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We present the first electrochemical detection, characterization,
and kinetic study of the aggregation of Alzheimer’s disease (AD)
amyloid beta peptides (Aâ-40, Aâ-42) using three different volta-
mmetric techniques at a glassy carbon electrode (GCE). This method
is based on detecting changes in the oxidation signal of tyrosine
(Tyr) residue. As the peptides aggregate, there are structure confor-
mational changes, which affect the degree of exposure of Tyr to
the molecular surface of the peptides. The results show significant
differences in the aggregation process between the two peptides,
and these correlate highly with established techniques. The method
is rapid and label-free, and the principle can be universally applied
to other protein aggregation studies related to diseases, such as Hun-
tington’s, Parkinson’s, and Creutzfeldt Jacob (CJD). This method
could also be explored in screening for the effectiveness of AD
therapies.

One of the hallmarks of AD is the formation of neuritic plaques
in the brain of AD individuals. The aggregation of amyloid beta
(Aâ) peptides is central to the formation of the plaques. Aâ is a 4
kDa peptide present in the brain and cerebral spinal fluid. In its
native form, Aâ is unfolded but aggregates into aâ-sheet structure
of ordered fibrils under various conditions.1-3 Aâ-42 is more hy-
drophobic and aggregates more easily than Aâ-40 and is predomi-
nant in the plaques of AD individuals.4,5 The aggregation process
starts with a nucleation step followed by a growth phase, which is
dependent on the composition of the carboxyl end of Aâ.6

Aâ aggregation, in vitro, is commonly studied using techniques
such as CD spectroscopy, fluorescence detection, and electron and
atomic force microscopy (AFM).2,7,8 In particular, the detection of
Aâ aggregation and the visualization of these plaques using Thio-
flavin T (Th-T) and its derivatives has become a reference meth-
od.9-10 Th-T binds in a specific, regular fashion to amyloid fibrils.
Confocal microscopy studies performed by Krebs and co-workers11

revealed that Th-T could bind to amyloid fibrils such that their
long axes were parallel. Proteins have been detected by electrochem-
ical oxidation of Tyr, tryptophan (Trp), and cystine/cysteine residues
in assays sometimes involving adsorption/desorption phenom-
ena.12-15 The first introduction of the direct oxidation of Trp and
Tyr residues on carbon electrodes was reported about two de-
cades ago.16,17Oxidation of Tyr and Trp at a wax-impregnated spec-
troscopic graphic electrode (WISGE) is reported to be a two-elec-
tron-transfer process.18 Although Aâ possesses only one redox-
active residue, Tyr, at position 10, we assumed that the changes in
conformation and possibly charge(s) due to nucleation and later
aggregation of the peptide might affect the adsorbability of the Tyr
residue to the electrode surface, thus enabling us to detect the ag-
gregation process and possibly the initial stages. Moreover, since
the method is based on conformational structure change, the study
could provide information regarding the different structures that
the peptides adopt prior to and during the aggregation process. Our
electrochemical results have also been compared with the fluores-
cence results obtained by using Th-T as the aggregation indicating
probe.

Cyclic voltammetry of native forms of the Aâ-peptides was car-
ried out. The oxidation of Tyr in a 20 mM Tris/HCl buffer, pH 7.0
(TBS), was found to be irreversible, in agreement with previous
reports.19,20The peptides adsorbed on the electrode surface; the final
oxidation product was not electroactive and blocked the electrode
surface. As the scan rate (V) was increased from 25 to 200 mV/s,
there was less time for the diffusion layer to extend into the bulk
of the solution, causing a large diffusion gradient and, consequently,
a higher peak current.21 The peak current was proportional to the
square root ofV. We, therefore, concluded that the electrode re-
sponse was controlled by semi-finite diffusion. The diffusion coef-
ficients of the Aâ-42 and Aâ-40 across the electrode surface were
estimated at 2.1× 10-7/R and 2.03× 10-7/R cm2/s, respectively,
according to the Randles-Sevcik equation.22 Differential pulse
voltammetric (DPV) and CV studies showed that the oxidation of
both peptides involved the transfer of two electrons.21 An almost
linear relationship (r2 ) 0.9918) between the peak potential and
log V further confirmed the 2e- transfer process and irreversibility
of the oxidation process.

The peak potential of the two peptides was very similar (inset
of Figure 1). The dependence of detected current signal on the
concentration of the analyte was studied using square wave
voltammetry (SWV), and the results showed that an increase in
concentration led to an increase in peak current, but the relationship
was nonlinear. Concentration was increased until there was no
increase in peak current (saturation) or until there was a change in
peak shape (surface fouling). Forn ) 3, the relative standard
deviation (RSD) of peak potential ranged from 0.3 to 1.4% and
from 0.4 to 3.0% for Aâ-40 and Aâ-42, respectively. The RSD for
the current signal ranged from 1.2 to 8.3% for Aâ-40 and from 1.5
to 8.6% for Aâ-42. The detection limits, estimated from S/N) 3,
corresponded to approximately 0.7µg/mL for both peptides.

The aggregation kinetics were analyzed after incubation of the
peptides at 80µM in TBS at 37( 1 °C using SWV (Figure 1).

Samples were analyzed until the current signals of the peptides
were indistinguishable from background noise, that is, after 300
and 750 min incubation period for Aâ-42 and Aâ-40, respectively.
The peptides (80µM) were also analyzed using a spectrofluorometer

Figure 1. Kinetic study of Aâ-42 (red line) and Aâ-40 (blue line)
aggregation after incubation at 80µM in TBS at 37( 1 °C; detected at 8
and 4µM, respectively, using SWV, at room temperature. Inset: Voltam-
mograms of native Aâ-42 (red line) and Aâ-40 (blue line); detected at 8
and 4µM, respectively, using SWV, at room temperature.
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in conjunction with Th-T as the indicating probe at excitation and
emission wavelengths of 450 and 490 nm, respectively. The
electrochemical data correlate highly (r ) -0.9022 and-0.9385
for Aâ-42 and Aâ-40, respectively) with that obtained using Th-T
fluorescence detection (Figure 2). After incubation at specified time
periods, Aâ-peptides were deposited on a bare mica disk surface
and on a 3-(aminopropyl)triethoxysilane (APTES)-modified disk
surface. After, the disk was rinsed with purified water and dried
using nitrogen gas. The contact angles were measured at 2 and 36°
for the bare mica surface and the APTES-modified mica surface,
respectively. AFM images (Figure 3) were obtained in air in a
dynamic force mode at optimal force.

The AFM results for Aâ-42 support well the electrochemical
and fluorescent results. However, the AFM images of Aâ-40
showed hardly any change in the aggregation state of the peptide
over time. We assume that the affinity of the peptide to the mica
surface was very low.

Further, a comparison of the kinetic data of Aâ-40 and Aâ-42
shows that Aâ-40 adopts more varied conformational structures
compared to Aâ-42, as seen by the fluctuations of the Tyr signal
displayed by Aâ-40. The difference might be attributed to the
distinct oligomerization pathways observed for the two peptides
during the early stages of aggregation,21 thus making the electro-
chemical method slightly more informative than the labeled
technique. The presence of metal ions, in particular, copper, zinc,
and iron, has been reported to enhance Aâ aggregation.24,25Further,
copper has been reported to mediate dityrosine cross-linking in Aâ-
peptides.26 None of these metals were detected in our buffer by
graphite furnace atomic absorption spectroscopy (GFAAS). Trace
amounts of iron (3.15, 35.2µM) and zinc (0.26, 3.9µM) were
detected in Aâ-40 and Aâ-42 samples, respectively. Copper ions
were not detected. The presence of iron and zinc would possibly
influence the rate of peptide aggregation24,25 and probably have
some effect on the Tyr oxidation signal. Their effect, if any, is
being evaluated and will be reported in a separate submission.
Bovine serum albumin, used as a control in these studies, displayed

no changes in either the fluorescence signal (agreeing with a
previous report26) or the Tyr oxidation signal. Also, the aggregation
kinetics of Aâ-42 incubated at 0( 1 °C showed no changes in the
Tyr signal, not surprising since hydrophobic interactions are
destabilized by low temperatures,27 further confirming the validity
of our method for detecting the aggregation of Aâ.

In summary, we report the first bioelectrochemical study of Aâ-
peptides using various voltammetric techniques at a GCE. The
kinetics of the peptide aggregation have been studied also for the
first time using electrochemistry. The method compares favorably
with established optical techniques and offers some advantages over
these methods. Furthermore, it is rapid and direct (label-free), and
the principle can be universally and readily extended to other protein
aggregation studies. The method also has potential as a drug-
screening tool and/or for assessing, in vitro, the effectiveness of
AD therapeutics that target Aâ plaques.

Acknowledgment. K.K. acknowledges a scholarship from the
Japan Ministry of Education, Culture, Sports, Science, and Technol-
ogy. The authors gratefully acknowledge technical support from
Ms. M. Murahashi of Tamiya Laboratory, JAIST.

Supporting Information Available: Related instrumentation,
procedures and graphics for the optimization studies (PDF). This
material is available free of charge via the Internet at http://pubs.acs.org.

References

(1) Stine, W. B., Jr.; Dahigren, K. N.; Krafft, G. A.; LaDu, M. J.J. Biol.
Chem.2003, 278, 11612.

(2) Szabo, Z.; Klement, E.; Jost, K.; Zarandi, M.; Soos, K.; Penke, B.Biochem.
Biophys. Res. Commun.1999, 265, 297.

(3) Shen, C. L.; Murphy, R. M.Biophys. J. 1995, 69, 640.
(4) Lippa, C. F.; Nee, L. E.; Mori, H.; George-Hyslop, P.Lancet1998, 352,

1117.
(5) Asami-Odaka, A.; Ishibashi, Y.; Kikuchi, T.; Kitada, C.; Suzuki, N.

Biochemistry1995, 34, 10272.
(6) Jarrett, J.; Berger, E.; Lansbury, P.Biochemistry1993, 32, 4693.
(7) Ono, K.; Yoshiike, Y.; Takashima, A.; Hasewaga, K.; Naiki, H.; Yamada,

M. J. Neurochem.2003, 87, 172.
(8) Yoshiike, Y.; Tanemura, K.; Murayama, O.; Akagi, T.; Murayama, M.;

Sata, S.; Sun, X.; Tanaka, N.; Takashima, A.J. Biol. Chem.2001, 276,
32293.

(9) Klunk, W. E.; Wang, Y.; Huang, G. F.; Debnath, M. L.; Holt, D. P.;
Mathis, C. A.Life Sci.2001, 69, 1471.

(10) Klunk, W. E.; Wang, Y.; Huang, G.; Debnath, M. L.; Holt, D. P.; Shao,
L.; Hamilton, R. L.; Ikonomovic, M. D.; DeKosky, S. T.; Mathis, C. A.
J. Neurosci.2003, 23, 6.

(11) Krebs, M. R. H.; Bromley, E. C. H.; Donald, A. M.J. Struct. Biol.2005,
149, 30.

(12) Cai, X.; Rivas, G.; Farias, P. A. M.; Shiraishi, H.; Wang, J.; Palecek, E.
Anal. Chim. Acta1996, 332, 49.

(13) Jin, G.-P.; Lin, X.-Q.Electrochem. Commun.2004, 6, 45.
(14) Wang, J.; Chen, G.Talanta2003, 60, 1239.
(15) Chen, G.; Zhang, L.; Wang, J.Talanta2004, 64, 1018.
(16) Reynaud, J. A.; Malfoy, B.; Bere, A.J. Electroanal. Chem.1980, 116,

595.
(17) Brabec, V.; Schindlerova, I.Bioelectrochem. Bioenerg.1981, 8, 451.
(18) Barbec, V.; Mornstein, V.Biophys. Chem.1980, 12, 159.
(19) Deo, R. P.; Lawrence, N. S.; Wang, J.Analyst2004, 129, 1076.
(20) Moreno, L.; Merkoci, A.; Alegret, S.; Hernandez-Cassou, S.; Saurina, J.

Anal. Chim. Acta2004, 504, 251.
(21) Bard, A. J.; Faulkner, L. R.Electrochemical Methods: Fundamentals and

Applications, 2nd ed.; John Wiley & Sons: New York, 2001.
(22) Wang, J.Analytical Electrochemistry, 2nd ed.; John Wiley & Sons: New

York, 2000.
(23) Bitan, G.; Kirkitadze, M. D.; Lomakin, A.; Vollers, S. S.; Benedek, G.

B.; Teplow, D. B.Neuroscience2003, 100, 330.
(24) Atwood, C. S.; Perry, G.; Zeng, H.; Kato, Y.; Jones, W. D.; Ling, K. Q.;

Huang, X.; Moir, R. D.; Wang, D.; Sayre, L. M.; Smith, M. A.; Cheng,
S. G.; Bush, A. I.Biochemistry2004, 43, 560.

(25) Huang, X.; Atwood, C. S.; Moir, R. D.; Hartshorn, M. A.; Tanzi, R. E.;
Bush, A. I.J. Biol. Inorg. Chem.2004, 9, 954.

(26) Yoshiike, Y.; Tanemura, K.; Murayama, O.; Akagi, T.; Murayama, M.;
Sato, S.; Sun, X.; Tanaka, N.; Takashima, A.J. Biol. Chem.2001, 276,
32293.

(27) De Felice, F. G.; Houzel, J.-C.; Garcia-Abreu, J.; Louzada, P. R. F., Jr.;
Afonso, R. C.; Meirelles, M. N. L.; Lent, R.; Neto, V. M.; Ferreira, S. T.
FASEB J.2001, 15, 1297.

JA052522Q

Figure 2. Kinetic study of Aâ-42 (A) and Aâ-40 (B) aggregation after
incubation at 80µM in TBS at 37( 1 °C; detected using Th-T fluorescence
dye. The same arbitrary units (a.u.) are used throughout this report.

Figure 3. AFM images of Aâ-42 aggregates after incubation at 80µM in
TBS at 37( 1 °C for 120 min on bare mica surface (A) and for 180 min
on APTES-modified mica surface (B).
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