
RESEARCH ARTICLE
www.advsensorres.com

Picomolar Detection of Tau Protein Using 1D Photonic
Crystal Biochips for Alzheimer’s Disease Diagnosis

Alberto Sinibaldi,* Francesco Chiavaioli,* Agostino Occhicone, Norbert Danz,
Peter Munzert, Francesco Baldini, Ambra Giannetti, and Francesco Michelotti

Alzheimer’s disease (AD) is a progressive neurological disorder that gradually
impairs all cognitive functions. The diagnosis typically requires a combination
of cognitive assessments, neuroimaging techniques, and biomarker analysis.
In healthy neurons, Tau protein stabilizes microtubules, which are vital for
maintaining the structure and proper functioning of nerve cells. However,
elevated levels of Tau in cerebrospinal or other body fluids can be related to
the progression of Alzheimer’s disease. This study introduces an optical
technique that employs a dual label-free and fluorescence operation mode to
detect Tau protein in both standard running buffer and cerebrospinal fluid.
This innovative method enables label-free analysis of the bio-conjugation
process on biochips used for resolved fluorescence-based Tau detection. This
work successfully demonstrates Tau protein detection in both matrixes,
achieving an outstanding limit of detection of 2.4 pM in cerebrospinal fluid.
Moreover, the analysis of the dose-response curve allows to estimate the
dissociation constant (KD = 18 nM) for Tau interactions, yielding values that
are in excellent agreement with existing literature using other techniques.
These aspects highlight the added value of this technique, providing a
valuable tool for investigating Alzheimer’s-related biomarkers, as
demonstrated in this study with Tau protein.
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1. Introduction

AD is one of the most life-altering dis-
eases. Today, it is estimated that over 400
million people worldwide either have or
will develop some form of dementia, with
AD being the most prevalent cause.[1,2]

As global life expectancy increases, the
number of people affected is projected
to nearly triple by 2050, placing increas-
ing pressure on healthcare systems, care-
givers, and communities. AD is a neu-
rological disorder that, over time, affects
all cognitive functions of the individual.
The disease doesn’t just erode memory
— it slowly strips away the identity of a
person, his independence, and his abil-
ity to connect with the world which sur-
rounds him. The ripple effects extend
far beyond the individual, creating im-
mense emotional and financial burdens
on families and caregivers and resonat-
ing throughout society as a whole.[3–5]

A diagnosis of AD typically involves
a combination of cognitive testing,

neuroimaging, and biomarker analysis. Neuroimaging tech-
niques such as MRI and PET scans can show brain atro-
phy and amyloid plaque accumulation, which are characteris-
tic of AD, but these signs usually appear long after symptoms
have developed.[6] Cognitive tests assess memory, language, and
problem-solving abilities, but early-stage diagnosis remains chal-
lenging. Cerebrospinal fluid (CSF) tests and blood-circulating
biomarkers are also showing promise, but no single test currently
offers a definitive diagnosis at early onset.[7]

Our understanding of AD is still incomplete, particularly re-
garding its causes and progression. Amyloid plaques and Tau tan-
gles are hallmark features, but the precise mechanisms by which
these proteins contribute to neuronal death and cognitive decline
remain unclear. Genetic predisposition, environmental factors,
and neuroinflammation are believed to play a role, but their in-
terplay is not yet fully understood. Key areas of exploration in-
clude early detection strategies, the role of neuroinflammation,
and identifying biomarkers that signal the disease’s onset at its
earliest stages.[5]

Given their inherent features, optical biosensors developed
on both planar substrates or cylindrical ones like fiber optics,
represent one of the most promising areas of research for the
development of real-time and high-performance systems able
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to detect AD biomarkers. Among them, the so-called label-free
biosensors can play an important role since, differently from the
luminescence-based ones, they do not need any labelling strate-
gies. In those systems, the variation of the refractive index (RI) of
the medium surrounding the sensing region that leverages the
interaction of light with biological samples allows to detect and
to quantify specific targets linked to AD. By analyzing the result-
ing light patterns, the sensors can detect AD-associated proteins,
such as amyloid-beta or Tau, with remarkable sensitivity in arti-
ficial cerebrospinal fluid (a-CSF).[8] This non-invasive technique
that leverages liquid biopsy could enable early detection of AD,
even before cognitive symptoms arise, by identifying biomarkers
in blood or CSF.[9] Moreover, fiber optic biosensors could provide
real-time feedback on treatment effectiveness, helping to track
disease progression and tailor therapies to individual patients,
and at the same time could remarkably enable the discrimina-
tion between different forms of AD-related protein just having a
look at the kinetics of interaction during a label-free bioassay.[10]

The ability to monitor biochemical changes in CSF with high
precision and accuracy, even if it requires invasive medical pro-
cedures, could revolutionize the diagnostic process,[11,12] making
it more accessible, cost-effective and accurate. Furthermore, the
latest bulletin from the Alzheimer’s Association Workgroup has
emphasized the critical role of CSF biomarkers in comparison to
blood ones.[13] Currently, the integration of diagnostic biomarker
analysis in CSF with complementary techniques is still recog-
nized as the gold standard in healthcare settings. We present
an optical system and biochips based on 1D photonic crystals
(1DPC) capable of detecting Tau proteins in buffer and a-CSF.
This is achieved by exciting Bloch surface waves (BSWs) at the
surface of 1DPCs, providing an electromagnetic nanoprobe ca-
pable of monitoring molecular interactions. Similar approaches
have already been applied in studying various clinical biomarkers
and monitoring fluid interactions on the surface of 1DPCs.[14,15]

In conjunction with 1DPC biochips, an optical readout system
was developed to acquire relevant signals from the biochemical-
optical transduction mechanism. These biochips, when function-
alized with specific biological probes, leverage the unique prop-
erties of 1DPCs to monitor RI changes and, at the same time, to
collect enhanced fluorescence signals from the surface. Indeed,
the optical setup integrates both label-free and enhanced fluo-
rescence techniques, achieving a limit of detection (LoD) for Tau
protein in the picomolar range. Moreover, the dual working prin-
ciple allowed us to exploit both label-free and fluorescence mech-
anisms to study the bioconjugation process and perform pico-
molar detection of Tau protein using a single platform with engi-
neered biochips. To the best of our knowledge, up to the present,
1DPCs in a label-free approach have only been used for qualita-
tive studies of amyloid plaque aggregation.[16] Hence, our tech-
nique gains the potential to become a powerful tool for moni-
toring multiple Alzheimer’s disease-related biomarkers and for
accurately assessing disease progression in AD patients.

2. Experimental Section

2.1. 1dpc Biochips

Dielectric multilayers (1DPC) gave rise to a periodic variation in
refractive index, which confines electromagnetic waves (BSWs)

at the interface between the multilayer and a biological fluid.
These surface waves exhibit low loss and strong field enhance-
ment, making them useful for sensing applications. Thus, these
1DPC biochips can be used as biochemical/optical transducers
to monitor molecular interactions at the 1DPC/sample interface.
To enhance the performance of the biochips, careful attention
must be given to the optical design of the 1DPC. In this study,
the structure of the 1DPC consisted of a periodic structure with
alternating layers of Ta2O5 (n= 2.106+ i5× 10− 5 at 𝜆LF = 670 nm)
and SiO2, (n = 1.474 + i5 × 10− 6 at 𝜆LF = 670 nm having thick-
nesses of 120 and 275 nm, respectively. The top bilayer, made
up of TiO2 (20 nm, n = 2.280 + i1.8 × 10− 3 at 𝜆LF = 670 nm)
and SiO2 (20 nm), plays a role of a dielectric load that shifts the
BSW dispersion to larger angular values, enhancing the label-
free resolution.[17] The excitation of a BSW at a specific wave-
length was achieved using a prism coupler in the Kretschmann-
Raether configuration. This lead to dissipation of the incident
intensity, creating a resonant dip at 𝜃BSW in the angular spec-
trum of the reflected beam, as shown in the calculated curves
of Figure 1a. These simulations were performed in a water en-
vironment for TE (transverse electric, or s) polarization. Thanks
to the wavelength dependence of the BSW, the resonance angle
can be adjusted simply by varying the wavelength. The transfer
matrix method was used to simulate the system for the two il-
lumination wavelengths employed in label-free (𝜆LF = 670 nm,
red curve) and fluorescence (𝜆EXC = 635 nm, black curve) modes.
Figure 1b illustrates the normalized transverse electric field dis-
tribution |E|2 at resonance for the TE-polarized BSWs at both
𝜆LF and 𝜆EXC wavelengths. The evanescent field profiles extend
into the biological fluid side, exhibiting decay with a penetration
depth of ≈120 nm, which was enough for the detection of small-
medium size biomolecules.

The 1DPCs were fabricated using plasma ion assisted deposi-
tion (PIAD), an evaporation process conducted under high vac-
uum (3·10−4 mbar) and low-temperature conditions. This tech-
nique allowed to produce dielectric multilayers with ultralow ab-
sorption losses and enabled coating on various substrates, includ-
ing plastics (Leybold Optics APS904 coating system). Figure 1c
displays a photograph taken during the ion-assisted evapora-
tion process inside the coating chamber, where plastic substrates
were being coated.[18] For this application, TOPAS COC poly-
mer was selected as the advanced plastic substrate,[19] molded
to create a prismatic integrated shape. This material guaran-
tees excellent optical quality and strong chemical resistance to
both low and high pH solutions. After the coating process,
the 1DPC biochip was ready to use as shown in the inset of
Figure 1c with the coated region in light pink in the image. Ad-
ditionally, to ensure the circulation of biological samples, a flow
cell was fabricated to complement the 1DPC biochip. This flow
cell consisted of two components: a rigid structural plastic part
and a soft elastomeric part that defines a straight microchan-
nel (surface area 0.08 mm2) perpendicularly aligned to fluid
connectors.

2.2. Optical Readout System

One of the unique features of the biochips was that they can oper-
ate in both label-free (LF) and fluorescence (FLUO) modes. In LF
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Figure 1. a) Numerically simulated reflectivity of the 1DPC stack obtained in TE polarization at 𝜃BSW for 𝜆LF (red curve) and 𝜆EXC (black curve) wave-
lengths, respectively; b) Schematic of the 1DPC stack and numerically calculated distribution of normalized |E|2 related to the TE-polarized BSW at 𝜆LF
and 𝜆EXC both at 𝜃BSW; c) A photo of the evaporation system, with an inset showing an image of the 1DPC biochip; d) Sketch of the bioassay for Tau
protein detection in a sandwich approach for enhanced fluorescence mechanism (see section 2.4).

mode, a TE-polarized laser beam (𝜆LF = 670 nm) was focused on
the biochip surface through an integrated coupling prism, cover-
ing a wide angular range (about 4°) above the total internal reflec-
tion angle. In a typical LF assay, biomolecule binding altered the
surface RI,[20] shifting 𝜃BSW. Therefore, by tracking the angular
position of 𝜃BSW, this work can monitor binding kinetics and, ul-
timately, assess the surface density of bound biomolecules, which
was particularly useful during the bio-conjugation step. In the LF,
the angular range was centered at 68 degrees when measured in
water, with a total span of 2.9 degrees. The camera pixels corre-
sponded to this angular range through an angle-to-pixel conver-
sion factor of 7.96 × 10−4 degrees per pixel (deg/pix). Conversely,
the FLUO mode involves the excitation of the BSW above the to-
tal internal reflection angle using a poorly focused laser beam
(Δ𝜃EXC = 0.64°) at the wavelength 𝜆EXC = 635 nm. In a typical
FLUO assay, when a fluorescent species was introduced to la-
bel the target of interest, the biochip surface can be resonantly
excited. This work selected Dylight 650 for this purpose, as its
absorption and emission peaks align with 𝜆EXC and 𝜆LF, respec-
tively. This resonant excitation allowed for the collection of en-
hanced intensity at the 1DPC surface due to the increased exci-
tation rate. The enhanced emission was then directed toward the
TE and TM polarized BSW modes and, subsequently, radiated
through the substrate to a CCD camera (Apogee Ascent, Sony
ICX814). The enhanced emission was captured over a wide an-
gular range of 8 degrees to encompass both TM and TE contribu-
tions. In both operational modes, the use of cylindrical optics em-
powered illuminating a strip across the biochip surface, thus al-
lowing simultaneous access to any point along that line (x axis in
Figure 2a). This remarkable capability facilitated the monitoring

of different regions within the sensitive area, as already shown in
Figures 2a and 3a. An example of the complete LF 2D reflectance
map and related profiles from the central macro region (blue box
in Figure 2a) are detailed in Figure 2a,b. Comprehensive details
regarding the lens positioning, optical set-up, and subsystem de-
scriptions can be found in previous works.[14,21]

2.3. Chemical Functionalization of the Biochips

The silica surface (SiO2) of 1DPC was treated with a piranha
solution to clean and remove organic contaminants. Then, the
biochips underwent a wet treatment in a solution of 2% APTES
(Amino-propyl-trietoxy silane, Merck) in pure ethanol (≥99.5%,
ACS reagent, Merck). After 1 h the biochips were washed and
sonicated in ethanol before the soft baking treatment for 1 h
at 60 degrees. This step is crucial because it permits to remove
ethanol and water from the silane thin film. Then the surface,
rich in primary amines, was allowed to react with a glutaralde-
hyde (GA, 50% in water from ThermoFisher Scientific) solution
at a concentration of 2% in a borate buffer at a pH 8.6. The surface
modification was completed with final washing and sonication
processes.

2.4. Assay Format and Biological Reagents

In the case of FLUO mode, the assay format was based on a
classical double determinant recognition mechanism. The first
specific interaction was guaranteed by an Anti-Tau antibody
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Figure 2. a) LF 2D reflectance map; b) LF reflectance profiles from the central macro region (blue box) of (a); c) Histograms illustrating the residual
angular shifts observed during the bio-conjugation steps across five different biochips; d) Typical label-free sensorgram for Tau protein detection. The
reported case corresponds to a Tau concentration of 12.5 ng mL−1 (A), b-Anti-Tau 1 μg mL−1 (B) and Neutravidin-DyLight650 at 1 μg mL−1 (C). The bar
plots in (c) represent the residual angular shifts related to the bioconjugation steps: immobilization of c-Anti-Tau (𝛼), blocking with BSA (𝛽) and buffer
exchange (𝜒).

(c-Anti-Tau, monoclonal, clone 12, PN: MAB2241 from Merck)
as capturing element at the surface of the biochip. The capture
Anti-Tau Ab immobilization was followed by a blocking step with
bovine serum albumin (BSA, PN: A7030 from Sigma Aldrich)
at 1 mg mL−1 to lower non-specific interactions. Phosphate
buffer saline 1X (PBS 1X, 10 mM from Sigma Aldrich) was used
as buffer for all the bio-conjugation steps. Notwithstanding,
for the specific recognition steps, the running buffer (RB) was
PBS 1X containing 0.01% of Tween20 (Tween20, PN: P9416
from Sigma Aldrich). The biomarker selected was a Tau pro-
tein (Recombinant Tau 441, isoform 2N4R, from Enzo Life

Sciences), its phosphorylated form was related to Alzheimer
and neurodegenerative diseases. The solutions of Tau were
prepared by diluting the recombinant protein in running buffer
and in a-CSF (PN: 3525 from Tocris). A biotinylated Anti-Tau
antibody (b-Anti-Tau, monoclonal, clone 39E10, PN: 13971 from
Biolegend) was used to confer higher specificity introducing
biotin molecules where the molecular recognition of Tau protein
was properly completed. The final specific recognition was due
to the use of Neutravidin DyLight650 (P.N. 84547, ThermoFisher
Scientific). A simplified scheme of the sandwich assay format
and specific molecules are shown in Figure 1d.

Figure 3. a) Background-subtracted fluorescence 2D map divided into three macro regions for the Tau concentration of 12.5 ng mL−1; b) angular
fluorescence spectra from 9 spots from the central macro region (blue rectangle). The blue spectrum is the average signal. In the inset: integrated
fluorescence intensity in proximity of the 𝜃EXC, BSW and related Lorentzian fit (red curve).
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3. Results and Discussion

3.1. Typical Assay Scheme

Once the glutaraldehyde-activated biochips were mounted on the
platform, the fluidics system was primed with PBS 1X. This prim-
ing process ensured that the entire fluidic circuitry and reaction
flow cell were filled with the buffer, preventing the formation of
air bubbles in the tubing. At the end of this procedure, the flow
cell was filled with buffer and the c-Anti-Tau was injected to co-
valently modify the biochip surface. To make the surface ready to
probe the Tau protein from the sample, a c-Anti-Tau solution at a
concentration of 25 μg mL−1 was thus injected into the system at
a flow rate of 0.36 μL s−1, with a contact time of 10 min (𝛼 phase
in Figure 2d). The interaction was followed by PBS 1X rinsing
and injection of a BSA solution at a concentration of 1 mg mL−1.
This step, marked as 𝛽 phase in Figure 2d, helps to prevent non-
specific binding on the surface during the target injection and
related interaction.

Then, the buffer used in the bioconjugation steps was switched
to the running buffer (RB, phase 𝜒 in Figure 2d). From this
point onward, the recognition assay is carried out by diluting all
molecules in the running buffer. The biochip was then ready to
detect Tau protein diluted in RB, within a concentration range of
1.5–25 ng mL−1 across different biochips. For instance, Figure 2d
shows LF sensorgrams corresponding to a Tau concentration of
12.5 ng mL−1. For the sake of clarity, we plotted averaged label-
free signals from three macro regions of the sensitive area of
the biochips marked in Figure 2a. As a result, rather than dis-
playing 30 sensorgrams from 30 adjacent spots, the graphs plot
data from these aggregated macro regions (as an example see
Figure 2b for the central macro region of the 2D reflectance
map). To finalize the assay, a b-Anti-Tau antibody solution at a
concentration of 1 μg mL−1 was injected into the flow cell, en-
abling biotin molecules to bind specifically to the Tau complex on
the surface through antigen-antibody interactions. At this stage,
a fluorescence background map was acquired at a camera in-
tegration time of 10−2 s for use as a reference in subsequent
normalization procedures. The final step involved injecting a
neutravidin-conjugated fluorescent tag (Neutravidin-DyLight650
at 1 μg mL−1), which eventually bound specifically to the biotin
molecules, completing the assay and generating fluorescent sig-
nals proportional to the amount of Tau at the biochip surface.

After a last RB washing step, a fluorescence acquisition was
then performed to complete the analysis providing angular spec-
tra related to different Tau concentrations in RB. Throughout all
experiments, the biochips were maintained at a constant temper-
ature of 30 °C.

Figure 3a shows the background-subtracted fluorescence 2D
map, consisting of 30 individual spots. Like the LF data, the fluo-
rescence map can also be divided into three macro regions. In
Figure 3b, the spectra from 9 different spots within the blue
box are displayed along with the averaged fluorescence spectrum
(blue). As shown in the inset of Figure 3b, the incidence angle
of the fluorescence excitation laser (𝜃EXC) was scanned within a
suitable angular range centered around the BSW resonant dip
(𝜃EXC,BSW) at the excitation wavelength (𝜆EXC). This feature en-
ables resonant excitation of the dye, optimizing energy transfer
to the surface for achieving the maximum collection efficiency.

Table 1. LF residual angular shifts and correlated statistics.

RAS [pix] RAS [mdeg] CV

c-Anti-Tau 62 ± 6.7 53.00 ± 5.76 10.8%

BSA 68 ± 5.8 57.82 ± 4.98 8.6%

Buffer Change 6 ± 1.4 5.10 ± 1.20 23%

All spectra exhibit a two-peak shape that are replicas of the
emission spectrum of DyLight650, with the more prominent
peak de-coupled via the TE BSW and the second peak de-coupled
through the TM mode sustained by the 1DPC. Moreover, to pre-
vent any effect due to photobleaching, we ensured that all 2D flu-
orescence maps used for the comparative analysis were acquired
under identical illumination conditions.[21]

The label-free signals in the bio-conjugation phase of the as-
say allow for assessing the repeatability of the functionalization
and bio-conjugation procedures over different biochips. In fact,
the bar plots in Figure 2c show the residual angular shifts cor-
responding to the bio-conjugation steps for all biochips used in
constructing the Tau dose-response curve in RB. By assessing the
average levels and standard deviations, the variance of the resid-
ual angular shifts (RAS) for the three bioconjugation steps can be
expressed in terms of the coefficient of variation (CV) or relative
standard deviation (Table 1).

The CV provides additional insight into the precision of the
bio-conjugation steps achieved with our technique. We demon-
strate sufficient accuracy in immobilizing the c-Anti-Tau and de-
activating the sensing surface. However, the buffer change step
exhibits slightly lower precision compared to the previous steps.
Moreover, the limited resolution of the LF mode may introduce
a higher degree of error in the determination. In a prior study,
some of the authors estimated the LoDLF to be 16 ng mL−1,
a concentration range that approaches the LF values related to
the buffer exchange.[22] Therefore, label-free signals enable us to
monitor the bio-conjugation process and the initial stages of the
recognition assay in real time. This label-free approach empow-
ers the reliability of the biochip preparation and the consistency
of the procedures. Hence, it serves as a unique tool for selecting
only the optimally prepared biochips for our ultra-sensitive appli-
cations in detecting low concentrations of biomarkers in clinical
settings.

3.2. Enhanced Fluorescence Detection of Tau in Running Buffer

The assay was conducted for different concentrations of Tau in
RB, with a human serum albumin (HSA) used as a control so-
lution. Figure 4a shows the averaged fluorescence spectra for
increasing Tau concentrations. As illustrated, the amplitude of
the TE and TM peaks in the angular spectrum indicate a signal
scaling that correlates with the Tau concentration. To provide a
more quantitative analysis, Figure 4b displays the background-
subtracted fluorescence intensity after angular integration (I).
This integration was carried out on the averaged fluorescence
spectrum from the central macro region, which consists of 9
spots. Moreover, a further correction is introduced considering
the Q-factor of the resonance in excitation.

Adv. Sensor Res. 2025, 2400164 2400164 (5 of 9) © 2025 The Author(s). Advanced Sensor Research published by Wiley-VCH GmbH
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Figure 4. a) Angular fluorescence spectra for Tau solutions diluted in running buffer; b) Integrated fluorescence spectra as a function of Tau concentration
in the range of 1.5–25 ng mL−1. The experimental data in the bar plot are represented with standard deviation; c) Integrated fluorescence spectra I
(triangular data, grey curve) and corrected IQ (dotted data, red curve), respectively. The solutions of Tau protein were dissolved in running buffer (RB).

The Q-factor correction is applied to the intensity I twice: once
to account for the coupling of the BSW modes during excitation
and again for the energy emitted as it de-couples from the sur-
face. As a result, the integrated intensities are adjusted via divid-
ing by a factor of Q2, yielding a new integrated signal, IQ. Refer-
ring to the inset of Figure 3b, the Q-factor is defined as follows:
Q = 𝜃EXC, BSW /Δ𝜃 EXC.

From a more quantitative analysis of the I and IQ levels, we
found that the Langmuir isotherm model does not provide an
accurate fit for the experimental data. However, the Hill model
(see the equation below) offers a better interpolation of the
data:[22,23]

IQ = IQ0 −

(
IQSAT − IQ0

)
(

1 +
(
KD∕C

)𝛽) (1)

where IQ0 represents the residual plateau level, IQSAT is the sat-
uration level, KD is the equilibrium dissociation constant of Tau
to the c-Anti-Tau, and 𝛽 is a non-ideality parameter. For the cor-
rected data in Figure 4c we obtain the values IQ0 = 0.055 kcounts,
IQSAT = 10.3 kcounts, KD = 21 ng mL−1 = 0.46 nM, 𝛽 = 1.9. As-
suming a signal is detectable if it exceeds IQ0 by more than three
times the standard deviation of the blank signal, the LoDFLUO was
calculated as 0.9 ng mL−1 or 20 pM. As shown in Figure 4c, the
Hill model was applied to both data sets, I and IQ. The IQ data
set is better fitted by the Hill function, resulting in improved R2

values and indicating a more precise modeling.

3.3. Enhanced Fluorescence Detection of Tau in a-CSF

After demonstrating the assay with RB, Tau protein is then spiked
in a-CSF. As an additional reference (marked as REF), a pas-
sivated biochip is introduced. This biochip underwent a block-
ing treatment where BSA, instead of the capture antibody, is
incubated on the surface. The surface is then exposed to a so-
lution of 50 ng mL−1 Tau in a-CSF. The assay is then com-
pleted by injecting the b-Anti-Tau antibody and NeutravidinDy-
Light650. Fluorescence signals collected from the deactivated sur-
face show low intensities, comparable to negative control levels,
confirming minimal signal acquisition in this case. In Figure
5a, the fluorescence spectra for the reference and control con-
ditions are compared with Tau protein solutions ranging from
0.3 to 12.5 ng mL−1 spiked in a-CSF. As occurring in the mea-
surements in RB, the negative control solution for a-CSF also
contains HSA. Figure 5a shows the background-subtracted flu-
orescence angular spectra for increasing Tau concentrations in
a-CSF. Like the results in RB, the corrected integrated fluo-
rescence intensity IQ provides a better fit with the Hill model.
Figure 5b presents the two Hill model curves for I and IQ, with
the R2 value improving from 0.93 to 0.97, respectively, when
fitting IQ.

The LoDFLUO for the system, with Tau protein spiked in a-CSF,
can be extrapolated from the Hill model fit of the IQ data. In this
case, the LoDFLUO is derived from the fitting curve parameters
(red curve in Figure 5b): IQ0 = 0.03 kcounts, IQSAT = 24.1 kcounts,
KD = 845 ng mL−1 = 18 nM, and 𝛽 = 0.66. From such parameters,
one can estimate a LoDFLUO = 0.1 ng mL−1 = 2.4 pM.

Adv. Sensor Res. 2025, 2400164 2400164 (6 of 9) © 2025 The Author(s). Advanced Sensor Research published by Wiley-VCH GmbH

 27511219, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adsr.202400164 by U

niversity D
i R

om
a L

a Sapienza, W
iley O

nline L
ibrary on [17/04/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advsensorres.com


www.advancedsciencenews.com www.advsensorres.com

Figure 5. a) Fluorescence angular spectra for Tau441 solutions diluted in a-CSF; b) Integrated fluorescence spectra I (dotted data, grey curve) and
corrected IQ (triangular data, red curve).

4. Discussion

The two LoDFLUO values clearly indicate better performance when
Tau protein is dissolved in a-CSF. This result is biologically mean-
ingful, as Tau protein is expected to exhibit optimal binding in
an environment that closely mimics its natural biological condi-
tions. The trend and the response of the fluorescence signal as a
function of the Tau concentrations are slightly different between
the experiments performed in RB (Figure 4c), where 0.05%
Tween20 was added to PBS 1X, and the ones performed in a-CSF
(Figure 5b), where anything was added for mimicking standard
living conditions of Tau protein. Those differences can most
likely stem from not only the different complexity of the matrix,
but also the aggregation of Tau protein in the form of monomers
toward oligomers or a mixture. It has recently been demonstrated
that the analysis of binding kinetics in terms of response time
and initial binding rate when a label-free approach is envisioned
enables to discriminate between monomers and oligomers.[10]

However, the sensitivity of the proposed platform is still too small
to benefit from the label-free mode providing information about
the mass of the molecules bound at the surface, thus making
impossible at this stage of the research to distinguish Tau protein
in the form of monomers, oligomers or a mixture of them. By
comparing the IQ signal intensities of the three concentrations in
common between Figure 4c (experiments performed in RB) and
Figure 5b (experiments performed in a-CSF), that is, 1.5, 6.25,
and 12.5 ng mL−1, the values at the lower concentrations are
comparable within in error, while the values at the higher con-
centration of 12.5 ng mL−1 are quite different. This explains the
different trend of concentration-dependent curves. Therefore,
for high concentrations of Tau protein (for instance, higher than
150 pM) the aggregation process becomes dominant as the AD
progresses toward the middle stage. This is further confirmed by
the saturation of the fitting curve in Figure 5b when Tau protein
spiked in a-CSF tends to aggregate at concentrations higher than
6.25 ng mL−1 determining the stabilization of the fluorescence
signal, and hence the attainment of the plateau value. Conversely,
higher IQ signal intensities observed in RB can be attributed to
the presence of Tween-20, which minimizes protein aggregation
and strengthens interactions between Tau monomers and the
anti-Tau antibodies. Furthermore, the incorporation of a BSA-
blocked biochip control was designed to highlight the selectivity
and stability of the biochips in a complex environment such as

CSF, closely mimicking real clinical conditions. Indeed, such
an additional reference, exposed to a high concentration of Tau,
along with a negative control using HSA, improves the quality
of the results in terms of specificity. This approach provides
indeed a more comprehensive and clinically relevant data set,
particularly in the case of Tau detection in CSF.

Achieving a LoD of 2.4 pM in a-CSF places our technique
in the range of the most recent advancements utilizing gold-
standard methods, including ELISA, Luminex and electrochemi-
luminescence assays, and matches the results achieved with a
label-free approach (see Table 2). For instance, the commer-
cial ELISA kit for human Tau protein (ThermoFisher Scien-
tific) offers an operational range of 0.67–43.60 pM, with a 4-h
turnaround time for results.[25] Another commonly used method,
Elecsys (Roche), based on electrochemiluminescence, provides
a measuring range of 0.17–28.32 pM and a LoD of 1.3 pM in
human CSF. In this case, a two-point semiquantitative calibra-
tion requires ≈20 min of testing time.[26] These specifications
highlight that our method is competitive with commercial stan-
dards in terms of LoD, operational range, and turnaround time.
Furthermore, the proposed method offers the advantage of uti-
lizing the LF modality to quantify and assess the quality of bio-
conjugation in the biochips, a feature that is lacking in the two
commercial standards. Additionally, the capability for multiplex-
ing, as demonstrated in our recent work,[27] opens new avenues
for studies involving multi-analyte assessment or multiple anti-
body interactions.

The Hill model allowed us to determine the dissociation con-
stant (KD) and to discuss the affinity between the Tau441 iso-
form (2N4R) and the b-Anti-Tau monoclonal antibody in artifi-
cial cerebrospinal fluid. High-affinity antibodies typically have a
KD in the nM range, indicating that the interaction between these
molecules can be classified as a strong biomolecular interaction.
The KD value obtained in our experiments aligns well with ex-
isting literature. For Tau oligomers (with a molecular weight of
≈40–60 kDa), the KD is estimated to be 6.3 nM,[28,29] which closely
corresponds to the value of 18 nM we achieved in our experiment
in a-CSF.

In this latter study, the authors highlighted an interesting rela-
tionship between KD and Tau protein aggregation: as protein ag-
gregation increases, so does KD, indicating lower affinity.[28] This
insight helps contextualize the KD value obtained when Tau441
was dissolved in RB. The presence of Tween20 in the solution
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 27511219, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adsr.202400164 by U

niversity D
i R

om
a L

a Sapienza, W
iley O

nline L
ibrary on [17/04/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advsensorres.com


www.advancedsciencenews.com www.advsensorres.com

Table 2. Comparative results for the detection of Tau protein from recent literature.

Medium Analyte Sensing mechanism Detection range LoD Ref.

CSF p-Tau181 ELISA 25–100 [pg mL−1] 13 [pg mL−1] [11]

CSF p-Tau, t-Tau Luminex 30–155 [ng mL−1] - [1]

Blood p-Tau231 ELISA 15–40 [pg mL−1] 13 [pg mL−1] [24]

CSF Tau441 Label-free 1–1000 [ng mL−1] 0.11 [ng mL−1] [8]

CSF p-Tau231 Electrochemiluminescence 10–30 [pg mL−1] 0.02 [pg mL−1] [24]

CSF Tau441 Enhanced Fluorescence 0.3–12.5[ng mL−1] 0.1 [ng mL−1] our technique

may inhibit Tau aggregation, resulting in a KD of 0.46 nM and en-
hancing the affinity for the oligomeric form of Tau. Conversely,
in a-CSF, an environment that mimics natural conditions, aggre-
gation proceeds, leading to an increase in KD (18 nM), while still
maintaining better overall performance in terms of LoD. Indeed,
the Hill model effectively fits the experimental IQ data since the
binding mechanism likely involves a combination of oligomeric
and multimeric interactions between Tau aggregates and Anti-
Tau antibodies. This behavior can be interpreted as a form of
binding cooperativity (𝛽 ≠1), where individual antibody bind-
ing sites interact with a mixture of oligomers and the complex
multi-unit structure of Tau leading to a Hill interaction model.
In addition to this, it is important to note that the 4R isoform of
Tau exhibits a higher average dissociation rate compared to other
isoforms. This behavior is likely associated with the various in-
tramolecular arrangements that Tau can undergo in its biological
environment.[30]

5. Conclusions

In this report, we present an optical technique that utilizes a com-
bined label-free and fluorescence operation mode to detect Tau
protein in both RB and a-CSF. This innovative approach enables a
label-free analysis of the bio-conjugation process for the biochips
employed in fluorescence-based Tau detection. We demonstrated
that Tau protein can be detected in RB and a-CSF, achieving
LoDs of 20 and 2.4 pM, respectively. These LoD values and op-
erational concentration ranges closely align with those of gold
standard platforms, like ELISA, Luminex and Elecsys, which are
routinely used in diagnostics. Furthermore, our analysis of the
response-dose curve allowed us to evaluate the dissociation con-
stant (KD = 18 nM) for Tau interactions, yielding results that are
in excellent agreement with existing literature, highlighting the
added value of our technique. Consequently, our approach proves
beneficial for studying AD-related biomarkers, as obtained with
Tau441. The flexibility and control over the bio-conjugation pro-
cess confer a unique feature and enable us to monitor the qual-
ity of the biochips while maintaining the fluorescence detection
performances in line with commercial platforms. These findings
could be valuable in establishing new diagnostic tools and in-
terpreting results from future clinical trials of potential disease-
modifying therapies for AD. In conclusion, the monitoring of AD
biomarkers, such as Tau protein in CSF, has become increasingly
crucial for the diagnosis and management of the disease. Recent
findings indicate that the abnormal expression of CSF biomark-
ers during the progression of autosomal dominant AD suggests
a need for a revised profiling of the biomarker panel. This high-

lights the dynamic nature of AD as a pathology that evolves along-
side the CSF biomarkers themselves. Consequently, this presents
new challenges in the detection of AD biomarkers, emphasizing
the need for the ability to track various molecules for comprehen-
sive screening throughout the progression of the disease.[31]
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