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1. Introduction

Maintaining physical and mental health in an aging society is of
utmost importance. Alzheimer’s disease (AD) is the most
serious form of neurodegenerative disease. In fact, AD

represents the most common cause of
dementia, which has an estimated lifetime
risk of about 20% for women and 10% for
men,[1] while the global number of people
estimated to be living with AD is expected
to almost double every 20 years.[2]

However, the only accurate diagnosis is
through postmortem neuroanatomical
analysis. Therefore, accurate antemortem
diagnosis is urgently needed for early
detection of AD to empower reliable
estimation of prognosis, intervention, and
monitoring of the disease.

The overall situation has reiterated a
need that has always haunted physicians:
to prevent the progression of the disease
in time, or at least to slow it down, if not
yet possible to cure it. There are classic
routes to do this, but they are not 100%
accurate. On the one hand, one makes
use of an extensive neuropsychological
and neurological examination. On the
other hand, one has access to laboratory
methods to detect altered proteins in the
cerebrospinal fluid (CSF) combined with

neuroimaging (magnetic resonance imaging [MRI], positron
tomography, etc.). Neuroimaging, although more objective, is
time-consuming and expensive, with still a certain degree of
uncertainty.[3] The powerful and straightforward advantage of
biomarkers may be the ease of use and low cost, so unique
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features to be employed in the early screening of AD. Luckily,
more recently, many steps have been made and research has
increasingly focused on organic biomarkers, i.e., altered proteins
(Tau protein [Tau] and amyloid-beta [Aβ]) that accumulate from
the beginning of the physio-pathological process, long before
symptoms appear.[4–7] Their aggregates are detectable in CSF
well before clinical manifestations. Specifically, the increase in
Tau level provides above all the real warning signal for the onset
of AD,[8] capable also of distinguishing the risk of different stages
of dementia since it correlates with disease progression as
recently indicated.[9] Tau derives from alternative mRNA splice
variants that originate from a single gene and result in mature
proteins that vary in size from 352 to 441 amino acids, and hence
with a molecular weight from 36.8 to 45.9 kDa, respectively. In
the human brain, alternative splicing of mRNAs results in six
molecular isoforms that are highly hydrophilic, and hence
soluble and heat stable.[10] Tau-441 is the largest size human
brain Tau with a total of 441 amino acids in length,[11] and hence
the large number of amino terminal inserts enhances its binding
to tubulin, which makes Tau-441 the most effective in promoting
microtubule assembly. Moreover, with Tau-441 being the longest
Tau isoform, it has also the largest number of phosphorylation
sites and so far represents one of the most effective and clinically
relevant Tau protein.[12]

Traditional methods for Tau detection are mostly based on
enzyme-linked immunosorbent assay (ELISA) or, more recently,
on mass spectrometry.[13] While ELISA possesses the well-known
disadvantages of labeled methods in comparison with label-free
ones (i.e., tedious assay procedure, time-consuming, and
reagent-consuming approach), mass spectrometry is costly,
needs a skilled technician, cannot be integrated into a portable
system and, most importantly, is unable to differentiate among
molecule isomers with the same charge-to-mass ratio. Different
biological fluids are being used to detect Tau, such as CSF,
serum, plasma, and blood.[4,14] Level of Tau in CSF has been
shown to increase in the very early stages of the disease where

its elevated level makes higher the risk of a quicker development
of AD dementia. Still, only the quantification of Tau through
brain imaging (using positron emission tomography) or in
CSF has been considered the gold standard method for patient
stratification and as an enrollment criterion for clinical trials for
AD.[15,16] In fact, the Tau level in other biofluids at the early stage
of the disease is extremely low (down to pgmL�1) which requires
supersensitive techniques to the detriment of accuracy,
specificity, and repeatability in the detection. Despite standard
procedures for CSF collection (e.g., lumbar puncture) are gener-
ally highly invasive, sometimes risky and painful for the patient,
specific and reliable detection of Tau in CSF as AD biomarker
continues to be a major challenge due to the unreliability and
complexity of the results in case of blood. Therefore, the added
value of developing a science-enabled, effective, and highly
sensitive photonic platform capable of accurate, label-free, and
real-time monitoring and quantification of Tau levels in CSF
is very necessary but still challenging.

Optical sensors are a class of sensors that have attracted
growing attention in cutting-edge applications over the last years,
such as for monitoring both the environmental conditions
toward green and sustainable economy and health parameters
in a personalized fashion.[17–19] Among them, fiber-optic sensors
permit to exploit the fascinating and peculiar light control at
unprecedented and outstanding levels, together with other inher-
ent features, which other optical technologies can hardly
attain.[20–22] In all cases, the interaction of light traveling within
the photonic device with the surrounding environment generates
surface waves (for instance, evanescent waves, Bloch waves, sur-
face plasmon polaritons, waves related to lossy/leaky mode or
derived from guided mode, etc.), that are able by the evanescent
field to assess every change occurring in the surrounding
medium through the measurement of refractive index (RI).[23]

Given the particular coupling of light, these photonic
devices mainly feature the presence of resonance (i.e., attenua-
tion dip or absorption peak) in their transmission or reflection
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spectrum that changes its optical properties as a function
of surrounding RI. Generally, micro/nano lab-on-fiber (LoF)
sensing platforms, together with nanoparticles, nanofilms, or
nanostructures, allow tailoring the light–matter interaction with
remarkable resolution, precision, and accuracy, thus envisaging
advanced technological-level optical platforms with ultrahigh
performances.[24]

Herein, we report a highly sensitive, specific, and reproducible
application of real-time and noninvasive detection of Tau at low
levels exploiting LoF technology.[25] We demonstrate that there is
a clear relationship between the level of Tau and the measured
changes in the optical features of surface waves excited on the
fiber surface by means of lossy-mode resonance (LMR). For
any biochemical changes occurring around the fiber surface,
the associated modification of the surface RI has a very strong
impact on the optical features of the LMR, which is reflected
in the measured transmission spectrum of the sensor.[23] LMR
pinpoints improved detection flexibility and several advantages
over well-established optical technology platforms based on other
resonance-based phenomena,[26] such as a relatively easy tunabil-
ity of the resonance wavelength over a wide spectral range from
visible to near infrared (NIR) as a function of the coating thick-
ness, the possibility of exciting both transverse electric (TE) and
magnetic (TM) polarization states of light, and the capability of
multiple LMR generation.[27] The combination of a special geom-
etry of single-mode fibers, i.e., a D-shaped configuration, with
additional nanometer-scale metal-oxide coating to support
LMR, has offered remarkable results in terms of the limit of
detection (LOD) of biomolecules in real samples.[21] Since
tin dioxide (SnO2�x) guaranteed an extremely high RI
sensitivity in comparison with other LMR-generating nanomate-
rials,[26,28] this material has been used in the present study.

2. Results

2.1. Sensor Characterization and Imaging

Several LMR-based optical fiber sensors coated with SnO2�x have
been manufactured to conduct this study. Figure 1a details the

3D sketch of the nanofunctionalized optical fiber sensor for the
detection of biomolecules. The presence of a nanometer-scale
metal-oxide film allows the generation of LMR,[26] and the sens-
ing mechanism relies on the evaluation of RI changes occurring
in the fiber surface[23] and determined by the LMR spectral shift
(Figure 1b). The spectrum of some devices is shown in
Figure S1a, Supporting Information. It can be observed that
the spectral position (i.e., wavelength) as well as the visibility
(i.e., the depth) of the LMR can vary in the NIR region, but
the LMR keeps a high visibility (18–28 dB) and an average band-
width of 25 nm. In order to assess the impact of the repeatability
and reproducibility of the entire manufacturing process on the
sensing performance, a numerical analysis has been conducted
(Supporting Information) by studying the RI sensitivity of the
proposed sensor. The LMR spectral shift in short (1350 nm)
and long (1550 nm) wavelength ranges as a function of the sur-
rounding medium RI is detailed in Figure S1b, Supporting
Information. Comparable values of RI sensitivity (maximum
error of 15%) with respect to the state of the art[26,28,29] are
achieved (Supporting Information), thus ensuring very similar
penetration depth of the LMR-related evanescent field, and hence
comparable sensing performance is securely envisaged. Overall,
the RI sensitivity of those devices is generally higher than other
optical fiber sensors or grating-based configurations[29,30] and
averages around 4–8 μm�1 RIU,[31] with a sensitivity record of
14 μm�1 RIU.[21]

The used samples have been characterized by different
imaging tools, such as high-resolution scanning electron micros-
copy (SEM; Apreo S, Thermo Fisher Scientific, USA) and atomic
force microscopy (AFM; BioScope Catalyst, Bruker, USA). The
processing software used in the analysis of SEM and AFM
images is Phenom ParticleX AM Desktop SEM and
NanoScope Analysis, respectively. Figure 2a,b detail SEM images
of the LoF sensor cross section of one sample at low magnifica-
tion of 1300� and 5000�, respectively. From these images, it is
possible to observe the D-shaped form of the optical fiber sensor
used in this study. Moreover, the outer portion that surrounds
the fiber sample and is brighter than the remaining area repre-
sents the SnO2�x nanocoating. In order to completely character-
ize the proposed sensor, high magnification (40 000�) images

Figure 1. a) 3D view of the nanofunctionalized D-shaped lab-on-fiber sensor. b) Related sensing mechanism based on the evaluation of refractive index
changes, through evanescent wave interaction, that occur in the fiber surface and are determined by the spectral shift of the LMR, which is generated by a
metal-oxide thin film.
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have been taken considering samples at three different stages
during Tau detection: sample 1 refers to the optical fiber sensor
coated with SnO2�x and then functionalized with a polymeric
layer (Eudragit L100); sample 2 accounts for sample 1 further
coated with a biological layer represented by the immobilization
of the anti-Tau antibody (biological recognition element, BRE)
onto the fiber surface; finally, sample 3 refers to sample 2 further
coated with another biological layer represented by the plateau of
the assay after the interaction with a saturating Tau concentra-
tion. Figure 2c,e,g detail high magnification SEM images of
the optical fiber sensor cross section of samples 1, 2, and 3,
respectively. From these images, it is possible to determine the
thickness of the entire nanocoating that has been evaluated with
the integrated SEM software tool (�T microscope Server). All the

values are gathered in Table 1. It can be observed that the average
thickness of a uniform bio-layer of antibodies is confirmed to be
roughly (16� 7) nm as already reported in the literature.[32]

Figure 2. SEM images of the cross section of nanofunctionalized D-shaped fiber sensor at low magnification of a) 1300� and b) 5000�. High magnifi-
cation (40000�) SEM and 5� 5 μm2 scan area size AFM images considering samples at three different stages during Tau detection: sample 1 coated with
SnO2�x and polymeric layer (c, SEM; d, AFM), sample 2 further coated with a biological layer of anti-Tau antibody (e, SEM; f, AFM), and sample 3 further
coated with another biological layer of Tau analyte at the end of the assay (g, SEM; h, AFM).

Table 1. SEM and AFM imaging parameters of interest for
nanofunctionalized optical fiber sensors.

Type of imaging Sample 1 Sample 2 Sample 3

SEM (40 000�
magnification)

Nanofunctionalized film thickness [nm]

218� 9 235� 6 251� 6

AFM (5� 5 μm2 scan
area size)

Surface roughness, rms [nm]

15.7 16.3 24.9
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With AFM, for a complete characterization of the samples,
different sizes of the scan area are used ranging from
1.1� 1.1 μm2 up to 10� 10 μm2. Here, the AFM images refer
to an intermediate value of 5� 5 μm2 for the size of the scan area.
The root mean square (rms) roughness has been extrapolated
with the integrated AFM software tool (NanoScope Analysis)
from Figure 2d for sample 1, from Figure 2f for sample 2,
and from Figure 2h for sample 3. All the values are gathered
in Table 1. It is important to notice that the surface roughness
as well as the overall nanocoating thickness increase as a function
of the complexity of the biological layer with a progressive
reduction in surface flatness, starting from the polymeric layer
up to the complete assay at increasing concentrations of Tau,
passing by the immobilization of the BRE onto the fiber surface.
This gives evidence of the effectiveness and reliability of the
implemented assay for Tau detection. The complete AFM analy-
sis with smaller and larger sizes of the scan area is provided in
Supporting Information (Table S1 and Figure S2, Supporting
Information).

2.2. Assay Optimization and Specificity Assessment

After the optical characterization of the samples, the assay for the
detection of Tau level has been envisaged. In doing this, two key
aspects have to be considered in order to improve the sensor
specificity and accuracy (hence, the repeatability of the assay):[33]

the first encompasses the selection of the blocking agent for
surface passivation, while the second concerns the selection of
a biofluid for Tau detection in real scenario.

To answer to the first point, different blocking agents have
been tested individually and in combination: bovine serum
albumin (BSA), ethanolamine (EA), and tris-hydrochloric acid
(Tris-HCl). In case of BSA, two standard concentrations diluted
in phosphate-buffered saline (PBS) solution were used: 1% and
0.1%. The detailed analysis of this point is provided in
Supporting Information. By looking at Figure S3 and S4,
Supporting Information, BSA represents one of the best options
for blocking action together with surface passivation, as expected
when antibodies are grafted onto the biosensing layer surface of
optical sensors. Particularly, 0.1% BSA is selected in this study

given its response with an average shift of the LMR wavelength of
roughly (2.5� 0.5) nm and further confirmed thanks to a low
unspecific response, as discussed in the following paragraph.
All the results are plotted in Figure 3a.

The possibility of using this optical fiber technology in real
scenarios is underpinned by developing an approach where
the biomarker under investigation is present in a real and com-
plex matrix, such as serum, blood plasma, CSF, and not in a sim-
ple buffer like PBS. Therefore, Tau has been spiked first in
human serum as complex matrix. However, the results
(Figure S5, Supporting Information) clearly detail that nonspe-
cific attachment of biomolecules occurred when human serum
was used as biofluid, confirmed by a large shift of the LMR
wavelength, notwithstanding the use of BSA as blocking
agent. Moreover, differently from the sensing mechanism of
LMR-based device,[34] the signal decreases when Tau spiked
in 1:10 diluted serum at specific concentrations (up to
1 μgmL�1) is injected (Supporting Information). This undoubt-
edly demonstrates the ineffective and inefficient detection of Tau
by using the proposed assay. In contrast, BSA is routinely used
and proved as efficient blocking agent of free functionalities
when antibody-based binding interactions are featured in com-
plex matrices.[34,35] The achieved results in human serum could
turn out that, by spiking Tau in serum, a greater difficulty, and
hence a less probability for the analyte to reach the BRE occurs
due to a more intense electric charge effect over the biomolecules
and/or to a denser matrix. In general, the transport of target
molecules to the sensing surface that is an interplay between
diffusion, convection, and interaction plays a key role as the
biochemical reaction itself in governing binding kinetics, and, ulti-
mately, the performance.[36] Another reason could stem from the
fact that CSF has a slightly lower pH (7.28–7.32) than other bio-
fluids (7.35–7.45). The change of the biological matrix, associated
with this slightly different pH, could change the inherent nature of
biomolecules and antibodies (less hydrophilic and more hydro-
phobic for instance).[37] This would imply a change in the confor-
mation of biomolecules, resulting in the aggregation of antibodies
and then in a worse detection capability.[38] Anyway, according to
the literature[5,7,9] and the developed surface functionalization
involving the surface passivation with BSA, Tau was spiked in
CSF as the biofluid for AD biomarker assessment.

Figure 3. Analysis of the response of nanofunctionalized optical fiber sensors to repeated (n) experiments considering a) different blocking agent
solutions in surface passivation, such as bovine serum albumin at 1% and 0.1%, ethanolamine, and tris-hydrochloric acid, and b) different biofluids
where the target analyte is spiked, such as human serum, undiluted and 1:10 diluted commercially available CSF, and homemade CSF.
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Undiluted commercially available CSF has been used first.
However, repeated (n> 3) experiments have shown that the
LMR baseline exhibited a redshift (i.e., spectral shift toward
longer wavelengths) before and after the injection of CSF and
the trend reached the equilibrium in subsequent injections
with great reduction in magnitude (Figure S6, Supporting
Information). Even if the value of the signal change is dramati-
cally less than that achieved with human serum (one-seventh on
average), there is still a clear indication of weak biomolecule
attachment onto the fiber surface, confirmed by the typical kinet-
ics of interaction (i.e., the exponential behavior). This could stem
from the presence of a very low level of proteins in the biofluid. A
custom-made CSF was prepared (Experimental Section) to
mimic the saline part of brain CSF. Now, the signal exhibited
a variation (<0.1 nm) comparable within the signal noise
(0.08 nm) in repeated experiments (n> 3), which is one-tenth
of the previous case on average (Figure S7, Supporting
Information). This clearly demonstrates a very good specificity,
since any attachment of biomolecules (any kinetics of interaction
is also shown) occurs when custom-made Tau-free CSF is used.
However, this was expected, since this solution mimicking the
real biofluid consists just of different types of salts without
any added protein.

Conversely, for the development of an effective and reliable
device toward future early screening of AD, a biofluid that
mimics as much as possible the real scenario had to be taken
into account. To address this, the commercially available CSF
was used with a standard 1:10 dilution in PBS. Dilution of com-
plex biofluids (1:10 or even 1:100) that surely requires a further
preconditioning step in real scenario is routinely carried out for
the assessment of biosensing platforms,[39] but it does not have
an impact on the sensing performance since Tau concentration,
which is spiked in the sample, remains unchanged. In this case,
the signal exhibits just a slight increase of the baseline (0.15 nm
on average in repeated experiments, n> 3). A very weak biomol-
ecule attachment onto the fiber surface still happens, but the
specificity has been improved due to dilution. Therefore, 1:10
PBS-diluted commercially available CSF has been finally selected
to conduct this study with the Tau spiked in. As shown in
Figure 3b, the LMR shifts caused by homemade CSF and 1:10
diluted commercially available CSF are comparable, and this
proves that there is a negligible interaction between the biosens-
ing layer on the fiber surface and any of the biological
compounds contained in the commercially available CSF. All
the results assessing the assay specificity are showed in
Figure 3b.

2.3. Tau Detection

The selected Tau, i.e., Tau-441, is the longest of Tau isoforms and
consists of 441 amino acids with molecular weight of 45.9 kDa.
After the proper surface nanofunctionalization and immobiliza-
tion of the antibody, a wide range of Tau concentrations of clini-
cal interest was tested from 1 ng mL�1 (21.8 pM) to 10 μgmL�1

(218 nM).[40,41] As previously discussed, 1:10 PBS-diluted com-
mercially available CSF was used as real biofluid in repeated
experiments where Tau was spiked, instead of serum which
revealed to be not a suitable biofluid (Figure S8, Supporting

Information). Figure 4 accounts for the complete implementa-
tion and related assessment of the nanofunctionalized fiber sen-
sor when the Tau-441 was spiked in 1:10 PBS-diluted CSF. The
developed assay consists of the first steps for the preparation of
the sensing bio-layer (Figure 4a) and then of the second steps
where different increasing concentrations of target analyte are
detected (Figure 4b). By repeating several times (n¼ 5) the same
assay with different sensors and by plotting the average of sub-
sequent (15–20) measurements for each analyte concentration,
the biosensor dose–response curve is drawn as shown in
Figure 4c. The gray line accounts for the sigmoidal fit of the
experimental points by means of the Logistic function

λLMRðCTauÞ ¼ λLMR,min þ
λLMR,max � λLMR,min

1þ ð CTau
CTau,0

Þ�h
� �

s (1)

where λLMR(CTau) represents the actual LMR wavelength, λLMR,min

(signal at the blank sample) and λLMR,max (signal at the highest
Tau concentration) are the minimum and maximum LMR
wavelengths (i.e., the values corresponding to the horizontal
asymptotes), respectively, h and s are two coefficients related
to the slope of the sigmoidal curve, CTau and CTau,0 account
for the actual Tau concentration and the one equal to 50% of
the total dynamic range of the LMR optical signal, respectively.
The function used is formally equivalent to the Langmuir
isotherm and represents a well-accepted mathematical model
that quantifies the degree of interaction between ligand binding
sites.[42] The error bar is also showed in black; when it is not
displayed, this means that the standard deviation σ is less than
the symbol size of the experimental point. For the sake of com-
pleteness, when a slow dissociation rate constant occurs testified
by the strong antibody–analyte interaction, an accumulation
effect due to serial injections of analyte concentrations certainly
influences the number of available binding sites onto the func-
tionalized fiber surface. This outcome which is more evident and
not negligible at high analyte concentrations has to be taken into
account when the dose–response curve of the biosensor is drawn
and used to determine the analyte concentration of an unknown
sample. However, mass coverage of the BRE is largely abundant
with respect to the concentrations injected; a 20-fold higher
concentration of BRE with respect to the highest Tau protein con-
centration was used. In addition, it is worth underlining that,
despite serial injections are performed, it is possible to determine
the binding constants (association and dissiociation constants
above all) from the dose–response curve of affinity-based biosen-
sors simply by using the “kinetic titration” approach.[43]

Figure 4d reports on the specificity test that confirms the detailed
analysis given in the previous section, where a very small change
in the optical signal (LMR wavelength) <0.2 nm occurs when the
used biological matrix is injected. The response is also confirmed
when the injection of diluted CSF is performed in two distinct
and consecutive cycles (Figure S6b, Supporting Information).
The shift of the LMR wavelength in case of the lowest Tau
concentration is almost threefold greater than that of 0-spiked
analyte solution, thus testifying the remarkable specificity.

The assessment of the performance of the nanofunctionalized
LoF technology platform is carried out with complete statistics by
collecting all the results achieved using different sensors and
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plotting a selection of them considering the outliers. Data have
been scaled down to the mean value of the LMR wavelength at
0-spiked analyte solution (i.e., optical signal at the baseline with-
out any Tau protein spiked in), and hence the new parameter is
named ΔλLMR. Figure 5 details the median and mean values, the
Gaussian distribution of the experimental data, and the inter-
quartile range (IQR) for the lower Tau concentrations using
Origin software (OriginLab, OriginPro 2020). To complement
the statistical analysis, GraphPad Prism v7.00 software is also
used. The three data groups, referring to the 0-spiked Tau
concentration (blank measurements) and the two lower Tau
concentrations, are further analyzed with a one-way analysis
of variance (ANOVA) test and with Tukey’s honest significant
difference test. Asterisks showed in Figure 5 indicate the
statistical significance among the measurements where the
symbol “****” means a p-value < 0.0001 (p-values greater than
0.05 are considered not significant), thus reporting an overall
excellence significance. Two crucial and practical parameters
have been taken into account to better determine the sensor

performance: LOD and limit of quantification (LOQ) defined
as 3σ and 10σ of the blank measurement (i.e., the optical signal
related to 0-analyte solution), respectively.[23,44] An LOD of
2.4 pM (110 pgmL�1) and an LOQ of 25 pM (1.15 ngmL�1) were
attained. It is worth underlining that Figure 5 gathers the results
obtained with different LMR-based D-shaped fiber sensors in
repeated experiments. The different values for each concentra-
tion, that is to say the variance of experimental results, account
not only for the reproducibility issue of LMR-based D-shaped
fiber sensors but also for the repeatability in the assay
implementation.

For the sake of completeness and to facilitate future transla-
tion of the proposed research into feasible solutions, the obtained
results have been compared using undiluted commercially
available CSF as real biofluid (Supporting Information).
Figure S9, Supporting Information, details the sensorgram, the
specificity test, and the biosensor dose–response curve by repeat-
ing the same assay (n¼ 4) and by plotting the average of subse-
quent (15–20) measurements for each analyte concentration. All

Figure 4. a) Preparation of the sensing bio-layer by grafting the Tau antibody (anti-Tau, clone 46) onto nanofunctionalized fiber sensor. b) Detection of
Tau analyte (Tau-441) spiked in 1:10 PBS-diluted CSF biofluid in concentrations ranging from 1 ng mL�1 to 10 μg mL�1. c) Biosensor dose–response
curve in repeated (n¼ 5) experiments, together with the fitting function used in the gray box. d) Specificity test accounting for the optical signal change
when 0-spiked analyte solution is injected representing the used biological matrix, i.e., 1:10 PBS-diluted CSF.
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the achieved results are gathered in Table 2 for a direct
comparison.

To complement our workflow, affinity and specificity analysis
were performed combining different proteomics-based biochem-
ical approaches, such as Western blotting (WB) and ELISA. All
the details on the methodology and procedures are provided
further ahead in Experimental Section/Methods, while the
results are presented in Figure S10, Supporting Information.
A LOD of 500 ngmL�1 was obtained using an ELISA kit. WB
revealed multiple bands with different molecular weights in
Tau samples as shown in Figure S10, Supporting
Information. The standard molecular weight of Tau-441 is
45.9 kDa as we used in the developed assay protocol.
However, its molecular weight increases up to roughly 67 kDa
as observed by WB due to the capability of such isoform to
self-interact and hence to create a dimer or intermediate forms
in a sodium dodecyl sulfate-polyacrilamide gel electrophoresis
(SDS-PAGE) gel.[45] Overall, these data revealed that the pro-
posed assay featured a biological setup that partially mimicked
the toxicity induced by Tau oligomers in the context of AD.[46]

Finally, to assess the potential reusability of the proposed bio-
sensing platform, a preliminar regeneration test is performed
following a similar protocol already tested for the regeneration
of antibody–antigen–based biosensor by using 1% w/v SDS
diluted in PBS as regeneration solution.[21] Three consecutive

regeneration cycles are carried out. The results are detailed in
Figure S11 and Table S2, Supporting Information. It is worth
pointing out that SDS works well in case of antibody–antigen
interactions, with a good recovery of the baseline and almost
repeatable signal change when a fixed low concentration of ana-
lyte is injected. The expected outcomes at higher analyte concen-
trations are not trivial to predict, although the regeneration
process strongly depends on the regeneration solution and
protocol, when the antibody–analyte affinity and the involved
Van der Waals forces of molecules have already been considered
in advance.

3. Discussion and Conclusion

Over the last years, a lot of efforts have been made to determine
Tau structure as a way to understand Tau function and its mech-
anisms of action.[47] However, these efforts have primarily based
on traditional biochemistry and molecular biology approaches.
Novel optical methods allow the exploitation of the fascinating
and peculiar light management at unprecedented levels, which
other optical technologies can hardly attain.[20,21] The interaction
of light traveling within the photonic sensor with the surround-
ing environment exploits electromagnetic waves (for instance,
evanescent waves, Bloch waves, and surface plasmon polaritons)
that are able to assess every change occurring in the surrounding
medium.[23] Micro/nanotechnology, together with nanoparticles,
nanofilms, or nanostructures in general, permit to tailor such
surface waves with outstanding spectral resolution, precision,
and accuracy, thus envisaging high-performance and high-
technological-level optical platforms. Here, we show that it is
possible to effectively and reliably quantify the level of Tau in
CSF by using nanofunctionalized LoF optical sensors embedded
into custom-made developed microfluidics. The sensing system
exploits a recent, high-performance and super versatile physical
phenomenon termed LMR, which is similar to surface plasmon
resonance (SPR) in terms of mathematical description of electro-
magnetic fields,[48] but distinct in terms of the optical features
from other well-investigated optical approaches, such as SPR,
fiber gratings, and interferometry, with potentially remarkable
advantages over the other optical detection approaches in terms
of resonance tunability, sensitivity, figure of merit, and multipa-
rameter sensing.[26,27] An elaborate fundamental study has
showed the huge potentiality of LMR technology able to attain
sensitivity in the order of tens of μmRIU�1 and resolution below
10�7 RIU in aqueous environments.[49] Furthermore, in the pro-
posed sensing system that has been envisaged by embedding the
fiber within an ad hoc developedmicrofluidics,[30] the variation in
the optical features of light depends solely on the changes in the
RI of surroundingmedium and not on other sources of noise like
fiber deformation, temperature fluctuations, polarization effects
(light polarization is fixed once LMR has been optimized), or
source power fluctuations (wavelength-based detection is used).
The deposition of nanomaterials onto the fiber sensing region
(i.e., SnO2�x in this case) permits not only to excite the LMR
but also to improve the light–matter interaction in the fiber
surrounding medium, thus allowing to attain remarkable limits
of detection of biomolecules down to pM and fM range in
repeated and independent experiments.[21,26] Overall, the entire

Table 2. Performance assessment of nanofunctionalized fiber sensors for
tau detection using diluted and undiluted matrices.

Type of biofluid Tau
concentration

range [ng mL�1]

Total signal
change [nm]

Blank σ
[nm]

LOD
[pM]

LOQ
[pM]

1:10 PBS-diluted CSF 1–104 13.23 0.038 2.4 25

Undiluted CSF 10–104 13.79 0.045 3.23 37

Figure 5. Complete statistics of all nanofunctionalized fiber sensors in the
low Tau concentration range for the performance assessment using Origin
software, and ANOVA and Tukey’s honest significance difference tests.
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fabrication process of the sensor did not affect the structural
integrity of the fiber, hence ensuring the sensor robustness
and reproducibility.

The progress on AD and related biomarker studies are making
very quick progress in the last years, with the continued discovery
of novel biomarkers.[50] Among them, some studies reported the
analysis and characterization of the ratio between different bio-
markers, such as phosphorilated Tau (pTau), total Tau (tTau or
simply Tau), and Aβ.[51–53] However, it is still not clear which of
them could be considered the new gold standard for the diagno-
sis of AD at the early stage, given also the possible overlap with
other neurodegenerative diseases, such as Creutzfeldt–Jakob dis-
ease (CJD).[54] Overall, the level of Tau in CSF from AD patients
exceeds 1 ngmL�1 (�22 pM) in comparison with controls or
other neurodegenerative diseases, such as Parkinson’s disease,
where the Tau concentration is below 1 ngmL�1,[40,41] even if
other studies suggest a lower cutoff value of 195 pgmL�1

(�4.2 pM) for Tau detection in CSF of AD patients.[55] Here,
we clearly prove with LODs below both these previously reported
clinical levels that the proposed sensing system possesses all the
characteristic features, such as high sensitivity, high specificity,
repeatability, and reproducibility, to be used in the label-free
detection of AD biomarkers by simply selecting an AD biomarker
(Tau-441) with confirmed clinical relevance in CSF, as a proof of
concept for its applicability on easy and early diagnosis of AD.
The relationship between the sensor response and the level of
Tau protein at low concentrations (below 0.1 μgmL�1) is found
to be highly reproducible, as also testified by the preliminary
reusability results attained when a regeneration test was carried
out (Supporting Information). Moreover, the attained LOQs,
which are very close to the previous clinical levels, demonstrate
once more that nanofunctionalized LoF sensors represent a cred-
ible and feasible biosensing technology platform to be used in
real scenario of biochemical and biomedical applications. In this
context, the results attained using an undiluted biological matrix
that are comparable with the diluted case (Table 2) are of primary
importance. In fact, since any dilution is required, this can speed
up the analysis and assessment of the sample taken from a
patient and hence can considerably increase the applicability
of the sensing platform to a real scenario. Overall, despite the
issue of serial injections of analyte concentrations without regen-
eration between two consecutive samples that leads to a reduced
availability of number of capturing elements at the fiber surface
and hence to a conservative estimation of the performances
(LOD, LOQ, and dynamic range), the proposed advanced biopho-
tonic platform enables to detect Tau protein concentrations of
clinical interest, thus surely below nM or 0.1 μgmL�1, in a
robust, reliable, and reproducible manner. Results are further
complemented by complete statistical analysis. In addition, the
label-free quantification in the proposed model assay is an
undoubtedly simpler, more flexible, cheaper, and less time-
consuming when compared to a label-based approach.[56]

Meanwhile, the ELISA method based on an in-house assay
was used to benchmark our sensing system. The ELISA experi-
mental results indicate an LOD of 7.5 nM (500 ngmL�1), which
is about three orders of magnitude greater than that attained with
the proposed sensing platform (with both undiluted and 1:10
PBS-diluted CSF), thus indicating once more the remarkable
performance. Obviously, there are commercially available

ELISA kits which detect Tau in the low pgmL�1 range, as well
as the proposed biosensing platform. However, none of them use
the same pair of selected antibody–antigen, and hence the results
would be difficult to compare, mainly due to standardization
issues and primary antibodies used, which might impact on
the performances (LOD and specificity).

Currently, the literature reports just one paper where an
SPR-based optical fiber sensing system was described for the
detection of Tau.[57] Despite the claimed performances are better
than those here reported, it should be underlined that the
procedure for attaining the LOD was not detailed and any noise
analysis and statistics were performed. Moreover, when the
achieved results were compared with real samples, the error
bar is comparable with the optical signal, thus testifying a low
reliability and repeatability of the results. Overall, considering
more general optical sensing systems that do not make use of
fibers directly, there is still a limited number of published articles
in the field. All those consist of chip-based sensors where differ-
ent optical approaches are used for the detection of Tau, such as
bio-layer interferometry combined with aptamers,[58] multi-spot
localized SPR,[59] and single-molecule array (SIMOA) as an
ultrasensitive but also very complex technology.[60] As a future
perspective, it is worth mentioning the possibility of implement-
ing supersensitive assays with optical fibers in order to further
improve the sensor performance,[61] even if repeatability and
reproducibility still represent a big challenge to be faced.

4. Experimental Section

Principle and Characteristics of LMR-Based Nanofunctionalized LoF
Sensors: It is well known that SPR occurs when the real part of the thin
film permittivity is negative and higher in magnitude than both its own
imaginary part and the permittivity of the material surrounding the thin
film (i.e., the optical waveguide and the surrounding medium in contact
with the thin film). Conversely, LMR occurs when the real part of the thin
film permittivity is positive and higher in magnitude than both its own
imaginary part and the permittivity of the material surrounding the thin
film.[26,34] Therefore, LMRs are achieved using materials with low imagi-
nary part (i.e., absorption or extinction coefficient, k) and high real part
(i.e., RI, n) of the complex refractive index (CRI), such as metallic oxides
and polymers, instead of the noble metals typically used in SPR devi-
ces.[26,29] This agrees well with the mode transition phenomenon, closely
related to the LMRs in the sense that a mode guided in the optical fiber
experiences a transition to guidance into the thin film with losses, which
leads to a coupling of light transmitted from the fiber to the thin film.[62]

The result is a reduction of the transmitted power in a specific wavelength
range, where the LMR is then located. For this reason, contrary to SPR,
LMR can be excited for both TE- and TM-polarized light.[26,34] Moreover,
the central wavelength of the LMR can be easily tuned in the optical spec-
trum by controlling the film thickness,[26,34] thanks to the fact that many
metallic oxides present a rather constant n in a wide range of wavelengths.
This is not possible with the materials that generate SPR or localized SPR.
In addition, if the film thickness is further increased, more LMRs can be
generated, leading to a multiresonance platform that can be exploited for
multiparameter sensing.[27] As far as the sensitivity to the surrounding
medium RI is concerned, it has been successfully proved that LMR
presents better performance than SPR.[63] Overall, the choice of the correct
material is crucial for attaining good sensing performances. One of the key
rules is to increase the real part of the CRI of the thin film for improving the
sensitivity to the surrounding medium RI,[34] a parameter that is usually a
good indicator of the biosensing performance. The role of fiber geometry
also plays an important role in the improvement of performance.
However, LMRs are typically broader than SPRs, though the D-shaped fiber
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has been proved as the best structure for facing this issue.[26] At the same
time, the use of D-shaped fiber permits to separate the TE and TM com-
ponents of light polarization, which avoids the limitation in certain cases
that TE and TM components overlap each other in the optical spectrum.[49]

Following these rules, a remarkable LOD in the detection of immunoglob-
ulin G was obtained with SnO2�x as thin film and D-shaped single-mode
fiber as LMR-based photonic platform working in the NIR range. This
photonic platform permitted to track wavelength shifts of the first
LMR (the most sensitive LMR[34]) in the telecommunication C-band,
where the sensitivity was also enhanced when compared to the
visible region.[23]

The 3D sketch of the nanofunctionalized D-shaped fiber is shown in
Figure 6a, together with the model assay used for the detection of Tau
protein using antibodies as BRE. The sensor cross section is presented
in Figure 6b, while the related intensity distribution of the optical field
of the fundamental core mode (HE1,1) is depicted in Figure 6c.
Numerical analysis was also performed using FIMMPROP, an integrated
module of FIMMWAVE that is a highly flexible waveguide CAD tool based
on fully vectorial mode solvers. By following a workflow similar to a

previous publication and using the same parameters for the optical fiber
and the nanometer-scale films (i.e., SnO2�x and Eudragit polymer),[21] a
distance of 5 μm between the fiber core and the D-shaped fiber surface
was considered in the numerical analysis carried out for the evaluation
of RI sensitivity (Figure S1b, Supporting Information) and the intensity
distribution of the optical field of HE1,1 mode. The finite element method
(FEM) solver was used for the evaluation of the second feature, with a
mode profile resolution of 400 in both x and y axes, and with 100 elements
per diagonal in the grid. In this case, the cross-sectional energy density of
the electromagnetic wave of HE1,1 is showed in Figure 6d. It can be
observed a spike on the right side that defines the D-shaped region of
the fiber cladding (�5.25 μm radius) with respect to the fiber core
(�4.05 μm radius). Figure 6e details the enlargement of HE1,1 energy
density at the interface between the D-shaped region of the fiber and
the surrounding medium with special attention to the tail of the evanes-
cent field (red highlighted). The sensing principle sketched in Figure 6f
relies on the monitoring of LMR wavelength shift in the transmission spec-
trum of the fiber. When this sensing parameter is displayed in real time
(i.e., the sensorgram), it allows studying the kinetics of binding

Figure 6. a) Sketch of the nanofunctionalized fiber sensors for the detection of Tau protein consisting of different elements: SnO2�x nanocoating,
Eudragit nanofunctional film, anti-Tau receptor, BSA surface passivator, and Tau analyte. b) Cross section of the structure and c) optical field intensity
distribution of the core mode simulated with FIMMWAVE. d) Cross-sectional energy density of the electromagnetic wave of the core mode and e) related
enlargement at the fiber/surrounding medium interface underlining the evanescent tail. f ) Schematic of the real-time tracking of the spectral optical
features at different stages of the biosensor assay, the wavelength shift of the LMR, and the biosensor dose–response curve.
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interactions (association and dissociation constants). Moreover, when the
signal change is plotted as a function of the analyte concentration (i.e., the
dose–response curve), it permits to extrapolate a series of parameters of
interest for any biosensor, such as LOD.

Fabrication of LMR-Based Nanofunctionalized LoF Sensors: The present
optical sensor is based on the wavelength shifts of an LMR generated by
the deposition of a SnO2�x thin film onto a D-shaped single-mode fiber.
Standard single-mode fibers (Corning SMF-28) with a cladding/core diam-
eter of 125/8.2 μm were used to obtain the sensing substrate. They were
purchased from Phoenix Photonics (UK), where a specific length of 17mm
of the fiber was progressively polished down until an attenuation of 1 dB at
1550 nm was attained in high RI matching oil (1.5 RIU).

According to previous literature,[21,31] a coating of around (160� 10)
nm was deposited around the polished fiber portion. The procedure of
coating deposition of the SnO2�x thin film consisted of placing the fiber
inside a DC sputter machine (K675XD from Quorum Technologies) at a
partial pressure of argon of 9� 10�2 mbar and a current intensity of
90mA, and monitoring the LMR spectral features (i.e., resonance
wavelength and visibility) while the coating was deposited. The thickness
of the thin film was measured after the deposition.

Sensing System: The experimental setup employed to monitor and
record the optical spectrum from the thin-film deposition up to the imple-
mentation of the biological assay is detailed in the Figure 7. The light is
launched into the fiber by a multi-LED light source (Fibrelabs, Inc.,
SLD1310/1430/1550/1690). D-shaped fiber permits to separate the TE
and TM components of an LMR. However, it turns out crucial to polarize
the light in order to obtain a deeper resonance in the optical spectrum and
hence to optimize the optical features of LMR.[26] Therefore, the in-line
polarizer (Phoenix Photonics LTD) located between the light source
and the fiber enables the polarization of light in one axis, while the follow-
ing polarization controller rotates this axis in order to impinge light in the
sensing region either at TE or TM polarization. The same can also be
attained using a polarization maintaining fiber.[64] The output of the fiber
is connected to an optical spectrum analyzer (OSA, MS9030A-MS9701B,
Anritsu), which collects the optical spectrum and allows the measurement
of the LMR resonance wavelength in the range of 1200–1700 nm with
spectral resolution of 0.1 nm.

As shown in Figure 7, the nanofunctionalized fiber sensor is placed
inside an ad hoc developed thermo-stabilized microfluidic system. The
microfluidic system allows to handle small liquid samples in the order

of tens of μL and at the same time to keep the temperature of the sensor
stable during the whole assay. The microfluidic system consists of two
equal-size pieces that can be assembled keeping a central flow channel
with capacity for roughly 50 μL inside. The upper bar is made of polymethyl
methacrylate (PMMA), which allows the visual inspection of the liquid
flowing inside the flow channel, and the bottom one is made of stainless
steel because has to guarantee the temperature adjusent avoiding any
thermal fluctuation. Both are sealed with Parafilm R sheet interposed
between the two parts to assure the water-proofing. For the mechanical
stabilization of the fiber, the PMMA piece of the flow cell has two v-grooves
(60° angle, 0.3 mm depth) engraved on both ends where the fiber is glued
using an UV optical flexible adhesive (Norland 68) that polymerizes under
UV light (Bondwand UV curing system, Electro-Lite) in a few minutes. In
addition, the flow channel is connected to a peristaltic pump by means of a
medical-grade PVC tubing (F117936; 0.76mm inner diameter) used to
inject the solutions into the microfluidic system. Finally, the temperature
control system included two Peltier cells, which heat the stainless steel bar
and then keep the microfluidic system at a constant temperature with a
maximum error of�0.05 °C, and a thermistor inserted into a lateral hole of
this bar that provides the temperature feedback to the current-driven
controlling unit (ILX Lightwave LDC-3722B TEC controller) to the
Peltier cells. The temperature of the flow channel is measured by a
thermocouple connected to a thermometric measuring unit (Lutron
TM-917) and placed inside the PMMA bar as close as possible to the flow
channel.

Chemical and Biological Reagents: The methacrylic acid/methacrylate
copolymer (Eudragit L100) was provided by Evonik Health Care.
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC),
N-hydroxysuccinimide (NHS), and 6�-His Tag Monoclonal Antibody
(AD1.1.10), HRP (Invitrogen) were purchased from Thermo Fisher
Scientific. Ethanol (EtOH), PBS (40mM, pH 7.4), BSA, EA, Tris HCl,
SDS, 3,3 0,5,5-tetramethylbenzidine (TMB), stop reagent for TMB sub-
strate, PBS with 0.05% TWEEN 20 (pH 7.4), the Tau protein (Tau-441),
and the corresponding high-affinity antibody anti-Tau (clone 46) were pur-
chased from Sigma Aldrich Inc. Commercially available CSF was provided
by Tocris Bioscience and the custom-made CSF components (NaCl
150mM, KCl 2 mM, MgCl 6H2O 0.787mM, CaCl2 2H2O 1.42mM,
NaH2PO4 H2O 1.52mM, Glucose 13mM, and Na2HPO4 7.74mM) were
purchased from Sigma Aldrich Inch. The human serum was acquired from
HyTest Ltd.

Figure 7. Complete experimental setup of the nanofunctionalized fiber sensors for the detection of biomolecules consisting of a custom-made
microfluidic system, of a complete optical setup able to guide the light from a broadband source to the detector with controlled polarization conditions,
and of a peristaltic pump for the injection of solutions into the microfluidic channel at controlled flow rates.
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Surface Functionalization and Tau Detection: The developed
model assays require the suitable nanofunctionalization of optical
fiber sensors, i.e., the D-shaped region. A thin layer (roughly 60 nm
thick[21]) of the copolymer Eudragit L100 provides the free functionalities
necessary for antibody immobilization on the sensor surface. For this
purpose, the sensitive region of the fiber was immersed in 2mM
(0.04% w/v) Eudragit L100 in ethanol for 1 min and then left drying in
air for 15min.

After the copolymer deposition, the fiber was placed inside the
thermo-stabilized microfluidic system. The temperature was fixed at
23 °C (�0.05 °C) during all the experiments, so roughly 2 °C below room
temperature. This choice permits to avoid oscillations of the temperature
controller system and hence to keep the temperature of the microfluidic
system as stable as possible. The functional groups were activated by an
EDC/NHS solution (2mM/5mM, respectively), which was injected at
12.6 μLmin�1 for 20min. This time is considered enough to guarantee
proper activation of the functionalities. Afterward, to covalently graft
the antibody, 200 μgmL�1 of Tau46 antibody in PBS solution was
immediately injected for 1 h at a flow rate of 1.3 μLmin�1, followed by
PBS rinsing for 10–15min at a flow rate of 42 μLmin�1 in order to remove
unreacted antibodies. To complement the preparation of the sensing sur-
face, in order to prevent nonspecific adsorption of biomolecules, different
blocking agents were tested: 200mM EA (7.4 pH) and 10mM Tris–HCl,
individually and in combination with BSA (Figure S3 and S4, Supporting
Information). Finally, a solution of 0.1% w/v BSA in PBS was selected as
the best blocking agent for the model assay used. BSA was injected for
20min at 12.6 μLmL�1 to block the remaining active groups on the
sensing surface. The preparation of sensing surface was then concluded
with another PBS rinsing for 10–15min at 42 μLmin�1 flow rate. The value
of the LMR signal at this point defines the starting baseline in the sensor
response to subsequent analyte detection.

Before serially injecting the specific analyte, the negative control test
(or simply the sensor specificity[23]) was performed. Different matrices
were taken into account, ranging from human serum to different types
of CSF (Supporting Information and Figure 5 and 7). In all cases, the
solution was injected for 15–20min at a flow rate of 3 μLmin�1. The assay
was then completed by detecting increasing concentrations of Tau-441
ranging from 1 ngmL�1 up to 10 μg mL�1 and spiked in different
CSF-based biofluids, following the same detection protocol: analyte injec-
tion for 15–20min at a flow rate of 3 μLmin�1, subsequent PBS rinsing for
10–15min at a flow rate of 42 μLmin�1, and then the measurement win-
dow at flow stopped for 10–15min (to avoid any influence/interference
due to temperature fluctuations, flow variation, and solution bulk effect).
As the sensor is sensible to the different RI of the solutions, the PBS
rinsing has the dual role of removing the remain of analytes as well as
of measuring the real shift of the LMR signal (resonance wavelength)
of each step caused by the antibody–analyte binding interaction.[23]

Biochemical Approaches for Protein Detection: As far as gel electropho-
resis is concerned, Tau protein (Tau-441) in the range of 0.1–0.3 μg
(8.3–25 μgmL�1) was resuspended in 4� Laemmli buffer in the
absence/presence of beta-mercaptoethanol. Protein material was
separated by sodium dodecyl SDS-PAGE with 4–15% acrylamide and
electrophoretically transferred to a nitrocellulose membrane in 7min
(up to 25 V) using a Trans-blot Turbo Transfer System (Bio-Rad).
Ponceau staining was used to check protein loading.

For the immunodetection, membrane was probed with the anti-Tau
antibody (clone 46) at 1:1000 dilution in 5% nonfat milk. After incubation
with the appropriate horseradish peroxidase-conjugated secondary anti-
body (1:5000 dilution), the immunoreactivity was visualized by enhanced
chemiluminescence (Perkin Elmer) and detected by a Chemidoc MP
Imaging System (Bio-Rad).

ELISA used was based on an in-house assay with the aim to exclusively
demonstrate the binding affinity of the selected antibody–antigen pair, i.e.,
Tau protein (Tau-441) and anti-Tau antibody (clone 46). Specifically,
1 μgmL�1 of the primary antibody was spiked in PBS. After that, the micro-
plate was coated with 100 μL of the primary antibody solution per well,
then covered and, finally, underwent overnight incubation at 4 °C. The
remaining free functionalities were blocked with 200 μL of a commercial

blocking buffer (Rockland) for 1 h at room temperature. Afterward, each
column of the microplate was coated by different analyte concentrations
(Tau-441–His protein) in the range of 0.0001–1 μg (0.0083–83 μgmL�1)
and then underwent incubation for 2 h at room temperature. Later, an
extensive and repeated (three times) rinsing step with PBS-Tween
0.05% was carried out to remove unbound substances after each of
the following three steps: injecting 1:500 PBS-diluted secondary antibody
(6�-His Tag Monoclonal Antibody (AD1.1.10), HRP) that binds to the
immobilized Tau-441–His protein and incubating for 1 h at room
temperature; adding 100 μL per well of HRP substrate TMB for the detec-
tion of bound protein; stopping the reaction after 30min by adding 100 μL
per well of stop reagent for TMB substrate and, finally, reading the plate at
450 nm in a microplate reader.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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