biological samples input to signal output from
digital displays by providing a few examples of analyte molecules such as proteins, DNA
and other targeting agents; receptors expressed on cells, enzymes, nucleic acid, and an-
tibodies [4]. In addition, this illustration indicating the well-known transducers used in
biosensors, i.e., optical, electrochemical, piezoelectric, and thermal. Specific information on
each parts of biosensor is provided in the corresponding sections of this review.

Biosensors are designed to detect specific biological markers or analytes (i.e., proteins,
DNA, RNA and cells) and convert biological molecule interaction-signals into an electrical
signal that can be measured as a digital output. In addition, biosensor technology has
the potential to deliver fast and accurate information, as well as measure cancer cells
and cancer metastasis. It can also be used to determine the therapeutic effectiveness of
anticancer drugs, assess cancer biomarkers, and determine effectiveness of drugs at various
target sites. Biosensors are an emergent tool for various disease management with great
potential in cancer detection and monitoring. Overall, these biosensors are made to reduce
the diagnostic time for a patient’s disease and to monitor therapeutic outcomes.

There are several reviews available elsewhere with respect to the biosensor device
instrumentation, technology, and engineering for signal processing [5-7]. Hence, in this
review, we would like to illuminate two key areas related to biological components: (a) the
various biomarkers used as analytes to measure the disease conditions and (b) types of
sensors and transducers that could detect biomarkers at the lowest level. The focus is to
further the understanding of ICB and their potential use in the biosensor development.
These ICBs play a major role in understanding the early diagnosis and treatment efficacy
post chemo or radiotherapy. A detailed analysis of check point markers is discussed for
use in future biosensor development.

2. Key Methods for the Detection of Cancer Biomarkers from Liquid Biopsy

Detection of biomarkers and immune checkpoints in liquid biopsies can be analyzed
with various transduction principles, targets, and analytes, as summarized in Figure 1.
Analytes are designed to bind to a specific receptor, protein or biomarkers on cells. Binding
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between the target and analyte depends on the transduction principle and the sensor type
which produces the corresponding output. Finally, the output signal is processed and
analyzed to display on the device. Several techniques are widely used for the detection of
various disease markers, such as optical, electrochemical, piezoelectric, and thermal based
sensors. Among these detection methods, optical and electrochemical based biosensors
are cost effective and highly sensitive with low detection limits and high reproducibility.
The basic principle of optical biosensors works on the interaction between antigens and
antibodies, where the binding affinity intensity is transformed into proportional electronic
signals detected in the transducer unit. The optical sensing unit consists of a laser source, a
spectrometer, an immobilized sensor, and an electronic device to amplify the interaction [8].
Optical sensors work based on two methods: (1) Direct detection and (2) Indirect detection
through exogenous agents. In both methods the primary signal measurements are derived
from changes in the absorption and fluorescence intensity, colorimetric, mechanical sen-
sors such as microcantilevers and variations in refractive index [9]. Furthermore, these
detection systems can be applied by combining the opto-electronic device and lab on
chip technologies.

Similarly, electrochemical-based detectors convert chemical energy into electric poten-
tials. To measure this chemical energy, electrodes are used as a transducer, i.e., electrodes
are coated with receptors that interact with analytes. When a redox reaction occurs between
the analyte and the receptor, the external voltage is applied to the transducer element (elec-
trode), which generates a current. This current is further amplified via signal process tools
to identify the desired chemical reaction [10]. Electrochemical sensors are classified based
on the detection output method, such as amperometric, potentiometric and voltametric,
as well as on enzymatic and non-enzymatic-based detection in liquid biopsies [10,11]. In
the next section, we will discuss the various proteins and antigens used for the detection
of tumors.

Detecting cancer using biomarkers from circulating fluids such as the blood has re-
ceived remarkable attention in recent years. Liquid biopsy sampling is minimally invasive
and requires a small volume of blood to detect and characterize tumors and monitor treat-
ment outcome [12]. A broad variety of cancer markers and associated assays have been
under development to diagnose cancer via different detecting systems. For example, vari-
ous blood-based biomarkers such as tumor associated antigens (TAAs, Figure 2), circulating
tumour cells (CTCs), and circulating cell-free tumor DNA (ctDNA) are widely utilized.

Biosensors are designed to detect specific biological markers or analytes (i.e., proteins,
DNA, RNA and cells) and convert biological molecule interaction-signals into an electrical
signal that can be measured as digital output. In addition, biosensor technology has
the potential to deliver fast and accurate information, as well as measure cancer cells
and cancer metastasis. It can also be used to determine the therapeutic effectiveness
of anticancer drugs, assess cancer biomarkers, and determine effectiveness of drugs at
various target sites. Biosensors are an emergent tool for various disease management
with great potential in cancer detection and monitoring. Overall, these biosensors are
made to reduce the diagnostic time for a patient’s disease and to monitor therapeutic
outcomes. There are several reviews available elsewhere with respect to the biosensor
device instrumentation, technology, and engineering for signal processing [5-7]. Hence, in
this review, we would like to illuminate two key areas related to biological components:
(a) the various biomarkers used as analytes to measure the disease conditions and (b) the
types of sensors and transducers that could detect biomarkers at the lowest level. The focus
is to further the understanding of ICB and their potential use in the biosensor development.
These ICBs play a major role in understanding the early diagnosis and treatment efficacy
post chemo or radiotherapy. A detailed analysis of check point markers is discussed for
use in future biosensor development.
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Figure 2. Tumor associated antigens and its expression pattern.

2.1. Tumor-Associated Antigens (TAAs)

TAAs can be divided into three primary categories: (1) normal proteins that are
overexpressed by cancer cells, (2) differentiation antigens, and (3) cancer testis antigens
(CTA) (Table 1) [13]. TAAs (Figure 2) and tumor-specific antigens (TSAs) have been studied
for decades due to their presence during early stages of cancer. While TSAs are found
solely on cancer cells, TAAs are also found on healthy cells but are overexpressed on cancer
cells, allowing them to be used to detect cancer. In most instances, the biological system
may produce antibodies to combat the TAAs, thereby providing additional opportunities
for diagnostic markers. In 1943, Gross et al., conducted an experiment determining the
ability of acquired immunity to combat malignant tumors by detecting TAAs [14]. Since
then, various TAAs have emerged as potentially effective biomarkers for early detection of
cancer. However, rigorous validation protocols are required to make these potential TAAs
into early cancer biomarkers.

An ideal TAA should be specific to a type of cancer—it should not be measurable
in control or normal tissues, in patients with other tumors, or in those with autoimmune
diseases. However, many TAAs lack this specificity. For example, p53 is a tumor suppressor
mutated in cancer patients, but it is also detectable in various tumors and in autoimmune
diseases [15]. Therefore, rigorous biomarker validation is necessary [16]. Determining
the immunogenicity of TAAs allows antigens with the greatest potential for diagnostic
and therapeutic purposes to be separated from those with low specificity and sensitivity.
When detecting TAAs using biosensing devices, it is important to choose biomarkers
with attributes such as high sensitivity, specificity, stability, and reproducibility in the
biological system. Furthermore, the signal corresponding to the marker should provide
insights into the origin, stage, and progression of disease. For example, Silva and his
coworkers have attempted the detection of TAAs such as peanut agglutinin in serum
samples at 0.01 mg mL~!, which is a comparatively lower limit of detection (LOD) than
other sensors [17]. Thus, the determination of TAAs using biosensor devices at low LOD is
still in its infant stage.
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Table 1. Candidates for Early Detection Biomarkers to Cancer Phenotype: Advantages and Limitations.

. . Strengths for AT .
Types of Antigens Antigen Cancer Type Early Detection Limitations for Early Detection
. o - .
MUC1L Breast Expressed in over 90% of ~ Most prevalent in metastasized
breast tumors breast cancers
Overexpressed
Antigen Breast/Esophageal Nearly 2 million Can cause toxicity to healthy
HER2 Gastric/Ovarian receptors expressed on cells given low expression
Endometrial tumor cell surface of antigen
0 Mewoms  Hibewmion B o
Differentiation Limited tivit
Antigen e imited sensitivity
& CEA Colorectal cancer Greate.r Sen51t'1V1ty than Most effective in detection of
other diagnostic methods
recurrent cancers
Melanoma i . .
CT Antigen MAGE-A Squamous cell Very specific to Higher pre;valence in
. cancer cells metastatic cancers
carcinomas

2.2. Overexpressing Cancer Biomarkers

Several TAA biomarkers are overexpressed in cancer cells and a few examples are
described as follows. Mucin-1 (MUC1) is a protein biomarker overexpressed in 90% of
breast tumors. The N-terminal of MUCT1 is shed from carcinoma cells and can be found in
the plasma of women with breast cancer [18]. However, MUC1-N prevalence is greatest in
breast cancers that have metastasized, so it is not an ideal target for early detection. On
the other hand, human epidermal growth factor receptor-2 (HER2), a well-studied protein
overexpressed in cancer cells are potential for targeted therapy [19]. Overexpression of
HER?2 has been found to directly correlate to poor prognosis of numerous cancers, including
breast, esophageal, gastric, ovarian, and endometrial cancer [20]. HER2 overexpression
is found in 15-30% of breast cancers which can have up to 25 to 50 copies of the HER2
gene, resulting in nearly 2 million receptors on the tumor cell surface [21]. The extracellular
domain of the HER?2 protein is cleaved and can be detected in blood serum using ELISA.
However, when these antigens have relatively low expression, targeting them during
treatment can cause toxicity in healthy tissues. For example, the number of receptor copies
expressed on breast cancer cells can be classified as HER2 positive, negative or equivocal,
based on the IHC results [21].

2.3. Differentiation Antigens

Differentiation antigens are expressed by cells during specific stages of cell devel-
opment and in tissue samples. These differentiation antigens are considered as a new
type of cancer biomarker for biosensing. Their specificity indicates a strong potential
for differentiation antigens to be detected for accurate cancer diagnosis. For example,
glycoprotein-100 (gp100) is a differentiation antigen presented on melanocytic cells in
large amounts that can be targeted by anti-melanoma cytotoxic T lymphocytes (CTLs).
Additionally, gp100 is immunogenic, and it can induce an immune response, suggesting
that melanocyte differentiation antigens may be tumor rejection antigens [22].

Carcinoembryonic antigen (CEA) is another differentiation antigen widely used for
cancer screening protocols as an elevated level of serum CEA corresponds to colorectal
cancer (CRC) in approximately 17-47% of individuals [23]. It can be used as an independent
prognostic factor and can predict outcomes of patients with stage II CRC. CEA has also
shown greater sensitivity for detecting recurrence in comparison to other diagnostic tech-
niques such as CT scans. In a study performed by Tsikitis et al., postoperative surveillance
of CEA detected first recurrences in 29.1% of patients with early-stage colorectal cancer,
while CT scan detected 23.6%, colonoscopy detected 12.7%, and chest X-rays detected
7.3% [24]. The sensitivity of CEA makes it an ideal biomarker to detect colorectal cancer. It
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is the best-known marker to detect tumor recurrence. Monitoring CEA levels in patients
who have recovered from CRC could be an effective screening method (for recurrence).
Nevertheless, while CEA has the greatest sensitivity when compared to other diagnostic
techniques, it is still unable to detect most CRC recurrences, indicating a need for better
tumor-associated antigens to be discovered. Several biosensors have been developed to
increase the efficiency of the detection of CEA using nanoparticles. Using anti-CEA as
targeted moieties with different sensing mechanism like electrochemical, optical, chemi-
luminescence, and acoustic wave biosensors were studied [25]. However, there are still
restrictions in the detection limit at pico to nano gram level from the samples.

2.4. Cancer Testis Antigens

Cancer testis antigens (CTA), classified under tumor germline antigens, are found
in the male germ cells of healthy adults. However, CT antigens are also found in tumor
cells of various types of cancer, classifying them as neoantigens, or a protein that forms on
cancer cells previously unknown to the body. CTA antigens lack MHC class 1 molecules.
This allows them to be immune privileged, meaning that they can tolerate the introduction
of antigens without causing an immune response. However, the cellular and humoral
immune responses observed in cancer patients displaying CTA antigens as well as the
correlation of CTA antigens with cytolytic activity of tumor immune infiltrates suggests
that CTA antigens are highly specific immune targets [26]. Melanoma-associated antigen-
A (MAGE-A) is a CT antigen expressed in 32% of melanomas and 45% of squamous
cell carcinomas. The high expression of MAGE-A indicates that it may be a potential
target for detection and immunotherapy [27]. However, it was observed that MAGE-A is
more prevalent in metastatic cancers than primary tumors, indicating its lack of efficiency
towards early detection.

2.5. Prostate Specific Antigen (PSA) Based Biosensor

Prostate specific antigen (PSA) is the most common cancer marker for the detection of
prostate cancer from serum. The PSA biosensor is primarily developed with a combination
of the PSA targeting receptors and a transducer (e.g., electrochemical, micro-cantilever, and
surface plasmon resonance) to detect prostate cancer.

The changes in vibrational frequency upon the interaction of an antigen binding to
an antibody are used to detect PSA [28,29]. Several approaches have been investigated to
build biosensors to diagnose prostate cancer non-invasively with greater sensitivity than
the standard ELISA technique [30].

Integration of conventional biosensors with nanomaterials increase the sensitivity
and specificity of such markers. For instance, the use of gold electrodes, graphene or
graphene-oxide, carbon nanotubes, hybrid nanoparticles, and other types of nanoparticles
are potential agents for PSA detection. The most attractive sensing schemes are summarized
in a Table 2.

Table 2. List of Different Biosensors, their Advantages and Limitations and their Potential Biomarker Targets.

Examples of

Biosensor Types Advantages Disadvantages Biomarkers Detected References
Highly sensitive
and specific Complex mechanism PD-L1

. Label-free system of action MT1-MMP
Localized and Compact . .
Surface Plasmon Real-time measurement Cost-effectiveness IFN-y
. and detection Non-target binding PSA [31-34]

Resonance Biosensor A
Usage of gold Immobilization on surface  IgG

(LSPR and CSPR) . . ) .
nanomaterials causing configurational TNF-«
Small sample size changes CRP

required to run
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Table 2. Cont.

Examples of

Biosensor Types Advantages Disadvantages Biomarkers Detected References
Cost and time- effective Reproducibility issues (either EIES
Small sample size required to  one or few time usage) MUC1
. . run Not as sensitive as the other EpCAM -
Electrochemical Biosensor Very easy to use system for biosensors and conventional pC/ ) [35-38]
Multiple Types of miRNAs
consumers o methods BRCAL1
Really good detection limits Very low shelf life HER2
Low sensitivity and CEA
Cost and time-effective specificity AFP
. - Very easy-to use Reproducibility issues PSA y
Colorimetric Biosensor Small sample size required Low shelf life miRNA-148a [39-41]
Portable and easy to maintain ~ Limited multiplexing and miR-21
quantification capabilities miR-155
Cost-effective
High sensitivity and PD-1
specificity compared to Still need to find effective PD-L1
conventional methods ways for the target to get to LAG-3
Multiplexed Parallel detection of the surface rapidly miR-21 [42-44]
Nanobiosensors checkpoint markers (gives Non-target binding on miR-574-3p
more insight in checkpoint the surface EpCAM
interactions) Non-specific interferences Bladder Cancer
MicroRNAs

Very small sample
size needed

Among approaches that results in the highest sensitivity is the electrochemical-based
biosensor (as it can detect PSA at attomolar concentrations), followed by mass cantilever
sensing and the electro-chemiluminescent (EC) approach. EC-based biosensors can be
modified by changing the antibodies and by using other binders such as aptamers, pep-
tides, and nanobodies with the same device [45]. For example, horseradish peroxidases
(HRP), alkaline phosphatase (ALP), glucoamylase, 3-galactosidase, or glucose oxidase are
conjugated to antibodies (Ab) and can be employed. In this approach, the Ab|secondary] 18
directly tagged to the reporter enzymes, which catalyze the reduction of their respective
substrates in the presence or absence of a mediator [46]. The HRP enzyme-linked electro-
chemical sandwich assay is a well-known and widely used assay due to its stability and fast
reaction kinetics, which catalyzes the reduction of H,O, in the presence of hydroquinone
(HQ) [47]. However, it produces a background signal in the absence of the analyte due to
endogenous electrochemical activity of its HyO, substrate. Additionally, HRP relies on the
use of mediators for signal generation. ALP has been used to overcome the background
and medjiator limitations of HRP.

The EC-based indirect detection of PSA assay was developed with incorporation of
multiple receptor elements, NPs, redox labels, or other biomolecular processes. These
PSA biosensors provided a basis for multi-target analysis with increased sensitivity and
selectivity. For example, the detection limit demonstrated clinically relevant LODs rang-
ing from 1 ng mL™! to 0.020 fg mL~! (Table 2). Using these devices, a linear range of
0.001-10 ng mL~! and a limit-of-detection (LOD) of 0.84 pg mL~! were obtained for de-
tecting PSA in serum. In related study, Chen et al. developed gold screen-printed electrode-
based microfluidic devices (GSPE-MFDs) to demonstrate the detection and quantification
of PSA in human serum samples [48]. In this system, GSPE Ab. conjugated magnetic
particles (MNPs) were immobilized for capturing PSA, followed by HRP-Abs captured
on the PSA-attached electrode using the microfluidic device. The enzymatic and elec-
trochemical reaction between HRP and HQ generates current signals for measurement.
Similarly, Zani et al. utilized a magnetic bead-based assay by using mouse IgG-Ab. for PSA
capture and ALP tagged anti-mouse IgG for signal transduction [49]. This PSA-targeted
biosensor was able to detect as low as 2 ng mL~! in human serum samples. Furthermore,
it shows a linear range of PSA detection (1-80 ng mL~'). Overall, enzyme-based sandwich
assays demonstrated very high specificity to PSA, but they also have intrinsic enzymatic
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instability issues [50]. In addition, these assays require several washing steps to remove
non-specific binding to avoid false negative or false positive results.

3. Immune Checkpoints as a Marker for Cancer Diagnosis

Immune checkpoints and their use in cancer immunotherapies is a rapidly growing
field of study [51]. Immune checkpoint-based treatment increases the hope among the can-
cer patients and especially those who did not respond to more established treatments [51].
Currently, the surface markers, programmed death-1 (PD-1) and CTLA-4 are well known
for their function in the immune system, as well as their role in cancer as theranostic
applications [52]. PD-1 and CTLA-4 are two major checkpoints approved by the FDA
for immune checkpoint blockade therapy [53]. Similarly, other checkpoints, including
TIM-3, BTLA, and LAG-3, are under active investigation as potential biomarkers for cancer
theranostics [54]. These immune checkpoints can be detected on tumor cells and in the
tumor microenvironment (TME) through traditional tissue biopsies and IHC as well as
via biosensors. Although these biomarkers are potentially for the detection of cancer, the
developmental status of biosensors designed to detect these immune checkpoint markers
is still at an early stage [55]. In this article, we will focus upon several such soluble immune
checkpoints-sPD-1, sPD-L1, sLAG-3, and sTIM-3-that are expressed on peripheral blood
mononuclear cells that could potentially be diagnosed through biosensors.

3.1. T-Cell Immunoglobulin and Mucin Domain-3 (TIM-3)

TIM-3 is part of the TIM family and is a receptor found on interferon-y-producing
CD4+ and CD8+ T cells [56]. Initially, TIM-3 was considered primarily as a co-inhibitory
checkpoint; a protein that is co-regulated and co-expressed alongside PD-1, LAG-3, and
TIGIT [57]. Later, TIM-3 emerged as a co-stimulatory checkpoint depending on the cell
type on which it is expressed and the immune response. It is also involved in T-cell
exhaustion and therefore found in tumors [58]. In a study of leukocytes from peripheral
blood mononuclear cells, the level of TIM-3 expression was significantly higher in the CD4+
and CD8+ T cells of ovarian cancer patients. CD4+ T-cells displayed further elevation of
TIM-3 in ovarian cancer recurrence, suggesting TIM-3 as a biomarker for early detection as
well as detection of recurrence [59].

TIM-3 upregulation in CD4+ and CD8+ peripheral T cells was found to correlate
with the presence of osteosarcoma. The level of TIM-3 expression also increased with
tumor stage and metastasis, and higher TIM-3 levels were associated with worse overall
survival. Such findings suggest TIM-3's value as a diagnostic and prognostic marker for
osteosarcoma [60]. In hepatocellular carcinoma, TIM-3 expression is induced by other
cytokines located in proximity in the tumor microenvironment (TME). However, TIM-3
expression, along with the expression of other T cell exhaustion markers such as PD-1 and
CTLA-4, is lower in the non-tumor microenvironment (NTME) and the peripheral blood
than the TME [61]. The variation in expression of TIM-3 in the TME and NTME presents a
challenge for using immune checkpoints to detect cancer non-invasively.

3.2. B- and T-Lymphocyte Attenuator (BTLA)

BTLA is a lymphocyte inhibitory receptor found on B-, T-, and other mature lym-
phocyte cells. BTLA regulates the immune system by inhibiting T cell reactions and
restricting cytokine production and creates a tumor microenvironment that suppresses
immune responses [62]. Reports indicating high BTLA expression were found in gastric
cancer, pancreatic cancer, and chronic lymphocytic leukemia (CLL)/small lymphocytic
leukemia [63]. However, this upregulation does not correlate to the presence of BTLA in
the bloodstream. For example, a higher gene transcript level is observed in CLL patients.
BTLAs were detected in low level peripheral blood B cells and normal BTLA levels were
detected on T cells. Even in-vitro stimulation resulted in lower levels of BTLA expression
on B and T lymphocytes [64].
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Different stages of B and T cells developed from bone marrow, which include pro-B/T,
pre-B/T and immature B/T cells, each express unique marker. T cells are activated by B
cells and further divided into T-helper and T-regulatory cells. In 1994, the number of B-cells
were determined using piezoelectric sensors by immobilizing anti-B cells on the surface
electrode [65]. However, capturing B-cells at high accuracy requires sensitive biosensors to
obtain an amplified signal. T-cell lymphocytes CD4+ detection using nano based biosensors
was explored recently by Carinelli et al. using magnetic particles [66]. Here, isolation
of CD4+ cells were captured magnetically via anti-CD4+ using magnetic particles [66].
Similarly, single wall carbon nanotubes-based detection coupled with electrochemical
biosensor for the detection of CD4+ using with a limit of detection at 1 x 102 cells mL~! [67].
Chen and his coworkers developed a rapid assay biosensor to detect dynamic T-cell
activation using nanoparticles, wherein, polyaniline fibers coated with gold nanoparticles
detected multiple immunosensing markers such as CD69, CD25, and CD71 with specific
anti-CD molecules. Time dependent activation of immune markers were captured with an
LOD of 1 x 10* cells mL~! [68]. Hence, understanding the role of T-cell immuno-sensors
at high LOD is important to reveal the immune inhibition of activated drugs.

3.3. Immune Markers in Serum

Immune markers serve as potential prognostic biomarkers in serum and could have
significant predictive power of disease progression in personalized medicine. While some
immune checkpoints can be detected on peripheral blood cells (e.g., PD-1) and others
(PD-1, PD-L1, LAG-3, and TIM-3) can be detected in serum due to ectodomain cleavage.
This section reviews such potential immune markers for the serum.

3.4. Lymphocyte-Activation Gene 3 (LAG-3)

A disintegrin and metalloproteinase domain-containing protein (ADAM) such as
ADAM-10 and ADAM-17 cleave the extracellular domain of LAG-3 [69]. Higher levels of
serum LAG-3 (sLAG-3) were found to correlate with earlier stages of non-small cell lung
cancer. Serum of patients with stage IIIl and IV cancer had lower levels of SLAG-3 compara-
tively [70]. Contrastingly, when serum sLAG-3 levels were assessed in gastric cancer patients,
individuals with gastric cancer were found to have sLAG-3 levels of 247.52 & 51.28 ng/mL
while healthy individuals had sLAG-3 levels of 869.46 + 64.35 ng/mL. Additionally, SLAG-
3 was found to have a greater sensitivity and accuracy in comparison to other serum
biomarkers for gastric cancer such as CEA. sSLAG-3 had a sensitivity of 88.60% and an
accuracy of 90.65% when evaluated at a threshold value of 378.330 ng/mL. On the other
hand, CEA had a sensitivity of 56.20% and an accuracy of 68.61% at a threshold value of
21.755 ng/mL [71]. Measures of soluble LAG-3 in serum have prognostic value, for exam-
ple, high levels of soluble LAG-3 in some subsets of breast cancer correlate with disease-free,
metastasis-free, and overall survival [72].

3.5. PD-1

Serum PD-1 or sPD-1 (along with sPD-L1) is elevated in the serum of melanoma
patients in comparison to healthy blood donors [73]. Higher sPD-1 levels are also found in
non-small cell lung carcinoma (NSCLC), diffuse large B-cell lymphoma (DLBCL), chronic
lymphocytic leukemia (CLL), nasopharyngeal carcinoma (NPC), HCC, pancreatic adeno-
carcinoma, and advanced rectal cancer [74]. Additionally, sPD-1 and sPD-L1 can be used to
predict the outcome of certain immunotherapies, such as anti-PD-1 treatment. A threshold
of 500 pg/mL was used to differentiate progression-free survival rates, because of the find-
ing that high baseline serum sPD-1 levels were associated with poor survival [73]. Similarly,
serum sPD-1 and sPD-L1 levels were significantly elevated in triple-negative breast cancer
patients prior to neoadjuvant chemotherapy. However, patients who responded well to the
treatment (as observed through complete or partial remission) had decreased serum sPD-1
and sPD-L1 levels compared to those who had a poor response to the treatment [75].
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3.6. PD-L1

The soluble programmed-death ligand 1 (aka PD-L1) is an immune biomarker that
can potentially be used for early cancer diagnosis research due to its important role in
cancer immunoregulation. The PD-L1 marker essentially binds to its receptor of PD-1 and
partakes in pleiotrophic signaling pathways. When PD-L1 binds to the PD-1, there is a
halt in the T cells going out to kill the foreign antigens. Thus, studies have shown that
the inhibition of this interaction between the PD-L1 marker and the receptor PD-1 can
result in drastic reduction of tumor growth and promote antitumor immunity. Thus, it
is important to detect the concentrations of the PD-L1 marker in blood. However, it is
difficult to quantify the concentration of PD-L1 marker in blood due to signal sensitivity at
low concentrations.

Localized surface plasmon resonance (LSPR) biosensors enable one to improve the
sensitivity of the signal at low concentrations of PD-L1 using metal nanoparticles [31].
The detection of PD-L1 can be seen through the wavelength shift in the biosensor where
the anti-sPD-L1 antibodies get immersed and localized with the gold nanoparticles in
the biosensor. In this study, gold nano-shells were developed with LSPR at NIR region
around 1600 nm to detect PD-L1. At different serum media, the biosensor showed high
specificity to PD-L1 with a sensitivity of 1 pg mL~!. Thus, gold nano shells-based detection
of PD-L1 show high sensitivity compared to other conventional techniques like ELISA,
IHC and PCR. PD-L1 undergoes proteolytic cleavage by ADAM 10 and ADAM 17 in breast
cancer, resulting in a ~37 kDa fragment that can be detected in the media [76,77]. sPD-L1
is elevated in patients with papillary thyroid cancer (PTC) compared to healthy patients.
Serum sPD-L1 levels were found to be 0.37 ng/mL in healthy individuals and 0.48 ng/mL
in cancer patients. Furthermore, higher sPD-L1 levels were indicative of shorter disease-
free survival, suggesting the value of sPD-L1 as a prognostic marker of PTC [78]. Even
in primary central nervous system lymphoma, serum sPD-L1 levels (0.429 ng/mL) were
higher than those in healthy individuals (0.364ng/mL). Higher sPD-L1 levels resulted
in more frequent relapse (78% of the study participants) than the lower sPD-L1 levels
(50%) [79].

ADAM 10 and ADAM 17 are also major target of TIM-3 that result in soluble TIM-3
(sTIM-3) [80]. Serum sTIM-3 is found to be higher in patients with osteosarcoma when
compared to patients with benign tumors and the control group (14.4 ng/mL =+ 2.9 vs.
10.3 ng/mL £ 1.7 vs. 6.3 ng/mL + 1.9). Benign tumors also displayed higher sTIM-3
levels than the control, suggesting a possibility for early detection for prevention [81].
Additionally, elevated sTIM-3 levels were also associated with hepatocellular carcinoma
(HCC). The control group had a mean serum sTIM-3 level of 2.64 £ 0.32 pg/mL while
patients with HCC had a mean serum sTIM-3 level of 3.57 pg/mL 4 0.22 [82].

4. Biosensors for Cancer Markers and Immune Checkpoint Detection

Biosensors that have been used in the detection of cancer and immune checkpoint
markers include electrochemical and colorimetric biosensors. Most of these biosensors
share the following characteristics: consumer friendly, easy to use systems, moderate
cost, low turnaround time for the results, and minimal sample size required for testing.
However, when compared to detecting markers in samples with low concentrations these
biosensors are not as sensitive or specific in comparison to the SPR biosensors [83,84].
Furthermore, these types of sensors can only be used once or a limited number of times,
reducing their value for conducting multiple runs.

PD-1 and PD-L1 are known [85,86] to be independent prognostic factors for several
tumor associated markers for immunotherapy. Kruger et al. quantified sPD-1 and sPD-L1
in pancreatic cancer serum with ELISA using the human PD-1 antibody duo sets for ELISA
development [87]. Reporting on immune check point of therapy with PD-L1 alone is insuffi-
cient and showed poor outcome in pancreatic cancer. For example, higher concentrations of
PD-L1 and PD-1 were identified in 41 patients to test for advanced stages of carcinoma. Fur-
ther studies are required to understand the correlation between the two prognostic factors
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for immune check point blockade therapy. Similarly, a multiplex immunoassay detection
(8-color flow cytometry) method was developed using cryopreserved samples of healthy
human donors to determine the level of CD8+ and CD4+, for early cancer diagnosis [88].
Upon stimulation of T cell lymphocytes, measurement of upregulated soluble isoforms of
LAG-3, TIM-3, CTLA-4, and PD-1, as detected in flow cytometry, directly correspond to
treatment response.

4.1. Biosensors for Detection of Multiple Cancer/IC Markers

Multiplexed immune checkpoint biosensor (MICB) development is progressing rapidly
due to their high specificity and selectivity [3]. Multiplex biosensors require small volumes
of sample to diagnose the disease and work simultaneously to detect multiple immune
checkpoints. The parallel detection device is growing as it can be potentially translat-
able for routine clinical applications. However, with these sensors, the analyte tends to
take longer to bind with the cell surface without the use of nanofluidic mixing. Hence,
these sensors are time consuming and generate a response slowly. For example, a droplet
loaded in the electrode can detect the PD-L1 marker and can run multiple samples at
once (28 for the multiplexed biosensor on the PD-L1 marker) [42]. Advanced versions
of multiplexed electrohydrodynamic biosensors have shown improved performance for
biomarker detection [89,90]. However, many of the multiplexed lateral flow nanosensors
display this limitation. Additionally, getting and visualizing the target alone for these
sensors is also difficult as there are many non-specific interferences displayed in the system.
Based on the applications and sample results, biosensors can be broadly classified into
two types: (a) high sensitivity and specificity at the cost of a complex system (SPR and
multiplexed biosensors) and (b) easy to use and cost and time effective, but not possessing
high sensitivity and specificity (colorimetric and EC biosensors).

Another MICB developed by Wuethrich et al. detects soluble PD-1, PD-L1, and LAG-3
in parallel in liquid biopsies, using as little as a single sample drop of approximately
20 pL volume per target immune checkpoint [42]. MICB utilizes a microfluidic sandwich
immunoassay with high-affinity yeast cell-derived single chain variable fragments (ScFvs)
as well as alternating current electrohydrodynamic in-situ nanofluidic mixing. The high-
affinity yeast cell-derived ScFvs are an alternative to the use of monoclonal antibodies
and polyclonal antibodies, which are costly and have a limited shelf life. High-affinity
yeast cell-derived ScFvs provide longer shelf life without sacrificing specificity and can be
mass-produced for a lower cost. The nanofluidic mixing stimulates immune checkpoint
interactions with the biosensor while diminishing non-target sensor binding, providing
greater specificity for immune checkpoint capture.

MICB has ability to analyze 28 samples in less than two hours. To understand the
ability for MICB to detect soluble PD-1, PD-L1, and LAG-3 in liquid biopsies, various
concentrations of immune checkpoints were spiked into diluted human serum. While the
assay was able to detect a differentiable signal response from the samples with the immune
checkpoints, fortified samples had a concentration equal to the prognostic cut-off, which
may differ from the threshold for cancer detection [42].

4.2. Exosome Biosensor

Exosomes are the key players in communication at the intercellular level through
surface biomarkers. For instance, exosomal proteins are fundamental in cancer develop-
ment, drug resistance, and differentiation etc [91]. Expression of PD-L1 in exosomes is a
biomarker that is overly expressed in lung tumors. Hence, many exosomal proteins that
include exosomal immune markers like PD-L1, can be promising cancer biomarkers. In
a recent study, researchers constructed a compact surface plasmon resonance biosensor
that detects exosomal PD-L1 and EGFR [92]. Looking at the different serum samples of
patients with lung cancer, researchers used this biosensor to determine the specificity and
sensitivity of the biomarker in these samples.
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This biosensor worked through optical resolution using laser beams. Essentially, two
laser beams were used in which one allowed for the SPR to interact with the exosomal
proteins on the surface of the sensor. The other beam was used as reference, and the two
photodetectors quantified the exosomal proteins by magnifying the intensity of the initial
beam and the reflection beam. Overall, in terms of results, the SPR biosensor was much
more effective in detection of exosomal PD-L1 in comparison to conventional methods like
ELISA [93]. First and foremost, the study depicts that the SPR biosensor was very accurate
and effective in detecting the PD-L1 in serum samples including that of a Stage III lung
cancer patient; however, the method of ELISA was unable to detect PD-L1 in general. These
serum samples were all 50 microliters. Additionally, through these biosensors, researchers
proposed that the exosomal PD-L1 can be a biomarker (although this still needs to be
confirmed through larger sample sets) for lung cancer diagnosis as the SPR biosensor
detected much more exosomal PD-L1 in lung cancer patients compared to the normal
controls [92]. The sensitivity and specificity of the SPR biosensor was much greater than
the ELISA testing as the ELISA test could not detect any of the PD-L1 in serum samples in
which there was a very low abundance of the exosomal PD-L1.

4.3. Biosensors for Overall Cancer Immunotherapy

Biosensors could play a pivotal role in augmenting cancer immunotherapy for treat-
ment monitoring and evaluation of disease condition. For example, several study results
revealed that the nano biosensor can be utilized cytokine secretion from individual cells
for hours [94]. A specific biosensor is combined with a gold nanohole array sensor and a
microfluidic-based system for accurate depiction and detection of cytokine secretion within
a cell-to-cell basis. Additionally, some groups have worked on detection of the IL-2, IFN-y,
and TNF-« cytokines using gold nanorod-based biosensors [95]. Using these different
types of sensors, researchers showed that immunoanalysis could be done on a smaller
volume of analyte and a shorter timeframe than conventional ELISA methods [96]. Thus,
these nanomaterial-based biosensors can be employed for more versatile applications than
detection of a major immune checkpoint marker such as PD-L1.

4.4. Biosensors for CRISPR

Clustered regularly interspaced short palindromic repeats (CRISPR/Cas) based biosen-
sors have also become more important for rapid detection of nucleic acids, exosomes, tumor
DNAs, etc. CRISPR/Cas sensors use Cas effectors to cleave a specific DNA sequence. One
of the main effectors, Cas9, has become well known due to its effective ability of editing
genomes, identifying nucleic acids, and regulating transcription [97,98]. Specifically, Cas9
uses single guide RNA to help target a specific double-stranded DNA and cleave it for the
purpose of selective genome editing [97,98]. In addition, the usage of nuclease-deactivated
Cas9 can allow for binding and rebinding to the targeted double-stranded DNA, which is
essential as fluorescent enzymes can be fused to the DNA to allow for detection of specific
nucleic acid sequences due to the fluorescence and light emission [83,84]. This fusion of
integrating Cas9 with a fluorescent enzyme was instrumental for researchers to detect DNA
sequences of the American Zika virus. Other types of Cas effectors such as Cas12 and Cas13
have also been explored. Wherein, Cas12 effector is extremely important due to its ability
to detect single-stranded DNA, which adds more to the detection of the different nucleic
acids rather than focusing only double-stranded DNA with Cas9 effector. However, the
main reason researchers have started to focus on CRISPR/Cas-based biosensors for cancer
detection is due to the Cas13a effector. This effector works with the collateral cleavage
activity of single-stranded RNAs. When there is a specific RNA of interest, the Cas13a
effector cleaves RNA, the collateral cleavage of the reporter RNA (reRNA) which allows
for the detection of the RNA with accurate quantification [85]. This effector is key for
recognition of many miRNAs which can be either up-regulated or down-regulated. Hence,
by being able to detect levels of miRNAs rapidly and effectively, this field of CRISPR/Cas-
based biosensing is becoming a hot topic and displays promise for the early detection of
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cancer. However, one key limitation is that these biosensors involve sophisticated systems
to run a tedious process to function fully [97,98]. Hence, reading these biosensors and
their detection of the specific analyte requires well-trained professionals to understand
the process and readout. Furthermore, the sensitivity of the biosensors is relatively low
when compared to the other amplification methods [97,98]. Though many researchers are
working on CRISPR/Cas-based biosensors, none of them could meet the needs of in vivo
testing due to low sensitivity detection. Despite these issues, there is potential for the
development of biosensor based on the Cas13a effector and the collateral cleavage activity
detection [99].

4.5. Biosensors for ICB: Advantages and Limitations

Globally, the market size and demand for biosensors is rapidly increasing [98]. In 2026,
the market size is expected to expand to about 37 billion dollars for all the different types
of biosensors (electrochemical, FRET, piezoelectric, optical, etc.). However, improvements
in biosensors are still a challenge because of the low concentration of biomarkers expressed
over the cells. Nanomaterials-based detectors have the potential to amplify the signals
with limit of detection at pico- or femtomolar concentration. In addition, the COVID-19
pandemic in 2020 has shown us the potential need of biosensors. Hence, in this review we
have outlined current improvements and strategies in biosensors over the last decade for
biomedical applications have been explored.

The detection of immune checkpoints via liquid biopsy presents an attractive option
for early cancer detection. Currently, immune checkpoints are not widely used for diag-
nostics. Instead, they are utilized as prognostic markers for cancer and as predictors for
the success of various immunotherapies. The biosensors proposed in recent years from
the studies of Xu et al. [25] showcase the various advantages of using these biosensors
for detecting small concentrations of PD-L1. For the quantification of different immune
checkpoint markers like PD-L1, the studies showcased the limitations of ELISA and im-
munohistochemistry. For example, with ELISA, it is difficult to detect PD-L1 with very
small concentrations. However, PD-L1 in multiple types of serum media is found in very
small concentrations and thus, ELISA becomes extremely inaccurate in many situations.
Immunohistochemistry is also an employed method that becomes very time-consuming
and has very complex procedures. With these surface plasmon resonance-based biosensors
and the multiplex biosensor, the studies show the simple-to-use nature of the biosensors,
the very high specificity and sensitivity of the sensors, as well as their time and cost effec-
tiveness. One way to ensure cost-effectiveness is a sensor that uses very cheap single-chain
variable fragments from yeast cell lines in replacements of the very costly antibodies of the
different immune checkpoint proteins that are used in the conventional methods.

Biosensors have been developed to detect the concentrations of the immune checkpoint
markers in serum samples e.g., PD-L1 [42], but other potential IC markers can be identified
through same approach. These biosensors demonstrated a few unique features with fine
differences in the benefits and limitations of using one over the other. Tables 2 and 3 list
the various advantages and disadvantages of these biosensors that are reported in the
relevant literature [31,42,83,84,90]. Developments in surface plasmon resonance (SPR)-
based biosensors development, especially for the detection of immune checkpoint markers
in early detection of cancer, have progressed well due to several key advantages [31,92].

75



Biosensors 2021, 11, 500

Table 3. Biomarkers and associated limits of detections (LOD) when using biosensors.

Cancer Type Biomarker Prognostc () LODImL (LOD References
Tumor-Associated Antigens
Breast HER-2 ECD, CEA D/P 2ng, 5ng, 21.8U [99-102]

CA15-3 {[103-105]}
Ovarian CA125, CA15-3 D 35U, 12U [21,106-109],

{[106,108]}

CEA P 5ng [110] {[111]}
Pancreatic CA19-9 D 370 [112] {[113]}

CA125 D/P 35U [114,115] {[116]}
Gastric CEA, HER-2 ECD P 5ng, 24.75ng [110,117] {[117,118]}
NSCLC CEA P 3-5ng [119,120] {[120]}
Endometrial CA 125 D/pP 17.8U [121,122] {[121]}
Colorectal CEA D/P 5ng [123] {[124]}
Prostate PSA D 2.5-4ng# [125] {[126]}[127]
Immune Checkpoint Markers
Primary central nervous PD-L1 D/P 0.43 ng [78] {[791}
system lymphoma (PCNSL)
NSCLC, DLBCL, CLL, NPC, PD-1 P ND, 500 pg ! [73,741 {[73]}
HCC, ADR, PAC,
HCC, Melanoma
Breast, Gastric LAG-3 P 120 pg, 378.3 ng [70,71] {[71,73]}
PAC, Osteosarcoma, Ovarian  TIM-3 P, D/P,ND 3ng, 144 ng [59,60,81,82]

{[81,82]}

Note: ND: No optimal cutoff has been established; # Age dependent, non-small cell lung carcinoma (NSCLC), Diffuse large B-cell
lymphoma (DLBCL), Chronic lymphocytic leukemia (CLL), Nasopharyngeal carcinoma (NPC), HCC, Advanced rectal cancer, Pancreatic
adenocarcinoma (PAC), References in {} are corresponding to LOD values, 1 Melanoma.

LSPR biosensors show very high specificity and sensitivity (LOD: 1-5 pg/mL) for
the immune checkpoint marker PD-L1 [31]. Furthermore, these biosensors are highly
selective for the marker in comparison to the normal detection methods, e.g., immuno-
histochemistry, and can be integrated with a label-free detection system. Most of these
sensors use fluorescent labeling or some other type of labeling approach to analyze the
different analytes. However, the detection of analytes was required with different types of
media which resulted in non-specific binding and high background signals. In addition,
receptor labeling requires extensive time, effort, and optimization for the development
of accurate biosensors for reproducible results. These limitations do limit the biosensors’
usability. However, there is no additional labeling step required since this biosensor relies
on physical properties of the analyte immobilized on a surface. Hence, these biosensors do
not require nearly as much labor nor time to work effectively. Additionally, the biosensors
allow for real time detection of the analyte as the analyte is localized into a compact surface;
thus, there is no alteration of binding sites which could possibly occur with biosensors that
require a labeling system.

SPR-based devices can cause configurational changes of the marker or analyte being
detected by biosensors [32]. These biosensors use a mechanism of action where the analyte
gets immobilized on the surface, often causing lower binding affinities due to the configura-
tional changes of the immobilized receptor which, can cause the analyte binding ability and
make it hard to detect the analyte accurately. SPR biosensors detect the marker or analyte
by a change in wavelength with the aid of gold nanomaterials. Using these nanomaterials
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and immobilizing the analyte is a complex system to use for the commercialization of the
product on a large scale.

5. Conclusions and Future Potential of Biosensors for ICB Detection

In this review, we have provided a detailed account on potential cancer markers
and emerging IC markers, as well as their role in the tumor microenvironment (TME)
in relation to cancer diagnosis. We presented the current state of IC markers’ potential,
in association with biosensors for the diagnosis and monitoring of various diseases and
outlined the opportunities and applications of biosensors for improvements in healthcare.
Thus, measuring and monitoring these IC markers in very minimal concentrations could
assist in assessing early cancer. We have tabulated a list of biosensors applications in
multiple studies and their limit of detections.

However, even though these biosensors have been proposed and built, it is important
to note that only PD-L1 and CTLA-4 immune markers are currently approved for the
treatment of ICB. Consequently, the future holds enormous potential for biosensor devel-
opment to quantify other immune markers in cancerous microenvironments. Furthermore,
surface plasmon resonance-based biosensors alongside nanoparticle usage are emerging
as the most promising types of biosensors in quantification of these immune checkpoint
markers. From other studies, the drawback of using these types of sensors is that they
may be extremely complex to understand. Thus, a key objective, going forward, is to
explore how to make these biosensors into user-friendly devices for cancer theranostics by
using ICB.

In summary, in this review we clearly highlight the ongoing development of biosensors
and their future potential for disease management, particularly for the early detection of
cancer. In the future, these complex biosensors should be refined, as they should be able
to measure with high sensitivity and simultaneous measurement of multiple biomarkers.
In addition, it is imperative that the engineering and fabrication of biosensors should be
easily accessible, low cost, and less complex to operate as a routine clinical testing tool
for the detection of specific biomarkers. Furthermore, nanomaterial and nanoparticle-
based biosensors have become prominent for early detection of cancer due to their high
sensitivity as stated earlier in this review. However, additional focused investigations are
required for the stability of these nanoparticles for prolonged periods with consistent and
accurate readout.
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Abbreviations

Abc Capture antibody

Abg Second antibody

ADAM A disintegrin and metalloprotease

ALP Alkaline phosphatase

BTLA B- and T- lymphocyte attenuator

CEA Carcinoembryonic antigen

CLL Chronic lymphocytic leukemia

CRC Colorectal cancer

CT scan Computed tomography scan

CTC Circulating tumor cells

ctDNA Circulating tumor DNA

CTL Cytotoxic T lymphocytes

CTLA-4 Cytotoxic T-lymphocyte-associated antigen 4
DLBCL Diffuse large B-cell lymphoma

EC Electrochemical biosensors

EGFR Epidermal growth factor receptor

ELISA Enzyme-linked immunoassay

FRET Fluorescence resonance energy transfer
GSPE-MFD  Gold screen-printed electrode-based microfluidic devices
HCC Hepatocellular carcinoma

HER2 Human epidermal growth factor receptor 2
Hq Hydroquinone

HRP Horse radish peroxide

IC Immune checkpoints

ICB Immue checkpoint blockade

IFN-y Interferon gamma

IgG Immunoglobulin G

IHC Immunohistochemistry

IL-2 Interleukin-2

LAG-3 Lymphocyte activation gene 3

LOD Limit-of-detection

MAGE-A Melanoma-associated antigen-A

MICB Multiplexed immune checkpoint biosensor
MNP Magnetic nanoparticles

MUC1 Mucin 1

NPC Nasopharyngeal carcinoma

NTME Non-tumor microenvironment

PD-1 Programmed death 1

PD-L1 Programmed death-1 ligand

PSA Prostate specific antigen

PTC Papillary thyroid cancer

ScFv Single-chain variable fragment

sLAG-3 Serum lymphocyte activation gene-3
sPD-1 Serum programmed death-1

sPD-L1 Serum programmed death-1 ligand

SPR Surface plasmon resonance

sTIM-3 Serum T cell immunoglobulin and mucin-domain containing-3
TAA Tumor-associated antigen

TIM-3 T cell immunoglobulin and mucin-domain containing-3
TME Tumor microenvironment

TNF-o Tumor necrosis factor alpha

TSA Tumor-specific antigen
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Abstract: Bacterial endotoxins, as major components of Gram-negative bacterial outer membrane
leaflets and a well-characterized TLR4-MD-2 ligand, are lipopolysaccharides (LPSs) that are constantly
shed from bacteria during growth and infection. For the first time, we report that unique surface-
enhanced Raman scattering (SERS) spectra of enteric LPSs from E. coli, S. typhimurium, S. minnesota,
V. cholerae, Rhizobium species R. CE3, and R. NGR, as well as Neisseria meningitidis endotoxin structures,
LPSs, lipid A, and KDO2-lipid A can be obtained. The characteristic peaks of the SERS spectra reveal
that most of the tested LPS structures are from lipids and saccharides, i.e., the major components of
LPSs, and these spectra can be successfully used to differentiate between endotoxins with principal
components analysis. In addition, all the LPS samples here are measured at a concentration of
10 nmole/mL, which corresponds to their relevant pathophysiological concentrations in clinical
infections. This study demonstrates that LPSs can be used as biomarkers for the highly sensitive
detection of bacteria using SERS-based methods.

Keywords: SERS; LPS; bacteria; endotoxin; lipid A; silver nanorods

1. Introduction

An endotoxin or lipopolysaccharide is a glycolipid and is a major component of
the outer membrane in Gram-negative bacteria. Endotoxins are shed from live bacteria
as membrane blebs and vesicles or released from dead bacteria into tissue at the site of
infection. LPSs are well-characterized pathogen-associated molecular pattern (PAMP)
ligands that bind to the human TLR4-MD-2 receptor and elicit strong proinflammatory
responses in immune cells [1,2]. For example, Neisseria meningitidis is a strictly human
pathogen that causes meningitis and is the leading cause of fulminant sepsis and death [3].
The meningococcal LPS molecule produced by Neisseria meningitidis is composed of a
lipid A component containing di-glucosamine that is linked to two KDO sugars and a
heptose containing sugar or saccharide chain, as shown in Figure Al. The meningococcal
LPS is a very potent inducer of proinflammatory mediator release, known as the cytokine
storm, which contributes to massive fulminant meningococcal sepsis and rapid death [3].
As such, the rapid and sensitive detection of trace amounts of meningococcal LPSs in
biological fluids is a highly desirable approach to help diagnose meningococcal infection,
thus facilitating therapy and saving lives.

Similarly, other Gram-negative bacteria contain endotoxins or LPSs as a major compo-
nent of their outer membrane. Enteric bacteria LPS structures also contain a lipid A moiety

Biosensors 2021, 11, 234. https:/ /doi.org/10.3390 /bios11070234

85
https:/ /www.mdpi.com/journal /biosensors



Biosensors 2021, 11, 234

linked to repeating units of polysaccharide chains, known as the O-antigen. Similar to
meningococcal LPSs, enteric KDO,-lipid A is responsible for the endotoxic activity of LPSs;
however, LPS and lipid A structures from enteric pathogens are more diverse and vary
greatly in their ability to elicit TLR4-MD-2 mediated inflammatory responses [4]. Enteric
lipid A structures, such as E. coli, Salmonella, and Klebsiella, all have fatty acyl chain lengths
ranging from 10 to 16 carbon atoms, as shown in Figure A2, while other Gram-negative
bacteria like Bacteroides and Rhizobium contain branched fatty acyl chains with extended
lengths of up to 28 carbon atoms [5]. The length of the fatty acyl chain impacts lipid A
endotoxic activity, where extended length fatty acyl chains dramatically reduce lipid A
potency and act as a TLR4-MD-2 antagonist rather than as an agonist. These pathogenic
Gram-negative bacteria can shed active endotoxins and elicit pro-inflammatory responses.
Consequently, the rapid and sensitive detection of enteric endotoxin structures in biological
fluids and consumed food would greatly restrict the transmission of infections.

The current methods to detect endotoxins in biological fluids and environmental
samples are often time-consuming and costly, and some methods are not sensitive enough.
A limulus amebocyte lysate (LAL) assay is the most common method to detect an endo-
toxin [6]. The LAL assay depends on the enzyme purified from a horseshoe crab that
forms a clot upon detecting an endotoxin [6]. In spite of the significant enhancement of
enzyme specificity and LAL assay performance, the method may yield false positive or
negative results as the enzyme reacts with abundantly available glucan molecules derived
from yeast and plant sources [6]. Matrix-assisted laser desorption ionization/time of flight
mass spectroscopy (MALDI-TOF MS) has also been used to identify bacterial endotoxins
accurately, but this method is very expensive and time-consuming and requires specific
expertise [7]. New methods that can rapidly and reliably detect bacterial endotoxins with
a low limit of detection are highly desired in the fields of human health, environmental
monitoring, and food safety.

In recent years, with the development of nanotechnology, biosensors based on novel
nanostructures have been used to detect and identify trace amounts of endotoxins in
human fluid samples using fluorescence, chemiluminescence, and electrical gradient ap-
plications [8-10]. Surface-enhanced Raman scattering (SERS) is considered to be one of
the most sensitive analytical tools, with the potential to perform single-molecule detection
under ambient conditions [11]. Recent ultra-sensitive SERS-based methods can detect
single molecule reactions on a substrate surface [12,13]; however, Raman-based studies
on the unique spectra of bacterial endotoxin are currently very limited. A recent study
reported the in situ detection of a Pseudomonas aeruginosa endotoxin using a nanogold-
sputtered cicada wing as a SERS chip; however, it used 4-mercaptobenzoic acid (4-MBA)
and p-aminophenol (PAP) as SERS reporters rather than the intrinsic SERS spectra of the
endotoxin itself [14]. In order to establish a highly sensitive SERS platform for intrinsic en-
dotoxin detection, highly reproducible and practical substrates are essential. Our previous
studies have demonstrated that silver nanorods (AgNRs) fabricated by oblique angle depo-
sition can act as a highly sensitive and reproducible substrate with a SERS enhancement
factor of ~10° and a batch-to-batch variation of <10% [15]. AgNR substrates have been
applied in the detection of viruses, pathogenic bacteria such as E. coli O157:H7, Salmonella
typhimirium, and Staphylococcus aureus, and toxins such as aflatoxins [16]. The utility of
SERS from silver nanorods (AgNRs) for the rapid detection of bacterial pathogens via
biomarkers has been demonstrated. We have reported that SERS can rapidly detect Pse-
domonas aeruginosa pigment, pyocyanin, and pyoverdine in biological fluids with very high
sensitivity and specificity when using a AgNR substrate [17].

Here, we report a proof-of-concept study in which SERS from AgNR is utilized to
investigate the endotoxin structures of pathogenic bacteria. Highly purified and defined
endotoxins from N. meningitidis and other pathogenic enteric bacteria are used to determine
the unique SERS spectra. Utilizing principal component analysis (PCA), the unique SERS
fingerprint spectra are able to accurately distinguish between meningococcal LPS structures
and a collection of enteric LPS structures.
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2. Materials and Methods

For endotoxin (LPS) sample preparation, the Neisseria meningitidis lipooligosaccharide
(herein called LPS) and its truncated LPS structures (KDO»-lipid A and unglycosylated
lipid A) were isolated from N. meningitidis serogroup B and its isogenic mutants as de-
scribed previously [2]. Of note, the Neisseria meningitidis endotoxin structure contains one
side saccharide chain, hence referred to as lipooligosaccharide (LOS), which was used to
distinguish between other lipopolysaccharide (LPS) structures. Purified LPSs from the
enteric bacteria E. coli, Vibrio cholerae, Salmonella typhimurium, and Salmonella minnesota
were obtained from Sigma (St. Louis, MO, USA) and further purified and quantified
based on the lipid A content as previously described [4]. Briefly, residual membrane
phospholipids were removed by the repeated extraction of the dried LPS samples with
ethanol and water in a ratio of 9:1. The expected fatty acyl components of 3-OHC12:0,
3-OHC14:0, and C12:0 and the absence of membrane phospholipids were assessed by
mass spectroscopy (GC-MS) (Dr. Russell Carlson, Complex Carbohydrate Research Center,
University of Georgia, Athens, GA). LPS stock solutions were prepared in pyrogen-free
water at a 10 nmole/mL concentration with extensive vortexing and sonication prior to
each dilution as described previously [4]. Highly purified LPSs from Rhizobium etli strain
CE3 and Rhizobium niger strain NGR (obtained as kind gifts from Dr. Russell Carlson,
Complex Carbohydrate Research Center, University of Georgia, Athens, GA) were used
at 10 nmole/mL concentrations. Lipid A is the major component of endotoxin structure
responsible for biological activity. As such, all endotoxin structures used in this study were
quantified based on their lipid A fatty acyl chain content rather than the total weight of
molecule with and without saccharides chains, and stocks are made at 10 nmole/mL as
described above [4].

Regarding silver nanorod (AgNRs) substrate fabrication, the AgNRs substrates used
in this study were fabricated by an oblique angle deposition (OAD) technique that has been
described previously [15,16,18]. Briefly, microscopic glass slides (BD, Portsmouth, NH)
were cleaned with a piranha solution (80% sulfuric acid, 20% hydrogen peroxide, v/v) and
rinsed with deionized (DI) water before being air-dried and loaded into a custom-made
electron beam evaporation system. The glass slides were deposited with a 20-nm titanium
layer and then a 200-nm silver film layer through evaporation at rates of ~0.2 nm/s and
0.3 nm/s, respectively. The slides were monitored in situ by a quartz crystal microbalance
(QCM). To fabricate the AgNRs, the substrates were tilted to 86° with respect to the incident
vapor, and silver was then deposited rate of ~0.3 nm/s until a thickness of 2000 nm was
obtained. The morphology of the AgNR substrate has been reported previously [19-21].
According to a previous study, the AgNR substrate has a broad and strong absorption
when the wavelength of light is >500 nm [19-21]. The uniformity and reproducibility of
the AgNR substrate for SERS measurements have been reported to be smaller than 10% for
the spot-to-spot variation and less than 15% for batch-to-batch variation [19].

Regarding SERS measurement and data analysis, 2 pL of the testing sample was
dispensed directly on the AgNR substrate and vacuum-dried in the custom-made vacuum
chamber to shorten the sample preparation time. The dried samples on the substrates were
then measured by an Enwave ProRaman-L-785A2 Raman analyzer (Enwave Optronics,
Irvine, CA, USA) with a 785 nm near-IR diode laser as the excitation source. SERS spectra
were collected in a wavenumber range from 400 cm ™! to 1800 cm ™! for 10 to 30 s with a
laser power on the sample of 100 mW. Spectra data were acquired from nine randomly
selected spots on the AgNR substrate and showed good reproducibility (Appendix C).
The original SERS spectra contain a broad fluorescence background, and thus all spectra
baselines were first corrected and the average spectra from the nine different measurements
per sample were presented as the final spectra results.

Data analysis was performed using version 9.0 of the Origin software package (Origin-
Lab Corporation, Northampton, MA, USA). PCA was conducted with MATLAB 2000b
(The MathWorks, Inc., Natick, MA, USA) using the PLS toolbox (Eigenvector Research, Inc.,
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Wenatchee, WA, USA). Savitzky—Golay derivation, normalization, and the mean-center
process were used to treat the raw spectra data prior to PCA analysis.

3. Results and Discussion
3.1. Meningococcal SERS Spectra

In order to understand the effect of a LPS contributing to its unique SERS spectra,
a Neisseria meningitidis LPS (wild type, denoted as LPS), Neisseria meningitidis truncated
LPS (KDO,-lipid A), and Neisseria meningitidis unglycosylated lipid A (lipid A) at con-
centration of 10 nmole/mL were used to obtain SERS spectra. As shown in Figure 1a,
the SERS spectrum of a LPS shows significant Raman shift peaks at Av = 989 cm~! and
Av = 1330 cm ™!, whereas the SERS spectra of KDO,-lipid A has the same significant peaks
as those observed from wild-type LPS spectra. Lipid A, the fatty acyl chain linked to the
disaccharide backbone of LPS, is primarily responsible for the endotoxic activity in the
human host, rather than the sugar chains in LPS [2]. When comparing the SERS signals
from naked lipid A structure to those of the LPS with saccharide chains attached, the result-
ing SERS spectra suggest that the lipid A portion of the LPS could contribute significantly
to its unique SERS signal. The SERS spectrum of KDO,-lipid A shows a relatively strong
peak at Av =989 cm~! and a weak peak at Av = 1330 cm ™! as compared to those for lipid
A, which indicates that the characteristic peak at Av = 989 cm~!, which may come from
carbohydrates [22]. The peak at Av = 1330 cm ™! is typically assigned to §(CH) in phospho-
lipids, which is often used in the in vivo study of biological tissues [23]. The SERS spectra
of lipid A have a relatively lower peak at Av = 989 cm~! and a much higher peak intensity
at Av =1330 cm ™!, which further suggests that the peak at Av = 989 cm ™! is corresponding
to the carbohydrates since KDO molecule is a sugar, and the signal from phospholipids is
dominant in SERS spectra (Figure 1a). Similarly, the peak at Av = 1131 cm~!, which was
assigned to the mode of fatty acid, which also dominates the SERS spectra of lipid A [22,24].
Detailed SERS peak assignments are listed in Table 1.
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Figure 1. Meningococcal LPS Raman SERS spectra. (a) SERS spectra of LPS, KDO,-lipid A, and lipid A obtained from
Neisseria meningitidis endotoxin structures. (b) The PCA score plot of SERS spectra of LPS, KDO,-lipid A, and lipid A.

The data suggest that the SERS spectra from different meningococcal LPS structures
can be distinguished based on their detailed compositions. To better analyze the data, we
have also performed the PCA analysis as shown in Figure 1b. The spectra of Neisseria
meningitidis LPS, KDO,-lipid A, and naked lipid A are well separated based on the score
plots of PC1 (47.30%) and PC2 (28.64%). This study demonstrates the detection of highly
purified meningococcal endotoxin structures and the differentiation of their SERS spectra in
relation to the biological activity in a human host [2,4]. As previously reported, full-length
LPSs and KDO,-lipid A show potent immune stimulatory activity in human macrophages,
whereas naked lipid A is a very weak endotoxin [2]. The biological activities of endotoxin
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structures are correlated with fulminant sepsis and disease outcomes [25,26]. Therefore,
SERS can be used for the rapid detection and differentiation of a meningococcal endotoxin,
which may serve as an indicator of Neisseria meningitidis infection.

Table 1. SERS peak assignment for Neisseria meningitidis LPS structures.

Observed SERS Shift Av (cm—1) Vibrational Mode Assignment [22,27,28]

550 B(CHy) in ring

680 5(C-O-Q); fatty acid;

850 v(C-0O-C); saccharides (1,4 glycosidic link)
988 B(CH); carbohydrates

1131 v(C-C); fatty acid

1330 5(CH); phospholipid

1450 «(CH3/CHy), B(CH3/CH,)

{3, bending; v, stretching; 5, deformation.

3.2. Enteric LPS SERS Spectra

The SERS spectra of enteric LPSs at equal molar concentrations of 10 nmole/mL from
E. coli, S. typhimurium, S. minnesota, V. cholerae, R. NGR, and R. CE3 are shown in Figure 2a.
The spectra of S. typhimurium and S. minnesota, which are from the same species (Salmonella),
show similar peaks at Av = 543 and 981 cm ™!, which can be signed to the saccharide and
lipid [22,24,27,29]. Similarly, the SERS spectra of R. CE3 and R. NGR also show the same
peaks at Av = 552, 981, and 1330 cm! (Figure 2a), which represents cholesterol and
lipids [22,24,27-30]. The spectra of E. coli and V. cholerae are entirely different from the
spectra of the Salmonella LPS and Rhizobium LPS, which indicates that unique the SERS
spectra of LPS structures could be used to differentiate bacteria species (Figure 2a). Detailed
SERS peak assignment for enteric and Rhizobium LPS are shown in Table 2. Note that most
of the spectral peaks of these LPSs are from lipids and carbohydrates, which are the major
components of LPS. The 3D-score plot of PC 1 (42.20%), PC 2 (24.82%), and PC 3 (17.76%)
for the enteric and Rhizobium LPS based on the SERS spectra are shown in Figure 2b. All
the spectra from the same LPS are grouped together well and are evidently separated from
one another. Different bacteria express unique LPS structures that do not change when
expressed in viable cells or shed from the membrane. Therefore, unique LPS SERS can be
used to distinguish various bacteria strains.
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Figure 2. Different enteric LPS Raman SERS spectra. (a) SERS spectra of different enteric LPSs obtained from E. coli,
S. typhimurium, S. minnesota, V. cholerae, R. CE3, and R. NGR. (b) PCA score plot of six enteric LPSs based on their
SERS spectra.
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Table 2. SERS peak assignment for enteric LPS structures.

Observed SERS Shift Av (cm—1) Vibrational Mode Assignment [22,27,30-32]
543 5(C-0-C) in glycosidic ring
552 B(CHy) in ring
715 v(C-N)

733 B(C-O-C) in carbohydrates
787 v(C-0) in ring

855 5(C-0-C)

981 B(CH) in lipid

1025 v(CO) in carbohydrates
1087 v(C-O) in lipid

1131 v(C-C) in fatty acid
1309 T(CH;3/CHy) in lipid
1330 5(CH) in phospholipid

{3, bending; 5, deformation; T, twisting; v, stretching.

The SERS spectral peak locations are usually referred to as fingerprint spectra. Dif-
ferent molecules have different fingerprint spectra, which can be used to differentiate
between different molecular structures [16]. It is known that LPSs from different bacteria
have different molecular structures and bonds [4]. Therefore, our data analysis focused
on the peak location difference rather than intensity or peak shape. Since all spectra were
normalized, the peak intensities were less important when comparing various LPS struc-
tures. In our study, the PCA method was employed to depict the differences between peak
intensity, peak position, relative intensity and spectral shape (Figure 2B). Although minor
structural differences between bacterial LPSs were found, their biological activities were
different and correlated to their effect on human host response [4]. For example, Rhizobium
species that contain extended length fatty acyl chains do not exert immune stimulatory
activity on human macrophages, which is in contrast to other LPSs like E. coli, Salmonella
and Vibrio with fatty acyl chain lengths of C12 and C14. Moreover, Salmonella and E. coli
LPS structures vary in their biological activity and differential induction of human TLR4
signaling pathways, consequently modulating the outcome of host response [4]. Taken
together, the data provide a proof-of-concept for the utility of SERS in rapid detection of
endotoxin and in distinguishing endotoxin structures from bacterial pathogens.

4. Conclusions

In this work, we have shown that the LPS, KDO;-lipid A, and lipid A of Neisseria
meningitidis endotoxin structures, as well as the enteric LPSs from E. coli, S. typhimurium,
S. minnesota, V. cholerae, R. CE3, and R. NGR, exhibit distinguishable fingerprint SERS
spectra that can be separated well using a conventional PCA method. The difference
in SERS spectra originates from the carbohydrates and phospholipids of different LPS
structures. All the SERS measurements were carried at a low concentration (10 nmole/mL)
in accordance with the relevant pathophysiological concentration in clinical infection,
which means that the SERS technique has a great potential to detect and differentiate
physiologically relevant enteric LPSs from biological fluids. In addition, the spectral
differences of the different LPSs demonstrate that LPSs can be used as biomarkers for
detecting bacteria, especially in terms of SERS-based detection, which could potentially
lead to new ways to sense bacteria.
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Abstract: Creatinine has become an important indicator for the early detection of uremia. However,
due to the disadvantages of external power supply and large volume, some commercial devices
for detecting creatinine concentration have lost a lot of popularity in everyday life. This paper
describes the development of a self-powered biosensor for detecting creatinine in sweat. The
biosensor can detect human creatinine levels in real time without the need for an external power
source, providing information about the body’s overall health. The piezoelectric output voltage of
creatininase/ creatinase/sarcosine oxidase-modified ZnO nanowires (NWs) is significantly dependent
on the creatinine concentration due to the coupling effect of the piezoelectric effect and enzymatic
reaction (piezo-enzymatic-reaction effect), which can be regarded as both electrical energy and
biosensing signal. Our results can be used for the detection of creatinine levels in the human body
and have great potential in the prediction of related diseases.

Keywords: creatinine; ZnO nanowires; piezo-enzymatic-reaction effect; self-powered biosensor

1. Introduction

Following the fast development of the social economy, people’s demands for a bet-
ter life are not just based on food or warm clothes but also on good health [1-3]. The
maintenance of a healthy lifestyle is inextricably linked to the monitoring of various body
indexes [4,5], with creatinine serving as an important index for the early detection of ure-
mia [6]. Creatinine [6-8], one of the most important metabolic health indicators [9-11], can
indicate abnormal renal function as well as other serious diseases [12-14]. However, almost
all traditional creatinine sensors require external power supplies and large volumes [15,16],
making the sensor inconvenient to transport and posing a risk due to the frequent charg-
ing/discharging process [17]. Those features restrict the applications of those devices in
many areas such that they cannot be used for daily health detection.

To solve the common problem of portability in capacitor/resistance-based sensors [18],
many scientists have conducted in-depth research [19]. Using piezoelectric materials or
triboelectric structures to realize self-powered sensors has been a popular solution in recent
years. The self-powered nanogenerators can convert external mechanical energy into
electrical energy [20,21], and the output is easily affected by the external environment [22]
by doping noble metal elements or modifying functional materials [23-31], which can be
viewed as a sensing signal. Traditional triboelectric nanogenerators based on a vertical
contraction-separation structure or a contact-slide structure are not flexible enough due
to their unique structure [32,33]. Furthermore, common piezoelectric semiconductors
are incapable of detecting biological materials [34]. Therefore, it is essential to design a
self-powered sensor [35] for specifically detecting creatinine.

In this paper, a self-powered biosensor for specifically detecting creatinine in sweat
is presented. Based on the coupling effect of the piezoelectric effect and enzymatic re-
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action [36-38] (piezo-enzymatic-reaction effect) of the creatininase/creatinase/sarcosine
oxidase-modified ZnO NWs, the biosensor can actively output electrical signals, which can
be seen as biological signals. In addition, the piezoelectric output voltage is significantly
dependent on the creatinine concentration, and therefore can reflect the concentration
of creatinine. Hence, the whole process does not need an external power supply. Our
research results represent a great contribution to the detection of creatinine levels in the
human body.

2. Materials and Methods
2.1. Materials

Zinc acetate (Zn(CH3COO),-2H,0), zinc nitrate hexahydrate (Zn(NOg3),-6H,O), crea-
tininase, creatinase, and sarcosine oxidase were purchased from Macklin Inc. (Shanghai,
China) Ammonia solution (NHj3-HO), creatinine, and phosphate-buffered saline (PBS)
solution were provided from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China) Ti
film (200 um) and Kapton film (100 pm) were purchased from Taobao (Hangzhou, China).
Photoresist and developing solutions were purchased from Suzhou Ruihong Electronic
Chemicals Co. Ltd (Suzhou, China). All chemicals were analytically pure and utilized
without further purification.

2.2. Synthesis of ZnO NWs

The ZnO NWs were synthesized by a simple seed-assisted hydrothermal method.
First, a ZnO seed layer was grown on Ti foil. A precleaned Ti film was immersed in a
Zn(CH3COO0);-2H,0 (10 mM in ethanol) solution for several seconds and then dried under
nitrogen gas. The Ti film with Zn(CH3COO), nanoparticles was then annealed at 350 °C
for 20 min to form the ZnO seed layer. Second, the ZnO NWs were synthesized on the ZnO
seeds. The Ti film with the ZnO seed layer was immersed into a solution containing 0.82 g
of (Zn(NO3),-6Hy0) and 2.5 mL of NH3-H,O in 38 mL of deionized water. After 24 h at
83 °C, the Ti film with the ZnO NWs was cleaned with deionized water and ethanol several
times; the Ti foil was recycled for the next use after the transfer-printing process to further
lower the fabrication cost.

2.3. Device Fabrication

The fabrication process of the device is mainly composed of photolithography, electron-
beam evaporation, and culture process. The experimental process is described below in
detail. First, the ZnO NWs of the Ti film were transferred to a Kapton film with a knife.
Then, a ~2 um photoresistor was spin-coated on the Kapton film at 2000 rpm for 70 s. Using
a lithography process, a predesigned pattern was formed. Next, the Ti electrodes were
formed by an electronic beam evaporation process. The thickness of the Ti electrodes was
set at 200 nm. After removing the residual photoresist, the device was dried overnight with
nitrogen gas. Finally, creatininase (10 u/mL), creatininase (10 u/mL), and sarcosine oxidase
(10 u/mL) were added dropwise on the device and an incubation procedure was conducted
in a biosafety cabinet for 2 h. For a better test outcome, the creatininase, creatinase, and
sarcosine oxidase were dissolved in a PBS solution (pH ~7.4) at 20 °C. The self-powered
creatinine biosensor was stored at 4 °C.

2.4. Characterization and Measurement

A scanning electron microscope (SEM; JEOL JSM-6700 F) equipped with an energy
dispersive X-ray spectrometer (EDS) was used to characterize the devices’ morphology. A
low-noise preamplifier was used to measure the performance of the devices (Model SR560,
Stanford Research Systems). A programmable system with a stepping motor and a sliding
rail provided the force and working frequency applied to the devices. All experiments
were carried out at a temperature of 25 °C and relative humidity of 40%.
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3. Results

In recent years, creatinine has increasingly been tested in daily life, as an important
biomarker to measure human health [39,40]. However, the majority of commercial instru-
ments require an external power source, which make them bulky and unwieldy; stifling
further development. In this study, a self-powered creatinine biosensor based on enzyme-
modified ZnO NWs is demonstrated. Combining the piezoelectric effect of ZnO NWs with
enzyme reaction (piezo-enzymatic-reaction effect), the device can actively output electrical
pulses by harvesting tiny mechanical energy, which is significantly dependent on creatinine
concentration. With increasing creatinine concentration, the piezoelectric output voltage
decreases. Furthermore, because the piezoelectric output voltage can be regarded as both a
power source and a biosignal, the entire process does not require any power supply.

Figure 1a shows the concept of a self-powered creatinine biosensor and Figure 1b
shows an optical photograph of the self-powered creatinine biosensor. The predesigned
pattern includes many interdigital electrode pairs. The distance between electrodes is
4 pum and the distance between each electrode pair is 20 um to prevent electrical short
circuit because the length of the ZnO NWs is ~7 um (greater than 4 pm, less than 20 pum).
Figure 1c shows the 45° view SEM of the ZnO NWs. It can be observed that the ZnO
NWs are orderly grown on the Ti film and the diameter of the ZnO NWs is ~200 nm. In
Figure 1d, a side view SEM of the ZnO NWs shows that the average length is ~7 um. The
length ensures the ZnO NWs cannot cross electrode pairs (less than 20 um). Figure le
shows a single ZnO NW bridge and electrode pair before removing the photoresist. The
distance between an electrode pair is 4 um. Figure 1f shows a single ZnO NW bridge and
electrode pair after e-beam evaporating the Ti electrodes. It can be seen that the distance
between each electrode pair is 20 um. Figure 1g shows the X-ray diffraction pattern of the
ZnO NWs. The triangle represents the characteristic peak of ZnO and the circle represents
the characteristic peak of Ti. The peaks around 31.8°, 34.4°, 36.2°, 47.5°, 56.6°, 62.9°, 69.1°,
72.6°,76.9°,81.4°, and 89.6° correspond to the (100), (002), (101), (102), (110), (103), (200),
(112), (201), (004), and (202) (PDF#89-0511), respectively. In addition, the peaks around
38.4°, 44.6°, and 64.9° can be attributed to the Ti substrate. Figure 1h shows the EDS
spectrum of the ZnO NWs. The peaks of the Zn and O elements contribute to the ZnO
NWs and the peaks of Ti contribute to the Ti film.

Figure 2 shows the fabrication of the self-powered creatinine biosensor. The process
includes synthesis, transfer printing, photolithography, electron-beam evaporation of the Ti
electrode, and enzyme culture of the ZnO NWs. First, during the hydrothermal synthesis
of the ZnO NWs [36,37,41], the length of the ZnO NWs was adjusted by controlling the pH
value of the solution and the synthesis time during the whole process. To ensure that the
ZnO NWs can have the same orientation on the Kapton substrate, the vertical ZnO NWs
need to be gently scraped with a knife for the transfer process. Then, the creatinine detector
was prepared by photolithography, electron-beam evaporation, and enzyme modification
on the prepared material. The specific process can be found in the Materials and Methods.
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Figure 1. (a) Concept of self-powered creatinine biosensor. (b) Optical photograph of self-powered
creatinine biosensor. (c) 45° view SEM of the ZnO NWs. (d) Side view SEM of the ZnO NWs. (e) A
single ZnO NW bridge and electrode pair before removing the photoresist. (f) A single ZnO NW
bridge and electrode pair after e-beam evaporating the Ti electrodes. (g) X-ray diffraction pattern of
the ZnO NWs. (h) Energy dispersive X-ray spectrum of the ZnO NWs.
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Figure 2. Fabrication of the self-powered creatinine biosensor.

The piezoelectric properties of the device were measured as shown in Figure 3.
Figure 3a shows the schematic diagram of the measurement system. The device is put in a
Petri dish filled with a PBS solution to mimic the sweat environment. To apply the working
force and frequency, a programmable system with a stepping motor and a sliding rail is
used. The device’s electrodes are linked to the SR560 preamplifier (Model SR560, Stanford
Research Systems), which collects piezoelectric signals and feeds them into a computer to
monitor real-time voltage changes. A computer collects the piezoelectric output voltage.
Figure 3b depicts the relationship between applied force and piezoelectric output voltage
at 1 Hz and 0°, with the applied force shown in the inset. When the applied forces are
19,22, and 25 N, the piezoelectric output voltages of the device are 0.24, 0.36, and 0.56 V,
respectively. With the increase in pressure, the voltage value significantly increases. In
addition, the linear relationship between the force and piezoelectric voltage output is:

y = —0.91083 +0.05933 x F, @)

where y represents the piezoelectric output voltage (in V) and F represents the applied force
(in N). The square of the correlation coefficient is 0.93762, showing a great fit. Figure 3¢
shows the relationship between the bending angles and piezoelectric output voltage at
22 N and 1 Hz; the bending angles are defined as shown in the inset of Figure 3c. At
bending angles of 30°, 45°, and 60°, the piezoelectric output voltages of the device are
0.14V,0.31V, and 0.57 V, respectively. With the increase in bending angles, the piezoelectric
output voltage significantly increases. In addition, the linear relationship between the
angles and piezoelectric voltage output is:

y = —0.33852+0.01523 x 6, V)

where y represents the piezoelectric output voltage (in V) and 6 represents the bend-
ing angle (in °). The square of the correlation coefficient is 0.97749, showing a great fit.
Figure 3d shows the piezoelectric output voltage against different working frequencies at
22 N. The frequency has little effect on the piezoelectric output voltage. At2, 1, and 0.5 Hz,
the piezoelectric output voltage is almost stable (~0.3 V).

99



Biosensors 2021, 11, 342

(a) (b) I
0.6 j_
—~ ///'
z 04 -0.91083 +0.05933 x F _
2 R*=093762 _~
8
o 7
>
024
Stanfofd Rescarch System, Tifc
[
L
T 0.0 - - T
19 2 25
Force (N)
(C) (d) 0.6
01 B—
03 ER= S = T
2«0.4- >j “; (| ‘
8 | y=-033852+001523 %0 & 00- ‘ I/H I
S R* = 097749 8 f ’“ f
=) =] | i
> > [
24
02 -0.3 4
2Hz 1 Hz 05Hz
0.0+ -0.6 T T T
30 45 60 0 10 20 30
Angle (°) Time (s)

Figure 3. (a) Schematic diagram of the measurement system. (b) Relationship between applied force
and piezoelectric output voltage at 1 Hz; the inset shows the applied force. (c) Relationship between
the bending angles and piezoelectric output voltage at 22 N and 1 Hz; the bending angles are defined
as shown in the inset. (d) Piezoelectric output voltage against different working frequencies at 22 N.

The sensing performances for detecting creatinine concentration are shown in Figure 4.
Figure 4a shows the measurement process. To simulate the sweat environment, the self-
powered biosensor is placed in a Petri dish filled with a PBS solution, and the solution
containing different concentrations of creatinine is added to the Petri dish dropwise. The
relationship between creatinine concentration and piezoelectric output voltage is depicted
in Figure 4b. When the creatinine concentrations are 1 x 1075, 1 x 1074, 1 x 1073,
1x 1072, and 1 x 107! mM, the piezoelectric outputs are 0.65, 0.41, 0.28, 0.21, and
0.12'V, respectively. With the increase in creatinine concentration, the piezoelectric output
significantly decreases. Figure 5b shows that the detection range of creatinine concentration
of the device is 1 x 1075~1 x 10~! mM. For further analysis, the data between the log of
concentration and piezoelectric output voltage is fitted by linear regression. The fit line is:

y = 0.0885 — 0.0229 x 1gC, 3)

where y represents piezoelectric output voltage (in V) and C represents creatinine concen-
tration (in mM). The self-powered creatinine sensor has a sensitivity of 0.0229 V/mM. The
sensing performance was tested at a concentration of 0.1 mM creatinine against various
conditions (applied force, bending angle, and working frequency) shown in Figure 4c—e.
Figure 4c shows the influence of creatinine concentration and force on piezoelectric output.
When the creatinine concentration is 0 or 1 mM, 19, 22, and 25 N forces are applied to
the material. As the creatinine concentration increases and the applied force decreases,
the piezoelectric output significantly decreases. Similar results can be observed, which
is contributed to the piezo-enzymatic-reaction effect. Figure 4f,g show the comparison
of piezoelectric output variation trends under different applied forces, bending angles,
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and force frequencies before and after adding creatinine. Though the piezoelectric output
voltage increases with the increasing applied force and bending angles before adding
creatinine, the biosensing output after adding creatinine also increases with the increasing
applied force and bending angles, which implies that the biosensing performance has little
influence on applied force and bending angles (Figure 4f,g). Similar results can be seen in
Figure 4h.
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Figure 4. (a) Measurement process. (b) Relationship between creatinine concentration and piezoelec-
tric output voltage. Sensing performance against different applied forces (c), bending angles (d), and
force frequencies (e). Comparison of piezoelectric output variation trends under different force sizes
(), bending angle (g), and force frequencies (h) before and after adding creatinine.
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Figure 5. The piezoelectric output voltage of the device before (a) and after (b) modifying enzymes. (c) Output of the device
across creatinine solutions for the first four days.

Figure 5 shows the selective specificity of the self-powered creatinine biosensor. The
concentration of all solutions used in the experiment is 0.01 mM. Figure 5a shows the
piezoelectric output of the device without modifying enzymes. In this experiment, the
piezoelectric output voltage of the device without modifying enzymes is similar against
saline, glucose, lactic acid, urea, and creatinine. However, as shown in Figure 5b, after
adding creatinine (0.001 mM), the piezoelectric output voltage decreases (red line). The
addition of other materials (glucose, lactic acid, and carbamide) (0.001 mM) has little effect
on the piezoelectric output voltage. Finally, increasing the concentration of the creatinine
solution to 0.01 mM lowers the piezoelectric output voltage (yellow line). These findings
suggest that enzymatic reactions can influence the piezoelectric output voltage of the ZnO
NWs and that creatininase/creatinase/sarcosine oxidase-modified ZnO NWs have the
potential to be used in the fabrication of self-powered biosensors. Figure 5c shows the
output of the device across creatinine solutions (0.1 mM) for the first four days. It can
be seen that piezoelectric output voltage increases on the third day. However, by timely
replenishing enzymes, the voltage returns to its initial state.

Table 1 is a comparison of the performance parameters of two common commercial
creatinine sensors and the self-powered creatinine biosensor. As shown in the table, the
limit of detection parameter of the self-powered creatinine biosensor is lower than that of
the two commercial creatinine detectors. Due to its small size and lack of external power
supply, the self-powered creatinine biosensor is superior in terms of portability. Therefore,
the self-powered creatinine sensor has a good application prospect for daily life.

Table 1. Comparison of performance of three creatinine detectors.

Limit of Detection  Limit of Quantification Size Power Supply Portability
ACON U120smart 0.08 mM 0.08-2.56 mM 27 x 18 x 14 cm External power Not portable
On Call CMU060 0.08 mM 0.08-2.56 mM 14 x 13 x 4 cm External power Not portable
This work 1% 107° mM 1x105-1x107!mM 2 x3x02mm Self-powered Portable

Figure 6 illustrates the mechanism of the piezo-enzymatic-reaction effect. The simula-
tion results are from COMSOL Multiphysics 5.5. When no force is applied, the piezoelectric
output voltage is 0 V, as shown in Figure 6a. When the ZnO NWs are deformed by an
applied force, the piezoelectric output voltage is proportional to the c-axis external strain
(Figure 6b) [42]. The larger force and higher angles can induce a larger deformation, which
improves the output (Figure 3b,c). The enzymatic reaction is shown in Figure 6(c-i) [43].
After the reaction, HyO; is produced as:
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Figure 6. (a,b) COMSOL simulation of piezoelectric effect. (¢) Enzymatic reactions and coupling effects.
H,0; is unstable and H* and e~ are produced [36] as:
HyOp — 2¢” +2H' +0, ()

The large number of H* and e~ have directional movement and screen the built-in
electric field of the ZnO NWs under deformation (Figure 6(c-ii)). The higher concentration
of creatinine solution can release more H" and e~, which enhance the screen effect and
further lower the piezoelectric output voltage. Other materials are weak electrolytes that
are difficult to ionize to enhance the screen effect. Therefore, when the enzymatic reaction
occurs, the piezoelectric output voltage will decrease.

4. Conclusions

In summary, a self-powered creatinine biosensor was built. The device can detect
creatinine concentration in sweat in real time using the piezo-enzymatic-reaction effect
of ZnO NWs, and the entire sensing process requires no external power supply. The
detection range of creatinine concentration of the self-powered creatinine biosensor was
1 x 10751 x 10! mM and the sensitivity was 0.0229 V/mM. This result indicates that
the creatinine sensor has a wide application prospect and has great significance for the
prevention of related diseases.
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