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ABSTRACT: Aptasensors have received intense interest because of their selectivity and synthetic flexibility. Aptamer bioreceptors
were recently combined with organic electrochemical transistors (OECTs) to increase the signal strength. Although promising, a
lack of fundamental understanding of the scaling of these OECT-based aptasensors makes targeted optimization of these devices
challenging. Here, we study the influence of the gate electrode area on sensitivity, detection range, and selectivity systematically. To
increase the ratio between gate and channel area further, we, for the first time, combine the aptasensor with a vertical OECT
(VOECT), yielding a sensitivity as high as 0.3 mA/dec. Furthermore, the response of the OECT aptasensor is already significant at
gate voltages close to 0 V, thus avoiding undesired electrochemical processes such as gold oxidation or radical oxygen formation.
Overall, the combination of OECT and aptasensor serves as an important step toward a miniaturized biosensor with amplified
sensitivity and continuous sensing capability. The present study not only extends our understanding of gate scaling on the sensor
response but also provides design rules to reach very high sensitivity at low operational voltages.

B INTRODUCTION

Point-of-care (POC) diagnostics is gaining importance, mostly
driven by the necessity for early and easy detection of various
diseases, which enables a higher treatment success rate.' ™3
However, POC diagnostics heavily rely on portable and highly
sensitive biosensors. Aptamers are one of the most promising
candidates for biosensor receptors due to their high affinity and
specificity to the targeted bioanalyte, which equals or even
exceeds the affinity of immunosensors, the current gold
bioreceptor standard.”® Additionally, aptamers can be
produced at low cost with high reproducibility and can be
modified with anchor groups (e.g, thiol groups) and signal
tags, facilitating the coupling of various detection techniques
with aptamers.®”

A change in aptamer conformation due to an interaction
with the analyte is mostly detected optically or electrochemi-
cally.*~"* A redox reporter is typically included in a system of
electrochemical detection, either in the electrolyte or attached
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to the aptamers. Electrochemical interrogation of the aptamer
sensor, or aptasensor, is highly preferred since it is compatible
with portable devices, microelectronics, and miniaturiza-
tion."? Usually, a classical setup of three electrodes is used
for electrochemical sensing, consisting of working, counter,
and reference electrodes.'*

Unfortunately, it is challenging to miniaturize an electro-
chemical aptasensor in the classical three-electrode setup, since
as the area of the working electrode decreases, the measured
current diminishes as well.'® Interestingly, Dastidar et al. have
shown that as the area of the working electrode decreases, thus

Received: April 2, 2026
Revised:  August 13, 2026
Accepted: August 17, 2026

https://doi.org/10.1021/acs.analchem.6c02236
Anal. Chem. XXXX, XXX, XXX—XXX

920z 1snBNy g uo Jasn 3IHLOITEIE LIM Aq Jpd'9eZ2099 Wayd|eue soe/g| LEZ0/9/9E 22009 WaYd|euE SO./LZ0 L 0 L/10p/pd-ajoie/weyoue/B10'soe"sqnd wouy papeojumoq


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andika+Asyuda"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rasheed+T.+Odunbaku"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Luka+J.+L.+Striethorst"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Henrique+F.+P.+Barbosa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andreas+Schander"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andreas+Schander"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ramesh+Kumar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dur+E.+N.+Gakhar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sarah+Bornemann"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rachel+E.+Armstrong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bjo%CC%88rn+Lu%CC%88ssem"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bjo%CC%88rn+Lu%CC%88ssem"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.analchem.6c02236&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.6c02236?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.6c02236?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.6c02236?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.6c02236?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.6c02236?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.6c02236?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.6c02236?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.6c02236?fig=tgr1&ref=pdf
pubs.acs.org/ac?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.analchem.6c02236?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/ac?ref=pdf
https://pubs.acs.org/ac?ref=pdf
https://creativecommons.org/licenses/by/4.0/

Analytical Chemistry

pubs.acs.org/ac

fewer adsorbed aptamers on the electrode, the relative change
in current, i.e., normalized sensitivity, increases.'” This suggests
that the measured current and the sensitivity have an opposite
dependence with respect to the area of the working electrode
and cannot be simultaneously increased in a classical setup of
three electrodes by varying the area of the working electrode
only.

Electrochemical aptasensors, especially the ones using thiol
chemistry to immobilize molecules on gold substrates,'™"” are
also restricted in terms of the voltage that can be applied
without degrading the sensor. Usually, the voltage window is
limited to —0.3 and +0.1 V (£0.1 V) vs Ag/AgCL**™** A
higher absolute voltage will trigger gold oxidation or radical
oxygen formation, leading to the loss of aptamer molecules.
Several approaches have been explored to increase the stability
of aptasensors, for example, by protecting the gold surface with
a dense monolayer,””~** using alternative binding chemistry
for immobilization other than thiol,>*° or alternative
substrates other than gold.”>*”**

As an alternative to classical three-electrode setup,
aptasensors have been used as the gate electrode of an organic
electrochemical transistor (OECT).'®*73* OECTs are known
for their inherent signal amplification. This amplification is
caused by the working mechanism of OECTs, where a small
change in the injection of ions into a so-called organic mixed
ionic-electronic conductor (OMIEC) leads to a large variation
in the conductivity of OMIECs. When a voltage is applied to
the OMIEC via the source and drain electrodes, the variation
in conductance results in a large variation in the drain
current.”' %

Although OECT-based aptasensors were presented pre-
viously, there is still a lack of fundamental understanding of the
scaling of these devices, making a targeted optimization
challenging. For example, for devices without aptamer
functionalization, a systematic optimization of OECTSs toward
hi%her sensitivity was reported by Cicoira et al. and Bernards et
al.’**” 1t was shown that OECTs with smaller gate electrode
area are more sensitive, as more voltage drops at the gate-
electrolyte interface compared to the voltage drop at the
electrolyte-channel interface.”’

Here, we study the influence of the gate electrode area on
sensitivity, detection range, and selectivity of OECT-based
aptasensors systematically. To increase the ratio between gate
and channel area further, we, for the first time, combine the
aptasensor with a vertical OECT (VOECT), yielding a
sensitivity as high as 0.3 mA/dec. Using this strategy, the
aptasensor response is not only amplified but can also be tuned
in terms of the detection range and sensitivity, according to the
requirements of medical diagnostics.

Thrombin and thrombin-sensitive aptamers with a specific
sequence of 29 bases, or TBA-29 for short, are chosen in the
current study. Thrombin is a vital enzyme in blood
coagulation, holding a key role in the conversion of fibrinogen
to fibrin and regulating several other factors to prevent
excessive blood loss in the event of blood vessel damage.”>*”
Thrombin is usually absent from the human body and is only
activated at the site of injury in trace quantities (pM to nM
range) and up to uM concentrations during the coagulation
process.*”*" Thrombin imbalances can lead to various medical
conditions, such as heart attack, stroke, liver disease, deep vein
thrombosis, leukemia, pulmonary embolism, and central
nervous system disease.””*’ Monitoring of thrombin levels is

particularly important in several specific cases, such as during
pregnancy and surgery, to prevent deep vein thrombosis.*”

Overall, the integration between OECT and aptasensor
serves as an important step toward a miniaturized biosensor
with amplified sensitivity and continuous sensing capability.
The present study not only extends our understanding of gate
scaling on the sensor response, but also provides design rules
to reach very high sensitivity at operational voltages (lVg l+V,
[) as low as +0.2 V. This low operational voltage is highly
important for a continuous monitoring of bioanalyte and to
avoid degradation of an aptasensor due to electrochemical
investigation.”"~*>**

B EXPERIMENTAL SECTION

Materials and Chemicals

Phosphate-buffered saline (PBS) tablets, thrombin from bovine
plasma (50 NIH units/mg), magnesium chloride MgCl, powder,
tris(hydroxymethyl)-aminomethanhydrochlorid Tris HCI (purity >
99%), ethylenediaminetetraacetic acid EDTA disodium salt solution
(0.5 M in H,0), potassium hexacyanoferrate(Il) trihydrate K,Fe-
(CN)4-3H,0 (purity > 99.95%), 6-mercapto-1-hexanol MCH (97%
assay), dodecylbenzenesulfonic acid DBSA solution (weight percent-
age 70% in isopropanol), (3-glycidyloxypropyl)trimethoxysilane
GOPS (>98% assay), and tris(2-carboxyethyl) phosphine hydro-
chloride TCEP powder were purchased from Merck. Potassium
hexacyanoferrate(III) K;Fe(CN)4 (purity > 96%) was purchased
from VWR Chemicals. Clevios PH 1000 was purchased from Heraeus
Epurio. Both thrombin-sensitive and random 29-mer oligo were
purchased from Integrated DNA Technologies (IDT) with thiol
modification at the 5’ end and HPLC purification. The sequence of
thrombin-sensitive oligo TBA-29 is/SThioMC6-D/AG TCC GTG
GTA GGG CAG GTT GGG GTG ACT, while the random 29-mer
oligo is/SThioMC6-D/AA CGA TCT CTT GCG AGC GCT TGA
CCA CCT. Note that the implementation of TBA-29 as a thrombin
aptasensor, using a classical three-electrode setup, has been shown in
the literature, but there are no reports before our work usin§ TBA-29
to fabricate an OECT-based aptasensor for thrombin.'>*>*

Oligo Sample Preparation

1.0x PBS solution was made by dissolving 1 PBS tablet in 200 mL of
DI water. 500 uM oligo solution was prepared in suspension buffer
from thiolated and lyophilized oligo and 10 mM Tris HCl 1 mM
EDTA solution. If not used immediately, the solution was stored at
—20 °C. 100 uM oligo solution was prepared by diluting the 500 yM
oligo solution with 0.5 mM MgCl, in 1.0X PBS and then stirred at 95
°C for S min. Afterward, the solution was cooled at room temperature
for 15 min. The oligo solution was then mixed with the 20 mM TCEP
solution in PBS and left at RT for 60 min. Thereafter, the solution was
used for an overnight incubation of either a gold stripe or gold
electrode of an OECT.

After incubation in an oligo solution, the samples were washed with
1.0x PBS, dried with compressed air, and then incubated in 10 mM
MCH in 10 mM PBS for 1 day for the gold stripe samples or 15 min
for the OECT samples. After incubation in MCH solution, the
samples were washed with 10.0X PBS, dried with compressed air, and
stored before measurement.

Lateral OECT (LOECT) Fabrication

Silicon wafers were used as substrates for LOECT fabrication. A 0.1
vol % aqueous solution of 3-aminopropyltriethoxysilane (APTES,
purity 99%) was applied to these wafers to improve the adhesion of
the subsequent layer. Polyimide (U-Varnish S, UBE Corporation) was
then deposited by spin coating and baked in vacuum, creating a S ym
thick insulation layer and an adhesion layer for the gold layer. Gold
was then applied by magnetron DC sputtering (Pro Line PVD 75,
Kurt J. Lesker Company Ltd.), and later patterned by photo-
lithography (AZ 1518, MicroChemicals GmbH) and wet etching (0.1
M iodine solution). Next, the wafer was subjected to a short plasma
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treatment with oxygen reactive ion etching (RIE) to increase the
roughness of the surface of the polyimide layer, thus improving the
adhesion between this layer and the next layer. The next layer was a
diluted polyimide in N-methyl-2-pyrrolidone in a 1:1 mass ratio to
form a 300 nm thick polyimide film to passivate the contact paths.
Afterward, a third polyimide coating was applied to form another 5
um thick film that serves as a sacrificial layer to later pattern the active
channel. The second and third polyimide layers were then subjected
to a photolithography step (AZ 10XT, MicroChemicals GmbH) and
RIE oxygen plasma treatment (STS ICP) to open the active areas of
the transistor so that the active material could be deposited by
subsequent deposition.

Before PEDOT:PSS deposition on the active channel region, the
gate electrode was protected by an aluminum foil to keep it clean. For
PEDOT:PSS deposition, a mixture of 2 mL of poly(3,4-ethyl-
enedioxythiophene)-polystyrenesulfonate (PEDOT:PSS) with 500 uL
of ethylene glycol (EG), S uL dodecylbenzenesulfonic acid (DBSA),
and 24.2 uL (3-glycidyloxypropyl) trimethoxysilane (GOPTS) was
prepared and deposited by spin coating. Before deposition, the
solution was filtered through a PTFE filter with a pore size of 0.45
um. The substrate was then spun at 1000 rpm for 60 s. Later, the
samples were dried on a hot plate at 120 °C for 15 min. In the last
step, the sacrificial layer was removed, resulting in films with a
thickness of 250 nm between source and drain contacts only.

VOECT Fabrication

Fabrication of VOECT follows a previously published procedure.
VOECTSs were fabricated on silicon wafers coated with a S00 nm
thick silicon oxide layer. A S ym thick polyimide layer (U-Varnish S,
UBE Corporation) was spin-coated and cured using a vacuum hot
plate for an insulation layer. A 250 nm thick gold layer was deposited
using magnetron DC sputtering (Pro Line PVD 7S, Kurt J. Lesker
Company Ltd.), and patterned using photolithography (AZ 1518,
MicroChemicals GmbH) and wet chemical etching (Au etch 200, NB
Technologies GmbH) to create the source electrodes. Then, a 300
nm thin layer of polyimide was spin-coated and cured to insulate the
source electrodes and to define the channel length of the VOECT.
Afterward, the second gold layer was deposited and patterned using
the same processes as described above to fabricate the ring-shaped
drain electrodes. To insulate the conducting paths and define the area
for PEDOT:PSS electropolymerization, another 5 ym thick polyimide
layer was spin-coated and cured. To improve the adhesion between
the polyimide layers significantly, a short (30 s) oxygen RIE plasma
treatment (STS ICP) was performed directly before the coating of
polyimide. The top insulation layer was then structured together with
the thin polyimide layer using photolithography (AZ 10XT,
MicroChemicals GmbH) and oxygen RIE plasma (STS ICP). After
wafer dicing, the electropolymerization process was performed. For
the electrodeposition of PEDOT:PSS, a monomer solution of 10 mM
EDOT (3,4-ethylenedioxythiophene, Sigma-Aldrich) and 2 wt % of
NaPSS (poly(sodium 4-styrenesulfonate), MW 70000, Sigma-
Aldrich) dissolved in DI water was used. A constant current density
of 5 uA/mm* was applied between the samples and a platinum
counter electrode. For better homogeneity of the coating, the
monomer solution was stirred slowly. The source and drain electrodes
were coated simultaneously with PEDOT:PSS for 60 s. After coating,
the samples were cleaned in DI water and dried with nitrogen.

OECT and OECT Aptasensor Characterization

The LOECTs were characterized using a Keithley 4200A-SCS
parameter analyzer, a custom-made MBox switch matrix, and
PDMS well to hold the electrolyte and thrombin solution. The
VOECTSs were characterized using a Keithley 2612B system source
meter. For aptasensor characterization, V; is held at —0.2 V and V is
scanned between 0 and 0.4 V, unless otherwise stated. To measure the
response of OECT to the analyte, the analyte is incubated with OECT
for 30 min prior to measurement.

We tested both lateral and vertical OECT-based aptasensors at
least twice for each gate-to-channel area ratio across different chips.
We noted that both normalized and absolute sensitivities of the sensor

47—49

are reproducible, while the linear range of detection can vary by 1
order of magnitude.

Electrochemical Characterization of Aptamer

Cyclic voltammetry (CV), differential pulse voltammetry (DPV), and
electrochemical impedance spectroscopy (EIS) were conducted with
the Ivium-n-Stat electrochemical station. For DPV and CV, each
measurement was repeated 3 times. For DPV, pulse time, pulse
amplitude, E-step, scan rate, and voltage range were 200 ms, S0 mV,
10 mV, 20 mV/s, and —0.2 to 0.6 V, respectively. For CV, the scan
rate and voltage range are 50 mV/s and between —0.2 and 0.6 V,
respectively. EIS measurements were performed at open-circuit
voltage (OCP), signal amplitude S mV, and frequency range 60
kHz—0.1 Hz. All the electrochemical measurements were performed
at room temperature using a 1:1 mixture of 10 mM K;[Fe(CN)4]/
K,[Fe(CN)g] as electrolyte, and PBS 1.0X as supporting electrolyte.
A platinum film on glass with an area 1 cm X S mm is used as the
counter electrode. A gold stripe on glass with a titanium adhesion
layer with an area S mm X 5 mm is used as a working electrode and
substrate for the aptamer self-assembled monolayer sample. As a
reference, an electrode model SE11 from Sensortechnik Meinsberg is
used. To characterize the sensor performance, thrombin was
introduced into the electrolyte and measured after 30 min of
incubation. The limit of detection was calculated on the basis of the
average and standard deviation of the random oligo according to the
formula average + 3 X standard deviation(s).

Electrochemical Characterization of the PEDOT:PSS Film

EIS was conducted with an Ivium-n-Stat electrochemical station at
room temperature and open-circuit voltage (OCP), using a signal
amplitude of 50 mV, a frequency range of 100 kHz—0.1 Hz, and an
aqueous NaCl solution 0.1 M as an electrolyte. A platinum film on
glass with an area of 1 cm X S mm is used as the counter electrode. A
gold stripe on glass with a titanium adhesion layer and an area of 2.5
mm X 2.5 mm is used as a working electrode and substrate for
PEDOT:PSS deposition, either by spin coating or electropolymeriza-
tion. As a reference, an electrode model SE11 from Sensortechnik
Meinsberg is used.

Transient Measurement of LOECT-Based Aptasensor

Transient measurements were performed with the Tektronix mixed-
signal oscilloscope MSO46 with a home-built amplifier to convert and
amplify measured currents to voltage signals. For measurement, Vy is
held at —0.2 V, while V, is pulsed between 0 and 0.4 V, each for 5 s,
for a total duration of 30 s. The collected I; and I, are smoothed using
a moving average filter. For statistical analysis, the data around the
voltage change (+0.1—2 s) is omitted to ensure that a steady-state
response of both Iy and I, is considered. The limit of detection was
calculated on the basis of the median absolute deviation (c) of the
drain current (on or off state) of the unexposed sample according to
the formula 3 X o.

B RESULTS AND DISCUSSION

Performance of Thrombin Aptasensor in Standard
Electrochemical Measurements

To show the proper function of the aptasensor, the response of
self-assembled films of TBA-29 is characterized using standard
voltammetry, i.e., in a classical three-electrode setup, before
combining them with OECTs later on. The working electrode
is fabricated by immersing a thin gold film, processed as
described in the Experimental Section, in a TBA-29-thiol
solution overnight, followed by immersion in a 6-mercapto-1-
hexanol (MCH) solution. MCH is commonly used to passivate
parts of the gold surface that were not covered by aptamer
molecules during the first assembly step and to prevent
biofouling of the aptasensor by the analyte.'® Solvated ferro-/
ferricyanide in PBS 1.0X buffer solution is used as the
electrolyte.
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Figure 1. Standard aptasensor response using differential pulse voltammetry (DPV). (A) DPV of TBA-29 aptasensor on a gold measured in a
standard electrochemical cell consisting of three electrodes. The sample is exposed to increasing concentrations of thrombin, varying between 100
pM and 100 xM. (B) Normalized response of the aptasensor extracted from the DPV measurements shown in (A) and Figure S1, for the TBA-29
aptasensor and the control experiment using a random 29-mer oligo, respectively. The normalized response is calculated using eq 1 and the current

of the DPV oxidation peak.

To monitor the interaction of aptamers with an analyte,
differential pulse voltammetry (DPV) is commonly used.'”"*
Any conformational change in the aptamer due to its
interaction with the analyte changes the electron transfer rate
from the redox reporter to the gold substrate,”® which is then
seen as a change in the current amplitude of the pulsed
voltammogram. In comparison to cyclic voltammetry (CV), a
higher sensor sensitivity and lower limit of detection (LOD)
are usually found. This higher sensitivity is often explained by a
smaller contribution of capacitive charging currents in pulsed
measurements, which allows us to distinguish more clearly any
change in Faradaic currents.” >

The result of the DPV measurement of a pristine aptasensor
is shown in Figure 1A. An oxidation peak is seen at ~0.23 V,
indicating unimpeded mass transport of ferro-/ferricyanide to
the surface of the gold electrode, despite the chemisorbed
TBA-29 and MCH on the gold. It can be observed that by
increasing the concentration of thrombin in the electrolyte,
and therefore increasing the interaction between thrombin and
TBA-29, the amplitude of the oxidation current peak
systematically decreases.

As a control experiment, an oligomer of 29 bases with a
random sequence (random 29-mer oligo), which should not
interact with thrombin, is used instead of TBA-29. As shown in
Figure S1, this random oligomer sample exhibits an almost
unchanged oxidation current in the DPV measurement,
regardless of thrombin exposure.

To determine the sensitivity of the aptasensor and its linear
detection range, the normalized response of both TBA-29 and
random 29-mer oligo is calculated by

Al _ Ipris - Ithr
I, Ipris (1)

where I, is the oxidation peak current of the sample after
exposure to thrombin and I is the oxidation peak current of
the pristine, i.e., unexposed sample.

The comparison of the normalized response between TBA-
29 and the random oligo is shown in Figure 1B. Although the
sensor response for TBA-29 changes linearly with the
concentration of thrombin, the response of the random oligo
is almost independent of the thrombin concentration. The

normalized (m) and absolute sensitivity (m*) of the TBA-29
aptasensor can be obtained from the slope of the linear fit
shown in Figure 1B and amount to 9 X 107*/dec and 3 X 107
mA/dec, respectively.

The limit of detection (LOD) of the aptasensor is calculated
from the normalized response of random 29-mer oligo,
according to

((2),,,., )5

LOD =10 4 ()

AI ..
where (—) and o are the average and standard deviation
0/ random

of the normalized response of the random 29-mer oligo,
respectively, while A and B are the y-intercept and gradient of
the linear fit of the aptamer response, respectively. The LOD is
shown in Figure 1B as the intersection between the green line
and the calibration curve, viz. 7 pM.

The results obtained by DPV are confirmed using electro-
chemical impedance spectroscopy (EIS) shown in the
Supporting Information (Figures S2A—D and S3A,B) and
CV (Figures S4 and $5)."** The EIS spectra are fitted with an
equivalent circuit shown in Figure S3A, and the results are
presented in Table S1. Note that the geometrical capacitance
of adsorbed TBA-29 and MCH on gold is 1 yF for the sample
area of 25 mm®

Our results are in agreement with electrochemical thrombin
aptasensors reported in the literature (cf. Table S2). Note that
the LOD and sensitivity of an aptasensor vary with the
electrode area, which can explain the wide range of reported
LOD:s in the literature.'” The area of our working electrode
(25 mm?) is comparatively large, allowing more aptamers to be
adsorbed on the electrode, which consequently leads to a lower
relative contribution of each aptamer to the total ionic current,
lower normalized sensitivity, and higher LOD. However, at the
same time, the linear detection range of our aptasensor is
wideir,7 most likely caused by the large working electrode as
well.

Functionalizing the Gate Electrode of Lateral OECTs with
Aptamers

Although electrochemical interrogation of a thrombin
aptasensor using a classical three-electrode setup, for example,
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Figure 2. Functionalization of the gate of a lateral OECT with TBA-29 and MCH SAMs. (A) Hlustration of a lateral OECT (LOECT), in which
source, drain, and gate electrodes are prepared on the same plane. A channel of PEDOT:PSS is deposited between a source and drain electrodes.
TBA-29/random oligo and MCH molecules are adsorbed on the gate electrode. PEDOT:PSS channel and gate electrode are covered with
phosphate-buffered saline (PBS) 1.0X solution as both electrolyte and buffer solution for thrombin. (B) Photo of a chip, consisting of 3 LOECTS,
consisting of identical channel area (500 ym X S00 ym) and gate-to-channel area ratio of 10:1, 1:1, and 1:10. (C) Transfer characteristics of
LOECTS with equal area of gate and channel (500 gm X 500 ym), before assembly of the aptamer, i.e., measured with clean gold gate electrodes,
after adsorption of TBA-29, and following the adsorption of MCH on gate electrode. (D) Transfer characteristics of LOECTSs with constant
channel dimensions and increasing area of the gate electrode with adsorbed TBA-29 and MCH, effectively varying the gate-to-channel area ratio
from 10:1 to 1:1 and 1:10. For all measurements, the drain voltage V; is kept at —0.2 V.

DPV, CV, and EIS, yields a consistent signal that is
proportional to thrombin concentration, the signal decreases
for devices with smaller dimensions. To increase the response
of the aptasensor, both TBA-29 or random oligo and MCH are
chemisorbed onto the Au gate electrode of a lateral OECT
(LOECT) by thiol bonding, as illustrated in Figure 2A. The
OECT is processed according to the recipe provided in the
experimental details. Each chip consists of 3 LOECTs with
identical dimensions of the PEDOT:PSS channel (500 gm X
500 pm). There is a 10 ym overlap between PEDOT:PSS and
source/drain contacts, which is not counted toward the
channel length of 500 ym. The channel is structured by peeling
the lift-off layer after PEDOT:PSS is spin-coated on the device.
The area of the gold gate is varied with respect to the channel
area, resulting in ratios of 10:1, 1:1, and 1:10, as shown in
Figure 2B. PBS 1.0X is used as the electrolyte.

The transfer characteristics of the LOECT with equal gate
and channel area, before and after assembly of the SAM
consisting of TBA-29 and MCH on the gate, are shown in
Figure 2C. The absolute drain current I decreases significantly
after molecular adsorption on the Au gate electrode. I at V, =
0V, referred to in the following as Iy, drops from 0.8 mA to
0.4 mA and 0.2 mA for the clean Au gate, TBA-29 on the Au
gate, and TBA-29/MCH on the gate electrode, respectively.

This behavior is also seen in the OECT output characteristic
shown in Figure S6A.

In all devices, in particular, in devices with adsorbed TBA-29
or MCH on the gate, the ON/OFF ratio is small. This effect
can be explained by the limited voltage range and low
capacitance of the gate in comparison to the channel.
According to the model of Bernards et al,”””* the gate
electrode/electrolyte/channel junction can be modeled as a
series connection of two capacitors—the capacitance between
the gate electrode and the electrolyte C, and the channel
capacitance Cg. Following this approximation, only the

C,
fraction V = V;é drops across the channel.

From the EIS measurements of the TBA-29-/MCH-covered
gold substrate and the spin-coated PEDOT:PSS channel (cf.
Figures S2A and S6B) and the modeling of the EIS spectrum
by the equivalent circuit shown in Figures S3A and S7A, one
can extract the gate and channel capacitances, C; and Cg,
respectively. From Table S1, it can be inferred that the
adsorption of TBA-29 and MCH on the 500 ym X 500 pm
gold electrode reduces its capacitance to C, = 1 X 107 uF, due
to the length of the aptamer. Considering the volumetric
capacitance of PEDOT:PSS (50 F/cm®) and the thickness of
the spin-coated PEDOT:PSS channel (200 nm), the
capacitance of the gate electrode is smaller than the
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Figure 3. Response of LOECT-based aptasensors to varying thrombin concentrations. (A, C) Transfer characteristics and (B, D) calibration curves
of LOECTs with adsorbed TBA-29 and MCH on gold gate electrodes with gate-to-channel area ratio of (A, B) 1:1 and (C, D) 10:1. The drain
voltage V is kept constant at —0.2 V. The normalized response of LOECT with adsorbed TBA-29 (from panels (A) and (C)) and random 29-mer

oligo (from Figures S9A and S11A) on the gate are calculated using eq 3.

capacitance of PEDOT:PSS channel (Cg, = 2.5 uF). Therefore,
the capacitance ratio C,/Cg, drops to 0.004, ie., almost all
applied gate potential drops at the gate electrode/electrolyte
interface, inducing a very low Iy modulation, as seen in Figure
2C.

To increase modulation in the OECT, the capacitance ratio
C,/Cq can be enlarged by increasing the area of the gate
electrode, as shown in Figure 2D. Here, TBA-29 and MCH are
adsorbed on the gate electrodes with varying areas, while the
dimensions of the PEDOT:PSS channel are kept constant (500
pum X SO0 pm), resulting in gate-to-channel area ratios of 10:1,
1:1, and 1:10. These ratios result in capacitance ratios between
the gate electrode and the channel of 0.04, 0.004, and 0.0004.
As shown in Figure 2D, the modulation of the drain current
increases for the OECT with a gate electrode area larger than
the channel area. The OECT with a gate electrode area 10
times smaller than the channel area does not exhibit any drain
current modulation. The corresponding gate current I, is
shown in Figure S7B.

Detection of Thrombin with Lateral OECT Aptasensors

In the previous section, it was shown that TBA-29 responds to
a change in exposure to thrombin, depending on the analyte

concentration, using ferro-/ferricyanide electrolyte with PBS as
supporting electrolyte. A similar effect is seen in LOECTSs
using only PBS as electrolyte, as shown in Figure 3A for a
device with a gate-to-channel area ratio of 1:1. The associated
I; vs V, is shown in Figure S8. Note that the range of V, is
limited to 0.4 V to ensure the stability of the aptamer/MCH
SAM over an extended period to be able to study the response
of TBA-29 to multiple concentrations of thrombin.>

As depicted in Figure 3A, the drain current of the LOECT
drops consistently with increasing thrombin exposure. Most
importantly, the response is already significant at a gate voltage
V, = 0 V. The normalized response of the device to thrombin
is calculated by

ﬂ _ Id-on(Pris) B Id—on(thr)

I Iy on(pris) ®)

where Iy, (pris) and Iy, (thr) are the on-drain current (I3 at
V, = 0V) of the OECT before and after exposure to thrombin,
respectively. The normalized response of the TBA-29-
functionalized LOECT is compared with the random-oligo-
functionalized LOECT with the same dimensions (Figure S9A
for Iy and Figure S9B for I,) in Figure 3B. While a consistent
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Figure 4. Response of LOECT-based aptasensors to thrombin using pulsed gate voltages V,. (A) Response of lateral OECTs with adsorbed TBA-
29 and MCH (equal gate and channel area) to gate voltage pulses. The gate voltage V, is pulsed between 0 and 0.4 V. The drain voltage Vj is kept
constant at —0.2 V. The concentration of thrombin varies between 0 (pristine) and 1 uM. (B) Normalized response of the drain current I, at V=0
V from the pulsed measurement (cf. Figure 4A and Table S4), calculated using eq 3. (C) Temporal characteristic of adjusted drain current (Ig-Iy..,)
vs time, taken from (A), to observe a systematic decrease in the change in drain current with increasing concentration of thrombin. (D) Normalized
difference of the Iy, calculated using eqs 4 and S, and (E) Ig-step calculated using eqs 6 and 7, calculated from (A) and Table S4 for drain current,

and Figure S14 and Table S5 for gate current.

response of the LOECT functionalized with TBA-29 is seen
between 100 pM and 10 nM thrombin exposure, the LOECT
functionalized with random oligo exhibits a much smaller
response without a consistent trend. The LOD, normalized,
and absolute sensitivity of the LOECT-based aptasensor for
thrombin are 102.3 pM, 0.16/dec, and 0.1 mA/dec,
respectively.

The corresponding results for an OECT with an increased
gate-to-channel area ratio of 10:1 are shown in Figure 3C, with
I, vs V, shown in Figure S10. As a control experiment, the
transfer characteristic of LOECTs with adsorbed random 29-
mer oligo and MCH on the gate electrode is shown in Figure
S11A for I4 vs V, and Figure S11B for I, vs V. The calibration
curve of the aptasensor is shown in Figure 3d. Similar to Figure
3B, the response of the LOECT' with a gate-to-channel area of
10:1 is already strong at V, = 0 V. The response increases
linearly with the concentration of thrombin, with normalized
and absolute sensitivities m and m* of 0.06/dec and 0.03 mA/
dec, respectively. Note that, despite the LOECT-based
aptasensor with a larger gate area exhibiting a larger ON/
OFF ratio than the device with a smaller gate, its normalized
sensitivity is lower, which agrees with the observation of
Dastidar et al. in a classical setup of three electrodes.'”

Additionally, TBA-29-functionalized LOECTs with a gate-
to-channel area ratio of 1:10 are tested and discussed in the
Supporting Information (cf. Figures S12 and S13A-D).

Note that, regardless of the ratio between the gate electrode
and the channel area, the sensitivity of our OECT-based

aptasensor is higher than that of most of the reported OECT-
based aptasensors without a redox reporter tag and a larger
gate electrode.’®’” Recently, Burtscher et al. demonstrated a
detection of interleukin-6 using an OECT-based aptasensor,
with an equal area between the PEDOT:PSS channel and the
PEDOT:PSS gate electrode and frequency-dependent meas-
urements, which exhibits comparable sensitivity to our
LOECT with a gate-to-channel area ratio of 1:10.>” The
small difference in response can come from the reactivity of the
aptamer itself with the respective analyte. The detection of
thrombin using an OECT-based aptasensor, but with a
different aptamer than the one used in our work, was shown
by Peruzzi et al. In this work, a thrombin sensor with a higher
sensitivity than our LOECTS is shown by interfacing aptamers,
nanoparticles, graphene, and redox reporters in an OECT.*
Our experiments show that not only an OECT-based
aptasensor with a capacitance ratio C,/Cg below 4 can be
used for aptasensing but also that the smaller gate can lead to a
biosensor with high sensitivity.””>%>’

Detection of Thrombin with Voltage Pulses

As an alternative to the full transfer characteristic sweeps
discussed above, LOECTSs can also be operated by short gate
voltage pulses. In Figure 4A, the response of an LOECT-based
aptasensor with a gate and channel ratio of 1:1 is shown. The
sample is exposed to alternating gate voltage pulses V,
switched between 0 and 0.4 V, each for S s, while being
exposed to various concentrations of thrombin.
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Figure 5. Response of VOECT-based aptasensors to thrombin using transfer characteristic measurements. (A) Illustration of a VOECT with
stacked source and drain electrodes. A channel of PEDOT:PSS is grown electrochemically between a source and drain electrode. PEDOT:PSS
channel and gate electrode are in contact with PBS 1.0X solution as both electrolyte and buffer solution for the thrombin analyte. TBA-29/random
oligo and MCH molecules are deposited on the gate electrode. (B) Transfer characteristic I; vs V, of a vertical OECT (VOECT) with adsorbed
TBA-29 and MCH on the gate for different thrombin concentrations. The gate electrode area and PEDOT:PSS channel width and length are 0.15
mm?, 315 pm, and 300 nm, respectively. (C) Normalized response of the VOECT-based aptasensor shown in Figure 5B. For comparison, the
normalized response of random oligo-functionalized VOECT from Figure S17C is shown.

The change in drain current Iy for different thrombin
concentrations is shown in Figure 4A, with the corresponding
gate current I; shown in Figure S14. The measured drain
current I3 and gate current I, at both gate voltages V, = 0 (on

state) and 0.4 V (off state) ;’re presented as box—whisker plots
(cf. Figure S1SA—D) and histograms (cf. Figure S16A—D)
with detailed statistical analysis (arithmetic mean and median)
in Table S4 for the drain current and Table S5 for the gate
current. In the following, the extracted values from the median
statistical analysis are used.

Before thrombin exposure, the device exhibits a drain
current Iy and gate current I, of 213 A and 2.5 uA at V, =0V,
respectively. Following a voltage pulse of 0.4 V, the OECT
drain and gate currents change to 126 uA and 8.3 uA,

respectively, corresponding to an ON/OFF ratio of 1.7 and
amplification A = i—;“ = 15. This ON/OFF ratio is greater
8

than that obtained from the measurement of the transfer
characteristic of the LOECT with the same gate-to-channel
ratio, or even greater than the ratio obtained for larger gates
(gate-to-channel ratio of 10:1), shown in Figure 3A,C,
respectively. This higher switching ratio indicates a deeper
penetration of ions into the PEDOT:PSS channel as the gate
voltage V, is applied for a significantly longer duration for the
pulsed V, case than for the transfer characteristic.”

After exposure to thrombin, the on-drain current Iy, is
reduced, as shown in Figure 4A. A similar change in Iy was
previously observed in the transfer characteristic measurement
shown in Figure 3A. A calibration curve is derived from the

temporal characteristic of the OECT using eq 3, as shown in

Figure 4B. The normalized and absolute sensitivity obtained
for the device are 0.06/dec and 0.01 mA/dec, respectively. The
LOD is determined to be 4 fM using eq 2, where the median
absolute deviation of the drain current before thrombin

exposure (cf. Table S4) is used as ¢ and % random is set to 0.
0

In addition to the change in I, one can also observe a
systematic change in the step size of the drain current Iy g,

defined by
Id-step = Id—on - Id—off (4)

This change can be correlated to a change in the effective gate
voltage at the PEDOT:PSS-electrolyte interface. To observe
this trend more clearly, each LOECT response is shifted by
I4.on as shown in Figure 4C.
The normalized change in the drain current step, calculated
by
AId-step Id-step(PriS) - Id-step(thr)

Id—step(pris) (5)

Id—step—O

is shown in Figure 4D, giving normalized and absolute
sensitivity of 0.09/dec, and 0.008 mA/dec, respectively. This
change in Iy, can be correlated to a change in the gate
current (Iyp) calculated as

Ig—step = Ig-off - Ig—on (6)

AIg—step _ Ig—step(Pris) - Ig—step(thr)

Ig- step-0 Ig- step(Pris) (7)
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Using eqs 6 and 7 and the temporal characteristic of the
LOECT in Figure S14 and Table S5, a calibration curve is
derived and shown in Figure 4E. Note that the normalized
sensitivity m of the gate current (Figure 4E, 0.12 + 0.02/dec)
is almost identical to that of the drain current (Figure 4D, 0.09
+ 0.01/dec). However, the absolute sensitivity of the drain
current (Figure 4D, 0.008 mA/dec) is increased by a factor of
approximately 11 compared to the sensitivity of the gate
current (Figure 4E, 0.0007 mA/dec), providing direct evidence
of amplification of the electrochemical signal in an OECT
aptasensor without influencing the normalized sensitivity.

Detection of Thrombin with Vertical OECT Aptasensors

OECTs are usually fabricated in a lateral design, as presented
in the previous sections. This design limits the downscaling of
the channel length to approximately 1 ym due to limitations of
photolithography techniques.61 However, as the transconduc-
tance of OECTs scales inversely with the channel length,
further downscaling can result in increased transconductance
and hence higher amplification.””*’

To scale the channel length beyond what is possible with
standard lithography, OECTSs were fabricated with vertically
stacked source and drain electrodes, forming a vertical OECT
(VOECT) as sketched in Figure SA. Process details are
summarized in the Experimental Section. In particular,
PEDOT:PSS electropolymerization was used to grow
PEDOT:PSS vertically between the source and drain electro-
des with channel length, width, and thickness of 300 nm, 315
um, and 300 nm, respectively.”’ ™" The area of the gate
electrode is 0.15 mm?, resulting in a ratio between gate and
channel area of ~£1500:1. The gate electrode of the VOECT is
functionalized with TBA-29 or the random oligo aptamer and
MCH, using the same procedure as for LOECTSs. Considering
the volume and volumetric capacitance of the electro-
polymerized PEDOT:PSS channel (28 ym® and 150 F/cm’,
cf. Figure S17A and Table S3), the capacitance of the
electropolymerized PEDOT:PSS channel (Cy, = 4.2 nF) is
comparable to the capacitance of the TBA-29/MCH-covered
gate electrode (6 nF), resulting in a capacitance ratio Cp/Cg, ~
1.4.

The transfer characteristic of a VOECT with adsorbed TBA-
29 and MCH on its gate electrode before exposure to
thrombin is shown in Figure 5SB. The drain current reaches an
on-current Iy, of 14 mA with an ON/OFF ratio of ~1.8. The
drain current and ON/OFF ratio of the VOECT are clearly
higher than those of the LOECTSs shown in Figures 3A,C and
S13A, due to the shorter channel length and higher C/Cy.
After exposure to thrombin, the drain current of the VOECT
decreases, similar to the behavior of LOECTs shown in Figure
3A,C. The corresponding gate current of the VOECT is shown
in Figure S17B.

The correlation between the response of the VOECT-based
aptasensor, calculated using eq 3, and the concentration of
thrombin is shown in Figure SC. A linear relationship is found
with an absolute sensitivity m* of 0.3 mA/dec, which is the
highest among the various aptasensor transducers in our
experiments. However, this aptasensor is not sensitive to
thrombin concentrations below 10 nM. Note that the
normalized sensitivity of the aptasensor is significantly smaller
than that of the other OECT-based sensors shown here, which
already respond to concentrations of thrombin in the 100 pM
range.

To understand the reason for the insensitivity of our
VOECT-based aptasensor to low thrombin concentrations, the
normalized response of the aptasensor is compared to the
VOECT functionalized with the random-oligo (cf. Figure
S17C,D for I vs Ve and I vs Vy, respectively), shown in Figure
SC. Although the random-oligo-functionalized VOECT does
not exhibit a linear relationship between its response and
thrombin concentration, the response fluctuates at a magnitude
comparable to the aptasensor response at 1 yM thrombin
concentration. This fluctuating blank response of the VOECT-
based aptasensor limits the sensor response at low concen-
trations and leads to a calculated LOD of 161 uM, which is
higher than the highest thrombin concentration tested in our
experiment.

Considering the lack of specific interaction between random
29-mer oligo and thrombin, the noise in the blank response of
the VOECT-based aptasensor most likely does not originate
from the gate. Instead, as the conductance of the OMIEC
channel increases, the resistance of the metal interconnects and
the contact between the source/drain electrode and the
OMIEC channel become increasin§lﬁy relevant, leading to
higher noise in drain current 1.5%°° The role of metal
interconnect resistance in limiting the performance of a
VOECT has been confirmed by Skowrons et al.*’ This
resistance can be eliminated by using four-point probe
measurements.

Moreover, PEDOT:PSS has been shown to be sensitive to
thermal treatment, which, in combination with the presence of
oxygen and water in the environment, leads to morphological
and chemical changes in the material, causing fluctuations in
the OMIEC conductivity.”**® The drain current I; in our
VOECT-based aptasensor is much higher than in lateral
OECTs, which might cause local heating in the channel,
inducing fluctuations in its conductivity. This mechanism of
conductivity fluctuation can be averted by applying a lower
drain voltage Vy in the measurement, which is also advanta-
geous to reduce the operation voltage of the device and to
prevent voltage-induced desorption of the molecules from the
gate, 2022

In summary, the use of a vertical OECT architecture as a
transducer for aptasensors is demonstrated for the first time in
this work. As expected, a VOECT-based aptasensor exhibits an
increase in drain current and, hence, an increase in absolute
sensitivity of the devices m®*, surpassing the LOECT-based
sensor in the current experiments. Note that the absolute
sensitivity of our VOECT-based aptasensor is higher than that
of the majority of reported OECT-based aptasen-
sors,'@2%33353657 The VOECT-based aptasensor shows
comparable, or even higher, sensitivity than the work of
Bidinger et al. and Ji et al,, which both use a redox reporter tag
and pulsed variation of OECT gate voltage.'”** On the other
hand, the absolute sensitivity of our VOECT-based aptasensor
is lower than the work of Peruzzi et al. for thrombin detection,
despite a narrower linear detection range for the aforemen-
tioned work compared to our OECT-based aptasensor.’”
Nevertheless, in the experiments shown here, this improve-
ment comes at the expense of additional noise in control
experiments, significantly increasing the calculated LOD.

Comparison of the Different Designs

Although all sensor designs are sensitive to thrombin, their
performance varies strongly. The normalized and absolute
sensitivity of the aptasensors are compared in Figure 6A,B,
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Figure 6. Comparison of normalized sensitivity, absolute sensitivity, and the limit of detection of the different aptasensors. (A, B) OECT-based
sensors show a clear advantage over standard CV- and DPV-based sensors. An optimized (A) normalized sensitivity is found for LOECT with an
equal area of gate and channel. (B) VOECT-based sensor shows the highest absolute sensitivity among the tested thrombin aptasensors. (C) Two

strategies for optimization of the LOD can be identified: reduction of gate area and using pulsed measurements.

respectively. Overall, three terminal, OECT-based devices
show a clear increase in absolute sensitivity over standard CV
or DPV measurements. Furthermore, optimization of the area
of gate and PEDOT:PSS channel is crucial to optimize the
sensitivity. A maximum of normalized sensitivity is reached for
a gate area equal to the channel (500 ym X 500 ym) and drops
for both smaller and larger gate electrodes. However, one has
to keep in mind that the absolute sensitivity might differ. Here,
the vertical OECT shows the highest absolute sensitivity (cf.
Figure 6B).

Aptasensor sensitivity is not the only benchmark for
thrombin sensors, but the LOD is almost equally important.
A comparison of the LOD of the different designs is shown in
Figure 6¢c. Two strategies can be identified to reduce LOD.
First of all, a reduction in the gate area below the area of the
channel decreases the LOD. Second, changing the measure-
ment protocol to a pulsed gate voltage results in the lowest
LOD.

The trend of optimized normalized sensitivity, as shown in
Figure 6A, can be partially explained as a consequence of fewer
aptamers contributing to the total ionic signal.17 However, as
the number of adsorbed aptamers decreases, the importance of
molecular desorption increases as well and can dominate the
response of an aptasensor due to analyte binding. This can
explain the apparent drop in normalized sensitivity, as the area
of aptamer-adsorbed gate decreases from the gate-to-channel
area ratio 1:1 to 1:10.

Stability and Selectivity

Aside from a high sensitivity and satisfactory LOD, long-term
stability and selectivity are essential for a realistic implementa-
tion of the aptasensor."®*°~>* Other than the LOECT with
gate-to-channel area ratio 1:10, there was no indication of
voltage-induced desorption of the aptamers for both the
OECT-based sensors tested using scanned or pulsed gate
voltage V,, over the whole course of measurements (3—4 1h).
However, the aptamers might desorb from the gate at a
relatively lower rate, which is not visible in the total duration of
experiments and would only be relevant after extended
testing.zo_22

To test the selectivity of aptasensors, one OECT with a gate-
to-channel area ratio of 1:1 and TBA-29/MCH functionaliza-
tion is exposed consecutively to BSA, insulin, and thrombin,
each for 30 min incubation with a washing step in between, as
shown in Figure S16A,B. Overall, the aptasensor showed

excellent selectivity to thrombin. However, we do not expect
our aptasensor to resist prolonged exposure beyond 10 h to
blood’s cellular components or ruptured cells.”’ The
imperfection in substrate protection, as provided by the
MCH SAM, has been shown to lead to molecular desorption

. . 20-23 . .
or biofouling, A more reliable protection of an aptasensor
can be achieved by using an agarose membrane or 8-mercapto-

1-octanol (MCO) SAM passivation.
Discussion

The response of the OECT transducer to aptamer interaction
with analytes on the gate cannot be fully described using the
Bernards and Malliaras model, which only evaluates the
modulation of drain current I;. To account for the change in I4
at 0 V (I..,), which presumably is caused by the charges at the
backbone of adsorbed aptamers on the gate, the Bernards and

Malliaras model can be modified as follows>®>">*

1 _
Vin = Ve + Vy(4), Ay, 4y, Ay)e 4/D

S
Ce (8)

where V, is the potential difference between the channel
and electrolyte, V, is the potential difference between the gate
and channel, C, is the capacitance at the interface between the
channel and electrolyte, C, is the capacitance at the interface
between the gate and electrolyte, and V, represents the surface
potential due to the electrostatic interaction between the
electrolyte and the negative charges at aptamer backbones,
which depends on the different conformations of the aptamer
(Ayn) on the gate. On the other hand, d represents the distance
between aptamer backbones and the surface of gate electrode,
while D represents the Debye length, which is typically
between 0.7 and 1 nm in PBS buffer.”®

Note that the ratio between C, and Cy, in our experiments is
considered to be low. Therefore, the first term of eq 8 shifts the
channel potential only weakly, resulting in a low ON/OFF
ratio when scanning the gate voltage in the transfer
characteristic. Still, the second term in eq 8 leads to a
significant response to thrombin. The shift in channel potential
with gate voltage V, can be increased by using pulsed gate
voltages because more time is given for the OMIEC channel to
respond, leading to a higher ON/OFF ratio as observed here.
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B CONCLUSION

Thrombin is a crucial enzyme for the wound healing process,
reaching levels of uM at the site of injury during a coagulation
process. An abnormal level can also indicate several diseases,
such as COVID-19 and leukemia. Often, thrombin is detected
by aptamer bioreceptors in a standard electrochemical setup,
providing a reasonable sensitivity. However, the sensor signal,
i.e,, a change in current, scales with the electrode area, reducing
the signal-to-noise ratio and hindering sensor miniaturization.

To increase the signal strength of thrombin aptasensors, a
standard passive aptasensor based on TBA-29 is successfully
combined with lateral and vertical OECTs, leading to an
increase in the absolute sensitivity. It is shown that the
sensitivity and detection range of our OECT-based aptasensor
can be adjusted by the area of the gate electrode and the active
channel. OECTs with a gate-to-channel area ratio of 1:1 appear
to exhibit the highest normalized sensitivity, while VOECTs
show the highest absolute sensitivity.

Aside from sensitivity, it is shown that the limit of detection
(LOD) of the aptasensors can be minimized by either
decreasing the gate area or by using a different interrogation
protocol, viz., applying gate voltage pulses instead of full gate
voltage sweeps.

Overall, the OECT-based sensors shown here result in a
significant increase in performance, even at a gate voltage V, =
0 V. This reduction in operation voltage is significant since it
allows the sensor to operate in a very low voltage range, thus
avoiding any unwanted electrochemical processes at the gold
surface. The trends identified here are important design rules
to optimize OECT aptasensors beyond thrombin, moving this
sensor design further toward an application in clinical settings.

B ASSOCIATED CONTENT
© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.analchem.6c02236.

Electrochemical interrogation of TBA-29/random 29-
mer oligo and MCH binary SAM in a classical setup
using DPV, CV, and EIS; analysis of EIS data; output
curves of LOECT; transfer characteristic of LOECTSs
with adsorbed TBA-29/random 29-mer oligo and MCH
on the gate; temporal characteristic analysis of the
LOECT-based aptasensors with gate-to-channel area
ratio 1:1; transfer characteristic of the VOECT with
adsorbed TBA-29/random 29-mer oligo and MCH on
the gate; selectivity test of an LOECT-based aptasensor
for thrombin; and comparison of different electro-
chemical methods for thrombin detection in the
literature (PDF)

B AUTHOR INFORMATION
Corresponding Authors

Andika Asyuda — Institut fir Mikrosensoren, Aktoren, und
-Systeme (IMSAS), Universitit Bremen, Bremen 28359,
Germany; © orcid.org/0000-0002-4375-4270;

Email: asyuda@uni-bremen.de

Bjorn Lussem — Institut fir Mikrosensoren, Aktoren, und
-Systeme (IMSAS), Universitit Bremen, Bremen 28359,
Germany; MAPEX Center for Materials and Processes,
Universitit Bremen, Bremen 28334, Germany;

Email: bluessem@uni-bremen.de

Authors

Rasheed T. Odunbaku — Institut fir Mikrosensoren, Aktoren,
und -Systeme (IMSAS), Universitit Bremen, Bremen 28359,
Germany

Luka J. L. Striethorst — Institut fiir Mikrosensoren, Aktoren,
und -Systeme (IMSAS), Universitit Bremen, Bremen 28359,
Germany; © orcid.org/0009-0005-5772-6771

Henrique F. P. Barbosa — Institut fiir Mikrosensoren, Aktoren,
und -Systeme (IMSAS), Universitit Bremen, Bremen 28359,
Germany; © orcid.org/0000-0001-9130-5755

Andreas Schander — Institut fir Mikrosensoren, Aktoren, und
-Systeme (IMSAS), Universitit Bremen, Bremen 28359,
Germany

Ramesh Kumar — Institut fiir Mikrosensoren, Aktoren, und
-Systeme (IMSAS), Universitit Bremen, Bremen 28359,
Germany; Light Technology Institute, Karlsruhe Institute of
Technology, Karlsruhe 76131, Germany; InnovationLab
GmbH, Heidelberg 69115, Germany

Dur E. N. Gakhar — Institut fiir Mikrosensoren, Aktoren, und
-Systeme (IMSAS), Universitit Bremen, Bremen 28359,
Germany

Sarah Bornemann — Institut fiir Mikrosensoren, Aktoren, und
-Systeme (IMSAS), Universitit Bremen, Bremen 28359,
Germany; © orcid.org/0000-0002-1840-3591

Rachel E. Armstrong — OnePlanet Research Center,
Wageningen 6708 WH, The Netherlands; imec, Wageningen
6708 WH, The Netherlands

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.analchem.6c02236

Author Contributions

The project was initially conceptualized by R.E.A. and B.L.
Device fabrication was carried out by A.A.,, RT.O., HF.P.B,
A.S., and D.E.N.G. Experiments were designed and analyzed by
AA, RT.O, LJLS, HEPB, RK, and S.B. AA, RT.O,
LJ.LS,HEFEDPB,A.S, S.B, and B.L. contributed to the writing
of the manuscript.

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors gratefully acknowledge the financial support for
this research provided by the Central Research Funding of the
University of Bremen and the German Research Foundation
(Deutsche Forschungsgemeinschaft (DFG)), under Project-ID
524736815 (funding code: LU 1464/3-1). The authors would
also like to acknowledge the support of E. Ritter and M. Kirsch
during OECT fabrication, M. Mill for setting up electro-
chemistry measurement, and B. Avci for discussion.

B REFERENCES

(1) Qi, L; Liy, J; Liu, S; Liu, Y.; Xiao, Y.; Zhang, Z.; Zhou, W.;
Jiang, Y.; Fang, X. Ultrasensitive Point-of-Care Detection of Protein
Markers Using an Aptamer-CRISPR/Casl2a-Regulated Liquid
Crystal Sensor (ALICS). Anal. Chem. 2024, 96, 866—875.

(2) Villalonga, A.; Mayol, B.; Villalonga, R; Vilela, D. Electro-
chemical aptasensors for clinical diagnosis. A review of the last five
years. Sens. Actuators, B 2022, 369, 132318.

(3) Stidham, S.; Villareal, V.; Chellappa, V.; Yoder, L,; Alley, O.;
Shreffler, W.; Spergel, J.; Fleischer, D.; Sampson, H.; Gilboa-Geffen,
A. Aptamer based point of care diagnostic for the detection of food
allergens. Sci. Rep. 2022, 12, No. 1303.

https://doi.org/10.1021/acs.analchem.6c02236
Anal. Chem. XXXX, XXX, XXX-XXX

920z 1snBNy g uo Jasn 3IHLOITEIE LIM Aq Jpd'9eZ2099 Wayd|eue soe/gL LEZ0/9/9£ 22009 Wayd|euE Soe/L Z0 L 0 L/10p/pd-ajoie/weyoue/B10'soe"sqnd wouy papeojumoq


https://pubs.acs.org/doi/10.1021/acs.analchem.6c02236?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.6c02236/suppl_file/ac6c02236_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andika+Asyuda"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4375-4270
mailto:asyuda@uni-bremen.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bjo%CC%88rn+Lu%CC%88ssem"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:bluessem@uni-bremen.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rasheed+T.+Odunbaku"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Luka+J.+L.+Striethorst"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0005-5772-6771
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Henrique+F.+P.+Barbosa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9130-5755
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andreas+Schander"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ramesh+Kumar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dur+E.+N.+Gakhar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sarah+Bornemann"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1840-3591
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rachel+E.+Armstrong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.6c02236?ref=pdf
https://doi.org/10.1021/acs.analchem.3c04492?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.3c04492?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.3c04492?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.snb.2022.132318
https://doi.org/10.1016/j.snb.2022.132318
https://doi.org/10.1016/j.snb.2022.132318
https://doi.org/10.1038/s41598-022-05265-0
https://doi.org/10.1038/s41598-022-05265-0
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.6c02236?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Analytical Chemistry

pubs.acs.org/ac

(4) Arshavsky-Graham, S.; Heuer, C.; Jiang, X.; Segal, E. Aptasensors
versus immunosensorsWhich will prevail? Eng. Life Sci. 2022, 22,
319-333.

(5) Mo, T,; Liu, X; Luo, Y,; Zhong, L.; Zhang, Z.; Li, T.; Gan, L.;
Liu, X;; Li, L.; Wang, H.; Sun, X,; Fan, D.; Qian, Z.; Wu, P.; Chen, X.
Aptamer-based biosensors and application in tumor theranostics.
Cancer Science 2022, 113, 7—16.

(6) Ravariu, C. From Enzymatic Dopamine Biosensors to OECT
Biosensors of Dopamine. Biosensors 2023, 13, No. 806.

(7) Saleh, A.; Koklu, A.; Uguz, L; Pappa, A.-M.; Inal, S. Bioelectronic
interfaces of organic electrochemical transistors. Nat. Rev. Bioeng.
2024, 2, 559-574.

(8) Biswas, A; Lee, S.; Cencillo-Abad, P.; Karmakar, M.; Patel, J.;
Soudi, M.; Chanda, D. Nanoplasmonic aptasensor for sensitive,
selective, and real-time detection of dopamine from unprocessed
whole blood. Sci. Adv. 2024, 10, No. eadp7460.

(9) Verdian-Doghaei, A.; Housaindokht, M. Spectroscopic study of
the interaction of insulin and its aptamer - sensitive optical detection
of insulin. J. Lumin. 20185, 159, 1-8.

(10) Li, W.; Zhao, D.; Tian, D.; Zhai, M.; Xu, H.; Zheng, L,; Li, S.;
Sang, Y. Electrochemical aptasensor based on proximity binding-
induced DNA networked for enzyme-free and ultrasensitive detection
of thrombin. J. Electroanal. Chem. 2021, 895, No. 115447.

(11) Wang, Q.; Zhou, Z.; Zhai, Y.; Zhang, L.; Hong, W.; Zhang, Z.;
Dong, S. Label-free aptamer biosensor for thrombin detection based
on functionalized graphene nanocomposites. Talanta 2015, 141,
247-252.

(12) Dauphin-Ducharme, P.; Arroyo-Currds, N.; Adhikari, R;
Somerson, J; Ortega, G.; Makarov, D. E.; Plaxco, K. W. Chain
Dynamics Limit Electron Transfer from Electrode-Bound, Single-
Stranded Oligonucleotides. J. Phys. Chem. C 2018, 122, 21441—
21448.

(13) Hu, Z; Li, Y.,; Figueroa-Miranda, G.; Musall, S; Li, H;
Martinez-Roque, M. A.; Hu, Q.; Feng, L.; Mayer, D.; Offenhausser, A.
Aptamer based biosensor platforms for neurotransmitters analysis.
TrAC, Trends Anal. Chem. 2023, 162, No. 117021.

(14) Mahmoud, A. M.; Alkahtani, S. A.; Alyami, B. A.; El-Wekil, M.
M. Dual-recognition molecularly imprinted aptasensor based on gold
nanoparticles decorated carboxylated carbon nanotubes for highly
selective and sensitive determination of histamine in different
matrices. Anal. Chim. Acta 2020, 1133, 58—65.

(15) Chen, Y,; Xiang, J; Liu, B; Chen, Z; Zuo, X. Gold
nanoparticle-engineered electrochemical aptamer biosensor for ultra-
sensitive detection of thrombin. Anal. Methods 2020, 12, 3729—3733.

(16) Bidinger, S. L.; Keene, S. T.; Han, S.; Plaxco, K. W.; Malliaras,
G. G.; Hasan, T. Pulsed transistor operation enables miniaturization
of electrochemical aptamer-based sensors. Sci. Adv. 2022, 8,
No. eadd4111.

(17) Dastidar, M. G.; Murugappan, K.; Damry, A. M.; Nisbet, D. R;;
Nolan, C. J.; Tricoli, A. When Less Gold is More: Selective Attomolar
Biosensing at the Nanoscale. Adv. Funct. Mater. 2022, 32,
No. 2105433.

(18) Shaver, A; Arroyo-Currds, N. The challenge of long-term
stability for nucleic acid-based electrochemical sensors. Curr. Opin.
Electrochem. 2022, 32, No. 100902.

(19) Li, X; Liu, S.; Huang, X.; Yao, C.; Chen, J.; Gao, L.; Zhou, C.;
Wu, Y,; Liu, J; Li, M;; Zhao, N.; Chen, H.-j; Huang, S,; Xie, X.
Aptamers-based wearable electrochemical sensors for continuous
monitoring of biomarkers in vivo. Microsyst. Nanoeng. 2025, 11,
No. 241.

(20) Clark, V.; Pellitero, M. A.; Arroyo-Currds, N. Explaining the
Decay of Nucleic Acid-Based Sensors under Continuous Voltam-
metric Interrogation. Anal. Chem. 2023, 95, 4974—4983.

(21) Clark, V.; Prasad, A.; Yuan, Y.; Demek, E.; Guzman, F.; Garcia,
L. A;; Lukeman, P. S.; Powell-Gray, B.; Rodriguez-Lopez, J.; Arroyo-
Currés, N. Extending the Operational Lifespan of Nucleic Acid-Based
Electrochemical Sensors via Protection against Hydrogen Peroxide
and Oligonucleotide Displacement. ACS Sens. 2025, 10, 4945—4953.

(22) Leung, K. K.;; Downs, A. M.; Ortega, G.; Kurnik, M.; Plaxco, K.
W. Elucidating the Mechanisms Underlying the Signal Drift of
Electrochemical Aptamer-Based Sensors in Whole Blood. ACS Sens.
2021, 6, 3340—3347.

(23) Li, S;; Dai, J.; Zhu, M.; Arroyo-Currés, N.; Li, H.; Wang, Y,;
Wang, Q.; Lou, X; Kippin, T. E.; Wang, S.; Plaxco, K. W,; Li, H.; Xia,
F. Implantable Hydrogel-Protective DNA Aptamer-Based Sensor
Supports Accurate, Continuous Electrochemical Analysis of Drugs at
Multiple Sites in Living Rats. ACS Nano 2023, 17, 18525—18538.

(24) Shaver, A; Curtis, S. D.; Arroyo-Currss, N. Alkanethiol
Monolayer End Groups Affect the Long-Term Operational Stability
and Signaling of Electrochemical, Aptamer-Based Sensors in Bio-
logical Fluids. ACS Appl. Mater. Interfaces 2020, 12, 11214—11223.

(25) Arroyo-Currés, N. Beyond the Gold-Thiol Paradigm: Exploring
Alternative Interfaces for Electrochemical Nucleic Acid—Based
Sensing. ACS Sens. 2024, 9, 2228—2236.

(26) Jensen, I. M,; Clark, V.; Kirby, H. L,; Arroyo-Currds, N,;
Jenkins, D. M. Tuning N-heterocyclic carbene wingtips to form
electrochemically stable adlayers on metals. Mater. Adv. 2024, S,
7052—7060.

(27) Shaver, A.; Arroyo-Currés, N. Expanding the Monolayer Scope
for Nucleic Acid-Based Electrochemical Sensors Beyond Thiols on
Gold: Alkylphosphonic Acids on ITO. ECS Sens. Plus 2023, 2,
No. 010601.

(28) Shaver, A; Mallires, K,; Harris, J; Kavner, J.; Wang, B,;
Gottlieb, R.; Li6n-Villar, J.; Herranz, M. A,; Martin, N.; Arroyo-
Curras, N. Survey of Conductive Polymers for the Fabrication of
Conformation Switching Nucleic Acid-Based Electrochemical Bio-
sensors. ACS Appl. Polym. Mater. 2024, 6, 541—551.

(29) Burtscher, B.; Diacci, C.; Makhinia, A.; Savvakis, M.;
Gabrielsson, E. O.; Veith, L.; Liu, X.; Strakosas, X.; Simon, D. T.
Functionalization of PEDOT:PSS for aptamer-based sensing of IL6
using organic electrochemical transistors. npj Biosens. 2024, 1, No. 7.

(30) Liang, Y.; Guo, T.; Zhou, L.; Offenhiusser, A.,; Mayer, D.
Label-free split aptamer sensor for femtomolar detection of dopamine
by means of flexible organic electrochemical transistors. Materials
2020, 13, No. 2577.

(31) Liang, Y.; Offenhiusser, A.; Ingebrandt, S.; Mayer, D.
PEDOT:PSS-Based Bioelectronic Devices for Recording and
Modulation of Electrophysiological and Biochemical Cell Signals.
Adv. Healthcare Mater. 2021, 10, No. 2100061.

(32) Liang, Y.; Figueroa-Miranda, G.; Tanner, J. A; Huang, F;
Offenhdusser, A.; Mayer, D. Highly sensitive detection of malaria
biomarker through matching channel and gate capacitance of
integrated organic electrochemical transistors. Biosens. Bioelectron.
2023, 242, No. 115712.

(33) Peruzzi, C.; Battistoni, S.; Montesarchio, D.; Cocuzza, M.;
Marasso, S. L.; Verna, A,; Pasquardini, L.; Verucchi, R.; Aversa, L.;
Erokhin, V.; D’Angelo, P.; Iannotta, S. Interfacing aptamers,
nanoparticles and graphene in a hierarchical structure for highly
selective detection of biomolecules in OECT devices. Sci. Rep. 2021,
11, No. 9380.

(34) Ji, X; Lin, X;; Rivnay, J. Organic electrochemical transistors as
on-site signal amplifiers for electrochemical aptamer-based sensing.
Nat. Commun. 2023, 14, No. 166S.

(35) de Paula Barbosa, H. F.; Asyuda, A.; Skowrons, M.; Schander,
A,; Liissem, B. Processing of organic electrochemical transistors. MRS
Commun. 2024, 14, 132—148.

(36) Cicoira, F.; Sessolo, M.; Yaghmazadeh, O.; Defranco, J. A;
Yang, S. Y.; Malliaras, G. C. Influence of device geometry on sensor
characteristics of planar Organic electrochemical transistors. Adv.
Mater. 2010, 22, 1012—1016.

(37) Bernards, D. A,; MacAya, D. J.; Nikolou, M.; Defranco, J. A;
Takamatsu, S.; Malliaras, G. G. Enzymatic sensing with organic
electrochemical transistors. J. Mater. Chem. 2008, 18, 116—120.

(38) Narayanan, S. Multifunctional roles of thrombin. Ann. Clin. Lab.
Sci. 1999, 29, 275-280.

(39) Versteeg, H. H.; Heemskerk, J. W. M.; Levi, M.; Reitsma, P. H.
New Fundamentals in Hemostasis. Physiol. Rev. 2013, 93, 327—358.

https://doi.org/10.1021/acs.analchem.6c02236
Anal. Chem. XXXX, XXX, XXX-XXX

920z 1snBNy g uo Jasn 3IHLOITEIE LIM Aq Jpd'9eZ2099 Wayd|eue soe/gL LEZ0/9/9£ 22009 Wayd|euE Soe/L Z0 L 0 L/10p/pd-ajoie/weyoue/B10'soe"sqnd wouy papeojumoq


https://doi.org/10.1002/elsc.202100148
https://doi.org/10.1002/elsc.202100148
https://doi.org/10.1111/cas.15194
https://doi.org/10.3390/bios13080806
https://doi.org/10.3390/bios13080806
https://doi.org/10.1038/s44222-024-00180-7
https://doi.org/10.1038/s44222-024-00180-7
https://doi.org/10.1126/sciadv.adp7460
https://doi.org/10.1126/sciadv.adp7460
https://doi.org/10.1126/sciadv.adp7460
https://doi.org/10.1016/j.jlumin.2014.10.025
https://doi.org/10.1016/j.jlumin.2014.10.025
https://doi.org/10.1016/j.jlumin.2014.10.025
https://doi.org/10.1016/j.jelechem.2021.115447
https://doi.org/10.1016/j.jelechem.2021.115447
https://doi.org/10.1016/j.jelechem.2021.115447
https://doi.org/10.1016/j.talanta.2015.04.012
https://doi.org/10.1016/j.talanta.2015.04.012
https://doi.org/10.1021/acs.jpcc.8b06111?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.8b06111?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.8b06111?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.trac.2023.117021
https://doi.org/10.1016/j.aca.2020.08.001
https://doi.org/10.1016/j.aca.2020.08.001
https://doi.org/10.1016/j.aca.2020.08.001
https://doi.org/10.1016/j.aca.2020.08.001
https://doi.org/10.1039/D0AY01163K
https://doi.org/10.1039/D0AY01163K
https://doi.org/10.1039/D0AY01163K
https://doi.org/10.1126/sciadv.add4111
https://doi.org/10.1126/sciadv.add4111
https://doi.org/10.1002/adfm.202105433
https://doi.org/10.1002/adfm.202105433
https://doi.org/10.1016/j.coelec.2021.100902
https://doi.org/10.1016/j.coelec.2021.100902
https://doi.org/10.1038/s41378-025-00993-5
https://doi.org/10.1038/s41378-025-00993-5
https://doi.org/10.1021/acs.analchem.2c05158?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.2c05158?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.2c05158?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssensors.5c00603?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssensors.5c00603?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssensors.5c00603?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssensors.1c01183?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssensors.1c01183?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.3c06520?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.3c06520?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.3c06520?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b22385?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b22385?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b22385?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b22385?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssensors.4c00331?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssensors.4c00331?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssensors.4c00331?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D4MA00648H
https://doi.org/10.1039/D4MA00648H
https://doi.org/10.1149/2754-2726/acc4d9
https://doi.org/10.1149/2754-2726/acc4d9
https://doi.org/10.1149/2754-2726/acc4d9
https://doi.org/10.1021/acsapm.3c02206?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.3c02206?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.3c02206?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s44328-024-00007-w
https://doi.org/10.1038/s44328-024-00007-w
https://doi.org/10.3390/ma13112577
https://doi.org/10.3390/ma13112577
https://doi.org/10.1002/adhm.202100061
https://doi.org/10.1002/adhm.202100061
https://doi.org/10.1016/j.bios.2023.115712
https://doi.org/10.1016/j.bios.2023.115712
https://doi.org/10.1016/j.bios.2023.115712
https://doi.org/10.1038/s41598-021-88546-4
https://doi.org/10.1038/s41598-021-88546-4
https://doi.org/10.1038/s41598-021-88546-4
https://doi.org/10.1038/s41467-023-37402-2
https://doi.org/10.1038/s41467-023-37402-2
https://doi.org/10.1557/s43579-024-00521-y
https://doi.org/10.1002/adma.200902329
https://doi.org/10.1002/adma.200902329
https://doi.org/10.1039/B713122D
https://doi.org/10.1039/B713122D
https://doi.org/10.1152/physrev.00016.2011
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.6c02236?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Analytical Chemistry

pubs.acs.org/ac

(40) Martinez-Pérez, P.; Gémez-Gdémez, M.; Angelova, T.; Griol, A,;
Hurtado, J.; Bellieres, L.; Garcia-Rupérez, J. Continuous Detection of
Increasing Concentrations of Thrombin Employing a Label-Free
Photonic Crystal Aptasensor. Micromachines 2020, 11, No. 464.

(41) Jung, Y. K; Kim, K. N.; Baik, J. M; Kim, B.-S. Self-powered
triboelectric aptasensor for label-free highly specific thrombin
detection. Nano Energy 2016, 30, 77—83.

(42) Eivazzadeh-Keihan, R.; Saadatidizaji, Z.; Maleki, A.; de la de la
Guardia, M.; Mahdavi, M.; Barzegar, S.; Ahadian, S. Recent
Progresses in Development of Biosensors for Thrombin Detection.
Biosensors 2022, 12, No. 767.

(43) Yousef, H; Liu, Y.; Zheng, L. Nanomaterial-Based Label-Free
Electrochemical Aptasensors for the Detection of Thrombin.
Biosensors 2022, 12, No. 253.

(44) Campuzano, S.; Pingarrén, J. M. Electrochemical Affinity
Biosensors: Pervasive Devices with Exciting Alliances and Horizons
Ahead. ACS Sens. 2023, 8, 3276—3293.

(45) Wang, Y.-H.; Xia, H.; Huang, K.-J.; Wy, X.; Ma, Y.-Y.; Deng, R;;
Lu, Y.-F.; Han, Z.-W. Ultrasensitive determination of thrombin by
using an electrode modified with WSe2 and gold nanoparticles,
aptamer-thrombin-aptamer sandwiching, redox cycling, and signal
enhancement by alkaline phosphatase. Microchim. Acta 2018, 185,
No. 502.

(46) Zhu, M.,; Xu, F; Miao, S.; Xie, C; Li, H; Li, S; Xia, F.
Incorporation of a Multi-Valent Aptamer into Electrochemical
Biosensors to Achieve an Improved Performance for Thrombin
Analysis in Blood Serum. ChemPlusChem 2022, 87, No. €202200325.

(47) Skowrons, M.; Schander, A.; Negron, A. G. P.; Liissem, B. The
Trade-Off between Transconductance and Speed for Vertical Organic
Electrochemical Transistors. Adv. Electron. Mater. 2024, 10,
No. 2300673.

(48) Schander, A.; Skowrons, M.; Kirsch, M,; Liissem, B. In
Electropolymerized PEDOT:PSSThin Films for Fabrication of Vertical
Organic Electrochemical Transistors, Eurosensors 2023; MDPI, 2023; p
32.

(49) Negron, A. G. P.; Schander, A; Skowrons, M;; de Paula
Barbosa, H. F.; Liissem, B. Approaching the Intrinsic Limits of Short
Channel Vertical Organic Electrochemical Transistors. ACS Appl.
Mater. Interfaces 2024, 16, 45234—45241.

(50) Verrinder, E.; Leung, K. K.; Erdal, M. K.; Sepunaru, L.; Plaxco,
K. W. Comparison of voltammetric methods used in the interrogation
of electrochemical aptamer-based sensors. Sens. Diagn. 2024, 3, 95—
103.

(51) Pellitero, M. A; Curtis, S. D.; Arroyo-Curras, N. Interrogation
of Electrochemical Aptamer-Based Sensors via Peak-to-Peak Separa-
tion in Cyclic Voltammetry Improves the Temporal Stability and
Batch-to-Batch Variability in Biological Fluids. ACS Sens. 2021, 6,
1199—-1207.

(52) Moro, G.; Silvestri, A.; Ulrici, A.; Conzuelo, F.; Zanardi, C.
How to optimize the analytical performance of differential pulse
voltammetry: one variable at time versus Design of Experiments. J.
Solid State Electrochem. 2024, 28, 1403—1415.

(53) Pellitero, M. A.; Shaver, A, Arroyo-Currds, N. Critical
ReviewApproaches for the Electrochemical Interrogation of DNA—
Based Sensors: A Critical Review. ]. Electrochem. Soc. 2020, 167,
No. 037529.

(54) Colucci, R;; Koutsouras, D. A.; Morsbach, S.; Gkoupidenis, P.;
Blom, P. W. M,; Kraft, U. Organic Electrochemical Transistor-Based
Immunosensors for SARS-CoV-2 Detection. ACS Appl. Electron.
Mater. 2024, 6, 2739—2748.

(55) Abarkan, M.; Pirog, A.; Mafilaza, D.; Pathak, G.; N’Kaoua, G.;
Puginier, E.; O’Connor, R,; Raoux, M.; Donahue, M. J; Renaud, S.;
Lang, J. Vertical Organic Electrochemical Transistors and Electronics
for Low Amplitude Micro-Organ Signals. Adv. Sci. 2022, 9,
No. 2105211.

(56) Diacci, C.; Burtscher, B.; Berto, M.; Ruoko, T.-P.; Lienemann,
S.; Greco, P.; Berggren, M.; Borsari, M.; Simon, D. T.; Bortolotti, C.
A.; Biscarini, F. Organic Electrochemical Transistor Aptasensor for

Interleukin-6 Detection. ACS Appl. Mater. Interfaces 2023, 45, 61467—
61474.

(57) Soliman, I; Gunathilake, C. Aptamer-enhanced organic
electrochemical transistors for ultra-sensitive dopamine detection.
Next Mater. 2024, 3, No. 100160.

(58) Nissa, J.; Janson, P.; Berggren, M.; Simon, D. T. The Role of
Relative Capacitances in Impedance Sensing with Organic Electro-
chemical Transistors. Adv. Electron. Mater. 2021, 7, No. 2001173.

(59) Rivnay, J.; Inal, S.; Salleo, A,; Owens, R. M.; Berggren, M,;
Malliaras, G. G. Organic electrochemical transistors. Nat. Rev. Mater.
2018, 3, No. 17086.

(60) Keene, S. T.; Rao, A.; Malliaras, G. G. The relationship between
ionic-electronic coupling and transport in organic mixed conductors.
Sci. Adv. 2023, 9, No. eadi3536.

(61) Donahue, M. J.; Williamson, A.; Strakosas, X.; Friedlein, J. T.;
McLeod, R. R.; Gleskova, H.; Malliaras, G. G. High-Performance
Vertical Organic Electrochemical Transistors. Adv. Mater. 2018, 30,
No. 1705031.

(62) Friedlein, J. T.; McLeod, R. R; Rivnay, J. Device physics of
organic electrochemical transistors. Org. Electron. 2018, 63, 398—414.

(63) Stoop, R. L.; Thodkar, K; Sessolo, M; Bolink, H. J;
Schonenberger, C.; Calame, M. Charge Noise in Organic Electro-
chemical Transistors. Phys. Rev. Appl. 2017, 7, No. 014009.

(64) Sakkopoulos, S.; Vitoratos, E. Differentiation of the Aging
Process of PEDOT:PSS Films under Inert Helium and Ambient
Atmosphere for Two Different Rates of Thermal Treatment. Open J.
Org. Polym. Mater. 2014, 04, 1-S5.

(65) Son, H. J.; Park, H-K; Moon, J. Y,; Ju, B-K; Kim, S. H.
Thermal degradation related to the PEDOT:PSS hole transport layer
and back electrode of the flexible inverted organic photovoltaic
module. Sustainable Energy Fuels 2020, 4, 1974—1983.

(66) Chu, C.-H.; Sarangadharan, I; Regmi, A.; Chen, Y.-W.; Hsu,
C.-P.; Chang, W.-H,; Lee, G.-Y.; Chyi, J.-I; Chen, C.-C.; Shiesh, S.-
C.; Lee, G.-B.,; Wang, Y.-L. Beyond the Debye length in high ionic
strength solution: direct protein detection with field-effect transistors
(FETs) in human serum. Sci. Rep. 2017, 7, No. 5256.

https://doi.org/10.1021/acs.analchem.6c02236
Anal. Chem. XXXX, XXX, XXX-XXX

920z 1snBNy g uo Jasn 3IHLOITEIE LIM Aq Jpd'9eZ2099 Wayd|eue soe/gL LEZ0/9/9£ 22009 Wayd|euE Soe/L Z0 L 0 L/10p/pd-ajoie/weyoue/B10'soe"sqnd wouy papeojumoq


https://doi.org/10.3390/mi11050464
https://doi.org/10.3390/mi11050464
https://doi.org/10.3390/mi11050464
https://doi.org/10.1016/j.nanoen.2016.09.039
https://doi.org/10.1016/j.nanoen.2016.09.039
https://doi.org/10.1016/j.nanoen.2016.09.039
https://doi.org/10.3390/bios12090767
https://doi.org/10.3390/bios12090767
https://doi.org/10.3390/bios12040253
https://doi.org/10.3390/bios12040253
https://doi.org/10.1021/acssensors.3c01172?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssensors.3c01172?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssensors.3c01172?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s00604-018-3028-7
https://doi.org/10.1007/s00604-018-3028-7
https://doi.org/10.1007/s00604-018-3028-7
https://doi.org/10.1007/s00604-018-3028-7
https://doi.org/10.1002/cplu.202200325
https://doi.org/10.1002/cplu.202200325
https://doi.org/10.1002/cplu.202200325
https://doi.org/10.1002/aelm.202300673
https://doi.org/10.1002/aelm.202300673
https://doi.org/10.1002/aelm.202300673
https://doi.org/10.1021/acsami.4c02772?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.4c02772?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D3SD00083D
https://doi.org/10.1039/D3SD00083D
https://doi.org/10.1021/acssensors.0c02455?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssensors.0c02455?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssensors.0c02455?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssensors.0c02455?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s10008-023-05753-x
https://doi.org/10.1007/s10008-023-05753-x
https://doi.org/10.1149/2.0292003JES
https://doi.org/10.1149/2.0292003JES
https://doi.org/10.1149/2.0292003JES
https://doi.org/10.1021/acsaelm.4c00260?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaelm.4c00260?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/advs.202105211
https://doi.org/10.1002/advs.202105211
https://doi.org/10.1021/acsami.3c12397?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.3c12397?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.nxmate.2024.100160
https://doi.org/10.1016/j.nxmate.2024.100160
https://doi.org/10.1002/aelm.202001173
https://doi.org/10.1002/aelm.202001173
https://doi.org/10.1002/aelm.202001173
https://doi.org/10.1038/natrevmats.2017.86
https://doi.org/10.1126/sciadv.adi3536
https://doi.org/10.1126/sciadv.adi3536
https://doi.org/10.1002/adma.201705031
https://doi.org/10.1002/adma.201705031
https://doi.org/10.1016/j.orgel.2018.09.010
https://doi.org/10.1016/j.orgel.2018.09.010
https://doi.org/10.1103/PhysRevApplied.7.014009
https://doi.org/10.1103/PhysRevApplied.7.014009
https://doi.org/10.4236/ojopm.2014.41001
https://doi.org/10.4236/ojopm.2014.41001
https://doi.org/10.4236/ojopm.2014.41001
https://doi.org/10.1039/C9SE00811J
https://doi.org/10.1039/C9SE00811J
https://doi.org/10.1039/C9SE00811J
https://doi.org/10.1038/s41598-017-05426-6
https://doi.org/10.1038/s41598-017-05426-6
https://doi.org/10.1038/s41598-017-05426-6
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.6c02236?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

