Analyst

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's

standard Terms & Conditions and the Ethical guidelines still

,(bmm apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript

or any consequences arising from the use of any information it

contains.

[y RO.YAL SOCIETY
OF CHEMISTRY www.rsc.org/analyst


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page Lot Iurnal Name

©CoO~NOUTA,WNPE

e
[Ny

U OO AR DMBEDRAMDIMBAEDIAEMDIMNDMWOWWWWWWWWWWNNNDNNNNNNNRERPRPRERPREREREPR
QOO NOUPRRWNRPOOO~NOUOPRARWNRPRPOOONOUOPRARWNRPOOONOODURAWNRPOOO~NOOODMWN

3}

=
15}

N
a

Cite this: DOI: 10.1039/c0Oxx00000x

WWW., I’SC.OI‘g/XXXXXX

Analyst

Dynamic Article Links »

ARTICLE TYPE

Electrochemical protein-based biosensor for detection of tau protein, a
neurodegenerative disease biomarker

Jose O. Esteves-Villanueva, Hanna Trzeciakiewicz and Sanela Martic*

Received (in XXX, XXX) Xth XXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX

DOI: 10.1039/b000000x

The protein-based electrochemical biosensor was developed for detection of the tau protein aimed
towards electrochemically sensing misfolding proteins. The electrochemical assay monitors tau-tau
binding and misfolding during the early stage of tau oligomerization. Electrochemical impedance
spectroscopy was used to detect binding event between solution tau protein and the immobilized tau
protein (tau-Au), acting as a recognition element. The charge transfer resistance (R of tau-Au was 2.9 +
0.6 kQ. Subsequent tau binding to tau-Au decreased the R t0 0.3 + 0.1 kQ (90 + 3 % decrease) upon
formation of tau-tau-Au interface. A linear relationship between R and solution tau concentration was
observed from 0.2 to 1.0 pM. The R decrease was attributed to an enhanced charge permeability of tau-
tau-Au surface to a redox probe [Fe(CN)g]*”*. The electrochemical and surface characterization data
suggested conformational and electrostatic changes induced by tau-tau binding. The protein-based
electrochemical platform was highly selective for tau protein over bovine serum albumin and allowed for
a rapid sample analysis. The protein-based interface was selective for a non-phosphorylated tau441
isoform over the paired-helical filaments of tau, which were composed of phosphorylated and truncated
tau isoforms. The electrochemical approach may find application in screening of the onset of

neurodegeneration and aggregation inhibitors.

1. Introduction

The tau protein stabilizes microtubules in neuronal cells, but
when hyperphosphorylated tau dissociates from microtubules and
forms the neurofibrillary tangles (NFTs) and paired helical
filaments (PHFs), which alongside amyloid-f3 plaques, are linked
to neurodegeneration and Alzheimer’s Disease.”™ Tau’s tendency
to self-associate is one of the triggers of its malfunction. Tau
pathology is associated with the existence of insoluble filaments
of tau, but recent findings identified soluble tau oligomers as
additional toxic species.>® The pathological tau is composed of
phosphorylated tau protein, but nonphosphorylated tau protein
may also aggregate. The mechanism of tau aggregation is still
elusive. The morphological studies of the insoluble tau
aggregates have been well documented, but the early stage of tau
aggregation is largely unexplored. Aggregated tau is typically
studied at the later stage (dominated by insoluble aggregates) by
optical spectroscopy (Thioflavin T fluorescence and circular
dichroism) and microscopy (transmission electron microscopy)
which precludes discoveries of mechanism of tau aggregation and
its potential inhibition.>*! The solution studies of early stage tau
aggregation are challenging due to unfolded and disordered tau
structure.’**® The onset of tau misfolding and conformational
changes during early aggregation remains unidentified.
Subsequently, the drug development targeting the prevention of

45 early tau aggregation is a challenge.

The alternative analytical methods are needed for identification
of new aggregation pathways and detection of tau oligomers at
the early stage of tau aggregation towards early detection of
neurodegeneration. Electrochemical impedance spectroscopy

so (EIS) is sensitive to protein conformational change and protein
binding, requires small sample volume, and is easily extended to
a bioassay platform for screening of biomarkers and inhibitors.**
!> Importantly, the EIS experiments are non-invasive, and do not
perturb protein conformation during measurement thus leaving

ss the protein intact. EIS has been widely used for detection of
protein-protein and protein-DNA interactions as well as for
characterization of self-assembled monolayers and adsorption of
proteins on surfaces.'®?* The adsorption of protein modulates the
impedance by hindering the current flow from solution redox

e probe across the electrode/electrolyte interface. In turn, the
decreased electron transfer rates were observed between the
electrode surface and the electrolyte for protein films composed
of dehydrogenase, BSA, lysozyme, etc.*¢%*

The electrochemical investigations of the tau protein are

es scarce. The enzyme-catalyzed phosphorylations of tau have been
detected by cyclic voltammetry (CV) in a labelled approach using
ferrocene.”? However, the tau-tau interactions in the early
stages of aggregation have not been detected previously by
electrochemical means. Up to our knowledge, there have been no
70 previous reports on electrochemical detection of tau-tau protein
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binding and conformational change. Here, the label-free
electrochemical methods, EIS and CV, were used to detect and
quantify the solution tau protein binding to the biosensing
interface based on the immobilized tau protein on Au surface
(tau-Au). The tau-tau binding on tau-Au interface was used as a
model system towards development of the electrochemical assay
for detection of early onset of tau misfolding. A largely soluble
and disordered microtubule-associated protein tau (441 amino
acids, 45.9 kDa) was chosen for this study. The binding of tau to
tau-Au recognition element modulated the charge transfer
resistance. Specifically, the factors such as tau concentration,
temperature, solution pH, and ionic strength on tau-tau binding
and the charge transfer resistance were tested. This study
provides the first electrochemical evidence of tau-tau binding and
the impact of electrostatic interactions and conformational
changes in the early stage of tau misfolding.

2. Experimental
2.1 Chemicals and reagents

All proteins were used as received. The bovine serum albumin
(BSA) was obtained from Amresco (OH, USA). Tau441 protein
was purchased from rPeptides (GA, USA). The stock solution of
phosphate buffer, pH 6.8, was prepared using 10 mM sodium
phosphate monobasic, anhydrous obtained from Fisher Scientific
(NJ, USA), and sodium phosphate dibasic, anhydrous from J.T.
Baker (NJ, USA). The pH was adjusted with sodium hydroxide
obtained from Fisher Scientific (NJ, USA). The 2-(N-
morpholino)ethanesulfonic acid (MES), sodium chloride and
ethylene diaminetetra acetic acid (EDTA) were purchased from
Fisher Scientific (NJ, USA). The ethanolamine, hexanethiol,
potassium ferricyanide(111) (K3[Fe(CN)q]), potassium
ferrocyanide(Il) (K4[Fe(CN)¢]), hexaamineruthenium(ll) chloride
(Ru(NH3)6Cly) and hexaamineruthenium(111) chloride
(Ru(NH3)6Cl3) were purchased from Sigma-Aldrich (MO, USA).
PHF sample precipitated with trichloroacetic acid isolated from
Alzheimer’s Disease mouse brain homogenate was a generous
gift from Dr. Einar M. Sigurdsson (New York University School
of Medicine, NY, USA).7

2.2 Electrochemical measurements

Electrochemical experiments were carried out using a CHI660D
Potentiostat from CHInstruments Inc. (TX, USA). The gold disk
electrodes (0.0314 cm? surface area) were purchased from
CHinstruments Inc. (TX, USA). A conventional three electrode
system, consisting of gold electrode as a working electrode, a
platinum wire as an auxiliary electrode and Ag/AgCl/1.0M KClI
as a reference electrode was used for all experiments. All
electrochemical measurements were performed in 10 mM
[Fe(CN)s]*™ and 10 mM phosphate buffer, pH 6.8. CV was
performed at a scan rate of 0.1 V s™ and in the potential range
between -0.4 to 0.7 V, unless otherwise specified. The electrode
potential was measured vs. Ag/AgCl/1.0M KCI reference
electrode. EIS was carried out starting at an open circuit potential
(OCP), a frequency range between 1 Hz to 100 KHz, and applied
amplitude of 5 mV. Experimental EIS data were fitted with an
equivalent circuit using ZSimp Win 3.22 (Princeton Applied
Research). Fitted and experimental data were presented in the
form of Nyquist or Bode plots. The charge transfer resistance, R,
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was determined by fitting the impedance data to the appropriate
equivalent circuit and was expressed in Q or kQ. All experiments
were performed in triplicates and the corresponding error bars
represent the standard deviations.

2.3 Ellipsometry

Single-wavelength ellipsometry was performed on a LSE Stokes
Ellipsometer. The light source was a HeNe measuring laser with
632.8 nm wavelength, and at 70 ° angle of incidence. Au
(sputtering) substrate had the characteristic refractive index, n;,
and extinction coefficient, k;, values of 0.25 and 3.24,
respectively. Each sample was compared to the bare Au substrate.
Thickness was calculated by the NI-DAQmx Software. Each
sample was tested in duplicates.

2.4 Contact angle measurements

Contact angle (0) was measured using the method based on the
diameter of a 10 uL sessile drop of 10 mM phosphate buffer at
pH of 6.8 to distinguish surface wettability of tau-Au and tau-tau-
Au. The contact angle of bare Au substrate was determined to be
72 °. Each sample was tested in duplicates.

2.5 Preparation of tau-Au surface

The Au electrodes were cleaned as follow: (1) etching in piranha
solution for 5 min (3:1 v/iv % H,SO4:H,0,), (2) hand polishing in
alumina (1 pm, 0.3 um and 0.05 um) for 1 min each, and (3)
sonicating in deionized water for 10 min. Electrochemical
cleaning was performed by CV in 0.5 M KOH solution at 0.5 V/s
in the -2 - 0 V potential range, followed by cyclic voltammetry in
0.5 M H,SO, at 0.5 V/s in the 0 - 1.5 V potential range. The clean
Au electrodes were rinsed with deionized water, dried under N,
flow, and then incubated in a 2 mM solution of Lipoic acid N-
hydroxysuccinimide ester (Lip-NHS) in ethanol for 3 d at 5 °C.
The Lip-NHS was synthesized in house following the published
protocol.® After, the Lip-NHS-Au electrodes were rinsed with
ethanol. For tau protein immobilization, Lip-NHS-Au electrodes
were incubated with 0.2 uM tau solution (50 mM MES, pH 6.8,
100 mM NaCl, and 0.5 mM EDTA) for 24 h at 5 °C. The tau-Au
electrodes then were rinsed with 10 mM phosphate buffer, pH of
6.8, and immersed in 100 mM ethanolamine solution for 1 h at
room temperature. Next, incubation in 10 mM hexanethiol
solution was carried out for 20 min at room temperature.
Subsequently, the electrodes were rinsed with 10 mM phosphate
buffer solution, pH 6.8 prior to electrochemical measurements.

2.6 Protein binding experiments

Tau-Au was incubated in 5 pL of various solutions for 2 h at 37
°C, unless otherwise mentioned. The tau concentration
experiments were carried out at 0.1, 0.2, 0.4, 0.8, 1.0, 2.0, 4.0, 5.0
and 10 pM (50 mM MES, pH 6.8, 100 mM NaCl, and 0.5 mM
EDTA). Time-dependent studies were performed by incubating
tau-Au with 5 UM tau solution at different time intervals: 1, 2, 30,
60, 90 and 120 min. The pH-dependent experiments were

110 performed at pH 6.8 or 8.5. The tau-free surface was prepared as
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Scheme 1 Illustration of the tau-based biosensor (a) for detection of tau-
tau binding to obtain tau-tau-Au surface (b).

described above without the tau immobilization step. The BSA
studies were carried out at 5 UM BSA concentration. The buffer-
tau-Au was carried out by exposing tau-Au to a solution free of
tau protein, solely the incubating buffer.

2.7 Sample preparation for surface characterization

The samples for surface characterization were prepared using Au
sputtered silicon wafers (Nanofabrication Facility, Western
University, Canada). The silicon wafer was coated with 6 nm Ti
followed by 140 nm Au. The Au wafer was sliced into 1 x 1 cm
substrates. The Au substrates were cleaned by etching with
piranha solution for 5 min and rinsing with copious amount of DI
water. Next, the substrates were rinsed with ethanol and dried
with N,. For tau-Au preparation the stepwise modification steps
were identical to those described in subsection 2.3. The tau
binding was carried out at 5 uM tau, pH 6.8, for 2 h at 37 °C.
Finally, substrates were rinsed with 10 mM phosphate buffer, pH
6.8 and measured by ellipsometry and contact angle
measurements.

3. Results and discussion

The electrochemical approach for detection of solution tau
protein binding to the immobilized tau-Au interface is depicted in
Scheme 1. The tau-Au interface (a) was exposed to the protein
solution under variety of conditions forming tau-tau-Au interface
(b). The modulation in the charge transfer resistance was
monitored as a function of protein concentration, solution pH,
ionic strength and incubation time and temperature.

3.1 Preparation and electrochemical characterization of tau-
Au surface

To prepare tau-Au surface (a), the taud44l protein was
immobilized on Au electrode using amide coupling as previously
described for tau410 protein.®>% Briefly, the tau was
immobilized via bifunctional disulfide, lipoic acid N-
hydroxysuccinimide ester (Lip-NHS), tethered to the Au surface.
Next, the unreacted NHS sites were blocked with ethanolamine,
and then the exposed Au surfaces were backfilled with
hexanethiol diluent to prevent nonspecific adsorption of the
protein. At this step tau-Au interface was fabricated, illustrated in
Scheme 1a, and was exposed next to the solution containing tau.
The stepwise fabrication of tau-Au surface was characterized
by CV as in Fig. 1A in the presence of the redox couple
[Fe(CN)g]*™. The bare-Au (a) electrode exhibited the reversible
oxidation/reduction peaks at high current density (Fig. 1A).
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55 Fig. 1 (A) Cyclic voltammograms of bare-Au (a), Lip-NHS-Au (b), tau-
Au (c), ethanolamine-tau-Au (d), and hexanethiol-ethanolamine-tau-Au
(e). (B) Cyclic voltammograms of tau-Au (a) and tau-tau-Au (b). (C)
Cyclic voltammograms of tau-tau-Au as a function of a number of scans
(10 mM [Fe(CN)s]*™*,10 mM phosphate buffer, pH 6.8, arrows indicate

60 cycling direction and increasing number of scans, 100 mV s scan rate).
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During stepwise modifications, the current decreased and the
potential peak separation increased. The immobilization of the
Lip-NHS (b) and subsequent tau attachment (c) decreased the
current density and increased the potential peak separation.
Subsequent blocking with ethanolamine (d) and backfilling with
hexanethiol (e) produced the final tau-Au interface. The final
tau-Au interface was characterized prior to protein binding
studies. The low current density and large peak separation
observed in CV of tau-Au (a) in Fig. 1B indicated the successful
surface coverage and tau-Au fabrication. The cyclic
voltammogram vs. scan rate measurements of tau-Au surface
revealed a linear relationship of current, 1,, with the square root
of scan rate, "2, indicating the diffusion-controlled
electrochemical reaction rate for the redox pair (Fig. S2-S3,
ESIt). Both anodic and cathodic peak currents were proportional
to the scan rate from 5 to 900 mV s™.

The stepwise fabrication of tau-Au surface was also monitored
by EIS. The bare-Au (a) electrode was characterized by diffusion-
controlled process (Fig. 2A). The immobilization of lip-NHS (b)
followed by incubation in tau (c) produced a large resistance.
Next, the blocking with ethanolamine (d) and backfilling with
hexanethiol (e) resulted in a decrease in resistance which may be
due to removal of non-specifically adsorbed tau protein on the
surface. The final tau-Au surface was characterized by a charge
25 transfer resistance of 2.8 + 0.6 kQ.
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Fig. 2 (A) Nyquist plots of bare-Au (a), Lip-NHS-Au (b), tau-Au (c),

30 ethanolamine-tau-Au (d), and hexanethiol-ethanolamine-tau-Au (e). (B)
Nyquist plots of tau-Au (a) and tau-tau-Au (b) interface (inset equivalent
circuit used to fit the experimental impedance data, 10 mM phosphate
buffer, pH 6.8, 10 mM [Fe(CN)s]*"*).

35 The real and imaginary parts of the impedance were monitored
for tau-Au (a) and plotted in Fig. 2B. The real and imaginary
parts of the impedance are calculated from eqn (1):

Z¥w) = 2" (0) + jZ"(®) @

where Z' () is the real impedance, Z"(w) is the imaginary

w0 impedance and equals -1 wC™, w is the angular frequency which
equals 2zf (f/Hz is the ac frequency). The impedance data were
fitted to the equivalent circuit, illustrated in Fig. 2 (inset)
comprised of the electrolyte solution, R, tau protein electrode
interface (constant phase element, CPE, and charge transfer

s resistance, Ry) and Warburg constant, W.23° R, included
contribution of the connections to the electrodes. R is the charge
transfer resistance and represents the impedance component
through which the Faradaic current flows. W is the infinite
Warburg impedance or resistance to mass transfer. The non-

so Faradaic current passes through the CPE, which comprises the
double-layer capacitance; often the non-Faradaic current has been
ascribed to the surface roughness, topological imperfections and
contamination. The CPE is defined in terms of parameter Q and
the exponent n as in egn (2):

55 Zcpe = 1/(Q(jw)") @

wherein Q/nQ's" is parameter used in the non-linear least square

fitting routine. The CPE acts as a pure capacitor when n equals 1.

Table 1 summarizes the values of the circuit elements obtained by

fitting the experimental data for tau-Au surface. The tau-Au was
60 Characterized by R 0of 2.91 + 0.61 kQ and n of 0.89 + 0.01.

3.2 Electrochemical detection of tau protein

The solution tau binding to tau-Au surface was monitored by
exposing tau-Au interface to the tau solution as illustrated in

e Scheme 1. The protein solution contained 5 pM tau, 50 mM
MES, pH 6.8, 100 mM NaCl, and 0.5 mM EDTA. All binding
studies were carried out at pH 6.8, 37°C for 2 h, unless otherwise
mentioned. The pH 6.8 is the biologically relevant pH for tau
protein and favourable for tau aggregation.™

70

Table 1 Impedance parameters of tau-Au and tau-tau-Au surfaces fitted to
the equivalent circuit.

Page 4 of 10

Rsa Qa nb Rma Wc

(k) (ns") (k) (mQ’

1'30 5)

Tau-Au 0.26 = 058+ 0.89+ 291+ 1.0+
0.04 0.33 0.01 0.61 0.3

Tau-tau- 0.08 = 16.4 + 039+ 0.36 = 14+
Au 0.02 7.31 0.07 0.08 0.1

®R,, Q, and Ry are solution resistance, constant phase element and charge
75 transfer resistance, respectively. °n is exponent. °W is Warburg resistance.
The equivalent circuit used is given in Fig. 2 inset.
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Following the binding studies, the electrodes were rinsed and
measured by CV and EIS in the presence of 10 mM [Fe(CN)e]*"™*
in 10 mM phosphate buffer, pH 6.8. Fig. 1B shows CV of tau-Au
(@) prior to and following the binding of solution tau (b). The
relatively similar potential separation between the cathodic and
anodic waves and the low peak currents were maintained for tau-
Au (a) and tau-tau-Au (b). However, tau-tau-Au film (b) appears
to be more blocked. This was further supported by the continuous
CV experiment as a function of the number of scans for tau-tau-
Au (Fig. 1C). The cathodic and anodic currents decreased and
potential peak separation increased with continuous scanning.
The permeability of the tau-tau-Au film toward [Fe(CN)e]*™ was
reduced upon increased CV scanning. The potential shift and the
decrease in the current density may imply that there is a structural
rearrangement which induced the release of ions and uptake of
solvent.®? In addition, the diffusion of [Fe(CN)¢]*™* to the
electrode surface was reduced, due to film rearrangement and
formation of an insulating layer, resulting in the larger peak
potential separation and the decrease in peak current.®* With
cycling, the shape of CV of tau-tau-Au changed suggesting tau
binding to tau-Au surface and the film reorientation upon binding
to produce a more blocked film (Fig. 1C). No loss of tau film in
tau-tau-Au was observed since even after twenty cycles the CVs
were stable and did not change. Tau-Au or tau-tau-Au film
decomposition and loss from the surface were unlikely, because
CV desorption studies in 0.5 M KOH showed similar surface
coverage, I, for tau-Au (2.9 + 0.3 x 10 mol cm™) and tau-tau-
Au (25 + 0.3 x 10" mol cm®) (Fig. S5, ESIT). The surface
coverage was estimated by integrating the current of the cathodic
peak, determining the average charge, Q, and using Faraday’s law
in egn (3):

I'=Q/nFA ®3)

Where, n is number of electrons transferred (n = 1), F is the
Faraday constant (F = 96485 C mol™), and A is the geometric
area of the electrode (0.0314 cm?).

To further characterize tau-tau binding, the binding of solution
tau to tau-Au interface was monitored by EIS. The impedance
spectrum of tau-Au (a) in Fig. 2B exhibited the large depressed
semi-circle, the small linear portion and R value of 2.91 + 0.61
kQ. The electron transfer from the redox probe to Au electrode
was largely charge-transfer limited, with a smaller contribution
from the diffusion-controlled process. However, following the
solution tau binding to tau-Au, the impedance dramatically
decreased (b) as shown in Fig. 2B. At this point, tau-tau-Au
surface was formed. Moreover, the tau binding to the surface
dramatically decreased the charge transfer resistance to 0.36 *
0.08 kQ. The R of tau-tau-Au was reduced to about 1/10 of tau-
Au as a result of solution tau binding to immobilized tau on the
surface. The tau binding to tau-Au produced the 90 + 3 %
decrease in Ry. The electron transfer from redox probe to Au
electrode was largely diffusion-controlled for tau-tau-Au (b) in
stark contrast to tau-Au (a). The electrochemical parameters of
tau-tau-Au, derived by fitting the experimental data to a circuit
(Fig. 2B inset), are presented in Table 1. The decrease in the
diameter of the semi-circle upon formation of tau-tau-Au may
indicate the development of positive charge on the surface or
conformational change of protein film, or both.
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Fig. 3 Bode plots of tau-Au (a) and tau-tau-Au (b) (tau-Au (squares), tau-
tau-Au (triangles), 10 mM phosphate buffer pH 6.8, 10 mM [Fe(CN)s]*"*

The Q increased from 0.58 + 0.33 for tau-Au to 16.4 £ 7.31 uQ’
Ls" for tau-tau-Au. The large difference in Q components of
these two films may indicate a large difference in permeability of
redox probe, binding of tau protein onto tau-Au, change in
electrostatic protein map and/or conformation of protein film.
Since tau-Au did not undergo change in impedance or CPE as a
function of measurements in the absence of tau binding, we may
conclude that the decrease in impedance and the increase in CPE
were due to tau binding to tau-Au interface. The large deviation
of the exponential factor, n, for tau-tau-Au (0.39 % 0.07)
compared to tau-Au (0.89 + 0.01) indicates a deviation from ideal
capacitive behaviour. This deviation represents a non-smooth
surface pointing to the dramatic change in protein film after tau
binding. The interaction of solution tau with tau-Au interface
influenced the impedance at frequencies below 3000 Hz as
depicted in Fig. 3. At higher frequencies, the responses for tau-
Au (a) and tau-tau-Au (b) were predominantly controlled by
solution resistance. The tau binding to tau-Au surface
dramatically modified the impedance amplitude at low
frequencies. In Bode plot the impedance between 1 — 130 Hz was
five times lower for tau-tau-Au than tau-Au. The Bode plots of
tau-Au (a) and tau-tau-Au (b) in Fig. 3 represent only one time
constant feature which indicates that tau-Au and tau-tau-Au
behave like single layers. In addition, the phase angle
dramatically decreased from 55 ° (tau-Au) to 13 ° (tau-tau-Au).
Notably, the peak frequency of the phase angle increased from
825 Hz (tau-Au) to 5620 Hz (tau-tau-Au). Therefore the protein-
biosensor operates in the low frequency range which was useful
for tau binding detection. The high frequency range was not
useful for detection of tau-tau binding.

To address the contribution of the ionizable tau film on
interactions with redox probe, an anionic probe was replaced by a
cationic probe [Ru(NH3)e]*"** 3% The tau-Au was measured in
the presence of [Ru(NH;)s]?>"®* before and after tau binding. CV
profiles of tau-Au and tau-tau-Au were similar (Fig. S12, ESIY).
EIS of tau-tau-Au in the presence of [Ru(NH;)s]?>"®* resulted in a
larger semi-circle component due to increased repulsion between
the positively charged surface and the positively charged probe.
Upon electrostatic change in tau-tau-Au, the [Ru(NH3)e]?*"*
probe was repelled, producing an increase in R, while negatively
charged probe [Fe(CN)g]*"* was attracted, producing a dramatic

This journal is © The Royal Society of Chemistry [year]
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decrease in the Ry. The [Fe(CN)]*™ and [Ru(NH5)]>"®* operate
under different mechanisms. The [Ru(NH5)s]?*"** can penetrate
into layers and diffuse along the layer chains, independent of the
probable collapse sites, unlike [Fe(CN)g]*™. In addition,
[Ru(NHz)e]*"** underwent outer-sphere electron transfer, while
[Fe(CN)e]*™ probe underwent inner-sphere electron transfer.%’
The outer sphere electron transfer mechanism of [Ru(NHs)g]?**
probe may involve the approach of redox species to the modified
electrode surface and electron exchange with the metal at
minimal distances. By contrast, if the mechanism is inner-sphere
than very thin, compact monolayer may prevent the direct access
of the Au electrode surface to the redox probe and reduce electron
transfer rates. The electrochemical data with the positively and
negatively charged probes indicated the increase in positive
charge upon tau-tau-Au surface formation.

Usually the high peak current in CV corresponds to the low
impedance value when [Fe(CN)]*™* redox probe is used.* The
decreased current and increased peak potential separation
observed in CV are typically followed by the increase in electron
transfer resistance.®**° This was in stark contrast to the
electrochemical data for tau-Au and tau-tau-Au. The tau-tau-Au
exhibited lower peak current than tau-Au, but dramatically lower
impedance which may suggest the electrostatic and
conformational changes upon solution tau binding to tau-Au
surface. Other reports exist on a decrease of Ry upon protein
binding to the surface layer. For example, when a largely
negatively charged aptamer was attached to an electrode, a redox
probe exhibited large charge transfer resistance.*®** However, the
binding of a positively charged protein to aptamer via
electrostatic interactions introduced a positive charge to which
the probe was attracted. In turn, this attraction produced the
decrease in Ry despite the protein-aptamer binding on surface.
The Ry in EIS measured the resistance to the redox probe, and
was sensitive to the electrostatic charge within the protein layer
which promoted the electron transfer rate. The high current in CV
was followed by the high resistance in EIS when
diaminonaphthalene film was immobilized on carbon nanotube
electrode.*? This trend was ascribed to poor conductivity of film
and lower diffusivity of ions due to the negative charge of
[Fe(CN)s]*™ which adsorbed onto the film.*> However, the
interpretation of the change in R, is challenging because it may
be due to a diffusion of ions through the film, increased positive
charge through the film, or conformational change of protein
film, among other factors.** At pH 6.8, tau is overall positively
charged. Under given experimental conditions, when tau binds
tau-Au surface, the local ion concentration will increase leading
to enhanced electrostatic interactions with the negatively charged
redox probe, decreased Ry, and increased CPE. The
conformational change may also modulate Ry. The reduction in
R¢ Wwas observed upon fibronectin binding to the
polystyrene/thiol/Au surface.* For neutravidin, Fab fragment and
antibody binding to IgG/Au electrode, the decreased R, and CPE
were attributed to change in structure of mixed modified
electrode, and inhomogeneity of the layers.”® Similarly, tau
binding to tau-Au may produce electrostatic and conformational
changes and decrease in Ry;.

The possibility of the tau N-tail and C-tail folding over its
middle domain, termed the “paper-clip” has been previously

suggested.*® The electrostatic interactions between N- and C-

60 termini hold this conformation in place. Other reports indicated
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that the extended S-shaped conformation is likely, where termini
are away from each other but folding over the middle domain.*
Tau protein contains R domains (middle domain) which are
thought to be involved in tau-tau interactions. In turn, the tau-tau
binding via R repeat domains of solution tau and immobilized tau
may not take place due to the interferences from the N- and C-
termini. Hence, if tau-Au had a “paper clip” or S-conformation to
which solution tau (in similar conformation) must bind via R
domains, then the interactions between N-terminal and/or C-
terminal with the middle domain must be broken. In turn, solution
tau binding to immobilized tau induces dramatic conformational
change, involving either of two termini and new electrostatic
interactions. We propose that a tau-tau-Au film has dramatically
different electrochemical properties from tau-Au as a result of
conformational and electrostatic changes induced by tau-tau
binding.

3.3 Optimization of experimental conditions

To quantify the electrochemical change upon solution tau binding
to tau-Au interface, the percent change of R, represented by
AR, was calculated by dividing the change in Re (Rettau-tau-au)-
Retttau-au)) BY the Reyrau-au) as described in the eqn (4) below:

ARct = (Rct(tau-tau-Au)'Rct(tau-Au))/Rct(tau-Au)) x100% (4)

Hence, the negative and positive values of AR denoted the
decrease and increase in R during binding studies, respectively.
The solution tau binding to tau-Au occurred fast (within 1 min) at
37 °C and produced -85 + 5 % AR (Fig. S1, ESIT). With
increasing adsorption time, beyond 2 h, little additional decrease
in Ry was observed. The current methodologies can detect tau
oligomerization or aggregation only after 10 minutes, which
makes this electrochemical assay a relatively fast method of
detection.®* The 4R values were slightly lower when binding
studies were carried out at 5 °C (-76 + 4 % 4R) compared to 37
°C (190 + 3 % 4Ry) indicating the interactions involved in
binding were somewhat affected by temperature (Fig. S11, ESI¥).
This is in contrast to the previous reports of dramatically faster
tau aggregation into filaments at temperatures above 20 °C.%! The
lack of significant temperature effect on the electrochemical trend
may be due to the experimental conditions. The tau-tau binding in
the early steps of tau oligomerization, which was monitored here,
may be unaffected by temperature, compared to fibrilization at
the later stage. The increase in the ionic strength of the buffer up
to 500 mM during binding induced the 95 £ 0.5 % decrease in R
indicating that the interactions involved in tau-tau binding are
unlikely due to salt bridges. Similar findings were reported for
the insoluble tau filaments of tau which were largely resistant
against the changes in ionic strength.*®
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Fig. 4 The plot of the percent change in R, (AR.,) as a function of solution
tau concentration during binding to tau-Au surface.

The solution tau concentration dramatically influenced the
binding. The saturation in 4R, was observed at the solution tau
concentration of 1 uM. The plot of 4R as a function of solution
tau concentration is presented in Fig. 4. The linear dependence of
the 4R, versus solution tau concentration was observed in the 0.1
— 1.0 uM range. The 4R, decreased with the increase in solution
tau concentration. The reported micromolar tau concentration was
required for aggregation in vivo. Here, the tau-tau binding was
observed at tau concentration as low as 0.2 pM which makes this
electrochemical assay at least 5 times more sensitive than the
current optical and microscopic methods.*

By changing the pH of tau solution during binding studies, the
net charge of the tau protein may be varied. The isoelectric point
(pl) of tau protein is 8.6, and at pH 6.8 tau is overall positively
charged adopting a “paper-clip” or S-shaped conformation.*
When the binding studies were performed at pH to 8.5, the tau
protein was overall zero charged. Since the pls of N- and C-
termini regions of tau are 3.8 and 10.8, respectively, changing the
incubation pH from 6.8 to 8.5 was not expected to have an impact
on its “paper-clip” or S-conformation. The 4R for tau-tau-Au
after incubation at pH 8.5 (-69 £+ 5 %) was lower than that at pH
6.8 (-90 £ 3 %) (Fig. S4, S10, ESI¥). This decrease in AR was an
indication of the lower binding affinity between solution tau and
tau-Au surface when tau protein was overall neutral. However,
the smaller 4R value at higher pH may also be due to the
electrostatic change on the surface. Recently, it has been
suggested that at pH ~6 the histidine residues of tau are involved
in its aggregation.®! The histidine residues in the R regions may
be important in solution tau binding to immobilized tau, and in
addition to other residues may explain the greater impedance
change at pH 6.8. Reports on the aggregation of tau fragments
indicated lack of self-association at pH 8.5, while in this study tau
binding was observed. While we cannot infer the secondary tau
structure from our measurements, these conformational and
electrostatic changes leading to impedance decrease may indicate
propensity for secondary structure upon tau-tau binding. The loss
of long range interactions between N-/C-termini and R domains
during conformational change was recently ascribed to onset of
aggregation.”’” The two tau molecules may be held together by
complementary interactions of the N-terminal and the central
region of each tau molecule, as was predicted for tau bhinding to
microtubules.”® Hence the formation of tau-tau-Au may result in
the conformational and/or electrostatic changes of tau film which
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facilitate approach of the redox probe toward the electrode where
charge transfer is efficient. Also, the increase in the positive
charge of tau film may increase the affinity of [Fe(CN)s]*"*
probe. The solution tau binding to tau-Au may have created
partial interfacial openings or channels to faradaic activity. Since
the Ry measures the redox probe mobility and diffusive access to
the Au electrode, the generation of interfacial gates may have
improved this process via conformational or electrostatic change
in tau film.*

3.4 Surface characterization of tau-Au and tau-tau-Au

To gain information about other aspects of tau film during
binding, such as film thickness and wettability, the ellipsometry
and contact angle measurements were carried out. Ellipsometry
was used to measure the average thickness of tau-Au and tau-tau-
Au. Each data set was compared to the bare Au electrode and
normalized. For estimation of the film thickness, the refractive
index of protein film, ngm, and extinction coefficient, K, were
assumed to be 1.5 and 0, respectively.®*%! Similar film
thicknesses (~8 nm) for tau-Au and tau-tau-Au were observed
pointing to a lack of film collapse, lack of film decomposition,
and negligible thickness change after solution tau binding to tau-
Au. This was in agreement with our electrochemical data
indicating rearrangement of tau film, increased permeability, and
conformational change upon tau binding to tau-Au.

To address the wettability of the tau surface the contact angle
was measured. Typically, a relatively hydrophobic surface would
exhibit large contact angle to agueous solution.’* Under the
experimental conditions, the phosphate buffer contact angle of
bare Au was at 72 + 9 °. The contact angle of tau-Au was 47 +4 °
due to the presence of more hydrophilic groups. After tau binding
to tau-Au, a slight decrease in contact angle to 40 + 2 ° suggested
increased polarity of the surface layers. The rearrangement of tau
film upon tau binding may cause the change in orientation of
protein domains producing a more hydrophilic surface with
greater positive charge. This was in accord with the
electrochemical data which suggested that the increased positive
charge produced increased permeability to the redox probe and
conformational change, following the tau-tau-Au formation.

3.5 Selectivity of tau-Au biosensor

To demonstrate the utility of the tau-based biosensor for detection
of tau-tau binding, the electrochemical format has to demonstrate
selective response against other proteins. To address selectivity of
tau-Au surface, the binding studies were performed with various
solutions as shown in Fig. 5. The tau-tau-Au surface was included
as a reference. In the absence of solution tau during binding
studies (buffer-tau-Au), the AR increased only 38 + 9 %
presumably due to dynamic changes of tau-Au film (Fig. S6,
ESI¥). To address the non-specific tau binding, the Au electrode
was prepared without immobilized tau, but it contained the lipoic
acid N-hydroxysuccinimide ester, ethanolamine and hexanethiol
components.
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Fig. S The plot of the percent change in R., (AR,,) of tau-tau-Au, buffer-
tau-Au, tau-free-Au, BSA-tau-Au and PHF-tau-Au (buffer-tau-Au surface
lacked solution tau and tau-free-Au surface lacked immobilized tau
protein).

The binding of solution tau to the tau-free-Au surface resulted
in -26 + 35 % AR (Fig. S8, ESIt). The drop in impedance was
ascribed to the nonspecific interactions between solution tau and
the surface. To address the selectivity of tau-Au interface, the
binding studies were carried out with bovine serum albumin
(BSA) instead of tau (BSA-tau-Au). The 4R increased only 12 +
4 % suggesting a minimal non-specific interaction between tau-
Au and BSA in solution, and a minimal BSA adsorption and
binding (Fig. S7, ESIT). Hence, a highly specific and selective
binding of tau to tau-Au surface produced a decrease in Ry. The
AR decreased only 18 + 10 % in the presence of paired helical
filaments (PHF) (Fig. 5). The PHF sample contained a mixture of
various tau isoforms, and phosphorylated and truncated tau
proteins.> Notably, the tau-Au interface was insensitive to PHF
(Fig. S13, ESIf) but highly sensitive to nonphosphorylated
monomeric tau protein.

The combined electrochemical and surface data demonstrated
that the tau-Au was a stable biosensing interface and did not
collapse or decompose, pointing to the durability of the protein
film. Tau-tau binding on the surface induced conformational
and/or electrostatic changes which modulated the charge transfer
resistance of the system. Upon tau-tau-Au formation, the film
thickness remained unchanged but polarity of the protein surface
was slightly affected further supporting the electrochemical trend.
The binding of solution tau to tau-Au surface induced
conformational and/or electrostatic change pointing to the
importance of early tau-tau interactions in the tau aggregation
pathway.

4. Conclusions

In summary, the electrochemical detection of tau-tau binding was
demonstrated toward development of a new methodology for
detection of tau misfolding. The tau-tau binding was monitored
by electrochemical impedance spectroscopy via modulation in the
charge transfer resistance and as a function of concentration of
solution tau. The lower impedance and higher capacitance were
ascribed to the increased positive charge within the film and
conformational change of protein due to tau-tau binding. The
study provides qualitative and quantitative data on the tau-tau
interactions involved in the early self-assembly of tau protein.
The mechanism of tau-tau interaction which drive tau binding to
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the surface is still unclear and requires further investigation. We
predict that such strategy will find applications in determining the
key events in early stages of tau protein misfolding and
aggregation. Ultimately, this electrochemical approach may be
used for monitoring protein conformational change and folding in
complex systems, for other proteins than the tau protein. The
utility of the electrochemical assay may be extended to inhibitor
screening aimed at tau misfolding in search of neurodegenerative
therapeutic targets.
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Tau-tau binding induced the electrostatic and conformational change on surface modulating the charge
transfer resistance.
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