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ABSTRACT: Cancers and many other diseases, such as hepatocellular carcinoma (HCC) and
cardiovascular diseases (CVD), have threatened human lives for centuries. Therefore, a novel
technique for such disease prediction is in an urgent demand for timely treatment. Biomarkers,
alpha-L-fucosidase (AFU) for HCC and cardiac troponin I (cTnl) for CVD, have proven to be
essential in the role of disease detection. Herein, we report on an ultrasensitive plasmonic
biosensor that converts plasmonic absorption to electrical current in order to detect AFU and ¢Tnl
using whole human blood in a real-time and parallel fashion. The detection limit was calculated to
be 0.016 U/L for AFU and 0.015 ng/mL for c¢Tnl, respectively. Combined with the versatility of
the strategies for different biomarkers, these results demonstrate that the developed biosensor
exhibits a promising application for the prediction of cancers and many other diseases.

atural assembly provides a substantial methodology to
direct simple building blocks into establishing hierarch-
ical architectures.' Certain functions operated by these delicate
nanostructures in responds to the incoming stimulation
achieve the sophisticated “nano-machines”. Seen in photosyn-
thesis, the plant or organism converts the incoming optical
energy into a signal which can be effectively captured to
perform subsequent and particular actions. The specific and
effective transduction occurring in this type of process
represents the precise operation in the nature. It is a major
goal of biotechnology and nanotechnology to transfer these
concepts utilized in the nature into benchtop scientific and
engineering technology. As a result, tremendous efforts and
progress have gone into antibody—antigen—antibody sand-
wiched nanostructures.” The activities associated with this
mode of signal transduction include a three-layer assembly,
whereby (a) the first layer (antibody) captures the second
layer (antigen), (b) the third “antenna” layer (functionalized
antibody) can demonstrate certain measurable properties after
attaching to the second layer. Depending on the character of
the “antenna”, the biomimicking nanostructures are classified
into colorimetric,”® fluorescence,” paramagnetic,S and electro-
chemical assay.® These indirect signal transduction systems will
enable the development of integrated circuits with innovative
functions that extend conventional digital components into
biosensing areas.
One application of this sandwiched nanostructure is disease
prediction by analyzing biomarkers for disease prediction.” The
secret behind the function of disease prediction involves the
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fact that life forms are known to shed certain unique
biomarkers (antigens) into the bloodstream as evidence of
particular biological conditions.® Conventional techniques,
including electrocardiography (ECG), magnetic resonance
imaging (MRI), and computerized tomography (CT) scan,
are costly and need relatively complicated analysis. Worse, they
are only successful when the tumor grows into a larger size.’
Inspired by nature, antibody—antigen—antibody based bio-
marker immunoassay starts to be implemented for detection of
several diseases to expedite clinical treatment. While the format
of detection strategies varies, a common feature is the
implementation of immunoglobulin (IgG). This component
allows the immunoassay to be an ideal platform toward the
specific detection development. However, the primary limiting
factors in these types of detection approaches include the
concern of complicated platforms with relatively low
sensitivity, long detection time, and poor function with
whole human blood samples.'”'" Major problems as a result
of these limitations include (1) indirect detection of stimulated
signals, (2) partially quenched signal transduction as a result of
the sensing environment, (3) less labeled antibody immobi-
lization due to two times the binding activity, causing a weaker
signal intensity. Nowadays, the trend toward point of care
diagnostics based on the biomarker detection, by any means,
has had a significant impact on the development with which
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potential diagnostic measurements can be designed.'” The
point of care testing (POCT) mainly refers to the medical
diagnostic testing in proximity to the patient’s location without
sending the specimen away from the point of care. To address
improvements toward the diagnosis of cancers and many other
diseases, it is, hence, urgent that a novel transducer technique
be developed with the capability to effectively capture and
deliver the information upon biomarker attachment onto the
immunoassay in a simple and more accurate fashion.

One such system has arisen with the exploitation of localized
surface plasmon resonances (LSPR),">™'° wherein hot
electrons oscillate inside metal nanoparticles in response to
light propagation at visible and near-infrared frequencies.'”"*
Conventional LSPR based sensing uses colorimetry based
systems that require bulky optical instrumentation. This
approach has a limitation in minimizing the size of the sensor
system and lowering detection limit by decreasing sensor area.
Therefore, a simple device that has the capability to integrate
all of the advantages of highly sensitive LSPR based detection,
while lowering detection limit is essential for the evolution of
POCT technology. To this end, our previous work shows a
plasmon-field-effect based thin film transistor with a highly
efficient detection of this plasmon energy without the need for
bulky optics and instrumentation.'” This new transducer
device offers direct plasmon-to-electric signal conversion and
amplification of the detected signal. We also demonstrated
superior ;)rotein detection capability using this new sensing
platform.”” The gold nanoparticles (AuNPs) utilized in the
device displayed a strong plasmonic absorption at visible
wavelengths. The plasmonic energy is able to subsequently
couple with AuNPs and decay into hot electrons. The gate bias
incorporated in the device promotes a successful migration of
induced hot electrons to inject over the Schottky barrier. This
process exhibits an effective hot electron trapping capability,
which operates in a similar way to natural photosynthesis
described above. Inspired by nature and motivated in
advancements toward significant progress on POCT develop-
ment, we designed an innovative signal transducer technique,
comprised of metal—semiconductor-metal (MSM) structure
without an extra gate bias. In the absence of the gate bias, only
the voltage at one wavelength is monitored without supply
voltage rather than the plasmonic energy from the full spectral
response. Our plasmonic sensing platform with special
nanostructures uses a wide-bandgap semiconducting material,
InGaZnO (IGZO), which is transparent in the visible to
infrared spectrum. As a result, the plasmonic nanostructure can
be excited from the back side of the platform, leading to a
direct detection of the plasmonic energy. This function can
resolve the issue of employing colored medium that usually
overlaps with light source wavelength. Conventional surface
plasmon resonance system with an Au film surface utilizes
similar excitation structures. However, our system benefits
from a much smaller sensing surface area that allows excellent
minimum detection limits. The small active sensing area also
requires only a tiny amount of analyte and implements a high
integration capability with a multiplexing function. In addition,
LSPR platform harbors a better thermal capability without the
need for other temperature controls compared to SPR system.
To obtain a strong signal-to-noise ratio, lock-in amplification
techniques are integrated to enable the system to detect the
potentially small photocurrents generated by the short-lived
hot electrons. This lock-in amplification approach takes the
response signal only from the specific modulation frequency by
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the excitation light and eliminates other noises from the ionic
strength in the medium, pH change, to temperature
fluctuations.

To demonstrate the plasmonic sensor operation, two specific
biomarkers were selected: (1) alpha-L-fucosidase (AFU), a
valuable diagnostic biomarker for hepatocellular carcinoma
(HCC),*" and (2) cardiac troponin I (c¢TnlI), a blood borne
biomarker associated with cardiovascular diseases (CVD).” It
is claimed that HCC, the primary malignancy of liver cancer,
remains one of the most commen and deadly cancers
worldwide,”’ while CVD is considered to be the leading
global cause of death, accounting for 17.3 million mortalities
annually.” The concentration of AFU and cTnl to separate the
healthy people from the afflicted patients were suggested to be
50 U/L** and 0.5 to 2.0 ng/ mL,9 respectively. It is not a facile
task to develop AFU or cTnl biosensors, especially with the
AFU. AFU is characterized as a lysosomal enzyme, enabling
hydrolytic cleavage of fucose-containing molecules. Therefore,
most research has been focused on the immunoassay that
utilizes this enzymatic property, resulting in much more
difficult laboratory procedures and works up. In spite of more
sensing options available for detecting ¢Tnl, both ¢Tnl and
AFU detection systems tend to require diagnostic detectors
that involve bulky systems that have low potential for POCT
translation.

Initially, the plasmon biosensor was fabricated on a silica
substrate with a thin n-type IGZO film. A metal—semi-
conductor—metal photoconductor was created after two
electrodes were separately anchored by depositing Cr/Au
layers. Thereafter, AuNPs thereafter were incorporated onto
the IGZO thin film between two electrodes (Figure 1a),
aiming to deliver a photo response from the plasmonic
absorption on the photoconductor. The as-prepared devices
were initially characterized using a custom electro-optical
measurement setup (Figure S5), whereby a source meter was
applied to measure the electrical properties and have the device
be biased with dc voltage. The plasmonic spectral response was
regulated by a modulated monochromatic light with a lock-in
amplifier. A customized LabView program was employed to
control the monochromator, a lock-in amplifier, and a
picoammeter, to obtain an automated computerized measure-
ment. Based on the preliminary characterization of the sensing
unit, we identified the best conditions for voltage bias and the
wavelength for optical response (Figure S4). The current
generated from the plasmonic induced hot electrons passed
through a 100 k€2 resistor as shown in Figure SS, providing a
signal of plasmonic sensor with a voltage unit. Finally, the
sensing platform was placed in a 3D printed housing
accompanied by a green light emitting device (LED) at the
bottom. A narrow bandwidth optical filter was utilized to build
a miniaturized sensor package as shown in Figure S7. The
monochromatic light was delivered through the glass substrate
from the bottom of the sensor. This configuration carries out a
direct illumination of LED light to the plasmonic AuNPs,
avoiding light absorption by blood or other medium. More
details with regard to the device fabrication are available in the
Supporting Information.

To minimize the sample size and further achieve multi-
plexing detection of both AFU and ¢Tnl or other multi-
biomarkers, a poly(dimethylsiloxane) (PDMS) based micro-
fluidic channel was prepared by polymer casting. More details
about the construction of microfluidic channel are described in
the Supporting Information. The as-prepared microfluidics,
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Figure 1. (a) Chip design of the biosensor with AuNPs immobilized
on the surface of the IGZO active layer between two gold electrodes.
The inset shows the SEM image of AuNPs. (b) Cross-section of the
parallel flow through biosensor with microfluidic channel. Inset
displays the induced electron flow from the AuNP when antigen is
bound to antibody.

where four independent microchannels were present, were
carefully aligned onto the biosensor under optical microscopy
in order to keep the sample parallel across the sensing
platform. Next, 1 mM 3-mercaptopropionic acid (MPA)
ethanoic solution was injected into the microfluidic channel
so as to modify the AuNPs. This allows the biomarker
antibody to conjugate onto the AuNPs via 1-ethyl-3-(3-
(dimethylamino)propyl) carbodiimide hydrochloride (EDC)
and N-hydroxysuccinimide (NHS) chemistry. The large
surface to volume ratio associated with AuNPs provides a
distinct advantage for higher loading capacity. After approx-
imately 1 h incubation, 1% bovine serum albumin (BSA) was
added to block the nonspecific binding sites.

First, AFU and cTnl detection were performed by separately
injecting 2 uL samples in PBS buffer (pH = 7.4) with the
sensor being turned on in advance. Figure 2 illustrates the real-
time measurement where the current fluctuates upon the
injection of the sample, in particular for the AFU case. This
fluctuation is attributed to the collision of the antigen against
the modified AuNPs, digitally representing the binding process
during antibody—antigen interactions. The reason behind it is
that the environment surrounding the nanostructure has an
impact on the hot electron generated from the plasmonic
absorption, thereby causing the correlation of voltage signal to
the “effective refractive index” surrounding AuNPs. The
voltage, indicative of antigen absorbance intensity, was
recorded as a function of time. It remained stable in
approximately 1000 s after sample injection, suggesting the
completion of the antibody—antigen binding activity (Figure
2). To study the device-to-device variation, three of each
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Figure 2. Real-time measurement of (a) AFU and (b) cTnl detection
with blind protein control (red line) and gold nanoparticle control
(blue line). The mixed PBS buffer solutions with 4 U/L AFU and 0.1
ng/mL cTnl were injected into the biosensor at 750 s, respectively.
The signal was stabilized at around 1750 s.

biosensor were exposed in tandem to five different
concentrations of AFU and c¢Tnl, respectively. The as-prepared
biosensors have a maximum standard deviation of 12.47% for
AFU and 2.49% for c¢Tnl. By plotting the signal against
different AFU and cTnl concentrations, LOD was calculated to
be 0.016 U/L and 0.015 ng/mL, respectively (Figure 3). Both

2.0
1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2 . s . " s " s

In(Signal)

In(Concentration)

Figure 3. Plot of different concentrations of AFU (red spots) and
cTnl (blue spots) against their corresponding signals.

values are much lower than the concentration required to
separate the patients from normal people. The calculation was
based on the sum of the y-intercept from the calibration curve
and three times the standard deviation. In comparison to other
immunoassays (Table 1), our methodology demonstrates a
unique parallel detection of different biomarkers at the same
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Table 1. Performance and Detection Methods of Different
Immunoassays

analytic time POCT
target method g'r:lin) LOD potential
¢Tnl* colorimetric 30 0.1 ng/mL low
cTnl* paramagnetic 4.1 0.5 ng/mL medium
cTnl* electrochemical 60 0.2 ng/mL low
cTnI** SPR 15 1.4 ng/mL medium
AFU” colorimetric 6 0.01 U/L medium
AFU*® spectrofluorometric >30 46 U/L medium
AFU®  spectrofluorometric 0.28 U/L medium
AFUY electrophoresis 46 U/L medium

time. In addition, most previous studies have detected AFU by
analyzing the absorbance of yellow colored species produced in
the AFU catalytic reaction. This approach suffered from
interference from the colored serum of patient samples. Our
methodology, instead, can generate the analyte signal when the
biomarker was captured on the detection platform. This
further promotes this technique for the future development of
POCT diagnostics.

To further confirm this proof of concept, a series of control
experiments were examined, including measurement without
the presence of AuNPs and blind protein detection. AuNPs are
the key to the whole detection mechanism. The absence of the
AuNPs, or the physiological absorption of AFU or ¢Tnl to the
detection platform surface, thus, presents negligible results
with regard to the detection of the different biomarkers. This
hypothesis is consistent with the observation in Figure 2,
where the same procedures were followed as described above
in the absence of AuNPs. Other than AFU and cTnl, insulin
was also injected into the device as a blind protein sensing test.
As expected, negligible results were observed in the detection
window due to poor binding of nonspecific secondary antibody
to insulin, strongly indicating the specificity of the constructed
biosensor.

It is well-known that proteins adopt different conformations
in different environments, resulting in an impact on the
antibody—antigen interactions. Whole human blood has one of
the most complex matrixes filled with ample substrates that can
create false readings. The complexity of working in whole
human blood is a dominant scientific challenge in detection
technology, particularly for the optical sensing technology due
to the absorption from the blood. To develop a device that can
be applied to whole human blood would show great
achievement in the field. As a proof-of-concept, whole
human blood was selected for investigation on the AFU and
cTnl detection. 0.2 U/L AFU and 0.1 ng/mL cTnl were mixed
with whole human blood, respectively. Sample injections
where the biomarker was added proceeds faster (kinetic) than
samples where the biomarker was not added. This should be
attribute to the additional interaction of the biomarker to the
antibody attached on the surface, in addition to other
nonspecific interactions occurring at the interface. By
comparing the control experiment (whole human blood
without any biomarkers), Figure 4 demonstrates a similar
curve, the sensing signals are over 12% in contrast to the pure
whole human blood control results, to previous tests in
detection measurements, thus confirming that this portable
plasmonic biosensor has a great potential for clinical analysis.

In conclusion, the portable plasmonic biosensor was
fabricated by incorporating microfluidic channels on a
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Figure 4. Real-time measurement of detecting (a) 0.2 U/L AFU and
(b) 0.1 ng/mL cTnl mixed with whole human blood, respectively,
and the control experiments with the pure whole human blood (red

spots).

designed microchip. The AuNPs embedded into the channel
of the microchip were conjugated with specific antibodies to
enable the specificity of the whole system. Furthermore, the
developed biosensor has a significant potential for POCT as
well as the capability for real time dynamic interaction
monitoring of different biomarkers in a tandem and parallel
fashion. Considering the high sensitivity toward AFU and
cTnl, where the LOD is calculated to be 0.016 U/L and 0.015
ng/mL, respectively, and the wide applicable strategies for
other biomarkers along with the excellent platform for whole
human blood samples, this plasmonic biosensor can help lead
to breakthroughs in the sensing nanotechnology and future
clinical use.
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