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Detection of Neurofilament Light Chain with Label-Free
Electrolyte-Gated Organic Field-Effect Transistors
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Neurofilaments are structural scaffolding proteins of the neuronal cytoskeleton.
Upon axonal injury, the neurofilament light chain (NF-L) is released into the inter-
stitial fluid and eventually reaches the cerebrospinal fluid and blood. Therefore,
NF-L is emerging as a biomarker of neurological disorders, including neurode-
generative dementia, Parkinson’s disease, and multiple sclerosis. It is challenging
to quantify NF-L in bodily fluids due to its low levels. This work reports the
detection of NF-L in aqueous solutions with an organic electronic device. The bio-
sensor is based on the electrolyte-gated organic field-effect transistor (EGOFET)
architecture and can quantify NF-L down to sub-pM levels; thanks to modifica-
tion of the device gate with anti-NF-L antibodies imparted with potentially con-
trolled orientation. The response is fitted to the Guggenheim—Anderson—De Boer
adsorption model to describe NF-L adsorption at the gate/electrolyte interface, to
consider the formation of a strongly adsorbed protein layer bound to the antibody
and the formation of weakly bound NF-L multilayers, an interpretation which is
also backed up by morphological characterization via atomic force microscopy.
The label-free, selective, and rapid response makes this EGOFET biosensor a
promising tool for the diagnosis and monitoring of neuronal damages through
the detection of NF-L in physio-pathological ranges.

proteins of the axonal cytoskeleton,
belonging to the IV class of intermediate
filaments that, according to their molecular
weight, are classified into neurofilament
heavy chain (NF-H, =200 kDa), neurofila-
ment medium chain (NF-M, =145 kDa),
and NF-L (=68 kDa). All NF proteins are
formed by a central orhelical rod region, a
variable N-terminal domain, and a C-ter-
minal tail highly variable in length.>4 NF
monomers form parallel heterodimers
through the association of the central
rod region. Then, two dimers form an
antiparallel tetramer, and eight tetramers
associate in a cylindrical structure, which
is the minimal repetitive unit of the neu-
rofilament. Together with microfilaments
(=6-8 nm) and microtubules (=24 nm),
neurofilaments (=10 nm) form the neu-
ronal cytoskeleton, providing structural
support to the cell.*! The normal structure
and assembled network of NFs is essential
for neuronal function, as it has been shown
that mutations in NF-L leading to protein

1. Introduction

In recent years, neurofilament light chain (NF-L), a neuronal
structural protein, has emerged as a potential biomarker of
axonal damage in numerous neurological disorders, including
neurodegenerative dementia, traumatic brain injury, amyo-
trophic lateral sclerosis, Parkinson’s disease, and multiple scle-
rosis (MS).2 Neurofilaments (NFs) are structural scaffolding

aggregation or to a complete absence of protein are related to
motor neuron impairment.[®”]

Following processes accompanied by neural damage, NF-L
is released in significant amounts into the interstitial fluid and
eventually into the cerebrospinal fluid (CSF) and blood, reaching
abnormal levels. Therefore, CSF and blood NF-L levels could be
used as a direct marker of neuronal damage, providing an indica-
tion of axonal injury, axonal loss, and neuronal death.['4l
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MS is a chronic inflammatory disorder of the central nervous
system (CNS), characterized by progressive axonal demyeli-
nation and neurodegeneration.®! The prevalence of MS has
increased over the last years, and to date, it is estimated that
2.8 million people suffer from this disease worldwide. Because
of its high prevalence, MS is considered as the major cause of
nontraumatic neurologic disability in young adults.”!

The etiology of MS is still unknown, and both genetic sus-
ceptibility and environmental factors play a key role in the
development of the disease. Although the precise mechanism
of disease initiation is not yet completely understood, it is pre-
sumed to be an autoimmune disease, with inflammation acting
as the driving force for disease development.®1% The initiation
of the disease comprises the activation of peripheral immune
cells and their progressive infiltration into the CNS across the
blood-brain barrier, which leads to inflammation, demyelina-
tion, and finally, neuroaxonal damage, which triggers the dis-
ruption of neuronal signaling.['!1]

The pathology of MS is highly heterogeneous in terms of
clinical presentation, pathological phenotypes, disease progres-
sion, and treatment response,!'>13 which makes the assessment
of an early and proper diagnosis very challenging. Further-
more, many neuroinflammatory disorders, such as neuromy-
elitis optica spectrum disorders (NMOSD), present similar fea-
tures,™ which is an additional difficulty.

Currently, the most extensively used tools in the diag-
nosis and monitoring of MS patients are magnetic resonance
imaging (MRI) and CSF analysis.'®! The detection of white
matter lesions in the CNS by MRI provides valuable informa-
tion on the anatomical and temporal dissemination of areas of
demyelination. Because of its high sensitivity and specificity for
lesion detection and dissemination, MRI can be used for moni-
toring disease activity and prognostic evaluation, as well as an
assessment tool of treatment response.'®"! CSF analysis is a
useful tool to support the diagnosis of MS, and it can provide
additional information regarding inflammation and immuno-
logical status of the patient. The presence of oligoclonal bands
in CSF and an elevated IgG index are typical features in MS
patients.® Additionally, because MS is presumed to have an
inflammatory origin, the level of many proinflammatory media-
tors, such as IL-6, TNF-¢, IFN-y and CXCL13, is increased in
the CSF of MS patients.'>21l Although these parameters may
have a diagnostic and prognostic value, they are not specific
to MS and can be also found in a variety of neurological dis-
eases.?>Yl Therefore, there is an urgent need for new bio-
markers to critically differentiate MS from other demyelinating
disorders in order to assess an early and accurate diagnosis, as
well as for monitoring disease activity and treatment response.

Recent studies reported increased levels of NF-L in plasma or
serum of MS patients, which correlated with patient disability,
disease activity, brain atrophy, and spinal cord volume loss.*>-32
Interestingly, it was also observed that the levels of NF-L were
elevated even when no focal inflammatory MRI activity was
detected,!®” and following disease-modifying therapies, NF-L
levels decreased in CSF and serum.l3**3 This evidence supports
the potential value of NF-L as a biomarker for neural damage
and an important element for early MS prognosis.

Initially, the detection of NF-L was based on the analysis of CSF
using enzyme-linked immunosorbent assays and electrochemi-
luminescence-based assays. However, since obtaining CSF is an
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invasive procedure, blood has become the sample of choice for
NF-L detection. Because the levels of NF-L in serum and plasma
are considerably lower than in CSF, these methods present a
relatively low sensitivity. Nowadays, single-molecule array repre-
sents the state-of-the-art technique for NF-L detection in biological
fluids.BY Although this assay is highly sensitive and specific, it
presents some limitations: it is time consuming, needs specialized
equipment, and a dedicated laboratory with trained personnel, as
well as fluorescent or enzymatic labeling for detection.

Thanks to the recent progress in material design and device
architectures, organic bioelectronic devices have been demon-
strated in a number of brand-new applications, such as high-
sensitive pressure sensing, soft bioelectronics, and robotics.3>-38l
Among them, electrolyte-gated organic field-effect transistors
(EGOFETS), are emerging as a highly versatile biosensing plat-
form alternative to (or at least complementing) optical assays:
thus far, EGOFETs have been explored for biosensing of clini-
cally and environmentally relevant molecules such as nucleic
acids,?>* inflammatory cytokines,* antidrug antibodies,*’!
and even viruses.l EGOFETs are three-electrode devices, with
source and drain bridged by an organic semiconductor (OSC)
layer, which is separated from the third electrode, the gate, by an
electrolyte that replaces conventional dielectric. Upon application
of a potential between gate and source (Vs), gating is achieved
by electrolyte ions forming electrical double layers at the gate/
electrolyte and electrolyte/OSC interfaces, the latter causing
accumulation of charge carriers (holes, in the case of p-type sem-
iconductors as in the present work) in the OSC that can give rise
to a current flowing between the source and drain upon applica-
tion of a second potential Vps. EGOFETS can be operated as bio-
sensors upon integration of a specific recognition moiety (e.g.,
an antibody or an aptamer) at one of the device interfaces. Func-
tionalization of the gate (typically made of Au) is often preferred,
as it allows to exploit a wide portfolio of surface modification
strategies to achieve immobilization of the specific recognition
moiety, still enabling the detection of biorecognition events (such
as antigen/antibody interaction) through changes in the source—
drain current thanks to the capacitive coupling.

Here, we show the first EGOFET immunosensor able to detect
NF-L down to sub-pMm concentrations with high specificity, which
is achieved by immobilization of anti-NF-L antibodies on the
device gate electrode. In particular, we validated the biosensor for
detecting NF-L in buffered solutions at physiological pH with a
focus on the reproducibility of the device response, by performing
a large number (n = 11) of independent experiments. Moreover, we
thoroughly assessed the capability to selectively detect NF-L by a
set of control experiments where we changed either the specific
recognition unit or the target or even by obtaining a full dose curve
in the presence of a potentially interfering cytokine. Our results
hint at the fact that EGOFETS can serve as label-free biosensors for
the detection of NF-L in physio-pathological ranges.

2. Results and Discussion

2.1. Gate Functionalization with NF-L-Specific
Recognition Elements

The schematics of the NF-L biosensor developed in this study
are depicted in Figure 1. The device is based on the EGOFET
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Figure 1. Schematics of the EGOFET-based biosensor, including source,
drain, and gate electrodes, and electrical connections. In order to mimic
physiological conditions, all electrical measurements were carried out
using PBS as electrolyte solution. The inset shows the functionalization
process used in this study. Anti-NF-L antibodies have been noncovalently
bound to the gate exploiting the affinity of their Fc fragment for cys-Pro-
tein G previously adsorbed on the Au surface, which is further passivated
with an OEG SAM.

architecture, with a top gate electrode endowed with sensing
capability through immobilization of anti-NF-L antibodies on the
gate electrode with controlled orientation. The latter is sought
through the formation of a (sub)monolayer primer of Protein G,
covalently bound to the bare gold gate through the presence of a
single solvent-exposed Cys residue. The use of a Protein G (sub)
monolayer to control the antibody orientation has been previ-
ously explored by our group to endow EGOFET gate electrodes
with selectivity toward proteins and viruses.*# Following this
first step, the high affinity of Protein G for the fragment crys-
tallizable (Fc) regions of the heavy chains of immunoglobulins
G allowed the immobilization of antibodies with a definite and
potentially uniform orientation. The last functionalization step
consisted of the formation of an OEG self-assembled monolayer
(SAM): OEG SAMs have been proven to exhibit antifouling prop-
erties, ¥l and we, therefore, introduced this last passivation step
in an attempt to reduce nonspecific binding.

The gate functionalization process was monitored by elec-
trochemical and electrical characterization. During the former,
cyclic voltammetry (CV) experiments in the presence of 5 mm
K;3[Fe(CN)g] in 1 M KCl were performed. As expected, the immo-
bilization of Protein G led to an increase in the peak-to-peak
separation, hinting at the successful adsorption onto Au
(Figure S1A, Supporting Information). The subsequent immo-
bilization of the antibody did not cause significant changes in
the CV curves. A drastic change is instead observed after the
SAM formation, which leads to complete inhibition of the fara-
daic response, indicating a total coverage of the Au gold surface.
From these measurements, the covered area of the electrode by
Protein G-antibody was calculated by means of the Randles—
Sevcik equation and was estimated to be 40 * 4%. In parallel,
the gate functionalization was also monitored by electrical
characterization, and in particular by obtaining transfer curves
of EGOFETs gated by an Au gate electrode following each
modification step. The overlay of the transfer characteristics
recorded after each functionalization step showed a decrease
in the drain current following every modification of the Au
surface (Figure S1B, Supporting Information). Fabrication
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and functionalization protocols showed good reproducibility:
typical transfer curves and output characteristics registered
with bare Au gate electrode and Protein G/NF-L antibody/OEG
SAM functionalized gate electrode are reported in Figure S2,
Supporting Information. The devices showed good electrical
performances even after the gate functionalization; in particular,
transconductance g, that is, the slope of the linear region of
the transfer curves, slightly decreases from g, = 2.2 (£ 0.7) uS
to 2.0 (£ 0.6) uS moving from bare gold gate to functionalized
gate, respectively. The gate functionalization protocol caused a
shift of the threshold voltage Viy to more negative values, from
Vry = —0.31 (£ 0.04) V to —0.38 (£ 0.03) V, and an increase of the
ON/OFF current ratio from =1000 to =3000. The increase is due
to the lowering of the OFF current, probably caused by a decrease
of leakage current I after the functionalization steps. The output
characteristics reported in Figure S2, Supporting Information
show a good modulation of the drain current Ipg (the saturation
region is reached at Vg between —0.2 and —0.3 V).

2.2. Sensing NF-L with EGOFET-Based Biosensors

After assessing the effectiveness of the gate functionalization
strategies, we tested the capability of EGOFETs gated by the
cys-Protein G/anti-NF-L/OEG-modified Au electrodes to serve
as biosensors selective toward NF-L in a concentration range
that would span both physiological and pathological levels.[?:°]
To this end, we first recorded transfer characteristics in the —0.1
to —0.6 V potential window in PBS containing increasing con-
centrations of NF-L ranging from 100 fm to 10 nm. Figure 2A
displays a typical response of EGOFETs to increasing [NF-L]:
the drain current invariably decreases as the target protein
concentration increases. We ascribe the [NF-L]-dependent
change of the drain current to NF-L binding to the corre-
sponding antibody immobilized on the gate. The sensor gives
a response in a few minutes and shows good stability in time
as reported in Figure S3, Supporting Information for 10 pm
[NF-L] solution. In line with previous reports by our group and
others, 04451 we quantify the response of the biosensor as
—AI/Iy = ~(Ipsim — Ips)/Ips) Where Ipg, is the drain current
value at the nth NF-L concentration, and Ipg is the drain cur-
rent value at [NF-L] = 0 M. —AI/I, can be calculated at any Vg
value explored while recording the transfer curve. It has been
previously shown that the normalized drain current change
Al/I, is typically highest for Vg values below or close to the
threshold voltage Vry. Therefore, here we decide to focus on
the dose curve calculated at Vg =—0.4V, depicted in Figure 2B
in the semilogarithmic format.

—AI/I, increases monotonically within the investigated [NF-L]
range: it rises rapidly at the lowest concentrations tested (i.e.,
for [NF-L] < 10 pm), then it still increases but in a less steep way
to reach [NF-L] = 1 nm and eventually rises rapidly again until
the highest concentration tested [NF-L] = 10 nwm is reached. At
a first glance, this trend hints at the concomitant presence of
two simultaneous equilibria taking place at the gate/electrolyte
interface. To gain insight into the experimentally observed trend
of —AlI/I, versus [NF-L], we fitted the corresponding dose curve
with the liquid phase version of the Guggenheim—Anderson—
De Boer (GAB) adsorption model. The GAB isotherm is a
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Figure 2. Transfer characteristics and response of the device to NF-L. A) Transfer curves of the EGOFET-based biosensor upon exposure to increasing
concentrations of NF-L in PBS, ranging from 100 fm to 10 nm, recorded at a fixed Vps of —0.2 V. This is a representative example of the 11 experiments
performed; the highest concentration (10 nm) was tested in 8 out of 11 replicates, while the lowest (100 fm) in 3. B) Biosensor dose curve —Al/l versus
log[NF-L], calculated at Vs = —0.4 V. Data are shown as the mean £ SE of 11 independent experiments. Dashed line is the fit to the GAB adsorption

isotherm (Equation 1).

three-parameter, multilayer adsorption model that is based on
the assumption of two distinct adsorption states: a first layer is
characterized by strong adsorption and is associated to an equi-
librium constant Kg, whereas the binding of more adsorbate
molecules to form a second (or multiple) layer(s), in a different
state than those in the first adlayer, is weaker and described by
a second equilibrium constant Kj. This second layer generally
forms on the previous layer strongly adsorbed on the adsorbent
surface.

The GAB model has been applied to the description of pro-
tein adsorption on silica nanoparticles.>>3 Here, we apply it to
the problem of NF-L binding to EGOFET gates by expressing
the isotherm in terms of —AI/I, (which we assume is directly
proportional to the amount of adsorbed NF-L) as follows

ﬂ - (ﬂ KsC (1)

I, \I, )m (1-K,C)(1+KsC—K,C)

where (—AI/Io)may is the maximum attainable normalized drain
current change upon adsorption in the first strongly bound
layer (therefore directly proportional to the maximum surface
concentration of NF-L) and C is the bulk protein concentra-
tion. Please note that —AI/I, will take values > (-AI/Ip)pax if
Ki > 0 (therefore, if multilayers are formed), since (-AI/Ip)max
is related to the maximum amount of protein adsorbed exclu-
sively in the first, strongly bound layer; if, instead, K = 0, there
is no multilayer formation and the GAB isotherm is reduced
to the Langmuir model. The dashed line in Figure 2B is the
fit of the GAB isotherm to our data, with the best-fit param-
eters taking the following values: Kg = (3.52 £ 1.63) x 10", K| =
(3.78 £ 0.54) x 107 and (AI/Io)max = 0.39 + 0.02. The GAB model
seems to fit rather well with our experimental data. The satis-
factory fitting indicates that the Langmuir-like treatment of the
strong adsorption state, which does not take into account lateral
interactions between antibody/NF-L couples, describes reason-
ably well our experimental conditions also in line with the esti-
mated protein G coverage of the gate electrode. Three regions
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can be identified in Figure 2B that correspond to lowest, inter-
mediate, and highest [NF-L] values, respectively. Within the
framework provided by the GAB isotherm, these regions can
be associated with two adsorption processes that partly overlap.
At low concentrations of NF-L protein in solution, there is a
progressive increase in the surface concentration of protein
strongly bound to the surface-confined antibody; when this first
adsorption process approaches saturation (region of pseudo-
plateau), a second adsorption process begins on low-affinity
sites, most likely corresponding to binding from solution to
antibody-bound NF-L molecules resulting in multilayers of
NF on the electrode surface. This second adsorption process
yields the third region, characterized by a rapid increase in the
amount of adsorbed protein which is observed when the high-
affinity sites are saturated, and the adsorption occurs only on
the low-affinity sites. Processes of this type, described by a GAB
isotherm where a second adsorption process occurs on the first
layer of adsorbed protein, are known in the literature.??=* The
possibility that the protein/protein aggregation might be occur-
ring on the surface was considered, also taking into account the
demonstrated ability of NFs, including (though not limited to)
NF-L, to assembly in vitro and in vivo.>>>°]

Fitting with the GAB isotherm also allowed us to estimate
the limit of detection (LOD), namely the concentration corre-
sponding to the device signal when no analyte is present in the
measurement environment + 30 (o is the standard deviation of
the device response). In this case, the LOD is as low as 30 fum.

2.3. Morphological Characterization

To assess whether high concentrations of NF-L might indeed
lead to the formation of aggregates on the gate surface, we per-
formed semicontact atomic force microscopy (AFM) imaging
in air on cys-Protein G/anti-NF-L/OEG-modified Au electrodes
before and after immersion in NF-L solutions at increasing con-
centration. AFM images recorded at [NF-L] =0 M, 1 pm, 100 pwm,
and 10 nm are shown in Figure 3. It is apparent that the
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25 nm

Figure 3. AFM topographical images of cys-Protein G/anti-NF-L/OEG-modified Au electrodes after immersion in NF-L containing solution at increasing
concentration: 0 M (top left), 1 pm (top right), 100 pm (bottom left), and 10 nm (bottom right).

morphology of the gate electrodes is heavily dependent on [NF-
L]. One can note rounded morphological features that we can
safely describe as NF-L-related entities, whose heights are in
tens of nm range, whose density increases with increasing NF-L
concentration, and that, therefore, might be tentatively inter-
preted as protein aggregates. The NF-L concentration-related
morphology has been confirmed by scanning electron micros-
copy (SEM) analysis of the same electrodes (Figure S4, Sup-
porting Information). Interestingly, the NF-L aggregates show
a globular shape, thus different from the elongated shapes
previously described when NF-L is associated with NF-M and
NF-H.P86061 To quantitatively describe the morphological sur-
face changes with [NF-L], we estimated the average surface
roughness 0, and the correlation length &, which are reported
in Table S1, Supporting Information (standard deviations from
different images of the same electrode are reported as errors).
The immobilization of NF-L causes a monotonic increase of
the surface roughness moving from 1 pm to 10 nm due to the
increasing number and dimension of protein aggregates.

Conversely, the lateral correlation length decreases with
increasing NF-L concentration since the distances between the
aggregates decrease. Both trends corroborate our interpreta-
tion that NF-L aggregation might take place on the gate at high
concentrations.

2.4. Evaluation of Selectivity of NF-L Sensor

In order to assess whether the observed device response could
be safely ascribed to selective interaction between NF-L and its
corresponding antibody immobilized on the Au gate electrode,
we performed the following set of control experiments. First,
we monitored the response of EGOFETs gated by Au electrodes
with anti-interleukin-6 (IL-6) antibodies, instead of anti-NF-L
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ones, immobilized on the electrode surface. In such a configu-
ration, no biorecognition unit specific to NF-L is present on the
gate surface; therefore, we expected ideally no specific response
upon exposure to increasing [NF-L] in solution. In Figure 4A,
we provide the response to the highest NF-L concentration
(10 nm) tested with EGOFETs gated by cys-Protein G/anti-IL-6/
OEG-modified Au electrodes. It is apparent that, despite the
rather large error bar associated with the average —Al/I, value,
the nonspecific response is significantly lower even than the
specific response, averaged over 11 different experiments, to
1nm NF-L (therefore, 10 times less concentrated). The response
of EGOFETs gated by cys-Protein G/anti-IL-6/OEG-modified Au
electrodes to lower NF-L concentration (1 pm to 1 nm) is even
smaller in magnitude and opposite in sign with respect to the
specific one (data not shown). These results indicate that the
trend observed in Figure 2A requires, as expected, the presence
of a specific biorecognition unit on the gate.

In the second round of control experiments, we monitored
the response of EGOFETs gated by Au electrodes with anti-
NF-L antibodies to biomacromolecules different from NF-L.
For this purpose, we exposed the biosensor to other proteins,
which might in principle bind nonspecifically at the relevant
device interfaces yielding an undesired nonspecific response.
We tested two inflammatory cytokines normally present in the
same fluids where NF-L can be found, namely IL-6 and IL-15.
The response to a high (10 nm) concentration of inflammatory
cytokines was evaluated in triplicate (Figure 4A). Please note
that we chose to test interleukin concentrations that are well
above the physiological (about 0.05 pm) and pathological (about
0.05 nwm) levels. It is apparent that both cytokines caused a non-
specific response that is markedly lower than the specific one,
even when compared with the response to 1 nm NF-L.

Finally, we checked if the sensitivity of the biosensor would
be influenced by the presence of other, potentially interfering

© 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH

85U80|7 SUOWIWOD 8AIIe81D) 3|cedldde 8y Aq peusenob afe saolie O @S JO'Sa|n 10} A%eid 78Ul UQ 48] 1M UO (SUORIPUOD-pUe-SLUBIAL0D A8 1M AeIq 1 BU1 UO//:SANY) SUORIPUOD Pue SWia | 8u1 38S *[£202/T0/TE] Uo AriqiTaulluo Ae|iMm euspoN AisieAlun Aq TyEZ0TZ0Z IWPR/Z00T OT/I0pAW0D A8 imAreIqi Ul uo//:Sdny Wo.j pepeojumod ‘TT ‘2202 ‘0SEL96TZ



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

A)

Anti-NF-L vs 10 nM NF-L
Anti-NF-L vs 1 nM NF-L
Anti-NF-L vs 10 nM IL-6
Anti-NF-L vs 10 nM IL-18 7]
Anti-IL-6 vs 10 nM NF-L

INTERFACES

www.advmatinterfaces.de

084 ®= NF-L -
A NF-L+1nMIL-1f

S b

10" 10" 10" 10° 10°

[NF-L] (M)

Figure 4. A) Response of the EGOFET-based biosensor functionalized with either specific anti-NF-L antibodies to different proteins: NF-L (red), IL-6
(blue), and IL-13 (green), or with anti-IL-6 antibodies to NF-L (yellow). Data are shown as mean + SE of 11 (red) and 3 (blue, green, and yellow) inde-
pendent experiments. B) Biosensor dose curve —Al/l, versus molar concentration of NF-L, in the absence (black squares) and presence (blue triangles)
of 1 nm IL-1f, calculated at Vs =—0.4 V. Data are shown as mean £ SE of 11 (black squares) and 4 (blue triangles) independent experiments.

molecules. We, therefore, tested the response of EGOFET
gated by Au electrodes with immobilized anti-NF-L antibodies
to increasing [NF-L] in the presence of a potentially interfering
molecule, IL-153, at a constant, high concentration (1 nwm). This
last set of experiments was repeated in quadruplicate, and the
results are shown in Figure 4B, with data points as blue tri-
angles, overlaid to the corresponding dose curve in the same
[NF-L] range but in the absence of IL-18 (black squares).
Although, at all tested concentrations, the response to the target
is slightly higher than that in the absence of IL-15, the current
variations are indistinguishable when considering the asso-
ciated errors. Therefore, even in the presence of a potentially
interfering protein, the device was still able to discriminate
NF-L in the 10 pm—10 n™ range.

Overall, these three rounds of control experiments all indi-
cate that our device is able to selectively discriminate NF-L in
the investigated concentration range.

3. Conclusions

In summary, we demonstrated successful detection of NF-L
with an EGOFET biosensor. The biosensor developed in this
study turned out to be able to detect NF-L in a dynamic range
spanning five orders of magnitude, from 100 fm to 10 nm,
with satisfactory reproducibility that was assessed by the large
number of independent experiments performed.

The data distribution along the dose curve hinted at the
simultaneous presence of at least two equilibria: along this
line, the device response was fitted to the GAB isotherm, which
takes into account multilayer adsorption. We interpret suc-
cessful fitting to the GAB model in terms of formation of a
strongly bound layer where antibody/antigen interaction takes
place, and we hypothesize that further layers might be formed
upon NF-L aggregation on the gate surface, as indirectly sup-
ported also by AFM investigations on gold surfaces functional-
ized like the EGOFET gates and exposed to increasing [NF-L].

We assessed the selectivity of the biosensors for NF-L, by
evaluating the nonspecific response when either the surface

Adv. Mater. Interfaces 2022, 9, 2102341 2102341 (6 0f8)

probe (the antibody) or the target (the freely diffusing protein)
was changed. In both cases, the specific response was signifi-
cantly higher. Further confirmation of selectivity came from
the dose curve obtained in the presence of a second, potentially
interfering protein at a high, constant concentration.

We are well aware that further optimization of the biosensor
is needed before applying it to the quantification of NF-L in bio-
logical samples. In particular, validation with highly complex
media such as serum and plasma will have to be performed,
to check whether the selectivity is retained also when operated
in bodily fluids, a matter that might be relevant especially con-
sidering the low NF-L concentrations (i.e., <107 m), typically
observed in real samples. Nevertheless, we believe that the pre-
sent data make our sensing platform a highly promising candi-
date to monitor the progression of multiple sclerosis and pos-
sibly also the response to treatment.

4. Experimental Section

Device Fabrication: The transistors were fabricated using test
patterns (TPs) of 1 cm™ total area purchased from “Fondazione Bruno
Kessler” (Trento, Italy). TPs presented four interdigitated source and
drain electrodes with a channel length L = 15 um and channel width
W =30 mm (W/L = 2000) patterned by photolithography and lift-off.
Source and drain electrodes were made of Au with a thickness of
50 nm and a few nm Cr adhesive layer on a quartz substrate. Prior to
the semiconductor deposition, TPs were cleaned as follows: i) removal
of the photoresist layer by rinsing with acetone, ii) drying with nitrogen
flow, iii) washing in acetone at 70 °C for 10 min, iv) drying with nitrogen
flow, v) immersion in piranha solution (1:1 concentrated H,SO,:H,0,)
at 150 °C for 1 min, vi) abundant rinsing with water, vii) drying with
nitrogen flow. TIPS-pentacene (2% w/w in 80:20 toluene:hexane)
was deposited on the quartz substrate by spin coating and cured in a
solvent-rich environment at 60 °C for 30 min.

Gate Functionalization: Polycrystalline gold wires were used as
gate electrodes. Prior to functionalization, gold wires were cleaned
through i) immersion in 2.5 m KOH at 130 °C for 4 h, ii) immersion in
concentrated H,SO, at 220 °C for 2 h, iii) rinse abundantly with water.
A final electrochemical polish was performed by sweeping the potential
between 1.5 and —0.25 V in acidic conditions (1 M H,SOy) for at least
five cycles.
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Specific recognition elements were immobilized in the gate surface
according to the following protocol: i) overnight incubation in cys-
Protein G solution (2 mg mL™) at 4 °C, ii) incubation in anti-NF-L
solution (0.1 mg mL™) for 1 h at room temperature, iii) incubation in
11-mercaptoundecyl-triethylene glycol (OEG) solution (10 um) for 30 min
at room temperature, iv) final rinse with PBS. The area of the gold
electrodes was kept constant by means of a passivation layer.

Electrochemical ~ Characterization: ~ Cyclic ~ voltammetry  (CV)
measurements were performed to estimate the electrode active area
and the coverage after every immobilization step by means of the
Randles—Sevcik equation. The measurements were performed in 5 mm
Ks[Fe(CN)g], 1 m KCl at 50 mV s™. The experiments were carried out
using a CH Instrument potentiostat 760c model. All measurements were
performed in a three-electrode cell; the Au gate electrode was used as
the working electrode, whereas Pt and Ag/AgCl electrodes were used as
counter and reference electrodes, respectively.

Electrical Characterization: Electrical measurements were acquired
in a buffer solution (50 mm PBS, pH 7.4) containing increasing
concentrations of NF-L (from 100 fm to 10 nm). Source, drain, and
gate electrodes were connected to an Agilent B2912A Source Measure
Unit, and current—voltage (I-V) characteristics were recorded by
applying sweeping gate—source voltage (Vgs) from —0.1 to -0.6 V
while maintaining a constant drain—source voltage (Vps) of —0.2 V.
All the measurements were performed at room temperature inside a
Faraday cage. Transfer curves were repeatedly acquired until reaching
stabilization. The experimental values shown in Figure 2 are the
average of the measurements performed for n = 11 experiments, except
for [NF-L] = 10 nm and [NF-L] = 100 fm, for which n = 8 and n = 3,
respectively. Error bars represent the associated standard error (SE) of
the mean.

Control Experiments: In the first set of control experiments (n = 3),
the EGOFET gate was functionalized following the same procedure as
described previously but immobilizing anti-IL-6 antibodies instead of
anti-NF-L ones. In the second set of control experiments (n = 3), the
gate was functionalized exactly as described previously and the device
was exposed to 50 mm PBS, pH 7.4 solutions containing IL-6 or IL-15
at 1 and 10 nm concentrations. In the third set of control experiments,
(n = 4), the gate was functionalized exactly as described previously and
the device was exposed to 50 mm PBS, pH 7.4 solutions containing
increasing concentrations of NF-L in the 1 pm—10 nm range together with
1 nm IL-15. The experiments were performed under the same conditions
as the sensing experiments described above.

Atomic Force Microscopy: Morphological characterization of the
electrodes was performed using an NT-MDT SMENA Solver platform
(Moscow, Russia); the analysis has been performed in semicontact
mode and the images have been analyzed using Gwyddion 2.56 freeware
(http://gwyddion.net). The electrode characterized with AFM was
different from the one used in electrical measurements; in particular,
a flat electrode was used to optimize the morphological analysis
(fabrication and cleaning procedures are reported in ref. [39]).

Scanning Electron Microscopy: Surface characterization was performed
with a SEM Zeiss Sigma equipped with a Schottky Field Emission Gun
operating at 5 keV.

Chemicals and Reagents: Phosphate salts, potassium ferricyanide,
potassium chloride, sulfuric acid, potassium hydroxide, acetone,
acetone, ethanol, hexane, toluene, and OEG were purchased from
Sigma-Aldrich. TIPS-pentacene was purchased from Ossila. Cys-Protein
G was purchased from Novus Biologicals. Monoclonal anti-NF-L (DA2)
and anti-IL-6 (677B6A2) antibodies were purchased from Thermo Fisher
Scientific. Recombinant human NF-L, IL-6, and IL-18 proteins were
purchased from Abcam, ReliaTech GmbH, and AdipoGen, respectively.
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