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ABSTRACT: Transistor-based biosensors fulfill many requirements posed upon  / Mix SAM

transducers for future point-of-care diagnostic devices such as scalable fabrication _

and label-free and real-time quantification of chemical and biological species with \/ \/ \/ 2

high sensitivity. However, the short Debye screening length in physiological 7

samples (<1 nm) has been a major drawback so far, preventing direct & dinttdifittnitniiiiiey

measurements in serum. In this work, we demonstrate how tailoring the sensing Mono SAM Concentration

surface with short specific biological receptors and a polymer polyethylene glycol

(PEG) can strongly enhance the sensor response. In addition, the sensor ? w'w
Rittatigtittttattttttitfeteee —_—

performance can be dramatically improved if the measurements are performed at
Concentration

Signal

elevated temperatures (37 °C instead of 21 °C). With this novel approach, highly
sensitive and selective detection of a representative immunosensing parameter—
human thyroid-stimulating hormone—is shown over a wide measuring range with
subpicomolar detection limits in whole serum. To the best of our knowledge, this is the first demonstration of direct
immunodetection in whole serum using transistor-based biosensors, without the need for sample pretreatment, labeling, or
washing steps. The presented sensor is low-cost, can be easily integrated into portable diagnostics devices, and offers a
competitive performance compared to state-of-the-art central laboratory analyzers.
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F ield-effect transistor (FET) based biosensors' ™ are ideal defines how far this effect persists is the Debye screening length

candidates for future use in point-of-care diagnostics (Ap).” In physiological conditions, Ap is <1 nm, making the

devices (PoC)* due to their advantageous characteristics direct detection in real samples difficult because the size of the
compared to other biosensor types. These purely electronic typical receptor molecules exceeds this length.'”*’
devices have a fast response and can be inexpensive, To address this challenge, several interesting yet relatively
miniaturized, and mass-fabricated using conventional nano- complex strategies have been proposed that require additional
and microfabrication technology. They have demonstrated high sample pretreatment, multiple washing steps, or more advanced
sensitivity and selectivity in label-free detection schemes of sensor geometry and instrumentation, limiting their applic-
various analytes including electrolyte ions, DNA, small ability in a point-of-care Set'cing.lg’zo’%25 Another promising
molecules, proteins, and cells.””~'* Despite these attractive and direct approach is the use of shorter receptors with
properties not many commercial applications have appeared in different orientation and spacing.’****’ It remains unclear,
the market (e, lon AmpliSeq technology'® or Vista’s silicon however, to what extent this can be generalized since most of
nanowire FET based NanoBioSensor'®) since the first FET the receptors are larger than the critical Debye length in
biosensor demonstration in the late 1970s.”"” This is partly due physiological conditions (<1 nm). More recently, the addition
to a major drawback of this technology, the so-called Debye of a polymer that can increase the effective Debye screening
screening in physiological solutions. 8% length has been proposed as a more general approach.zo’28

FET-based biosensors sense the change in the electric field Unfortunately, only buffer solutions have been used to date
caused by the binding of charged target species on the sensor with moderate detection limits in the 100 nM range for specific
surface, resulting in changes in the measured channel current.” biosensing,28 which is not suitable for many clinically relevant
This basic operating principle can become ineffective if the parameters that require picomolar detection limits in serum.
target molecules are to be detected in high ionic strength
solutions such as blood or serum, because the effective charge Received: March 24, 2017
of the analyte is screened by the electrolyte ions. This effect is Accepted: August 3, 2017
called Debye screening and the characteristic distance that Published: August 30, 2017
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Figure 1. (A) Schematic representation of the main modification steps of the gold electrodes. (B,C,D) Quartz crystal microbalance (QCM) data of
the gold modification protocol and test of TSH binding to F(ab’), fragments. (B) Frequency response of the gold-coated QCM chip to the
immobilization of the Mix SAM, removal of the Mix SAM excess with MES buffer and the activation of the SAM with EDC/NHS. (C)
Immobilization of F(ab’), fragments on the activated surface followed by addition of 10 #M BSA to block the active surface sites not occupied by
F(ab’), fragments. (D) Addition of 100 nM BSA followed by several concentrations of TSH.

Even in buffer, a relatively high degree of undesired nonspecific
binding (20—30%) has been measured,”® suggesting that
additional passivation steps are necessary. Finally, only
nanomaterial-based sensors with relatively complex fabrication
processes have been used which may limit the applications as a
single-use disposable chip in a point-of-care environment.

In this work, we report a novel surface chemistry approach
that combines antibody fragments as short biological receptors
with polyethylene glycol (PEG) molecules to enable direct
label-free selective immunodetection in whole serum with sub-
pM detection limits—over S orders of magnitude lower than
reported previously in buffer.”® Thyroid-stimulating hormone
(TSH) is chosen here as a representative analyte—a relevant
and well-characterized immunosensing parameter with de-
manding sensitivity requirements. We demonstrate this
approach with an extended-gate configuration, consisting of a
gold sensing surface which is electrically connected to a
commercial MOSFET transducer.”’ In previous work, various
configurations of extended-gate FET's have been developed for
biosensing applications, including silicon-based devices™*™**
and printed organic FETs.”””*™ A key advantage of the
extended-gate approach over conventional electrolyte-gated
layout is that the transducer is not in direct contact with the
biological solution, avoiding possible reliability issues. Here, the
transducer is also separated from the sensor chip. This allows
reuse of the readout MOSFET, while the sensing chips can be
independently designed as low-cost disposables with fewer
fabrication steps compared to nanomaterial-based sensors.*™**
The use of a gold surface gives access to well-established thiol-
gold chemistry for self-assembled monolayers (SAMs) of linker
molecules.””**~*' To evaluate the effect of PEG coimmobiliza-
tion on the sensor response, two different surface modifications
are compared, in the following referred to as “Mono SAM” and
“Mix SAM”. The Mono SAM only contains a short bifunctional
PEG-based linker (SH-PEG-COOH, 0.5 kDa) to covalently
attach the receptors and to prevent the denaturation of the
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proteins on gold,*” while the Mix SAM additionally comprises a
longer monofunctional PEG chain (SH-PEG, 10 kDa).

B EXPERIMENTAL SECTION

Biomolecules. F(ab’), fragments of an anti-TSH antibody and the
recombinant TSH antigen were kindly provided by Roche Diagnostics
GmbH, Penzberg, Germany.

Sensor Modification. Prior to the modification, the gold was
cleaned in base piranha (H,0, (30%) + 1 part NH,OH + S parts
deionized (DI) water) for 15 min at 70 °C. After this, the gold was
rinsed with DI water and dried with N,. Just before the modification
the gold was treated with oxygen plasma for 10 min. Every step of the
modification protocol was performed using SO mM MES buffer (pH
7). The first step was to incubate the gold for S min in buffer.
Depending on the desired surface modification, the gold was incubated
either in a solution of SH-PEG-COOH (0.5 kDa, 40 uM (celares) (for
Mono SAM)) or in a 2 yM to 40 uM ratio of SH-PEG (10 kDa,
nanocs) and 0.5 kDa SH-PEG-COOH (for Mix SAM) for 60 min. The
sensor was then rinsed in buffer for 10 min to remove excess unbound
PEG. The activation of the carboxyl groups on the surface was
achieved by incubating the sensor for 20 min in a solution of N-ethyl-
N'-(3-(dimethylamino)propyl) carbodiimide (EDC)/N-hydroxysucci-
nimide (NHS) from Sigma-Aldrich (0.4 mg/mL/0.6 mg/mL) for 20
min. Once the surface was activated, the sensors were incubated in a
solution of anti-TSH F(ab’), antibody fragments (100 pg/mL at pH
5.6) for 60 min to immobilize the fragments via amino coupling
reaction. This reaction is not site-specific and results in a random
orientation of the receptors on the sensor surface. Excess F(ab’),
fragments were removed by rinsing in buffer for 10 min. To prevent
nonspecific binding on the surface the remaining binding sites on the
surface (not covered by the F(ab’), fragments) were blocked by
incubating the sensors in a 10 mg/mL bovine serum albumin (BSA)
(Carl Roth) solution for 10 min.

QCM Measurements. The formation of both constructions used
in this work (Mix and Mono SAM) on gold-coated quartz crystal was
characterized using a Q-sense E4 from Biolin Scientific AB
(Stockholm, Sweden) with an electrochemistry module. The mass
deposited on the surface was recalculated from measured frequency
changes using Q-tools software (Sauerbrey equation).
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Figure 2. (A) Schematic representation of the sensor readout configuration, and both electrode types used to study the effect of PEG on the sensor
response. Two different constructions were used: Mix SAM, consisting of a gold electrode modified with a self-assembled monolayer (SAM) of 0.5
kDa PEG, 10 kDa PEG, and F(ab’), fragments; and Mono SAM consisting of a gold electrode modified with SAM based on 0.5 kDa PEG and
F(ab’), fragments. (B) Response of the sensor modified with the Mix SAM configuration to BSA and different concentrations of TSH in MES (10
mM, pH 7). (C) Response of the sensor modified with the Mono SAM configuration to BSA and different concentrations of TSH in MES (10 mM,

pH 7).

Fabrication of Extended-Gate Electrodes. The electrodes were
fabricated by thermal evaporation of Ti (10 nm) and Au (90 nm) onto
glass slides (Borofloat 33, Schott) through a shadow mask. Each glass
slide has 4 electrodes with the following lateral dimensions exposed to
the fluid sample: 1.5 mm X 0.75 mm. The evaporation was performed
at InnovationLab GmbH, Heidelberg.

Extended-Gate FET Measurements in Buffer and Serum. The
sensor readout is shown in Figure 2A. The modified gold electrode
was connected to the gate terminal of a commercial MOSFET from
Microchip Technology (so-called extended gate configuration). A
homemade silicone elastomer (Sylgard 184, Dow Corning) flow cell
with PTFE inlet and outlet tubes (VWR) was assembled on top of the
sensor chip. An Ag/AgCl reference electrode (World Precision
Instruments, Dri-REF) was placed near the sensor surface inside the
flow cell. A programmable syringe pump was used in withdrawal mode
to deliver the samples to the sensor (Aladdin AL4000—220Z, World
Precision Instruments). A constant flow rate of 40 uL/min was
maintained during the experiments.

Electrical measurements were performed using a dual-channel
source meter (Keithley 2636 B). Transfer curves were recorded by
sweeping the potential applied to the reference electrode (V) from
—0.2 to —0.8 V. At the same time, a constant potential was applied
between drain and source (V4 = 0.1 V) and the drain-source current
I3 was monitored. The initial measurements were performed using
different concentrations of human Thyroid Stimulating Hormone
(TSH) or, as a control, 100 nM bovine serum albumin (BSA) in
different concentrations of MES buffer at pH 7 (10 and 150 mM).
After these tests, undiluted horse serum (Sigma-Aldrich) was spiked
with different TSH concentrations and the measurements repeated. All
sweep measurements were performed after 20 min of incubation with
the required solution.
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For real time binding experiments, a transfer curve (i.e., an Iy vs V¢
sweep) was measured first to select a potential at an intermediate value
of Iy (around —0.4 V). Then, this constant potential was applied to
the reference electrode (V) while I, was monitored vs time at a
constant Vg, = 0.1 V. To compare the real-time current changes to AV
values obtained from sweeps, I3, was then converted to voltage
changes using the slope of the transfer curve (slope = AIi/AV,y)
measured before the real-time measurement.

B RESULTS AND DISCUSSION

Quartz Crystal Microbalance Study. As a first step, the
surface modification protocol was established using a Quartz
Crystal Microbalance (QCM). QCM is a mass-sensitive
technique that relies on frequency changes of an oscillating
quartz crystal upon adsorption of molecules on the surface. The
QCM crystals used here were also coated with a gold film
allowing a direct transfer of the successful functionalization
protocol to the gold electrodes for electrical measurements. In
Figure 1A, the main surface modification steps are schematically
drawn for the Mix SAM surface, while the corresponding QCM
measurements are presented in Figure 1B—D. This protocol
consists of the following main steps: PEG SAM formation on
gold, activation of the linker molecule (0.5 kDa SH-PEG-
COOH) carbonyl groups present on the SAM with EDC/NHS
(Figure 1B), followed by F(ab’), fragment immobilization and
blocking with bovine serum albumin (BSA), a commonly used
and inexpensive blocking reagent (Figure 1C). It is clear from
Figure 1 that the functionalization was successful because the
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Figure 3. Plot of the potential change AV as a function of concentrations of TSH (filled symbols) and BSA (open symbols) in MES 10 mM
(triangles) and in 150 mM (squares) in linear (A,B) and in semilogarithmic scale (C,D) for two different configurations: Mix SAM (A,C) and Mono
SAM (B,C). Error bars correspond to the standard deviation from four experiments.

QCM oscillation frequency was lowered appreciably upon
addition of Mix SAM (by approximately 16 Hz, Figure 1B), and
further reduced by covalent binding of randomly oriented
fragments (by approximately 15 Hz). This shift corresponds to
a deposition of 387 ng/cm® (according to the Sauerbrey
equation), similar to the values reported previously for this kind
of antibodies (220—470 ng/cm?).*

This immobilization is stable, as shown in Figure 1C from
minute 160 to 190, where the frequency remains stable during
30 min under the flow of MES (50 mM, pH 7) indicating that
the immobilized molecules remain on the surface and cannot be
easily washed off. After that, the surface was incubated in 10
#M BSA solution to block the remaining active carbonyl groups
that were not occupied by the antibody receptors (Figure 1C,
starting at 195 min). Finally, the system was rinsed with buffer
to wash off any loosely bound molecules.

After this buffer washing step, the functionality of this
modification is demonstrated in Figure 1D by initially testing
the nonspecific binding. For this purpose, we again choose BSA
as a readily available protein that is frequently used to study
nonspecific binding.”” The sensor was exposed to a high
concentration of BSA (100 nM), which did not change the
QCM signal. Subsequently, several TSH concentrations were
added ranging from 30 fM to 264 nM. No response to 30 fM of
TSH is observed while a small change is visible upon addition
of 30 pM TSH. A strong signal change of 9 Hz occurred with
30 nM TSH, followed by an additional decrease with 264 nM
TSH. These results clearly indicate a successful and selective
binding of TSH to the immobilized receptors. Similar results
were obtained for the Mono SAM configuration (Figure S1).
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Extended-Gate FET Measurements. Once the surface
chemistry has been studied with QCM, we proceed with
measurements of different TSH concentrations using the
extended-gate readout shown in Figure 2A (more details are
provided in the Experimental Section). The representative
transfer curves obtained with both surfaces in 10 mM buffer are
presented in Figure 2B,C. In both cases, the modified sensors
could stabilize in buffer before the experiment, resulting in a
stable baseline (blank). Then, the nonspecific binding was
tested by exposing the sensor to 100 nM BSA, which is
equimolar to the highest TSH concentration studied here. The
BSA binding barely influenced the transfer curves, suggesting
that the level of nonspecific binding is negligible, in agreement
with QCM results. In contrast, a significant concentration-
dependent response to TSH was observed, with the Mix SAM
responding more strongly than Mono SAM, as indicated by
arrows in Figure 2B,C (full transfer curves and enlarged views
are shown in Figure S2). These results suggest that the
coimmobilization of the 10 kDa polymer PEG indeed improves
the sensor performance in 10 mM buffer.

However, it is still an open question whether this effect is
sufficient to achieve a significant sensor response also in
physiological ion concentration range (100—200 mM). To
address this point, these experiments were repeated in 150 mM
buffer, which falls into the relevant range. The results are
compared in Figure 3. The measurements performed with the
Mix SAM configuration (Figure 3A,C) show that, when a
concentration of 10 mM MES buffer is used, the maximal signal
obtained is around 4 times higher (51 mV at 100 nM TSH)
than when 150 mM MES is used as a reading buffer (15 mV).
Also, the limit of detection is different; it can be as low as 100
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fM TSH in 10 mM MES, while the LoD in 150 mM is around 3
orders of magnitude higher (~100 pM).

In the case of the Mono SAM construction, a similar
dependence on ion concentration was found (Figure 3B,D).
When 10 mM MES was used as reading buffer the maximal
signal was higher (17 mV) compared to 150 mM MES buffer
(<4 mV). Comparing the results obtained with both surface
modifications we found that the Mix SAM is more sensitive to
TSH than the Mono SAM construction in both 10 mM and
150 mM buffer. In fact, there was hardly any response in 150
mM buffer with the Mono SAM, whereas a clear TSH detection
was demonstrated with the Mix SAM even in 150 mM solution.

Nonspecific binding of species other than the analyte also
needs to be considered when designing a selective sensor. In all
cases shown in Figure 3, the nonspecific signal obtained with
100 nM BSA is insignificant compared to the signal measured
with the same concentration of TSH, clearly demonstrating the
selectivity of the presented sensor for TSH. The low signal
obtained with BSA can be attributed to the presence of the
hydrophilic PEG on the surface.””**

While the signal increase with decreasing ionic strength is
expected since the Debye screening is reduced with fewer ions
present in solution, the observed ~3X signal enhancement for
the Mix SAM vs the Mono SAM at a given ionic strength is
striking, because it enables direct analyte detection even in high
ionic strength solutions such as the 150 mM buffer used here.
Gao et al.'” mentioned that the addition of PEG can change the
dielectric properties of the interface. However, future work will
be needed to provide a deeper quantitative understanding of
this PEG-induced signal enhancement.

Motivated by these results (detection in high ionic strength
and low nonspecific binding) obtained with the Mix SAM
configuration, we decided to perform the same experiment
using undiluted horse serum instead of buffer (Figure 4). Horse
serum was chosen because it does not contain human TSH
which would influence the calibration curve.

As seen in Figure 4 (black squares), the result of the
experiment performed in serum at 21 °C (as all the previous
experiments) using the Mix SAM configuration was very similar
to the results achieved with the Mix SAM in 150 mM buffer
(Figure 3A,C, squares). Despite the evident sensor response to
TSH in horse serum at 21 °C, the limit of detection is in the
nanomolar range (Figure 4B), far away from the usual TSH
concentrations found in human serum (2—20 pM).* To
further improve the sensor response and the LOD of the sensor
in serum, we performed the experiment at 37 °C, because of
expected faster association rate for this antibody—antigen
interaction (according to manufacturer’s data, the association
rate should approximately double over this temperature range).
The result of this experiment (Figure 4, squares) was a
pronounced increase of the maximum sensor response by a
factor of ~2 at very high TSH concentrations around 100 nM
(Figure 4A) and a factor of ~3.5 in the low nM range (Figure
4B). Also, the entire curve at 37 °C is shifted toward lower
TSH concentrations, which results in a lower detection limit as
will be discussed later. The TSH concentration dependence is
very robust and reproducible as the measurements were
obtained with at least 3 devices per concentration (error bars
represent the device-to-device variation), and repeated several
weeks later with a new set of devices (downward triangles). In
addition, real-time binding experiments were conducted for
several low TSH concentrations (Figure S3). From this data,
the signal after 20 min incubation was extracted and plotted as
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Figure 4. Results obtained with sensors modified with the Mix SAM
configuration in horse serum spiked with different TSH concen-
trations, measured at 21 °C (squares) and at 37 °C (triangles). The
same data is shown on linear (A) and semilogarithmic (B) scales. The
horizontal lines in B represent the baseline fluctuations (mean value
and +3x SD).

open symbols in Figure 4B for comparison with the data from
the transfer curves (that were also measured after 20 min
incubation time). The maximum sensor response to 100 nM
TSH and the lower detection limits for all experimental
conditions used in this work are summarized in Table 1. Here,

Table 1. Summary of the Results Obtained in This Work”

AV,..  lower detection limit
temperature sample surface (mV) ™M)
21 °C MES 10 mM  Mono 17 <5 x 10710
SAM

21 °C MES 10 mM  Mix SAM 51 <1 x 1078
21 °C MES 150 Mono <4 —

mM SAM
21 °C MES 150 Mix SAM 12 <1 x 107"

mM
21 °C Serum Mix SAM 8 <1 x 107%
37 °C Serum Mix SAM 17 5x 1078

“Summary of the maximal signal obtained at 100 nM TSH (AV,,,,)
and the lowest TSH concentration experimentally measured (lower
limit of detection, LoD) for all conditions studied in this work.

the lower limit of detection is defined conventionally as LoD =
AVy + 3SDg where AVj is the mean signal obtained in blank
serum samples without TSH, and SDj is the corresponding
standard deviation. To calculate the AV, a total of 12 different
chips were measured in 4 different serum batches (3 chips per
serum batch). This data is provided in the SI (Figure S4) and
the resulting values are plotted as horizontal lines in Figure 4B:
AVj = 1.75 X 105V, SDy, = 1.85 X 107V, and 3 SDy, ~ 0.55
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Table 2. Comparison of the TSH Detection Limits

lower detection limit

technique label (pM)©
Commercial ELISA Yes 9.27
Time resolved fluorometry Yes 0.16
Electrochemiluminescence Yes 5.80
Chemiluminescence Yes 0.06
Chemiluminescence-ELISA Yes 11.01
Scanning Force Microscopy Yes 0.43
Electrochemistry No 8.11
Silicon Nanowire FET No 0.12
Commercial Electrochemiluminescence ~ Yes 0.03
Surface plasmon resonance No 129
Gold Extended Gate FET No 0.5

upper detection limit total assay

< sample time reference

162 Buffer >75 min S3

464 Diluted Mouse Serum >45 min 54

580 Buffer >60 min SS

232 Serum >65 min 56

319 Buffer 30 min 53

Buffer >60 min 57

101 Buffer >60 min 58

174 1 mM Buffer <15 min 19

580 Blood, Plasma, Serum” 18 min e

12000 Serum 20 min 59

10000 Serum <20 min This work

“Data obtained from FactSheet of Elecsys TSH (http://www.roche-diagnostics.ch/content/dam/corporate/roche-dia_ch/documents/broschueren/
professional _diagnostics/serumarbeitsplatz/immunologie/schilddruesendiagnostikl /EN_TSH_FactSheet.pdf (retrieved on 10/02/2017). *Mea-
surement performed in buffer after several incubation steps. “Some values were reported in #IU/mL. These results were converted to pM using the
conversion factor for TSH of 1 uIU/mL = 5.6 pM according to World Health Organization (WHO)® (molecular weight of TSH ~ 30 kDa).

mV. At 21 °C, only TSH concentrations above 1 nM can be
reliably distinguished from the baseline fluctuations after 20
min of incubation. In contrast, all TSH concentrations >500
fM generate signals greater than 3X SDg, when measured at 37
°C, indicating that the LoD is ~500 fM for the same incubation
time (20 min).

To better understand this strong effect of temperature, we
performed a real-time measurement to compare the binding
kinetics of TSH at 21 and 37 °C (Figure SS). This experiment
demonstrates that TSH-induced signal grows faster at 37 °C
compared to 21 °C, suggesting a faster association rate at
elevated temperature. The slope of the signal change vs time
rises by a factor of ~1.84 from 21 to 37 °C, which agrees well
with SPR data provided by the manufacturer for these specific
antibodies (the association rate increases by a factor of ~1.82 in
this temperature range). Also, the experiment indicates that
equilibrium may not be reached after 20 min (incubation time
in all the experiments) at 21 °C, especially for low TSH
concentrations <100 pM. Importantly, if we compare the
signals in Figure SS after 20 min of incubation, the response
increases by approximately 3.5X if the temperature is raised
from 21 to 37 °C. This enhancement is comparable to the
signal increase measured after 20 min incubation in a similar
TSH concentration range (Figure 4), indicating that both types
of experiments yield consistent results when compared after the
same incubation time. Similar improvement of the maximum
response to TSH with increasing temperature was reported
previously for other anti-TSH antibodies and detection
methods,”*” and was also mainly attributed to improved
binding of TSH to the receptor at higher temperature (i.e.,
faster reaction rate). We therefore conclude that a faster
association rate at 37 °C for this particular antibody—antigen
interaction can—at least partially—explain the observed signal
enhancement. Other effects such as the temperature-dependent
solubility and conformational changes of PEG***” as well as
faster diffusion of TSH to the sensor surface may also play a
role and will motivate a more detailed study.

It is also important to realize that the results presented in
Figure 4, measured after 20 min incubation time, are not
necessarily in equilibrium, as supported by the real-time
measurements shown in the SI. In general, the signal saturation
time for an antigen—antibody interaction is strongly influenced
by several factors such as the association rate, the dissociation
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rate (both quantities are temperature-dependent in this case),
as well as the analyte concentration, and can easily exceed 20
min for high affinity antibodies at low analyte concentrations
and low temperatures, as has been demonstrated earlier.*® This
means that the (equilibrium) dissociation constant Ky should
not be estimated using this data. Based on the SPR data
provided by the manufacturer, the expected Ky for this
antibody—TSH interaction is <0.2 nM at 21 °C and 0.5 nM
at 37 °C. The clear horizontal shift of the 21 °C curve toward
higher analyte concentrations can be misinterpreted as a strong
change of K;. In fact, if such an estimate was attempted, the Ky
(i.e., the TSH concentration at the half-maximum signal) would
be strongly overestimated at 21 °C (>10 nM). The estimate at
37 °C (~0.3 nM) agrees much better with the expected result,
meaning that the signal at 37 °C is closer to equilibrium than
the results at 21 °C, as expected.so Nevertheless, while faster
kinetics at 37 °C can at least in part account for these
differences, we cannot exclude at this point that other factors,
such as the addition of PEG or the analyte diffusion, can also
influence the binding of the analyte to the receptor.

From a practical point of view, if low concentrations of TSH
are to be detected within 20 min, the assay should be
performed at higher temperatures to generate more signal
within the short available test time. On the other hand, the
fundamental detection limit will depend on the type of the
transducer used, and, in electronic devices, will be typically
determined by the low-frequency noise.”"**

To the best of our knowledge, this is the first demonstration
of direct immunodetection in undiluted serum using transistor-
based biosensors. The majority of previous studies used reading
buffers with a well-controlled low ionic strength to avoid the
Debye screening,” sometimes in combination with signal
enhancing labels. However, having a direct detection scheme
offers many advantages such as simple workflow, reduced
number of reagents and the liquid handling complexity—
critical factors for the development of compact diagnostics
devices with inexpensive disposable chips. Compared to
previously mentioned aptamer-based direct detection approach
by Gao et al*® (300 nM lower detection limit in 150 mM
buffer), the presented method has S orders of magnitude lower
detection limit and significantly lower nonspecific binding.

Importantly, among the existing TSH sensors (Table 2), the
presented approach is the only direct method that does not
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require any labels or washing steps, and can potentially be
operated in an inexpensive hand-held point-of-care instrument.
Compared to the state-of-the-art TSH detection, currently
performed on central laboratory analyzers via an elaborate
electrochemiluminescence sandwich immunoassay, the present
direct approach shows a higher lower detection limit and a
much higher upper detection limit in serum (Table 2). The
presented measurement range (~0.5—10000 pM) already
covers the physiological TSH concentration (2—20 pM) and
may be further improved in future optimization studies. As well,
more work is still needed to assess the performance of the
sensor in whole blood, and to determine the accuracy vs the
state of the art. Finally, it should be noted that this approach is
not limited to TSH and can also be applied to other analytes
with different sensitivity requirements.

Bl CONCLUSIONS

In conclusion, direct, label-free and specific immunodetection
of thyroid-stimulating hormone in whole serum was demon-
strated. Extended-gate field-effect transistors with a gold
sensing surface were used as simple and robust electronic
transducers. To overcome the Debye screening, a mixed
functionalization layer was developed consisting of short
biological receptors (antibody fragments) and a polyethylene
glycol layer (PEG). With this mixed surface, a 3-fold signal
enhancement was achieved compared to the control surface
without the PEG molecules. In addition, the lower detection
limit could be dramatically improved below 500 fM if the
measurements were carried out in serum at 37 °C instead of 21
°C. Under these conditions, the sensor offers a competitive
performance compared to state-of-the-art technology, and can
be further improved in the future. The presented approach is
universal, fast (<20 min), and low cost, does not require any
washing steps or sample pretreatment, and can enable the next
generation of point-of-care diagnostics devices with perform-
ance of central laboratory analyzers.
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