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Abstract

Neurodegeneration currently remains without a differential diagnosis or cure. Tau protein is one of the biomarkers of neurode-
generative diseases commonly known as tauopathies. Tau protein plays an integral role in stabilizing microtubules and cell
structure; however, due to post-translational modifications, tau protein undergoes self-assembly into cytotoxic structures and is
co-localized intra- and extracellularly. Hence, tau protein is a viable biomarker associated with protein pathogenesis and neuro-
degeneration. The novel optical biosensor for tau441 protein is based on the aptamer recognition probe and the biolayer
interferometry (BLI) method for detection. The current biotin-aptasensor in combination with the streptavidin surface provides
real-time monitoring of tau441 protein in the nanomolar range, with the limit of detection at 6.7 nM in vitro. The tau441 detection
is achieved with high selectivity over other neurodegeneration biomarkers which include amyloid-3 and o-synuclein. The
aptasensor also allows for tau441 protein detection in a complex matrix such as fetal bovine serum, indicating its utility in other
biological fluids for diagnostic applications. The optical method is simple, rapid and highly selective for point-of-care application
which is critical for achieving the early and differential diagnosis of neurodegenerative diseases and identifying their treatments.
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Introduction

Tau is a highly soluble and natively unfolded protein found
primarily in neuronal cells. Its main function is to bind and
stabilize the microtubules (MT), facilitate neuronal transport
and maintain cell integrity and viability [1]. Post-translational
modifications of tau, such as phosphorylation by protein ki-
nases, are thought to be responsible for tau aggregation and
its detachment from microtubules, leading to cell death and
cytotoxicity [2, 3]. Additionally, aggregates of tau can spread
from cell to cell, further compromising cell functions and con-
tributing to neurodegeneration [4, 5]. Since tau protein is related
to normal and diseased states, it is a viable biomarker for dis-
ease detection, diagnosis, and therapeutics development.
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In vitro detection of tau protein has been achieved by using
several optical and electrochemical methods, including ELISA,
electrochemical impedance spectroscopy, surface plasmon reso-
nance (SPR), and capillary electrophoresis, among others [6—11].
A single-molecule ELISA digital array technology has been used
for the detection of tau in blood at the femtomolar level [12]. The
SPR method was used to quantify the interaction between tau
protein and antibodies, as well as tau protein and DNA [13-15].
The tau protein was also detected by using nanoparticle-localized
SPR, surface-enhanced Raman scattering, and multiphoton scat-
tering [16-18]. The integration of nucleic acid aptamer and anti-
body with SPR was also demonstrated for the detection of tau
protein [8].

Aptamers are functional single-stranded deoxyribonucleic
or deoxyribonucleic oligonucleotides selected from combina-
torial libraries of random sequences by in vitro selection,
using a technique called SELEX (Systematic Evolution of
Ligands by Exponential Enrichment) [19]. Aptasensors can
bind a variety of targets such as proteins, small molecules,
tissues, and cells, and offer a variety of advantages over anti-
bodies, such as high stability, low cost, and enhanced repro-
ducibility [20-23]. It has been demonstrated that tau protein
can bind to a single-stranded DNA and double-stranded DNA
[14, 24]. In addition, the aptamer-antibody pairing for tau
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detection has been achieved by using SPR [8]. The aptamer
was attached to the SPR sensor by using amide coupling
chemistry and the subsequent binding of tau protein to the
aptamer was followed by the sandwich-like antibody binding
for the generation of a highly sensitive sensor.

Biolayer interferometry (BLI) has undergone rapid ad-
vancement as a label-free and real-time optical method to
study biomolecular interactions without the need for labeled
reagents. It is a powerful technique that can be used for the
detection of targets such as small molecules, proteins, and
cells, among others [25-27]. The BLI is based on a Dip-and-
Read™ format in which biosensors are dipped into microplate
wells containing purified or complex samples, providing a
highly parallel, user-friendly technique to study molecular in-
teractions. The interference pattern of white light reflected on
the disposable fiber optic—based biosensor can be analyzed.
Changes in the number of molecules bound to the biosensor
tip cause a shift in the interference pattern that can be mea-
sured in real time [28, 29]. BLI has been previously used for
the detection of proteins and antibodies but has never been
utilized for the detection of neurodegeneration biomarkers or
tau protein [30-32].

Herein, we report a portable, label-free, and real-time opti-
cal BLI biosensor for the detection of tau protein by using a
biotinylated-aptamer with streptavidin interface as a specific
capture probe for the first time. The biosensor’s selectivity
was evaluated with additional neurodegeneration biomarkers,
including amyloid-f3 and o«-synuclein. The biosensor perfor-
mance was also tested in a complex medium such as fetal
bovine serum.

Experimental
Materials and reagents

A construct to express recombinant tau441 protein in bacteria
was purchased from Vectorbuilder (USA). Biotinylated DNA
aptamers with the following sequences were synthesized by
Integrated DNA Technologies (USA): 5'-Biotin-
GCGGAGCGTGGCAGG-3' and 5'-Biotin-TTTTTTTT
TTTTTTT. Streptavidin-coated (SA) biosensors were obtain-
ed from Pall Fortebio (USA). Amyloid (349 and «-synuclein
were purchased from AnaSpec Inc. (USA) as lyophilized
powders. Bovine serum albumin (BSA) was procured from
Amresco (USA). A stock solution of MES buffer, pH 6.8, was
prepared by using 0.5 mM ethylene glycol-O, O'-bis (2-
aminoethyl)-N, N, N’, N'- tetraacetic acid (EGTA) (Alfa
Aesar (England)), 50 mM 2-(N-5-morpholino) ethanesulfonic
acid (MES), and 100 mM sodium chloride (NaCl) (Fisher
Scientific (USA). The pH was adjusted using sodium hydrox-
ide (NaOH) obtained from Fisher Scientific (USA). Phosphate
buffer saline (PBS) at pH 7.4 was purchased from Fortebio
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(USA). The lysogeny broth (LB), Terrific broth (TB), and
glycerol were purchased from Fischer Scientific (USA).
Imidazole, sodium chloride, nonidet P40 (NP40), and NaPi
(NaH,PO, and Na,HPO,) were obtained from VWR (USA).
Nickel-NTA beads were purchased from ThermoScientific
(USA). Isopropyl (3-d-thiogalactoside (IPTG) and DTT were
procured from Gold Biotechnology (USA). The Proteostat
fluorescence aggregation assay kit was purchased from Enzo
Life Sciences (USA). D8 antibody specific to N-terminal of
tau441 was obtained from Santa Cruz Biotechnology Inc.
Secondary antibody IRGAM680 was purchased from Biorad
(USA). SfGFP-TEV protease construct was obtained from
VectorBuilder (USA) and expressed as previously reported
[33]. Fetal bovine serum (FBS) was obtained from Hyclone
GE Healthcare Life Science.

Expression and purification of tau441 protein

Full-length tau441 (2N4R) protein was expressed and purified
based on previous procedures [34]. First, the taud441 construct,
which possesses a C-terminal polyhistidine tag, was trans-
formed into Escherichia coli NiCo21 competent cells.
Transformed cells were plated on LB-Agar supplemented
with 50 pg/mL ampicillin at 37 °C. A single colony was
selected for an overnight starter culture in LB. This was used
to inoculate terrific broth (TB) the next day using a 1:50 dilu-
tion. The culture was left at 37 °C until O.D.¢75=0.4-0.6 is
reached. Taud441 protein expression was induced with 1 mM
isopropyl 3-d- thiogalactoside (IPTG). The cell growth was
allowed to continue overnight at 16 °C, after which cells were
harvested by centrifugation (4000 rpm, 4 °C, 90 min). The cell
pellet was immediately resuspended in a lysis binding buffer
(20 mM NaPi pH 7.5, 300 mM NaCl, 30 mM Imidazole,
1 mM DTT, 5% glycerol) and 1% NP40 in a ratio of 1 g of
cells to 10 mL of solution. The supernatant from the resus-
pended cells was sonicated at 45% amplitude for 15 min (15 s
on, 45 s off pulses) to lyse the cells. The cell lysate was heated
(70 °C, 1 h) to precipitate out the endogenous E. coli proteins.
The crude lysate was clarified by centrifugation (18,000 rpm,
4 °C, 90 min) and the supernatant was filtered through a
0.22-um filter before NiNTA chromatography.

The filtered supernatant was mixed with NiNTA beads for
15 min to allow batch binding and the mobile phase was
collected as the flow-through (FT) fraction. The NiNTA media
was washed with wash 1 buffer (20 mM NaPi pH 7.5,
300 mM NaCl, 30 mM Imidazole, 1 mM DTT, 5% glycerol)
and the first of three washes was collected as Wash 1 (W1).
The first of three washes using with wash 2 buffer (20 mM
NaPi pH 7.5, 30 mM NacCl, 30 mM Imidazole, | mM DTT,
5% glycerol) was collected as Wash 2 (W2). His-tagged
tau441 protein was eluted off the NiNTA column by elution
buffer (20 mM NaPi pH 7.5, 300 mM NaCl, 2 M Imidazole,
1 mM DTT, 5% glycerol) was collected as Elute (EL). The
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polyhistidine tag on tau441 was cleaved off the C-terminus by
incubation with TEV protease at room temperature for 72 h in
the ratio of 1 mol of TEV protease to 10,000 mol of taud41.
Following cleavage, a second Nickel affinity purification was
done to remove the cleaved Hisg-tag and the TEV protease.
SDS-PAGE and western blot analyses (D8 primary antibody
to tau (1:1000 dilution in TBST) and IRGAM680 secondary
antibody (1:5000 dilution in TBST) were performed to assess
the purity of the protein (see Electronic Supplementary
Material (ESM) Fig. S10).

Biolayer interferometry

BLI experiments were carried out using a Blitz instrument
which was obtained from Fortebio (USA). All BLI measure-
ments were performed at 25 °C with shaking at 2200 rpm in
0.5-mL black microtubes (Argos Technologies, USA), con-
taining 200 pL of each solution. For method definition and
execution, the Data Acquisition software Blitz pro 1.2.1.5
from ForteBio was used. Triplicate measurements were per-
formed for each sample to ensure statistical significance.

Biotin-aptamer biosensor fabrication

Streptavidin (SA)-biosensor tips were activated by hydrating
in PBS, pH 7.4 buffer (250 puL). Next, SA-tips were used in
order to immobilize biotin-aptamer (5'-Biotin-GCGGAGCG
TGGCAGG-3") which was diluted in PBS, pH 7.4. The bio-
sensor fabrication was carried out and monitored in real-time
by BLI as follows: (1) 200 uL PBS, pH 7.4, baseline (1 min);
(2) 200 pL of 1 uM biotin-aptamer (5 min); (3) 200 uL PBS,
pH 7.4, baseline (1 min). The biotin-aptamer loading time was
also varied from 5 to 15 min, but a similar BLI signal was
obtained and a 5-min loading time was selected for further
measurements. In order to optimize the biotin-aptamer surface
coverage, various biotin-aptamer concentrations were tested:
0.001, 0.0025, 0.005, 0.01, 0.025, 0.05, 0.075, 0.1, 0.25, 0.5,
0.75, 1, 5,and 10 uM.

Detection of tau441 protein

For the tau441 protein concentration—dependent studies, fol-
lowing BLI experiments were carried out: (1) 200 uL PBS,
pH 7.4 buffer baseline (1 min): (2) biotin-aptamer loading
(5 min, 200 uL of 1 uM in PBS, pH 7.4); (3) 200 uL PBS,
pH 7.4, baseline (1 min); (4) 200 uL. MES buffer, pH 6.8,
baseline (1 min); (5) taud441 (5 min, 200 pL of tau protein at
various concentrations in MES buffer, pH 6.8); (6) dissocia-
tion (1 min, 200 uL of MES buffer, pH 6.8). Tau441 protein
dilutions were prepared using MES buffer, pH 6.8, at the
following concentrations of the protein: 2, 5, 11, 16, 21, 32,
43, 55, and 64 nM.

Control experiments with amyloid-B4o, a-synuclein,
BSA, and MES buffer, pH 6.8

BLI experiments were carried out with Amyloid- {349, x-synu-
clein, and BSA proteins (21 nM in MES buffer, pH 6.8) in-
stead of taud441. Additional control measurement was also
conducted with a protein-free solution with MES buffer,
pH 6.8, alone.

Tau441 detection in spiked fetal bovine serum

For fetal bovine serum (FBS) studies, FBS was diluted
by 100x in PBS, pH 7.4 buffer to minimize non-
specific binding to the biosensor. The following BLI
experiments were carried out: (1) 200 uL PBS, pH 7.4
buffer baseline (1 min): (2) biotin-aptamer loading
(5 min, 200 pL of 1 uM in PBS, pH 7.4); (3)
200 pL PBS, pH 7.4, baseline (1 min); (4) protein as-
sociation (5 min, 200 uL FBS 100x diluted in PBS
buffer, pH 7.4, or spiked with 210 nM taud441 protein);
(5) dissociation (10 min, 200 pL of PBS buffer,
pH 7.4).

Fluorescence aggregation assay

The Proteostat fluorescence aggregation assay kit
(EnzoSciences, USA) was used for the detection of protein
aggregation. Fluorescence was acquired using the H1 synergy
microplate reader from Biotek (USA) at an excitation of
550 nm and emission of 600 nm. The sample solutions were
loaded (3 uL onto each well) onto a Take3 micro-volume plate
(Biotek, USA). Solutions of tau441, Amyloid-349, and «-
synuclein (21 nM in MES buffer, pH 6.8) were prepared and
a Proteostat detection reagent added using the sample-to-
detection reagent ratio of 10:1% v/v. After incubation at room
temperature for 15 min, the fluorescence measurements were
performed. The positive and negative controls (aggregated
and native lysozyme, respectively) were used as per the
Proteostat aggregation protocol. Triplicate measurements
were carried out for each sample to ensure statistical
significance.

Results and discussion
Confirmation of biosensor assembly by BLI

An overview of the BLI sensor for tau protein detection is
provided in Fig. 1. The BLI sensor tip functionalized with
streptavidin was first modified with biotin-aptamer (5'-
Biotin-GCGGAGCGTGGCAGG-3'). This particular se-
quence was previously reported to bind to tau381 and
tau410 protein isoforms [8, 24]. For optimization purposes,
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Fig. 1 Schematic overview of sensing strategy for tau protein detection.
Streptavidin BLI tip was used for immobilization of biotin-aptamer,
followed by extensive rinsing with buffers. Specific adsorption of
taud41 protein was monitored in buffer ((1) biotin-aptamer loading (5'-

the biotin-aptamer loading time was tested (5—15 min) but the
BLI signal did not improve with longer loading time, hence,
5 min was chosen as the loading time for biotin-aptamer step.
In order to determine the optimal biotin-aptamer surface cov-
erage, the change in BLI signal was monitored by using a
series of biotin-aptamer concentrations in PBS, pH 7.4: 10
uM, 5 uM, 1 uM, 0.75 uM, 0.5 uM, 0.25 uM, 100 nM, 75
nM, 50 nM, 25 nM, 10 nM, 5 nM, 2.5 nM, and 1 nM. The BLI
signal as a function of concentration was monitored for each
sensor tip and is plotted in Fig. 2a. The BLI signal change, at
360 s, was also plotted versus biotin-aptamer concentration
(Fig. 2b). The BLI response was linear from 0.005-1 uM,
indicating that the optimal biotin-aptamer coverage was ob-
tained at 1 uM. Hence, the 1 uM biotin-aptamer concentration
was selected for subsequent measurements (see ESM Fig. S2).

Detection of tau441 protein by the BLI biosensor

The corresponding BLI spectrum for real-time monitoring of
biotin-aptamer immobilization (1) and subsequent tau441 pro-
tein binding to aptamer (4) is depicted in Fig. 3a. Prior to
tau441 protein binding, the biosensor was rinsed with PBS,
pH 7.4 (2), and MES, pH 6.8 (3), buffers. In addition, after the
tau441 binding event, the biosensor was rinsed with MES,
pH 6.8 buffer (5).

Next, the biotin-aptamer biosensor was exposed to taud41
solution in MES buffer, pH 6.8, at various tau441 concentra-
tions (0,2, 5, 11, 16, 21, 32,43, 55, 64 nM) as depicted in Fig.
1 and BLI signal monitored as a function of time (Fig. 3b). An
increased amount of taud441 caused an increase in the BLI
response. The BLI data for tau441 binding were fitted with a
1:1 isotherm model to obtain dissociation constant (Kp) value
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0f6.20 (£0.001) x 10~? M. This confirmed the high affinity of
the aptamer for taud41 which was comparable to its affinity
forthe tau381 protein isoform (Kp=1.60 (£0.1) x 107° M)
[8]. The Kp values for other protein-aptamer systems were
also at ~ 10 M [35, 36]. From the BLI binding curves (Fig.
3b), the signal intensity (at 780 s) was plotted as a function of
tau441 concentrations in Fig. 3c. The BLI biosensor exhibited
a good linear detection range from 2 to 55 nM of tau44 1. From
the linear data fit, the equation: y =0.0212x + 0.014 was ob-
tained with a correlation coefficient of R* = 0.9724. The stan-
dard deviation for the MES buffer, pH 6.8, was found to be
0.0657 nm. Hence, based on the IUPAC (International Union
of Pure and Applied Chemistry), the limit of detection (LOD)
is defined as the mean of the blank measures (—0.0679 nm),
plus triple of its standard deviation (3 x (0.0657) = 0.1973) for
higher than 99% confidence level [37]. The LOD for tau441
was calculated to be (—0.0679) + (0.1973) = 0.1294 nm. From
the linear fitting equation from the standard curve in Fig. 3c,
the LOD for tau441 using the BLI aptasensor was > 6.7 nM.
The coefficient of variation was determined by dividing the
standard deviation with the mean followed by multiplication
(%X 100%) to obtain a percent value which indicates the preci-
sion and repeatability of the assay. The CV values in 5-25%
range were obtained across tau protein concentrations from 3
to 0.25 pg/mL. Next, biosensor was rinsed with PBS buffer,
pH 7.4, followed by MES buffer, pH 6.8. At this point, the
biotin-aptamer was immobilized on the surface by binding to
the streptavidin-coated sensor tips and was ready for tau spe-
cific adsorption measurements.

Notably, no significant BLI signal (0.03 +0.04 nm) was
observed when the biotin-aptamer-free biosensor was used
(PBS, pH 7.4 solution exclusively) for detection of 20 nM
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Fig. 2 a BLI signal intensities for biotin-aptamer binding to streptavidin-
coated biosensor and b plot of BLI signal change, at 360 s, as a function
of biotin-aptamer concentrations (in PBS buffer, pH 7.4).The error bars
represent the standard deviation of three independent measurements

taud441 protein, indicating minimal non-specific adsorption of
tau441 on the sensor surface. The tau441 non-specific binding
was also evaluated by replacing the tau-aptamer by T15
aptamer (5'-Biotin-TTTTTTTTTTTTTTT) which was not
specific for tau441. The small BLI signal change (0.19 +
0.03 nm) was observed upon incubation of tau441 using the
biotin-T15 aptamer sensor, which is significantly lower than
when tau-aptamer was used. Notably, when the biotin-T15
aptamer was exposed to MES buffer, pH 6.8 (free of
taud41), a similar BLI signal change was observed (0.18 +
0.03 nm). The background BLI signal change may be ascribed
to the aptamer reorganization due to the MES buffer. This data
indicate that the tau441 selectively and specifically bound the
tau-aptamer sequence allowing for its detection in the BLI

format.
Selectivity of BLI aptasensor

The selectivity of the tau441 biosensor was investigated in the
presence of bovine serum albumin (BSA) at 21 nM in MES
buffer, pH 6.8. The biosensor was unresponsive to BSA pro-
tein (Fig. 4) which was similar to that of MES buffer. Hence,
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Fig. 3 a Representative BLI spectrum for tau binding to biotin-aptamer-
SA biosensor: (1) biotin-aptamer (5 min); (2) PBS buffer, pH 7.4 (1 min);
(3) MES bufter, pH 6.8 (1 min); (4) tau441 protein (5 min), and (5) MES
buffer, pH 6.8 (1 min). b Partial BLI spectra of taud441 binding to biotin-
aptamer biosensor as a function of tau441 concentrations (0—-64 nM). ¢
The plot of BLI signal for binding of tau441 as a function of protein
concentration as determined from the plot (b) (#=780 s; error bars repre-
sent the standard deviation of three independent sets of measurements;
data are fitted using linear fit)
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Fig. 4 Selectivity of BLI aptasensor for tau441 and other proteins:
Amyloid-f49, x-synuclein, and BSA (21 nM), and MES buffer, pH 6.8
(biotin-aptamer loading at 1 uM; the average of three independent trials
with standard deviation errors)

the aptamer-based biosensor was specific to tau441 and ex-
hibited minimal non-specific binding to BSA. Additional bio-
sensor selectivity was tested in the presence of other neurode-
generation biomarkers, such as Amyloid-349 and x-synuclein
(see ESM Fig. S5-6). Hence, demonstrating the sensor selec-
tivity for tau441 biomarkers against other neuronal proteins is
critical for the development of a functional biosensor for
tauopathies. Figure 4 shows high selectivity for taud41 (~
0.55 nm) compared with the negligible signals obtained for
Amyloid-349 (~—0.07 nm) and «-synuclein (~—0.03 nm),
both of which were similar to the signal in the MES buffer.
The aggregation of tau441, Amyloid-{349, and x-synuclein at
1 pg/mL was also evaluated by using the fluorescence aggre-
gation assay in order to determine if these proteins and pep-
tides were present in the aggregated or non-aggregated forms
during the BLI measurements. The Proteostat aggregation as-
say was used to monitor aggregation via (3-sheet formation,
wherein the increase in fluorescence intensity was associated
with the aggregation. The (non)aggregated lysozyme was
used as the positive and negative control in the fluorescence
assay. None of the proteins exhibited aggregation, indicating
that all proteins were likely in the monomeric or dimeric states
during BLI measurements.

Validation of the BLI aptasensor using the fetal
bovine serum (FBS) spiked with tau441

The ability of the BLI aptasensor to detect tau441 in FBS was
evaluated next, since the FBS is a complex solution, similar to
cerebrospinal fluid or blood, which mimics the biological ma-
trix. FBS contains proteins such as BSA, as well as small mol-
ecules including amino acids, sugars, lipids, and hormones, and
represents a suitable matrix to mimic the biological setting for
the proof-of-concept design and development of the biosensor.
As a result, it is important to find out whether the aptamer BLI
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platform can be used to detect taud41, neurodegeneration bio-
marker, in the presence of any such protein. The BLI signal
observed in the presence of diluted FBS (100x dilution) was
0.344 £ 0.056 nm indicating significant non-specific adsorption
of proteins in FBS solution onto the biotin-aptasensor surface.
However, when FBS (100x diluted) was spiked with 21 nM
taud41, the BLI signal was at 1.13 +0.02 nm, which was sig-
nificantly higher than in the absence of tau441. More impor-
tantly, the BLI signal for 21 nM tau441 in the MES buffer,
pH 6.8, was at 1.26+0.11 nm, which is very similar to the
biosensor response in the presence of FBS (100x diluted).
Hence, ~90% signal recovery for tau441 was observed even
in the presence of a complex mixture such as an FBS solution.
Despite the high recovery, the non-specific adsorption on the
surface observed may be further reduced by blocking the sur-
face with diluted BSA solution prior to measuring tau441 pro-
tein in FBS. In this approach, only specific interactions between
the aptamer and tau441 protein would be observed resulting in
a signal, with minimal adsorption from proteins in FBS. Our
experimental data with FBS clearly demonstrate that out BLI
assay is highly sensitive to taud41 protein and it can distinguish
it from proteins and small molecules in FBS mixture, which is
analogous to CSF or blood. Other studies have shown that a
biosensor maintained their specificity for tau in artificial CSF
and diluted FBS, hence the results obtained in the current study
in diluted FBS are beneficial [38].

Comparison of the current method
to literature reports for tau protein detection

The characteristics of the literature-reported techniques, in-
cluding the type of target, matrix tested, LOD value, and sen-
sor platform used, are provided in Table 1. The parameters
associated with the current method are also included.

While the usage of commercially available ELISA kits is
common, the results may vary based on different manufac-
turers [6]. For example, CV values were seen to be above
20% due to usage of different materials for reagents or proce-
dures in antibody preparation, purification, and plate coating
[6]. In addition, ELISA kits from the same vendors may have
lot-to-lot variability and cause a discrepancy in results. ELISA
protocols also require extensive incubation time and plate
washing between steps, as well as large sample volumes (~
200 uL) depending on the plates. Recently, SIMOA (an im-
provement to ELISA) platform was developed with reported
LOD at 0.3 pg/mL for taud441 protein [39]. Alternative meth-
odologies to ELISA have been reported to utilize UV-vis spec-
troscopic signature from gold nanoparticles for the detection
of tau in a colorimetric format, or detection of tau protein by
using fluorescence spectroscopy in combination with magnet-
ic iron oxide nanoparticles or quantum dots or detection of tau
by SERS [16, 38, 42, 44, 46]. Both spectroscopic assays rely
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Table 1 The LOD values reported for the detection of the specific tau biomarker in a matrix by using various sensor platforms and techniques
Biomarker Matrix Sensor platform Technique® LODP Reference
no.
Total tau protein Cerebrospinal fluid Immunoassay ELISA 1 ng/mL (22 pM)  [6]
Taud41 isoform Buffer Immunoassay EIS 10 pg/mL [7]
(217 nM)
Tau441 isoform CSF Immunoassay ELISA/SIMOA 0.3 pg/mL (6.5 M) [39]
Tau441 isoform Buffer and diluted ~ Immunoassay EIS 30 M [10]
human serum
Taud41 isoform Spiked CSF Immunoassay EIS 0.15 nM [9]
Tau381 isoform Serum Immunoassay/aptamer DpPV 0.42 pM [40]
Tau381 isoform Plasma Immunoassay/aptamer SPR 10 M [8]
Tau441 isoform buffer or spiked Immunoassay QCM 50 nM [41]
CFS
Tau protein Buffer Immunoassay SERS 100 fg/mL (2.2 fM) [42]
Tau441 isoform Buffer or spiked Immunoassay/ MWCNT SPR 500 pM [43]
CSF
Tau protein Buffer Immunoassay/Au NP Au NP calorimetric 1 pg/mL (22 fM)  [44]
UV-vis spectroscopy
Tau protein Buffer Immunoassay LSPR UV-vis spectrosco- 10 pg/mL (0.22 [16]
Py pM)
Phosphorylated tau Serum Immunoassay SPR 2.4 pg/mL (52 M) [45]
protein
Taud41 isoform Buffer Magnetic iron oxide Fluorescence 0.1 pg/mL [38]
NP/immunoassay spectroscopy (2.2 nM)
Tau381 isoform Buffer human serum Immunoassay/quantum Fluorescence 10 pM [46]
dots/aptamer spectroscopy
Tau441 isoform Buffer and FBS Aptamer BLI 6.7 nM This study

Biolayer interferometry (BLI); cerebrospinal fluid (CSF); differential pulse voltammetry (DPV); electrochemical impedance spectroscopy (EIS);
enzyme-linked immunosorbent assay (ELISA); quartz-crystal microbalance (QCM); single molecule array (SIMOA); surface-enhanced Raman spec-
troscopy (SERS); surface plasmon resonance (SPR). ® Conversion from reported mass/volume to molarity was carried out by assuming the longest

isoform of tau (taud41) (45,900 Da), unless otherwise stated

on using an immunosensor as a recognition probe for the
analyte, mainly tau protein. The optical biosensors were also
developed based on immunoassay platform and surface plas-
mon resonance (SPR) in combination with aptamer for the
detection of tau [8, 43, 45]. Unlike ELISA, SPR provides
the ability to monitor analyte binding in real time and deter-
mine binding parameters. In general, the optical methods are
largely benchtop and their uses in the point-of-care applica-
tions are challenging. Hence, designing and developing new
analytical platforms which allow for rapid and sensitive detec-
tion of analytes by using small sample volumes in a portable
point-of-care format are of interest. Towards this goal, tau
protein detection has been demonstrated by using electro-
chemical rather than optical methods. Electrochemical
methods provide several advantages compared with tradition-
al optical methods such as ELISA and include tailored and
specific surface modification rather than adsorption; reduced
number of washing steps, if any; comparable sensitivity; and
portability for point-of-care applications, which are not com-
monly seen with optical methods. Among electrochemical
methods, voltammetry, impedance, and piezoelectrics have
been used for immunodetection of tau protein in buffer, spiked

CSF, and serum [9, 10, 40, 41]. The current study reports on
an optical BLI method to be used for detection of neurode-
generation biomarker for the first time. BLI combines advan-
tages associated with SPR as well as electrochemical methods
in that it offers (1) real-time measurements of analyte binding,
(2) small sample volume, (3) aptamer surface immobilization
for targeted detection, (4) rapid analyte measurements (1—
5 min), and (5) portability for point-of-care applications.
However, unlike ELISA, the current BLI method does not
require antibodies, labeled-antibodies, or washing steps. Our
experiments indicate this bioassay is rapid and takes less than
15 min from aptamer binding to tau441 detection and analysis,
which is much faster than ELISA-type experiments which
may take hours or days to conduct. While the reported LOD
with the present BLI method for tau protein may not be as low
as those reported by using SPR, the advantages listed for BLI
use provide additional attractive features when designing and
developing a biosensor for point of care application. Unlike
SPR which is a flow-through method and requires washing
steps, the BLI is a dip-and-read platform which does not re-
quire special pumps and large sample volumes for flow-
through applications. Several optimizations may be made to
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the current BLI method, in order to improve LOD (towards
the picomolar or fentomolar range), and include the selection
of new aptamers, or use of antibodies with aptamers, as was
reported in the SPR method [8].

Conclusions

In summary, a novel optical aptamer biosensor has been pre-
pared for tau441 protein detection. The BLI sensor was based
on the biotin-aptamer specific to tau and the streptavidin in-
terface. The BLI aptasensor possesses a linear dynamic range
over 2 orders of magnitude with an LOD of 6.7 nM. While the
LOD reported is at the higher end of the biologically relevant
tau protein concentrations (typically within a wide picomolar
range), this is the proof-of-concept optical sensor for taud41
protein which is the biomarker of neurodegeneration. In addi-
tion, the tau441 binding to biotin-aptamer on the surface is
selective and specific to taud441 protein compared with other
biomarkers such as Amyloid-f3 of x-synuclein. Notably, the
detection of tau441 was also achieved in the complex mixture
such as fetal bovine serum indicating that the device may find
utility in the biomarker detection in the other biological fluids.
To the best of our knowledge, this is the first trial of a repro-
ducible, selective, and specific BLI aptasensor for neurode-
generation biomarker, tau441 protein. Furthermore, the pro-
posed biosensing strategy demonstrates great potential for dif-
ferential disease diagnosis based on the type of closely related
biomarkers present in the biological fluids. This platforms
may also offer an alternative for the inhibitor screening related
to tau protein aggregation or phosphorylation. A further im-
provement of the sensitivity of the sensor may be achieved by
optimizing the aptamer sequence as well as minimizing the
non-specific surface adsorption.
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