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Tau protein in cerebrospinal fluid (CSF) is a central and relevant biomarker of Alzheimer’s disease (AD) that
correlates with the severity of dementia. Unfortunately, so far, direct label-free detection of tau remains a
challenge. Here, we present a transistor-based biosensor that detects the net charge of tau protein directly under
physiological conditions. To achieve this, readily available whole anti-tau IgG antibodies are co-immobilized on
the sensor surface with polyethylene glycol (PEG) molecules of different molecular weight. We show that by
increasing the PEG size from 10 kDa to 20 kDa, the electrical response upon binding of tau improves signifi-
cantly. These results support recent theoretical work that predicted larger PEGs to form a thicker surface layer
with a higher detectable analyte charge. With 20 kDa PEG, we demonstrate label-free tau detection in a wide
concentration range with detection limits <1 pM in 150 mM buffer and cell culture media, as well as < 10 pM in
artificial CSF. This purely electrical method allows fast and simple tau detection within 30 min without sample
processing, washing steps, or labeled detection antibodies. By exchanging the capture antibody, the platform is

also amenable to different biomarkers and may enable future diagnostic tools for AD and other diseases.

1. Introduction

Alzheimer’s disease (AD) is an age-related neurodegenerative dis-
order that gradually steals people’s memories and abilities (Lord and
Cruchaga, 2014; Siigis et al., 2019). Although some medications can
minimize the symptoms of AD, so far, no treatment modifies the un-
derlying course of the disease (Siigis et al., 2019). New therapeutic ap-
proaches for AD currently under development may be most effective at
the beginning of the neurodegeneration process (Weller and Budson,
2018); however, the diagnostic criteria still depend on neurophysio-
logical tests that consider progressive clinical symptoms that appear
clearly after irreversible brain damage has already occurred (Jack et al.,
2018). Therefore, despite recent advances in neuroimaging techniques
to diagnose AD, there is an urgent need to improve the recognition of the
disease for a successful therapeutic intervention (Hampel et al., 2018,
2010).

In the continuing need to identify patients with AD at an early stage
for therapeutic trials, several biomarkers of AD have been identified.
Among these biomarkers, amyloid-beta and tau proteins in
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cerebrospinal fluid (CSF) are widely accepted to diagnose AD (Blennow
and Zetterberg, 2018). Tau is a protein that, in healthy conditions, binds
to neuronal microtubules, promoting dynamism and stability (Qiang
et al., 2018; Wang and Mandelkow, 2016). In the brains of people with
AD, tau undergoes complex post-translational modifications (PTMs) that
cause its dissociation from microtubules and aggregation into paired
helical filaments, which finally form neurofibrillary tangles (NFTs) in
the neuronal soma (Wang and Mandelkow, 2016). As NFTs accumulate,
their abundance in the brain increases, compromising the normal
function of neurons and eventually leading to cell death (Congdon and
Sigurdsson, 2018). Because tau is actively secreted by neurons, both in
its unmodified state and with PTMs, specific measurements of tau PTMs,
such as tau phosphorylation, can serve as additional significant bio-
markers (Blennow and Zetterberg, 2018). In this line, the total level of
tau in CSF correlates with neurodegeneration in AD, making it a good
predictor of AD symptoms (Masters et al., 2015).

Tau detection is generally carried out with immunoassays such as
enzyme-linked immunosorbent assay (ELISA) (Kang et al., 2013; Scar-
ano et al., 2016). More recently, new strategies have been proposed that

1 Present address: Kaiserslautern University of Applied Sciences, Amerikastr. 1, 66482 Zweibriicken, Germany.

https://doi.org/10.1016/j.bios.2020.112129

Received 15 November 2019; Received in revised form 5 February 2020; Accepted 28 February 2020

Available online 4 March 2020
0956-5663/© 2020 Elsevier B.V. All rights reserved.


mailto:tarasov@bio.mx
mailto:alexey.tarasov@hs-kl.de
www.sciencedirect.com/science/journal/09565663
https://http://www.elsevier.com/locate/bios
https://doi.org/10.1016/j.bios.2020.112129
https://doi.org/10.1016/j.bios.2020.112129
https://doi.org/10.1016/j.bios.2020.112129
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bios.2020.112129&domain=pdf

M.-A. Garcia-Chamé et al.

include electrochemistry and surface plasmon resonance (SPR) (Scarano
et al., 2016; Shui et al., 2018). While these methods are now used in
clinical trials, they suffer from inherent disadvantages such as being
time-consuming, laborious, or insufficiently sensitive (Xia et al., 2016).
For example, ELISA is a multi-step process that involves mixing, block-
ing, incubation, and several washing steps (Qin et al., 2018). Regardless
of future improvements, immunoassays designed to quantify tau should
guarantee a sufficiently high sensitivity because significant cut-off
values of tau for AD are quite low, and vary between 200 and 400
pg/ml (~3.6-7.3 pM) in the CSF (Palmgqvist et al., 2019).

Field-effect transistors (FET) are transducers that offer a possible
alternative solution for biomarker detection with high sensitivity, in
addition to providing ease of operation, real-time detection, and low
cost (Kaisti, 2017). In general, FET-based biosensors measure changes in
surface potential as charged molecules interact with the sensor surface.
This technology can reliably detect small and densely charged species,
such as protons, metal ions, and DNA. However, the widespread use for
the detection of larger and less densely charged molecules, namely
proteins, is limited due to the high number of electrolyte ions in phys-
iological samples. Briefly, mobile ions in biological solutions can screen
the analyte charge while it binds to the sensor surface (known as the
Debye screening effect). Consequently, the effective distance where the
transducer can detect a specific molecule by its intrinsic charge is of
crucial importance and is defined by the Debye length. This distance is
less than 1 nm from the surface in solutions with high ionic strength
(~150 mM ionic strength), so that the further away the target species is
from the detection surface, the lower the sensor response (Haustein
et al., 2019; Kaisti, 2017).

FET-based biosensors with short capture molecules, such as antibody
fragments, nanobodies or aptamers, co-immobilized with poly(ethylene
glycol) (PEG) on their surface have recently overcome this problem,
increasing the effective signal while detecting proteins even in high
ionic strength environments (Andoy et al., 2018; Filipiak et al., 2018;
Gao et al., 2016; Gutiérrez-Sanz et al., 2017). More recently, it was
proposed that the co-immobilized PEG improves the sensor response by
creating a surface layer with a virtually constant potential (Donnan
potential). Within this layer, the potential is nearly independent of the
ionic strength, resulting in a higher detectable analyte charge (Haustein
et al., 2019). In theory, this surface layer could be extended using longer
PEG molecules to further improve the FET response, especially if rela-
tively large capture molecules (such as whole IgG antibodies) or protein
analytes are of interest. So far, however, most experimental research has
focused on one particular PEG size (10 kDa) that may not be suitable for
all antigen-receptor pairs.

Here, we first show that the 10 kDa PEG is not sufficient to overcome
the Debye length limitation if whole IgG antibodies are used, most likely
due to their large size. We then demonstrate that by increasing the PEG
size to 20 kDa, substantial signals can be obtained upon analyte binding
even in undiluted physiological solutions. These results are in line with
recent theoretical predictions and provide important insights into the
effect of PEG size on the sensor response. As a proof-of-concept, we
explore this method for the label-free detection of a relevant biomarker
of AD, tau protein, in different physiological solutions. By combining a
specific surface chemistry with our previously published differential
readout scheme (Gutiérrez-Sanz et al., 2019), it is shown that tau
detection limits are < 1 pM in 150 mM buffer and neuronal cell culture
media, and <10 pM in artificial CSF (aCSF). To the best of our knowl-
edge, this is the first report on the highly sensitive and label-free
detection of tau protein directly in undiluted complex samples while
using a whole IgG antibody in a FET-based biosensor.

2. Materials and methods
Chemicals: Ammonia solution (NH3 (aq)) 25%, calcium chloride

(CaCly), di-sodium hydrogen phosphate (NayHPOy,), ethanol (99%),
30% hydrogen peroxide (H203), magnesium chloride (MgCly),
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potassium chloride (KCl), sodium chloride (NaCl), sodium dihydrogen
phosphate (NaH3PO4), were purchased from Carl Roth GmbH + Co. KG
(Germany). 2-(N-Morpholino)ethanesulfonic acid (MES) hydrate, 1-
ethyl-3-(3-(dimethylamino)-propyl) carbodiimide hydrochloride (EDC-
HCl), and N-hydroxysuccinimide (NHS) were purchased from Sigma-
Aldrich Co. LLC (Germany). Thiolated poly(ethylene glycol) (mPEG-
thiol, PEG) (10 kDa and 20 kDa) was purchased from Creative PEG-
Works (USA), and bifunctional thiolated and carboxylated poly
(ethylene glycol) (COOH-EGg-thiol, linker) was purchased from Celares
GmbH (Germany). Thiolated molecules were stored at —20 °C under
inert conditions and prepared fresh for each experiment to ensure the
reduced form of the thiols.

Biomolecules: Anti-tau IgG mouse monoclonal HT7 antibody (stored
in PBS) was purchased from Thermo Fischer Scientific (Germany). The
IgG antibody detects all isoforms of tau by an epitope composed of
amino acids 159 to 163 (of 441 amino acids in a full-length tau). With a
positive net charge at pH 7.4 (isoelectric point 8.6), full-length tau
protein was recombinantly expressed in E. coli strain as previously
described (Ercan et al., 2017) and stored in 50 mM sodium phosphate
buffer pH 7.0, 1 mM ethylene glycol bis(f-aminoethyl)-ether) N,N,N’,N’
tetraacetic acid (EGTA), and 1 mM 1,4-dithiothreitol (DTT). Bovine
serum albumin (BSA) was purchased from Carl Roth GmbH + Co. KG
(Germany).

Artificial cerebrospinal fluid (aCSF): aCSF was prepared in-house
following a published protocol (Liu et al., 2013) and comprised 150
mM NacCl, 3.0 mM KCl, 1.4 mM CaCly, 0.8 mM MgCly, 1.0 mM sodium
phosphate (0.8 mM NapyHPO4 and 0.2 mM NaH3PO4y), and 3 pM BSA. The
pH was adjusted to 7.4 with NaOH.

Neuronal cell culture media: It consisted of N2B27 Media (50%
DMEM/F-12 and 50% Neurobasal solution: 1:200 N2, 1:100 B27, 1%
PenStrep, and 0.5 mM nonessential amino acids) (all from Invitrogen,
Germany), with a pH of 7.4.

Sensor fabrication: Glass slides (25 x 25 mm; Borofloat 33, Schott)
were coated with Ti (10 nm thick) and Au (100 nm thick) by thermal
evaporation through a shadow mask to create electrodes of 0.55 mm x
0.75 mm exposed to the liquid sample. The evaporation was carried out
at InnovationLab GmbH, Heidelberg.

Sensor modification: Gold sensors comprising active and control
electrodes were immersed in a “basic” Piranha solution (5:1:1 vol
mixture of deionized water, 30% H50-, and 25% NH3) for 15 min at 80
°C. Then gold was rinsed with deionized water, dried with Ny, and
treated with UV/ozone and Os plasma for 10 min, respectively. All
modification steps were carried out at 21 + 2 °C and at a flow rate of 80
pl/min, unless otherwise stated. After mounting a microfluidic chamber
onto the gold sensor, the sensor electrodes were rinsed with buffer (50
mM MES pH 7.0) for 10 min and then incubated in a mixed solution of 1
M of thiolated PEG (10 kDa or 20 kDa) and 40 pM of linker (0.5 kDa
COOH-EGg-thiol) for 60 min (1:40 M ratio PEG:linker). Subsequently,
the sensor was rinsed with buffer for 10 min to remove excess unbound
PEG. The carboxyl group of the linker was activated by incubating the
sensors in a solution of 0.4 mg/ml EDC and 0.6 mg/ml NHS in 50 mM
MES (pH 4.5) for 20 min. Once activated, active electrodes were incu-
bated with anti-tau antibody (8 pg/ml) and controls with a solution of
BSA (1.4 mg/ml), both in 50 mM MES (pH 4.5), for 80 min without flow.
Excess antibodies and BSA were removed by rinsing with buffer for 10
min. To prevent non-specific adsorption, the remaining surface binding
sites (not covered by antibodies or BSA) were blocked by incubating the
sensors in a 10 mg/ml BSA solution for 10 min. Lastly, electrodes were
rinsed with buffer for 20 min.

Extended-gate FET measurements: Fig. S3A shows the sensor readout
schematically with an extended-gate connection separating the sensing
electrodes and gate terminals of commercial MOSFETs (Microchip
Technology). An Ag/AgCl reference electrode (Dri-REF, World Precision
Instruments) was placed near the sensor surface to apply constant gate
potentials. Electrical measurements were carried out with a dual-
channel source meter (Keithley 2636 B). Characteristic transfer curves
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of each modified electrode were obtained by monitoring the drain-
source current (I4s) at constant potential (Vgs = 0.1 V) while sweeping
the potential applied at the reference electrode (Vyef) from -0.0 to -0.9 V
(typical transfer curves are shown in Fig. S3B). For real-time measure-
ments, a potential of -0.3 V was applied to the reference electrode and I5
was monitored over time at a fixed V4s = 0.1 V. The measured current
(sensor output I4s) was recalculated to potential changes (AV) by using
the transconductance (slope of the transfer curve: slope = Igs/Vief),
recorded prior to real-time measurements. Samples were passed through
the sensor electrodes using a syringe pump (Aladdin AL4000-220Z,
World Precision Instruments, Germany), with tau binding monitored
for 30 min at 37 °C.

Differential readout: A differential measurement was obtained by
subtracting the signal of the control (BSA modified) from the respective
active (IgG modified) electrode (see Fig. S3C). By doing that, we can
correct effects such as time-dependent drift, changes in pH or ionic
strength, and electrical fluctuation of the measurement set-up as
described in our previous work (Gutiérrez-Sanz et al., 2019). Addition-
ally, to get a stable baseline, we measured “blank” samples before
introducing samples containing tau. The sensor response towards tau
was obtained using the potential shifts (AV) measured after 25 min in
contact with the sample spiked with tau (Fig. S4 shows an example of
this measurement).

QCM measurements: Quartz crystal microbalance (QCM) measure-
ments were carried out with a QSense Analyzer on gold-coated QCM
crystals (fundamental frequency of 4.95 MHz) from Biolin Scientific AB,
Sweden. The QCM crystals were cleaned in “basic” Piranha solution for
15 min at 80 °C, rinsed with deionized water, dried with N5, and treated
with UV/ozone for 10 min. The surface modification and tau sensing
were carried out under flow conditions (80 pl/min) using a peristaltic
pump (IPC 4, ISMATEC GmbH, Germany).

3. Results and discussion

The co-immobilization of PEG together with short capture molecules
targeting protein analytes has recently overcome the Debye screening
limitation and improved the sensor response without the need for
washing or desalting steps. In particular, the use of 10 kDa PEG on a
detection surface has already increased electrical signals compared to a
control surface without PEG upon immunodetection of thyroid stimu-
lating hormone (TSH) with anti-TSH F(ab’); antibody fragments
(Gutiérrez-Sanz et al., 2017). Haustein et al. proposed that the PEG
introduced during the sensor modification steps increased the sensor
signals by creating a surface layer with an almost constant potential,
surrounding the capture molecules (e.g., a F(ab’)s fragment) and the
target analyte (e.g., a charged protein) (Haustein et al., 2019). There-
fore, analyte charges interacting with immobilized capture molecules
within the surface layer are likely to produce a detectable signal that is
enhanced in the presence of PEG. The effect of PEG on the detectable
analyte charge was described with an analytical model that can estimate
the sensor response based on the available capture molecule and the
analyte of interest (Haustein et al., 2019). This model proposed that, to
yield a high sensor response, the PEG used on the sensor surface should
be at least as long as the combined lengths of the capture molecules and
the linker molecules that tether them on the surface, plus the size of the
analyte of interest. Then, despite the strong screening effect associated
with the presence of large capture molecules (Kaisti, 2017), a FET-based
biosensor with IgG antibodies could be conveniently designed by
adapting the surface layer with a PEG whose size improves the sensor
signals. To experimentally prove this hypothesis and develop a useful
tool for AD research and diagnosis, we chose a readily available anti-tau
IgG antibody to design a biosensor that can detect tau protein under
physiological conditions.
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3.1. Surface layer design

In the surface layer design, we considered the length of an antibody
to be 12 nm (Pollitt et al., 2015; Yeow et al., 2017). The length of the
linker molecules (0.5 kDa COOH-EGg-SH) used here was approximately
2.4 nm (Haustein et al., 2019). When an antibody and a linker molecule
form a complex that is perpendicularly straight from the surface, the
maximum estimated height would be around 14.4 nm. To form a surface
layer that allows a high sensor response, PEG must cover such distance.
Therefore, we chose a long 20 kDa PEG because the approximate length
of this molecule was measured to be 18 nm (Emilsson et al., 2015).
Although this previous measurement was performed in PBS (phospha-
te-buffered saline), it is expected to be comparable to the height of PEG
obtained in MES buffer and, based on our liquid AFM data, the immo-
bilized PEG is in a brush-like regime (Haustein et al., 2019). Therefore,
20 kDa PEG will be larger than the combined lengths of the linker, the
antibody, and tau. As a result, we expect to measure most of the tau
charge because tau most likely binds to the anti-tau antibody within the
surface layer. For comparison, based on the PEG-induced signal
enhancement produced by 10 kDa PEG in previous works (Andoy et al.,
2018; Filipiak et al., 2018; Gao et al., 2016; Gutiérrez-Sanz et al., 2017),
we also prepared sensors with this shorter PEG. The 10 kDa PEG has a
theoretical length of 11 nm (Emilsson et al., 2015; Haustein et al., 2019).
Since this is at least 3 nm shorter than the linker-antibody complex, we
expect that most tau binding sites will be outside the three-dimensional
surface layer. Consequently, electrolyte ions would likely screen the
charges carried by amino acids of tau because the surface layer produced
by short PEG molecules would not significantly reduce this effect.

To experimentally investigate the designed surface layers, we used a
sensor layout comprising a chip with two electrodes, called “active” (IgG
modified) and “control” (BSA modified), as shown in Fig. 1A. We pre-
pared several sensors with different surface layers by first co-
immobilizing linker molecules with 10 kDa PEG or 20 kDa PEG on
both electrodes, then introducing anti-tau IgG antibodies on the active

A) Sensor with 10 kDa PEG Sensor with 20 kDa PEG
10 kDa PEG Target solution 20 kDa PEG
l - Anti-tau IgG antibody Y SELS
? l Linker
%ﬂ b % %)k! s g "
Gold Gold Gold
Glass substrate Glass substrate
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B) 3 . C) 3
L] [ ]
0 . 0
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Fig. 1. Schematic representation of the sensor, and the measured response to
tau. A) The extended-gate gold electrodes with different surface modifications
comprising either 10 kDa PEG (left panel) or 20 kDa PEG (right panel). Each
sensing system had an active electrode that contained anti-tau antibodies and a
control passivated with non-interacting BSA. The overall readout signal was the
difference between these electrodes (active — control). Calibration curves of
sensors with B) 10 kDa PEG and C) 20 kDa PEG. Sensor responses were
measured in low and high ionic strength buffers using 10 mM and 150 mM MES
(pH 7.4), respectively. The dashed line represents the baseline of the differential
signal obtained in blank samples. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)
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side and BSA on the control. Immobilization of the specific antibody or
the blocking agent BSA was the only modification step in which the
electrodes differed. The surface modification protocol was optimized
using quartz crystal microbalance (QCM) with details provided in the
supplementary material (Fig. S1). During QCM studies, we found that
tau binding improved with increasing temperature. Therefore, all elec-
trical measurements in this work were performed at 37 °C instead of 22
°C (Fig. S2). After the functionalization, we connected each electrode to
the gate terminal of a MOSFET and measured them at the same time
(“extended-gate configuration™) (Gutiérrez-Sanz et al., 2017, 2019;
Tarasov et al., 2015, 2016). Details of the electrical connection can be
found in Fig. S3A. Because the active and control substrates always
shared the same solutions, we calculated the specific tau-related signal
of each sensor through a differential measurement between the active
and control electrodes that accounts for the non-specific events
(Gutiérrez-Sanz et al., 2019) (Fig. S3 and Fig. S4). Also, blank controls
were introduced before samples containing tau to calibrate and char-
acterize the sensor response.

3.2. Sensor response

First, as shown in Fig. 1B, a calibration curve was recorded using
sensors with 10 kDa PEG at low ionic strength buffer (10 mM MES) to
reduce the ion screening effect. As we subtracted the control from its
corresponding active electrode, the potential shifts ranged from -2 mV to
-10 mV starting from the lowest (1 pM) to the highest (10 nM) tau
concentration tested, respectively. The sensor responded with more
sensitivity to tau concentrations greater than 100 pM. However, by
repeating the experiments in a high ionic strength buffer (150 mM MES),
we could not detect tau reliably because measured signals lacked a clear
trend as tau concentrations increased. These results confirm that sensors
with 10 kDa PEG are not suitable for tau detection at high ionic strength
when a whole IgG antibody is the capture molecule on the surface.

Since we hypothesized that a thicker surface layer achieved by
applying longer PEG molecules may increase the sensor response, we
prepared electrodes with a more pronounced surface layer using 20 kDa
PEG, as shown in Fig. 1C. By increasing the PEG size to 20 kDa, the
sensor signal in 10 mM MES buffer increased on average by 2 mV for
each tenfold tau concentration increase and reached a value of -14 mV
for 10 nM tau. Tau was reliably detected even in high ionic strength
buffer (150 mM MES). Here, the lowest and highest tau concentration
had a signal of -2 mV to -14 mV, respectively. Notably, we did not find a
significant difference between the tau signals measured in 10 mM and
150 mM buffer, suggesting that the presence of 20 kDa PEG on the
surface increased the surface layer to a level that effectively reduced the
Debye screening. Assuming constant dimensions of tau protein and its
capture IgG antibody within both surface layers containing either 10
kDa or 20 kDa PEG, we conclude that the improved detectable signal,
observed in sensors with 20 kDa PEG, was mainly due to the thicker
surface layer generated by this longer PEG.

After validating the sensor response in 150 mM MES buffer and
showing that 20 kDa PEG improves the detectable signal, we evaluated
the sensor performance in complex matrixes for future applications.
These experiments included measuring tau from cell culture media to
facilitate tau detection in a research setting and quantification of tau in
aCSF as an important step towards diagnosis with human samples.
Therefore, we first spiked tau into fresh neuronal cell culture media to
mimic the secretion of tau from cultured neurons (Pooler et al., 2013).
Fig. 2A shows the sensor response under these conditions. The sensor
signals here changed approximately by 3 mV per order of magnitude as
the tau concentration increased, reaching -15.0 &+ 0.2 mV for 10 nM tau.
Despite the higher device-to-device variation, it was possible to detect
tau as its concentration increased in this solution made of various salts,
amino acids, vitamins, and antibiotics. We calculated the lower limit of
detection (LoD) as LoD = AVp + 3 x SDg, where AVp is the mean signal
obtained in 12 blank samples without tau. Fig. 2A represents these data
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Fig. 2. Calibration curves of sensors with 20 kDa PEG in complex solutions: A)
fresh cell culture media and B) aCSF. The horizontal lines represent the baseline
fluctuations (mean value and 3xSDg of the differential signal measured with
sensors exposed to blank samples). Arrows in B) and open symbols show
additional measurements around 3 pM, which is a relevant cut-off value of tau
in CSF.

through horizontal lines: AVg = 5.3 x 10°V, SDg = 2.0 x 10 V, and 3
x SDg = 0.6 mV. Because 1 pM tau yielded a signal of -1.2 + 0.6 mV, we
conclude that tau concentrations above 1 pM can be reliably distin-
guished from the baseline in neuronal cell culture media.

We next measured tau in aCSF, which adequately mimics the phys-
iological properties of the CSF (Spector et al., 2015), again using sensors
with 20 kDa PEG (Fig. 2B). Testing the sensor performance in this
sample type is relevant because the total levels of tau in CSF reflect the
intensity of neuronal damage, correlating with the severity of the neu-
rogenerative process in AD (Blennow et al., 2010). Qualitatively, mea-
surements in aCSF showed a clear response upon the addition of tau, but
the electrical signal reached only half of the values measured with 150
mM buffer and cell culture media. For example, the response to 10 nM
tau in aCSF (-7.0 £+ 0.5 mV) was half of the signal obtained in 150 mM
buffer (-14.0 + 0.2 mV). Unlike the previously used solutions, aCSF
contains a very high concentration of protein BSA. Therefore, we believe
that the detectable signal decreased mostly because of a partial blocking
of the surface by BSA present in aCSF, an effect that could be critical for
predicting the sensor response in human CSF, which contains a mix of
different proteins (Spector et al., 2015).

In a follow-up experiment, the sensor response was measured with
samples spiked with 2 pM and 5 pM tau to test if the sensor could
discriminate a clinically relevant mean value of tau in healthy subjects,
such as 3 pM (Scarano et al., 2016). Our results did not show a signifi-
cant difference between the signals of these two concentrations as
indicated by the error bars (see arrows in Fig. 2B). Consequently, 21
different sensors were measured after being exposed to aCSF to estimate
the AVp and calculate the LoD. Horizontal lines represent these data in
Fig. 2B: AVp =-8.5 x 102°V, SDg=2.0 x 10V, and 3 x SDg = 0.6 mV.
Accordingly, only tau concentrations above 10 pM can be reliably
distinguished from the baseline after 25 min of sample incubation,
indicating a LoD of ~10 pM in aCSF. For comparison, the detection limit
was around 1 pM in cell culture media and clearly below 1 pM in 150
mM buffer, which covered significant reference values of tau that can be
as low as 3.6 pM for mild cognitive impairment and 7.3 pM for dementia
(Palmgqvist et al., 2019).

3.3. Future work and comparison with the state of the art

Additional research is required to further improve the precision and
the detection limit in aCSF. Here, we have neglected the random
orientation of the antibody, which could be in a position that prevents
the analyte from binding to the epitope or being inside the surface layer.
Site-specific antibody immobilization may, therefore, offer an opportu-
nity for future improvement. In practice, tau measurements with im-
munoassays pose a challenge because tau in the human CSF is commonly
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Table 1

Selected techniques for tau detection.

Approximate Ref.

Available

Signal

Label

LoD®

Sandwich

Medium used to

Specific technique®

Transducer

on market total assay time

amplification

immunoassay

read out tau signal

Meso Scale Diagnostics, n.d.

>2h

YES

NO

YES

1.07 - 23.7 pg/ml

~430 fM

YES

Buffer

Optical

Electrochemiluminescence
Spectro-photometry/
inter-ferometry

LSPR

Song et al., (2018)

NO <20 min

NO

NO

15.6 pg/ml

NO

Buffer, CSF©

~284 fM (in buffer)
10 pg/ml

~180 fM

100 fM

Vestergaard et al., (2008)

NO 1h

NO

NO

NO

Buffer

Kim et al., (2019)

Kim et al., (2018)

1h
1h

NO

NO

YES
NO

NO

NO

Ultrapure water

LSPR
LSPR

23.6 fM NO

NO

Ultrapure Water

Derkus et al., (2017)

Dai et al

<30 min
30 min
<1lh

YES® NO
YES(D)

YES®
NO

0.15 nM NO

Diluted serum, CSF YES

Serum

DPV and EIS

DPV

Electrochemical

., (2019)

NO

0.968 pM NO

0.03 pM

NO

Wang et al., (2017)

THIS WORK

NO
NO

NO

NO
NO

Buffer, serum

CV and EIS
FET

<30 min

NO

<1 pM, 1 pM,
10 pM

Buffer, CCM®, aCSF
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fragmented (Blennow and Zetterberg, 2018), which may even cause a
loss of the epitope that recognizes the chosen antibody. In our case, tau
fragments would influence the electrical signal due to their unforeseen
size that changes the number of charged amino acids detected in the
surface layer. Likewise, tau presents PTMs that can potentially modify its
native net charge (Alonso et al., 2018). All these factors may result in an
underestimation of the actual concentration. Regardless of future opti-
mization work, the improvement of the sensor response by using 20 kDa
PEG remains significant, and the detection limit obtained in cell culture
media is remarkable.

To the best of our knowledge, this is the first attempt to detect tau
with a purely electrical device by using the effect of PEG size to extend
the Debye length above its expected limits. This strategy allowed the
integration of a readily available capture IgG antibody into a FET-based
biosensor to finally allow direct protein detection in unprocessed sam-
ples. With theoretical knowledge about the effect of PEG on the ionic
screening of analyte charges, we avoid the need for short capture mol-
ecules such as aptamers (Gao et al., 2016), nanobodies (Filipiak et al.,
2018), and antibody fragments (Andoy et al., 2018; Gutiérrez-Sanz
et al., 2019). Importantly, we extend the application space of FET bio-
sensors to whole size antibodies that currently still are the standard
capture molecules in diagnostics and research. Other works that detec-
ted tau have used electrochemical, optical, or mass-sensitive techniques
and most of them in a sandwich immunoassay approach. Table 1 sum-
marizes some relevant publications, including a commercial kit for the
detection of tau (Meso Scale Discovery). Table S2 (in the SI) presents, in
more detail, these and other works that have also quantified tau. Unlike
these technologies, our approach is the only one capable of fast (<30
min) detection of tau without sample dilution, washing steps, or labeled
detection antibodies. The optical sensor with the most similar perfor-
mance to the present work still depends on complex instrumentation and
translucent components coupled to specific lenses to allow quantifica-
tion of tau in CSF (Song et al., 2018). Therefore, our technology benefits
from fewer reagents, shorter detection times, and lower overall costs. In
this line, the presented biosensor offers versatility, and may also enable
the detection of various other AD biomarkers. For example, the capture
antibody used here could be replaced by a different antibody against a
specific post-translationally modified tau. We believe that this technol-
ogy can become a viable platform for the detection of AD biomarkers
and can be useful for clinical diagnosis and research purposes.

4. Conclusions

An extended-gate FET-based biosensor was developed for tau
detection under physiologically relevant conditions without the need for
sample processing. This was achieved by tailoring the sensor surface
with a suitable PEG size covering the entire combined lengths of the
whole IgG antibody, chosen as the capture molecule, and tau as the
target analyte. We showed that sensors containing 20 kDa PEG are more
sensitive than sensors constructed with 10 kDa PEG for direct tau
detection, overcoming the theoretical Debye screening limitation, even
when whole antibodies are used. We validated the sensor performance
by measuring tau in samples that mimic frequent applications, such as
neuronal cell culture media for scientific research and aCSF for medical
diagnostics, obtaining an approximate LoD of 1 pM and 10 pM,
respectively. Thus, the transistor-based biosensor offers a new alterna-
tive for measuring tau in real time without optical readout and sample
pre-treatment. Ultimately, it may yield a versatile platform for the
detection of many other biomarkers in clinical practice.
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