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ABSTRACT: Recently discovered evidences suggest that precipitation of Alzheimer’s �-amyloid (A�) peptide
and the toxicity in Alzheimer’s disease (AD) are caused by abnormal interactions with neocortical metal
ions, especially Zn2+, Cu2+, and Fe3+. While many studies had focused on the role of a “single” metal ion
and its interaction with A� peptides, such studies involving “multiple” metal ions have hardly been explored.
Here, to explore the nature of codeposition of different metals, two or more metal ions along with A�
were incubated over a solid template prepared by immobilizing A�42 oligomers. The influence of Zn2+,
Cu2+, and Fe3+ on A� aggregation was investigated by two approaches: co-incubation and sequential
addition. Our results using ex situ AFM, ThT-induced fluorescence, and FTIR spectroscopy indicated
that the co-incubation of Cu2+, Zn2+, and Fe3+ significantly altered the morphology of aggregates. A
concentration dependence study with mixed metal ions suggested that Zn2+ was required at much lower
concentrations than Cu2+ to yield nonfibrillar amorphous A� deposits. In addition, sequential addition of
Zn2+ or Cu2+ on fibrillar aggregates formed by Fe3+ demonstrated that Zn2+ and Cu2+ could possibly
change the conformation of the aggregates induced by Fe3+. Our findings elucidate the coexistence of
multiple metal ions through their interactions with A� peptides or its aggregates.

Alzheimer’s disease (AD)1 is a progressive neurodegen-
erative disorder associated with the pathological self-as-
sembly of �-amyloid (A�) peptide into toxic soluble
oligomers and insoluble fibrils with high cross �-sheet
content (1). The amyloid deposits in the brains of individuals
with AD originate from a proteolytic byproduct of the
transmembrane �-amyloid precursor protein (APP) (2, 3).
However, researchers have yet to reach a consensus with
regard to either the nature of A� processing or its aggrega-
tion. Investigators have found that the different forms of A�
aggregates exerted different extents of toxicity in cells. A�
oligomers were reported to inhibit neuronal viability 10-fold
more than fibrils in Neuro-2A neuroblastoma cells (4-6).
On the other hand, some studies explicated that fibrillar A�
aggregates, but not the amorphous aggregates of A�, cause
neuronal cell death (7-9). Thus, according to the literature,
the degree and the nature of aggregation of A� peptide

decide the extent of neurotoxicity, suggesting that A�
aggregation is certainly an essential event in the patho-
genesis of AD.

Metal ions had been proposed to play a significant role in
the assembly and neurotoxicity of AD fibrils (10), although
the mechanism leading to the conformational change of
soluble A� peptides into insoluble amyloid plaque is unclear
(11). Transition metals such as copper (Cu), iron (Fe), and
zinc (Zn) were also identified at high concentrations in the
A� plaques (∼400 µM Cu, ∼1 mM Zn, and ∼1 mM
Fe) (10, 12) and contributed to the neuropathology associated
with A� fibrils by affecting the rate of fibril formation (13-15),
by modifying fibril morphology (16, 17), and by direct
chemical reaction with A� (18, 19). Although the findings
of several studies have highlighted the role of a “single”
metal ion and its interaction with A� peptide and aggrega-
tion (20-22), such studies involving “multiple” metal ions
together with A� have hardly been explored. As in the brains
of AD patients the different metals coexist at higher than
normal concentrations, further study of the effects of multiple
metal ions interacting with A� is warranted. In this work,
we sought to explore the various natures and extents of A�
aggregates formed in the presence of multiple metal ions,
such as Cu2+, Zn2+, and Fe3+.

While previous studies involving the effect of metal ions
on A�-associated aggregation measured the overall level of
aggregation in a “solution” phase (13, 23, 24), here we used
a “solid” template system that was prepared by the chemical
immobilization of A� oligomers as a seed onto a NHS-
activated solid surface. The fibrillar growth of A� over the
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solid template was plaquelike as confirmed in our previous
studies by ex situ atomic force microscopy (AFM), thioflavin
T (ThT)-induced fluorescence, and Fourier transform infrared
(FTIR) spectroscopy (25, 26). To use Cu2+, Zn2+, and Fe3+

conjointly for the study of A� aggregation and deposition
due to the competition between the multiple metal ions, our
investigation was grouped into two different sets of experi-
ments: (1) co-incubation and (2) sequential addition. In the
co-incubation experiments, two or three metal ions were
incubated together with fresh A� monomers dissolved in a
buffer solution over the oligomer-seeded, solid template
surface. In contrast, the sequential addition experiments were
conducted for the preformed, Fe3+-induced A� aggregates.
The template containing Fe3+-induced, fibrillar deposits of
A� was further incubated in a solution containing either Zn2+

or Cu2+. In both sets of experiments, the templates were
washed and dried, followed by the observation of the surface
using multiple analytical tools. The morphology of the A�
deposits over the templates was analyzed by ex situ AFM,
whereas FTIR spectroscopy and ThT-induced fluorescence
analysis revealed the chemical differences of those ag-
gregates. According to our results, Cu2+ and/or Zn2+, when
co-incubated with Fe3+, prevented A� from participating in
fibril formation, resulting in the formation of amorphous,
nonfibrillar aggregates. Upon the sequential addition of Zn2+

and/or Cu2+ to preformed fibrillar aggregates induced by
Fe3+, there was a significant decrease in the amount of
fibrillar deposits, yielding amorphous aggregates. The results
highlighting the effect of Zn2+ and Cu2+ on pre-existing
fibrillar aggregates are highly significant as they provide clear
evidence that the proper concentrations of different metal
ions may even decrease the extent of A� fibrillation. This
study elucidates the coexistence of multiple metal ions
through their interactions with Alzheimer’s A� peptides or
their aggregates.

MATERIALS AND METHODS

Materials. Human �-amyloid (A�) 42 was obtained from
rPeptide Co. (Athens, GA). Bovine serum albumin (BSA),
human serum albumin (HSA), 3-(aminopropyl)triethoxysi-
lane (APTS), N,N′-disuccinimidyl carbonate (DSC), 1,1,1,3,3,3-
hexafluoro-2-propanol (HFIP), dimethyl sulfoxide (Me2SO),
thioflavin T (ThT), CuCl2 · 2H2O, ZnCl2, FeCl3, histidine,
glycine, sodium citrate, and 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) were purchased from
Sigma-Aldrich (St. Louis, MO). Culture media and supple-
ments were obtained from Welgene Co (Korea). Microcover
glasses were obtained from VWR Scientific (West Chester,
PA). Pre-existing A� peptide aggregates were disintegrated
into fresh monomers as described previously (25). Briefly,
the peptides were dissolved in HFIP, sonicated in a water
bath, and then aliquoted into sterile Eppendorf tubes. After
the complete vaporization of HFIP, an A� peptide film was
formed on the wall of the tubes which was then stored at
-20 °C. Immediately prior to use, the A� peptide film was
dissolved in Me2SO and then diluted with phosphate-buffered
saline (PBS, pH 7.4) or 20 mM Tris buffer (TB, pH 7.4 at
37 °C) to a desired concentration. The final concentration
of Me2SO in the peptide solution was kept at 5% (v/v).

Preparation of Solid A� Template. A� templates were
prepared by covalently immobilizing oligomeric A� seeds

onto microcover glass as described previously (25). Briefly,
cover glasses were cleaned with a piranha solution (70%
H2SO4/30% H2O2), rinsed extensively with distilled water,
and dried. A hydroxyl-terminated glass surface was then
reacted with 3% APTS in 95% ethanol and further cured at
110 °C with 100% ethanol. For the activation of these glass
surfaces with NHS, they were incubated in 20 mM DSC in
sodium bicarbonate buffer (50 mM, pH 8.5). The slides were
washed with deionized water and dried with N2. An
oligomeric A� solution, prepared by preincubating a 30 µM
fresh A� solution in PBS at 37 °C for 12 h, was then
uniformly placed onto a NHS-activated glass surface.
Remaining unbound NHS-activated sites were then blocked
with a 0.1% solution of BSA in 50 mM phosphate buffer
(PB, pH 7.5). Noncovalently adsorbed oligomers were
removed from the glass slides when they were extensively
washed with 50 mM PB (pH 7.5) and deionized water and
were then dried with N2.

Co-Incubation of A� Templates in the Presence of Metal
Ions. A� templates were further incubated in a freshly
prepared 6 µM A� solution in 20 mM TB (pH 7.4 at 37 °C)
containing 5% Me2SO (v/v). To evaluate the effect of single
or multiple metal ions on the deposition of A� on a solid
surface, the templates were incubated in a A� solution with
the different concentrations of metal ions (10, 50, and 100
µM), which were controlled by dissolving an appropriate
amount of metal salts such as FeCl3, ZnCl2, and CuCl2. After
being incubated for 24 h at 37 °C, the templates were taken
out of the peptide solution, repeatedly washed with a buffer
solution and deionized water, and then dried with N2 for
further analysis. The insoluble hydroxides formed during the
incubation with CuCl2, ZnCl2, or FeCl3 may affect the A�
aggregation morphology, so we checked the binding of small
low-affinity ligands for these metal ions. Glycine, histidine,
and sodium citrate, the ligands for Cu2+, Zn2+, and Fe3+,
respectively, were used in a stoichiometric metal:ligand ratio
of 1:6 as described by Huang et al. (27). According to our
observation, there was a negligible effect on the morphology
of A� deposits formed over the template in the presence of
these ligands compared to those without any ligand (data
not shown). Thus, further experiments were carried out in
the absence of such ligands. With regard to the effect of
NaCl on metal-induced A� aggregation, it was seen in our
previous work with single metal ions (26) that there was a
negligible effect of NaCl concentration on Cu2+-, Zn2+-, and
Fe3+-induced A� aggregation on a solid surface. Therefore,
here we did not extend our experiments involving multiple
metal ions in the presence of NaCl.

Sequential Addition of Zn2+ or Cu2+ on an Fe3+-Induced
Fibrillar A� Template. Fe3+-induced fibrillar A� templates
were prepared by incubating oligomer-immobilized solid
templates in a 6 µM A� solution in 20 mM TB (pH 7.4 at
37 °C) containing both 5% Me2SO and 100 µM Fe3+. After
being incubated for 24 h at 37 °C, templates were extensively
washed with deionized water and dried with N2. Fe3+-induced
fibrillar templates were then put into either pure 20 mM TB
or 20 mM TB containing 100 µM Cu2+ or Zn2+ and
incubated at 37 °C for an additional 24 h. After being
incubated, those templates were washed with 20 mM TB
and further with deionized water for 1 h and dried in a stream
of N2.
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Atomic Force Microscopy (AFM). Morphological analysis
of A� deposits formed by interaction between A� peptides
and metal ions on a solid template (9 mm × 9 mm) was
achieved by ex situ AFM, using a Multimode AFM instru-
ment equipped with a Nanoscope IIID controller (Digital
Instruments Inc., Santa Barbara, CA), under ambient condi-
tions. AFM analysis was carried out in the tapping mode in
air under the following conditions: scan rate, 1-1.5 Hz; an
“E” scanner; a NCHR silicon cantilever (Nanosensors Inc.,
Switzerland); resonant frequency range of AFM cantilevers,
250-350 kHz; number of pixels, 512 × 512. Representative
images in each case were obtained by scanning different
samples at four randomly selected spots over the entire
template. AFM images were further processed with Nano-
scope software provided by the manufacturer of the AFM
instrument to produce the height-frequency distribution and
power spectral density (PSD). The PSD plot was obtained
by the fast Fourier transformation (FFT) operation of wave
function for surface features over the entire surface and
directions, which provided useful information about surface
features in terms of spatial frequency (28).

ThioflaVin T-Induced Fluorescence. The formation of A�
aggregates on a solid template was quantitatively assayed
by measuring ThT-induced fluorescence using a Victor3
microplate reader (PerkinElmer Inc., Waltham, MA). Samples
(9 mm × 9 mm) were prepared as described above, cleaned
with deionized water, and dried in a stream of N2. Each of
the solid templates was placed into individual wells of a 24-
well plate (SPL Life Sciences, Korea) and then filled with 1
mL per well of a 50 µM ThT solution in TB (20 mM, pH
8.0). Experiments were carried out in triplicate with excita-
tion and emission at 450 and 485 nm, respectively, taking
the fluorescence of a bare cover glass as a reference. The
average and standard deviation were calculated for data
analysis.

Fourier Transform Infrared (FTIR) Spectroscopy. Samples
were prepared for FTIR analysis by incubating a solid
template (4.5 mm × 7 mm) in a solution containing a freshly
prepared 6 µM A�42 solution in the absence or presence of
100 µM Fe3+ only, 100 µM Fe3+ and 100 µM Cu2+, 100
µM Fe3+ and 100 µM Zn2+, or 100 µM Fe3+, 100 µM Cu2+,
and 100 µM Zn2+ incubated in a 20 mM TB solution
containing 5% Me2SO (v/v) (pH 7.4 at 37 °C) for 24 h. After
incubation, the samples were cleaned and dried before FTIR
measurements were taken. Solid samples were directly placed
on a rounded diamond crystal. IR measurements of the solid
samples were preformed on a Nicolet Nexus 470 spectrom-
eter (Thermo Nicolet Corp., Madison, WI) equipped with
an attenuated total reflection (ATR) accessory. The absor-
bance spectra of different A� samples were collected at a
resolution of 4.0 cm-1 by subtracting the background
spectrum of a plain glass from the sample spectra.

RESULTS

Co-Incubation of Multiple Metal Ions. To study the effect
of multiple metal ions on A� aggregation over a solid
template, the surfaces prepared by immobilizing fresh
monomeric or oligomeric A� were incubated with a fresh
A� solution in the presence of one, two, or three different
metal ions, namely, Cu2+, Zn2+, and Fe3+. The AFM analysis
of the samples of A� preincubated for 12 h that were

immobilized as a seed indicated the presence of oligomeric
species, as shown in our previous study (25). The template-
induced A� aggregation in the presence of multiple metal
ions was further characterized through ex situ AFM analysis
after incubation for 24 h. Figure S1 of the Supporting
Information depicts the aggregation of A� over the solid
surface at 0 and 24 h. At 0 h, there was a low density of
small aggregates compared to that with A� incubated for
24 h, which showed a considerable amount of fibrillar growth
consistent with our previous finding (26). Figure 1 illustrates
the representative AFM images of A� co-incubated with
different metal ions, grown over a solid template. The amount
of fibrils formed was higher in the Fe3+-induced A�
aggregates (Figure 1) than in the A� incubated for 24 h in
the absence of any metal (Figure S1). The co-incubation of
A� with a single metal ion revealed amorphous, nonfibrillar
morphology for Cu2+ and Zn2+ in contrast to the fibril
formation with Fe3+. Our results also showed that the final
morphology of A� aggregates was not affected by the
presence of metal-binding ligands or human serum albumin
(Figure S2).

When A� was co-incubated with Fe3+ and Cu2+ or Zn2+,
nonfibrillar, amorphous aggregates formed. The degree of
deposition was also significantly reduced, as evidenced from
the height versus frequency distribution plot of the multiple
metal-induced A� aggregates (Figure S3). The Fe3+-induced
fibrillar aggregates had the distribution pattern corresponding
to the greater heights of the aggregates, compared to those
that were co-incubated with two or three metal ions (Figure
S3). In the initial stage of A� aggregation from fresh
monomers, we could observe the formation of small and
spherical A� aggregates with a diameter of 10-15 nm. We
further analyzed AFM images with PSD to investigate the
effect of multiple metal ions on the initial stage of A�
aggregation from fresh monomers (Figure S4). The PSD
value for the sample co-incubated with Fe3+ alone was at
least 10 times larger than those of other samples over the
entire frequency domain, indicating that the initial rate of
A� aggregation is also suppressed by the presence of Cu2+

or Zn2+. These results highlighted the critical role of Cu2+

FIGURE 1: Representative AFM images of A�42 deposits formed
over a solid surface by co-incubation of A�42 peptides: (from top
to bottom right) with 100 µM Fe3+, Cu2+, and Zn2+, with 100 µM
Fe3+ and Cu2+, with 100 µM Fe3+ and Zn2+, with 100 µM Fe3+,
with 100 µM Cu2+, or with 100 µM Zn2+, respectively. The size
of each AFM image is 5 µm × 5 µm.
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and Zn2+ in the decrease in the level of A� aggregation and
also the degree of deposition when present with Fe3+.

The induced fluorescence of ThT has been widely applied
in studying amyloid formation because of its sensitivity and
practicality (29). Figure 2 shows the ThT fluorescence
induced by different types of A� deposits induced in the
presence of one, two, or all three metal ions together. Results
of a previous study indicated that Fe3+ induced fibrillar
deposits, whereas Cu2+ or Zn2+ induced nonfibrillar amor-
phous aggregates of A� (16, 26). For the purposes of this
study, we have utilized a template containing an Fe3+-induced
fibrillar deposit as a positive control for comparing the nature
and extent of the deposits of other templates. Incubation with
Fe3+ and Cu2+ induced an ∼0.61-fold decrease, Fe3+ and
Zn2+ an ∼0.55-fold decrease, and Fe3+, Cu2+, and Zn2+

together an ∼0.61-fold decrease in ThT fluorescence com-
pared to Fe3+-induced A� aggregation. It was also noted that,
although Fe3+ alone enhanced A� fibrillation and Cu2+ or
Zn2+ individually gave rise to nonfibrillar amorphous ag-
gregates, the nature of aggregates became “nonfibrillar” when
three ions were present together. The secondary structure of
deposits formed on a solid template was analyzed by FTIR
spectroscopy. Figure 3 shows the FTIR spectra of A�
aggregates formed on the template in the absence or presence
of Fe3+ only, or with Fe3+ and Cu2+ or Zn2+, or with Fe3+,
Cu2+, and Zn2+ together. Information about specific FTIR

peaks for the A� aggregates, formed in the presence of Fe3+,
indicated an amide I band with a relatively strong absorption
peak at 1632 cm-1, which depicted the presence of a
dominant cross �-sheet structure in the amyloid aggregates.
According to a previous study (30), an absorption spectrum
in amide I and II bands was dependent on changes in the
secondary structure of A� peptides. A� aggregates, in the
absence of any metal ion, produced a spectrum with relatively
reduced absorption peaks around 1632 cm-1. The predomi-
nant amide I peaks at 1652 and 1670 cm-1 for A� deposits
induced by Fe3+ and Cu2+ or by Fe3+, Cu2+, and Zn2+

indicated that Cu2+ and Zn2+ had a much higher binding
affinity for A� and their presence yielded a predominant
R-helix or random coil structure. Thus, one could speculate
from the FTIR plots that, in the presence of only Fe3+, A�
displayed cross �-sheet structures whereas when co-incubated
with multiple metal ions together yielded non-�-sheet
structure, confirming that the co-incubation with multiple
metal ions altered the conformation of the aggregated A�
over a solid surface.

Dependence of A� Aggregation on the Concentrations of
Multiple Metal Ions. To further explore the effect of Cu2+

or Zn2+, which could control the possible alteration of the
fibrillation process, we observed the concentration depen-
dence of these ions over Fe3+ during A� aggregation. The
co-incubation of different concentrations of Fe3+ with
different amounts of either Cu2+ or Zn2+ was studied through
ex situ AFM analysis. Consistent with the previous results
of this study, the AFM images of A� grown with different
concentrations of Fe3+ (10, 50, and 100 µM) and Cu2+ (10,
50, and 100 µM) indicated that some of the Fe3+-induced
A� fibrillar aggregates were still present when the Cu2+

concentration was low (10 or 50 µM), but the level of fibrils

FIGURE 2: ThT fluorescence of A�42 plaques formed on solid
templates in the presence of single or co-incubated multiple metal
ions. The intensity of ThT fluorescence from each sample was
subtracted from that of a bare glass.

FIGURE 3: FTIR spectra of A�42 amyloid plaques induced by Fe3+

or mixed metal ions during co-incubation.

FIGURE 4: Effect of Cu2+ concentration (10, 50, and 100 µM) on
the morphology of A�42 deposits formed in the presence of
different concentrations of Fe3+ (10, 50, and 100 µM). The condition
for sample preparation and the AFM analysis was the same as in
Figure 1. The box outlines the AFM pictures representing dissocia-
tion of fibrillar aggregates by Cu2+ at 100 µM. The size of each
AFM image is 5 µm × 5 µm, and the scale bar represents 1 µm.
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formed by Fe3+ was decreased at a higher concentration of
Cu2+ (100 µM) (Figure 4). These findings indicate that high
concentrations of Cu2+ were required for the formation of
nonfibrillar, amorphous aggregates. In the previous results
of this study, it was evident that, along with Cu2+, Zn2+ was
contributing to the alteration of fibrillar morphology. In this
context, we further extended our investigation of the
dependence of A� aggregation on Zn2+ concentration and
its morphology. The A� deposition in combinations of Fe3+

and Zn2+ is shown in Figure 5. Freshly prepared A� (6 µM)
peptide was co-incubated with different concentrations of
Fe3+ (10, 50, and 100 µM) and Zn2+ (10, 50, and 100 µM).
Although we observed several short fibrils (arrows) at higher
concentrations of Fe3+ (50 and 100 µM), fibrillar morphology
was not observed in the rest of the cases. The effect of Zn2+

clearly indicated that a lower concentration of Zn2+ than of
Cu2+ was sufficient to change the A� fibrillation.

Sequential Addition of Cu2+ and Zn2+. Once amyloid
aggregates were formed on a solid surface, it also became
important to investigate whether these aggregates could be
affected by changing the metal ion dissolved in the solution
phase. To observe the possible transition of A� aggregates
from a fibrillar to a nonfibrillar, amorphous nature, we studied
the sequential addition of metal ions, where the Fe3+-induced
A� fibrillar aggregates were further incubated “sequentially”
with either Cu2+ or Zn2+. The A� fibrillar assemblages
formed by Fe3+ were found to be quite stable, as they retained
a similar morphology when those fibrils were further
incubated with a buffer-only solution (Figure 6). The
representative AFM images in Figure 6 indicated that the
sequential addition of Cu2+ or Zn2+ changed the nature of
aggregates to nonfibrillar, amorphous forms. The AFM
pictures supported the contention that, when the incubation
solution was replaced with a lower concentration of Cu2+,

the fibrillar and amorphous nature both coexisted, suggesting
that the low concentration was acting as a switch between
these two forms. However, at the same concentration, Zn2+

could efficiently disintegrate the fibrils. Similar findings were
also evidenced by using ThT fluorescence induction due to
the different A� aggregates (Figure 7). Taking the amount
of fluorescence of Fe3+-induced fibrils to be unity, we found
that the extent of fibril formation decreased ∼0.65-fold for
Cu2+ and decreased ∼0.54-fold for Zn2+. The decreased ThT
fluorescence for the sequential addition of Cu2+ or Zn2+

indicated a sure reduction in the level of “amyloid” ag-
gregates compared to Fe3+-induced A� deposits.

DISCUSSION

According to the amyloid cascade hypothesis (31), the
deposition of A� diffuse plaques is an initial step that may
be associated with AD pathogenesis. Studies on the interac-
tion of a single metal ion with A� and aggregation has been
extensively explored (20-22), but it was more significant
to investigate the involvement of multiple metal ions in A�
aggregation and dissociation, as different metals reside in
the brains of AD patients at high concentrations. We have
designed a synthetic solid template by immobilizing A�
oligomers onto a functionalized glass, and the deposition of
a fresh A� over the template occurred in the presence of
different combinations of either Cu2+, Zn2+, or Fe3+. Results
indicated that the presence of Cu2+ and Fe3+, or Zn2+ and
Fe3+, decreased the amount of fibrillar amyloid deposition
compared to that with Fe3+ alone (Figures 1 and S1). This
observation indicates that Fe3+ might play an important role
in fibrillar amyloid deposition, but the addition of Cu2+ or
Zn2+ might have prevented the conformational change of
A� to cross �-sheet structure, resulting in the reduction of
fibrillar amyloid aggregates. The ThT fluorescence study also
supported a similar finding, where a significant decrease in
the fluorescence was observed when A� was incubated with
Fe3+ and Cu2+, Fe3+ and Zn2+, or Fe3+, Cu2+, and Zn2+

(Figure 2). According to the analysis by FTIR spectroscopy
(Figure 3), the A� aggregates formed in the presence of Fe3+

exhibited a dominant cross �-sheet structure, whereas in the
presence of Cu2+ or Zn2+, the A� aggregates yielded non-
�-sheet structure. Our results suggest that A� aggregation
and the decline in fibrillar morphology could be caused by
the competition between metal ions for metal binding sites
of A� peptides. Although it is well-established that Cu2+

and Zn2+ tend to bind the A� peptides with high affinity (32-
34), the findings of this study indicate that the more efficient
binding of Cu2+ or Zn2+ compared to Fe3+ may influence
the stability of A� deposition and result in nonfibrillar
amorphous forms.

To determine the Cu2+ concentration needed for reducing
fibril formation, we analyzed via ex situ AFM the A�
templates incubated with different concentrations of Fe3+ and
Cu2+ (Figure 4). The results suggested that Cu2+ at a lower
concentration did not affect the formation of fibrillar
morphology and a concentration as high as 100 µM was
required for the decrease in the level of fibrillation. It was
previously reported that the copper binding site in aggregated
A� changes with copper concentration (35-37). In addition,
our previous study (26) suggested that the morphology of
A� aggregates was fibrillar at a low concentration of Cu2+

FIGURE 5: Effect of Zn2+ concentration (10, 50, and 100 µM) on
the morphology of A�42 deposits formed in the presence of
different concentrations of Fe3+ (10, 50, and 100 µM). Arrows point
to amyloid fibrils longer than 500 nm. The condition for sample
preparation and the AFM analysis was the same as in Figure 1.
The size of each AFM image is 5 µm × 5 µm, and the scale bar
represents 1 µm.
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but became nonfibrillar amorphous at higher concentrations
of Cu2+. The findings of this study support this contention
and extend it to suggest that Zn2+ was required at much lower
concentrations to inhibit the A� aggregation compared to
Cu2+, when co-incubated together with Fe3+ (Figure 5). In
vitro studies found that Zn2+, at low micromolar concentra-
tions, rapidly precipitated soluble A� into protease-resistant
amyloid aggregates (13). This may be the reason why as
little as 10 µM Zn2+ was sufficient to accelerate the formation
of nonfibrillar deposits in this work. Taken together, our
results suggest that the nature and amount of A� deposition
could be affected by the interactions of varying concentra-
tions of various metal ions.

Earlier studies demonstrated the effect of Cu2+ and Zn2+

on A� aggregation (22, 35), but little of the possible role of
Cu2+ and Zn2+ in the dissociation of fibrillar amyloid plaques

was explored. To further investigate the role of Cu2+ and
Zn2+ in the dissociation of A� fibrils, we conducted the
experiments with sequential addition of Cu2+ and Zn2+ to
Fe3+-induced A� aggregates. The Fe3+-induced A� as-
semblages were incubated sequentially, in the absence of
metal ion (i.e., buffer-only solution) or in the presence of
either Cu2+ or Zn2+. AFM images in Figure 6 suggest that
Fe3+-induced A� fibrillar assemblages were quite stable in
a buffer solution. In contrast, Fe3+-induced A� fibrils were
conformationally changed by the sequential addition of Cu2+

or Zn2+. In response to the gradual increase in the concentra-
tion, Zn2+ was found to dissociate most A� fibrils at a
concentration of only 10 µM, and at a concentration of 100
µM, most fibrillar aggregates were dissociated to yield the
amorphous form. The transition of Cu2+ between the two
aggregate forms was centered close to 10 µM, where both
forms of the peptide coexisted. However, at a higher
concentration (100 µM), Cu2+ definitely dissociated the
fibrillar aggregates induced by Fe3+. This phenomenon
implies that it is quite likely that Fe3+ is displaced from
amyloid fibrils by Zn2+ or Cu2+, which might contribute to
the dissociation of Fe3+-induced fibrillar aggregates. The
degree of fibril dissociation was greatly reduced by the
treatment with Zn2+, compared to Cu2+. Our findings with
the sequential addition of metal ions on preformed Fe3+-
induced fibrils were further supported by a ThT fluorescence
study (Figure 7). AFM and ThT fluorescence data together
indicate that A� fibrillar aggregates induced by Fe3+ were
conformationally changed to amorphous deposits when
incubated further with Cu2+ or Zn2+.

This work may be summarized as illustrated in Figure 8.
The results from co-incubation experiments suggest that,
when Fe3+-induced A� assemblages are co-incubated with
a fresh A� solution containing Cu2+ and/or Zn2+ with Fe3+,
the morphology of aggregates becomes nonfibrillar. Data
from ex situ AFM studies and ThT fluorescence data of
fibrillar templates with sequential addition of Cu2+ or Zn2+

point to the importance of metal ions in fibril dissociation.
It is likely that the metal ions are present in suprastoichio-

FIGURE 6: Effect of sequential addition of Fe3+-induced fibrillar A�42 aggregates into either only buffer or buffer containing Cu2+ or Zn2+

at different concentrations (0, 1, 10, or 100 µM) on the morphology of deposits. The size of each AFM image is 5 µm × 5 µm, and the
scale bar represents 1 µm.

FIGURE 7: ThT fluorescence of Fe3+-induced A�42 deposits with
sequential addition of the template into a 100 µM solution of Cu2+

or Zn2+. The conditions for the template preparation and the AFM
analysis were the same as in Figure 6 except that only 100 µM
metal ions were used. The intensity of ThT fluorescence from each
sample was subtracted from that of a bare glass.
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metric ratios with respect to A� in the diseased brain of AD
patients, which generates the possibility of the presence of
both fibrillar and amorphous aggregates of A� together,
thereby making our study more relevant. Furthermore, the
decrease in the level of fibrillation and the increase in the
number of amorphous deposits could be protective to cells
as Huang et al. (38) showed earlier that the amorphous form
of A� was not associated with neurodegeneration. Further
studies involving the cellular toxicity due to the different
forms of A� aggregates induced by metal ion(s) are currently
under progress. Figure S5 shows our preliminary result about
the cell viability over A� templates prepared in the presence
of different metal ions. When cells were cultured on the A�
templates prepared with Fe3+, Cu2+, and Zn2+, cell viability
was reduced to 50, 55, and 71%, respectively. Our results
are consistent with previous studies (27, 39), which reported
that the neurotoxicity of A� is mediated by iron or copper
that is redox-active and produces hydrogen peroxide, but zinc
reduces the A� toxicity.

In conclusion, the results of this study indicate that the
balance of metal ions such as Cu2+, Zn2+, and Fe3+ might
play an important role in determining the morphology of A�
aggregation or its dissociation. These results and our
interpretation may provide an insight into the role of
interactions of multiple metal ion with Alzheimer’s A� or
its aggregates.

SUPPORTING INFORMATION AVAILABLE

Additional data showing AFM images for the oligomer-
ization and fibrillation of A� in the presence of multiple
metal ions and the cell viability over A� templates prepared
in the presence of different metal ions. This material is
available free of charge via the Internet at http://pubs.acs.org.
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