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ABSTRACT: In the midst of the COVID-19 pandemic, adaptive
solutions are needed to allow us to make fast decisions and take
effective sanitation measures, e.g, the fast screening of large groups 4(‘
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an organic field-effect transistor (OFET)-based biosensing device .
detecting of both SARS-CoV-2 antigens and anti-SARS-CoV-2 &) 1 .
antibodies in less than 20 min. The biosensor was produced by B ’/
functionalizing an intrinsically stretchable and semiconducting Voliage " Semiconductor . Voliage
triblock copolymer (TBC) film either with the anti-S1 protein  LoD: 0.36 fg/mL “Frastomer E-S-E E,asmm;y LOD: 74.6 pg/ mL
antibodies (S1 Abs) or receptor-binding domain (RBD) of the S1 ~ Sensitivity: 19 %/dec k Sensitivity: 32 %/dec
protein, targeting CoV-2-specific RBDs and anti-S1 Abs,
respectively. The obtained sensing platform is easy to realize due to the straightforward fabrication of the TBC film and the
utilization of the reliable physical adsorption technique for the molecular immobilization. The device demonstrates a high sensitivity
of about 19%/dec and a limit of detection (LOD) of 0.36 fg/mL for anti-SARS-Cov-2 antibodies and, at the same time, a sensitivity

of 32%/dec and a LOD of 76.61 pg/mL for the virus antigen detection. The TBC used as active layer is soft, has a low modulus of
24 MPa, and can be stretched up to 90% with no crack formation of the film. The TBC is compatible with roll-to-roll printing,
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potentially enabling the fabrication of low-cost wearable or on-skin diagnostic platforms aiming at point-of-care concepts.
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1. INTRODUCTION

The field of bioelectronics develops rapidly, offering novel
materials and devices for healthcare applications, e.g., smart
biosensors or implants.'~* Organic field-effect transistors
(OFETs) are prominent members of the biosensors family,
due to their good biocompatibility, potential flexibility, and
biodegradability, ultimately leading toward wearable and on-
skin applications.”~” Furthermore, the utilization of solution-
processable polymer conjugated semiconductors (PSCs) for
the fabrication of OFETSs could allow for large-scale and low-
cost fabrication, as well as the realization of multiplexed
sensing applications.”” A typical OFET device consists of three
main components: the terminals (source, drain, and gate
electrodes), a dielectric, and an active layer, with the latter
formed by an organic semiconductor. Such three-terminal
OFET-type devices enable the straightforward amplification
and fine-tuning of measured electrical signals by controlling the
applied voltage on the gate electrode.'” In recent years, OFET-
based biosensors progressed significantly for the detection of
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various biofunctional species, e.g, glucose,11 uric acid,**
protein,"’ and DNA."* Depending on the working mechanism
and the final application, the three-terminal OFET-based
biosensors can be further divided into conventional OFETsS,
electrolyte-gated OFETs (EGOFETs), as well as organic
electrochemical transistors (OECTSs)."> To provide real-time
and continuous health monitoring as a wearable device, the
active OFET layer must be adapted to meet the softness and
natural stretchability of the skin, which extends by 30% or
more.'® At the same time, the stretchability (i.e., low elastic
modulus) of the active layer would enable the higher
compliance of the sensor being integrated into the textile or
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Figure 1. Schematic of the fabricated BGBC OFET and mechanical properties of the analyzed polymers. (A) Chemical structure of the TBC with
40 wt % content of PDMS: light-green highlight denotes semiconducting block PDPP-TT, whereas purple highlight is the elastic PDMS blocks
(end-caps). (B) Device configuration using BGBC structure (Fraunhofer OFET Gen4, 230 nm SiO,), where the TBC or reference PDPP-TT
polymers were spin-coated on the top of evaporated gold electrodes with L = 20 yum and W = 1000 um. (C) Left graph: elastic modulus of the
reference PDPP-TT copolymer and the TBC with a 40 wt % content of PDMS within the polymer’s structure identified by a nanoindentation
method (the error bars correspond to the standard deviation due to the softness of the tip). Right graph: crack onset formation of the reference
PDPP-TT copolymer and the TBC under stretching. (D) Microscopy images of strained TBC (upper) and reference PDPP-TT (lower),
respectively (scale bars denote 20 ym for TBC and SO ym for the reference PDPP-TT, and ¢ is the amount of applied strain). (E) Microscopy
images of TBC OFETs and (F) electrical characteristics of a typical device.

at the skin, for a more reliable detection of biological
signals.'”'® Another advantage of stretchable biosensors is
their noninvasive nature that would lower the barrier in
utilizing them in patient’s everyday life. Yet, state-of-the-art
thin films of PSCs are brittle and prone to mechanical failure
upon stretching (already at 1—3% strain).'” To date, three
main methods are available to increase the mechanical
compliance of the active material: (i) stress-accommodating
engineering (or buckling method),* (ii) blending of PSCs into
elastomeric matrix or establishing composites,”’ and (iii)
molecular engineering.””*’

Traditionally, the fabrication of stretchable sensors is driven
by strain and pressure sensors, as they are the simplest to
realize for on-skin electronic applications, and these sensor
types are still of great importance for the realization of
continuous health-monitoring devices. By utilizing the buckling
method, i.e,, laminating the thin organic semiconducting layer
on a prestretched elastomer and creating a wrinkled device
structure, Kaltenbrunner et al. realized sensors that showed no
electrical degradation even at 233% tensile strain.'” However,
this approach requires additional processing steps that increase
the final price of a sensor platform, as well as deliver an uneven
surface, which limits contact with other device’s layers. Wang
and co-workers demonstrated a stretchable and self-healable
composite of polyaniline, poly(acrylic acid), and phytic acid

exhibiting stretchability up to 500% strain, which can be
utilized for mechanical sensors to detect a variety of human
motions.”* Despite delivering highly functional hybrid
materials, the blending/composite approach requires a precise
choice of the blend ratios and, in some cases, specific
pretreatment of a semiconducting part.*®

The utilization of intrinsically soft and semiconducting PSCs
could allow for the realization of stretchable OFET biological
sensors, yet this approach is challenging: in addition to the
problem of the PSC’s brittleness, the direct contact of the
semiconductor with an aqueous solution is a limiting factor, as
it continuously damages the active layer.”” Consequently,
research protocols on such systems are rare. A polyisoindigo-
bithiophene-siloxane polymer synthesized by Bao’s group is a
notable exception: the PSC demonstrated good compatibility
with the used microstructured polydimethylsiloxane (PDMS)
dielectric layers due to the presence of short siloxane side
chains. Almost no hysteresis was detected while measuring the
transfer curves of the flexible pressure sensor.”” Later the same
polymer structure was demonstrated to overcome water
instability (including seawater), which is preserved over an
extended time period.”” Recently we reported the synthesis of
a triblock copolymer (TBC) consisting of a conjugated
polydiketo-pyrrolopyrrole-thienothiophene (PDPP-TT) PSC
flanked by two soft elastic segments, i.e., PDMS (Figure 1A).**

https://doi.org/10.1021/acsbiomaterials.1c00727
ACS Biomater. Sci. Eng. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acsbiomaterials.1c00727?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.1c00727?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.1c00727?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.1c00727?fig=fig1&ref=pdf
pubs.acs.org/journal/abseba?ref=pdf
https://doi.org/10.1021/acsbiomaterials.1c00727?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Biomaterials Science & Engineering

pubs.acs.org/journal/abseba

PDMS moieties offer not only stretchability but also the
possibility to perform reliable physical adsorption of
biochemical species, e.g., antibodies or proteins."’0 The
utilization of such a block copolymer might therefore serve
as a strong foundation to realize a straightforward, low-cost,
and wearable biosensing platform.

It has been over a year since the COVID-19 outbreak was
declared a pandemic by the World Health Organization
(WHO).>" The high mortality of the SARS-CoV-2 virus
(around 3.5 million per year) leads to significant research
efforts to develop solutions for a better management of the
situation at the societal level. Along with primary means of
COVID-19 detection methods, such as polymerase chain
reaction (PCR) and paper-based immunosensors, there is a
recent interest in exploring other potential virus detection
platforms with transistor-based biosensors using advanced
materials as a preparation for any future outbreak. These new
results present significant improvements in sensing sensitivity,
marked by an extremely low limit of detection and short
detection times. However, to our knowledge, only electrolyte-
gated field effect transistors or organic electrochemical
transistors (OECTs) were reported for SARS-CoV-2 antibody
and antigen detection so far.””~>* The need for electrolyte
liquid gating in these platforms is a major drawback, as it limits
the ability of these devices to be potentially integrated into
garments to be used on demand (e.g,, when attending social
events, sports centers, etc.). Yet such point-of-care systems for
quick diagnostics could represent an important part of the
solution to the current pandemic situation, as they offer a more
flexible route to manage the lock-down conditions.

Here, we present—at the proof-of-concept level—an OFET
diagnostics biosensor platform for the detection of SARS-CoV-
2 antigen and anti-SARS-CoV-2 antibodies (S1 Abs) on the
basis of our previously reported soft and stretchable TBC as an
active layer. The physical adsorption technique was demon-
strated to be straightforward and fast for biomolecule
immobilization.” Here, we directly adsorbed SARS-CoV-2
spike receptor-binding domain (RBD) receptors, as well as S1
Abs, onto the TBC surface by immersion into the respective
solution. The antigen/polymer (or antibody/polymer) layer is
then used for the selective binding of targeted S1 Abs (or
RBDs), and the biorecognition effect is detected through direct
electronic transduction. Although target incubation was
performed in solution, all measurements were carried out in
dry-state with the intention of moving toward a more realistic
wearable platform. The OFET-based biosensor developed in
this study is able to detect the respective analyte in a wide
range of concentrations (from 0.1 fg/mL to 1 pg/mL) with a
mean detection limit (LOD) of 0.36 fg/mL and a sensitivity of
19%/dec for S1 Abs sensing and or a LOD of 74.6 pg/mL and
a sensitivity of 32%/dec for RBD sensing. Therefore, the
proposed OFET-based biosensor enables the identification of
the presence/absence of an infection, as well as the immune
status of the person in one platform. The TBC has favorable
mechanical and physical properties, e.g., a low elastic modulus
(E,), and shows no crack formation upon stretching (up to
90%). Considering this, the proposed OFET-based biosensor
could be potentially transferred onto stretchable substrates
using high-throughput coating techniques and allow for the
fabrication of low-cost wearable or on-skin diagnostic plat-
forms.

2. EXPERIMENTAL SECTION

2.1. Materials. The polymers (reference PDPP-TT and TBC)
were synthesized after previously reported protocols.”” Sensing
subjects are SARS-CoV-2 S1 RBD protein (P202-021, Trenzyme
GmbH) and target molecules human anti-SARS-CoV-2 S1 mono-
clonal antibody (CABT-CS031, Creative Diagnostics). For testing of
the selectivity of the sensor, anti-hOC43 spike antibody (P36334,
CUSABIO) and recombinant human coronavirus OC43 spike protein
(DEAGCI131, Creative Diagnostics) were used. For the verification of
unspecific adsorption, we used anti-human specific secondary
fluorescence antibodies rabbit anti-human IgG DyLight 488 (SAS-
10110, ThermoFisher Scientific) and nonspecific secondary fluo-
rescence goat anti-mouse IgG Alexa Fluor Plus 488 (A32723,
ThermoFisher Scientific). Phosphate-buffered saline (PBS) solution
was prepared from a tablet (P4417, Sigma-Aldrich) according to the
manufacturer’s instruction to obtain 0.01 M in concentration, pH =
7.4. Bovine serum albumin (A9418, Sigma Alrich) was diluted in PBS
solution at a 0.5 wt % concentration and used without any further
purification as a blocking solution.

2.2. Field-Effect Transistor Preparation. Polymer solutions in
chlorobenzene at 80 °C, namely, TBC (27 mg mL™") and reference
PDPP-TT (27 mg mL™"), were spin-coated at 1300 and 900 rpm,
respectively, on prefabricated bottom-gate bottom-contact field-effect
transistor substrates (Fraunhofer OFET Gen4, 230 nm SiO,). The
devices were measured afterward with no additional thermal
treatment step.

2.3. Surface Functionalization. The surface modification
procedure is described in Figure 2B,C. The devices were rinsed
with DI water and ethanol and dried with a compressed air gun. In
antibody testing strategy: we first immersed the device in 1.5 mL of 3
ug/mL SARS-CoV-2 Spike RBD protein (RBD) in PBS overnight at 4
°C for adsorption. Next, the devices were intensively washed three
times using PBS with 0.1% TWEEN 20 surfactant to remove any
unbound protein molecules. Bovine serum albumin (BSA) at 0.5 wt %
concentration in PBS was used as a blocking solution. The devices
were again washed three times with PBS-TWEEN solution. For
sensing and detection, we incubated the device in varied
concentrations of human anti-SARS-CoV-2 S1 monoclonal antibody
(S1 Abs) diluted in PBS for 20 min at room temperature. In the
antigen testing strategy, the devices were first immersed in 1.5 mL of 3
ug/mL S1 Abs in PBS overnight at 4 °C. After that, the devices went
through a similar procedure of washing and BSA blocking as
described in the antibody testing strategy. The detection condition of
RBD protein was the same, 20 min at room temperature. For studies
of selectivity of the sensor, we incubated the device in 1 yg/mL anti-
HuOC43 spike antibody or HuOC43 protein diluted in PBS
depending on the sensing strategy (refer to Figure 2B,C). A full
calibration curve was constructed for each single device by incubating
in increasing analyte concentration (from 0.1 fg/mL to 1 ug/mL) in a
stepwise manner. After each incubation, the devices were rinsed with
PBS-TWEEN 20 and DI water and dried before measurement.

2.4. Characterization. For the investigation of crack initiation
strain, the polymer films were transferred on a PDMS substrate, which
was cured at 80 °C for 1 h with a 10:1 mixing ratio of curing agent to
base polymer (Sylgard 184, Dow corning), and optical microscopy
(MarSurf CM expert, Nanofocus) was performed to obtain the crack
images of the polymer film. To apply uniform uniaxial strain on the
sample, a custom-made 1D motorized stretching equipment was
mounted under the microscope to conduct the measurement. The
crack density of the polymer films was evaluated by counting the
number of cracks along the cross-section profile in three different
lines. Please note that there is a technical limitation to apply a strain of
more than 90% on the film; therefore, this value is reported as the
final one (Figure 1B).

Optical characterization was performed on an inverted fluorescence
microscope with a GFP filter set (Zeiss). Fluorescence secondary
antibodies as described in the Materials section were used for the
labeling of S1 Abs on the devices. The exposure time was set at 2 s. All
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Figure 2. Surface modification of TBC for antigen or antibody
sensing. (A) Studied subjects in this work and suggested mechanism
for the physisorption of biomolecules to TBC (right picture: contact
angle measurement between DI water and TBC). Surface
modification procedure for (B) S1 antibody sensing and (C) spike
receptor-binding domain (RBD) sensing. (D and E) Fluorescence
microscopy images that confirm the success of surface modification.
Fluorescence secondary antibodies that have good affinity to S1 Abs
(specific fluor. Ab) or no affinity to S1 Abs (nonspecific fluor. Abs)
were added to the samples as noted in the images to check the SI Abs
presence on the surface and nonspecific adsorption effect. (F and G)
Verification by electrical characterization in two sensing strategies.
Output currents at V, = =20 V and V4 = 40 V were extracted. Bar
charts present the current ratio measured at every modification stage
to the control (HuOC43 antibody or protein) step collected from 4
OFETs for each sensing strategy. Error bars present the standard
deviation of five measurements. Scatter plots show the average and
standard error current ratio value of the 4 OFETs.

images were processed by open-source Image] software and adjusted
for visualization with the same parameters.”®

Electrical characterization was performed with a Precision Source-
meter unit (Keysight, B2902A). Output characteristics were obtained
from I-V4 sweeps between —40 and 40 V at V, = =20 V from OFET
with L = 20 ygm and W = 1000 pm.

3. RESULTS AND DISCUSSION

3.1. Materials and Crack-Onset Formation. To provide
continuous health monitoring via wearable OFET devices on
the stretchable substrate, the PSCs must be adapted toward the
elasticity of the skin. Recently we reported an intrinsically
stretchable and semiconducting TBC based on semiconducting
PDPP-TT block covalently end-capped with two elastic PDMS
blocks (Figure 1A). The resulting structure possesses around
40 wt % of the insulating elastic moiety. Due to the

thermodynamic incompatibility of the two blocks (semi-
conducting, elastomeric), a phase segregation on the nanoscale
occurs, while the inherent properties of each moiety are
preserved in the respective phase.”

The introduction of elastic PDMS blocks within the PDPP-
TT semiconducting backbone resulted in a low elastic modulus
(E;) of the obtained TBC of 24 MPa (compared to the
reference copolymer with E of 104 MPa)** (Figure 1C). To
access the mechanical compliance of TBC and the reference
polymers, the thin films were transferred on the cross-linked
PDMS substrate and stretched with a home-built stretching
device up to 90% strain. The morphology of the films was then
analyzed with optical microscopy. No crack formation was
observed for the TBC block copolymer up to 90% strain, while
the reference copolymer started to form cracks already at 1%
strain (Figure 1C,D and Figure S1). For the OFET-based
biosensor, the TBC and reference PDPP-TT polymers (see the
Supporting Information) were spin-coated on bottom gate
bottom contact prefabricated OFETs with a channel length
(L) of 20 ym and a channel width (W) of 1000 um, which
resulted in a smooth and homogeneous polymer coverage on
the device (Figure 1B,E). For a detailed OFET fabrication
procedure, please refer to the Experimental Section. A back-
gate voltage (ng) was applied to the silicon substrate (Figure
1B). By sweeping V4 and keeping Vig at a constant value, the
output characteristics, Iy (V,4), were obtained, which show a
clear p-channel OFET behavior (Figure 1F, left). The transfer
curves Iy (Vg) are shown in Figure 1F, right; again, p-type
OFET behavior with an ON/OFF ratio of ~10* was observed
for V4 = 40 V. As expected, similar OFET characteristics were
obtained for the reference PDPP-TT-based device (see Figure
S2). The hysteresis and leakage current of transfer curves for
the TBC- and PDPP-based OFETs can be found in the
Supporting Information (Figures S3—S6).

Moreover, we demonstrated recently that the TBC can be
shear-coated at high shearin?g speeds with almost no change in
the electrical performance.”” These results combined pave the
way for this material to be utilized on flexible/stretchable
substrates (e.g., foil, cross-linked PDMS) using low-cost and
high-throughput coating techniques (e.g., doctor blade, roll to
roll printing).

3.2. Surface Functionalization and Fluorescence
Measurements. Along with high mechanical compliance of
the OFET active layer, the choice of biomaterials’ immobiliza-
tion technique is important to realize a low-cost and high-
throughput sensor platform. Physical adsorption is considered
a straightforward, inexpensive, and fast technique. Here, the
biomaterial is adsorbed on the active material’s surface by
hydrophobic, ionic, or van der Waals interactions. This method
is similar to well-established ELISA protocols that rely mainly
on the adsorption of the protein receptors on plastic well
plates.’® In contrast to the covalent surface functionalization,
physical adsorption affects the PSCs’ properties less and does
not need sophisticated chemical designs of the active layer.”
There are quite a few reports to date based on the physical
adsorption of biomolecules on polymer semiconductors.
Magliulo et al. realized the adsorption of C-reactive protein
(CRP) monoclonal Abs on the poly-3-hexylthiophene (P3HT)
layer for the detection of CRP. The electrical performance of
the obtained biosensor was comparable to the pristine P3HT
OFET, having a detection limit of 2 pM (whereas most
immunosensors show a value in the range 0.1—20 mg/L)."’
Likewise, Seshadri et al. utilized physical adsorption of
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procalcitonin  (OCT) specific Abs on the P3HT surface,
resulting in a biosensor that could selectively detect OCT at
low-picomolar concentrations.*' However, it is known in the
literature that P3HT possesses lower charge carrier mobilities,®
as well as the fact that it is not stable on ambient conditions,**
compared to other PSCs, such as polyisoindigo or poly-
diketopyrrolopyrrole.

The physical adsorption of biomolecules can then be applied
in our OFET platform for the detection of SARS-CoV-2
antigen and antibodies. Unlike PCR, which requires trained
staff and expensive equipment, the most current rapid COVID-
19 tests are antigen tests that can detect the SARS-CoV-2 virus
within half an hour. Meanwhile, when vaccination programs
spread around the globe, antibody testing can help determine if
the patient produces immunity from the virus. Here, at the
proof-of-concept level, we demonstrate the sensing in both
directions.

SARS-CoV-2 consists of four major proteins, including spike
(S), envelope (E), matrix (M), and nucleocapsid (N). Among
them, the S protein suits best for the virus detection platform
because of its importance in initiating virus infection.”* The S
protein consists of two subunits: S1 and S2. The S1 protein is
responsible for host receptor binding while the S2 protein
mediates membrane fusion.””** For antigen testing strategy
(Figure 2C), we selected the receptor-binding-domain (RBD)
of S1 protein (Figure 2A), which directly interacts with the
host receytor as a fingerprint for SARS-CoV-2 virus
detection” and human anti-SARS-CoV-2 S1 monoclonal
antibody (S1 Abs) as a receptor on the sensing surface. For
antibody testing (Figure 2B), we immobilized RBD protein on
the sensing surface and detected S1 Abs (Figure 2B). The RBD
employed in this work contains 223 amino acids with a high
percentage of hydrophobic content (see the Supporting
Information), which thus fits well for physisorption as the
TBC surface is also hydrophobic (contact angle around 100°,
Figure 2A). More details about the functionalization step can
be found in the Experimental Section.

To confirm the physical adsorption of either RBD or S1 Abs
on the active layer surface and its specific adsorption,
nonspecific and specific fluorescence secondary antibodies
were added to the functionalized surface (Figure 2D,E). Before
any addition of fluorescent antibodies, we observed a certain
degree of autofluorescence in TCB samples (Figure S7).
However, adding nonspecific fluorescent antibodies did not
increase the signal in both strategies (Figure 2D,E, left and
Figures S7 and S8). This is evidence that there was minimal
nonspecific adsorption to the sensing surface after the BSA
blocking step. When we added S1 Abs (Figure 2D, right) or
specific fluorescent antibodies (Figure 2E, right) to the sample,
we observed an increase in the fluorescence signal according to
the amount of S1 Abs (Figure S8), which confirms the
presence of S1 Abs on the surface. A comparison of the TBC
and other polymers, e.g, PDMS, as well as reference polymer
PDPP-TT is presented in the Supporting Information (Figures
S7 and S8).

To verify each step of the functionalization process, we
monitored the electrical characterization of the OFET after
each step of the procedure. The source—drain current (I,3) of
the OFET device was extracted at V4 =40 Vaand V, = -20V
and normalized to the current level of the control sample
(Figure 2F,G), which represent the change after each
functionalization step. For each testing strategy, we collected
data from four TBC-based OFET devices (bar charts Figure

2F,G). All of them show consistent behavior where they
showed a current drop after receptor immobilization, especially
after RBD binding, a slight increase in current after BSA
blocking step, and a strong escalation after target-molecule
binding. Similar behavior was also observed in sensing with
PDPP-TT-based OFET devices (Figure S9). Moreover, to test
the selectivity of our sensing platform, the modified OFETs
were incubated in a high-concentration solution of human
coronavirus OC43 antibodies/protein (1 ug/mL) that
associated with another type of coronavirus that causes the
common flu.*® The result demonstrates that the I; remains
almost unchanged after this control experiment, which in turn
confirms the success of the immobilization method, as well as
the selectivity of the RBD/S1 Abs receptors toward binding to
S1 Abs/RBD, respectively. Overall, the proposed OFET-based
biosensor has great potential for the detection of both
antibodies/antigens within one platform.

3.3. Electrical Characterization. The sensing perform-
ance was analyzed for OFETs based on TBC within a wide
concentration range of S1 Abs and RBD, from 0.1 fg/mL to 1
ug/mL (Figure 3C,D).

As can be seen from Figure 3C, there is a significant
escalation of the Iy increase even at very low solution
concentrations of S1 Abs. In the case of RBD sensing, the
increase in Iy is rather steady from 0.1 fg/mL to 100 pg/mL
concentration. Full electrical characterization of a typical TBC-
OFET for S1 Abs sensing can be found in Figure S10.

To quantify how the binding of S1 Abs or RBD amplifies the
current signal, the ratio between the Iy of each S1 Abs/RBD
solution concentration to the I 4 of the blank sample (at V, =
—20 V, V4 = 40 V) was calculated (Figure 3E,F). The
obtained data for S1 Abs sensing shows that, even at lower S1
Abs solution concentrations, the TBC-based OFET shows a
almost three times higher electrical response than the blank
PBS response (Figure 3E), indicating extreme sensitivity. The
ratio increases almost linearly (R* > 0.9) with the S1 Abs
concentration. To verify that these results do not originate
from the current drifting effect, which might arise from filling
interface or bulk trap states of the active layer,47 the electric
measurements of analyzed OFET devices were performed
every 20 min for the duration of 140 min (20 min are equal to
the incubation time for S1 Abs detection) (Figure S11). The
obtained results show that the current ratio caused by the
drifting effect is lower and is clearly distinguished compared to
the S1 Abs TBC-based OFET sensing signal (Figure 3E,F, gray
area). Moreover, the amplification of the current due to the
binding of the selectivity control sample is low and lies within
the blank noise level, illustrating good selectivity of the sensor.
Regarding RBD detection, the sensing response is low at a low
concentration of the targeted solution (up to 100 fg/mL),
which lies both within the blank error and under the selectivity
control detection current level, leading to a higher LOD. This
might be explained by the fact that the higher molecular weight
of S1Abs results in a nonhomogeneous functionalization and
randomly oriented binding centers, which hinder the RBD
sensing response (Figure 3B).

On the basis of the obtained electrical data, the LOD and
sensitivity were calculated for S1 Abs and RBD sensing over
four TBC-based OFET devices (Figure 3G,H). Given the fact
that RBD functionalization is more homogeneous (Figure 3A),
the mean sensitivity for S1 Abs sensing was calculated to be
19%/dec (best performing device: —24%/dec) over a wide
dynamic range, from 0.1 fg/mL to 1 pg/mL, with a confident
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Figure 3. Sensing performance of different detection modes for
OFET-based biosensor. (A and B) Schematic representation of the
targeted biomaterial (S1 Abs or RBDs) depending on the TBC’s
surface functionalization. (C and D) Examples of SI Abs or RBD
concentration dependence of output characteristics in TBC-based
OFET device. (E and F) Comparison of current ratio to blank sample
in the two detection modes. The gray area represents the noise level
as a result of current drifting due to consecutive measurements of a
blank sample over 2 h. The green and purple bars represent the
current level with error of the control sample. The error bars show the
standard deviation of five measurements. (G and H) Graphical
representation of the determined sensitivity and limit of detection in
both detection modes for four different devices. The error bars show
the fitting error.

LOD of 0.36 fg/mL (best performing device: —0.1 fg/mL).
Although, RBD sensing results in a narrower dynamic range,
from 10 pg/mL to 1 pug/mL, and a higher mean LOD of 74.6
pg/mL (best performing device: —9.15 pg/mL), the sensitivity
of this mode is significantly better at a high concentration,
32%/dec (best performing device: —47%/dec). Moreover, the
TBC-based OFET sensing platform outperformed PDPP-TT-
based OFETs in S1 Abs sensing, which shows a lower
sensitivity of 17%/dec and a much higher mean LOD f 3.8 ng/
mL.

4. CONCLUSIONS

An OFET-based biosensor targeting the anti-SARS-CoV-2
antigen as well as S1 Abs was realized. The sensing platform is
easy to realize and utilizes physical adsorption for the
molecular immobilization of either S1 Abs or RBD of the S1
protein. The biosensor reported in this study detects a wide
dynamic range of concentrations (from 0.1 fg/mL to 1 ug/mL
for S1Ab sensing; from 10 pg/mL to 1 ug/mL for RBD
sensing) with a mean detection limit of 0.36 fg/mL and a
sensitivity of 19%/dec of concentration for S1 Abs sensing

and—at the same time—a LOD of 74.6 pg/mL and a
sensitivity of 32%/dec for RBD sensing, respectively. In
addition, the test is rapid and the result is given within 20 min.
The active layer was formed by a triblock copolymer (TBC)
consisting of an inner high-performance polymer semi-
conductor (PDPP-TT) flanked by two soft and elastomeric
PDMS chains. Nanoscale phase segregation results in a
mechanically soft (E, = 24 MPa) active layer that can be
stretched up to 90% with no crack formation while fully
maintaining the necessary electronic functionality. With proper
transfer to a stretchable-flexible substrate, the presented
concept offers the possibility to realize stretchable biosensors,
which might be incorporated in garments or for lab-on-a-mask
systems. Ultimately, new wearable platforms might be
accessible for on-the-fly detection of antigens and antibodies
to aid reducing—and eventually stopping—the spread of
COVID-19 and future pandemics.
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