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 A B S T R A C T

We present a biosensing platform based on a graphene liquid-gate field-effect transistor functionalized with a 
bioactive layer. The proximity of the graphene channel to the functional layer enables sensitive detection of 
analyte-induced changes via complex AC impedance of the graphene itself, expressed as 𝑋+ 𝑖𝑌 . This approach 
parallels classical Electrochemical Impedance Spectroscopy (EIS), but with current flowing laterally along the 
graphene channel rather than through the electrolyte between EIS electrodes. We introduce a novel metric, 
𝑌 ∕𝑋2, which at low frequencies is proportional to the effective capacitance arising from three capacitances 
in series: the quantum capacitance of graphene, the electrical double-layer capacitance, and the capacitance 
of the functional layer. This metric exhibits high sensitivity to analyte presence and demonstrates excellent 
baseline stability, making it well-suited for reliable biomarker detection. The technique supports biosensor 
miniaturization, ensures stable operation, and offers a practical route toward robust and scalable bioelectronic 
sensing applications.
1. Introduction

Since its discovery, graphene has emerged as one of the most 
promising two-dimensional (2D) materials for electronics and opto-
electronics. This zero-bandgap semiconductor, composed of carbon 
atoms in a hexagonal lattice (Novoselov et al., 2004), exhibits excellent 
electrical properties, including high carrier mobility (Tan et al., 2007). 
These characteristics, combined with its sensitivity to charged species 
near its vicinity, make graphene an ideal nanomaterial for sensing 
applications. In particular, graphene field effect transistors (GFET’s) 
have gained significant attention as label-free affinity biosensors due 
to their ability to translate molecular interactions into electrical sig-
nals (Krishnan et al., 2023; Szunerits et al., 2024).

In most GFET biosensors, the gate voltage 𝑉𝑔 is applied between 
the graphene channel and a gate electrode, both immersed in solution, 
while a constant current 𝐼𝑑𝑠 flows through the graphene channel. The 
resulting bell-shaped transfer curve reflects the transition between hole 
and electron conduction, with the charge-neutrality point (CNP) mark-
ing equal carrier populations. The biosensing mechanism is usually 
attributed to shifts in the CNP, induced by molecular adsorption or 
molecular binding, resulting in a charge transfer to- or from- graphene. 
However, detection precision is often hindered by hysteresis due to 
charge trapping (Wang et al., 2010; Yu et al., 2020; Wei et al., 2020) 
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and time drifts (Miyakawa et al., 2021; Mouro et al., 2025). Addi-
tionally, analyte adsorption introduces charge carrier scattering and 
increases disorder in the system (Chen et al., 2014; Farid et al., 2015).

Electrochemical impedance spectroscopy (EIS) is a valuable method 
in biosensing, providing detailed information about biorecognition 
events at the electrode surface. It is used to detect DNA, antigens, an-
tibodies, and bacterial cells (Lazanas and Prodromidis, 2023; Randviir 
and Banks, 2022). EIS probes the signal response over a wide frequency 
range (∼1 mHz - 1 MHz) and is a non-invasive technique that does not 
disturb the system’s steady state. EIS is highly sensitive to changes on 
the electrode surface, making it ideal for monitoring surface modifi-
cations and can detect very low concentrations of analytes, especially 
with amplification techniques (Leva-Bueno et al., 2020). However, the 
results are sensitive to experimental setup and conditions, needing 
careful control and calibration. Additionally, EIS requires specialized 
and often expensive equipment (EIS-systems, 2026).

Here, we show that a bio-active functional layer on top of an 
electrically conducting thin film with sufficiently high sheet resis-
tance can conveniently be used as a complementary EIS biosensing 
method. The functional-layer properties involving the double-layer 
capacitance and/or charge-transfer resistance are reflected in the com-
plex impedance of the thin-film in direct contact with the layer. A 
simple low-frequency setup using a lock-in amplifier is sufficient for 
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Fig. 1.  GFET fabrication. (a) Process flow for graphene transfer from Cu foil to EVA/PET substrate, (b) functionalization and (c) electrical measurement set-up.
such measurements. In the particular case of having graphene as a 
resistive thin film, the signal can have an additional contribution 
from the graphene’s quantum capacitance, which is also sensitive to 
charge transfer to- and from graphene. Unlike majority of graphene 
biosensors, the electrolyte properties, which might change with time 
due to e.g., dissolution of ambient gases in the liquid, are less important 
in these measurements. Overall, this approach allows for biosensor 
miniaturization, its drift-free operation, and a reliable detection of 
biomarkers with high signal-to-noise ratio.

2. Materials and methods

Here, we present the design and fabrication of an antibody-
functionalized GFET biosensor that integrates the high specificity of 
a bio-receptor (human KLK3/prostate-specific antigen (PSA)) with the 
highly sensitive detection capabilities of a GFET. This biosensor enables 
rapid, selective, and label-free detection of the PSA antigen. Fabrication 
involves multiple stages of conventional microfabrication processing, 
followed by surface non-covalent functionalization with a molecular 
linker, which binds to the graphene surface via the 𝜋-𝜋 stacking 
interactions (Zhan et al., 2022) (see Fig.  1b). The PSA antibody is 
immobilized at the graphene channel using carbodiimide cross-linking 
chemistry (Lepvrier et al., 2014). To minimize non-specific adsorption, 
the surface of graphene is further blocked with amino-PEG5 alcohol 
and ethanolamine hydrochloride (Balderston et al., 2021).

2.1. GFET fabrication:

The graphene used in the fabrication of GFET is a monolayer 
chemical-vapor deposited (CVD) graphene on copper foil. We transfer 
CVD graphene onto ethylene vinyl acetate (EVA)/polyethylene tereph-
thalate (PET) foil by hot-press lamination with prepatterned electrodes 
on them (the current-bias-, voltage-, and gate electrodes). Copper foil 
is etched away chemically by diluted nitric acid (10% HNO3 in water) 
followed by graphene patterning using photolithography and oxygen 
plasma (see Fig.  1a). Overnight annealing at 60 ◦C under a continuous 
N2 flow effectively eliminates volatile residues originating from the 
wet-etching processes. This treatment does not exhibit any observable 
degradation of graphene (D’Arsié et al., 2016) and frequently results in 
high carrier mobilities ∼ 10 000 cm2∕(V s) (Khan et al., 2024). Finally, 
a short piece of plastic tube was attached to the GFET chip by using an 
epoxy glue to form a small well around graphene channel.
2 
2.2. Functionalization:

Functionalization includes deposition of a single layer of linker 
molecules of 1-pyrenebutanoic acid succinimidyl ester (PBASE), and a 
subsequent deposition of biological reagents for target-molecule cap-
ture. First, the GFET devices were incubated with PBASE (5 mM in 
dimethylformamide (DMF) (Sigma-Aldrich)) for 2 h at room tempera-
ture and then rinsed in DMF to remove excess PBASE from the surface 
before blow-drying with N2. The linker was then conjugated with 
PSA antibody (Sigma-Aldrich). 30-μL droplets of PSA antibody solution 
(1 mg/mL) were added to the surface of the chip and left overnight in 
humid environment at 4 C. The chips were then rinsed in deionized (DI) 
water and blow-dried. After that, 3 mM PEG5-alcohol (Broadpharm, 
P-22355) and 1 M ethanolamine hydrochloride (ETA) (Sigma-Aldrich) 
were used to block the unreacted PBASE molecules. 30-μL droplets of 
PEG5-alcohol were added to the surface of the chip and left atop for 1 h 
at room temperature and then rinsed with DI water and blow-dried. The 
same procedure was repeated for ETA. Fig.  1b shows the functionalized 
GFET, showing PBASE and antibody attached to the surface of graphene 
channel.

2.3. Electrical measurements:

Following the incubation and cleaning of GFET sensor chip, the 
four-probe electrical measurements were performed in a low-ionic 
strength 0.001 × PBS solution to avoid the charge screening effect, 
which reduces the observed signal (Shoute et al., 2023). As illustrated 
in Fig.  1c, an AC bias voltage, 𝑉𝑏 = 250 mV, with the frequency 
𝑓 = 137 Hz, was applied between the current-bias terminals of the 
GFET through 1 M𝛺 resistor, to get an almost constant AC current 
𝐼𝑏 = 250 nA. The DC liquid-gate voltage 𝑉𝑔 was supplied using 
Keithley-2604B voltage source meter relative to one of the current-bias 
electrodes. During the lock-in measurements (SR830, Stanford Research 
Systems), both the in-phase and the quadrature components of the 
preamplified (×100) voltage 𝑉  were recorded to deduce the 𝑋 and 𝑌
components of the sensor-circuit impedance.

For transfer curves 𝑋(𝑉𝑔) and 𝑌 (𝑉𝑔), the GFET’s well was filled with 
200 μL 0.001 × PBS solution and the chip was allowed to stabilize for 
five minutes before the gate voltage was swept at a rate of 10 mV/s 
and both 𝑋 and 𝑌  were recorded before- and after introduction of 
analyte. The transfer curves were traced while cycling 𝑉𝑔 between 0 
and −0.3 V three times, eventually resulting in hysteresis-free behavior. 
For the time-series measurement, the graphene channel was brought to 
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Fig. 2. Lumped-element representation of a distributed Randles circuit. The dashed line delineates a single cell that is examined analytically.
the peak transconductance with the corresponding 𝑉𝑔 . Both 𝑋 and 𝑌
components were recorded vs. time before- and after analyte (10 μL 
droplets of varying concentration) was added to the sensor well.

With multiple tests on one and the same device, the sensor’s respon-
sivity declines as the antibodies become saturated and are no longer 
available to bind additional antigens. All analytes were prepared in 
the same 0.001 × PBS buffer, to avoid, no matter how small, changes 
of 𝑝𝐻-value of the solution in the well upon adding analyte. DC 
measurements were done by using the Keithley-2604B voltage source 
or just a battery and measuring the preamplified DC voltage 𝑉𝑑𝑠 by the 
HP-34401 multimeter.

2.4. Model:

The GFET with a liquid gate can be modeled by a network of 
resistive and capacitive components, as shown in Fig.  2, representing 
a lumped-element approximation of the distributed Randles equivalent 
circuit. For simplicity, we analyze just one element of such a circuit. 
Here 𝑅𝑠 is the solution resistance, 𝑅𝑐 is the charge transfer resistance 
of the double layer, 𝑅 is the in-plane resistance of graphene, and 𝜔 is 
the angular frequency. Graphene has a wide electrochemical window 
in electrolytic environment resulting in a very high 𝑅𝑐 ≫ 𝑅,𝑅𝑠 (Silva 
et al., 2025), which can hence be neglected. Since we used a highly 
diluted buffer (0.001 ×  PBS), 𝑅𝑠 can also be large, 𝑅𝑠 ≥ 𝑅.

The graphene–electrolyte interface can be modeled as a series 
combination of three capacitances in series. The first capacitance 
is the double-layer capacitance 𝐶𝑑𝑙, which appears at the interface 
between a charged electrode and a fluid. Next is the capacitance 
of the bio-functional layer 𝐶𝑓 , consisting of antibodies and surface-
blocking molecules. Finally, the quantum capacitance 𝐶𝑞 that accounts 
for the variation of the density of states with Fermi level must also be 
considered for graphene electrodes.

We anticipate that 𝐶𝑑𝑙 ≳ 𝐶𝑞 > 𝐶𝑓  and therefore 𝐶 = (𝐶−1
𝑑𝑙 +

𝐶−1
𝑞 + 𝐶−1

𝑓 )−1 ∼ 𝐶𝑓  (see parameter estimations in Sec. S1b of the 
Supplementary Information (SI)). The 𝑋 and 𝑌  components of the 
circuit impedance are given by the following equations:

𝑋 =
2𝑅

[

𝜔2𝐶2𝑅𝑠(𝑅 + 2𝑅𝑠) + 2
]

𝜔2𝐶2(𝑅 + 2𝑅𝑠)2 + 4
→ 𝑅 for 𝜔𝐶(𝑅 + 2𝑅𝑠) ≪ 2 (1)

𝑌 = − 2𝜔𝐶𝑅2

𝜔2𝐶2
(

𝑅 + 2𝑅𝑠
)2 + 4

→ −𝜔𝐶𝑅2

2
for 𝜔𝐶(𝑅 + 2𝑅𝑠) ≪ 2 (2)

From these simple equations we have discovered an intriguing met-
ric that enables direct access to the effective capacitance of the adjacent 
layers on top of graphene. Specifically, this metric is represented by the 
ratio 𝑌 ∕𝑋2 and for low enough 𝜔: 

𝑌
𝑋2

= −
𝜔𝐶

[

𝜔2𝐶2(𝑅 + 2𝑅𝑠)2 + 4
]

[

2 2
]2

→ −𝜔𝐶
2

for 𝜔𝐶(𝑅 + 2𝑅𝑠) ≪ 2. (3)

2 𝜔 𝐶 𝑅𝑠(𝑅 + 2𝑅𝑠) + 2

3 
The convenience of this metric lies in its low-frequency operation, 
which allows for the use of inexpensive electronics in practical biosen-
sor devices. In practice, the condition 𝜔𝐶(𝑅 + 2𝑅𝑠) ≪ 2 is normally 
fulfilled for frequencies below some 300–500 Hz and diluted buffer, 
0.01 × PBS or 0.001 × PBS (see SI for a more detailed discussion). In 
the case of graphene, this metric is also not affected by baseline drifts 
with time 𝑡, 𝑅(𝑡), common in DC measurements. These drifts are likely 
caused by changes in graphene doping due to external factors, such as 
variations in the solution temperature and its pH value, which may re-
sult from the dissolution of CO2 in water. Even 𝑝𝐻 of buffer solutions is 
not constant and depends on ionic strength and temperature (Wikipedia 
contributors, 2025).

3. Results and discussion

Real-time biosensing using GFET’s typically involves monitoring 
conductance or resistance over time at a fixed 𝑉𝑔 . The optimal re-
sponse occurs in the high transconductance regions (Saltzgaber et al., 
2013), but this also amplifies a low-frequency noise, which degrades 
sensitivity (Fu et al., 2017; Mavredakis et al., 2018). Furthermore, the 
baseline drift remains a major challenge in GFET’s even in the absence 
of target molecules (Ushiba et al., 2020; Miyakawa et al., 2021; Ushiba 
et al., 2024). Practical sensor designs must also account for interfacial 
capacitance changes upon bio-molecular adsorption (Kim and Kim, 
2026).

Unlike methods that focus largely on DC conductance, we use AC 
bias and a low-frequency lock-in amplifier to extract information about 
dynamic charge transport and electrostatic interactions. We demon-
strate that using AC bias enhances biosensor sensitivity and accuracy 
by simultaneously capturing both resistance and capacitance changes 
during bio-molecular interactions. Our method provides direct access 
to the effective capacitance 𝐶 resulting from the three capacitances in 
series, 𝐶𝑞 (Wang et al., 2016; C. Wang et al., 2016; Pourasl et al., 2019), 
𝐶𝑑𝑙 (Chen et al., 2012; Munje et al., 2015), and 𝐶𝑓 .

Because of relatively low charge-carrier density in graphene, the 
quantum capacitance can become important in biosensing (Ebrish et al., 
2014; Deen et al., 2013; Ebrish et al., 2012; Hassan et al., 2023). Ana-
lyte adsorption alters graphene’s carrier density, leading to measurable 
shifts in Fermi energy and quantum capacitance (C. Wang et al., 2016; 
Pourasl et al., 2019; Zhang et al., 2017; Xia et al., 2009; Chen et al., 
2010; Mackin et al., 2014).

The functional molecules on top of graphene create an ion-
permeable charged layer involving accumulation of counter-ions re-
quired to maintain the charge neutrality. The concentration difference 
between the buffer solution and the immobilized ion-permeable layer 
establishes the Donnan potential (Ohshima and Ohki, 1985; Bergveld, 
1991), which further modifies the electric field between graphene and 
gate electrode. This additional potential alters the graphene-channel 
resistance (𝑅ch), thereby extending sensing beyond the Debye screening 
length (Palazzo et al., 2014; Gao et al., 2015).
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Fig. 3.  Gate dependence and analyte detection. (a) Transfer curves and corresponding (b) time series measurements at 𝑉𝑔 −0.05 V and −0.2 V of an PSA antibody 
functionalized GFET exposed to target analyte. Before and after transfer curves in (a) correspond to time points 0 s and 1000 s, respectively, in (b). The red 
arrows indicate the moments when the analyte concentration in the well changed to the specified values.
3.1. Lock-in measurements

The measurements of 𝑋 and 𝑌  versus 𝑉𝑔 were performed before and 
after analyte introduction, as shown in Fig.  3a. A shift in 𝑋 suggests 
changes in 𝑅ch, likely due to charge transfer (Béraud et al., 2021) 
initiated by analyte binding. A shift in 𝑌  includes changes of effective 
capacitance 𝐶. It has been assumed that it is driven by variations in 
quantum capacitance (Deen et al., 2013; Zhang et al., 2017; Hassan 
et al., 2023) and/or modifications in the electric double layer (Munje 
et al., 2015; Chen et al., 2012; Randviir and Banks, 2022). These 
changes occur through multiple mechanisms, including ion redistri-
bution in the EDL, which alters its capacitance 𝐶𝑑𝑙, charge transfer, 
which modifies 𝐶𝑞 (Deen et al., 2013; Zhang et al., 2017; Hassan et al., 
2023), and changes in the local dielectric constant (𝑘), as the analyte 
displaces water molecules or introduces molecular dipoles, affecting 
𝐶𝑓  (Thriveni and Ghosh, 2022). It seems that 𝐶𝑓  is the smallest of the 
three capacitances and is therefore the main sensing readout element 
in our devices (see SI for capacitance comparison).

As illustrated in Fig.  3a, the variations in 𝑌  were more pronounced 
than those in 𝑋, indicating a substantial capacitive component in the 
sensing response. To further investigate this, we used our new metric, 
𝑌 ∕𝑋2(𝑉𝑔), and analyzed its behavior before- and after adding analyte. 
This metric effectively decouples capacitive effects from resistive con-
tributions (see Eq. (3)). Notably, 𝑌 ∕𝑋2 remains nearly constant across 
the entire 𝑉𝑔 range, in contrast to the strongly non-linear behavior of 
both 𝑋(𝑉𝑔) and 𝑌 (𝑉𝑔) (see Fig.  3a). This highlights the utility of 𝑌 ∕𝑋2

in isolating capacitive changes associated with biomolecular binding. 
Compared to the conventional approach of monitoring changes in 
graphene resistance, this parameter offers more stable operation and 
improved reliability in analyte detection.
4 
To validate this metric further, we performed time-series measure-
ments (Fig.  3b) by fixing 𝑉𝑔 at the peak transconductance points and 
continuously monitoring 𝑋, 𝑌 , and 𝑌 ∕𝑋2 as the analyte was intro-
duced. The GFET was exposed to different analyte concentrations at 
some time intervals, indicated by the red vertical arrows in Fig.  3b. The 
electrical response was normalized to the values at 𝑡 = 0, i.e., 𝛥𝑋∕𝑋0 =
(𝑋 −𝑋0)∕𝑋0, where 𝑋0 = 𝑋(𝑡 = 0), etc. A significant drift in 𝑋 is seen, 
which obscures the response to adding the analyte. On the contrary, 
𝑌 ∕𝑋2 provided a much more stable baseline and, therefore, a clearer 
response. It also demonstrated a higher signal-to-noise ratio (SNR) and 
minimal dependency on 𝑉𝑔 , ensuring consistent results across different 
operating points.

To check how specific is the response of the functionalized GFET to 
the target analyte, we conducted several control tests with a non-target 
protein, bovine serum albumin (BSA) (see Fig.  4a). The red arrows 
in Fig.  4a indicate the time intervals when either the target protein 
(PSA) or the non-target protein (BSA) was introduced onto the GFET 
(see Methods). As evident in Fig.  4a, the GFET functionalized for PSA 
exhibits a distinct response only to the target analyte (PSA), confirming 
its specificity (see Sec. S8 where we demonstrate specificity against 
another non-target protein, DefA).

To further validate our results, we tested a non-functionalized GFET 
(without PSA antibodies) by exposing it to varying concentrations of 
PSA antigen. The results were then compared with those from the 
functionalized GFET (with PSA antibodies), as shown in Fig.  4a. While 
a small shift in response was observed for the non-functionalized 
GFET, the response of the functionalized GFET to PSA at the same 
concentrations was significantly larger. The minor response in the non-
functionalized GFET is likely due to non-specific bindings of PSA to the 
graphene surface.
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Fig. 4.  Detection selectivity and sensitivity. (a) Selective response of a PSA antibody functionalized GFET towards target analyte PSA (black line) and non-target 
analyte BSA (blue line), also shown is a response of a non-functionalized (without PSA antibody) to target analyte PSA (red line). (b) Real time response of a PSA 
antibody functionalized GFET towards varying concentrations of target analyte PSA, inset shows a SNR to the 50 pg/mL concentration. The red arrows indicate 
the moments when the analyte concentration in the well changed to the specified values.
To evaluate the sensitivity of the GFET biosensor, we conducted 
real-time measurements by introducing lower concentrations of the 
target analyte (Fig.  4b). The experiment started by adding 10 μL of a 
stock PSA solution to 200 μL of buffer in the GFET well, yielding an 
analyte concentration of 50 pg/mL. This concentration corresponds to 
1.6 pM, assuming the molecular weight of PSA antigen of ∼ 30 000 Da. 
A significant response was observed with a high signal-to-noise ratio 
(see the inset of Fig.  4b), demonstrating the sensor’s ability to detect 
PSA at extremely low concentrations. For prostate cancer, a PSA level 
greater than 4.0 ng/mL is typically regarded as abnormal, potentially 
leading to a recommendation for a prostate biopsy. However, since 
PSA levels naturally rise with age, some doctors use a higher threshold 
(e.g., 5 ng/mL) for older men and a lower threshold (e.g., 2.5 ng/mL) 
for younger men (Gulati et al., 2013). Here, a much lower concentra-
tion of 50 pg/mL was reliably detected by our sensor demonstrating its 
high sensitivity.

3.2. Frequency-dependent impedance response

In a typical biosensing EIS, the experiment is run over a wide range 
of frequencies to observe changes in 𝑅𝑐 and 𝐶𝑑𝑙. At high frequencies, 
the impedance response is dominated by 𝐶𝑑𝑙, which decreases upon 
antigen binding due to reduced ion mobility and changes in dielectric 
properties. At low frequencies, the impedance is controlled by 𝑅𝑐 , 
which increases as the antigen layer blocks electron transfer (Lazanas 
and Prodromidis, 2023; Randviir and Banks, 2022).

Previous EIS studies have used the Constant Phase Element (CPE) 
model to explain deviations from purely capacitive behavior of the 
electrolyte–graphene interface, which could potentially account for our 
observations as well. For instance, the electrolyte–graphene interface 
was found to exhibit CPE behavior, with both the admittance pa-
rameter 𝑄0 and phase factor 𝛼 varying with frequency (Sun and Liu, 
2019). The study suggested that charged impurities and defects in the 
graphene lattice introduce inhomogeneous charge distribution, leading 
to frequency-dependent capacitance.

Similarly, in Garcia-Cortadella et al. (2020), a detailed character-
ization of liquid-gate GFET’s frequency response revealed that signal 
distortion and transconductance reduction at higher frequencies arise 
due to deviations from the ideal-capacitor behavior. The study found 
that at low frequencies, ions in the electrolyte fully contribute to 
double-layer charging, enhancing the capacitance and gate modulation 
efficiency. However, at higher frequencies, ionic-mobility constraints 
and capacitive leakage currents suppress the effective gate capacitance, 
causing weaker electrostatic control of the graphene channel.
5 
There is a substantial increase in the 𝑌 ∕𝑋2 response at higher 
frequencies for the same analyte concentration (see also Sec. S11 
and Fig. S15). This can be attributed to the fact that 𝑌 ∕𝑋2 reflects 
interfacial capacitance changes, which are more dominant at high 
frequencies. To further explore these effects, we conducted time-series 
measurements at different frequencies. We tracked the evolution of 
𝑋, 𝑌 , and 𝑌 ∕𝑋2 over time for different frequencies at a constant 
𝑉𝑔 corresponding to the peak transconductance while introducing the 
analyte in steps of increasing concentration (see Fig.  5a). The shift in 
𝑌 ∕𝑋2 increased with frequency for the same analyte concentration.

Interestingly, we also observed a reversal of the shift direction in 
𝑋 at higher frequencies while the shift in 𝑌  first increases and then 
decreases from 375 Hz and onward. The observed behavior is likely 
due to the non-ideal nature of the electrolyte–graphene interface, where 
variations in interfacial capacitance cause the 𝑋(𝑉𝑔) curve to shift 
downward at higher frequencies. However, a complete explanation 
of all experimental details remains challenging. Notably, the distinct 
shift in the charge neutrality point of 𝑋(𝑉𝑔) ≈ 𝑅(𝑉𝑔) at the lowest 
frequency upon analyte addition suggests charge transfer to graphene. 
Simultaneously, changes in 𝑌 ∕𝑋2 ≈ 𝜔𝐶∕2 indicate modifications in 
capacitance. As frequency increases, the condition 𝜔𝐶(𝑅 + 2𝑅𝑠) ≪
2 eventually breaks down, and the full expressions—rather than the 
simplified forms in Eqs.  (1) and (2)—must be considered. The derived 
metric 𝑌 ∕𝑋2, which has proved to be useful for isolating changes in 
𝐶, becomes then dependent on 𝑅 at high frequencies, diminishing its 
utility (see Eq. (3)). Even for constant 𝑅, the response in 𝑌 ∕𝑋2 can 
vanish at a specific frequency, determined by solving 𝜕(𝑌 ∕𝑋2)∕𝜕𝐶 = 0
(see Eqs. S5 and S6 in SI). Looking ahead, one promising direction could 
be to replace graphene with a highly resistive thin film. This would 
eliminate the influence of charge transfer and allow the system to fully 
exploit this EIS analog, focusing purely on capacitive changes at the 
interface (see Sec. S7 of SI).

Our GFET biosensor remains to be highly selective also at 1000 Hz, 
which was concluded from comparison of sensor responses to the 
target- (PSA) and a non-target control (BSA) analytes (see Fig.  5b, 
and also Fig.  5a showing the results at 137 Hz). The sensor exhibited 
excellent selectivity, demonstrating a strong response to PSA, while the 
response to BSA was almost negligible. This confirms that the measured 
changes in both the resistive (𝑋) and capacitive (𝑌 ) components, as 
well as in the derived 𝑌 ∕𝑋2 ratio, are primarily due to the specific 
binding of the target analyte rather than non-specific interactions. The 
minimal response to BSA (non-target analyte) confirms the sensor’s 
detection specificity.

Finally, we compared the 𝑌 ∕𝑋2 response at 1000 Hz to a con-
ventional DC measurement of graphene resistance (see Fig.  5c). Both 
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Fig. 5.  Frequency dependence of time-series response. (a) Time-series response of a PSA antibody functionalized GFET towards varying concentrations to target 
analyte PSA at different frequencies (𝑉𝑔 = 0.2𝑉 ). (b) Normalized 𝑌 ∕𝑋2 response to target (PSA) and non-target (BSA) at 1000 Hz. (c) Normalized DC resistance 
(𝛥𝑅∕𝑅0) vs. normalized 𝑌 ∕𝑋2 response to target (PSA) analyte (𝑉𝑔 = 0.2𝑉 ). The red arrows indicate the moments when the analyte concentration in the well 
changed to the specified values.
DC and AC measurements were performed on the same device using 
the same analyte, ensuring a direct comparison between the two ap-
proaches. The results clearly demonstrate that the lock-in measurement 
response far exceeds what can be detected using conventional DC 
methods. The significantly higher sensitivity observed in the lock-in 
measurement highlights the advantage of frequency-based detection, 
where enhanced capacitive contributions and improved noise rejec-
tion enable the detection of subtle bio-molecular interactions that 
remain undetectable in conventional resistance-based sensing. This con-
firms that 𝑌 ∕𝑋2 at higher frequencies provides a superior biosensing 
strategy, offering enhanced sensitivity and robustness over traditional 
methods.

4. Conclusion

In conclusion, we have introduced a complementary Electrochem-
ical Impedance Spectroscopy (EIS) method for biosensing. In this ap-
proach, the AC bias current is applied through graphene that is in direct 
contact with the bio-functional layer, rather than through the elec-
trolyte as in traditional EIS. The bio-functional layer can be engineered 
to undergo well-defined changes upon specific molecular bindings, 
and the in-phase (𝑋) and quadrature (𝑌 ) components of the sensor 
impedance provide rich information about these changes. A new and 
useful metric, 𝑌 ∕𝑋2, has been identified, which effectively isolates 
variations in the capacitance of both the bio-functional layer and the 
adjacent electrolyte double layer.
6 
Using graphene liquid-gate transistor biosensors, specific antibody–
antigen binding was reliably detected even at low analyte concentra-
tions. The sensor response remained free from noise and the baseline 
drift often observed in graphene biosensors that rely on conventional 
DC resistance measurements. It should be emphasized, however, that 
the present validation was carried out under low ionic-strength con-
ditions, where the Debye length is sufficiently large to enable effi-
cient signal transduction. As such, the performance demonstrated here 
cannot yet be generalized to physiological or otherwise high-ionic-
strength environments. Future work will explicitly target extending this 
method to higher ionic-strength media to evaluate robustness, signal 
transduction pathways, and practical applicability under more realistic 
conditions.

Most importantly, this method is not limited to graphene biosensors. 
It can be broadly applied to any conducting thin films with sufficiently 
high sheet resistance. This versatility expands the range of potential 
biosensing platforms by enabling the tailored design of chemical linkers 
between the resistive-film material and antibodies or other functional 
molecules.
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