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Graphene field-effect transistor based multiplexed
sensing platform for simultaneous detection of
multiple Alzheimer’s disease biomarkers
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Simultaneous detection of multiple biomarkers for one disease using a single drop of body fluid is
challenging yet critical to confirm symptoms in the early stage. This study presents the development of
a graphene field-effect transistor (GFET)-based multiplexed sensing platform designed for overcoming
this obstacle. The platform utilizes a hexamethyldisilazane (HMDS) blocking layer as a hydrophobic
treatment to enable recognition element (probe/aptamer) modifications within a small chip area (3 x 3
mm?), and this further enables simultaneous detection of multiple targets (multi-targets) in complex
biological samples. The optimized aptamer/probe functionalization also enhances the specificity,
sensitivity, and accuracy of the sensor. The technology was demonstrated with Alzheimer's disease (AD)
biomarkers as a case study. Two distinctive biomarkers, hsa-miR-125b and AB42, are detected
simultaneously with distinguishable signatures, and the lowest tested concentration is 1 fM. The cross-
check experiments also show the effectiveness of the multi-target detection capability. This concise
platform paves the way for accurate detection of early-stage diseases when the simultaneous
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Introduction

In the early-stage diagnosis of diseases, simultaneous detection
of multiple biomarkers has become an emerging research
focus. This is because the measurement of a single biomarker
often fails to provide sufficient information to meet the
requirements of accurate diagnosis for complex diseases.'”
Taking Alzheimer's disease (AD) as an example, the early-stage
diagnostic accuracies of individual biomarkers such as hsa-
miR-125b and AP42 are 76.5% (ref. 4 and 5) and 85%,"’
respectively. Detection of a single biomarker of these types of
diseases may result in misleading or incorrect early-stage
diagnoses, and subsequently delayed or ineffective medical
treatment. Therefore, simultaneous detection of multiple
biomarkers is required to improve diagnostic accuracy and
reliability." However, multi-target detection is still currently
facing a series of technical challenges. Conventionally it often
requires the use of different instruments and reagents for
detecting each biomarker. For instance, hsa-miR-125b is
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identification of multiple biomarkers is required.

typically detected using real-time quantitative PCR (qPCR)*® or
fluorescence in situ hybridization,” while AP42 is commonly
detected by methods such as magnetic resonance imaging
(MRI)," mass spectrometry (MS),"* enzyme-linked immunosor-
bent assay (ELISA)** and so on."*® These multi-platform and
multi-step strategies increase procedural complexity and turn-
around time. Unlike conventional workflows in which nucleic-
acid and protein biomarkers are assayed on different plat-
forms using separate aliquots—leading to cumulative sample
consumption,"””*® our HMDS-assisted multiplexed GFET array
simultaneously detects both classes from a single small droplet
on one chip. Therefore, the development of miniaturized and
integrated high-performance sensor platforms capable of
simultaneously detecting multiple biomarkers in a single drop
of body fluid is desired.

In recent years, with the rapid advancement of micro-
nanofabrication technology and research on two-dimensional
materials, graphene field-effect transistor (GFET)-based
biosensors have emerged for biomarker detection due to their
high sensitivity, low detection limit, and excellent electrical
performance.>*>* However, despite the significant progress
made in single-target detection using GFET-based biosensors,
multi-target detection in such system has not been fully realized
and multiple technical challenges remain. For instance,
achieving precise spatial separation of multiple recognition
elements (aptamer/probe) within a limited chip area is
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particularly critical to minimize cross-interference during the
functionalization process. Furthermore, the sensitivity and
stability of the sensor may be compromised when detecting
multiple targets simultaneously. Finally, environmental inter-
ference and the challenges in complex data processing may also
impact the accuracy and reliability of multi-target detection.
These issues significantly undermine the capability of existing
GFET sensors in multi-target detection.

In this study, we propose a GFET-based multi-functional
sensing platform capable of achieving highly sensitive and
specific detection of multiple biomarkers within a single
droplet of body fluid. We introduce a surface treatment method
that utilized hexamethyldisilazane (HMDS) to hydrophobically
modify the blocking layer on the chip surface, enabling precise
separation of functional regions. This effectively resolves issues
such as non-specific binding and interference during the
functionalization process of multiple recognition elements in
a limited chip area. It is demonstrated multiple distinct recog-
nition elements can be functionalized within a chip area within
3 mm x 3 mm without any interference. Through this
approach, even in the presence of mixed target molecules, each
recognition element could still specifically bind to its corre-
sponding target molecule, indicating the potential of this
method for multi-target detection. As a demonstration, we
utilized two Alzheimer's disease biomarkers, hsa-miR-125b and
AB42, mixed in an experimental solution for validation. The
results confirmed that the platform was not only capable of
simultaneously detecting these two biomarkers in mixed
samples but also exhibited exceptional detection sensitivity,
with a detection capability ranging from 1 fM to 100 pM. This
demonstrates that the GFET-based multi-functional sensing
platform provides a solution for multi-target detection partic-
ularly suitable for early-stage disease diagnosis. Furthermore,
compared to the detection range of 1 ng ml™" to 1 pg ml~" for
AB42 reported in the literature,” the proposed platform is
capable of detecting at significantly lower concentration levels.
The platform's high versatility also making it a potential
powerful tool for advancing precise point of care medicine.

Experimental
A. Experimental materials

The monolayer graphene was purchased from ACS Material.
AB42 and AB40 peptides, hsa-miR-125b RNA sequence, the hsa-
miR-125b complementary DNA probe and the AB42 DNA
aptamer were synthesized by Sangon Biotech (Shanghai) Co.,
Ltd. The peptides were purified by high-performance liquid
chromatography (HPLC) to a purity of 95.339%, and their
sequence accuracy was confirmed using electrospray ionization
mass spectrometry (ESI-MS). The miRNA was synthesized as
a single strand and purified by HPLC. The recognition elements
used in this study comprised: (i) the hsa-miR-125b DNA probe,
designed as the reverse-complement of the mature miRNA
sequence,” and (ii) the AB42 DNA aptamer with a reported
sequence from the literature;*® both carried a 5’-amine modifi-
cation. The recognition-element sequences and synthesized
sample sequences are provided in Tables 1 and 2. Phosphate-
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buffered saline (PBS, pH 7.4) was purchased from BBI Life
Sciences. Prior to electrical testing, the synthesized powders
were dissolved in 1x PBS and diluted to the required
concentration.

B. Multi-target GFET biosensor fabrication

The preparation of GFET devices involves three main steps:
deposition of metal electrodes, graphene transfer, and
patterning of the channel region with subsequent removal of
residual materials. First, photolithography and electron beam
evaporation techniques were employed to deposit 5 nm Ti and
50 nm Pt as the metal electrodes on a 4-inch Si/SiO, wafer. The
metal electrodes were divided into four regions, with four
source-drain electrode pairs configured in each region. The
graphene channel was positioned between the source-drain
electrodes, ensuring that each region contained four GFET
devices. Next, the graphene was transferred to the surface of
each device using a wet-transfer method, and the graphene
channels were patterned by photolithography to achieve the
desired position and size.

C. Hydrophobic layer treatment on device surface

The layout design for the deposition of hydrophobic material
regions was optimized according to the device layout, with each
chip consisting of 16 GFETs. A supporting layer of polymethyl
methacrylate (PMMA, 950A4, Micro Chem Corp.) was first spin-
coated to protect the graphene channel, followed by spin-
coating of photoresist AZ5214 (Resemi) and annealing at 95 °
C for 2 minutes. The predefined patterns between the transistor
devices were then exposed and developed. Next, 30 nm SiO, was
deposited via electron beam evaporation, and the SiO, layer on
the device surface was treated with HMDS to induce hydro-
phobicity. Since SiO, deposited by electron beam evaporation
forms a significant number of polar hydroxyl (-OH) groups on
its surface when exposed to air, making the substrate highly
hydrophilic, a layer of non-polar HMDS molecules was chemi-
cally attached to the device surface. After heating, HMDS reacts
with the hydroxyl groups on the SiO, surface, forming
a siloxane-based compound. The non-polar methyl groups in
this compound effectively isolate the substrate surface, trans-
forming it from hydrophilic to hydrophobic.

D. Functionalization

A 5 mM 1-pyrenebutyric acid N-hydroxysuccinimide ester
(PBASE, Aladdin, N134794-250 mg) solution was prepared by
dissolving it in N,N-dimethylformamide (DMF, Aladdin). The
prepared PBASE solution was added to the specified GFET array
and incubated for 12 hours. During incubation, the evaporation
of the solution was carefully monitored. After 12 hours, the
devices were cleaned once with DMF and rinsed three times
with deionized water to remove any impurities adsorbed on the
graphene surface. Next, two regions were treated with a nucleic
acid probe solution of hsa-miR-125b dissolved in 1x PBS at
a concentration of 5 uM and a volume of 15 pL. Similarly,
another two regions were treated with a nucleic acid aptamer
solution of AP42. This incubation step lasted for 3 hours.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Aptamer/probe synthesis sequence
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Aptamer

5'-3’ sequence

hsa-miR-125b probe
AB42 aptamer

Afterward, the devices were repeatedly rinsed three times with
PBS buffer to prevent physical adsorption of the nucleic acid
aptamers on the graphene channel surface. Finally, the devices
were sequentially incubated with amine-terminated poly-
ethylene glycol (PEG, Aladdin, 10 kDa) and ethanolamine (ETA,
Aladdin) each for 1 hour, followed by washing with 1x PBS
buffer.

Results and discussion

The multi-target GFET sensor array is shown in Fig. 1(a), which
is fabricated with the following steps: (a) metal electrode
deposition; (b) graphene transfer and patterning; (c) hydro-
phobic treatment of the device surface; (d) independent func-
tionalization with multiple distinct recognition elements. Metal
electrodes were deposited on a 300 nm silicon oxide wafer using
photolithography and electron beam evaporation. Four opera-
tional regions were designed on each device, with each region
containing four GFET arrays. To isolate the different opera-
tional regions, a hydrophobic SiO, material was deposited
between regions to prevent the flow of solutions during func-
tionalization, ensuring that each region undergoes indepen-
dent functionalization. The dimensions of each GFET graphene
channel are 30 pm x 10 um. Fig. 1(b) illustrates the function-
alization and detection process. To achieve simultaneous and
specific detection of multiple biological targets, two regions of
the GFET array are treated with a hsa-miR-125b-specific
complementary DNA capture probe, while another two regions
are functionalized with an AP42-specific aptamer. Since gra-
phene grown by chemical vapor deposition (CVD) cannot
directly bond with aptamer/probe, PBASE was used as an
intermediate linker.

The AB42 DNA aptamer and the hsa-miR-125b DNA probe
then functionalized in different regions. Amine-
terminated polyethylene glycol (PEG, Aladdin, 10 kDa) is used
during the functionalization process to increase the Debye
length, thereby extending the concentration detection range.
Finally, ethanolamine (ETA, Aladdin) is used as a blocking
agent to reduce non-specific adsorption and enhance the
sensitivity and specificity of target molecule detection.

Fig. 2 illustrate the surface wettability characterization of the
GFET platform before and after HMDS treatment. When

were

Table 2 Synthesis sequence of target biomarkers

TCACAAGTTAGGGTCTCAGGGA™
AGTCTAGGATTCGGCGTGGGTTAATTTTTTGCTGCCTGTGGTGTTGGGGCGGGTGCG™

a droplet is placed on a solid surface, its equilibrium contact
angle (6) is governed by the balance of interfacial tensions at the
three-phase boundary.””*® A smaller contact angle indicates
a higher surface polarity and stronger liquid spreading, whereas
a larger angle corresponds to enhanced hydrophobicity. The
untreated SiO, surface, upon exposure to air, undergoes
hydroxylation, forming hydroxyl (-OH) groups that increase
surface polarity, resulting in a low contact angle (~44.0°), as
shown in Fig. 2(a) and (b). After HMDS treatment, the hydroxyl
groups are replaced by non-polar methyl groups, which reduce
surface polarity and markedly enhance hydrophobicity. As
shown in Fig. 2(c) and (d), this modification resulted in
a contact angle of 83.7°, nearly doubling the original value,
confirming the successful transformation of the surface from
hydrophilic to hydrophobic.

Such surface engineering is crucial for confined liquid
handling in biosensor applications, as it ensures spatial isola-
tion of aptamer/probe-functionalized regions, thereby
enhancing detection accuracy and reliability. The detailed
derivation of Young's equation and the general reaction scheme
of HMDS with surface hydroxyl groups are provided in the SI. In
addition to the initial contact angle characterization shown in
Fig. 2, the long-term stability and functional reliability of the
HMDS modification were further examined. As demonstrated in
Fig. S1, the hydrophobic surface remains stable even one month
after treatment, confirming the robustness of the chemical
modification. Furthermore, during the aptamer/probe func-
tionalization process, which typically lasts for 3 h, the droplets
maintained clear spatial separation without merging across
different regions (Fig. S2). These results provide strong evidence
that the HMDS treatment not only enhances hydrophobicity but
also ensures reliable multi-target functionalization on the GFET
platform.

Fig. 3(a) and (b) show the transfer curves of GFETs after each
functionalization step for detecting hsa-miR-125b and AP42
targets, respectively. After PBASE immobilization, the Dirac
point exhibits a rightward shift in both hsa-miR-125b and Ap42
functionalized GFETs. This shift is attributed to the electron-
withdrawing nature of the carbonyl group in PBASE, which
induces electron transfer from the graphene surface to the
PBASE molecule.

Biomarker

Sequence

hsa-miR-125b sample
AB42 sample

© 2026 The Author(s). Published by the Royal Society of Chemistry
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DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA
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Fig. 1

(a) Schematic illustration representing a structure of a multi-target GFET biosensor. The right-hand optical micrograph shows the

fabricated chip (overall size = 1 cm x 1 cm) comprising four sensing regions, each containing four parallel GFET channels. The enlarged image
highlights one representative sensing region, with the scale bar of 90 um. (b) Functionalization process on graphene surface, including
immobilizing PBASE, aptamer/probe, PEG, ETA and biomarker sequentially.
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Fig. 2 (a) Device without hydrophobic treatment. (b) Contact angle of
the device surface without hydrophobic treatment. (c) Device after
hydrophobic treatment. (d) Contact angle of the device surface after
hydrophobic treatment.

To further quantify the concentration-dependent sensing
behavior, calibration analyses were performed based on the
data shown in Fig. 3(c) and (d). As presented in Fig. 3(e) and (f),
the Dirac-point voltage shift (AV.,,) exhibits a nonlinear,
saturation-type dependence on target concentration for both
biomarkers, which is characteristic of affinity-based molecular
binding processes. Accordingly, the calibration curves were
fitted using a Hill-type binding model. Excellent agreement
between the experimental data and the fitted curves was ob-
tained, with correlation coefficients of R* = 0.986 for the hsa-

23940 | RSC Adv, 2026, 16, 23937-23944

miR-125b channel and R* = 0.997 for the AB42 channel, indi-
cating high reproducibility and reliable concentration-
dependent responses over the tested range.

It should be noted that, in this work, the sensing perfor-
mance is evaluated based on differential electrical responses
between spatially separated recognition regions on the same
chip, where an orthogonal (non-cognate) channel serves as an
internal reference. Under this measurement scheme, a conven-
tional analytical limit of detection derived from PBS-only elec-
trical noise (e.g., the 3o/slope method) is not directly applicable.
Therefore, the term “LOD” in this study refers to the lowest
tested concentration at which a statistically distinguishable
differential AV.,, response can be consistently resolved from
the internal reference channel. Using this criterion, both hsa-
miR-125b and AB42 biomarkers can be reliably detected down
to 1 fM, as supported by consistent responses observed across n
= 13 independent GFET devices.

The depletion of electron density increases hole concentra-
tion, leading to p-type doping, thereby shifting the Dirac voltage
toward a higher gate voltage. Following further functionaliza-
tion with aptamer molecules, the Dirac point undergoes a left-
ward shift. The negatively charged phosphate backbone of DNA
aptamer/probe serves as an electron donor upon interaction
with then-type doping, increasing the electron density in gra-
phene and shifting the Dirac voltage toward a lower gate
voltage. Upon target molecule binding, the Dirac point
undergoes a further shift depending on the charge character-
istics of the biomarker. hsa-miR-125b, as a negatively charged
RNA molecule, introduces additional electrons, further shifting
the Dirac point to the left due to enhanced n-type doping.
Conversely, AB42, a peptide molecule containing polar groups

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The electrical sensing results of GFET biosensor. (a) (PBASE: 5 mM; aptamer: 5 uM). (b) GFET transfer curves for AB42 detection under
identical functionalization. (c) Four regions functionalized with AB42 and hsa-miR-125b aptamers in 1x PBS, with AB42 target added for
measuring the average signal response at different concentrations. (d) Four regions functionalized with AB42 and hsa-miR-125b aptamers in 1x
PBS, with hsa-miR-125b target added for measuring the average signal response at different concentrations. (e) The sensor response as
a function 125b concentration, with mean, standard deviation, median, and a linear fitting curve. (f) The sensor response as a function Ap42
concentration, with mean, standard deviation, median, and a linear fitting curve (n = 13, n is number of sensors used for each measurement) (n =

13, n is number of sensors used for each measurement).

(such as amino and carboxyl groups), interacts with the
aptamer/probe on the graphene surface through electrostatic or
covalent bonding. This interaction can cause electron loss,
generating holes and reducing the electron concentration,
which forms p-type doping and shifts the Dirac point to the
right. Such shifting of the I-V curves is consistent with previ-
ously reported results.>-*

To evaluate the sensitivity and detection range of the
aptamer/probe-modified GFET biosensor, we investigated the
sensor response by testing two different AD biomarkers, AB42
and hsa-miR-125b. We observed that the Dirac point voltage
shift in the sensor array exhibited a significant positive corre-
lation with the biomarker concentration ranging from 1 fM to
100 nM (Fig. 3(c) and (d)). Additionally, the non-specific binding

© 2026 The Author(s). Published by the Royal Society of Chemistry

signals were significantly lower than the specific signals. The
results in Fig. 3(c) further confirm that the specific signal
generated by the probe binding to their target molecules, which
is based on base-pairing complementarity, significantly
increases with the concentration of hsa-miR-125b, while the
change in non-specific signals remains relatively small. Fig. 3(d)
shows that the specific signal in the AB42 aptamer-modified
graphene channel increases with the concentration of the
sample solution. At a concentration of 1 fM, the signal change is
minimal. In contrast, the AV, change in the hsa-miR-125b
probe-modified graphene channel is significantly lower, which
corresponds to non-specific signals, and the non-specific signal
data remain consistent across different concentrations. Statis-
tical analysis using two-tailed Welch's t-tests demonstrated that

RSC Adv, 2026, 16, 23937-23944 | 23941
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Fig. 4 Mixed sample detection results. (a) Higher concentration of AB42 biomarker vs. lower concentration of hsa-miR-125b biomarker. The
absolute concentrations were (AB42:125b): 10 pM: 1 fM (10 000 :1); 50 nM: 50 pM (1000 :1); and 100 nM: 1 nM (100 : 1). (b) Higher concen-
tration of hsa-miR-125b biomarker vs. lower concentration of AB42 biomarker. The absolute concentrations were (125b : AB42): 100 nM : 1 fM
(108:1), 100 nM: 1 pM (10°8: 1), and 50 nM: 50 pM (10%: 1). (c) Fixed concentration of AB40 biomarker and varying concentrations of hsa-miR-

125b (n = 13, n is number of sensors used for each measurement).

the signal responses were significantly higher than the non-
specific signals, confirming a reliable detection limit of 1 fM
(p < 0.05). Detailed p-values are provided in Tables S1 and S2 of
the SI.

The results demonstrate that the multi-target graphene
transistor sensor chip exhibits high specificity and is capable of
simultaneously detecting multiple biomolecules.

To demonstrate the multi-target sensing capability of the
aptamer/probe-modified GFET biosensor array, we fabricated
GFET arrays modified with specific aptamers for AB40, AB42,
and hsa-miR-125b probe. These GFET arrays were exposed to
sample solutions containing two different concentrations of
mixed biomarker molecules. After introducing the mixed AD
biomarkers, a significant AV,.,;, change was observed only in the
GFET devices containing specific recognition elements for the
target AD biomarkers (Fig. 4(a)—(c)). As shown in Fig. 4(a)—(c),
different responses were generated when various recognition-
elements were modified onto different regions of the same
chip, in response to the mixed sample solution containing
multiple biomarkers. Specifically, high-concentration samples
exhibited larger response signals, while low-concentration
samples showed smaller responses. As the concentration of
the two biomarker molecules increased, the response signals
also increased, which is consistent with the experimental
results for single-molecule detection. This demonstrates that
the sensor chip can detect changes in the concentration of
a single biomarker molecule in complex samples. The stronger
response signals from the higher-concentration biomolecules
in the mixed solution are an expected phenomenon, further
confirming that the sensor chip can simultaneously recognize
and detect two different biomarker molecules.

Conclusions

In summary, this study successfully developed a GFET-based
multiplexed sensing platform modified with aptamer/probe.
Through hydrophobization of the blocking layer material, the
platform is capable of simultaneously and specifically detecting
multiple AD biomarkers, with the lowest tested concentration of

23942 | RSC Adv, 2026, 16, 23937-23944

1 fM. Compared to existing technologies, this platform offers
broader applicability, ease of operation, and high sensitivity at
low concentration ranges. Notably, this platform significantly
enhances diagnostic efficiency without compromising detec-
tion quality, providing an innovative solute on for the early
screening of AD and the dynamic monitoring of biomarker
concentration changes. This technology opens new avenues for
multiplexed, label-free electrical detection of AD-related
biomarkers and provides a promising proof-of-concept for
future precision-diagnosis platforms. Further validation in
clinically relevant biological matrices will be pursued in
subsequent studies.
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