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ARTICLE INFO ABSTRACT

Keywords: Field-effect transistor (FET)-based biosensors are promising platforms for point-of-care diagnostics because of
Light-induced FET their low power requirements, miniaturization capabilities, and high sensitivity toward charged biomolecules. In
Biosensor

particular, light-induced FET (L-FET) facilitate photo-generated carrier signal amplification using an external
light source, enabling high detection sensitivity from minimal sample volumes. This study proposed the first L-
FET biosensor that integrated single-crystal ReS; with biomolecules to achieve effective photo-generated carrier
signal amplification. ReS; maintains its single-layer electronic characteristics even in bulk, thus minimizing
signal variability across devices. The ReSy current channel is established via mechanical exfoliation onto Au
electrodes on a SiO, substrate, and photo-generated carrier amplification was induced using a photoconductive
effect via laser illumination. Signal variation was assessed using 2-channel I-V measurements following the
biomolecular complex formation. The results demonstrated an approximately two times increase in the photo-
generated carrier amplification ratio. The detection range for exosomes targeting CD9 protein within human
serum was determined to be 102-107 exosomes/mL, with a limit of detection (LOD) of 9.79 x 10° exosomes/mL,
thereby demonstrating stable detection even at low concentrations. The proposed L-FET biosensor design which
incorporated direct bioconjugation with semiconductor devices offered a fundamental advance for early diag-
nostic platforms. The device’s simplified architecture and signal amplification mechanism exhibited advantages
for large-scale production, enhancing its commercial viability, and highlighting its potential to impact the
evolution of next-generation medical diagnostic technologies enormously. This study introduced a new paradigm
for FET-based biosensors, positioning this platform as a candidate for diverse biomarker detection and early
disease diagnostic applications.

Exosome detection
Single-crystal ReS;
Diagnostic technology
Photo-generated carrier

1. Introduction

The development of cancer is a prolonged and insidious process,
progressing silently within the tissue, yet it persistently leaves molecular
footprints beyond the cellular boundary. In particularly, exosomes
ranging from 30-200 nm in diameter, carry metabolites and genetic
materials derived from their parent cells [1,2]. Their molecular
composition exhibits notable alterations from the earliest stages of

disease progression. Tetraspanin family surface proteins have been
extensively utilized as potential biomarkers for cancer-associated exo-
somes [3,4]. Notably, cluster of differentiation 9 (CD9) has been
implicated in pancreatic cancer through multiple studies [5], serving
both as a biological indicator linked to tumor invasiveness and prog-
nosis, and as a promising target for early detection. According to the
World Health Organization (WHO), the ideal method for detecting dis-
ease or external pathogens should be rapid, sensitive, simple, and
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cost-effective, guiding the development and application of diagnostic
technologies [6]. Currently, healthcare professionals use various diag-
nostic methods to accurately interpret viral exposure and immune re-
sponses including medical imaging technologies [71,
immunochromatography [8], polymerase chain reaction (PCR) tests [9],
and biopsies [10]. Medical imaging plays a pivotal role in clinical
decision-making by focusing on the precise visualization of structures
for specific diagnostic purposes. Other techniques offer the advantage of
diagnoses with minimal sample volumes while maintaining high
detection sensitivity. However, traditional diagnostic technologies
require highly skilled professionals [11], sophisticated equipment [12],
considerable time [13], and enormous expense [14], making them un-
suitable for point-of-care or early diagnosis applications. Consequently,
addressing these limitations remains a challenge.

Medical associations have recently shifted toward using biosensors
that can offer cost-effective, quick, and simple diagnostic evaluations
[15]. Such biosensors enable the real-time observation of specific in-
teractions through a combination of various biological receptors such as
antibodies, enzymes, proteins, and nucleic acids with physicochemical
transducers [16]. To facilitate rapid point-of-care diagnostics by
non-specialists without the need for centralized hospital visits,
numerous studies have focused on developing compact and easy-to-use
structures [17-20]. Among these, field-effect transistor (FET)-based
biosensors have garnered considerable attention as promising alterna-
tives for point-of-care diagnostics, demonstrating high detection capa-
bilities and sensitivity to both neutral and charged biomolecules [21].
Their low operating power and potential for miniaturization further
enhance their suitability for such applications [22]. The incorporation of
nanomaterials into FET sensors which can enhance their sensitivity of-
fers advantageous structures for biomolecule detection owing to their
high surface-to-volume ratio [23]. However, signal variability between
devices fabricated within the same production batch and bandgap
changes caused by variations in thickness can pose major commercial-
ization challenges [24]. Thus, structural modifications capable of
delivering consistently high performance across a broad spectral range
are required to overcome these limitations.

Transition metal dichalcogenide (TMD) ReS; serves as a channel
material that offers stability and excellent performance owing to its
mechanical flexibility and high carrier mobility [25]. It forms a
two-dimensional structure with a transition metal layer sandwiched
between chalcogen layers [26], allowing for the versatile tuning of
electronic properties under incident light, which is advantageous for the
development of various biosensors [27]. Although other TMD materials
exhibit high electron mobility and thermal conductivity only in 2D
limits [28,29], ReSy maintains its independent characteristics regardless
of the number of layers as inter-layer interaction of the system is known
to be relatively weak [30]. Moreover, rhenium disulfide (ReS;) exhibits
high sensitivity to the surrounding polarity, providing superior detec-
tion capabilities compared to conventional three-dimensional channel
structures. In particular, it maintains a direct bandgap of approximately
1.5 eV from the bulk form to a single layer, thereby ensuring high charge
mobility and photosensitivity [31]. This characteristic minimizes the
device-to-device variability and enables efficient photodetection.

ReS;-based light-induced field-effect transistor (L-FET) offers unique
physical mechanisms that can amplify the benefits of conventional FET
structures [32]. The photoconductive effect (PCE), which occurs when
semiconductor carriers are enhanced by photon energy exceeding the
bandgap, quantitatively increases carrier concentration and conductiv-
ity [33]. The direct bandgap of ReS; is favorable for the PCE, allowing
substantial signal amplification. Moreover, L-FET presents an innovative
structural advantage by enhancing the detection performance through a
simplified design and, eliminating the complex gate and oxide structures
typical of FETs. Rather than relying on the gate voltage to control the
channel current, the L-FET employs light to stimulate the PCE, thereby
increasing the charge carrier concentration and realizing a simple
structure. Although much research has focused on developing devices
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that integrate direct circuitry with biological mediators [34-37], a
model that combines a light-driven FET architecture with the direct
immobilization of biomolecules onto a 2D semiconducting channel has
not yet been demonstrated.

In this study, we proposed an L-FET-based biosensor comprising a
single-crystal ReS; layer functionalized with a CD9 aptamer, designed to
detect exosomes through the CD9 protein. Organic acceptors and target
proteins were deposited using a droplet method, forming a robust and
reproducible interface with the ReS, surface. By applying incident light,
photo-generated carriers are generated via the PCE, which enhances I4s,
resulting in a highly sensitive detection signal [38]. The Iy refers to the
electrical current flowing between two gold electrodes—the source and
drain—via a two-dimensional ReS, channel. This channel-electrode
structure is fabricated on a SiO, insulating substrate. The incident light
was designed to replace the gate and oxide layers, simplifying the con-
ventional FET structure, as illustrated in Fig. 1. Additionally, by intro-
ducing ReS, as the channel material, we ensured that the physical
properties of the monolayer were preserved even in multilayer config-
urations, minimizing signal variation between devices. Notably, this
structural approach facilitates scalable sensor integration while preser-
ving the intrinsic optoelectronic properties of ReS,. The sensing struc-
ture could then be integrated directly with the ReS, channel, and
measurements could be conducted under conditions that prevented
damage to biomolecules [39].

In the designed L-FET, the channel current amplification ratio due to
induced photogenerated carriers under incident light exhibited an
approximately two times increase, confirming substantial signal ampli-
fication. Notably, meaningful photo-generated carrier signal amplifica-
tion was evident even at a low illumination power level of
approximately 400 pW. Moreover, in a simulated clinical evaluation
conducted in 10 % human serum, the limit of detection (LOD) for exo-
somes was determined to be 9.79 x 10 exosomes/mL, demonstrating
comparable performance to previously reported biosensors with similar
FET-based structures [40]. This demonstrated that sensitive detection
was achievable with small sample volumes through photo-generated
carrier signal amplification. The proposed sensor design, combining
fabrication simplicity with robust performance, holds potential for
commercialization as a broadly applicable diagnostic platform.

2. Materials and methods
2.1. Materials

The monochromator, spectrograph, and 50 x long working distance
objective lens (NA: 0.5) were purchased from DXG (Gangnam, South
Korea). The filter holder (FH2), optical density 1.0 ND filter (NE210B),
optical density 0.4 ND filter (NE204B), power meter (PM16-130), op-
tical posts (TR50, TR150), post holder (PH20), and heavy-duty switch-
able magnetic base (MB175) were obtained from Thorlabs (Jersey,
USA). ReS; single crystals and MoS; single crystals were sourced from
Uni Nanotech (Yongin, South Korea), whereas the 2D_high positioner
(PB100) for ReS; transfer was acquired from MS TECH (Suwon, South
Korea). The SYLGARD 184 Silicone Elastomer kit used for fabricating
polydimethylsiloxane (PDMS) was purchased from Indmall (Sungnam,
South Korea). The DNA sequence that is specifically bound to the CD9
protein was adopted from a previous study and used as a bioprobe [41].
The aptamer sequence (5'-ATA GTC CCT TGG CGT GCT TCA CAA CCT
TGA ACT TGA CGC AGG ATC GTT CAG TGC GCA CTA GAG CAG GTA
CGG TGT CA-3) was synthesized with a thiol group at the 5~ end by
Bionics (Seoul, South Korea). CD9 protein was purchased from Sino
Biological (Beijing, China). Human serum was obtained from
Sigma-Aldrich (St. Louis, MO, USA), and human preadipocyte exosomes
were purchased from Zenbio (Durham, USA). Au microgap electrodes
were fabricated at the Korea Nanotechnology Research Center (Daejeon,
South Korea). Acetone (ACE; C3HgO) and ethyl alcohol (ETOH; CoHsOH)
were purchased from Daejung (Siheung, South Korea).
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Fig. 1. Schematic illustration of the fabricated L-FET platform.

2.2. Fabrication of L-FET device using Au micro-gap electrode

A specially designed Au-gap electrode was prepared. This electrode
was designed for convenience in observing optical properties by
applying single-crystal ReS; between the Au microgap, and it has suf-
ficient space for irradiating a laser light source. The Au microgap elec-
trode was manufactured by SNI Technology (Gyeonggido, Korea) [40,
44]. Detailed information regarding the manufactured L-FET is shown in
Fig. S1. Cr (2 nm) and Au (50 nm) were deposited on the electrode
surface using a SiOy substrate via an electron beam evaporator. The
electrodes had a square design of 1 cm? The CAD design of the Au
electrodes used in this study, along with actual images of the fabricated
electrodes, are presented in Fig. Sla and S1b. The electrodes formed a
microgap approximately 10 pm in width, as shown in the magnified
view in Fig. Slc.

2.3. Fabrication and functionalization of ReSs-based FET device for CD9
protein sensing

The ReSy-based FET device was fabricated by mechanically exfoli-
ating single-crystal ReSy into few-layer flakes, which were initially
transferred onto a PDMS film serving as a transfer medium. The PDMS,
prepared by mixing the elastomer base and curing agent in a 9:1 ratio
and curing at 75 °C for 24 h, was formed into a thin film to enable precise
transfer. To employ single-crystal flakes, ReS; thickness on the PDMS
substrate was assessed to be sufficiently thin, as confirmed by optical
microscopy. The optical contrast between the flakes and the underlying
substrate served as a reliable criterion for thickness evaluation. Samples
exhibiting a distinct color variation relative to bulk ReS,; were subse-
quently selected for experimental investigation. To construct the sensing
structure, Au electrodes were sonicated for 5 min in an ultrasonic
cleaner (DAIHAN Scientific, Daegu, South Korea) with acetone (ACE),
followed by washing with ethanol (ETOH) and deionized water (DIW).
The residual solution on the substrate was dried using N3 gas. To achieve
precise placement of single-crystalline ReS; within the microgap region,
a microscope mounted on an atomic force microscope (AFM) was
employed. The pre-cleaned electrode was first mounted securely onto
the designated position of the AFM stage. Subsequently, a PDMS car-
rying the selected ReS; flake was positioned on an additional slide glass
system, with the adhesive side facing downward. Due to its inherent self-
adhesive nature, the PDMS remained stably affixed without displace-
ment caused by gravity. Focus adjustment and alignment were

performed using the AFM software, followed by fine-tuning of the Z-axis
translation stage to ensure accurate contact between the ReS; flake and
the electrode gap. Gradual peeling of the PDMS layer mitigates shear
stress, enabling uniform transfer of the TMD film onto the substrate
[55]. This process enhances both the mechanical integrity of the film
and the overall transfer yield. The transfer procedure was conducted
under real-time monitoring, allowing for the reliable and accurate
placement of the single-crystal ReS, at the target site between the
electrodes. To achieve self-assembly, 10 pL of the SH-modified CD9
aptamer was applied to the formed ReS; channel. The thiol-modified
CD9 aptamer (SH-CD9 aptamer) self-assembles onto the ReS, surface
via its terminal thiol group (-SH). This is based on covalent inter-
actions—such as S-S bonding or S-Re-S coordination—occurring at
sulfur atoms or defect sites, and naturally binds to the layered structure
of the ReS, surface without requiring additional binding agents. Build-
ing on this theoretical rationale, aptamers were deposited onto the ReSs
surface via drop-casting and allowed to react at room temperature for 3
h to achieve immobilization. Stable attachment was confirmed even
after rinsing with DIW. The preadipocyte exosomes were then diluted
and reacted at room temperature for 3 h to facilitate the binding of the
target molecule, CD9 protein. Following each reaction, the samples were
rinsed with DIW and dried at room temperature to minimize damage to
the ReS, channel and the biomolecules.

2.4. Application of incident light for inducing the photoconductive effect

The single-crystal ReS; was deposited onto the Au microgap elec-
trodes, with the sensing structure subsequently immobilized on the
channel surface in the following order: bare, SH-CD9 aptamer, and
preadipocyte exosome. Laser irradiation was then applied in a config-
uration designed to facilitate variations in optical power, as illustrated in
Fig. Sl1d. Fig. Sle shows the configuration in which the position-
adjustment devices were placed at the source and drain of the elec-
trode to enable current measurements under laser illumination, the laser
is aligned with the center of the channel prior to measurements, as
shown in Fig. S1f. To optimize the PCE, the optical power was adjusted
incrementally, reaching a peak of 3 mW using a 50 x long working
distance objective lens (NA: 0.5).
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2.5. Surface characterization of transferred ReS, channels and sensing
structures on Au microgap

The surface information of the ReS, channel transferred to the Au
microgap and the surface characteristics at each deposition step of the
sensing structure were analyzed using an AFM (XE7, Park Systems,
Suwon, South Korea). The cantilever used for the surface measurements
was a PPP-NCHR equipped with a silicon tip with a resonant frequency
of 330 kHz and spring constant of 40 N/m (Park Systems, Suwon, South
Korea). The operating conditions such as the scan rate, set point, Z-gain,
and Z-height were adjusted in real-time based on the varying surface
conditions of the samples at different positions.

3. Results and discussion

3.1. Analysis of stepwise biomolecule immobilization on ReS2 channel
surface

First, to validate the structural integrity and functionalization of the
ReSs-based biosensor, we used AFM to analyze each stage of biomole-
cule immobilization on the ReS; channel. AFM provides detailed in-
sights into the surface characteristics and vertical distance at each
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immobilization step, which are crucial for confirming the successful
construction of the sensing structure. This section presents AFM data
that visually and quantitatively corroborate the formation of a stable
biosensing interface, which is essential for achieving consistent detec-
tion performance in L-FET-based sensors.

The thiol-functionalized CD9 aptamer (SH-CD9 Aptamer) naturally
binds to the layered structure of the ReS, surface when provided with
sufficient binding time, without requiring additional binding agents
[41]. Consequently, immobilization can be accomplished by the direct
exposure of channel [42]. Accordingly, the sensing structure was
established by targeting the CD9 protein present in adipocyte exosomes.
Previous studies have reported that immobilized aptamers can directly
detect the CD9 protein, a surface marker of exosomes. Therefore, in this
study, adipocyte-derived exosomes were employed instead of using the
CD9 protein itself to facilitate binding. Surface characterization at each
immobilization step was conducted using AFM (Fig. 2a-d). Fig. 2a il-
lustrates the bare surface of the transferred ReS; within the microgap of
the Au electrode, reflecting the physical characteristics of the thinned
flake produced through mechanical exfoliation. Owing to the
non-uniform exfoliation force applied across the flakes, the number of
layers varied in different regions. This variability was further corrobo-
rated by the optical microscopy and AFM surface data, as shown in
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Fig. 2. Surface analysis of the ReS; channel via AFM. (a) AFM image of the ReS» channel deposited between Au electrodes. (b) AFM image showing a magnified view
of the red square-marked region on the surface of the ReS, channel. The step height variation due to differences in layers is observed. (c) AFM image showing
aptamers conjugated to the ReS, surface through -SH groups. (d) AFM image of exosomes derived from adipocytes bound to the aptamers. (e¢) Summary of surface
analysis using AFM images. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. S2a and S2b, which depict the step height differences across distinct
locations (Fig. 2b). Following aptamer immobilization, the vertical
distance increased by approximately 14 nm. The binding of the
SH-functionalized aptamer to ReS; resulted in localized height in-
creases, although the height distribution was not uniform across the
flakes. This could be attributed to the structural stability of ReS; over a
relatively broad surface area, which led to considerable aptamer ag-
gregation in specific stable regions. Additionally, the observed height
variation following the immobilization of the 77 bp CD9 aptamer is
considered to result from a combination of its intrinsic
three-dimensional folding and surface interactions occurring under the
immobilization conditions [43] (Fig. 2c¢). Fig. 2d illustrates the AFM
image of adipocyte-derived exosomes bound to the
aptamer-functionalized electrode. The image reveals a considerable in-
crease in vertical distance, measuring approximately 95 nm, across the
ReS, surface, along with irregularly immobilized elliptical particles.
These images were consistent with the morphology of exosomes re-
ported in previous studies, suggesting two possible explanations. First,
the CD9 protein, a surface marker of exosomes, may not be uniformly
distributed or quantitatively consistent across the particles, leading to
heterogeneous binding. Second, the interaction between the exosomes
and the aptamer may result in the observed irregular binding patterns.

The surface parameters of the constructed biosensing structures
corresponding to Fig. 2b, ¢ and 2d are summarized in Fig. 2e. Although
the vertical distance and image-based observations provided a visual
representation of the immobilization stages, the quantitatively quanti-
fied data further validated these findings. The average roughness (Ra)
quantifies the overall surface texture based on the arithmetic mean of
absolute deviations, whereas the root mean square roughness (Rq) is
more sensitive to pronounced variations such as surface protrusions and
depressions [44]. As a result, Rq can reveal surface characteristics that
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may not be captured by Ra alone. The inclusion of both parameters al-
lows for a more robust interpretation of topographical and functional
surface properties. Compared to the Rq and Ra values of the ReS; sur-
face, which were measured to be approximately 1.029 + 0.169 nm and
0.870 + 0.172 nm, respectively, the enormous increases in surface
roughness across the immobilization steps confirmed the successful
construction of the sensing structure.

3.2. Electrical signal and stability analysis of ReSz-based L-FET platform

The physical behavior and signal stability of the fabricated ReS,-
based L-FET were investigated under varying illumination conditions to
assess its suitability for biosensing applications. The signal behavior was
measured in a ReS; device without biomolecular binding under varying
levels of illumination power (Fig. 3a). As expected, the signal amplifi-
cation owing to photo-generated carrier formation was evident under
the PCE; however, after reaching a certain level of illumination, a
saturation point was observed, which resulted in diminished signal
amplification. This saturation effect showed that the concentration of
photo-generated carriers produced by illumination eventually reached a
limit, leading to a plateau in the signal amplification.

The physical behavior of the carriers under incident light on the
transferred ReS; surface is shown in Fig. 3b. When focused light was
applied to the ReSy channel, bound electrons were excited, and holes
were generated, initiating the PCE. Photo-generated carriers were
excited to the conduction band when the incident energy exceeded the
energy bandgap of the material, resulting in the amplification of the
photodetection signal. Additionally, light absorption enhanced the
conductivity of the ReS,, subsequently increasing the current density
within the channel.

Thus, the illumination power affected both the carrier concentration

. Exosome
Light
= CD9 aptamer
-+ PCE - +
Au 5 @® © @ Au
Source \ - \‘ Curreat. |uDrain
AV Photocurrent
th response rate
Bare 19V 2.1
Aptamer 1.1V 2.0
Exosome 38V 2.0

Fig. 3. Data illustrating the physical behavior of the L-FET device. (a) I-V curve trends of the L-FET device under varying illumination power levels. (b) Schematic
showing carrier behavior under applied illumination power. (c) I-V curve trends following the deposition of the sensing structure. (d) Table displaying threshold

voltage shifts and bright/dark ratio under different sensing structures.
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and conductivity, leading to signal amplification in the fabricated
biosensor [45]. As the biomolecules were integrated into the fabricated
sensor, signal variations were evident (Fig. 3c). Following aptamer
immobilization, an initial signal increase of approximately two orders of
magnitude is detected, attributable to the negative charge introduced to
the ReS; channel surface by the phosphate groups of the aptamer. This
created the negatively charged regions, making it easier for the
photo-generated holes to migrate to the ReSy channel surface. Conse-
quently, current-signal amplification could be observed. Upon exosome
binding to the immobilized aptamer, a pronounced decrease in the
signal was evident. This trend suggested a potential interaction between
the exosomes and the sensor surface; however, the exact cause of this
decrease requires further investigation in the future.

A threshold voltage (Vi) was defined as the point at which the
current signal exceeded 107% A, and changes in Vi, and the bright/dark
ratio were analyzed across each step of the sensing structure (Fig. 3d).
The surface charge introduced by the phosphate groups of the aptamer
acted as a local gate at the ReS; interface, causing a negative shift in V.
Following the binding of the exosomes to the immobilized aptamer, a
substantial positive shift in Vi could be observed. However, the mech-
anisms underlying this response remain unclear and require further
investigation. The signal amplification driven by the PCE is represented
by the bright/dark ratio. This amplification ratio was determined by
comparing the current measured under illumination with a maximum
laser power of 3 mW to that obtained under dark (no laser) conditions.
Specifically, the comparison was made using the current value at the
highest applied voltage (i.e., the end point of the I-V curve), and the
resulting value was calculated as a relative ratio. This turn-on/turn-off
ratio approach was consistently applied across all device functionali-
zation stages, including the bare, aptamer-modified, and exosome-
bound states. This analysis suggests that, similar to how dopants in
pure semiconductor increase concentration of carriers, photo-generated
carriers may lead to increase in channel current. Accordingly, in the
fabricated L-FET device, the amplification ratio under light exposure
increased by approximately twofold, indicating a substantial enhance-
ment in signal response.

A comparison of the signal performance was also conducted with
MoS;, a material known for its high carrier mobility and photosensi-
tivity, commonly used as a photodetector channel in optoelectronic
applications [46]. After applying illumination powers of 100, 500, and
1000 pW, the increased signals were expressed as Al and plotted as a
function of the sweep voltage (Fig. S3a). As expected, the MoS;
exhibited higher signals and AI compared to the ReS, consistent with its
known properties of superior electron mobility and photosensitivity
[47]. To assess the signal variability between the devices, a signal
comparison was conducted across eight randomly selected substrates
(Fig. S3b). Whereas the ReS, devices exhibited relatively stable signals
around the 2 pA range, the MoS; exhibited considerably more variability
in signal across different substrates, with higher signal deviations. This
variability could be attributed to the differences in the size and thickness
of the 2D materials exfoliated mechanically for each substrate, as layer
thickness inconsistencies inevitably lead to signal variations between
the devices. TMD possess an intrinsically layered two-dimensional
structure, wherein individual atomic layers are sequentially stacked as
the material thickness increases. Within such stacked architectures,
interlayer van der Waals interactions play a pivotal role in modulating
both physical and electronic properties [48]. Notably, the bandgap of
conventional TMDs is highly sensitive to the strength of interlayer
coupling, often exhibiting substantial variations as a function of thick-
ness. Nevertheless, ReS; exhibits exceptionally weak interlayer
coupling, enabling it to retain electronic behavior to those of a mono-
layer even in its bulk form. This unique feature renders ReS; largely
insensitive to thickness-dependent modifications in its electronic struc-
ture, thereby resulting in a nearly thickness-independent bandgap pro-
file [49]. Consequently, the relative signal stability of ReS, compared to
MoS; makes it a more suitable candidate for biosensor applications.
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3.3. Optimization of sensing structure conditions for electrical signal
measurement

The optimization of the illumination power for application to bio-
molecules was evaluated by monitoring the signal variations at different
laser intensities (Fig. 4a). Upon immobilizing the aptamer at a concen-
tration of 100 nM, signal changes were measured under illumination at
various intensities for 5 min. As the illumination power increased, a
corresponding signal increase could be observed, which was consistent
with the general device trends. However, at power outputs above
approximately 500 uW, a decrease in signal was detected. This decline
could be attributed to physical damage to biomolecules, which increased
the resistance to illumination.

Adipocyte-derived exosomes were added at a concentration of 107
exosomes/mL under identical conditions (Fig. 4b). Unlike the aptamer,
the exosome target acted as a resistive element, resulting in a lower
absolute signal than that illustrated in Fig. 4a. However, an increase in
the signal owing to photo-generated carrier amplification was still
evident. Like the aptamer, a sharp signal drop occurred at illumination
powers exceeding 500 pW, indicating that the resistance from the
damaged sample surpassed that of the exosomes within the channel.
Consequently, a maximum illumination power of 400 pW which did not
damage the biomolecules was selected as the standard for signal mea-
surements in this study. Before performing the performance evaluations,
the optimal concentrations of the aptamer and exosomes were deter-
mined at the reference laser intensity using the same method (Fig. 4c
and d). For the aptamer, the signal increase compared to the bare signal
was evaluated across a range of concentrations from 100 pM to 1 pM,
with the greatest signal amplification being observed at 10 nM. Contrary
to the expectation that higher aptamer concentrations would lead to a
larger signal increase owing to the accumulation of negative charges, the
results demonstrated that increased resistance from local aptamer ag-
gregation led to a diminished signal increase.

For the exosomes, a considerable reduction in the signal was evident
across the entire concentration range. However, at a concentration of
approximately 10 exosomes/mL, little or no signal change could be
detected. Meaningful signal variations were observed, starting at a
concentration of 10? exosomes/mL, indicating that the optimal condi-
tions for detection were 10 nM aptamer and exosome concentrations
above 10? exosomes/mL. Consequently, these conditions were used to
calculate the detection limits.

3.4. Performance evaluation of CD9 protein detection in fabricated L-FET
platform

To evaluate the detection performance of the L-FET platform for CD9
protein within exosomes, I-V and AI measurements were conducted
across a range of preadipocyte exosome concentrations diluted in DIW,
as illustrated in Fig. 5a and b. The current-voltage (I-V) curves exhibited
a negative correlation that is, the signal decreased with increasing
exosome concentration, owing to increased resistance. Conversely, Al
exhibited a positive correlation that is, the increase in AI was linearly
proportional to the logarithmic concentration of exosomes over the
dynamic range of 10%-107 exosomes/mL. At 10 V, the AI values were
6.57, 5.62, 4.68, 1.94, and 0.35 pA, respectively. The regression equa-
tion for the calibration curve was determined to be y = 0.153 log[exo-
somes] — 4.16, with an R? value of 0.99. The LOD was calculated to be
5.94 x 102 exosomes/mL by applying 3.3 (standard deviation/slope), as
referenced from previous studies [50-52].

The signal reduction evident in the I-V curves followed a trend
similar to that observed in the buffer condition; however, the extent of
reduction was lower, owing to the presence of various interfering sub-
stances in the serum, which could have reduced the reactivity of the
sensor [53,54] (Fig. 5¢c and d). The measured Al values in serum were
1.43,0.93, 0.61, and 0.09 pA, exhibiting a slight reduction compared to
those in the DIW. The regression equation and R? value were y =
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0.44257 log[exosomes] — 1.65969, and 0.99, respectively, with a
detection limit of 9.79 x 10° exosomes/mL. These values demonstrated
a superior detection range and LOD compared to those of previous
studies targeting the CD9 protein (Table 1).

These results demonstrated that the signal amplification strategy
using photo-generated carriers was effective for detecting low-
concentration samples and confirmed that stable detection was achiev-
able even when the sensor circuit was directly interfaced with biological
materials. Consequently, the fabricated L-FET biosensor could be
effectively applied as a platform for exosome detection.

4. Conclusions

The L-FET platform was the first model that integrated the direct
circuit coupling of biological materials with semiconductor devices
while implementing a FET structure via illumination power. The signal
amplification mechanism of the photo-generated carriers, driven by the
PCE, provides effective performance for detecting low-concentration
biomolecules, whereas the structural simplification ensured ease of
fabrication and offered an excellent strategy for biosensor miniaturiza-
tion. Furthermore, the platform eliminates the need for gate/oxide
structures through a light-driven mechanism, highlighting a novel from
of signal control in biosensing applications. By leveraging the direct
bandgap of the ReS; channel, this platform minimized signal variability
between substrates, thereby establishing a biosensor with high repro-
ducibility and stability.

With the proposed platform, optimized measurement conditions

using illumination power of 400 pW enabled the detection of human
preadipocyte exosomes. A detection limit of 4.4 x 102 exosomes/mL was
achieved under DIW conditions, and a detection limit of 9.79 x 10°
exosomes/mL was obtained in 10 % human serum. Compared to con-
ventional detection methods, this platform provided superior sensitivity
and a broader detection range, considerably expanding its potential for
early diagnosis applications.

Consequently, the L-FET platform, as the first photodetector model
to directly combine biological molecules and semiconductors, demon-
strated commercial potential through its signal amplification strategy
using photo-generated carriers and structural simplification. Moreover,
owing to its low detection limit and wide detection range, the platform
proved to be a practical and reliable tool for detecting various bio-
markers, including the CD9 protein. This suggests that the proposed
platform could serve as an innovative solution for early diagnostic sys-
tems targeting emerging pathogens in future clinical settings.
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regression curves for various concentrations of preadipocyte exosomes diluted in DIW. (c) I-V graphs at various concentrations of preadipocyte exosomes diluted in
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Table 1

Antibody and aptamer-based biosensors for exosome detection.
Target Probe Detection method Detection range (exosomes/mL) LOD (exosomes/mL) Ref.
Breast cancer exosome Antibody EIS, CV 5.0 x 10%-5.0 x 10° 166 [56]
HepG2 exosome Aptamer SPR 1.0 x 10°-1.0 x 10° 1.0 x 10° [571
Fetal bovine exosome Antibody ELISA 1.0 x 10°-1.0 x 10° 2.0 x 10° [58]
Breast cancer exosome Antibody SWV 1.0 x 10%-3.0 x 102 1.0 x 10® [59]
HepG2 exosome Antibody FET 3.3 x 10*-3.3 x 10° 3.4 x 10* [60]
Cord blood exosome Aptamer FET 1.0 x 10°-1.0 x 107 6.4 x 10% [61]
HepG2 exosome Antibody FET 3.3 x 10*-3.3 x 10° 7.3 x 10° [62]
Ovarian cancer exosome Antibody Optical 1.0 x 10%-1.0 x 10° 117.9 x 10° [63]
Human preadipocyte exosome Aptamer L-FET 1.0 x 10*-1.0 x 107 6.05 x 10° This study
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