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We present a portable multiplexed biosensor platform based on the extended gate field-effect transistor and
demonstrate its amplified response thanks to gold nanoparticle-based bioconjugates introduced as a part of the
immunoassay. The platform comprises a disposable chip hosting an array of 32 extended gate electrodes, a
readout module based on a single transistor operating in constant charge mode, and a multiplexer to scan sensing
electrodes one-by-one. Although employing only off-the-shelf electronic components, our platform achieves
sensitivities comparable to fully customized nanofabricated potentiometric sensors. In particular, it reaches a

detection limit of 0.2 fM for the pure molecular assay when sensing horseradish peroxidase-linked secondary
antibody (~0.4 nM reached by standard microplate methods). Furthermore, with the gold nanoparticle bio-
conjugation format, we demonstrate ca. 5-fold amplification of the potentiometric response compared to a pure
molecular assay, at the detection limit of 13.3 fM. Finally, we elaborate on the mechanism of this amplification
and propose that nanoparticle-mediated disruption of the diffusion barrier layer is the main contributor to the
potentiometric signal enhancement. These results show the great potential of our portable, sensitive, and cost-
efficient biosensor for multidimensional diagnostics in the clinical and laboratory settings, including e.g.,
serological tests or pathogen screening.

1. Introduction

Current expectations of the biosensing and bioanalytic communities
go beyond the traditional point-of-care (POC) biosensor requirements
(Land et al., 2019; P. Li et al., 2021; Macchia et al., 2022; Sandoval
Bojorquez et al., 2023; Seo et al., 2020; Ward et al., 2020), and spread
toward quantitative multiplexed measurements relevant to many clin-
ical applications, e.g., co-infection detection (Swets et al., 2022; Trifo-
nova et al., 2022), inflammatory response monitoring (Gao et al., 2021;
Hao et al., 2021; Jagannath et al., 2021), and cardiovascular disease risk
assessment (Adamcova and Simko, 2018; Wu et al., 2022). If a high level
of sensitivity is achievable, electronic biosensors become the most
convenient tool to fulfill the requirements of multiplexed quantitative
detection, due to facile interfacing with the conditioning and readout

* Corresponding author.
E-mail address: 1.baraban@hzdr.de (L. Baraban).
1 These authors contributed equally.

electronics. The high sensitivity of biomolecular detection, exceeding
the benchmark of many gold-standard techniques in current biomedical
laboratories, is traditionally reached via the integration of nano-
structures as building blocks of the biosensor (Aspermair et al., 2020;
Baraban et al., 2019; Fathi-Hafshejani et al., 2021; Harpak et al., 2022;
Kang et al., 2021; Karnaushenko et al., 2015; Katelhon et al., 2014;
Krivitsky et al., 2016; Lenyk et al., 2020; Liang et al., 2020; Liu et al.,
2019; Meir et al., 2020; Nerowski et al., 2013; H. H. Park et al., 2022;
Poghossian et al., 2014; Pregl et al., 2013; Sessi et al., 2022; Tzouvadaki
et al., 2016; Wang et al., 2022; Xie et al., 2012; Zhang et al., 2021; Y.
Zhang et al., 2020; Zhao et al, 2019). However, micro- and
nano-fabrication require complex facilities and expertise, and also have
limited scalability, which increases the processing time and cost of the
final product. Therefore, the community is in search of an optimal
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approach to incorporate nanostructures in a more cost-efficient manner
while retaining high sensitivity. One promising solution is to interface
the sensing elements with bioconjugated nanoscale structures, such as,
e.g., nanoparticles (Chaibun et al., 2021; Khashayar et al., 2017; L.
Zhang et al., 2020), quantum dots (Breger et al., 2020; Jimenez et al.,
2019; Kalkal et al., 2020), etc. While such configurations are commonly
exploited in electrochemical (Alafeef et al., 2020; Kant et al., 2021; M. Li
et al., 2021) and optical (Gao et al., 2021; Minopoli et al., 2020; Park
et al., 2023) sensors, they are barely represented in potentiometric
systems.

Recently, the extended gate field-effect transistor (EGFET) approach
(Van der Spiegel et al., 1983), which relies on the working principle of
the traditional FET biosensors (Bergveld, 1970; Kim et al., 2020;
Klinghammer et al., 2020; Krivitsky et al., 2020; Nguyen-Le et al., 2022;
Seo et al., 2020; Sessi et al., 2022; Tabata et al., 2022) while electrically
connecting the gate of the FET to a separate electrode, has been
demonstrated by several groups. Physical separation of the sensing
interface and transducer increases architectural freedom for sensor
design and allows for appropriate FET packaging, thus overcoming
traditional electrolyte-gated FET sensor limitations, such as drifting due
to the penetration of ions into the oxide layer (Chang et al., 2010; Chou
and Chen, 2009), sensitivity to environmental factors (light, tempera-
ture, etc.) (Jakobson et al., 2000), and demanding fabrication steps. The
EGFET sensor construction has shown remarkable results in the detec-
tion of clinically relevant biomolecules, e.g., cortisol (Sheibani et al.,
2021), cardiac troponin I (Pan et al., 2022), oxytocin (Ohshiro et al.,
2022), and prostate cancer biomarkers (H. Kim et al., 2021; S. Kim et al.,
2021). Despite few successful demonstrations, EGFET biosensors still
suffer from several limitations: (1) reliance on dedicated nanofabricated
FET transducers (Lee et al., 2015; Jeun et al., 2019; Pullano et al., 2019;
Sheibani et al., 2021; Cho and Cho, 2021) to overcome the gold-standard
techniques in terms of sensitivity and limit of detection (LOD); (2)
operation under low electric current levels (~nA range) and broad
voltage sweeping ranges (>10 V) (Cho and Cho, 2021; S. Kim et al.,
2021; Lee et al., 2015; S. Park et al., 2022), and hence (3) the need to use
cumbersome high-end source measure units or semiconductor analyzers
impractical for portable systems. These challenging manufacturing and
measurement conditions form a critical bottleneck when creating
standalone EGFET-based biosensing platforms for the new generation of
clinical and POC diagnostic devices. Further attempts to construct
EGFET sensors employing commercial FETs (Baldacchini et al., 2020;
Kaisti et al., 2017; Macchia et al., 2022) or multiplexed EGFET-based
sensing platforms relying on conventional electronics (Kaisti et al.,
2016) demonstrated improvements in terms of portability and cost ef-
ficiency. However, the mentioned EGFET systems still suffered from
high output signal variation and drift (Baldacchini et al., 2020; Kaisti
et al., 2016, 2017), non-linearities of the response (Kaisti et al., 2017),
low sensitivity (Baldacchini et al., 2020), unstable potential of the
reference electrode (Baldacchini et al., 2020; Kaisti et al., 2016), and
lack of focus on quantitative detection (Kaisti et al., 2017; Macchia et al.,
2022).

In this work, we present a portable, palm-sized, and standalone
EGFET platform based on a commercial FET and a modular disposable
sensing chip. EGFET-based biosensor features the readout employing a
FET transducer operating in constant charge mode suitable for the in-
direct monitoring of gate potential changes and posesses the multi-
plexing ability extendable up to 32 functionalized sensing units. We
demonstrate that the functionalized sensing chip and prepared key assay
components can be stored for at least several days, thereby enabling the
delivery of a biosensing kit facilitating POC testing. Design of the mul-
tiplexed EGFET biosensor relying on a stable and reusable electronic
system combined with a disposable sensing interface is intended for
reliable intermittent screening at the point of care.

While the construction of our system does not involve any complex
micro- or nano-fabrication processes, the system still reaches ultrahigh
sensitivity via interfacing with low-dimensional materials, i.e., gold
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nanoparticle/antibody (AuNP/Ab) bioconjugates. As a proof of concept,
we realize an antibody-based biosensor to detect immunoglobulin G
(IgG) antibodies, the most abundant type in humans and other mammals
(Elledge et al., 2021, p. 20; Manshadi et al., 2023; Wang et al., 2019;
Yang et al., 2021) commonly used in immunosensing. Unlike nucleic
acid- and enzyme-based assays, protein- or antibody-based assays usu-
ally result in low sensitivity of FET biosensors due to overall lower
effective charge (Peng et al., 2022; Sarcina et al., 2022; Vu et al., 2019).
Therefore, an electrical signal amplification approach is advantageous
for these groups of analytes. We use rat IgG IL-6 primary antibody (IL-6
Ab) as the biorecognition element and perform dual (potentiometric and
colorimetric) on-chip detection of horseradish peroxidase-linked anti--
rat IgG secondary antibody (HRP-Ab). We conduct a comprehensive
study comparing the proposed AuNP-based amplification assay (AA) to
the traditional molecular label-free assay (TA) in terms of sensitivity and
LOD. Finally, we discuss the amplification mechanism based on the
analysis of impedimetric response, modeled using the modified Randles
circuit to elucidate key trends for resistive, capacitive, and charge
transport parameters of the sensing interface. Our biosensing system
achieves the sensitivity of ca. 22 mV dec™! and LOD of 13.3 fM with the
AA, values comparable to or better than the sensitivity and LOD levels of
many EGFET-based biosensing devices operating with nanofabricated
FETs (Chen and Lu, 2021; Gang et al., 2015), nanostructured EGs
(Nishitani and Sakata, 2020; Pan et al., 2022), or both (Jeun et al., 2019;
S. Kim et al., 2021; Sheibani et al., 2021) (see Table S1 in the Supple-
mentary Material for detailed comparison).

Hence, we introduce and deeply analyze a different biosensing
concept that combines the following innovative approaches: (1) reali-
zation of a reliable, standalone, and cost-effective multiplexed EGFET
biosensor without the complex fabrication steps and (2) assay design
based on AuNP/Ab bioconjugation leading to the unprecedented
amplification of the potentiometric response and striking analytical
performance.

The proposed biosensing concept can contribute as a game changer
in clinical diagnostics and can be further extended to relevant multi-
plexed analysis in e.g., serological tests (Adamcova and Simko, 2018;
Chan et al., 2022; Gao et al., 2021), non-invasive cytokine monitoring in
biological fluids (sweat, urine, and saliva) (Hao et al., 2021; Jagannath
et al., 2021), or therapy optimization (e.g., immune checkpoint therapy
monitoring (Wuethrich et al., 2019)).

2. Materials and methods
2.1. Materials

For the experiments carried out in this study, we utilized the
following materials and reagents: IL-6 rat IgG1 primary antibodies (IL-6
Ab, 130-096-093, Miltenyi Biotec); goat-anti-rat IgG secondary anti-
bodies with HRP conjugation (HRP-Ab, 31470, Thermo Fisher);
phosphate-buffered saline solution prepared according to product in-
structions from tablets (PBS, P4417, Sigma-Aldrich); TWEEN 20 (P1379,
Sigma-Aldrich); cysteamine (Cys, M9768, Sigma-Aldrich); glutaralde-
hyde (GA, G5882, Sigma-Aldrich); bovine serum albumin (BSA, A2153,
Sigma-Aldrich), 20 nm NHS-activated gold nanoparticle (AuNP) conju-
gation kit (CytoDiagnostics); 3,3,5,5-tetramethylbenzidine (TMB) sub-
strate reagent (BD Bioscience); stopping solution of sulphuric acid
(H2SO4, 0.05M, Acros Organics); nitric acid solution (HNO3, 695041,
Sigma-Aldrich); ammonium hydroxide solution (NH4OH, 221228,
Sigma-Aldrich); potassium chloride (KCl, P3911, Sigma-Aldrich); po-
tassium ferrocyanide trihydrate (P745.1, Carl Roth); potassium ferri-
cyanide (7971.1, Carl Roth); ethanol (EtOH, K928.3, Carl Roth); 2-
propanol (IPA, 59300, Sigma-Aldrich); silver (Ag) wire (327026,
Sigma-Aldrich); agarose (3810.2, Carl Roth); platinum (Pt) wire
(267201, Sigma-Aldrich); polydimethylsiloxane (PDMS, Sylgard 184,
Dow Corning); sodium chloride (NaCl, S9888, Sigma-Aldrich); Tris
(AE15.2, Carl Roth).
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2.2. Extended gate functionalization protocol

The gold (Au) electrodes are patterned on a glass slide using a con-
ventional fabrication process based on photolithography, magnetron
sputtering, and lift-off. PDMS reservoirs are then bonded on top of the
glass slide via oxygen plasma treatment. Finally, the chip is mounted for
measurement by mechanically attaching the electrical connection pins
and inserting them into a pair of zero insertion force (ZIF) sockets. After
cleaning of Au electrode surface, the PDMS reservoir of the chip was first
filled with cysteamine solution (1 mM in 1:1 (v/v) water/ethanol
mixture) for overnight incubation (~18 h) at 5 °C. Next, we filled the
reservoir with glutaraldehyde (2.5% v/v in 1:1 (v/v) water/ethanol
mixture) for 30 min. Note that we washed the chip with ethanol and DI
water after each of the previous steps. IL-6 rat IgG1 primary antibodies
were diluted to the concentration of 50 pg mL ™! in PBS (10 mM, pH =
7.4) before incubation for reaction with the activated surface of the Au
electrodes for 1 h at room temperature. We then removed the solution of
Abs and washed the chip with PBS (10 mM, pH = 7.4) supplemented
with TWEEN 20 (0.05% v/v). Finally, bovine serum albumin (3 mg
mL~! in PBS) was incubated for 30 min to block the remaining binding
sites and the surface of the EG electrodes. After the final surface modi-
fication step, we filled the PDMS reservoir of the EG chip with BSA so-
lution (1.5 mg mL ™! in PBS) and stored the chip in the refrigerator at
5 °C until the next experiment.

2.3. Protocol for the conjugation of AuNPs and HRP-Abs

Conjugation of Goat-anti-rat HRP IgG secondary antibodies (HRP-
Abs) to AuNPs was completed through a one-step procedure according
to the product datasheet with minor modifications. Briefly, AuNPs
functionalized with NHS ester (core diameter of 20 nm) were supplied in
lyophilized powder form. The solution of Abs (0.8 mg mL™! in PBS, 10
mM, pH = 7.4) was mixed directly with the AuNPs. We allowed the
reaction between NHS and the primary amine group of the HRP-Abs to
proceed for 2 h at room temperature. After this period, the reaction was
stopped by adding the quencher solution (Tris buffer) provided with the
kit. A solution of 10% (w/v) BSA in PBS was then added to the mixture to
completely block the remaining sites on the AuNPs. Next, the mixture
was centrifuged at 10,000 g for 20 min, resulting in the settlement of
AuNPs at the bottom of the vial. We exchanged the supernatant with a
fresh storage buffer (20 mM Tris supplemented with 150 mM NaCl, 1%
(w/v) BSA, and 0.025% (v/v) TWEEN 20; pH = 8.0) and briefly vortexed
the solution. The washing process was repeated ten times to remove the
unbound Abs. The conjugated AuNPs were stored in the storage buffer at
5 °C between measurements. Prepared dispersion of AuNPs conjugated
with HRP-Abs can be stored for at least 4 weeks without the loss of
functionality.

2.4. Procedure for potentiometric biosensing experiments

After the required washing, PDMS reservoir was filled with 0.6 mL of
diluted PBS (0.1 mM, pH = 7.4) and the tip of the reference electrode
was immersed in the solution within the reservoir. Ag wire contact of the
reference electrode was connected to the output of the buffered voltage
divider to set its potential to Vg = 2.5 V. Using the software, the constant
charge mode of the commercial FET (BSS138N, Infineon Technologies)
was established with the values of Vps = 400 mV and Ip = 100 pA. The
multiplexed readout was performed at six extended gate electrodes by
switching to the next electrode after every 0.2 s. The mean value of the
output signals Vg and Vg was recorded by averaging 5 acquired samples
corresponding to each recorded time point for every extended gate
electrode.
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3. Results and discussion
3.1. Multiplexed EGFET-based biosensing platform

Development of the cost-effective biosensing system faces particular
challenges and requires to: (1) establish a sensitive measurement regime
for the detection of biomolecules at electric current levels suitable for
reliable operation with low-cost portable measurement electronics
(approx. >50 pA), (2) enable reproducible multiplexing with minimum
signal distortion, and (3) achieve stable high-resolution voltage readout
compatible with conventional electronics (voltage levels approx. >100
mV). The concept of the multiplexed EGFET-based biosensing platform
is illustrated in Fig. 1A. The platform consists of three main parts: an
extended gate sensing chip, a multiplexing module, and a readout
module (Fig. 1B). The sensing chip comprises three PDMS reservoirs
placed on top of an array of 32 EG electrodes (Fig. 1D), which are 1 mm
x 1 mm Au sensing pads, functionalized with IL-6 primary antibody as
the biorecognition element on the surface (Fig. 1A and B). The key steps
of glass EG sensing chip fabrication and mounting are shown in Fig. 1C
and a detailed description is provided in SI Note 1. The PDMS reservoir
on top of the sensing chip contains 0.6 mL of analyte solution and
immersed in-house constructed Ag/AgCl reference electrode (see Fig. 1D
and S3, and SI Note 2). In the following, we perform and compare two
assays with the HRP-Ab as the model analyte (see insets of Fig. 1A):
traditional assay (TA) monitoring the direct binding between IL-6 Ab
and HRP-Ab, and the amplification assay (AA) monitoring the binding
between IL-6 Ab and HRP-Ab bioconjugated to gold nanoparticles
(AuNP/HRP-ADb).

To perform potentiometric measurements, the potential of the
reference electrode (VR) is set to a constant value of 2.5 V (Fig. 1B)
between the supply and FET threshold voltages, selected to ensure that
the potential of the source terminal (Vg) varies only within the calibrated
linear range (see Fig. 1E and explanation of constant charge mode in
further text).

A multiplexing module is used to electrically connect the specific
contact pad of the sensing chip with the gate terminal of a commercial n-
channel enhancement mode metal-oxide-semiconductor FET (BSS138N,
Infineon Technologies) and switch between the EG electrodes during
readout. This module is based on a digitally controlled array of reed-
relays (Fig. 1B) enabling highly reproducible switching (see inset of
Fig. 1E) with minimized contact resistance and current leakage.

The readout module is operated in constant charge mode established
by setting the drain-to-source voltage (Vpg) and drain current (Ip) of the
FET to specific constant values (typically, Vps = 400 mV and Ip = 100
pA) (Fig. 1B). In this mode, there is a potential range between the FET
threshold (~1.2 V) and supply (~5 V) voltages, where the change of Vg
is identical to the change of gate potential (V) of the FET (AVs = AVg)
(Fig. 1B,E). Such behavior is highly reproducible and independent on
switching (Fig. 1E), which enables a linear regime suitable for mea-
surements when the acquired value of Vg falls within the mentioned
potential range. For details about the sensing response calibration in
constant charge mode, refer to the SI Note 3. To obtain a useful output
signal for the potentiometric measurement, reflecting the change in
surface charge at the EG electrode surface, potential difference Vg - Vg
should be recorded. Hence, the readout module separately records the
values of Vg and Vs using a 16-bit analog-to-digital converter.

Output voltage (Vg - Vg) is monitored in real time for multiple
separate EGs using custom MATLAB scripts (Release, 2022a; The
MathWorks) for serial communication between an Arduino Uno board
and a computer. Recorded Vg - Vg plots (Fig. 1F) for eighteen EGs placed
within three different PDMS reservoirs on the same sensing chip, filled
with diluted PBS (0.1 mM, pH = 7.4) demonstrate great reproducibility
and stabilization of the signal after the typical time of about 30 s
required to sufficiently polarize the electrolyte. For further details about
the EGFET platform electronics, refer to the SI Note 4.
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Fig. 1. Multiplexed EGFET-based biosensing platform. (A) Concept of the biosensing platform comprising three modules: an EG sensing chip, a multiplexing module,
and a readout module. Insets show the illustrations of the traditional assay, amplification assay, commercial FET package and real-time signal readout. In both assays,
IL-6 Ab (red color) is attached to the EG surface as a biorecognition element and HRP-Ab (blue color) is detected as the target analyte. (B) Schematic illustration of the
platform modules demonstrating their main operation principles. (C) Key steps of EG sensing chip fabrication and mounting for potentiometric measurement. (D)
Photograph of the mounted EG sensing chip prepared for biosensing. Custom Ag/AgCl reference electrode is immersed in one of the three reservoirs of the PDMS
container filled with dilute PBS solution and containing 6 EGs as separate sensing points. (E) Calibration of the sensing response in constant charge mode used for
biosensing (Vps = 400 mV and Ip = 100 pA) and illustration of reproducible multiplexing performance. (F) Real-time plots of the useful output signal (Vg - Vs)
recorded for N = 18 electrodes in three PDMS reservoirs filled with diluted PBS (0.1 mM, pH = 7.4) before and after EG surface modification. The shaded areas
indicate standard deviations (SDs) of the corresponding mean curves (for pristine and functionalized electrodes marked in blue (899.0 + 104.5 mV) and red (1105.6
+ 54.1 mV), respectively). After the stabilization time has elapsed, the voltage response becomes highly reproducible.

3.2. Functionalization of the EG electrode and in situ process monitoring EG sensing chip with impedance spectroscopy. An overview of the
functionalization protocol for the attachment of IL-6 Ab to the EG

After conducting the electrode cleaning process (see SI Note 5), we electrode surface is illustrated in Fig. 2A and described in detail in the
functionalize the surface of the Au electrodes and perform in situ Materials and methods section. Briefly, we incubate the clean Au
monitoring of this process by exploiting the compatibility of the built-in electrode with cysteamine (Cys) solution to establish a layer of amine at
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Fig. 2. Functionalization of the EG electrodes and conjugation of AuNPs with HRP-Abs. (A) Functionalization protocol required to attach IL-6 Ab to the Au surface
and prepare the EG for biosensing experiments. Incubation times are designated for each step. (B) In situ monitoring of the EG functionalization using EIS. (C) In situ
potentiometric monitoring of EG functionalization using multiplexed EGFET platform. Measurement results are shown for N = 6 electrodes in the PDMS reservoir. (D)
Conjugation of AuNPs with HRP-Abs through an NHS ester (SuO- in chemical notation) attached to the PEG spacer. (E) SEM images of the functionalized EG surface
illustrating the binding behavior of AuNP/HRP-Ab conjugates. Yellow arrows point at the AuNP/HRP-Ab conjugates bound to the EG surface. Illustration of the
biosensing process using (F) traditional assay (TA) and (G) amplification assay (AA).

the surface. In the next steps, glutaraldehyde (GA) cross-links the amines
of the Cys layer and the primary amine groups present on the IL-6 Abs.
This procedure ensures the formation of a robust antibody-electrode
bridge that is highly resistant to dissociation and denaturation.
Finally, bovine serum albumin (BSA) is used to block unreacted sites and
prevent non-specific binding during biosensing experiments.

The entire functionalization process is monitored in situ (Fig. 2B)
using electrochemical impedance spectroscopy (EIS), compatible with
the sensing chip configuration (Figs. S8A and S16). Changes in the
Nyquist diagram of impedimetric response can be used to evaluate the
quality and success of each functionalization step. The greatest change
in impedimetric response is recorded after the first step of self-assembled
monolayer (SAM) formation using Cys which significantly reduces the
overall impedance of the interface. The subsequent functionalization
steps are characterized by a gradually diminishing impedance increase
due to the sequential addition of charge-compensating or insulating
layers to the EG surface (Fig. 2B). Furthermore, similar in situ monitoring
of functionalization is also carried out using the potentiometric EGFET-
based measurements by assessing the surface charge modulation trend

(Fig. 2C). As in the case of EIS monitoring, the change in recorded Vp - Vg
is the largest after the first step indicating dense packing of charged
amino groups of Cys molecules within the SAM exposed to PBS solution.
The introduction of GA as a cross-linking agent partially compensates for
the charge, but the trend reverses again with the introduction of IL-6 Abs
and BSA (both charged biomolecules at physiological pH).

The potentiometric response stability of the functionalized EG sur-
face also can be monitored by intermittent recording of Vg - Vg. Our
measurements demonstrate excellent stability of the potentiometric
response for the functionalized EG surface for at least 72 h (see SI Note
6).

3.3. Amplification assay

We prepare an AA comparable to the traditional assay (TA) by
conjugating the HRP secondary antibodies to the AuNPs of 20 nm core
diameter purchased from Cytodiagnostics (CGN5K-20) (see the protocol
in the Materials and methods). The AuNPs are N-Hydroxysuccinimide
(NHS)-activated and react readily with amine groups on the Abs to form
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stable amide bonds and thereby create the bioconjugates of AuNPs and
HRP-Abs (AuNP/HRP-Ab conjugates, Fig. 2D). Furthermore, the pres-
ence of HRP enables quantification of secondary Abs through the
colorimetric assay, as described in SI Note 7. Analysis using UV-Vis
spectrophotometry confirms successful conjugation between AuNPs and
HRP-Abs without AuNP agglomeration (Fig. S12).

The selection of NHS-activated AuNPs of 20 nm core diameter is a
result of optimization considering the effectiveness of conjugation be-
tween AuNPs and HRP-Abs as well as the efficiency of binding between
AuNP/HRP-Ab conjugates and IL-6 Abs attached to the EG surface.
These AuNPs offer a favorable compromise by providing sufficient space
for proper orientation and accessibility of attached HRP secondary an-
tibodies, promoting efficient bioconjugation kinetics, and minimizing
steric hindrance during biosensing.

To assess the binding of AuNP/HRP-Ab conjugates to the function-
alized EG surfaces, we emulate the processes of functionalization and
biosensing on an extended gate sensing chip without a PDMS reservoir
and then perform imaging using scanning electron microscopy (SEM)
(for details refer to the SI Note 8). Representative results of SEM analysis
are shown in Fig. 2E. The scanning electron micrograph in Fig. 2E (I)
shows the typical single AuNP/HRP-Ab conjugate bound to the IL-6 Ab
on the EG surface in the dry state and reveals a core-shell structure. The
average diameter of the imaged AuNP/HRP-Ab conjugates is 36.3 + 4.7
nm (N = 20). While almost no particles remain on the BSA-
functionalized Au surface after intensive washing with PBS (10 mM,
pH = 7.4, TWEEN 20, 0.05% v/v) (Fig. 2E (II)), the amount of AuNP/
HRP-AD conjugates bound to the surface of IL-6 primary antibodies is
proportional to the initial conjugate concentration (yellow arrows in
Fig. 2E (Ill, IV)). These binding assessments suggest successful Au
electrode surface functionalization, as well as effective conjugation be-
tween AuNPs and HRP secondary antibodies (on average, 3.07 + 1.82
conjugates pm’z on the IL-6 surface versus 0.05 + 0.04 conjugates pm’2
on the BSA surface). Notably, the functionalized NPs do not form dense
clusters when binding to the IL-6 Ab on the surface (even at high AuNP/
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HRP-Ab conjugate concentration of 10 ng mL™1).

3.4. Biosensing of the HRP-Ab complexes

We first detect HRP-Abs using the TA format (Fig. 2F), where the
direct binding of pristine HRP-Abs to primary IL-6 Abs at the EG surface
is realized. Next, we repeat the binding experiments using AA format
(Fig. 2G) to amplify the potentiometric response of the EGFET platform.
Finally, we compare the biosensing results from both, TA and AA, to the
enzyme-linked immunosorbent assay (ELISA) as a gold-standard optical
detection method. Biosensing experiments are carried out as described
in the Materials and methods section. Briefly, we incubate 0.6 mL of
analyte solution (HRP-Ab for TA or AuNP/HRP-Ab for AA) with pre-
determined concentrations (in the range from 100 ag mL ™' to 10 ng
mL~! of HRP-Ab) for 20 min in the PDMS reservoir. After each incu-
bation step and subsequent washing, the PDMS reservoir is filled with
0.6 mL of diluted PBS solution (0.1 mM, pH = 7.4) as a measurement
electrolyte. The reference electrode is then immersed in the measure-
ment solution and the recording of the output signal Vg - Vg is
commenced. Measurement of Vg - Vs after the last functionalization step
(blocking with BSA) is considered as blank.

Next, we construct the calibration curves for both assays (Fig. 3A and
B) using the absolute value of the output signal shift versus the blank
state A(VR - Vg) obtained from potentiometric monitoring.

Both calibration curves (for TA and AA) are fitted using the
Michaelis-Menten equation (Kurganov et al., 2001), and the error bars
indicate good measurement reproducibility between six EGs. We obtain
significantly lower LOD values with our EGFET platform (23 fg mL ™! or
0.2 fM for TA and 2 pg mL™! or 13.3 fM for AA) compared to the
gold-standard optical ELISA-based measurements (60 ng mL ™" or 0.4 nM
for TA and 56 ng mL~! or 0.37 nM for AA) performed on the same
analytes (see SI Note 9 for details). We achieve the sensitivity of 4.4 mV
dec™! for TA, and 21.8 mV dec ™ for AA, i.e., an almost 5-fold sensitivity
improvement with AA compared to TA (see Fig. 3A and B). Finally, the

oy vy -y -y - - -y -y
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Fig. 3. Calibration curves for potentiometric biosensing of HRP-Abs using (A) traditional assay (TA) and (B) amplification assay (AA). Shaded blue and orange
rectangles indicate the dynamic ranges for the TA and AA, respectively. Conjugation of the HRP-Ab with AuNPs leads to the significant expansion of the dynamic
range. Colorimetric detection of HRP present in the analytes bound to the IL-6 Ab on the EG electrode surface after 20 min of incubation at different concentrations in
the case of (C) traditional assay (TA) and (D) amplification assay (AA). Signal amplification arising from the sensing of AuNP/HRP-Ab conjugates is also evident in

the colorimetric response.



dynamic range of the measured output signal increases up to almost 50
mV in AA (5-fold, compared to TA), while the dynamic range of
measurable analyte concentrations also expands slightly (see shaded
areas in Fig. 3B). The accuracy and precision calculations for TA and AA
based on the calibration curves indicate semi-quantitative biosensing
performance of the assays (for details refer to SI Note 10). The speci-
ficity of our amplified potentiometric biosensing is confirmed through
the negative control experiment (see details in SI Note 11).
Enhancement of potentiometric response by introducing AuNP-
based Ab conjugation comes in part at the expense of increased LOD
for the AA compared to TA. In the case of TA, HRP-Abs can freely access
the biorecognition layer of IL-6 Abs and efficiently bind to the surface.
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However, in the case of AA, HRP-Abs are attached to AuNP carriers,
forming AuNP/HRP-Ab conjugates with a rigid core (~36 nm in the dry
state). The large size of the AuNP/HRP-Ab conjugates produces steric
hindrance preventing the binding of HRP-Abs to the surrounding IL-6
Abs. In addition, due to the stochastic nature of the bioconjugation
process, some fractions of AuNPs may be conjugated with multiple, or
even with no HRP-Abs, further reducing the probability of effective
biorecognition. These limitations introduced by the AA format are
particularly significant at low concentrations of the analyte Ab, and
cause the upward shift of the LOD.

Importantly, achieved sensitivities and LOD values of our biosensing
platform fall within a range comparable to state-of-the-art EGFET-based
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Fig. 4. Modeling of the EG impedimetric response for the traditional assay (TA) and amplification assay (AA). (A) Modified Randles circuit as the lumped element
model of EG surface behavior. (B) Examples of impedimetric response profiles for TA and AA recorded for high HRP-Ab concentration (1 ng mL™1). Values of the
impedance model parameters describing the diffusion barrier obtained for biosensing at different concentrations of HRP-Ab using TA and AA: (C) Zo and (D) .
Dashed lines serve as guides to the eye indicating general trends for corresponding individual model parameters. Schematic illustration of the diffusion barrier layer

in the (E) TA and (F) AA.
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biosensors using nanofabrication strategies to optimize the extended
gate or FET transducer (Baldacchini et al., 2020; Chen and Lu, 2021;
Jeun et al., 2019; H. Kim et al., 2021; S. Kim et al., 2021; Nishitani and
Sakata, 2020; Pan et al., 2022; Sheibani et al., 2021) (LOD range from
2.8 aM to 0.6 pM; sensitivity range from 1.5 mV dec ™! to 82 mV dec™!;
see Table S1). More detailed comparison between the state-of-the-art
EGFET-based potentiometric biosensors and our biosensing platform is
given in Table S1.

To visually confirm the presence of bound analytes on the EG surface
after 20 min of incubation and subsequent washing, we perform the
colorimetric assay for HRP detection generating shades of blue color
based on the HRP-mediated oxidation of 3,3',5,5-tetramethylbenzidine
(TMB) substrate (similar as described in SI Note 7 without stop solu-
tion). Representative photographs of the colorimetric HRP detection
corresponding to different analyte concentrations are shown in Fig. 3C
for the TA and Fig. 3D for the AA. The presence of HRP in the analytes
bound to the IL-6 Ab on the EG electrode surface becomes visually
evident only at high concentrations of the incubated analyte (10 and
100 ng mL™1). However, colorimetric detection clearly shows the
increased intensity of the optical signal for the AA in comparison with
TA, thereby providing additional proof of response amplification with
the AA format.

3.5. Proposed mechanism of AuNP-based amplification

To gain better insight into the mechanism of potentiometric signal
enhancement caused by AuNP conjugation with the HRP-Ab, we carry
out in situ impedimetric monitoring of the biosensing experiments for
the TA and AA in parallel (see details in SI Note 12). Starting from the
blocking state after incubation with BSA (zero HRP-Ab concentration),
we gradually increase the amount of bound analyte and use lumped
element impedance model comprising constant phase element
describing the capacitive behavior of the electrical double layer CPEqj,
charge transfer resistance R, open finite-length diffusion Warburg
element W,, and bulk solution resistance Ry, (modified Randles circuit,
see Fig. 4A) to characterize the nature of the impedimetric response. For
details about the modeling of the impedimetric response refer to the SI
Note 12. Fig. 4B shows examples of impedimetric response recorded for
sensing 1 ng mL~! of HRP-Ab using TA and AA illustrating the subtle
differences in the shape of the impedance profiles.

As shown through representative plots in Fig. 4C,D and Fig. S17,
sensing methodologies using TA and AA lead toward distinct trends in
some of the model parameters. Importantly, a significant reduction in
the values of W, parameters Z (Fig. 4C) and 7 (Fig. 4D) with increasing
HRP-Ab concentration for AA compared to TA suggests a trend of
diffusive transport facilitation for the redox probe ([Fe(CN)6]74/ [Fe
(CN)61 ™) by disrupting the diffusion barrier layer properties (see Fig. 4E
and F).

Continuous lowering of Z; suggests the loss of charge distribution
uniformity at the EG electrode surface interfacing bulk solution caused
to a great extent by AuNPs as isolated strongly charged regions. The
formed regions of lower charge density in the electrolyte between
AuNPs present a weaker barrier to the diffusion of charged redox probe
species. Simultaneously, the introduced charge gradients favor charge
relaxation processes in AuNP vicinity, thereby gradually diminishing
diffusion layer thickness corresponding to the reduction of z. The non-
uniform charge distribution in the electrolyte within the diffusion bar-
rier layer originates from the size-dependent charging and polarizability
of AuNPs as well as from highly charged PEG-based polyelectrolyte
chains attached to the AuNP surface. It is established that the charged
surface of nanoscale objects survives enhanced screening by counterions
from the surrounding electrolyte due to the small radius of curvature
(Lyklema, 1995), an effect which is even more pronounced for surfaces
with densely packed charged groups (Abbas et al., 2008). In addition,
AuNPs exhibit significant spatial heterogeneity of electrostatic polari-
zation and potential at the surface (Z. Li et al., 2021). Such polarization
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response of AuNPs leads to important effects contributing to charge
distribution non-uniformity, such as lateral redistribution of ionic spe-
cies at the AuNP/electrolyte interface and far-field interactions with
polyvalent ions (Z. Li et al., 2021).

Combined effects of non-uniform charge density and enhanced
charge relaxation improve the diffusion kinetics of redox probe species
near the biosensing interface, which is reflected in the significantly
reduced values of Wy-related parameters. Trends for other parameters of
the impedance model do not exhibit such marked differences between
TA and AA, and they are described in detail in SI Note 12. Therefore, we
can conclude that the disruption of the diffusion barrier layer reflected
in the significant drop of W,-related parameters (Zy and 7) is crucial for
AuNP-based potentiometric signal amplification.

Notably, this amplification effect is coupled with the moderate in-
crease in capacitive coupling arising from the conductive and polariz-
able nature of AuNPs reflected in the trends of CPEg-related parameters
(Q and n, see Figs. S17A and B). The charges concentrate around the
AuNPs and approach closer to the EG electrode surface, thereby slightly
increasing the effective capacitance. Significant effect of immobilized
AuNPs with similar core size (25 nm diameter) coated by charged li-
gands on device capacitance was also previously reported for capacitive
field-effect sensors (Karschuck et al., 2022).

Rt grows gradually with the concentration of measured HRP-Abs
due to the cumulative dielectric passivation of EG surface by analyte
binding, exhibiting overall slightly higher values for TA than for AA and
showing similar trends for both, TA and AA (Fig. S17C). The average
values of Ry, differ between AA and TA, and show no distinct trends
commensurate with HRP-Ab concentration (Fig. S17D).

Interestingly, conjugates of AuNPs and HRP-Abs tend to bind to the
EG surface without obvious clustering even at high concentrations (10
ng mL~}, see Fig. 2E). Hence, functionalized AuNPs (coated with a dense
hydrated PEG-NHS layer) likely act as “nanoantennae” - localized
nanoscopic high charge density areas with a metallic core and dense
polyelectrolyte coating. These nanoantennae actively contribute to the
decreased screening effect and steric confinement of electric field dis-
tribution, ultimately reducing the Debye volume (Kesler et al., 2020)
and allowing the electric fields to spread further than predicted by the
Debye length. Noise analysis demonstrates the enhancement of capaci-
tive disturbance coupling in the presence of AuNPs (Fig. S18), further
confirming the role of metallic AuNPs as nanoantennae on the EG sur-
face. Specific properties and arrangement of bound AuNP/HRP-Ab
conjugates enhance the interaction between double layers of the
target analyte (AuNP/HRP-Ab) and EG electrode surface leading to more
pronounced changes in surface potential.

Described mechanistic analysis suggests that the interplay of size,
morphology, and surface functionalization of AuNPs can have a signif-
icant role in tuning the sensitivity and dynamic range of potentiometric
biosensing exploiting the conjugation of AuNPs and biomolecules.
Further investigations into the influence of these parameters will be a
topic of our future research with the aim to optimize assay amplification
and unravel a new paradigm for highly sensitive potentiometric sensing.
Demonstrated amplification approach based on the conjugation of bio-
molecules to AuNPs can also be extended to other direct or competitive
assay formats for which potentiometric biosensing in the physiological
medium of high ionic strength is not critical.

4. Conclusions

We demonstrate a portable, standalone, modular, and cost-effective
multiplexed EGFET platform for ultra-sensitive biosensing at the point of
care, created using a holistic approach relying on the optimization of
sensing electronics, sensing chip design, and detection assay for aug-
menting the potentiometric response. Our system shows reproducible
potentiometric response with several orders of magnitude (~10*10°
times) lower LOD compared to the gold-standard optical ELISA assays
for the same IgG antibody-based analytes (HRP-Ab and AuNP/HRP-Ab).
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Furthermore, we show a ca. 5-fold amplification of the potentiometric
response when using the amplification assay relying on AuNP/Ab con-
jugates, and the amplification effect is also corroborated by colorimetric
testing. Based on the in-depth assessment of the impedimetric response,
we propose a mechanism of potentiometric signal amplification indi-
cating a disruption of the diffusion barrier layer caused by the
nanoantenna-like effect of functionalized AuNPs as the main pathway of
signal enhancement. Our impedance modeling suggests a decrease in
charge distribution uniformity and faster charge relaxation at the
interface between the EG surface and electrolyte medium. Therefore,
functionalized AuNPs comprising metallic core and dense poly-
electrolyte coating act as localized highly charged regions (nano-
antennae) reducing the Debye volume and effectively altering the EG
surface potential with electric fields emanating from their surface. Our
findings hold great promise for the development of low-cost extended
gate FET biosensing devices that still offer high sensitivity. This devel-
opment is intended for the field of POC applications as well as for clinical
analysis, and it paves the way for the introduction of new measurement
formats in potentiometric biosensing relying on tailored labeling of
analyte biomolecules with metallic nanoparticles.
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