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of saccharide–protein interactions using a couple of sialic acid derivatives and
Alzheimer's amyloid-beta (Aβ) is described. The densely-packed saccharide area for recognition of protein
was fabricated onto a carbon electrode by three steps, which were electrochemical deposition of Au
nanoparticles on a screen printed strip, self-assembled monolayer (SAM) formation of the acetylenyl group
on Au nanoparticles, and the cycloaddition reaction of an azide-terminated sialic acid to the acetylenyl group.
The attachment of Aβ peptides to the sialic acid layer was confirmed by electrochemistry and atomic force
microscopy imaging. The intrinsic oxidation signal of the captured Aβ(1-40) and (1-42) peptides, containing
a single tyrosine (Tyr) residues, was monitored at a peak potential of 0.6 V (vs Ag/AgCl within this sensor) in
connection with differential pulse voltammetry. The peak current intensities were concentration dependent.
The proposed process provides new routes for analysis of saccharide–protein interactions and electro-
chemical biosensor development.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction

Saccharides, which arewidely expressed on the cell surfaces, play a
crucial role in various biological recognition events such as infection of
pathogens and occurrence of disease [1]. Therefore, saccharides and
their derivatives are useful as bio-recognizable materials for biosensor
[2]. Since the saccharide–protein interactions are usually weak, the
ingenious device is needed to apply the interaction for the sensor
apparatus. The saccharide–protein interaction can be amplified by
glyco-cluster effect of multivalency [3], and the saccharide assembly
by liposome [4], LB membrane [5] and self-assembled monolayer
(SAM) [6] are utilized for the biosensor.

In particular, the cabohydrate-immobilized substrate is suitable for
the bioanalysis, because it exhibits the large glyco-cluster effect and
can be detected by the sensitive analytical methods [7–10]. The
sensitivity of the cabohydrate-immobilized substrate can be improved
by substrates. Especially, Au nanoparticles have been extensively used
as matrices and cytochemical labels for the immobilization and study
of biomolecules due to the high sensitivity based on the larger surface
area and the applicability to the various detection method by the
metallic properties.
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The immobilization of densely packed saccharides is essential for
the fabrication of biosensig device. There are several strategies for
immobilization like LBmembrane [5] and SAMs [6]. The LBmembrane
formation is possible only on the clean flat substrate. On the other
hand, the SAM can be formed on the various substances including
nanoparticles. In addition, the chemical transformation of the func-
tional SAM also can be utilized for the saccharide immobilization. We
have reported the saccharide-immobilization by the SAMs formation
of disulfide compounds and by the chemical transformation on the
substrate via a click reaction [11,12]. Considering the facile preparation
of saccharide, the SAM formation and the consequent chemical
transformation are useful and universal.

The detection of saccharide–protein interactions has been reported
by surface plasmon resonance (SPR), [7] quartz crystal microbalance
(QCM) [8], and evanescent-field fluorescence [9]. These detection
techniques have enough sensitivity, but the sensing devices are too
expensive. The electrochemical detection of them has an advantage
for the applicability and the development of low-cost devices.
However, the electrochemical detection is difficult with the densely
packed saccharides structure due to the insulating properties. For this
aim, we fabricated a new functional carbon electrode including the
densely packed saccharides area and electroactive bare carbon area,
and demonstrate for electrochemical sensing of saccharide–protein
interactions using a couple of sialic acid derivatives and Alzheimer's
amyloid-beta (Aβ) peptides as a model case.
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Scheme 1. Schematic illustration of the nanobioelectronic detection system for Alzheimer's Aβ peptides. The sugar immobilized substrate was prepared through i-iii steps
(i) deposition of gold nanoparticle on carbon electrode, ii) formation of acetylenyl-terminated self-assembled monolayer, and iii) saccharide immobilization for Aβ detection.) The
attachment of Aβ peptide to the sugar layer and the electrochemical detection were realized on a single electrode. The peak oxidation current response of Tyr residue of Aβ was
utilized as the analytical signal.
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There are a number of saccharides including monosaccharide,
oligosaccharide, glycoprotein, glycolipid and proteoglycan, but only
the core saccharide structure is necessary for biosensing and
biomaterials [13]. For example, the sialic acid (N-acetyl-D-neuraminic
acid) conjugate with polydiacetylene was reported to detect influenza
virus [14]. The globobiose-immobilized substratewas utilized for Shiga
toxin detection [15]. Recently, it has been revealed that the cell-surface
saccharides are related to the Alzheimer disease [16]. Alzheimer
disease is occurred by aggregation of amyloid-beta (Aβ) peptides, and
the aggregation has been reported to relate to the interaction with
ganglioside (GM1). The sialic acid is an essential element of ganglioside
[17], and so it is expected that the Aβ can be detectedusing sialic acid. It
is expected that sialic acid SAM enables the binding with Aβ and
provides a chemically stable and cost-effective recognition interface
for Aβ.

Voltammetric detection of tyrosine (Tyr) has been exploited in
several label-free protein sensor schemes [18–20]. Interestingly, Aβ
peptides have one Tyr residues in the protein. We have monitored the
oxidation of the single Tyr residue in Aβ peptides as the analytical
signal in this sensor, and reported a label-free monitoring method for
Aβ aggregation using the oxidation signal of Tyr on a glassy carbon
electrode [21].

In this study, we propose a new protocol of electrochemical
sensing of saccharide–protein interaction as illustrated in Scheme 1.
Scheme 2. The addition of azide-linked sialic acid to acetylenyl-terminated SAM
Acetylenyl-terminated SAM was formed on Au nanoparticle-electro-
deposited a screen-printed carbon strips (SPCS), azide-linked sialic
acids were reacted with an acetylenyl-terminated SAM using the 1, 3-
dipolar cycloaddition (Scheme 2). Aβ was captured by the specific
interaction between the peptide and the densely-packed sialic acid.
The oxidation signal of Tyr from the captured Aβ was investigated
using differential pulse voltammetry (DPV). The interactions between
the multiple sialic acid and Aβ peptide were conformed by atomic
force microscopy.

2. Experimental section

2.1. Reagents and chemicals

The following reagents were used as received: Sodium L-ascorbate,
HAuCl4·3H2O, Copper (II) sulfate, triethylene glycol, potassium carbo-
nate, 3-bromopropyne, sodium hydrate, trichloroisocyanuric acid,
iodomethane, were products of Kanto Kagaku Co. (Japan). 11-bromo-
1-undecene, 2,2′-azobis (isobutyronitrile) (AIBN), K3[Fe(CN)6], HCl,
Na2HPO4, NaH2PO4, KOH, polyvinylalchol, NH4OH and dimetylsulf-
oxide (DMSO) were purchased from Wako Pure Chemical (Japan).
Thioacetic acid were purchased from Tokyo Kasei (Japan). Amyloid-
beta (Aβ) peptides (Aβ-(1-40), and Aβ-(1-42); trifluoroacetate form)
were purchased from Peptide Institute Inc. (Japan). All other solvent
using 1,3-dipole cycloaddition reaction on the surface of Au nanoparticles.



Fig. 1. SEM image of the electrodeposited Au nanoparticles on the carbon-based
working electrode of SPCS. Electrodeposition was performed at the potential of 0.3 V vs
Ag/AgCl within the SPCS during 200 s using 30 µL of 1 mM HAuCl4 in 0.1 M HCl.
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and chemicals were of analytical grade. All solutions were prepared
and diluted using ultra-pure water (18.3 MΩ cm).

2.2. Instrumental

Electrodeposition and measurements, in connection with chron-
ocoulometry (CC), cyclic voltammetry (CV), and differential pulse
voltammery (DPV) were performed using a Autolab PGSTAT 12 electro-
chemical analysis system (Eco Chemie, The Netherlands) with General
Purpose Electrochemical System (GPES) software. The planar screen-
printed carbon strip (SPCS) and screen-printed gold strip were provided
fromBioDevice Technology Ltd. (Japan). These are consisted of a carbon/
gold working electrode (geometric working area: 2.64 mm2), a carbon
counter electrode, and Ag/AgCl reference electrode. Electrochemical
deposition and measurements were performed in 30 µL of the solution
covering all three electrodes in a horizontal position. All measurements
were carried out at a controlled room temperature. Atomic force mi-
croscopy (AFM) was performed in air with a commercial unit (SPA400,
Seiko Instruments Inc., Japan) equippedwith a calibrated 20 μm xy-scan
and 10 μm z-scan range PZT-scanner. Silicon nitride tip (SI-DF20, spring
constant=15 N/m, Seiko Instruments Inc.) was used, and images were
taken in a dynamic force mode (DFM mode) at an optimal force. Gold
substrates, named Auro sheet (1, 1, 1) HS, were purchased from Tanaka
Kikinzoku Co. (Japan) for AFM measurements. FTIR spectra were
recordedon a JASCOFTIR-4000 Fourier transform infrared spectrometer,
and for RAS measurement, a Harrick model Refractor 2 reflection
attachment was used. Thickness of the layer was measured with a
ellipsometer DVA-FR (Mizojiri Kogaku, Japan). FTIR and ellipsometery
was measured using the gold substrate (Moritex, Japan).

2.3. Synthesis of the component molecules

Acetylenyl-terminated disulfide for SAM forming molecule was
synthesized from triethylene glycol according to the manner reported
by Lee et al. [11]. Briefly, the substitution reaction with 11-bromo-1-
undecene, subsequent addition of thioacetic acid, and migration of
acetyl group from thiol to the hydroxyl group by the treatment of
sodium hydride leaded to disulfide compound with acetyl terminal.
The acetyl-terminated compound was converted to acetylenyl
terminal production by the deprotection using potassium carbonate,
and the alkylation of propargyl bromide. Azide-linked sialic acid was
obtained by the conventional saccharide synthesis [22].

2.4. Fabrication of the Aβ sensor

The Au nanoparticles were electrodeposited on the carbon based
working electrode included the screen-printed strips according to the
samemanner described previously [23]with slightlymodification. The
electrodepositions of gold were performed in the 30 µL of the solution,
1mMHAuCl4 in 0.1MHCl, covering all three electrodeswhile applying
a potential of 0.3 V (vs Ag/AgCl within SPCS) during 200 s. The treated
SPCS was rinsed using ultra-pure water, and blot-dried.

For fabrication of the acetylenyl-terminated SAMs on the SCPS, 2 µL
of 5 mM acetylenyl-terminated disulfide in 50 mM Tris–HCl buffer
(pH 8.0) was dropped over the nano-gold depositedworking electrode
for 12 h under the water-saturated atmosphere. The electrode surface
was rinsed with an ethanol and ultra-pure water, and blot-dried.

Azide-linked sialic acid was immobilized by 1,3-dipole cycloaddi-
tion (click chemistry) on the acetylenyl-terminated SAMs in Scheme 2.
Aliquot of 2 µl of the mixture containing 10 mM azide-linked sialic
acid, 50 mM CuSO4 and 125 mM sodium L-ascorbate was dropped on
the working electrode, in which the acetylenyl-terminated SAMs on
the nano-gold was distributed for 3 h under the water saturated
atmosphere. After rinsing by ultra-pure water, the electrode surface
was cleaned by the treatment of DPV (applied potential: from 0 V to
1 V, step potential: 5 mV) in blank PBS.
Finally, the remained carbon surfaces were blocked by 20 ml of 1%
polyvinylalcohol for 10 min due to avoid the non-specific adsorption.
These strips were rinsed by ultra-pure water and kept under 4 °C until
use.

2.5. Detection of the Aβ

As a stock solution, 200 µM Aβ(1-40) and Aβ(1-42) in 0.02% of
NH4OHwere prepared and kept at 4 °C. The test samplewas diluted by
Aβ assay buffer (20 mM phosphate buffer (pH 7.5) containing 100 mM
NaCl) from stock solution just before treatment to avoid the Aβ
aggregation. Aliquot of 20 µL test sample was applied to the sensor
strip with mild rolling (80–100 rpm). After washing step by PBS, the
captured Aβ was detected by the oxidation signal of tyrosine by DPV
(applied potential: from 0.2 V to 0.8 V vs Ag/AgCl within SPCS, step
potential: 5 mV, amplitude: 75 mV). The raw voltammograms of DPV
were treated by using Savitzky-Golay smoothing (level 4) and the
“moving average” baseline correction of GPES with a peak width of
0.005 V. The electrochemical measurements were performed for 3
times for each condition (n=3) except otherwise stated.

3. Results and discussion

3.1. Characterization of the partial SAM on the carbon electrode

Previously, we have demonstrated the fabrication of Au nanopar-
ticles on SPCSs using electrodeposition [23]. Size, shape, and number
of Au nanoparticles could be controlled by varying the concentration
of [AuCl4]− and the applied potential and time in electrodeposition
treatment. After applying a potential of 0.3 V vs Ag/AgCl for 200 s
using 30 µL of 1mMHAuCl4 in 0.1MHCl, the change in the color of the
carbon-based working electrode area became visible to the naked eye.
The electrodeposited Au nanoparticles could also be observed using
SEM (Fig. 1).

The reductive deposition of acetylenyl-terminated disulfide (1) on
Aunanoparticleswas demonstratedusing CV from −0.6 to −1.8V vs Ag/
AgCl (scan rate; 0.1 mV/s) in 0.5 M KOH. It was well-described that
SAMs on Au showed several characteristic voltammetric waves in
response to their reductive deposition [24,25]. In this case, the reduc-
tion signal of the Au–S binding to electrodeposited Au were observed
at −1.4 V vs Ag/Ag/Cl (Fig. 2A). Additionally, the peak current intensities
increased according to the electrodeposition time (0, 30, and 200 s),
which could be attributed to the increase in the electrodeposited
Au volume. Therefore, the SAM formation with alkyl disulfide on the



Fig. 2. Cyclic voltammograms of partial SAM formed on SPCSs in 0.5 M KOH from 0 to −1.8 V vs Ag/AgCl within the SPCS at 0.1 V/s (A), and in 2 mM K3[Fe(CN)6] in PBS (pH 7.4) from
−0.6 to 0.6 V at 0.1 V/s (B). Electrodeposition time was 0 s (a), 30 s (b), and 200 s (c); whereas (d) shows the response obtained using a screen-printed Au strip (SPGS) after 200 s
electrodeposition and consequent full surface coverage with SAM formation.
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electrodeposited Au nanoparticle could be estimated, and the dis-
persed dotted SAMs on the carbon electrode with acetylene group
were subject to the saccharide modification.

It is well-defined that a SAM can form a lipophilic barrier for
electron transfer between the electrode surface and the hydrophilic
electroactive probes in solution [26–28]. Fig. 2B-a to c show the cyclic
voltammograms of 2 mM K3[Fe(CN)6] in PBS at the partial SAM on
carbon strips. The peak current intensities of the redox decreased as
the electrodeposition time (0, 30, and 200 s) of Au nanoparticles. It
indicates that the electron transfer at the treated SPCS became blocked
according to the amount of the electrodeposited Au nanoparticles and
the SAM formation. In the case of a screen-printed Au strip (SPGS), the
redox activity was inhibited by the monolayer formed using the same
treatment (Fig. 2B-d). From these observations, we could control and
maintain the electron transfer activity of SAM formed electrode using
the preparation protocol described above in the Experimental section.

The subsequent sialic acid deposition via a click chemistry was
confirmed in detail by XPS, FTIR-RAS, contact angle and ellipsometry
measurements, though the CVmeasurements of the sialic acid deposi-
tion didn't show the clear difference from that before the click reaction
(Supplementary data). The C1s spectra of the layer was measured by
XPS. The main peak around 286 eV was observed, where the shoulder
peak around 287 eV indicated C–O of sialic acid and ether unit of
SAM. The FTIR showed typical bands of saccharide moieties (3100–
3500 cm−1 (νOH)). The ellipsometry showed the thickness of
acetylenyl-terminated SAM, 20 Å and the thickness of sialic acid
layer was 4.5 Å. The contact angle was almost the same on the partial
SAM and the sialic acid substrate about 52°. We have reported the
saccharide immobilization by click chemistry. The chemical transfor-
mation of monosaccharide proceeded quantitatively on the SAM of
gold substrate as well.

This SAMs on SPCS realized the immobilization of the biomaterials
(Au area) and the electrochemical detection (carbon area) in one
electrode. The covalent bond formation with click chemistry can be
applied to the many kinds of biomolecules such as enzyme, antibody,
and DNA. Therefore, the combination of the specific reaction of the
biomaterial on the SAMs and following the electrochemical detection
could be able to extend to many biosensing devices.

3.2. Evaluation of the Aβ sensor

The interaction between Aβ and the sialic acids layer were
investigated using AFM in the same manner as described for the Au
nanoparticles [23]. The surface of Au substrate was smooth (Fig. 3A).
After modification with sialic acid, Au substrate showed a slight
roughness due to the rearrangement of gold atoms via a chemical
reaction (Fig. 3B) [29]. The attachment of Aβs was observed
with applying 20 mM of the samples. Fig. 3C and D showed rougher
surface than the sialic acid-modified surface, meaning the attachment
of Aβ(1-40) and Aβ(1-42) on the sialic acid layer after 180 min
incubation. The morphology of Aβ(1-40) was small round aggregates
with 10–100 nmdiameter (Fig. 3C). Themorphology of Aβ(1-42)was a
slight different from that of Aβ(1-40), which was a mixture of small
round object with 10–100 nm and amyloid fibrils with 70–150 nm in
diameter and over 500 nm in length. The AFM observation indicated
the affinity of sialic acid to Aβ peptides, and the aggregation properties
of Aβ peptides. The round object of Aβ is considered to be the self-
assembling structure of ADDL (amyloid-derived diffusible ligands)
[30], suggesting the ADDL formation on ganglioside.

The oxidation peak current intensity of Aβ peptide on the sensor
was observed at 0.6 V (vs.Ag/AgCl within this sensor) (Fig. 4A) in
agreement with our previous reports [18–21]. There was no difference
in the oxidation potential between 5 µM Aβ(1-40) and 5 µM Aβ(1-42).
The peak current of Aβ(1-40) was increased according to the applied
Aβ concentration from 0.5 µM, reached maximum at 10 µM, and then
slightly decreased in the higher concentration. The peak current of
Aβ(1-42) showed the similar tendency to Aβ(1-40). The peak current
was observed from 0.5 µM, and almost saturated at 10 µM. The
intensities of peak current of Aβ(1-42) were a little smaller than those
of Aβ(1-40), and the peak current deviation of Aβ(1-42) was larger
than that of Aβ(1-40). Those difference between Aβ(1-40) and (1-42)
was caused by the aggregation properties of Aβ(1-42) and the stiff
structure of Aβ(1-42) aggregates [21]. Both peptides had a detection
limit of 1 µM calculated from three times of the standard deviation.

Moreover, Aβ(1-40) applied to the device, which was fabricated by
the same process on a screen-printed Au strip (SPGS). However, Tyr
oxidation signal could not be observed due to the weak affinity of Aβ
to Au electrode (data not shown), indicating the interfacemodification
much affects the sensitivity. Our results indicated the sensitivity for
Aβ detection was much improved by the sialic acid modification on
SPGS based on the saccharide-Aβ interaction. The interaction of
ganglioiside such as GM1 with Aβ peptides, and the aggregation
properties of Aβ on the acidic group immobilized substrate were
reported [17]. The sialic acid has a simple structure comparing to
ganglioside, but was essential structure for Aβ binding. The sialic acid
modified substrate amplified the affinity to Aβ peptides, as designed.



Fig. 4. Electric responses of the Aβ sensor applied the Aβs. Aβ(1-40) (a), Aβ(1-42) (b), insuline (c) from 5 µM solutions, and PBS only (d) (A). The relationship between the Aβ peptides
concentrations and the current determined by this Aβ sensor. Each data indicate the average of 3 measurements with the error bars indicating the relative standard deviation (B).

Fig. 3. AFM images of the bare gold substrate (A); after cycroaddition of the sialic acid (B); the attachment of 20 µM Aβ peptides after incubation at RT for 180 min; Aβ(1-40) (C) and
Aβ(1-42) (D).
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On the other hand, other proteins were also measured to investi-
gate the detection specificity. When 0.1% bovine serum albumin in PBS
(pH 7.4) was applied as a negative control, no oxidation signal of Tyr
was observed. The addition of insuline also didn't show any Tyr
current, even though insulin has four Tyr residue, meaning the inter-
action of insulin to sialic acid was too little to detect the signal
(Fig. 4A). The saccharide-modified surface has been reported to show
the specific binding to proteins, and the surface shows the inner
surface properties except specific proteins [31]. Even though some
proteins, viruses and bacteria show the binding to sialic acid [1], the
saccharide-modified substrate showed the enough specificity to Aβ
detection in this research. The unique electrochemical properties of Aβ
in Tyr current and impedance can help the specific detection, which is
still under way.

Current effort in our laboratory aims at the sensingmore pathogens,
such as Shiga toxins, and influenzavirus, and at the evaluationof various
synthetic saccharide derivatives. On the other hand, the immobilization
of the saccharides as thebiorecognitionmaterials onelectrodes provides
new routes for electrochemical biosensor development. The label-free
detection of Aβ peptide was demonstrated here as a model case, and
further excellent labeling systems promises the development of highly
sensitive sensors.

4. Conclusions

Considering the glycoside cluster effect, the immobilization of the
saccharides as the biorecognision materials on carbon electrodes
provides new routes for analysis of saccharide–protein interactions and
electrochemical biosensor development. Synthetic monosaccharide,
sialic acid, for the recognition of Aβ peptides could be introduced
densely over the partial SAM on the carbon electrode via the electro-
deposited Au nanoparticles. The coexistence both Au nanoparticles for
the immobilization of biomolecules and bare carbon for electrochemical
detection on theelectrode enables the electrochemical sensingwith easy
fabrication and low-cost. Our proposed process offers further applica-
tions of electrochemical sensing of saccharide–protein interactions.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bioelechem.2008.06.005.
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